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Abstract—The effect of certain types of sapphire substrate treatment on the properties of gallium nitride layers
grown by metal–organic vapor-phase epitaxy is investigated. © 2005 Pleiades Publishing, Inc.
1. INTRODUCTION

Substrates of α-Al2O3 c-plane sapphire are widely
used for growing the wurtzite phases of GaN, AlN, InN,
and their solid solutions, which are important materials
in modern microelectronics. Under the conditions of a
large layer–substrate lattice mismatch, the region of
optimal growth parameters is rather narrow and very
difficult to detect. One of the parameters of a substrate
is its quality. The difficulty is that we cannot change this
parameter for a given substrate, and it is necessary to
prepare a special experimental series of substrates for
investigation. For this reason, there are few studies in
this field. For example, it was shown in [1] that a mis-
orientation angle of 0.25° between the cut and crystal-
lographic plane is optimal if GaN is grown on an
a-plane sapphire substrate.

The preparation of substrates is a complicated tech-
nological process, whose physics, to the best of our
knowledge, has not been investigated. For example, it
was recently revealed [2] that the dislocation structure
of a 2-µm scratch on sapphire gradually relaxes on con-
tact with air over the course of one month. In recent
years, the technology of substrate treatment has
advanced greatly due to the use of atomic-force micros-
copy for monitoring. As a result, substrates with a sur-
face roughness of 1 Å have become an ordinary com-
mercial product.

The purpose of this study is to compare substrates in
relation to their parameters and their effect on the qual-
ity of GaN layers. Using the production potential of the
Monokristal synthetic corundum factory, we prepared
several series of substrates with the set of misorienta-
tion angles (0.1°, 0.2°, 0.3°, 0.4°, and 0.5°) between the
cut and the (0001) crystallographic plane. We used
three types of substrates with different concentrations
of small-angle boundaries and two types of sample
annealing (low- and high-temperature annealing)
between the cutting and polishing operations.
1063-7826/05/3901- $26.00 ©0001
The substrates and layers were investigated by
atomic-force probe microscopy (Solver P4, NT MDT)
and X-ray diffraction analysis (DRON-4). In addition,
the depth composition of the layers was determined by
secondary-ion mass spectrometry (SIMS) (Shipovnik-3
mass spectrometer). Photoluminescence spectra were
excited by a He–Cd laser with a wavelength of 325 nm.

2. INVESTIGATION OF SUBSTRATES

Atomic-force microscopy (AFM) measurements of
the substrate surface were performed for one wafer in
each series (see table). It can be seen that the face sur-
face roughness measured in a field of 0.5 × 0.5 µm2

does not exceed 0.2 nm and, in most cases, is somewhat
lower for the substrates annealed at low temperatures.
Figures 1 and 2 show the AFM images for two samples.
One difference is that, in the case of high-temperature
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Fig. 1. AFM image of the surface of substrate BN024.
 2005 Pleiades Publishing, Inc.
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Comparative characteristics of sapphire substrates

Series
Substrate type Comparison of GaN layers

∆, minutes of arc M T R, nm 〈F〉 σ n

BN006 6 Absent Low 0.10 +0.17 0.72 4

BV006 6 " High 0.13 –0.03 0.69 4

BN012 12 " Low 0.07 –0.14 1

BV012 12 " High 0.04 +0.23 0.26 6

BN018 18 " Low 0.13

BV018 18 " High 0.14 +0.23 0.17 5

BN024 24 " Low 0.06

BV024 24 " High 0.13 –0.28 0.47 4

BN030 30 " Low 0.07

BV030 30 " High 0.18 –0.14 1

SN006 6 Poorly pronounced Low 0.07 +0.12 1

SV006 6 " High 0.12 0.0 1

SV018 18 " High 0.17

MN006 6 Clearly pronounced Low 0.05 –0.36 1

MV006 6 " High 0.11

Standard 6 Absent 0.10 (reference)

Note: ∆ is the deviation of the substrate cut from the (0001) plane, M indicates the presence of small-angle boundaries, T is the temperature
of the annealing of a wafer after cutting, R is the surface roughness according to the AFM data, 〈F〉  is the average relative difference
between the rocking-curve width for the (0004)GaN layer and the layer on a standard substrate (see Eq. (1)); σ is the variance of
〈F〉 , and n is the number of experiments.
annealing, higher hills are formed on the surface. Many
images show clear steps separated by terraces. These
steps are related to the vicinal structure of the wafer
surface cut off with a deviation from an atomic plane.
As the deviation angle increases, the width of a terrace
(atomic plane) regularly decreases.
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Fig. 2. AFM image of the surface of substrate BV024.
The difference between the X-ray diffraction rock-
ing curves of wafers from different series was insignif-
icant due to the large penetration depth of X-rays in the
crystal matrix and the bulk nature of the diffraction-pat-
tern formation.

3. GROWTH OF GaN EPITAXIAL LAYERS

GaN and AlN epitaxial layers were grown by metal–
organic vapor-phase epitaxy (MOVPE) in a vertical
quartz reactor with the inductive heating of a substrate.
Trimethylgallium, trimethylaluminum, and ammonia
served as Ga, Al, and N sources, respectively. Hydro-
gen was used as a carrier gas.

After the preliminary procedures of high-temperature
annealing and nitridization of the substrate surface, we
grew an AlN or GaN buffer layer ~20 nm thick. Lastly,
the buffer layer was annealed, and the basic GaN layer
was deposited at a temperature of 1000 to 1100°C.

4. COMPARATIVE ANALYSIS OF LAYERS

According to the X-ray diffraction data, the epitax-
ial films are mosaic single crystals of the hexagonal
modification of α-GaN(0001). The θ/2θ-scanning
spectra contain only peaks from the substrate and the
epitaxial layer. The rocking-curve width for GaN(0004)
grown with the current level of technology is FWHM =
SEMICONDUCTORS      Vol. 39      No. 1      2005
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0.06°, which, according to the data in the literature, cor-
responds to the crystal quality appropriate for most
applications [3].

The SIMS data indicate that a GaN layer is homoge-
neous throughout its thickness. However, we should
note the presence of a strong diffusion of aluminum
from the buffer AlN sublayer in structures with this
type of sublayer.

Direct comparison of the quality of the substrates'
GaN layers was impossible because the parameters var-
ied from process to process during the development of
the regimes. For this reason, a reference method was
used. In each experiment, two substrates were used: one
from the series under investigation and the other from the
same set in all the experiments. The reference substrates
had a certain standard quality and made it possible to
compare the experimental sets of substrates with each
other. As a numerical parameter, we used the relative dif-
ference in the widths of X-ray diffraction rocking curves
of the GaN(0004) layers on two substrates

F = 2(FWHMs – FWHM)/(FWHMs + FWHM), (1)

where FWHMs is the rocking-curve width for
GaN(0004) on the reference substrate. Having the set of
values for F in a series, we calculated the average value
of 〈F〉  and the variance σ.

The results listed in the table show that a statistically
significant decrease in 〈F〉  was observed only for sub-
strates BV018 with a cut deviation of 0.3°. In other
cases, we observed either an increase or a decrease,
which, however, did not exceed the variance. The pho-
toluminescence line intensity varied significantly over
the layer surface, which made it impossible to distin-
guish the layers in this parameter. The table also shows
that the statistics could not be collected for all the
series. In addition, the FWHM decreased during the
experiments from 1° to less than 0.1°, which affected
the value of variance. The procedure for comparing the
substrates is likely to be more correct under the condi-
tions of a well developed process where the fine tuning
of the parameters for each type of substrate is com-
pleted individually. It is difficult to single out the effect
of the substrate because the growth conditions for the
buffer sublayer significantly affect the GaN-layer qual-
ity. According to the published data, the reason is that
SEMICONDUCTORS      Vol. 39      No. 1      2005
the buffer, or even several Al monolayers, set the polar-
ity of the growth surface of the subsequent GaN layer.
The [0001] direction in the GaN crystal is polar, and the
Ga(0001) growth surface yields a more perfect crystal

than the N(000 ) surface [4].
It should be noted that the previously performed

replacement of old substrates, produced several years
ago, with substrates of standard quality resulted in a pro-
nounced improvement in the quality of layers (F > 0.5).

5. CONCLUSIONS

In this study, we investigated the effect of certain
types of treatment for sapphire substrates on the prop-
erties of MOVPE-grown GaN layers.

The roughness of the face surface of the substrates
measured by AFM in a field of 0.5 × 0.5 µm2 does not
exceed 0.2 nm and, in most cases, is somewhat lower
for substrates annealed at low temperatures. On many
substrates, one can clearly see steps separated by ter-
races, which are due to the vicinal atomic structure of
the wafer surface.

The results of this study show that a statistically sig-
nificant decrease in the width of X-ray diffraction rock-
ing curves for GaN(0004) layers was obtained for sub-
strates with misorientation angle of 0.3° and without
small-angle boundaries, which were annealed after cut-
ting at high temperature. In other cases, we observed
either an increase or decrease in the rocking-curve
width, which, however, was smaller than its variance.
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Abstract—The behavior of threading dislocations in AlGaN and InGaN layers incorporated into GaN-based
heterostructures is studied. It is shown that InGaN layers with an intermediate composition can be used as the
most effective dislocation filters. Estimations of the stresses generated by dislocations and nanodomains show
good agreement between the theory and experiment. © 2005 Pleiades Publishing, Inc.
1. INTRODUCTION

Heterostructures based on GaN are the most impor-
tant components of optoelectronic devices designed for
the blue–green and ultraviolet regions of the spectrum
[1–5]. However, the development of these devices is
restricted owing to the problem of the high density of
threading dislocations in the structures [4–6], which
represent an effective channel for the nonradiative
recombination of electron–hole pairs.

Several types of filters for threading dislocations are
known. In particular, they can be formed using lateral
epitaxial overgrowth (LEO) [6, 7], or, alternatively, we
can use AlGaN/GaN superlattices [8, 9] to serve as the
filters under consideration. However, the dislocation fil-
ters based on the AlGaN/GaN superlattices exhibit a
low efficiency and poorly restrict the growth of thread-
ing dislocation, which is apparently caused by the
extent (spread) of heteroboundaries when the superlat-
tices are grown by metal-organic chemical-vapor depo-
sition (MOCVD). The technology of dislocation filters
(DFs) based on the LEO structures also encounters seri-
ous problems related to growth; in particular, it is nec-
essary to terminate the growth and form the intermedi-
ate layers in another chamber. Amano and Akasaki [6]
studied the effect of the temperature of GaN growth on
the formation of dislocations and showed that the afore-
mentioned filters can lead to the annihilation of a frac-
tion of the dislocations if the density of the latter is
high. At the same time, it is known, for the case of het-
erostructures that are formed from GaAs and include
InGaAs nanoinclusions [10] or are formed of Si with
SiGe nanoinclusions [11], that dislocation filters based
on layers with nanoinclusions can produce good results
if the lattice parameter of the material of nanoinclu-
sions differs widely from that of the matrix. However,
the formation of dislocation filters based on hetero-
structures with InGaN layers and/or on a combination
1063-7826/05/3901- $26.00 0100
of a DF based on AlGaN layers and superlattices have
been studied inadequately so far. Therefore, in this
paper, we report the results from studying the behavior
of threading dislocations in various combinations of the
layers incorporated into the (AlGaIn)N/GaN hetero-
structures grown by MOCVD.

2. EXPERIMENTAL

Experiments with the growth of heterostructures
were performed using an AIXTRON AIX 2000/HT sys-
tem. We used conventional polished sapphire wafers as
substrates. The sequence of layers in the grown hetero-
structure is shown in Fig. 1 and includes GaN layers, a
layer of the main dislocation filter, and two
Al0.18Ga0.82N/GaN (8/300 nm) layers. The grown series
of heterostructures includes various combinations of
the (AlGaIn)N layers, including separate (separated)

GaN, ~10 nm

GaN, ~300 nm

GaN, ~300 nm

AlGaN, ~8 nm

AlGaN, ~8 nm

GaN, ~2300 nm

DRT layer

Sapphire

Fig. 1. A generalized schematic representation of grown
heterostructures. DRT stands for defect reduction tech-
nique.
© 2005 Pleiades Publishing, Inc.
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Fig. 2. (a) The dark-field and (b) high-resolution electron-microscopic images of the  cross section of a sample with AlGaN
layers in the GaN matrix.

1120( )
AlGaN and InGaN with different compositions. It is
worth noting that, in this series, we used InGaN and
AlGaN layers that had a graded composition and were
grown at a comparatively low temperature using an
interruption in the growth. In addition, we tested a
method for overgrowing the InGaN layer with an GaN
layer at a low rate, which ensured an efficient migration
of adatoms over the surface. It is noteworthy that the
total indium concentration in the layers was retained an
almost constant level.

The structural characterization of the samples was
attained by transmission electron microscopy (TEM)
using a Philips CM200FEG microscope. The samples
were prepared for study with TEM according to the con-
ventional procedure that included etching with 4-keV
Ar+ ions at the final stage. The images obtained were pro-
cessed using a DiAnaTEM software package [12].

3. RESULTS AND DISCUSSION

Our studies show that the threading dislocations
penetrate through the (AlGa)N layers in the samples
containing these layers (Fig. 1). In addition, the forma-
tion of nanoinclusions whose characteristic sizes are in
the order of 10 nm is observed in the (AlGa)N layers.
The Fourier transforms of the high-resolution images of
the main lattice and a nanoinclusion are shown in the
insets in Fig. 2. A comparison of the obtained Fourier
transforms shows that the nanoinclusions have the
cubic structure of a sphalerite type.

A study of heterostructures with InGaN layers that
have different thickness and composition shows that the
most efficient dislocation filter is attained if the InGaN
layer with an indium content amounting to x ≈ 0.10 is
deposited (Fig. 3). In this case, the formation of InGaN
nanodomains is observed at the upper boundary of the
threading dislocations.
SEMICONDUCTORS      Vol. 39      No. 1      2005
An increase in the indium content of the layer to x ≈
0.2–0.3 gives rise to the inverse effect: large nan-
odomains highly enriched with indium are observed.
These nanodomains can produce new defects.

The stresses generated by threading dislocations can
be estimated from the formula [13, 14]

τeff Sε 2G 1 ν+( )
1 ν–

-------------------------=

– βh
b

------ln 1+ 
  Gb 1 ν αcos

2
–( ) φcos

4πh 1 ν–( )
----------------------------------------------------,

1000 nm

AlGaN

InGaN

0001
–

1120
–

Fig. 3. A (2200) dark-field electron-microscopic image of

the  cross section for a sample containing an InGaN
layer with an In content amounting to x ≈ 0.1.

1120( )
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where G is the shear modulus, b is the Burgers vector,
L is the dislocation length, and ν is the Poisson ratio.

The stresses induced by the InGaN nanoinclusions
can be estimated in terms of the Treacy–Gibson con-
cepts [15, 16]. A comparison of the stresses induced by
dislocations with those induced by InGaN nanoinclu-
sions shows that these particular stresses become equal
to each other at some intermediate (critical) content of
In. If the In content is higher than this critical value, the
stresses induced by InGaN nanodomains exceed those
induced by dislocations. As a result, new dislocations
are generated.

4. CONCLUSION

We studied the behavior of threading dislocations in
the AlGaN and InGaN layers incorporated into the het-
erostructures based on GaN.

We showed that nanoinclusions of a cubic phase
with characteristic sizes in the order of 10 nm are
formed in the AlGaN layers. The AlGaN/GaN hetero-
structures exhibit a low efficiency when used as dislo-
cation filters.

It is shown that the most effective filtering of dislo-
cations is observed in InGaN layers with an In content
in the order of 10%. An increase in the effective In con-
tent in the InGaN layers leads to the generation of new
dislocations.

A comparison of the stresses induced by threading
dislocations with those induced by InGaN layers shows
that the dislocation filter is most effective if these two
types of stresses are equal to each other.
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Abstract—The results of studying the special features of the dependence of lateral photoconductivity in
AlGaAs/InGaAs structures with quantum dots and quantum wells on the intensity of interband light at low tem-
peratures are reported. It is found that there is a threshold for the increase in photoconductivity. Oscillations of
photoconductivity are observed at relatively high pulling fields. The effects of the pulling field and temperature
on the photoconductivity are studied. The results are analyzed in terms of the theory of percolation of nonequi-
librium charge carriers over localized states, taking into account the relaxation of stresses around quantum dots.
© 2005 Pleiades Publishing, Inc.
1. INTRODUCTION

Studies of the mechanisms of lateral interband pho-
toconductivity in AlGaAs/InGaAs structures with self-
organized InGaAs quantum dots (QDs) and quantum
wells (QWs) are important as these structures can be
used in the fabrication of new devices [1]. In the struc-
tures under consideration, the energy-band diagram is
of type 1, where the region within a QD (or a QW) rep-
resents a well for both electrons and holes. It initially
seems that nonequilibrium charge carriers generated by
interband excitation should be trapped at the states in a
QD (or a QW) and then recombine radiatively, which
should not give rise to any special features in the inter-
band photoconductivity. However, the nonuniform dis-
tribution of stresses around a QD, as was recently
shown for Si/Ge structures with Ge QDs [2, 3], can
affect photoconductivity in AlGaAs/InGaAs structures
(the Si/Ge structures have an energy-band diagram of
type 2 [2, 3]).

In this paper, we report the experimental results
from studying the special features of the dependence of
the lateral photoconductivity in AlGaAs/InGaAs struc-
tures with QDs and QWs on the intensity of interband
light at low temperatures. We observed a stepwise
increase in, as well as oscillations of, the photoconduc-
tivity in the structures under consideration. We also
studied the effect of the pulling field on the observed
special features of the photoconductivity. The results
are analyzed using the theory of the percolation of non-
equilibrium charge carriers over localized states, taking
into account the relaxation of stresses around a QD.
1063-7826/05/3901- $26.00 0103
2. RESULTS AND DISCUSSION

The structures with QDs were obtained using
molecular-beam epitaxy and according to the Stranski–
Krastanov self-organization mechanism: a buffer
AlGaAs layer was grown first on a substrate of semi–
insulating GaAs (001), an InGaAs layer with a nominal
thickness of 2.5 monolayers (ML) was then grown at a
temperature of 510°C, and finally another AlGaAs
layer was grown and was then overgrown with a 20-nm-
thick GaAs surface layer. The QD concentration was
~1010 cm–2, and the lateral size of the QDs ranged from
30 to 40 nm. QWs were also grown in some of the
structures with QDs. In those structures, the sizes of the
GaAs QWs were 8.5 and 5 nm and they were separated
by a 25-nm-thick AlGaAs layer.

The area of the studied samples was 2 × 4 mm2; the
illuminated area was ~2 × 2 mm2. Ohmic contacts to the
structures were formed of indium using the conven-
tional procedure. The photoconductivity was measured
at low temperatures using a red light-emitting diode as
the source of interband photoexcitation (previously
described in more detail in [3]).

In Fig. 1, we show the dependences of the lateral
photoconductivity in AlGaAs/GaAs structure 477,
which has two QWs with widths of 8.5 and 5 nm sepa-
rated by a 25-nm-thick AlGaAs layer, on the interband-
light intensity I at T = 4.2 K and at various values of the
pulling voltage U. In the region of small values of I, an
increase in the photoconductivity is observed as I
increases, starting with a certain threshold intensity Ith.
As the voltage U increases, the slope of the photoconduc-
tivity curves increases, attains a maximum at U ≈ 12 V,
© 2005 Pleiades Publishing, Inc.
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and then decreases. It is noteworthy that the value of Ith
depends on U only slightly, in contrast to what was
observed in the case of Ge QDs [3].

In Fig. 2, we show the dependences of lateral photo-
conductivity in AlAs/InAs structure 1379, which has a
single InAs QD layer, on the interband-light intensity I
at T = 4.2 K and at several values of the pulling voltage
U. It can be seen that the threshold increase in the pho-
toconductivity sets in at an Ith that is much larger
(approximately, by an order of magnitude) than the Ith
for the structure with QWs (Fig. 1). As U increases, the
slope of the photoconductivity curves decreases. The
value of Ith is also almost independent of U.

In Fig. 3, we show the dependences of lateral photo-
conductivity in AlGaAs/InGaAs structure 478, which
has an InGaAs QD and two GaAs QWs in the AlGaAs
matrix, on the interband-light intensity I at T = 4.2 K
and at U in the range 6 to 16 V. It can be seen from
Fig. 3 that, as U increases, a peak in the photoconduc-
tivity curves appears and increases in magnitude. This
peak shifts gradually to the region of higher intensities
and then disappears as U increases to 16 V. In our opin-
ion, the descending portion of the photoconductivity
curve is of particular interest here. It is noteworthy that,
in the photoconductivity curve measured for bulk GaAs,
only a steady increase is observed in the photoconductiv-
ity as the interband-light intensity is increased.

For sample 477, the photoconductivity signal
becomes nonsteady as U increases, and oscillations
appear in the dependence of photoconductivity on I at
voltages higher than about 50 V, as shown in Fig. 4.
It can be seen that these oscillations appear starting
with a certain light intensity and that the period in
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Fig. 1. Dependences of the lateral photoconductivity on the
intensity of interband light for an AlGaAs/GaAs structure
that has two quantum wells with widths of 8.5 and 5 nm sep-
arated by a 25-nm-thick AlGaAs layer. The dependences
were measured at T = 4.2 K and at several values of the pull-
ing voltage U in a range from 10 to 20 V.
which they occur increases with increasing U and
decreases with increasing I. As the rate of increase in
the light intensity was varied, the period of oscillations
varied as well, but they were preserved at a certain fixed
intensity of illumination of the structures. This means
that the observed oscillations of photoconductivity
occur over time. Similar oscillations of photoconduc-
tivity in the region of large values of U were also
observed for some structures with QDs. An increase in
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Fig. 2. Dependences of the lateral photoconductivity on the
intensity of interband light for a structure with a single InAs
quantum-dot layer in the AlAs matrix at several values of
the pulling voltage U = 9–18 V. The dependences were mea-
sured at T = 4.2 K.
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Fig. 3. Dependences of the lateral photoconductivity on the
intensity of interband light for a structure with an InGaAs
quantum dot and two GaAs quantum wells in the AlGaAs
matrix at various values of the pulling voltage. The depen-
dences were measured at T = 4.2 K.
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the measurement temperature leads to the disappear-
ance of the threshold behavior of photoconductivity
and to a decrease in the period of oscillations until the
point of their complete disappearance.

The results obtained were analyzed in the context of
the percolation theory [4]. We will relate the stepwise
increase in photoconductivity in the structures with
QDs to fluctuations of the QD thickness in the structure
plane [5]. The consequence of these fluctuations is a
broadening of the dimensional-quantization levels in a
QD and formation of localized states in the regions
where the fluctuation in the QD thickness attains a max-
imum. As the light intensity increases, the occupancy of
these localized states also increases, and at I = Ith, the
nonequilibrium charge carriers in these states reach the
percolation level. A numerical analysis for I > Ith shows
that the photoconductivity signal for the structures with
QDs increases according to the power law (I – Ith)p,
where the exponent p is equal to 0.5 at U = 10 V and
increases steadily as U increases.

The dependence of the photoconductivity signal on I
when I is approximately equal to Ith also follows the
power law for structure 1379; however, the exponent
exceeds unity at U = 9 V. This exponent was previously
found to be equal to ~1.4 for the structures with Ge QDs
and was identified as the critical index t in the percola-
tion theory [3].

The fact that the structure with QDs has an apprecia-
bly larger value of the threshold light intensity than the
structure with QWs, indicates that the profile induced
by stressed QDs exceeds that induced by fluctuations in
the QW thickness. It is also noteworthy that the thresh-
old behavior of photoconductivity was not observed for
a number of structures with QWs. This observation
indicates that the thickness fluctuations are insignifi-
cant in these structures.

We now relate the origin of the oscillations in the
photoconductivity signal to the behavior of localized
charge carriers in the vicinity of the percolation thresh-
old. A more careful consideration shows that the photo-
conductivity oscillations are asymmetric; i.e., a steady
increase in the photoconductivity signal occurs first and
the then it decreases abruptly. At small values of U, the
recombination of electrons and holes in localized states
reduces the occupancy of these states so that the oscil-
lations are not observed. At large values of U, the non-
equilibrium charge carriers of opposite signs become
separated; as a result, the recombination is suppressed.
At a fixed value of I, the evolution of the accumulation
of electrons and holes in the localized states under con-
sideration occurs as long as these states do not intersect,
in which case the recombination is resumed, which
manifests itself in a drastic decrease in the photocon-
ductivity signal. The repetition of this cyclic process
leads to the observed oscillations in photoconductivity.
An increase in the period of oscillations as U increases
SEMICONDUCTORS      Vol. 39      No. 1      2005
is the result of an increase in the spatial separation of
electrons and holes in localized states. A decrease in the
period of oscillations in conjunction with an increase in
illumination intensity is accounted for by a rise in the
concentration of nonequilibrium charge carriers, which
leads to a faster occupation of the localized states. An
increase in the measurement temperature leads to an
increase in the frequency of photoconductivity oscilla-
tions; as a result, the oscillations disappear completely
at a certain temperature. In this case, the thermal energy
of electrons in localized states becomes larger than the
barrier height, and charge carriers are insensitive to the
profile related either to fluctuations in the QW thick-
ness in the structures with QWs or to the relaxation of
stresses around QDs in the structures with QDs; as a
result, oscillations disappear.

Both QDs and QWs are incorporated into struc-
ture 478. The threshold-type increase in the photocon-
ductivity signal for this structure occurs at a small value
of Ith (Fig. 3), as in the case of structure 477 with QWs
(Fig. 1), which can be related to fluctuations in the QW
thickness in the structure. However, a portion of the
steady decrease in the photoconductivity signal with
increasing I is apparently caused by a decrease in the
number of charge carriers in localized states as a result
of the tunneling of the carriers to the dimensional-quan-
tization levels in a QD.

Thus, we find that lateral photoconductivity in the
AlGaAs/GaAs structures with GaAs QWs and in
AlGaAs/InGaAs structures with self-organized InGaAs
QDs depends in a thresholdlike manner on the intensity
of interband light. We observed oscillations in the inter-
band-excited photoconductivity in the region of rela-
tively high pulling fields. These special features are
accounted for using the model of percolation of non-
equilibrium charge carriers over localized states.
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Fig. 4. Dependences of the lateral photoconductivity on the
intensity of interband light for a structure that has two GaAs
quantum wells with widths of 8.5 and 5 nm separated by a
25-nm-thick AlGaAs layer. The dependences were mea-
sured at T = 4.2 K and U = 55, 85, and 100 V.
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Abstract—Magnetoresistance in n-InxGa1 – xAs/GaAs (x ≈ 0.18) heterostructures with double quantum
wells (DQWs) was studied in the magnetic field parallel to the DQW layer. Specific features of the magne-
toresistance, related to the passing of the tunnel gap edges across the Fermi level, are revealed and studied.
Agreement between the calculated and experimental positions of the observed features is obtained when the
spin splitting of the energy spectrum is taken into account. Earlier, similar features were observed in the mag-
netoresistance of n-GaAs/AlxGa1 – xAs DQW heterostructures, but the spin effects did not manifest themselves.
© 2005 Pleiades Publishing, Inc.
A system of coupled 2D conducting layers, or a dou-
ble quantum well (DQW), is an object of interest both
because of its possible applications (see, e.g., [1]) and
the fundamental physics involved [2]. It attracts atten-
tion due to the possible existence of collective corre-
lated interlayer states, which give rise to new electronic
phases or lead to a broadening of the existing range of
phases known in a separate 2D layer [2, 3]. Further-
more, the recent attention given to studies of spin trans-
port (spintronics) has increased the interest in the spin
effects of processes in DQWs, and several experiments
indicate the existence of nontrivial effects (see, e.g.,
[4]). We should note that, all over the world, the vast
majority of research into DQWs is performed in a
GaAs/AlxGa1 – xAs heterosystem, because it provides
the best quality layers, owing to a minimum lattice mis-
match. We have studied the magnetoresistance and Hall
effect in a DQW formed in an n-InxGa1 – xAs/GaAs het-
erosystem in a magnetic field normal (B⊥ ) or parallel
(B||) to the layers of the structure. In contrast to a
GaAs/AlxGa1 – xAs system, in which the spin splitting
of the conduction band of GaAs is very small, the spin
effects in the InxGa1 – xAs/GaAs system may be much
more pronounced. This is because the g-factor of elec-
trons in InAs, which is one of the components of the
InxGa1 – xAs solid solution that forms the potential well,
is larger than in GaAs by a factor of about 35.

The structures under study consist of two
In0.18Ga0.82As potential wells, 5 nm in width and sepa-
rated by a thin GaAs barrier, and of adjacent GaAs side
barriers, each containing a Si δ-doped layer separated
from the nearest In0.18Ga0.82As layer by an undoped
1063-7826/05/3901- $26.00 ©0107
spacer of 19 nm in width. In this study we present the
data for two samples, nos. 2981 and 2984, whose
parameters are listed in the table: ns is the total density
of the electron gas in two layers; µ, the mobility at low
temperatures; ∆SAS, the tunnel gap between the energies
of the symmetric and antisymmetric states; and EF, the
Fermi level. The last two quantities, and also the poten-
tial profiles of the structures, were obtained using a
self-consistent solution of the Schrödinger and Poisson
equations in a zero field.

In the magnetic field normal to the structure plane, a
clear picture of the quantum Hall effect (Fig. 1) is
observed, which corresponds to the complicated struc-
ture of DQW levels quantized by the magnetic field.
The interest in studies focusing on the magnetic field
parallel to the structure plane is related to the fact that
it is possible to observe and analyze features in the
energy spectrum that are not masked by quantization. 

In layers of finite thickness, the effect of the mag-
netic field parallel to the structure plane B|| consists in
the following:

(i) a diamagnetic shift of the quantum-confinement
levels Ei so that the spacing between these levels
increases;

Table

Sample
no.

Barrier
width, nm

ns,
1015 m–2

µ,
m2 V–1 s–1

∆SAS,
meV

EF,
meV

2981 7 2.05 2.6 7.4 8

2984 3.5 2.34 1.6 23.1 9.5
 2005 Pleiades Publishing, Inc.
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(ii) a shift of the constant-energy surfaces Ei(k||), k|| =
(kx, ky) along the ky direction [5].

The last factor is important in DQWs, because the

energy-dispersion surfaces of the two layers (k||)
are shifted with respect to each other by ∆kyi = eB||di/"
(Fig. 2), where di is the effective spacing between the
centers of mass in layers for the ith subband [6]. Fur-
thermore, we only discuss the processes related to the
evolution of the ground subband, so the index i will be
omitted. If tunneling between the layers is possible, the
level of a separate well in a DQW is split into two levels
with symmetric (S) and antisymmetric (AS) wave func-
tions and separated by the tunnel gap ∆SAS. At a relative
lateral shift in the k-space of E1, 2(k||) paraboloids in par-
allel magnetic field, the gap ∆SAS is bound to the line of
their intersection (Fig. 2). As a result, a complex surface
of constant energy E(k||) is formed in the DQW. It con-
sists of an inner surface with the minimum Em at k = 0,
which corresponds to the upper edge of ∆SAS, and an
outer surface with a saddle point Es at k = 0, corre-
sponding to the lower edge of the gap. As the magnetic
field increases and the paraboloids move farther apart in
the ky direction, the gap is shifted upwards.

Ei
1 2,

10

ρxx, ρxy, kΩ

5

0 2 4 6

×4

i = 6

i = 5

i = 4

i = 3

2984 T = 0.4 K

B⊥ , T

Fig. 1. The quantum Hall effect and magnetoresistance in
sample no. 2984.
 As can be seen in the table, initially, in a zero field,

the Fermi level EF in sample no. 2981 lies above the gap
∆SAS. Therefore, in a field Bm the Fermi level will be
crossed by the minimum Em, and after that, in the field
Bs > Bm, by the saddle point (Fig. 2). As a result, the
total density of the states at the Fermi level decreases
stepwise at B|| > Bm, and the intersubband transitions
will be switched off, which will induce a stepwise
decrease or a minimum in the magnetoresistance ρ(B||)
at B|| ≈ Bm. The van Hove singularity in the density of
the states is related to the saddle point Es; this singular-
ity will cause the magnetoresistance maximum in the
field B|| ≈ Bs. Indeed, in this sample we did observe a
minimum and maximum in the magnetoresistance
ρ(B||) (see Fig. 3). At the same time, in sample no. 2984,
which had a barrier two times thinner and, conse-
quently, a significantly wider gap ∆SAS, the Fermi level
lay in the gap below the minimum Em even in a zero field.
Therefore, in this case, there is no reason for the forma-
tion of a minimum in magnetoresistance at B|| ≈ Bm, and
only a maximum can exist at B|| ≈ Bs, which we did
observe in the pulsed magnetic field at about Bs ≈ 30 T
(Fig. 3). Features of this kind were earlier observed in
ρ(B||), but only in DQWs formed in GaAs/AlxGa1 – xAs
structures [7].

B|| > Bs

B|| > Bm

B|| = 0

Em

EF

Es

∆SAS

EF

EF

E

∆SAS

ky

Fig. 2. The evolution of the energy structure of the DQW in
the magnetic field B|| parallel to the structure plane.
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The energy dispersion in the DQW in the parallel
field was calculated in terms of a two-level model:

(1)

where

ω = eB||/m; m is the effective electron mass; |s〉  and |a〉 ,
the symmetric and antisymmetric wave functions in the
DQW; and Es and Ea, the lower and upper edges of the
gap in the zero magnetic field.

E1 2,
"

2 kx
2 ky

2+( )
2m

--------------------------
Hss Haa+

2
-----------------------+=

± 1
2
--- Hss Haa–( )2 4Hsa

2+ ,

Hss Es
m
2
----ω2 s〈 |z2 s| 〉 ,+=
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m
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Fig. 3. Resistance ρ(B||) vs. the intensity of the magnetic
field parallel to the structure plane. Insets: calculated poten-
tial profiles and energy levels.
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The simplest approximation was used in [6], where
the assumption 〈s|z2|s〉  = 〈a|z2|a〉  = 0 was employed. In
this case, the gap

does not vary with the magnetic field. This approxi-
mation is sufficiently precise to estimate the magnetic
field Bs for sample no. 2981, which has a wide barrier,
but is too inaccurate in the case of the wide gap in sam-
ple no. 2984, which has a thin barrier (Fig. 4). Calcula-
tions made without this approximation show that, in
fact, the gap increases as the field increases, and
becomes, in a field of 30 T, nearly twice as large as in a
zero field (Figs. 5a, 5d).

A comparison between the calculated and experi-
mental positions of the features in the magnetoresis-
tance (Fig. 4, g = 0) shows a reasonable agreement for
the position of the maximum, Bs, for sample no. 2981,
but the position of the minimum, Bm, is underestimated
in the calculations. Figure 4 shows the results calcu-
lated for infinitely narrow levels.

Our calculations of the total density of the states at
the Fermi level, DOS(EF), as function of the magnetic
field B|| show that the broadening of levels dE leads to a

Haa Hss– Ea Es– ∆SAS= =

15

10

5

0

2981

Bs

Bm

MR maximum

MR minimum

35

30

25

20

15

MR maximum

Bs

2984

0 2 4 6 8 10 |g|

B||, T

Fig. 4. A comparison of the measured values of B||, corre-
sponding to the maximum and minimum of the magnetore-
sistance (shaded areas) with the values calculated as func-
tions of the g-factor. The dashed lines represent simplified
calculations on the assumption 〈s|z2|s〉  = 〈a|z2|a〉  = 0 [6]; and
the solid lines, the data of more precise calculations.
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Fig. 5. The energy dispersion in the conduction band along ky for sample no. 2984, calculated for different values of B|| (in tesla)
and the g-factor, denoted in the figure.
considerable shift of the Bm minimum to a higher B||
(Fig. 6a), and the calculated data agree with the exper-
iment. This shift is related to the fact that, in a zero
field, the Fermi level lies in the upper subband, in the
immediate vicinity of its edge, and is on the verge of
departing from it. As the field increases in the range of
weak fields, it moves nearly in parallel with the lower
spin sublevel. More reliable conclusions follow from an
analysis of the magnitude of the field Bs, which is not
varied when the levels are broadened.

For sample no. 2984, the calculation of the position
of the maximum in ρ(B||) using the approximate method
yields a strongly underestimated magnitude of the field,
Bs (see Fig. 4, the point of convergence of dashed lines
for sample no. 2984 at g = 0). This discrepancy can be
noticeably diminished in more precise calculations (see
Fig. 4, the point of convergence of solid lines for sam-
ple no. 2984 at g = 0) but not eliminated. Elimination
only becomes possible if the spin splitting of the states
is taken into account. In this case, summands ±gµBB||/2
are introduced into (1), where µB is the Bohr magneton
(Fig. 4). Then, the calculated value of Bs for the saddle
point of the lower spin-split subband agrees with the
experiment for a g-factor with |g| > 3. The interpolation
between InAs and GaAs (g = –15 and g = –0.44, respec-
tively) yields g ≈ –3 for In0.18Ga0.82As. The spin split-
ting in our samples is distinctly observed in perpendic-
ular fields (Fig. 1), where it manifests itself even in the
field B⊥  ≈ 5 T as a feature of the quantum Hall effect for
the odd integer i = 3 at the Hall resistance ρxy = h/e2i.
The initiation of the state for i = 5 in a field of ~3 T can
also be seen.

A comparison of Figs. 5b and 5c offers a possible
explanation of the fact that the features related to the
SEMICONDUCTORS      Vol. 39      No. 1      2005
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Fig. 6. The density of the states at the Fermi level, DOS(EF), calculated for (a, b) sample no. 2981 and (c, d) sample no. 2984: g = 3
(solid lines) and g = 0 (dotted lines). The level broadening dE: (a, c) 4, (b) 1, and (d) 2 meV. Thin solid lines represent the result of
calculations for separate subbands; and thick lines, the sum of these. An increasing function (dashed line) is added to reflect the rise
in the background component of the magnetoresistance as the field increases (c); the total density of the states that account for this
artificial rise is shown by the two upper lines in the figure.
saddle point in the upper of the spin-split subbands are
not observed in the ρ(B||) dependence for sample
no. 2984. In the field B|| = 22 T, the saddle point is not
formed yet, and the corresponding change in the den-
sity of the states is masked by features in that density,
which are related to side minima of the same subband
with close energies. In contrast, at 30 T the saddle
points are resolved; i.e., they lie far enough, in terms of
energy, from the minima of their subbands. Moreover,
as can be seen in Fig. 5c, at |g| = 3 the saddle point of
the lower subband almost coincides with the minima of
the upper subband, which can enhance the total den-
sity-of-states peak at the Fermi level in a field of ~30 T.
SEMICONDUCTORS      Vol. 39      No. 1      2005
These arguments are supported, to some extent, by a
calculation of the density of the states at the Fermi
level, DOS(EF), as a function of the magnetic field. As
can be seen in Fig. 6c, at a certain broadening of the lev-
els, the features in the density of the states in the upper
subband are smeared, but the feature related to the sad-
dle point in the lower subband remains discernible
(marked with a vertical arrow). However, calculations
of only the density of the states fail to provide a com-
plete description of the dependence of the resistance on
a magnetic field. The features related to the upper spin
sublevel are manifested in the calculated data in the
form of a wide shoulder on the ρ(B||) dependence, in
fields below 30 T, which is not the case in the experi-
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ment. Furthermore, the calculated total DOS(EF)
decreases as the field increases in the range of high
fields (Figs. 6a, 6c), which occurs because the Fermi
level passes into the lower spin subband, whereas in the
experiment, in contrast, the magnetoresistance increases
in both samples.

A strong positive magnetoresistance in single layers
in the parallel field was observed in several studies [8, 9],
where the spin polarization of the electron gas was sug-
gested as the possible mechanism responsible for this
effect. In our experiments, we also observed a spin
polarization when the upper spin subband is depleted in
the field B|| > Bs. It is necessary to note, however, that in
the mentioned studies, a metal-type behavior of the
resistance was observed, and it was assumed that the
spin polarization depresses the mechanisms responsi-
ble for this metal-type behavior. In contrast, in our sam-
ples, the resistance steadily increases as the temperature
decreases in the whole range studied, down to T ≈ 0.3 K.
At the same time, in [9], a positive magnetoresistance
was observed, also at low densities, in the region of the
insulating state. Thus, the reason why the resistance
grows as B|| increases is not clear yet.

A comparison of Figs. 5c and 5d allows us to under-
stand why the Bs(|g|) dependences (Fig. 4) level off: after
the total depletion of the upper spin subband, the Fermi
level becomes rigidly fixed within the lower subband.

An estimation of the level broadening from the
mobility values gives dE ≈ 1 meV. The somewhat
higher values of dE, which were to be used in our cal-
culations, to fit the experiment, can be justified by the
fact that level broadening is defined by the quantum
lifetime of electrons (which depends on all the scatter-
ing processes). This period can be several times shorter
than the transport lifetime determined from the mobil-
ity. Figures 6b and 6d show the magnetoresistance
behavior that would be expected at a smaller broaden-
ing of levels.
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Abstract—BxGa1 – xAs layers were grown on GaAs substrates using low-pressure metal–organic vapor-phase
epitaxy. Triethylboron, trimethylgallium, and arsine were used as boron, gallium, and arsenic sources. Opti-
mum growth conditions were selected. The layers were studied using X-ray diffraction, secondary-ion mass
spectrometry (SIMS), and photocurrent spectroscopy (PCS). The SIMS results showed a uniform boron distri-
bution over the layer thickness. According to the PCS data, the BGaAs band gap decreases as the boron con-
centration increases. © 2005 Pleiades Publishing, Inc.
1. INTRODUCTION

Progress in optoelectronics requires the continuous
development of new materials. When GaAs substrates
are used, the basic materials for epitaxial layers are
alloys based on III–V compounds. At present, nitrogen-
containing alloys are being actively studied. The new
materials in this series are alloys based on III–V com-
pounds that have undergone the substitution of III cat-
ions with boron atoms. The feasibility of growing
BxGa1 – xAs epitaxial layers is based, in particular, on
the use of triethylboron in metal–organic vapor-phase
epitaxy (MOVPE). The studies in this field are at an ini-
tial stage, and only a small number of them deal with
the MOVPE of the BGaAs alloy and analysis of its
properties [1–5].

According to [6–8], the BAs band gap is Eg =
1.46 eV; hence, the introduction of boron into GaAs
makes it possible to vary Eg, but only in a narrow range.
In [9], a 50-meV decrease in the band gap was found at
a boron concentration of 0.06%. The reverse effect was
observed in [3], where Eg increased by 4–8 meV per 1%
of introduced boron. These discrepancies suggest that
the above problem has not been adequately studied.

What is quite obvious is the decrease in the lattice
parameter when the boron concentration in BxGa1 – xAs
is increased, since the boron atom is characterized by a
much smaller tetrahedral covalent radius than Ga. For
cubic BAs, the lattice parameter is 0.477 nm [6–8].
Therefore, elastically stretched epitaxial BxGa1 – xAs
layers on the GaAs substrate can be used to compensate
for elastic strains in heterostructures with elastically
compressed InxGa1 – xAs layers. In the case of a simulta-
neous introduction of B and In atoms, a BxInyGa1 – x – yAs
1063-7826/05/3901- $26.00 0011
quaternary compound can be grown, which is lattice-
matched with the GaAs substrate.

In this paper, we present the results of our study con-
cerned with the growth of BGaAs epitaxial layers by
MOVPE.

2. EXPERIMENTAL

BGaAs layers were grown using an “EPIQUIP” low-
pressure (100 Torr) MOVPE setup with a horizontal
reactor. Triethylboron (TEB), trimethylgallium (TMG),
and arsine were used as In, Ga, and As sources, respec-
tively. The growth temperature was 600°C. The layers
were grown on semi-insulating or doped GaAs sub-
strates. As preparation, a GaAs buffer layer ~0.1 µm
thick was grown on the substrate, also at 600°C.

Hydrogen was used as a carrier gas. The total flow
through the reactor was 8 l/min. The layers were grown
at partial pressures of reagents from 10–2 to 5 × 10–2 mbar
for triethylboron and from 2 × 10–3 to 5.6 × 10–3 mbar
for trimethylgallium. To maintain these values, corre-
sponding temperatures of bubblers and the carrier gas
flows through them were set. The triethylboron vapor
pressure P was calculated using the formula (see [5])

where T is the Kelvin temperature and P is pressure
in mbar.

The boron concentration in the vapor phase can be
characterized by the mole fraction of triethylboron XV:

Plog 2.91408
753.261

T 112.631–
-----------------------------,–=

XV
TEB[ ]

TEB[ ] TMG[ ]+
----------------------------------------,=
© 2005 Pleiades Publishing, Inc.
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where [TEB] and [TMG] are the partial pressures of the
components in the vapor phase. During the experiment,
XV was varied from 0.3 to 0.9.

The grown epitaxial layers were studied by X-ray
diffraction (XRD) on a DRON-4 diffractometer
(Ge(400) monochromator and CuKα1 radiation). The
depth distribution of elements in the epitaxial layers
was determined by SIMS on a Shipovnik-3 mass spec-
trometer (  beam and 10 keV, 600 × 600 µm2 raster).
The samples were also studied using C–V profiling and
photocurrent spectroscopy.

3. RESULTS AND DISCUSSION

The thickness of the grown BxGa1 – xAs epitaxial
layers, determined by C–V profiling and XRD, varied
from 0.2 to 0.5 µm. In contrast to GaAsN layers, they
have n-type conductivity. The boron concentration was
determined from the XRD spectra by taking into
account elastic strain in the layer. An example of XRD
spectra in the vicinity of (004)GaAs is shown in Fig. 1.
It should be noted that the boron concentration in the
layer grown on the semi-insulating substrate ((100),
misorientation is 0° along the [110] direction) is higher
than in the layer grown on the doped substrate ((100),
misorientation is 2° along the [110] direction) in all the
samples.

O2
+

X
-r

ay
 in

te
ns

ity

66.0 66.1 66.2 66.3
2θ, deg

a b

Fig. 1. X-ray diffraction spectra of BxGa1 – xAs samples:
(a) doped substrate (100), misorientation 2° along the [110]
direction, x = 0.5%; (b) semi-insulating substrate (100),
misorientation 0° along the [110] direction, x = 0.7%.
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Fig. 2. The dependence of the BAs concentrations (x) in the
BxGa1 – xAs layer on the triethylboron mole fraction XV in
the vapor phase.
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Fig. 3. SIMS profiles of elements in the BxGa1 – xAs epitax-
ial film for (a) the sample with x = 0.7% and (b) the sample
grown at XV = 0.9.
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The influence of variations in the composition of the
initial gas mixture on the boron introduction and qual-
ity of the grown layers was found to be highly signifi-
cant. A decrease in the trimethylgallium partial pres-
sure results in a decrease in the growth rate and an
increase in the number of vacancies of group-III ele-
ments, which increases the degree of boron introduc-
tion (Fig. 2). However, epitaxial growth is suppressed
when the triethylboron mole fraction XV in the vapor
phase exceeds 0.85, and a polycrystalline or amorphous
layer with a very high boron content is formed on the
surface. The same effect was observed when the trieth-
ylboron flow increased. Probably, this is caused by spu-
rious vapor-phase reactions and the formation of poly-
crystalline boron arsenide, elemental polycrystalline or
amorphous boron on the surface. 

The degree of boron introduction also increases
along with arsine flow. In the experiments we per-
formed, the ratio of the concentrations of group-III and
group-V elements ([III]/[V]) was up to 52.

The SIMS data for the BxGa1 – xAs epitaxial layer
with x = 0.7% are shown in Fig. 3a. As can be seen, the
depth distribution of elements in the layer is uniform.
Figure 3b shows the distribution for the sample grown
under the conditions of epitaxial growth suppression. In
comparison with the former layer, the boron concentra-
tion increases by approximately two orders of magni-
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Fig. 4. Photoconductivity spectra of BxGa1 – xAs epitaxial
layers for x = 0.7, 1, and 1.4%.
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tude. The high carbon content indicates a large amount
of products from the incomplete decomposition of
organometallic compounds, which may confirm the
version of events where spurious heterogeneous reac-
tions occur in the vapor phase.

Figure 4 shows the photoconductivity spectra for
three BxGa1 – xAs samples with various boron concen-
trations. An increase in the boron concentration results
in an elongation of the long-wavelength photocurrent
slope, which suggests that there are optical transitions
in boron-containing samples whose energies are lower
than the GaAs band gap. In [5], these transitions are
associated with the transition from the conduction band
to the level of light holes in the valence band. When
boron is introduced, the light-hole band is split off from
the heavy-hole band due to strong tensile stresses in the
BGaAs–GaAs system.

4. CONCLUSION
BxGa1 – xAs epitaxial layers were grown on GaAs

substrates using low-pressure MOVPE. The highest
BAs content in the layers is x = 1.4%. Photocurrent
spectroscopy showed that the band gap Eg of the grown
BGaAs layers decreases as the boron concentration
increases. The estimated value of ∆Eg is ~100 meV for
a layer with the highest BAs content.
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Abstract—The feasibility of producing a vertical-cavity laser that operates in the far IR region and is based on
the three-wave mixing due to the lattice nonlinearity of a GaAs/AlGaAs system is analyzed. It is shown that the
use of a double Bragg cavity with the parameters tuned both to high-frequency oscillations (sources of nonlin-
ear polarization) and to the difference frequency allows one to raise the intensity of the radiation in the far IR
region. The power density of the radiation at a wavelength of 49.5 µm equals approximately 5 × 10–4 µW/µm2

at a drive current density of 5 kA/cm2. It is suggested that a drive current should be supplied with the use of
intercavity contacts, to be located in the vicinity of a node in the difference mode; then, the absorption of radi-
ation by free charge carriers will be reduced to a minimum. © 2005 Pleiades Publishing, Inc.
1. INTRODUCTION

The development of coherent light sources for the
middle and far IR regions remains a topical problem
despite the appreciable recent progress due to the
advent of quantum-cascade lasers [1]. An alternative
approach to lasing in the far and middle IR regions can
apparently be based on the principle of nonlinear fre-
quency conversion. This concept has been actively
developed since the early 1970s for applicaton to
devices where nonlinear three-wave mixing takes place
in an external nonlinear crystal (see, e. g., [2]). In recent
years, a number of new lasers have appeared where a
nonlinear frequency conversion with the difference fre-
quency falling in the middle IR region is realized in the
laser itself [3–5]. Under these conditions, it is assumed
that two-frequency radiation in the near IR region gives
rise to nonlinear polarization in the medium. In a strip-
structure laser with the radiation output through the end
face, as suggested in [3], a realization of the laser’s
optimal characteristics is particularly hindered by the
difficulty of providing for the phase-matching condi-
tions between the nonlinear polarization at the differ-
ence frequency and the waveguide mode at the same
frequency. We have recently suggested [5] a vertical-
cavity laser that eliminates this problem, since the cav-
ity length does not exceed the coherence length lc =
π/∆k (∆k is the difference between the wave numbers of
the nonlinear polarization wave and the waveguide
mode at the difference frequency). As well as this, in a
vertical-cavity laser, the electric field of the high-fre-
quency oscillations responsible for second-order non-
linear polarization can exceed that of a stripe laser by
more than an order of magnitude. Furthermore, a verti-
1063-7826/05/3901- $26.00 ©0113
cal-cavity laser apparently allows one to attain a higher
overlapping factor (in a transverse cross section)
between the induced nonlinear polarization and the dif-
ference mode. We extended the basic principle incorpo-
rated into the laser [5] to a light-emitting structure with
a double vertical cavity [6]. The latter study shows that
the use of an additional cavity tuned to the difference
frequency provides a 1 to 1.5 orders of magnitude rise
of the power density in the middle IR range (13 µm).
Note that a vertical-cavity laser using frequency dou-
bling based on the lattice nonlinearity of a
GaAs/AlGaAs system is considered in [7].

In this study, we numerically investigate the charac-
teristics of far-IR radiation (~50 µm) that stem from
nonlinear frequency conversion, which was suggested
for the first time in [6]. It should be noted that a quan-
tum-cascade laser for the far-IR region (66 µm) [8] is
efficient only if cooled to about 10–50 K.

2. THE LASER STRUCTURE
A schematic diagram of the laser structure under

consideration is shown in Fig. 1. The two quantum-
dimensional InxGa1 – xAs/GaAs active layers (7)
responsible for near infrared lasing at λ1, 2 (~1 µm) are
separated by an Al0.2Ga0.8As layer. The thickness of the
latter is about one quarter of λm, which is the mean
value of λ1, 2 (taking into account the refractive index).
In this case, the longitudinal distribution of a field in the
active regions is managed so that the antinodes of one
of the high-frequency modes coincide closely with the
nodes of the other mode. This circumstance reduces the
influence of each active layer on the amplified (or atten-
uated) field in the neighboring active layer. The layers
 2005 Pleiades Publishing, Inc.
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where the nonlinear three-wave mixing giving rise to
the generation of the difference mode (corresponds to
the wavelength λr in air) is most efficient will be
referred to as the layers (4) of nonlinear conversion
(Al0.2Ga0.8As). We suggest using two sets of Bragg
reflectors consisting of alternating quarter-wave
GaAs/AlAs layers. One of these sets (2, 2') (the first, for
clarity) confines the vertical cavity that is matched with
the waves λ1, 2; i. e., these waves belong to the neigh-
boring longitudinal modes of this cavity, providing for
its minimal sizes. The Bragg reflectors (1, 1') of set two
represent the difference wave and are transparent at the
wavelengths λ1, 2. Thus, the laser structure is formed by
two vertical cavities, one of which is incorporated into
the other. The internal cavity ensures the lasing condi-
tions in the near IR region. The external cavity, when it
is precisely tuned to the wavelength λr , considerably
amplifies the field at the difference frequency in the
region where it interacts with the nonlinear polarization
at this frequency. The analysis shows that there is a
noticeable increase in the conversion efficiency and,
therefore, in the power density of the radiation in the
mid-IR region. The additional (tuning) AlAs layers
(5, 5') adjoining the Bragg reflectors (BRs) of set two
from inside make it possible to accurately tune the res-
onant frequency of the external cavity to the difference
frequency. It is clear that the BR thickness for far-IR
radiation is about several micrometers. Therefore, it
seems reasonable to use a deposition method of produc-
tion, including the deposition of the other pair of semi-
conductor (insulating) materials that are transparent in
the aforementioned spectral region.

5

6
7

6'

5'

1

2
3

4

2'

3'

1'

Substrate

Fig. 1. A schematic representation of the laser structure:
(1, 1') and (2, 2') are the upper and the lower Bragg reflec-
tors (sets 2 and 1, respectively); (3, 3') are the p- and n-con-
tacts; (4) are nonlinear-conversion layers; (5, 5') are the tun-
ing layers; (6, 6') are the oxide windows; and (7) are the
active layers.
It is known that absorption by free charge carriers is
one of the main causes of radiation loss in the far-IR
region. Therefore, an acceptable Q-factor of the cavity
tuned to the wavelength λr can be ensured by formulat-
ing the Bragg reflectors using undoped layers. Accord-
ing to our analysis, at a given geometry of the sources,
the profile of a standing wave of the second-order non-
linear polarization is such that its node is located
between the active layers. Because of this reason, a
drive current can be supplied via highly doped p- and
n-type contact layers (3, 3') that are located inside the
cavities near the active layers and, hence, near the node
of the difference wave. As a result, the absorption of
far-IR radiation is reduced to a minimum. In order to
limit the current and the optical fields in the transverse
section of the laser, we use oxide (AlO) apertures (win-
dows). It turns out that an acceptable power value in the
far-IR region can only be attained when oxide windows
with a diameter considerably exceeding the wavelength
at the difference frequency are used. Therefore, a geo-
metric-optics approximation of plane uniform waves
propagating in a vertical direction (across the layers)
can serve as the first approximation for analyzing the
electrodynamic characteristics of lasing. In the subse-
quent studies, we will consider the influence of a mul-
timode transverse structure of radiation on the power
and spectral characteristics of lasing.

3. MATHEMATICAL BACKGROUND 
AND NUMERICAL RESULTS

We calculated the field distribution in high-fre-
quency modes and the gain in the active layers of laser
by solving a boundary eigenvalue problem for the wave
equation in the space of a complex variable. Note that
one of the parts (real or imaginary) of the first complex
eigenvalue defines the geometry of the structure for the
given mode λ1 and the other characterizes the gain in
the first active layer. The second eigenvalue defines the
wavelength and the gain in the second active layer. We
took into account both the radiation loss in a multilayer
structure and the loss due to the emission of radiation
through the upper BRs. The threshold currents were
determined from a stationary solution of the rate equa-
tion for the carrier concentration in the active layers.
This approach is described in detail in [5].

It is known that zinc blende crystals grown on
(100)-oriented substrates do not admit nonlinear mix-
ing of plane co-propagating waves. However, in struc-
tures with an inclined substrate, this nonlinear conver-
sion is feasible, and was successfully attained in [7]. In
that study, a second harmonic generation (0.5 µm) was
accomplished in a vertical-cavity laser based on a
GaAs/AlGaAs system on an inclined (311)-oriented
substrate. In view of the above, to provide clarity, we
assume that the double vertical cavity laser under study
SEMICONDUCTORS      Vol. 39      No. 1      2005
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is also grown on a (311)-oriented GaAs substrate. Tak-
ing into account the transformation of field components
caused by the rotation of the coordinate system, we can
express the second-order nonlinear polarization as ρ =
2χε0d14E(1)E(2). Here, d14 is the component of the non-

linear susceptibility tensor, χ = 27/(11/ ) ≈ 0.523 is
the coefficient related to the rotation from plane (100)
to (311), ε0 is the permittivity of free space, and E(1, 2)

are the electric fields of the source waves λ1, 2.

First, to obtain a correct estimation of the optical
power resulting from nonlinear conversion, one needs
to analyze the dispersion of the nonlinear susceptibility
(coefficient d14) of gallium arsenide in the vicinity of
the phonon (transverse optical phonon) resonance fre-
quency. The data of the recently performed experiment
[9] allows us to improve the parameters C1, 2, 3 that
define the frequency dependence of d14(ω3, ω2, ω1) in
accordance with expression (8) from the article by
Mayer and Keilmann [10]. Figure 2 shows the normal-

ized nonlinear susceptibility d14(λr, λ1, λ2)/  versus
the wavelength λr under the condition that λ1, 2 is sym-
metric about the mean value λm, i.e., λ2, 1 = λm ± δ. Here,

 = 170 × 10–12 m/V [7] is the electronic contribution
to nonlinear susceptibility. For our calculations, we
used the frequency values νTO = 8.02 THz and the atten-
uation parameter γTO = 0.06 THz of a transverse optical
phonon, as given in the review by Blakemore [11]. The
plot indicates that second-order nonlinearity consider-
ably increases in the vicinity of the resonance, nearly
disappears at λr ≈ 60 µm, and increases again as the fre-
quency of the difference mode increases further. Hence
it follows that the method of nonlinear frequency con-
version by means of GaAs lattice nonlinearity is appar-
ently inefficient in the close vicinity of 60 µm. How-
ever, it is probably possible to produce a laser with
practically interesting output characteristics near the
phonon resonance under the condition of a reasonable
balance between the increase in the nonlinear suscepti-
bility and the losses (which also increase in the vicinity
of the frequency νTO and, thus, decrease the efficiency
of the three-wave mixing). As an example illustrating
this possibility, we consider a laser with a difference
harmonic wavelength of about 50 µm. This value corre-
sponds to d14 ≈ 60 × 10–12 m/V.

In order to find the electric field Er at the difference
frequency, we solved an inhomogeneous wave equation
with given external sources:

(1)

where ∇ 2 = d2/dz2 is the Laplace operator, γ = k0  is
the wave number, ε is the relative permittivity, and k0 =

22

d14
e

d14
e

∇ 2 γ2Er+
γ2

εε0
-------p– R,= =

ε

SEMICONDUCTORS      Vol. 39      No. 1      2005
2π/λr. The general solution of this equation in a homo-
geneous layer with the boundary conditions Er(0) = Er0

and dEr(0)/dz =  is known:

(2)

Therefore, the electric field and its derivative at the
boundaries of a layer with the thickness h can be related
via the following matrix expression:

(3)

where 

is the transfer matrix of the layer. The electric field
strength and its derivative with respect to the longitudi-
nal coordinate (proportional to the magnetic-field
strength) must be continuous at the boundaries of
homogeneous layers. Therefore, sequentially perform-

Er0'

Er z( ) Er0 γzcos
Er0'
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------- γzsin+=

+
1
γ
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Fig. 2. The Normalized component of the nonlinear suscep-
tibility tensor d14 vs. the difference-mode wavelength.
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ing transformation (3), we obtain the relationship for the
fields at the boundaries of a structure with the length L:

(4)

Er L( )
Er' L( ) 

 
 

M̂1
Er 0( )
Er' 0( ) 

 
 

=

+ M̂i 1+

i 1=

N

∑
1
γi

---- γi di 1+ τ–( )sin

γi di 1+ τ–( )cos 
 
 
 
 

R τ( ) τ .d

di

di 1+

∫

The parameters of the structure

Layer
Thick-
ness, 
µm

Conductivity
type/Concentra-
tion, 1018 cm–3

αr , cm–1

GaAs (BR 2) 3.182 Undoped 20

AlAs (BR 2) 3.78 Undoped 5

GaAs (BR 1) 0.071 Undoped 20

AlAs (BR 1) 0.084 Undoped 5

Al0.2Ga0.8As nonlinear
converter

2.747 Undoped 20

GaAs contact 0.03 n/10 41200

Al0.2Ga0.8As nonlinear
converter

0.1 n/1 6900

InGaAs/GaAs
(QW 1 + barrier 1)

0.03 Undoped 2000

Al0.2Ga0.8As nonlinear
converter

0.042 Undoped 1500

InGaAs/GaAs
(QW 2 + barrier 2)

0.03 Undoped 2000

Al0.2Ga0.8As nonlinear
converter

0.1 p/1 950

GaAs contact 0.03 p/10 6700

Al0.2Ga0.8As nonlinear
converter

2.67 Undoped 20
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Fig. 3. The power density of the difference mode vs. the
number of pairs of layers in the BRs of set 2.
Here,  =  is the product of the transfer
matrices starting with layer j and continuing to the last

layer N,  =  is the unit matrix, d1 = 0, and
dN + 1  = L. At the given boundary conditions, i.e.,

(0)  = 0 (the magnetic wall at the lower boundary)

and (L) = –jk0Er(L) (a running wave in free space),
formula (4) represents a system of inhomogeneous
algebraic equations. By solving this system, we deter-
mine the power density at the difference frequency in
the form Pr = |Er|2/(2ρ0), where ρ0 = 120π is the wave
impedance in free space. The above approach does not
imply the expansion of a field induced by external
sources in the eigenwaves of the problem. It is known
that solving the eigenvalue problem, in an exact formu-
lation, for systems with losses requires a nonstationary
approach and, therefore, meets serious difficulties [12].

The parameters used in the calculations are listed in
the table. The values of these parameters correspond to
the following wavelengths of high-frequency oscilla-
tions: λ1 = 0.99 µm, λ2 = 1.0102 µm, and λr = 49.5 µm
for the difference harmonic. As was mentioned above,
the efficiency of the difference-mode generation
depends heavily on the losses caused by the absorption
of waves involved in the nonlinear conversion process.
This statement is also true for the near-IR waves, which
form nonlinear polarization, and, to a greater extent, for
the difference mode. Indeed, the attenuation of the
waves that are the sources of nonlinear polarization
defines the necessary level of the gain in the active
regions and, therefore, the threshold current for the
excitation of the waves λ1, 2. At the same time, the
energy density of high-frequency electric fields
depends on the excess of the operating current over the
threshold value. In addition, it is intuitively understood,
and also confirmed by the analysis of formula (4), that
the power density at the difference frequency is sup-
pressed as a result of an increase in the damping con-
stant αr of waves at this frequency. The values of αr are
listed in the rightmost column of the table. We consid-
ered the absorption by free carriers as the main mecha-
nism responsible for the damping in n-type layers, and
used the results of reviews [11, 13]. An appreciable loss
in the contact n-type doped layer can be explained by
the fact that, at a certain doping level, the difference fre-
quency falls in the vicinity of the plasma resonance. It
is known that, for acceptor-doped layers, intersubband
scattering in the valence band also plays an important
part along with free carrier absorption. Therefore, for
p-type layers, the data were obtained by processing the
experimental results reported in [14, 15].

Figure 3 shows the power density at the difference
frequency versus the number of pairs M2 of layers that
make up the external reflectors (set 2). The reflectors of
set 1 are assumed to include 35 pairs of layers. The
drive current is assumed to be equal to 5 kA/cm2. As
follows from Fig. 3, at the given parameters, there is an

M̂ j m̂ii j=
N∏

M̂N 1+ Î

Er'

Er'
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optimal number of pairs of layers that form the external
reflectors. The analysis by formula (4) shows that, in
the absence of absorption in the bulk of the layers, the

power density increases proportionally to (n1/n2 ,
where n1 and n2 are the refractive indices of layers that
form the external BRs. In the presence of optical losses,
this dependence levels off and the output power drops as
the number of the BR layers increases further. As can be
seen from the plot, the presence of an additional cavity
tuned to the difference frequency gives, approximately, a
2.5-time gain for a laser in the range considered.

Figure 4 shows the resonance curves; i. e., the power
density of the difference mode versus the thickness ht of
the tuning layers at M2 = 6. It can be seen that losses in
the bulk of the layers significantly affect the maximal
intensity of the radiation. The resonance peaks are com-
paratively narrow, which can be explained, first, by the
fact that the oscillations induced by nonlinear polariza-
tion should represent the cavity eigenfunctions and,
second, by the fact that the profile of nonlinear polar-
ization should feature maximal spatial overlapping
with the field of the difference wave. The position of
resonances along the abscissa axis is almost unaffected
by the presence or absence of losses.

Figure 5 shows the amplitude of the electric field of
the difference mode in the same laser at a resonance tun-
ing of the external cavity. The thickness of the layers
along the longitudinal coordinate is also shown. The
inset shows the same values in the region of doped lay-
ers, i. e., between the contacts (the region is marked by
the hatched circle in the main plot), on an enlarged scale.
It can be seen that the electric-field amplitude in the
doped layers is small (no larger than 0.2 × 10–3 V/µm).
The position of the contacts in the vicinity of the wave
node makes it possible to reduce the losses caused by
the absorption inside the structure to a minimum. It also
follows from Fig. 5 that the field of the difference wave

)
2M2

10–5

10–4

10–3

1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4
ht, µm

Pr, µW/µm2

2

1

Fig. 4. The power density of the difference mode vs. the tun-
ing layer thickness (1) in the absence and (2) in the presence
of losses.
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considerably differs from that of the standing wave in
the vicinity of the exit cross section. This circumstance
is mainly due to the emission of a wave from the output
surface and, along with this, to the attenuation in the
bulk of the layers.

Figure 6 shows the intensities of the difference
mode and the waves with λ1, 2 versus the drive-current
density Jth in a laser that has an optimal number of the
pairs of layers that form the external cavity. As would
be expected, the power of the difference mode increases
almost quadratically with Jth and attains a value of 5 ×
10–4 µW/µm2 at the current density 5 kA/cm2. Because
the vicinity of λ1, 2 corresponds to the maximal reflec-
tion coefficient for the BRs of set 1, the modes of the
source waves appear to be largely locked within the
cavity: their power is only two orders of magnitude
higher than that of the difference mode. (For compari-
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Fig. 5. (1) The electric-field amplitude of the difference
wave and (2) the layer thickness vs. the longitudinal coordi-
nate z. Inset: the same in the doped layers including the
(3) n-type and (4) p-type contacts on an enlarged scale.
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Fig. 6. The intensity of radiation in the (1) far and (2, 3) near
IR regions vs. the drive current density. For curve 1, the sca-
let at the ordinate axis is enlarged by 100 times.
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son, in a mid-IR laser [6], the output intensity of the
sources exceeds the intensity of the radiation that
results from nonlinear mixing by more than three
orders of magnitude.)

4. CONCLUSION

The characteristics of far-IR radiation obtained from
a semiconductor laser that is based on nonlinear fre-
quency conversion in a structure with a double vertical
cavity are numerically studied.

It is suggested that a driving current is supplied by
means of intracavity contacts located in the vicinity of
the node of the difference wave field. This approach,
via the Drude mechanism, ensures the lowest attenua-
tion of IR radiation by free charge carriers.

The excitation of the laser structure by nonlinear
polarization at the difference frequency is analyzed
without using the expansion of a field in the eigenfunc-
tions of the waveguide structure (the cavity). This is a
general approach and can be applied to almost any
structure consisting of uniform layers and excited by
given external sources.

It is shown that the intensity of the difference mode
is a quadratic function of the drive-current density and
attains 5 × 10–4 µW/µm2 at a drive-current density of
5  kA/cm2 under the conditions of resonant tuning. The
power density of the high-frequency oscillations that
induce the nonlinear polarization is approximately two
orders of magnitude higher at the same drive current.

The effect of absorption in the bulk of the cavity on
the output characteristics of the laser is determined. It
is shown that damping of far-IR radiation, as a result of
the absorption by free charge carriers and scattering by
the phonons at a frequency close to the phonon reso-
nance, is the main factor that retards the growth of the
power density of the radiation. In the absence of losses,
the output intensity would grow proportionally to

(n1/n2 . At the given attenuation constant in the bulk
of the layers, the presence of an additional cavity tuned
to the resonance with the difference frequency results
in, approximately, a 2.5-fold increase in the output
power. The optimal number of periods in the BRs of
set 2 is six when the period consists of GaAs/AlAs lay-
ers. The total thickness of the structure is about 100 µm.

The distribution of the electric field at the difference
frequency along the structure is analyzed. It is shown
that one of the minima of the field is located within the
doped layers, which provides for the low field strength
at the contacts. As a result, the losses due to free-carrier
absorption decrease. It is also shown that the field pro-

)
2M2
file in the vicinity of the output section considerably
differs from that of the standing wave. This fact is due
to both the loss in the bulk of the layers and the surface
emission of the radiation.
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Abstract—Deep-level transient spectroscopy is used to study the emission of holes from the states of a verti-
cally coupled system of InAs quantum dots in p–n InAs/GaAs heterostructures. This emission was considered
in relation to the thickness of a GaAs interlayer between two layers of InAs quantum dots and to the reverse-
bias voltage Ur. It is established that hole localization at one of the quantum dots is observed for a quantum-dot
molecule composed of two vertically coupled self-organized quantum dots in an InAS/GaAs heterostructure
that has a 20-Å-thick or 40-Å-thick GaAs interlayer between two layers of InAs quantum dots. For a thickness
of the GaAs interlayer equal to 100 Å, it is found that the two layers of quantum dots are incompletely coupled,
which results in a redistribution of the hole localization between the upper and lower quantum dots as the volt-
age Ur applied to the structure is varied. The studied structures with vertically coupled quantum dots were
grown by molecular-beam epitaxy using self-organization effects. © 2005 Pleiades Publishing, Inc.
1. INTRODUCTION

At present, one the most interesting fields in current
semiconductor physics is related to the problem of the
coupling and hybridization of quantum states in self-
organized quantum dots (QDs). Vertically coupled
structures are promising for the development of lasers
with QDs [1]; components of optical memory [2]; and,
possibly, quantum-mechanical computers [3]. It is
believed that a vertically coupled system that is com-
posed of two planar arrays of QDs separated by an
interlayer can serve as a single qubit [4]. A necessary
condition for the accomplishment of a single qubit is
the quantum-mechanical coupling of the wave func-
tions of two QDs, similar to that which is realized in
molecules. The formation of molecular states for verti-
cally coupled QDs attracts the active attention of both
theoreticians [3–7] and experimentalists [7–11]. It was
shown theoretically by Partoens and Peeters [5] that
two QDs can be found in the state of either a single
atomic dot or a molecule, depending on the distance
between these QDs. The condition for strong coupling
should be satisfied if the distance between the QDs is
small as, in this case, the QD pair behaves like a single
QD. The QDs behave like uncoupled QDs if they are
widely separated. As was shown previously [5], the
QDs should behave like a new type of molecule if the
distance between them is intermediate. If the QDs are
coupled, the levels should be split between the bonding
and antibonding states, with the position of the levels
depending on the distance between the QDs [3–6]. It
follows from theoretical results [2] that the formation
of the bonding and antibonding states can occur only
for the electron states of a quantum molecule. However,
it is believed [8] that the bonding and antibonding
1063-7826/05/3901- $26.00 0119
quantum states for holes are not formed as a result of a
large effective mass of holes, but, rather, the holes
should be localized within QDs. It was suggested pre-
viously [3, 6, 7] that, depending in the distance between
QDs, the bonding and antibonding states related to
holes can be formed in quantum molecules. A coherent
two-level system can be controlled using either short
optical pulses [7] or an electric field applied to the het-
erostructure, which affects the localization of holes
within a quantum molecule [8, 9]. The relevant studies
were performed using the resonance-tunneling effect
[11] or by recording measurements of microphotolumi-
nescence [7, 9]. In addition, an enhancement of the
effect of the hybridization of electronic states in two
QDs in relation to the thickness of the barrier between
them was previously reported [9, 10].

We previously showed that there are the following
effects in the InAs/GaAs heterostructures with verti-
cally coupled QDs:

(i) the Coulomb interaction between charge carriers
localized within QDs and ionized lattice defects located
in the near proximity to a QD, and (ii) the quantum-
dimensional Stark effect [12, 13].

The manifestation of either of the above effects is
related to the shift of a peak in the spectrum of deep-
level transient spectroscopy (DLTS). In the case of the
Coulomb interaction, the shift of the peak depends on
the conditions of preliminary isochronous annealing
(the presence or absence of a reverse voltage applied
during annealing) and is controlled by the formation of
a dipole whose built-in electrostatic field affects the
height of the barrier for the emission of charge carriers.
In the Stark effect, this shift is specified by the heavy
dependence of the position of the energy levels for the
© 2005 Pleiades Publishing, Inc.
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states of vertically coupled QDs on the strength of the
applied external electric field. The manifestation of
these two effects makes it possible to compare the
observed DLTS peaks with the quantum states in
InAs/GaAs heterostructures that incorporate vertically
coupled QDs, and also to determine whether these
states correspond to the levels of localized bonding or
antibonding s and p states in vertically coupled QDs.
The use of this approach for a vertically coupled QD
structure composed of six rows of InAs QDs separated
by a GaAs interlayer with a thickness of dGaAs = 40 Å
allowed us to establish that the formation of the bond-
ing and antibonding s and p states for holes occurs for
this type of system of coupled QDs [12, 13].

In this paper, we report the results of studying the
capacitance–voltage (C–V) characteristics and DLTS
spectra of quantum states in InAs/GaAs heterostruc-
tures that had two rows of vertically coupled QDs in
relation to both the thickness of the GaAs interlayer and
the reverse-bias voltage Ur. The InAs/GaAs hetero-
structures with vertically coupled QDs under study
were grown by molecular-beam epitaxy (MBE) using
self-organization effects.

2. EXPERIMENTAL
The InAs/GaAs heterostructures that include the

vertically coupled QDs, and are studied by us, were
grown by MBE on n+-GaAs substrates with a (100) ori-
entation. The QD array was formed as a result of the
double deposition of two InAs monolayers that were
separated by a GaAs interlayer with a thickness of 20,
40, or 100 Å. The vertically coupled QDs were formed
in the midplane of p0-GaAs with a thickness of 0.90 µm.

(a)

(b)

(c)
100 nm

[001]

[001]

Fig. 1. A microphotograph of a cross section of the samples
with two layers of InAs quantum dots separated by a GaAs
interlayer with the thickness dGaAs = (a) 20, (b) 40, and
(c) 100 Å. The images were obtained using transmission
electron microscopy.
The p0-GaAs layer was overgrown with a p+-GaAs
layer. The DLTS studies of the deep traps in the hetero-
structures were performed using a DL4600 spectrome-
ter, operating as a two-gate integrator, produced by the
BIO-RAD Company. In order to carry out the DLTS
measurements, we thermally deposited ohmic contacts
on the n+-GaAs substrate and the p+-GaAs layer. Prior
to each DLTS measurement, the sample was annealed
isochronously for 1 min at a fixed temperature either in
the presence (Ura < 0) or in the absence (Ura = 0) of
applied reverse-bias voltage. The sample was initially
heated to 450 K and, if the annealing was performed at
Ura < 0, was kept at this temperature for 1 min at the
zero-bias voltage Ura = 0. It was then cooled to the
annealing temperature. The sample was kept for some
time at Ura < 0 if the annealing was performed at Ura = 0.
The annealing temperature was varied in the range from
80 to 450 K. After annealing, the sample was cooled to
80 K at either Ura < 0 or Ura = 0. The DLTS measure-
ments were then performed in darkness, unless other-
wise specified, or under exposure to white light. In
order to determine the concentration profile of the
charge carriers in the heterostructures, we measured the
C–V characteristics. The thermal-activation energy Ea
and the cross sections for the charge-carrier capture by
traps σn, p were determined by varying the rate windows
in the standard DLTS measurements.

3. RESULTS AND DISCUSSION

In Fig. 1, we show microphotographs, obtained
using transmission electron microscopy, of the samples
with two InAs QD layers separated by a GaAs inter-
layer with a thickness dGaAs = 20, 40, or 100 Å. The for-
mation mechanism of InAs/GaAs vertically coupled
QDs has previously been studied in detail [14]. It was
shown that the vertically coupled QDs are formed
owing to a self-organization effect that involves the
transfer of InAs from the lower QDs to the upper QDs
with a subsequent replacement of InAs by GaAs [14].
As can be seen from Fig. 1, the lateral sizes of the lower
islands in the system of vertically coupled InAs QDs
with dGaAs = 20 or 40 Å do not exceed 170 Å. The lateral
sizes of the upper islands are increased to 210–220 Å.
For a structure with the interlayer thickness dGaAs =
100 Å, the lateral sizes of the lower and upper islands
in the system of vertically coupled InAs QDs are iden-
tical and equal to 200–230 Å.

We measured the C–V characteristics of p–n
InAs/GaAs heterostructures with vertically coupled
QDs at T = 82 K. The dependences of the capacitance
on the bias voltage Ur exhibited a behavior typical of
localized states [12]. A single peak was observed in the
free-hole concentration profiles p*(Ur) determined
from the C–V measurements for the structures with
dGaAs = 20 or 40 Å (Fig. 2, curves 1, 2). This peak is
related to the release of charge carriers from the quan-
tum states of QDs. Two peaks were observed in the
SEMICONDUCTORS      Vol. 39      No. 1      2005
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hole-concentration profiles p*(Ur) for the structures
with dGaAs = 100 Å (Fig. 2, curve 3).

Using the C–V measurements, we determined the
bias-voltage ranges for which the signals related to the
emission of charge carriers from the states of vertically
coupled QDs should be observed in the DLTS spectra.
In order to determine both the spatial localization of the
DLTS signals and the origin of the levels related to
them, we measured the spectra at a constant amplitude
of the filling-pulse voltage Uf; moreover, we varied the
voltage Ur at which the DLTS signal was detected. The
results obtained using transmission electron micros-
copy show that a two-layer system of QDs coupled in
the vertical direction exists between the InAs layers of
the structures with the GaAs-interlayer thickness
dGaAs = 20 or 40 Å. The wave functions of the islands
overlap so that electronic properties of vertically cou-
pled QDs belong to a single object. The formation of a
two-layer system of QDs is also observed for the struc-
tures with the interlayer thickness dGaAs = 100 Å; how-
ever, these QDs are not coupled in the vertical direction.
The upper and lower QDs have approximately identical
lateral sizes, and, in this case, two rows of isolated QDs
are observed. Measurements of the C–V characteristics
show that the peaks related to the localization of charge
carriers at the quantum states of vertically coupled QDs
are present in the p*(Ur) profiles of the structures under
study. The results of our DLTS studies show that each
of these peaks corresponds to peaks in the DLTS spec-
tra (Figs. 3a, 3b). For the structures with two QD layers
with an interlayer thickness dGaAs = 20 or 40 Å, two
DLTS peaks, HD120(40) and HD220(40), are observed in
the spectra when Ur varies from –1.25 to –0.25 V and
from –0.25 to 0.25 V (Fig. 3b). The DLTS spectrum of
the structure with the GaAs interlayer thickness dGaAs =

Fig. 2. Concentration profiles p*(Ur) for the p–n InAs/GaAs
heterostructures with two layers of InAs quantum dots sep-
arated by a GaAs interlayer with the thickness dGaAs =
(1) 20, (2) 40, and (3) 100 Å. The profiles were determined
from the measurements of C–V characteristics at T = 82 K
after preliminary isochronous annealing under the reverse-
bias voltage Ura < 0.

1017

1016

p*, cm–3

–3 –2 –1 0 1
Ur, V

1

2

3
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40 Å is not shown since this spectrum is identical to that
of the structure with dGaAs = 20 Å. The structures with
dGaAs = 100 Å also exhibited two DLTS peaks (HD1100
and HD2100) in the same range of variations in Ur. In
addition, as the reverse voltage attains the value Ur ≈
1.35 V, a further DLTS peak (HD3100) appears (Fig. 3a).

In order to determine the origin of the above levels,
we studied the dependences of the DLTS spectra in the
conditions of preliminary isochronous annealing
(under conditions of Ura < 0 or Ura = 0) for the values of
Ur that corresponded to characteristic variations in the
behavior of the DLTS spectra [12]. For all the structures
in this study, as the isochronous-annealing conditions
were changed, we observed temperature shifts in the
positions of every DLTS peak observed. These shifts
are controlled by electrostatic bistable dipoles formed
by the charge carriers localized within a QD and by ion-
ized deep-level defects, which is a characteristic feature
used to identify the DLTS peaks with the QD states
[12]. This circumstance made it possible to compare the
DLTS peaks with the quantum states of the vertically
coupled QDs. The dependence of the position of the
DLTS peaks identified in the above-described way on
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Fig. 3. The DLTS spectra for p–n heterostructures with two
layers of InAs quantum dots separated by a GaAs interlayer
with the thickness dGaAs = (a) 100 and (b) 20 Å. All the
spectra were measured at voltages of the reverse-bias pulse
Ur = (1) 0.08, (2) –1.35, (3) –0.27, and (4) 0.02 V. The emis-
sion-rate window was 200 s–1, the filling-pulse amplitude
Uf = 0.5 V, and the filling-pulse duration was 25 µs.
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the value of Ur was also observed. As was mentioned
above, three DLTS peaks (HD1100, HD2100, and HD3100)
were observed for the structure with the GaAs inter-
layer thickness of 100 Å (Fig. 3a). We plotted the depen-
dences of the temperature position of the peaks under
consideration on the value of Ur (Fig. 4, curves 5–7).
A shift to higher temperatures in conjunction with an
increase in the magnitude of Ur was observed for the
HD1100 peak (curve 5). The HD2100 DLTS peak shifts to
lower temperatures as Ur varies from –0.5 to –1.0 V
(curve 6) and shifts to higher temperatures as Ur varies
from –1.0 to –1.5 V. This behavior corresponds to the
variation in the thermal-activation energy from 395 to
267 meV (and then to 285 meV). For the HD3100 DLTS
peak (curve 7), we managed to observe only a shift of
the peak position to lower temperatures as Ur varied
from –1.25 to –1.5 V, which corresponded to the varia-
tion in Ea from 486 to 431 meV. The observed depen-
dences can be related to the manifestation of the follow-
ing two effects:

(i) a decrease in the height of the barrier for thermal
emission as a result of the manifestation of the field
effect [15]; and

(ii) the Stark shift of the energy level of the quantum
state [16].

The independent behavior of peaks HD2100 and
HD3100 makes it possible to conclude that they are
related to the states of two QDs that are coupled only
slightly and separated by a GaAs interlayer. This
assumption is also supported by the presence of two
peaks in the p*(Ur) profile for these structures. There are
two hypotheses concerning the origin of peak HD1100:
this peak is either related to the state of the first QD or,
which is more likely, related to an interface state at the
boundary between the wetting layer and the first QD.

–1.0 –0.5 0 0.5
Ur, V

320

280

240

200

160

Tmax, K
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4
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Fig. 4. Dependences of the temperature positions of the
DLTS peaks on the voltage of the reverse-bias pulse Ur for
the peaks (1) HD120, (2) HD220, (3) HD140, (4) HD240,
(5) HD1100, (6) HD2100, and (7) HD3100.
Similar dependences on the value of Ur were
observed for the HD120, HD220, HD140, and HD240
peaks that were present in the DLTS spectra of the
structures with two rows of QDs and dGaAs = 20 or 40 Å
(Fig. 4, curves 1–4). The thermal-activation energy Ea
of the HD220 level (curve 2) for the structure with
dGaAs = 20 Å decreased first from 322 to 195 meV as Ur
increased and then increased to 241 meV. We did not
observe a peak related to the second QD for the struc-
tures with dGaAs = 20 or 40 Å. The results obtained for
these structures suggest that, in this case, hybridization
of the hole states in the QDs does not occur; rather, we
observe the localization of holes at some location in the
quantum molecule due to quantum-mechanical tunneling
without the formation of bonding and antibonding states
(this localization was predicted previously in [7, 17]). This
behavior differs from the situation where the hybridiza-
tion of quantum states is observed for the structures
with six rows of QDs. In addition, as can be seen in
Fig. 4, a decrease in the thickness of the GaAs inter-
layer leads to an increase in the energy of the hole states
in a QD molecule, which is consistent with the theoret-
ically obtained results [7, 17].

4. CONCLUSION

We established that holes are localized in one of the
quantum dots in a quantum molecule composed of two
vertically coupled self-organized quantum dots in
InAs/GaAs heterostructures with two InAs quantum-
dot layers separated by a GaAs interlayer with a thick-
ness of 20 or 40 Å. Incomplete coupling of two quan-
tum-dot layers was observed if the thickness of the
GaAs interlayer was 100 Å. This circumstance leads to
the redistribution of the hole localization between the
upper and lower quantum dots as the reverse-bias volt-
age applied to the structure is varied.
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Abstract—Arrays of InAs quantum dot (QD) molecules in the GaAs matrix, which consist of pairs of vertically
aligned InAs QDs, have been synthesized by molecular beam epitaxy. A study of the resulting structures by
transmission electron microscopy demonstrated that the vertically aligned QDs are equal in size. Photolumi-
nescence measurements revealed that the spectra of the samples under study contain bands corresponding to
electronic states in QD molecules. © 2005 Pleiades Publishing, Inc.
1. INTRODUCTION

The properties of semiconductor quantum dots
(QDs) have recently been extensively studied. The
interest in the phenomenon of QDs is due to their
unique properties, existence of techniques for their
reproducible fabrication, and possibility of their use in
modern micro- and optoelectronics. The electronic
structure of a QD is discrete, which is why QDs are fre-
quently named “artificial atoms.” A semiconductor QD
molecule is an object composed of two or more QDs
lying in the immediate vicinity of each other. In the
context of this study, two identical QDs coupled by tun-
neling will be referred to as a QD molecule (QDM).
The electronic structure of a QDM constituted by a pair
of identical QDs contains split states of separate QDs [1].
The possibility of obtaining terahertz emission via elec-
tron transitions from the upper to lower split levels of
QDMs has been discussed [2, 3]. Accordingly, QDMs
can be regarded as potential terahertz emitters of light.

One of the most extensively used methods for the
fabrication of QDs is their epitaxial growth in lattice-
mismatched heteroepitaxial systems via self-assembly.
One technique that can be used grow QDs in such a way
is molecular-beam epitaxy (MBE). In an InAs/GaAs
system, the lattice mismatch is as high as 7%. As a
result, in epitaxial growth of an InAs layer on the sur-
face of a GaAs substrate, the elastically strained InAs
layer disintegrates at a certain instant of time into an
array of three-dimensional (3D) InAs islands and a
residual quasi-2D InAs layer (wetting layer). As was
shown previously in [4], these InAs islands are QDs in
1063-7826/05/3901- $26.00 0124
which the motion of electrons and holes is confined in
every direction. Thus, MBE produces QDs in a natural
way, and it is only necessary to terminate the epitaxy at
a certain instant of time and to cover the array of InAs
QDs with a GaAs layer. Fabrication of QDMs is a more
complicated technological task.

It has been shown previously [5] that, if two or more
layers of InAs QDs are grown, separated by a thin
GaAs spacer, a vertical alignment effect is observed,
with the QDs of the upper layer formed directly above
the QDs of the lower layer. This effect can be used to
obtain closely spaced QDs, which are a prototype of
QDMs. A negative phenomenon in the case of vertical
alignment is that the size of QDs in the upper layer
exceeds those in the lower layer. An approach in which
pairs of vertically aligned QDs can be obtained, with
each QD having the same size and composition, was
suggested in [6]. Nevertheless, the fact that the number
of publications devoted to this issue is small means that
the fabrication of vertically aligned pairs of identical
QDs is a rather complicated technological task inviting
additional examination.

The goal of the present study was to develop a repro-
ducible technique for the fabrication of InAs QDMs in
a GaAs matrix by MBE and to analyze their properties
using transmission electron microscopy (TEM) and the
photoluminescence (PL) method.

2. EXPERIMENTAL

The growth experiments were carried out on an
EP1203 MBE machine on semi-insulating (100) GaAs
© 2005 Pleiades Publishing, Inc.
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substrates. Several sets of samples with two QD layers
separated by a GaAs spacer were grown. In optimizing
the technique of QDM fabrication, the following
parameters of the structure were varied: the effective
thicknesses of InAs in the first and second QD layers,
the thickness of the GaAs spacer, and the intermediate-
annealing conditions of layers that had QDs.

The structure of the samples was analyzed by dif-
fraction electron microscopy on an SM20 electron
microscope at an accelerating voltage of 200 kV.

The electronic structure of the samples was studied
using the stationary PL method at a temperature of
77 K. The optical excitation was effected by an
Ar+ laser at a wavelength of 514.5 nm, and the PL sig-
nal was detected by a cooled Ge photodetector.

3. RESULTS AND DISCUSSION

The development of the technique for QDM fabrica-
tion required that several sets of growth experiments
should be carried out.

In the first stage, the influence exerted by high-temper-
ature annealing (HTA) on the uniformity of QDs in the
first and second layers of the structure was studied [7]. The
HTA was necessary because segregation of In is possi-
ble during the growth of QDs and their subsequent
overgrowth with a GaAs layer [7]. Thus, at equal thick-
nesses of deposited InAs in both QD layers, the effec-
tive thickness of InAs in the upper layer is greater.

To study the effect of HTA on the uniformity of QDs
in different layers, the samples were grown in the fol-
lowing configuration: The effective thickness of InAs
in both layers was chosen as 2.5 monolayers (ML), and
that of the GaAs spacer, 30 nm. A spacer of this thick-
ness is sufficient for eliminating the influence of the
elastic stresses created by the lower layer of QDs on the
second QD layer. Moreover, a 30-nm-thick spacer pre-
cludes electron tunneling between the QDs of the first
and second layers. The InAs QDs formed at 485°C
were overgrown with a 5-nm-thick GaAs layer, after
which the sample temperature was raised to 610°C and
maintained at this level for 1 min (HTA). Then, the
sample temperature was lowered to 550°C and the rest
of the GaAs spacer (25 nm) was deposited. The QDs of
the second layer were formed in a similar manner, with
the use of the HTA procedure. The uniformity of the
QD array in the first and second layers was assessed by
comparing the halfwidths of PL bands for samples with
one and two QD layers. The application of the HTA
procedure described above did not lead to a broadening
of the PL spectra for structures with two QD layers.
Consequently, the QD arrays in the first and second QD
layers are sufficiently uniform in size.

In the second stage of the study, the thickness of the
GaAs spacer was diminished to 10 nm in order to reveal
the influence exerted by the elastic stresses produced by
the QDs of the first layer on the shape and size of QDs
in the second layer. The effective thicknesses of the
SEMICONDUCTORS      Vol. 39      No. 1      2005
InAs layers were 2 ML for both QD layers. Figure 1
shows a TEM image of a structure of this kind. It can be
seen that the QDs of the second layer exceed the size of
those of the first layer. The PL spectra obtained from a
sample shown in Fig. 1 contain two PL bands. A study
of the influence exerted by the excitation power density
on the relative intensities of the PL bands for QDs dem-
onstrated that the ratio of the integral intensities of the
two PL bands is the same for any excitation power.
Thus, the PL measurements confirmed the existence of
two groups of QDs with different sizes in the sample
under study.

The analysis in the first and second stages of the
study demonstrated that it is necessary to use HTA and
that, for the QDs in the second layer to be equal in size
to the QDs of the first layer, the second InAs layer
should have a smaller thickness.

In the third stage, the thickness of the GaAs spacer
was chosen as 5 nm. This spacer thickness is sufficient
both for the vertical alignment of the second-layer QDs
and for the electron tunneling between the vertically
aligned QDs to be possible. The primary goal of this
stage was to choose the effective InAs thicknesses in
the first and second layers in order to obtain QDs of
identical size in these layers. Figure 2 shows a TEM
image of a structure with two layers of InAs QDs, sep-
arated by a 5-nm-thick GaAs spacer, with the effective
InAs thicknesses of 4 and 2 ML for the first and second
layers, respectively. It can be seen from Fig. 2 that the
vertically aligned QDs of the first and second layers are
equal in size. The PL spectra measured from this sam-
ple at a temperature of 77 K and varied excitation
power density are shown in Fig. 3.

It can be seen that the PL spectra contain two peaks P1
and P2 at any excitation power. This situation is similar
to that observed in the sample with a 10-nm spacer and
equal effective thicknesses of InAs in both QD layers.

g(200) 50 nm

Fig. 1. A cross-sectional TEM image of a structure with two
layers of InAs QDs separated by a 10-nm-thick GaAs spacer.
The effective thickness of InAs in each layer is 2 ML.
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However, in the case of the sample with a 5-nm-thick
GaAs spacer and varied effective thickness of InAs, the
integral intensity of a P2 band grows faster than that of
a P1 band as the excitation power increases. This cir-
cumstance is presumably due to the splitting into sym-
metric and antisymmetric states. To reveal the true
mechanism responsible for the appearance of the P1
and P2 bands, an additional study was performed by

g(200)

50 nm

Fig. 2. A cross-sectional TEM image of a sample with two
layers of InAs QDs separated by a 5-nm-thick GaAs spacer.
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Fig. 3. PL spectra of the sample in Fig. 2, measured at 77 K
and an excitation power W: (1) W0, (2) 5W0, and (3) 20W0.
means of the time-resolved PL method [8]. The data
obtained, as well as the good agreement between the
energy of splitting of the P1 and P2 bands and the
results of a theoretical calculation performed for a
model sample with a 5-nm GaAs spacer, confirm the
formation of QDM in this sample.

4. CONCLUSION

Thus, a procedure has been developed for the fabri-
cation of tunnel-coupled pairs of identical QDs, QD
molecules, by MBE. A TEM study of samples that had
QDMs demonstrated that vertically aligned pairs of
QDs of the same size, separated by a 5-nm-thick spacer,
are present in their structure. The results of a PL study of
samples with vertically aligned tunnel-coupled QDs are
in a good agreement with the calculations performed for
QDMs of the configuration under discussion.
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Abstract—The transition from two-dimensional (2D) pseudomorphic growth to the three-dimensional (3D)
(nanoisland) growth in InxGa1 – xAs/GaAs multilayer structures grown by molecular-beam epitaxy was investi-
gated by atomic force microscopy, photoluminescence, and Raman scattering. The nominal In content x in
InxGa1 – xAs was varied from 0.20 to 0.50. The thicknesses of the deposited InxGa1 – xAs and GaAs layers were
14 and 70 monolayers, respectively. It is shown that, at these thicknesses, the 2D–3D transition occurs at x ≥ 0.27.
It is ascertained that the formation of quantum dots (nanoislands) does not follow the classical Stranski–Krastanov
mechanism but is significantly modified by the processes of vertical segregation of In atoms and interdiffusion of
Ga atoms. As a result, the InxGa1 – xAs layer can be modeled by a 2D layer with a low In content (x < 0.20), which
undergoes a transition into a thin layer containing nanoislands enriched with In (x > 0.60). For multilayer InxGa1 – xAs

structures, lateral alignment of quantum dots into chains oriented along the  direction can be implemented
and the homogeneity of the sizes of quantum dots can be improved. © 2005 Pleiades Publishing, Inc.
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1. INTRODUCTION

An important line of development of fundamental
and applied solid-state physics is investigating the pro-
cesses of self-assembled formation of semiconductor
quantum dots (QD) upon molecular-beam growth of
strained heterostructures. It is believed that this process
follows the Stranski–Krastanov mechanism; i.e., when
the thickness of a deposited layer attains some critical
thickness, elastic strain relaxation occurs with the for-
mation of three-dimensional (3D) nanoislands (QDs)
on a thin (several monolayers) two-dimensional (2D)
wetting layer.

Most attention has been paid to InAs QDs, which
are formed as a result of the 2D–3D transition under
epitaxial growth of strained InAs/GaAs heterostruc-
tures. Some recent results indicate that the initiation
and the growth of InAs QDs cannot be described in
terms of the classical Stranski–Krastanov mechanism.
It was indicated that these processes may be affected by
the vertical segregation of In atoms and interdiffusion
of Ga atoms [1]. For InxGa1 – xAs QDs formed in a
GaAs matrix, the situation is even more complicated
due to the simultaneous deposition of cations of two
types. In addition, despite the fact that arrays with high
densities (~1011 cm–2) of InxGa1 – xAs QDs have been
obtained, the spread of sizes and shapes of QDs hinder
their wide application in practice. The use of multilayer
structures makes it possible to solve in general the
problem of vertical alignment of QDs along the growth
1063-7826/05/3901- $26.00 0127
direction and improve the homogeneity of their sizes
[2, 3], but lateral alignment (in the interface plane) is
still a problem [4–6]. In the case of multilayer nanois-
land structures InxGa1 – xAs/GaAs, the alignment criti-
cally depends on the surface elastic anisotropy of the
matrix material [7] and the crystallographic orientation
of the surface [8]. Previously, we showed for a multi-
layer system that, with the use of growth interruption
upon deposition of a separating GaAs layer, lateral
alignment of QDs into a line can be implemented with
an increasing number of layers. The QD parameters and
the features of their spatial alignment are controlled by
the epitaxial growth conditions.

In this study, we investigated the formation and opti-
cal properties of QDs in InxGa1 – xAs multilayer struc-
tures by methods of atomic force microscopy, resonant
Raman scattering, and photoluminescence. It is shown
that laterally ordered QD arrays can be formed in such
structures upon deposition of In0.5Ga0.5As solid solu-
tion onto a (100) plane.

2. EXPERIMENTAL

InxGa1 – xAs/GaAs multilayer structures with quan-
tum wells (QWs) and QDs were grown on semi-insulat-
ing GaAs(100) substrates by molecular-beam epitaxy.
After removal of the oxide layer from the surface, a
buffer GaAs layer 0.5 µm thick was grown at a rate of
one monolayer (ML) per second. All samples were
grown at a constant As vapor pressure (10–5 Torr).
© 2005 Pleiades Publishing, Inc.
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The first series of 8-period InxGa1 – xAs
(14 ML)/GaAs(70 ML) structures was grown at a sub-
strate temperature of 520°C. The nominal In content
was x = 0.2, 0.25, 0.28, 0.30, and 0.35. The transition
from the 2D pseudomorphic growth to the 3D growth
was monitored by high-energy electron diffraction. At
the noted thicknesses of InxGa1 – xAs layers, the 2D–3D
transition was not implemented for the samples with
x = 0.2 and 0.25. For x = 0.28, 0.30, and 0.35, this tran-
sition was observed at thicknesses of InxGa1 – xAs layers
of 14.0, 10.7, and 7.4 ML, respectively.

The second series of InxGa1 – xAs(9.8 ML)/GaAs(60
ML) structures was grown at a substrate temperature of
540°C and growth rates of GaAs and In0.5Ga0.5As layers
of 0.4 and 0.2 ML/s, respectively. The separating GaAs
layers were deposited using growth interruption.

Raman spectra were excited by a cw Nd YAG laser
(λ = 1.0642 µm) and measured by a BOMEM Fourier
interferometer. Photoluminescence (PL) spectra were
excited by the 488-nm line of an Ar laser. The nanomor-
phology of the sample surfaces was investigated on an
AFM Dimension 3000 atomic force microscope
(DI Nano Scope IIIA).

3. RESULTS AND DISCUSSION

Figure 1 shows the atomic force microscopy (AFM)
images of the upper uncovered layer of InxGa1 – xAs
QDs for 8-period InxGa1 – xAs/GaAs structures with
x ≥ 0.28. At x = 0.28, QDs of two types can be seen:
high 3D islands (type A) and flattened (2D) islands with

x = 0.28

x = 0.30 x = 0.35

100 nm

200 nm200 nm

200 nm

Fig. 1. AFM images of uncovered InxGa1 – xAs layers with
QDs in InxGa1 – xAs/GaAs structures with different nomi-
nal In contents x. The inset shows the enlarged image of the
sample with x = 0.28; the QDs of types A and B are denoted
by open and closed arrows, respectively.
a small ratio of height to lateral size (type B). In both
cases, the QD bases are ellipses with major and minor

axes oriented along the  and [110] directions,
respectively. With an increase in x, the density of
islands increases, and their size distribution becomes
more uniform. When x changes from 0.30 to 0.35, the
average lengths of the major and minor ellipse axes
decrease from 42 to 35 nm and from 22 to 15 nm,
respectively. Although QDs come in contact with each
other at x = 0.35, no coalescence with formation of
large islands (characteristic of InAs QDs) was
observed. This circumstance indicates that, as was
noted above, the distribution of In and Ga atoms in the
InxGa1 – xAs layer may be nonuniform due to the verti-
cal segregation of In atoms into the upper regions of
InxGa1 – xAs QDs [9].

At x = 0.2 and 0.25, the PL spectra (Fig. 2) contain
a strong emission band of InxGa1 – xAs QWs. The asym-
metry of this band at T = 300 K is due to the thermally
activated trapping of carriers into the regions with a
lower In content and (or) monolayer fluctuations of the
QW thickness. At T = 4.2 K, the PL lines show no
asymmetry.

The morphological 2D–3D transition in the sample
with x = 0.28 is responsible for the radical broadening
of the PL band. Two overlapping emission bands are
observed at room temperature. At T < 100 K, only the
low-energy emission component manifests itself. At
T  > 100 K, the intensity is redistributed to the high-
energy band. The activation energy of quenching of the

110[ ]

x = 0.28

x = 0.20

T = 300 K T = 4.2 K

x = 0.25

1.1 1.2 1.3 1.41.2 1.3
Energy, eV
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x = 0.30
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Fig. 2. PL spectra of InxGa1 – xAs/GaAs multilayer struc-
tures with different In contents in InxGa1 – xAs layers at T =
300 and 4.2 K. The energy of excitation photons is 2.54 eV.
SEMICONDUCTORS      Vol. 39      No. 1      2005



        

RESONANT RAMAN SCATTERING AND ATOMIC FORCE MICROSCOPY 129

       
–300 –280 –260

R
am

an
 in

te
ns

ity

L
O

(G
aA

s)

L
O

(I
nG

aA
s)

–258
Raman shift, cm–1

–264–252

4

3

2

1

Raman shift, cm–1
200 400 800

T
O

(G
aA

s)

L
O

(G
aA

s)

1.3
Energy, V
1.2

1, 1'

4

3

2

600 1000

1.1

ERam
exc

PL
 in

te
ns

ity

2L
O

(I
n x

G
a 1

 –
 x
A

s)

4

4

×6

anti-Stokes Stokes
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ture. The inset in the Stokes region shows the PL spectrum of the structure with x = 0.35 at an energy of excitation photons of 2.54 eV.

The arrow shows the energy of excitation photons for the Raman spectrum (  = 1.165 eV). T = 300 K.Rexc
Ram
high-energy band (~47 meV), found from temperature
measurements, corresponds exactly to the energy spac-
ing between the maxima of these bands. We suggest
that this redistribution is due to the thermally induced
passage of carriers from large QDs enriched with In to
small planar QDs with a lower In content (Fig. 1). The lat-
ter can be regarded as nucleation centers for 3D islands.
An alternative explanation for the temperature redistri-
bution of the band intensities—the involvement of
excited states of QDs—contradicts the absence of any
redistribution of the intensities of the bands considered
at a significant change in the excitation level.

It is noteworthy that the efficiency of carrier trapping
by QDs with subsequent emission is rather high. For
example, the PL of fairly thick GaAs barrier layers was
several hundred times lower. At the same time, in the
samples without islands (x = 0.20 and 0.25), the intensity
of emission from QWs was only several times higher
than the PL intensity of the GaAs barrier layers.

Figure 3 shows the Raman spectra in the Stokes and
anti-Stokes regions for the structures under study at T =
300 K. For comparison, curve 1' shows the spectrum of
an additional structure with an epitaxial GaAs layer
deposited onto a GaAs(100) substrate under the same
conditions. The thickness of the epitaxial layer is equal
to the total thickness of the separating barrier and upper
protective GaAs layers in the InxGa1 – xAs/GaAs struc-
tures under study. The coincidence of curves 1 and 1'
indicates that, before the formation of QDs, the Raman
spectrum is completely controlled by scattering only by
SEMICONDUCTORS      Vol. 39      No. 1      2005
LO (291.7 cm–1) and TO (266.5 cm–1) phonons in the
GaAs protective, separating, and buffer layers. The
weak scattering by TO phonons, which is forbidden for
the (100) plane, manifested itself due to insignificant
violations of the crystal structure in the GaAs separat-
ing layers.

For the structures with x ≥ 0.28, the formation of
nanoislands manifests itself in the additional scattering
in the spectral ranges 280–288 and 255–260 cm–1. We
suggest that both these Raman signals are related to the
contribution of the scattering by LO phonons in
InxGa1 – xAs. As is well known, this solid solution
belongs to materials with the so-called two-mode
phonon reconstruction [10]. This type of phonon recon-
struction is characterized by simultaneous manifesta-
tion of optical phonons in the frequency ranges typical
of both binary components forming the solid solution.
In the case under consideration, we are speaking of two
LO(GaAs)-like modes due to the presence of two sublay-
ers in the InxGa1 – xAs layer with significantly different In
contents. This is in agreement with the above-noted man-
ifestation of the vertical segregation of In atoms.

More evident proof of the existence of two regions
with different In contents follows from the analysis of
the two-phonon 2LO-Stokes Raman spectrum for the
sample with x = 0.35. In this case, nearly exact condi-
tions for the output resonance with the electronic exci-
tation of QDs enriched with In were implemented (see
inset in Fig. 3 in the Stokes region). Under the reso-
nance conditions, the scattering by longitudinal optical
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phonons should be enhanced due to the Fröhlich inter-
action. As can be seen from Fig. 3, two scattering peaks
are observed in the second-order spectrum: a rather nar-
row peak at 573 cm–1 (Γ = 9.6 cm–1) and a much wider
peak at 528 cm–1 (Γ = 23 cm–1). These values are in sat-
isfactory agreement with the doubled frequencies of
LO phonons observed in the first-order Raman spec-
trum.1 Approximate estimation based on the values of
the frequencies of LO(GaAs)-like phonons and the In
content obtained from the known dependence of the
phonon frequencies on the composition for bulk
InxGa1 – xAs [12] gave “true” values of x: xtr = 0.15 and
0.65 in InGaAs layers and QDs, respectively. To deter-
mine the values of xtr more accurately, one has to take
into account the effects of spatial confinement and strain.

Thus, we can conclude that the main characteristic
feature of the formation of InxGa1 – xAs QDs in strained
heterostructures is the formation of a 2D GaAs layer
with a lower (in comparison with the nominal) In con-
tent at the interface with the GaAs substrate. The for-
mation of this layer results from the tendency of the
system to thermodynamic stability by decreasing the
lattice mismatch between the substrate and the epitaxial
layer. The components of InGaAs are redistributed due
to the self-induced vertical segregation of In atoms and

1 It was reported [11] about the presence of interface modes of
electrostatic nature in the resonance Raman spectra of self-
assembled InAs/GaAs QDs. The interface modes may occur only
in the presence of a sharp interface between separating GaAs lay-
ers and InxGa1 – xAs QDs. However, in the case under consider-
ation, the segregation of In atoms along the growth direction leads
to a diffuse interface with respect to the value of x; hence, the
occurrence of interface modes of electrostatic nature is unlikely.

100 nm

[011]

[011]

–

(a) (b)

(c) (d)

Fig. 4. AFM images of InxGa1 – xAs layers uncovered with
GaAs in In0.5Ga0.5As/GaAs structures with QDs. The num-
ber of InGaAs layers is (a) 2, (b) 7, (c) 9, and (d) 17.
interdiffusion of Ga atoms into the interface region of
the heterostructure. As a result, it turns out that 3D
islands emerging from the 2D InxGa1 – xAs layer (which
is depleted with In) are characterized by the In content
exceeding the nominal value by a factor of two. This
two-step character (in the first-order approximation) of
In distribution in InxGa1 – xAs/GaAs multilayer struc-
tures was also confirmed by X-ray data [13].

As was noted above, a characteristic feature of the
InxGa1 – xAs QDs obtained is their elliptical base. This
shape of the base is likely to be due to the anisotropy of
the surface diffusion of In or Ga atoms (presumably, In
atoms), which is induced by the strain anisotropy. In
order to verify this hypothesis, we prepared another
series of samples with InxGa1 – xAs QDs (x = 0.5).

Figure 4 shows the AFM data for
In0.5Ga0.5As/GaAs(100) structures with InGaAs layers
uncovered by GaAs. As can be seen from Fig. 4, the
deposition of the second In0.5Ga0.5As layer leads to the
formation of an array of laterally unordered QDs with
elliptical bases. With an increase in the number of peri-
ods, the homogeneity of QD sizes significantly
improves. Even for the 9-period structure, lateral align-

ment of QDs in the form of chains along the 
direction is observed. For the 17-period multilayer struc-
ture, the length of such QD chains is as high as 5 µm.

4. CONCLUSIONS

The investigation of the 2D–3D morphological
transition induced by a change in the In content in
8-period InxGa1 – xAs/GaAs structures showed that the
InxGa1 – xAs QDs with xtr @ x are formed on a fairly
thick InxGa1 – xAs layer depleted with In (xtr < x). This
fact indicates that the nucleation of InxGa1 – xAs QDs
(nanoislands) does not follow the classical Stranski–
Krastanov mechanism and is modulated to a large
extent by the vertical segregation of In atoms and inter-
diffusion of Ga atoms. It is shown that the elliptical
shape of the QD base may be much more pronounced
in multilayer structures. As a result, lateral alignment of

QDs in chains oriented along the  direction can
be implemented and the homogeneity of their sizes can
be improved.
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Abstract—Atomic-force microscopy, photoluminescence, and Raman scattering are used to study the forma-
tion of the porous layer in ion-implanted GaSb. As the ion dose increases, first a system of hillocks is formed
at the GaSb surface and then a porous layer is produced. The height of the step at the boundary between the
porous layer and the unirradiated region can be as large as 1 µm. A broad band is observed in the photolumi-
nescence spectrum in the range from 1.1 to 1.65 eV for ion-implanted GaSb; the intensity of this band increases
with the ion dose. Additional lines peaked at 111 and 145 cm–1 are observed in the Raman spectra of porous
GaSb. These lines are characteristic of an oxidized semiconductor. The data obtained indicate that the porous
layer that formed as a result of ion implantation into GaSb exhibits properties that are characteristic of nanoc-
rystalline systems. © 2005 Pleiades Publishing, Inc.
1. INTRODUCTION

The discovery of intense luminescence in porous sil-
icon [1, 2] caused an increased interest in studies of
light-emitting semiconductor structures using this
material. Porous Si is structurally a network of channels
(voids); as a result, we have a system of crystallites of
various sizes. The crystallites are surrounded by surface
barriers and/or native-oxide layers. The smallest crys-
tallites have sizes on the order of several nanometers.
As a result, the quantum-dimensional broadening of the
semiconductor band gap gives rise to the photolumines-
cence and electroluminescence of porous Si in the vis-
ible region of the spectrum. Porous layers can also be
formed at the surface of other semiconductors, includ-
ing SiC [3, 4], GaAs [5–7], InP [8], and GaP [9]. The
aforementioned porous semiconductors are produced by
electrochemical treatment of a single-crystal wafer; the
electrolyte used in this treatment is specially chosen for
each material. In this context, it is worth noting that a
porous layer can be formed by ion implantation in some
of III–V semiconductors (InSb [10], GaSb [11], and
GaN [12]). However, the optical properties of these ion-
implanted materials have not been studied adequately.

2. EXPERIMENTAL

In this study, single-crystal n-GaSb samples with
(100) orientation were irradiated with medium-energy
ions using doses D in the range from 1 × 1013 to 1 ×
1016 cm–2 while the target was at room temperature. We
used ions with various masses (from 11B+ to 55Mn+). All
1063-7826/05/3901- $26.000132
ion implantations were performed under conditions
where the channeling was suppressed by tilting the
sample by an angle of ~7° between the normal to the
sample surface and the direction of the incident ion
beam. The ion energy was 50 keV, unless otherwise
specified.

Photoluminescence (PL) was measured at 77 K and
was excited by radiation from the He–Ne or Ar lasers.
The PL signal was detected using a photomultiplier or
a Ge detector.

The Raman spectra were recorded at room tempera-
ture. We used an Ar+ laser with the radiation at a wave-
length of 514.5 nm as the excitation source. The laser
beam was focused onto the sample surface using the
lens system of a microscope. The Raman spectra were
recorded in the backscattering geometry using a detec-
tor based on a charge-coupled device cooled to 77 K.

The morphology of implanted samples was studied
using a TopoMetrix TMX 2000 atomic-force micro-
scope (AFM) (IFGW-UNICAMP). The average step
height h at the boundary between the irradiated and
unirradiated areas of the wafer was measured using a
DECTAK-3 ST system; the force applied to the tip was
no greater than 0.1 N.

3. RESULTS AND DISCUSSION

An AFM study of the GaSb surface irradiated with
ions revealed appreciable changes in the morphology of
implanted regions; for example, the formation of hill-
ocks with a height of ~10 nm, a pedestal diameter of
 © 2005 Pleiades Publishing, Inc.
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~60 nm, and a density of ~3 × 109 cm–2 were observed
after implantation of N+ ions with D = 9 × 1014–1 ×
1015 cm–2 (Fig. 1a). As the dose increased to 1 ×
1016 cm–2 (Fig. 1b), the formation of a morphological
profile whose image is characteristic of a porous layer
[13] was observed. The formation of a porous layer in
our experiments correlated with the appearance of the
profile step with the average height h at the boundary
between the implanted and unimplanted regions. In
particular, h ≈ 14 nm in the case of irradiation with
N+ ions at a dose of 1 × 1016 cm–2. Experiments with the
implantation of the F+ and Si+ ions showed that similar
changes in the GaSb surface also occurred as the radia-
tion dose was increased. It is noteworthy that the doses
characteristic of the aforementioned morphological
changes decrease as the ion mass increases. For exam-
ple, the threshold dose for the formation of hillocks
decreases to ~5 × 1013 cm–2 for F+ ions and to 5 ×
1012 cm–2 for Si+ ions. Thus, the changes in the mor-
phology and the porous-layer formation are indepen-
dent of the fact of whether the ions used are from gas-
eous elements (N+) or not (Si+); rather, these changes
are caused by the generation of radiation defects pro-

0

2.5 µm

(b)

5 µm
20.4 µm

0

2.5 µm

5 µm

0

2.5 µm

(a)

5 µm
23.74 µm

0

2.5 µm

5 µm

Fig. 1. The AFM images of the morphology of the GaSb
surface irradiated with N+ ions with doses of (a) 1 × 1015

and (b) 1 × 1016 cm–2.
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duced as a result of the slowing-down of fast ions in the
matrix. It is clear that an increase in the ion mass at the
same ion energy leads to an increase in the concentra-
tion of the radiation defects produced in GaSb by each
incident ion.

The step height is controlled by the mass, energy,
and ion dose and can be as large as 1 µm. In Fig. 2, we
show the dependences of h on doses of the Ar+ and Si+

ions. It can be seen that, in the first approximation, the
value of h is directly proportional to D – Dinc, where
Dinc is the incubation void-formation dose, and is
approximately equal to 2 × 1014 cm–2 for the Ar+ ions
with energies of 40–80 keV.

Only a fundamental band peaked at the photon
energy of ≈0.75 eV is observed in the PL spectrum of
the starting sample (Fig. 3, curve 1); this band corre-
sponds approximately to the GaSb band gap at the mea-
surement temperature [14]. This band is not observed in
the PL spectrum of ion-implanted GaSb. A broad band
shifted to shorter wavelengths with respect to the fun-
damental band is observed in the PL spectra of the sam-
ples irradiated with ions in fairly high doses (exceeding
those for the void formation). In Fig. 3 (curve 2), we
show the PL spectrum for the case of implantation with
200-keV Mn+ ions (the dose was 1 × 1014 cm–2). The
spectrum consists of a band in the range of photon ener-
gies from 1.1 to 1.65 eV. The intensity of this broad
band increases as the ion dose increases (see curve 3 in
Fig. 3 for the Mn+ ion dose of 1 × 1015 cm–2). It is worth
noting here that the appearance of a similar band in the
short-wavelength (0.9–1.4 eV) region of the PL spec-
trum was reported previously [15] for GaSb irradiated
with low-energy Ar+ ions using doses of ≥4 × 1017 cm–2

and was attributed to the formation of quantum dots at
the sputtered surface.

The Raman spectrum for an unimplanted GaSb
sample is shown in Fig. 4 (curve 1). An intense line
peaked at ≈234 cm–1 in this spectrum corresponds to a
longitudinal optical (LO) phonon. The position of this
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1

1
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Fig. 2. The dependence of the step height h on the ion dose
for (1) 40-keV Ar+ ions, (2) 80-keV Ar+ ions, and (3) 50-keV
Si+ ions.
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line is not much different from that described in the
available published data (236 cm–1) [16]. The appear-
ance of this line is consistent with the selection rules for
the (100) orientation. In addition, a low-intensity line at
a wave number of ≈222 cm–1 is observed, which corre-
sponds to a mode that is forbidden in the geometry
under consideration and is related to a transverse opti-
cal (TO) phonon. The appearance of the line under con-
sideration is caused by minor violations in the back-
scattering geometry and/or by deviation of the wafer
orientation from the (100) plane.

The LO-line intensity decreases as a result of
implantation, and, ultimately, this line is no longer
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Fig. 3. The photoluminescence spectra at 77 K for (1) the
as-grown GaSb sample, (2) the GaSb sample implanted
with 200-keV Mn+ ions at a dose of 1 × 1014 cm–2, and
(3) the GaSb sample implanted with Mn+ ions at a dose of
1 × 1015 cm–2.
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Fig. 4. The Raman spectra for (1) the as-grown GaSb sam-
ple, (2) the GaSb sample implanted with Si+ ions with a
dose of 5 × 1013 cm–2, (3) the GaSb sample implanted with
Si+ ions with a dose of 1 × 1015 cm–2, and (4) the unim-
planted oxidized GaSb sample.
observed. This behavior is illustrated by the Raman
spectrum for GaSb irradiated with Si+ ions at a dose of
5 × 1013 cm–2 (Fig. 4, curve 2). As the ion mass is
decreased, the LO line disappears at a higher dose, for
example, at D > 1 × 1014 cm–2 for N+ ions. Such behav-
ior is characteristic of ion-implanted III–V semicon-
ductors and is related to the disordering of the crystal
structure in these materials [17]. However, as the dose
is increased above that for the void-formation threshold
(at D > 1 × 1014 cm–2 for Si+), two new peaks appear in
the Raman spectrum: a peak at 111 cm–1 with a lower
intensity and a peak at 145 cm–1 with a higher intensity
(Fig. 4, curve 3). These peaks were not observed in the
Raman spectrum of unirradiated GaSb. In addition, a
fairly broad asymmetric line is observed; this line can
be resolved into two Lorentzian lines peaked at 221 cm–1

(a line with a higher intensity) and 227 cm–1 (a line with
a lower intensity). As the ion dose is increased further,
the intensities of all the aforementioned peaks increase
(at least, until the highest dose of 1 × 1015 cm–2 used in
our experiments for Si+ ions is attained).

Apparently, the lines peaked at 221 and 227 cm–1

can be attributed to the peaks shifted somewhat from
the normal position and related to the GaSb TO and LO
phonons, respectively. In order to clarify the origin of
the Raman peaks at 111 and 145 cm–1, we studied unir-
radiated GaSb samples oxidized in an oxygen flow for
15 min at 600°C. The Raman spectrum for one of these
samples is shown in Fig. 4 (curve 4). It can be seen that,
in addition to the LO line at 233 cm–1 and the TO line
at 224 cm–1 with a lower intensity characteristic of an
unirradiated GaSb crystal, two low-frequency lines are
observed. The satisfactory agreement between the posi-
tions of these lines in oxidized unimplanted GaSb and
those of peaks at 111 and 145 cm–1 indicates that a signif-
icant oxide phase is present in implanted porous GaSb.

As a whole, the pattern of phenomena occurring in
the course of ion implantation into GaSb can be con-
ceived in the following way: As the ion dose increases,
radiation defects are accumulated in the crystal, which
leads to the disappearance of both the Raman LO peak
and the PL fundamental band (as a result of the forma-
tion of the nonradiative-recombination centers). As the
ion dose is increased further, the vacancy-containing
complexes (voids) are formed, which gives rise to hill-
ocks above the voids. The density and size of the voids
increase with an increasing ion dose; as a result, the
porous layer is ultimately formed. The surface exposure
of the voids can give rise to a natural oxide over the entire
developed surface of the implanted layer when the sam-
ples are transferred from the accelerator chamber to the
air. This oxide is detected by the Raman scattering.

The porous layer can be considered as a system of
crystallites of various sizes. The largest crystallites
intergrow from the substrate and reach the surface.
They can be responsible for the appearance of the
Raman line that consists of two lines peaked at 221 and
227 cm–1. A violation of the selection rules and some mis-
SEMICONDUCTORS      Vol. 39      No. 1      2005
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orientation with respect to the substrate give rise to a
higher intensity of the TO line compared to that of the
LO line, while the shift of these lines to longer wave-
lengths indicates that there is a nanocrystalline phase [17].
Gettering of radiation defects by large vacancy-con-
taining complexes (voids) can be a cause of the preser-
vation of crystallinity in these GaSb blocks. Small crys-
tallites are responsible for the appearance of the short-
wavelength band in the PL spectra that occurs as a
result of quantum-mechanical broadening of the GaSb
band gap. The sizes of these crystallites can be calcu-
lated using the empirical formulas suggested by Allan
et al. [18]. The estimation based on the PL band at 1.1–
1.65 eV and observed in ion-implanted GaSb yields a
crystallite size in the range from 3.5 to 8.5 nm.

4. CONCLUSION

We showed that a porous layer is formed in single-
crystal GaSb as a result of the accumulation of radiation
defects in the course of implanting medium-energy
ions. We determined the threshold ion doses for the
porous-layer formation and measured the morphologi-
cal characteristics of the irradiated surface. It is estab-
lished using photoluminescence and Raman scattering
that the porous layer formed as a result of ion implan-
tation into GaSb exhibits properties that are character-
istic of nanocrystalline systems.
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Abstract—Avalanche light-emitting diodes based on porous silicon were studied with the aim of improving the effi-
ciency of these diodes. The highest external quantum efficiency of 1.4% was attained in the pulsed mode of operation
with an off-duty factor of 100, in which case the light-emitting diodes operated at the largest amplitudes of input cur-
rents. However, increasing the quantum efficiency with increasing input currents is limited by the attainment of the
leveling-off region related to the thermal heating of the diode structure. © 2005 Pleiades Publishing, Inc.
The current state of the development of microelec-
tronics makes it possible to fabricate the components of
silicon integrated circuits that can operate in the giga-
hertz frequency region. However, a multilevel metalli-
zation system used at present for joining these compo-
nents cannot operate satisfactorily at these frequencies
owing to resistance–capacitance delay times. There-
fore, the need arises to replace metallic interconnec-
tions by optical ones having faster response. The main
problem in achieving silicon optical interconnections is
related to fabrication of a silicon light-emitting device
that can operate in the gigahertz range. Appreciable
progress in solving this problem was attained for light-
emitting diodes (LEDs) based on porous silicon [1–3].
Nevertheless, the LED efficiency level (10%) required
for practical implementation of optical interconnec-
tions remains beyond reach at present. In this paper, we
report the results of our efforts to increase the efficiency
of emission from avalanche LEDs by improving heat
transfer and using the pulsed mode of operation.

The main technological operations in the fabrication
of both avalanche LEDs from porous silicon and a pro-
totype of an optoelectronic pair on the basis of these
LEDs were described previously [2, 4, 5]; here, we only
describe the sequence and some of the main operations.

n-type silicon substrates with a resistivity of
0.01 Ω cm were used as the starting material. Porous
silicon was formed by treating the substrates in a 1%
aqueous solution of hydrofluoric acid. The thickness of
the porous layer was 0.5 µm. We then deposited a
1-µm-thick aluminum film on top of this layer using
magnetron sputtering of three aluminum targets in an
Oratoriya-29 system. It is noteworthy that titanium
inserts were incorporated into the second aluminum
target; as a result, the aluminum films obtained by sput-
tering of this target contained 14 at % of titanium. Since
the magnetron-sputtering deposition was effected in a
situation where silicon wafers were moved beneath
three sequentially positioned magnetrons, the titanium
1063-7826/05/3901- $26.00 0136
content varied gradually from zero at the bottom of the
aluminum film to 14 at % in the middle part and then
decreased again to zero at the top of the film. The con-
centration varied gradually, which was ensured by joint
deposition when the wafers passed beneath two neigh-
boring magnetrons. A 0.2-µm-thick niobium film was
deposited on top of the aluminum film. A niobium mask
was then formed using photolithography and etching.
Finally, electrochemical anodic oxidation of the alumi-
num film was carried out through the niobium mask
using a 5% aqueous solution of oxalic acid at a voltage
of 50 V for 20 min. It is noteworthy that the titanium
impurity atoms were also oxidized. Thus, a system of
two avalanche LEDs based on the Schottky contacts
between porous silicon and aluminum electrodes was
formed. These two LEDs were connected by a
waveguide formed of aluminum oxide and having a
core doped with niobium oxide (see Fig. 1a).

As shown previously [2, 5], one of two diodes emits
light if this diode is reverse-biased with a voltage that
exceeds the avalanche-breakdown voltage (5 V). In this
situation, the second diode exhibits light-sensitive
properties at a reverse-bias voltage lower than 5 V
(in the case under consideration, 4 V) and can detect the
optical signal from the first diode. Consequently, the
device structure formed can be considered a prototype
of optical interconnections on a silicon substrate.
A smaller waveguide length (5 µm between diodes),
which reduced optical-signal losses, and a reduced area
of aluminum electrodes (0.04 mm2) represent the major
differences from the analogue described previously [2].
A decrease in the area of aluminum electrodes leads to
a decrease in the LED operating volume where heat is
released. The thermal heating of the diode structure is
controlled by the ratio between the volume of the heat-
release source and the volume of the entire silicon chip
through which this heat is transported. Consequently,
the LEDs with smaller area are heated to a lesser extent
and the heat in them is dissipated more effectively than
© 2005 Pleiades Publishing, Inc.



        

EFFICIENCY OF AVALANCHE LIGHT-EMITTING DIODES BASED ON POROUS SILICON 137

                          
in other LEDs with identical volume of silicon chip and
for identical electrical-current densities. The optical
response and external quantum efficiency of the LEDs
were studied both in the constant-current and pulsed
modes (at frequencies from 10 Hz to 1 kHz and at var-
ious off-duty factors for input-signal pulses).

An equivalent circuit of the formed prototype of an
optron pair is shown in Fig. 1b. In a recent study [2],
each of the components of a similar integrated opto-
electronic device consisting of an LED and a photode-
tector was analyzed separately using either an external
photodetector (in the case of the LED) or an external
light source (in the case of the photodetector). In that
case, the same dependences for the quantum efficiency
of the LEDs under study were obtained; the detected
signals in the case of an external optical source were
also almost no different from those in the case of inte-
grated LEDs. Thus, the studies performed suggest that
the signal detected by the photodetector in the designed
optoelectronic device represents the response to the
LED optical signal. It is worth noting that, in the devel-
oped prototype of the optron pair, complete galvanic
isolation is not ensured since electrical isolation of
reverse-biased Schottky diodes is not perfect (both
diodes are located on the same silicon substrate with the
resistance Rs). However, the direction of the galvanic-
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Fig. 1. (a) A cross section of silicon integrated optron pair
(arrows indicate the propagation of light over the multilayer
alumina waveguide) and (b) an equivalent circuit of the
developed integrated optron pair. The abbreviation PD
stands for photodiode (photodetector).
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coupling current is opposite to that of the photodiode
current; i.e., we may state with confidence that the
reverse current in the photodetector is caused by the
optical signal of the LED. Furthermore, the photodetec-
tor signal was detected in the millisecond time range,
which corresponded to the duration of the pulses under
study. This circumstance made it possible to separate
the input signal from parasitic capacitive currents
whose duration was several microseconds.

In Fig. 2, we show the dependences of the photode-
tector output current on the LED input current under
different conditions of LED operation. This depen-
dence is nearly quadratic and transforms into a linear
dependence at large values of the input current. It is
worth noting that the dependence under study becomes
linear at different values of the input current, depending
on the mode of the LED operation. In particular, the
beginning of the linear portion is observed at lower cur-
rents if the LED operates at a constant current; this
behavior is accounted for by thermal heating of the LED.
The latter inference is corroborated by the fact that the
irreversible thermal breakdown of the diodes under study
sets in if the input current is increased further.

If the LEDs operate in the pulsed mode, the heat
released is dissipated during intervals between pulses,
which prevents the structures under study from being
thermally heated. Therefore, transition to the linear
region and irreversible thermal breakdown are observed
at higher amplitudes of input currents in this case.

It is evident that the larger the off-duty factor, the
lower the thermal heating of the diode for the same
pulse amplitudes. As a result, one can achieve opera-
tionwith the largest amplitudes of currents through the
LED by increasing the off-duty factor.

The external quantum efficiency of an LED is
defined as the ratio between the number of emitted pho-
tons and the number of charge carriers that pass through
the LED at the same time. The major portion of emitted
photons generate the photodiode current as they are
absorbed. Therefore, the ratio between the photodiode
and LED currents can be considered as the smallest
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value of the external quantum efficiency of the LEDs
under study with respect to the input current for various
modes of operation of these LEDs. As can be seen from
Fig. 2, the highest quantum efficiency of 1.4% is
observed at the off-duty factor of 100 in the pulsed oper-
ation. It is in this case that the LEDs can operate at the
largest amplitude of input currents. However, an increase
in the quantum efficiency with increasing input current is
limited. The attainment of leveling off of the efficiency is
related to the thermal heating of the diode.

An increase in the efficiency of avalanche LEDs
with increasing current is accounted for by a more effi-
cient process of impact ionization at higher bias volt-
ages, as illustrated schematically in the energy-band
diagram in Fig. 3a. In this context, the following mech-
anisms of light emission should be mentioned: the
band-to-band recombination of electron–hole pairs in

Metal Porous silicon

(‡)

Impact of hot electron and
lattice with electron–hole
pair generation

hν1
hν2

hν1

Metal Porous silicon

(b)

Impact of hot electron and
lattice with phonon
scattering

hν1

hν2

Phonon

Phonon

Fig. 3. Energy-band diagrams for the reverse-biased contact
between metal and porous silicon at different temperatures
of operation T1 (a) < T2 (b).
nanocrystallites where the effect of quantum confine-
ment manifests itself (the hν1 emission in the visible
region of the spectrum) and the band-to-band recombi-
nation of electron–hole pairs in larger nanocrystallites
where there is no quantum confinement (the hν2 emis-
sion in the infrared region of the spectrum) [6]. How-
ever, an increase in the current in LEDs also leads to an
increase in operation temperatures, which, in turn,
reduces the free-path length of hot electrons owing to
collisions with lattice atoms and losses of energy due to
scattering by phonons, as it is shown schematically in
Fig. 3b. The energy dissipation due to scattering by
phonons (along with the nonradiative processes of the
Auger recombination) [7, 8] reduces the efficiency of
the emission of light in the structures under study.

In conclusion, we note that the increase in the exter-
nal quantum efficiency of avalanche LEDs was attained
by improving heat transfer in the structures under study.
For example, a decrease in the area of the aluminum
electrode made it possible to attain quantum efficiency
as high as 0.7% for an LED that operated at a constant
current; this efficiency is twice as high as that reported
previously [2]. The use of the pulsed mode of operation
also made it possible to improve heat transfer and attain
a quantum efficiency of 1.4%, which is unprecedentedly
high for the types of LEDs under consideration [1, 3].

Thus, we have developed methods for increasing the
emission efficiency in avalanche LEDs fabricated on
porous silicon. It can be predicted that the attained
value of the quantum efficiency can be increased sever-
alfold by further decreasing the sizes of the structures
and using materials with high thermal conductivity (for
example, diamond-like films) for a better transfer and
dissipation of heat. Therefore, avalanche LEDs based
on porous silicon can be considered as promising com-
ponents for the development of intrachip optical inter-
connections in integrated microcircuits.
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Abstract—Simultaneous generation of several frequency bands of stimulated emission in a semiconductor laser
with three quantum wells is experimentally studied. It is shown that different frequencies can be generated both in
the fundamental and excited transverse modes of the waveguide. It is found that the simultaneous generation of
stimulated emission in two- and three-frequency bands is possible. Dependences of the lasing power in different
bands on the current are studied. A broadband Si:B extrinsic photodetector is used to detect the radiation in the
middle-infrared spectral region in the emission from the semiconductor laser that generates two emission bands
with an energy difference between the peaks of 50 meV (the wavelength λ ≈ 25 µm). It is assumed that the middle-
infrared emission is related to the generation of the difference harmonic. © 2005 Pleiades Publishing, Inc.
1. INTRODUCTION

The interest in the semiconductor laser sources of
middle- and far-infrared (IR) radiation is caused by
their wide potential applications in communications,
gas analysis, and spectroscopy. Developed cascade
lasers of the mid-IR region operate successfully at
room temperature [1], whereas it has been possible to
attain lasing in cascade structures only at cryogenic
temperatures [2]. Semiconductor lasers that are based
on p-Ge [3, 4] and oscillate in the far-IR spectral region
also only operate at low temperatures. An alternative
approach to obtaining mid- and far-IR radiation con-
sists in the use of nonlinear effects, which can ensure
lasing at room temperature. In order to generate the dif-
ference mode in a laser that generates two short-wave-
length modes, it was suggested that either the electronic
nonlinearity in a quantum well (QW) containing three
levels [5] was used or the nonlinear properties of the
crystal lattice of the active-region material [6].

In this paper, we report the results of studying the
laser emission that belongs to the mid-IR spectral
region and is based on the difference frequency (due to
the lattice nonlinearity in GaAs) in two-frequency
lasers that operate at room temperature and include
InGaAs/GaAs heterostructures with InGaAs QWs.

2. EXPERIMENTAL

The laser structures that contained three InxGa1 – xAs
QWs in the active region were grown using a metal–
organic vapor-phase epitaxy at atmospheric pressure.
The fraction of In in the structures of lasers with two-
1063-7826/05/3901- $26.00 0139
frequency generation was varied from 0.15 to 0.25 in
the two outer QWs and from 0.3 to 0.35 in the middle
QW. The width of the active region and the cavity
length were equal to 100 and 500–1000 µm, respec-
tively. The geometric parameters of the laser chip were
L = 1000, b = 400, and d = 170 µm, where L was the
chip length (the waveguide length); b, the chip width;
and d, the total thickness of the structure. The mode
composition of the laser radiation in the near-IR
spectral region and the dependence of the lasing-line
intensity on the pump current were studied using a
KSVU-23 spectral system at T = 300, 77, and 4.2 K
under conditions of continuous and pulsed pumping.
The radiation in the mid-IR spectral range was detected
at T = 4.2 K using a broadband extrinsic Si:B photode-
tector under conditions of pulsed pumping of the laser
diodes with a pulse duration of 1–15 µs and a repetition
frequency of 100 Hz.

3. RESULTS AND DISCUSSION

In Fig. 1, we show the spectral dependences of the
intensity of the two-frequency generation (ILG) on a
scale of photon energies hν for several values of the
pump current I. The thresholdlike onset of the laser
generation of a long-wavelength line was observed
when the constant current that flowed through the struc-
ture exceeded ~220 mA. As the current was increased
further, a short-wavelength line started to be seen; the
intensity of this line increased linearly with the increas-
ing current so that this intensity became equal to that of
the long-wavelength line at the current I = 414 mA. We
used the experimental data shown in Fig. 1 to plot the
© 2005 Pleiades Publishing, Inc.
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dependences of the heights  and  of the peaks
for the bands at wavelengths of λ1 and λ2 on the pump
current for two-frequency lasing (Fig. 2). It can clearly
be seen from Fig. 2 that the dependence of the intensity
of the long-wavelength band on a current in the range
of 300 to 600 mA is nonmonotonic. Probably, the
decrease in emission intensity as the current increases
is caused by the fact that photons emitted from the
short-wavelength QW stimulate a recombination of
specific electrons in the long-wavelength QW. The
energy of these electrons corresponds to the energy of
the transitions from the ground state of the electrons in
the short-wavelength QW. As a result, the occupancy of
the ground state of the electrons in the long-wavelength
QW decreases, and a decrease in the emission intensity
for the long-wavelength peak becomes possible as the
current increases.

In order to analyze the mode composition of emis-
sion, we measured the directivity patterns. We observed
two types of directivity patterns for different laser
chips, as shown in Fig. 3. It is worth noting that the
directivity patterns were identical for both types of
emission. The directivity pattern shown by curve 1 cor-
responds to the generation of the main TE mode of the
waveguide (referred to as the transverse mode). The
unusual directivity pattern represented by curve 2 can
correspond to the simultaneous generation of several
transverse modes.

In Fig. 4, we show the spectra of two types of two-
frequency lasing measured at room temperature under
pulsed current pumping. It can be seen from Fig. 4 that
the photon energies in different bands differ by about
50 meV (curve 1) and 15 meV (curve 2), which corre-
sponds to the middle- and far-IR spectral regions. It is
noteworthy that the two-band lasing was observed at room
temperature in continuous-wave conditions as well.

As already mentioned above, we grew the structures
with three QWs in our experiments; two of these QWs
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Fig. 1. Spectra of the two-frequency generation of a laser
diode for the pump currents I = (1) 150, (2) 251, (3) 414,
and (4) 483 mA. T = 77 K.
had a lower In content, were located symmetrically
with respect to the center QW, and were identical. This
special feature was intended to reduce the threshold
current for short-wavelength lasing. However, three-
frequency lasing in the middle IR spectral region was
observed in some of the laser structures with three QWs
in the active region; evidently, this lasing is related to
the different composition of all three QWs (Fig. 4,
curve 3). Figure 4 also shows the spectrum of the sec-
ond-harmonic generation for three-frequency lasing
(curve 4), which, once again, proves that the GaAs
properties are clearly nonlinear.

In Fig. 5, we show the oscilloscope patterns of sig-
nals in the cases of two-frequency (curves 4, 5) and sin-
gle-frequency (curve 3) lasing. The patterns were
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eral transverse waveguide modes.
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recorded using a broadband Si:B photodetector (the
photosensitivity range was from ~10 to 30 µm). The
near-IR emission of the main lasing modes (the upper
inset) was suppressed using Ge and GaSb filters (see
the lower inset). The measurements were carried out at
the pulsed current pumping (I ≈ 3 A) with the pulse
duration τ = 7–15 µs at T = 4.2 K. It can be seen from
Fig. 5 that, in the case of single-frequency lasing (curve 3),
a signal is not observed; only spurious signals at the
pulse edges are clearly seen. In the case of two-fre-
quency lasing (curves 4, 5), a signal whose amplitude

103
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~~

2.72.62.52.41.301.25
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1 23 4

Fig. 4. Spectra of (1, 2) two-frequency and (3) three-fre-
quency generation for lasers that contain three quantum
wells in the active region. Curve 4 represents the spectrum
of second harmonics for the three-frequency generation.
T = 300 K.
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Fig. 5. Oscilloscope patterns of the signals in the middle-
infrared region in the case of two-frequency lasing (traces 4
and 5 correspond to spectrum 2 in the upper inset) and sin-
gle-frequency lasing (trace 3 corresponds to spectrum 1 in
the upper inset) under pulsed pumping. The pulse duration
τ = (3) 7, (4) 9, and (5) 15 µs. The upper inset shows the
main modes of the (1) single-frequency and (2) two-fre-
quency lasing. The lower inset shows a schematic represen-
tation of the experimental setup. The near-infrared emission
was eliminated using Ge and InSb filters.
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increases with the pulse duration appears. The depen-
dence of the signal amplitude on the pulse duration is
related to the limited speed of the response of the Si:B
detector. The characteristic buildup time for the detec-
tor’s signal, as determined from the response time of
the RC circuit in the measurement system, is equal to
~10 µs and is comparable to the pulse duration.

4. CONCLUSION

We established that semiconductor lasers with quan-
tum wells can simultaneously generate stimulated radi-
ation in two- and three-frequency bands. It is shown
that both the main and excited transverse TE modes of
the waveguide can be generated. We studied, experi-
mentally, the dependence of the generation power in
different frequency bands on the pump current. We
observed two types of two-frequency lasing in laser
structures with three quantum wells that differed in
composition and were formed in the active region. The
difference between the emission bands amounts to 15
and 50 meV, which corresponds to the far and middle
infrared regions of the spectrum. A signal in the middle
infrared region was observed in the case of two-fre-
quency lasing with a difference of 50 meV between the
emission bands; this signal can be related to the gener-
ation of the difference harmonic.
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Abstract—The properties of GaN layers grown by metal–organic vapor-phase epitaxy on sapphire substrates at
atmospheric and reduced pressures were studied. The surface morphology, crystalline, luminescence, and electric
transport properties of these structures were comparatively analyzed. The depth profiles of elements were mea-
sured using secondary-ion mass spectrometry. The carrier distribution in heavily doped structures with p–n junc-
tions was analyzed by electrochemical C–V profiling. It was shown that GaN layers grown in a low-pressure reac-
tor feature improved structural, electric, and optical characteristics. © 2005 Pleiades Publishing, Inc.
1. INTRODUCTION

The application of wide-bandgap nitrides in opto-
electronic devices operating in the blue and UV wave-
length regions makes it possible to increase power,
operating temperature, and stability in the face of exter-
nal factors [1]. Therefore, great efforts have been
undertaken in the technology of these materials in the
last decade.

All the research teams developing methods of
group-III nitride (III–N) growth employ two types of
growth chambers for metal–organic vapor-phase epit-
axy (MOVPE): low-pressure (LP) and atmospheric-
pressure (AP) reactors [2]. LP reactors require pumping
and pressure maintenance facilities; however, vapor-
phase chemical interactions inside them are suppressed
due to the low concentration of molecules. AP reactors
require a special system for separating reagent flows up
to the epitaxial growth zone. The complex dynamics of
gas flows in the reactor complicates the growth of
homogeneous layers on large areas.

The reactor we used was initially of an AP type;
then, it was modernized to an LP reactor. This allowed
us to compare the growth features and properties of
GaN layers previously grown in the AP reactor [3, 4]
with layers grown in the LP reactor.

The aim of this study is to determine the optimum
conditions for growing high-quality GaN epitaxial lay-
ers on sapphire in an LP reactor and to compare these
layers with those obtained in an AP reactor.

2. SAMPLE PREPARATION METHODS

Epitaxial GaN and AlN layers were grown by
MOVPE in a vertical quartz reactor without a separate
supply of reactants, with the inductive heating of a sub-
strate holder, at a pressure of 75 Torr. Trimethylgallium
1063-7826/05/3901- $26.00 0014
(TMG), trimethylaluminum (TMA), and ammonia
(NH3) were used as Ga, Al, and N sources. Bis(cyclo-
pentadienyl) magnesium served as the p-type dopant.
The sapphire substrate orientation was (0001). Hydro-
gen or a hydrogen–nitrogen mixture was used as a car-
rier gas.

To study low-pressure growth, the setup described
in [3] was modified. The main pumping facility was an
NVPR-16-066 pump. The pressure was measured and
controlled by an electronic pressure regulator
(Bronkhorst) equipped with a domestic needle valve. In
other respects, the vacuum and gas distribution facilities
were similar to those of conventional MOVPE systems.

GaN layers were grown following a two-stage
method [3]. After preliminary high-temperature anneal-
ing and “nitridization” of the substrate surface, an AlN
or GaN buffer layer, ~20 nm thick, was deposited at a
temperature of 600 to 650°C. The buffer layer was then
annealed in an ammonia flow at 1050–1150°C for
5 min. Then the temperature was lowered and an epi-
taxial active GaN layer with a thickness of up to several
micrometers was grown at temperatures of 600 to
1100°C.

3. RESULTS

The grown samples were studied using X-ray dif-
fraction (XRD), on a DRON-4 diffractometer, and sec-
ondary-ion mass spectrometry (SIMS), on a Shipovnik-3
mass spectrometer. Photoluminescence spectra were
measured using excitation by an He–Cd laser with a
wavelength of 325 nm. The electrical characteristics
(carrier mobility and concentration) were measured by
the van der Pauw method.

The XRD data showed that the epitaxial layers are
mosaic single crystals of a hexagonal modification of
© 2005 Pleiades Publishing, Inc.
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α-GaN(0001). The θ/2θ scanning spectra only contain
peaks from the substrate and the epitaxial layer. The
width of the rocking curve of GaN(0004) grown with
the current level of technology is 0.06°, in terms of the
sample rotation angle, which is (see Fig. 1) the same as
for the reference high-quality GaN layer (such layers
are used in the production of light-emitting diodes).
Layer H661 is somewhat thinner than the reference
layer; therefore, the peak is lower at the same width.

The photoluminescence spectra shown in Fig. 2
contain strong peaks in the vicinity of 3.4 eV. The spec-
trum of LP sample H660 is close to that of the reference
sample. The spectrum of the AP sample includes a
slightly shifted main peak, and a set of peaks, in the
range of 2.9–3.3 eV, which seems to be caused by
impurities contaminating the layer in the AP reactor.

Figure 3 shows the SIMS profiles for the structure
with an AlN buffer. They demonstrate uniform depth
distribution of the elements in the GaN epitaxial layer.
Moreover, the layer contains Al with a concentration of
(1–5) × 1018 cm–3, which is caused by diffusion from
the AlN buffer underlayer rather than from the sapphire
substrate. This is demonstrated by an analysis of the
structures grown without an AlN underlayer. At the
same time, such an amount of aluminum has no signif-
icant effect on the electrical characteristics: the highest
electron mobility was observed in the structure shown
in Fig. 3. Much faster diffusion of Al, resulting in a con-
centration higher than 1020 cm–3, is observed in the sam-
ples grown on the AlN buffer underlayer under nonopti-
mal conditions, which results in weak luminescence and
low electron mobility in the upper GaN layers.

It was found that samples with low electron mobility
had, as a rule, a larger half-width of XRD rocking

104

1
74

X-ray intensity, counts/s

2θ, deg
7372

103

102

101

1
2

Fig. 1. θ/2θ scanning spectra (with a wide aperture in front
of the detector) of H661 samples (solid curve) and a refer-
ence sample (dotted curve) in the region of the (0004) peak
of GaN.
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curves (see table). This seems to be caused by the
enhanced carrier scattering from grain boundaries in
the layer as the misorientation angle between grains
increases. For the samples grown in the AP reactor, the
smallest width ω was 0.2° and the highest mobility was
120 cm2 V–1 s–1. We should note that the GaN samples
grown on sapphire substrates with various deviations
from the (0001) plane had identical carrier mobilities.

In order to study the carrier distribution, a technique
for the electrochemical C–V profiling of various GaN
structures with nonuniform doping was developed. An
aqueous solution of KOH was used as an electrolyte.
A quartz window disk, transparent for the UV spectral
region of a halogen lamp, served as an electrochemical
cell window. Nominally undoped samples were gener-
ally n-type ones with a doping level of 1017–1018 cm–3.
Figure 4 shows the doping profile of an p–n junction
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Fig. 2. Photoluminescence spectra of (1) the reference sam-
ple, (2) LP sample H660, and (3) AP sample H621.
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Fig. 3. SIMS profiles for the structure grown on an AlN
buffer.
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including an upper p-type layer of about 0.4 µm thick,
heavily doped with magnesium, and a lower n-type
GaN layer.

4. DISCUSSION

As was noted in [2], the transition to a reduced pres-
sure while retaining the same ratios of reactants in the
vapor phase results in a sharp increase in the GaN
growth rate. This is caused by a decrease in the number
of spurious homogeneous vapor-phase reactions
between organometallic compounds and ammonia at a
chamber pressure below 330 Torr. Under the same
growth conditions, the conversion to a reduced pressure
resulted in a tenfold increase in the GaN growth rate in
the experiments we performed. A nitrogen admixture in
the carrier gas (H2) flow at a reduced pressure did not
cause significant changes in the growth rate. Pressure
variation in the range of 75–150 Torr also had no appre-
ciable effect on the GaN epitaxial growth rate. Some
increase in the growth rate was observed as the epitaxial
growth temperature was raised from 950 to 1100°C. It

Parameters of GaN layers

Sample ω, deg µ, cm2 V–1 s–1 n, cm–3

H633 0.33 50 3.8 × 1018

H645 0.26 92 2.6 × 1018

H651 0.16 150 2.5 × 1018

H654 0.11 195 1.5 × 1018

H655 0.13 230 1.2 × 1018

Note: ω is the width of the XRD rocking curve of GaN(0004), µ
is the carrier mobility, and n is the bulk carrier concentra-
tion.
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e-C–V profile, cm–3

Depth, µm
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1021

1019
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Fig. 4. An electrochemical C–V profile of the GaN structure
with a p-doped upper layer.
should be noted that, in order to obtain satisfactory
parameters for the active layer, with a buffer layer
grown at low temperatures, the NH3 concentration in
the gas mixture flow should be significantly (by a factor
of 3–5) increased, since ammonia molecules are char-
acterized by high thermal stability.

The buffer layer composition (AlN or GaN) had no
significant effect on the structural and electrical proper-
ties of the epitaxial layers. The buffer layer thickness
most significantly affected the properties of the GaN
layers. With a thin buffer layer, the GaN film became
continuous (and the growth became two-dimensional)
after long-term epitaxial growth. To achieve a thick inter-
mediate layer, it was necessary increase the active layer
thickness to planarize the surface after passing to the
two-dimensional growth mechanism. The electrical
parameters of the GaN layer grown under optimized con-
ditions correspond to those given in the literature for
high-quality MOVPE GaN layers. The free electron con-
centration in undoped GaN layers was (1–2) × 1017 cm–3

and the carrier mobility was 200–250 cm2 V–1 s–1. The
use of bis(cyclopentadienyl) magnesium made it possi-
ble to grow p-type GaN layers with a hole concentra-
tion of up to 1020 cm–3.

5. CONCLUSIONS

The reduction of pressure in an MOVPE reactor
makes it possible to increase the GaN growth rate by
more than a factor of ten due to a decrease in the num-
ber of spurious homogeneous vapor-phase reactions.

The photoluminescence spectra of layers grown in
an LP reactor do not contain the spurious peaks charac-
teristic of layers grown at atmospheric pressure. This
indicates the absence of spurious reactions during
pyrolysis and the high perfection of the layers grown at
low pressure.

High-quality p- and n-type GaN layers were grown
on c-cut sapphire substrates by MOVPE in a low-pres-
sure reactor.
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Abstract—The terahertz response of a slot diode with a two-dimensional electron channel is calculated on the
basis of the first principles of electromagnetism. It is shown that all characteristic electromagnetic lengths (scat-
tering, absorption, and extinction lengths), as well as the impedance of the diode, exhibit resonances at plasmon
excitation frequencies in the channel. The fundamental resonance behaves similarly to the current resonance in
an RLC circuit. It has been concluded that, even at room temperature, a slot diode with a two-dimensional elec-
tron channel provides a resonant circuit at terahertz frequencies that couples effectively to external electromag-
netic radiation with a loaded Q-factor exceeding unity. The diode resistance may be measured from contactless
measurements of the characteristic electromagnetic lengths of the diode. © 2005 Pleiades Publishing, Inc.
1. INTRODUCTION

The high-frequency response of field-effect transis-
tors and diodes with two-dimensional electron channels
is strongly affected by plasma oscillations in the chan-
nel. This phenomenon, in its various manifestations,
can be used for the detection, frequency multiplication,
and generation of terahertz (THz) radiation [1–13]. One
of the main parameters of a device, which determines
its high frequency properties, is the device impedance.
The high-frequency impedance (admittance) of a slot
diode was calculated for a capacitively [14] and con-
ductively [15] contacted two-dimensional electron
channel. This was performed within the framework of
electrostatic theory and an equivalent circuit approach.
In these approaches, the radiative contribution to the
impedance (radiation resistance Rrad of the diode) is not
considered, and intercontact geometrical capacitance Cg
is either ignored altogether [14] or treated as a free
parameter [15]. However, at ultrahigh (terahertz) fre-
quencies (i) the radiation resistance of the diode may
play the role of an additional damping mechanism, and
(ii) the intercontact geometrical capacitance may effec-
tively shunt the channel. Furthermore, the typical
length of the side contacts in high-frequency high-elec-
tron-mobility transistors (HEMT) [12] is comparable to
the THz radiation wavelength, which makes the elec-
trostatic calculations of the intercontact capacitance
inaccurate. Here we calculate the impedance of a slot
diode with a conductively contacted two-dimensional
electron channel using the full system of Maxwell’s

1This article was submitted by the authors in English.
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equations. In this way, we account for the radiation
resistance and intercontact capacitance from first prin-
ciples. In addition to its practical importance, the slot
diode analyzed here is an idealization of the long
ungated parts of the HEMT with an ultrashort nanome-
ter gate. This HEMT was recently shown to exhibit a
resonant THz emission that could be tuned using a bias
voltage [12].

2. THEORETICAL MODEL

Consider a plane electromagnetic wave incident,
normally from vacuum onto a perfectly conductive
plane z = 0 with a slot of width w, which is located on
the surface of a dielectric substrate. We assume that the
electric field of the wave, E0exp(–iωt – ik0z) (where
k0  = ω/c and c is the speed of light in free space), is
polarized across the slot (along the x-axis). The edges
of the slot are connected by a two-dimensional electron
channel with the areal conductivity described by the
Drude model as

where ν is the electron momentum scattering rate, N is
the sheet electron density, and e and m* are the charge
and effective mass of electron, respectively.

Our theoretical procedure involves the following
steps: We rewrite Maxwell’s equations for the ambient
medium and the substrate in the Fourier transform rep-
resentation over the in-plane wave vector kx. The Fou-

σ ω( ) i
Ne2

m* ω iν+( )
----------------------------,=
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rier transforms of the in-plane components of the elec-
tric and magnetic fields satisfy the following boundary
conditions at z = 0:

where j(kx) is the Fourier transform of the surface elec-
tron current density, δ(kx) is the Dirac δ-function, the
subscripts a and s label the fields in the ambient
medium and the substrate respectively, the superscripts
(ind) and (tot) refer to induced and total fields, and E0
and H0 are the amplitudes of electric and magnetic
fields in the incident wave. Then we relate the Fourier
transform of the surface electron current density in the
diode plane to that of the in-plane electric field in the
same plane as

where Ex(kx) = (kx) is the Fourier transform of the
in-plane component of the total electric field in the
diode plane and Z0 is the free space impedance. The
kx-space surface admittance G(kx) depends exclusively
on the frequency and dielectric constants of the ambient
medium εa (which we assume to be unity) and the sub-
strate εx; therefore,

where

Coming back to the real-space representation we have

Using Ohm’s law j(x) = σ(ω)Ex(x) for the two-dimen-
sional electron channel and the condition Ex = 0 for the
perfectly conductive contact half-planes, we obtain the
following integral equation for an in-plane component
of the total electric field within the slot:

(1)

with the kernel

Integral Eq. (1) is solved numerically by the Galerkin
method through its projection onto an orthogonal set of

δ kx( )E0 Ex a,
ind( ) kx( )+ Ex s,
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Legendre’s polynomials within the interval [–w/2, w/2].
As a result, we find the induced electric field in the
ambient medium is

(2)

and the total electric field in the substrate is

(3)

The electric fields (r) and (r) have zero
y-components, and r is the two-dimensional radius vec-
tor r = {x, y}.

The wave vectors ka(s) have kx and kz =

±  as their components. The integrals on
the right-hand sides of Eqs. (2) and (3) describe the
scattered fields in terms of the plane-wave continuum,
while the first summand in Eq. (2) is the wave reflected
normally from a perfectly conductive plane. The sign
before the radical, in the expression for kz, is chosen to

correspond to the outgoing waves for kx < k0  and

evanescent waves for kx > k0  in the respective
medium.

Since only the outgoing plane waves (with kx <

k0 ) contribute to radiative losses, we can calcu-
late the fluxes of energy scattered per unit length of the
slot in each medium as

where na(s) is the internal normal to the diode plane in
the respective medium. Then we can define the scatter-

ing length as  = Pa(s)/P0 in each medium, where
P0 is the energy flux density in the incident wave. We
can also introduce the total scattering length as L(sc) =

 +  and the absorption length as L(ab) = Q/P0,
where

is the energy absorption rate (per unit length of the
slot). The scattering and absorption lengths obey the
energy conservation law in the form L(sc) + L(ab) = L(ex),
where

(4)
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is the extinction length, which is the ratio of the amount
of energy picked out of the incident wave per unit time
(per unit length of the slot) to that of the energy flux
density in the incident wave. The formula analogous to
Eq. (4) is the so-called optical theorem, in scattering
theory [16].

3. RESULTS AND DISCUSSION

The calculated spectra of the scattering, absorption,
and extinction lengths are shown in Fig. 1 for parame-
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Fig. 1. Characteristic lengths vs. frequency for the slot
diode with the parameters N = 3 × 1012 cm–2, ν = 4.35 ×
1012 s–1, w = 1.3 µm, εs = 13.88, and m* = 0.042m0.
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Fig. 2. Impedance of the slot diode with a two-dimensional
electron channel vs. frequency.
ters typical of two-dimensional electron channels in
gate-length HEMT of less than 100 nm at room temper-
ature [12]. All characteristic lengths exhibit maxima at
plasmon resonance frequencies in the channel. Note
that, in order of magnitude, the extinction length
exceeds the geometrical width of the slot even for the
short electron relaxation time chosen for the calcula-
tions. The arrows in Fig. 1 mark the frequencies of
ungated plasmons in an isolated two-dimensional elec-
tron channel with wave vectors qn = (2n – 1)π/w (n = 1,
2, 3, …), which are estimated by a simple approximate
formula [17]:

(5)

It is evident from Fig. 1 that the plasma oscillations in
the slot diode are softened because of the induction of
image charges by these oscillations in the perfectly
conductive contact half-planes.

In the equivalent circuit description, we can charac-
terize the slot diode with a two-dimensional electron
channel by its impedance. Within the channel, the total
current is the sum of the electron current and the dis-
placement current caused by oscillating charges in both
the channel and contacts of the diode. Far away from
the slot, the current in the contact planes is purely con-
ductive and is determined by the amplitude of the inci-
dent wave. Since the total current is conserved along the
circuit, we can define the diode impedance Z = R + iX
(per unit length of the slot) as

where I = 2E0/Z0 is the surface-current density induced
by the incident wave in the perfectly conductive contact
planes.

The frequency dependence of the diode’s normal-
ized impedance, shown in Fig. 2, displays resonances at
plasmon excitation frequencies. The reactance X exhib-
its a transition from inductive (X < 0) behavior, caused
by the kinetic inductance of the electron channel, to a
capacitive behavior (X > 0) at the frequency of the fun-
damental plasmon resonance, which corresponds to the
current resonance in the equivalent circuit description.
However, no current resonance is exhibited at higher
plasmon resonant frequencies.

The normalized resistance R/Z0 is, in essence, the
matched width of the diode (measured along the slot),
since the resistance of diode and the matched width is
equal to the free-space impedance. The following theo-
rem is valid: 4R = Z0L(ex). The extinction length calcu-
lated using this formula (dashed curve in Fig. 1), and by
Eq. (4) (solid line), coincides with the accuracy of our
numerical procedure. Accordingly, we can introduce
the electron resistance Re and radiation resistance Rrad,
where Re = Z0L(ab)/4 and Rrad = Z0L(sc)/4, respectively, so

f n
1

2π
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e2Nqn
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that the total resistance of the diode is given by R =
Re + Rrad. Note that R does not vanish at high frequen-
cies (but approaches Rrad instead).

One can see from Fig. 2 that the higher resonances
are not nearly as pronounced as those predicted by the
electrostatic description [15] because, at high frequen-
cies, the RradCg circuit shunts plasma oscillations in the
channel effectively. However, a sharp fundamental res-
onance, which corresponds to the current resonance in
the equivalent circuit description, shows up even for
room temperature parameters of the diode.

The frequency of the fundamental plasma resonance
in the slot diode increases as the slot width decreases
(according to formula (5), it varies roughly as a square
root of the inverse of the slot width). Figures 3 and 4
exhibit absorption length and scattering length spectra
for a 100 nm width of the slot for different electron
scattering rates. Notice that the resonant absorption (the
absorption excess at the resonance over the nonreso-
nant Drude background) grows considerably as the
width of the slot decreases (cf. Figs. 1 and 3). Clearly,
the fundamental plasma resonance becomes narrower
when the electron scattering rate is decreased. How-
ever, the width of the resonance remains finite due to
the radiative damping of plasma oscillations, even with
no electron scattering in the channel. The width of the
scattering resonance in the absence of electron scatter-
ing (see curve 4 in Fig. 4) originates entirely from radi-
ative damping. To minimize an error arising from the
nonresonant background contribution, we estimate the
radiative damping of plasmons γrad as the half width at
half magnitude (HWHM) in the low-frequency slope of
the scattering-resonance curve for ν = 0 (curve 4 in
Fig. 4), which yields γrad = 4.27 × 1012 s–1. Then the
electron scattering contribution to the resonance line-
width can be obtained as the difference between the
HWHM measured in the low-frequency slope of the
scattering resonance at any given ν ≠ 0 (or, which yields
the same result, in the high-frequency slope of the cor-
responding absorption resonance) and the radiative
damping. The scattering length at the plasma resonance
monotonically grows as the electron scattering rate
decreases, while the resonant absorption exhibits a
maximum when the dissipative broadening (caused by
the electron scattering in the channel) of the resonance
linewidth becomes equal to the radiative broadening
(curve 2 in Fig. 3 corresponds to this case). The weaker,
as well as the stronger, electron scattering result in a
smaller resonant absorption. Note that under the condi-
tion of maximal absorption, the scattering length of the
diode is approximately equal to its absorption length,
which puts the limit of the diode’s ratio of absorption to
scattering length close to unity.

We conclude that a slot diode with a two-dimen-
sional electron channel provides a resonant circuit at
terahertz frequencies that effectively couples to exter-
nal electromagnetic radiation with the loaded Q-factor
exceeding unity, even at room temperature. We also
SEMICONDUCTORS      Vol. 39      No. 1      2005
claim that the diode’s high-frequency resistance may be
measured from contactless measurements of the char-
acteristic electromagnetic lengths of the diode.
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Fig. 3. Absorption length of the slot diode with the parame-
ters N = 3 × 1012 cm–2, w = 0.1 µm, εs = 13.88, and m* =
0.042m0 as a function of the frequency for different electron

scattering rates: ν = 2 × 1013 s–1 (curve 1); 7 × 1012 s–1
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Abstract—The feasibility of designing a terahertz oscillator based on the Bloch oscillations of electrons in
semiconductor superlattices is studied. It is shown that superlattices with high-Q Bloch oscillations can be used
to generate a terahertz emission in pulsed electric fields with an off-duty factor that ensures the thermalization
of electrons heated by the field. It is suggested that a terahertz oscillator is designed with a frequency that is
tuned continuously by an electric field on the basis of anharmonic Bloch oscillations of electrons in semicon-
ductor superlattices that have special miniband characteristics in which the major part of the effective electron
mass is positive and increases as the electron energy increases. This circumstance makes it possible to eliminate
the development of undesired domain instability (the Gunn effect). © 2005 Pleiades Publishing, Inc.
1. INTRODUCTION

The quasi-momentum Brillouin zones and allowed
energy bands of electrons in homogeneous starting
materials are split in semiconductor superlattices (SLs)
into a number of relatively narrow (105–107 cm–1) Bril-
louin minizones and narrow (10–3–10–1 eV) allowed
and forbidden energy minibands. Due to the small size
of the Brillouin minizones, the Bragg reflections of
electrons from the SL boundaries manifest themselves
clearly in the electrical characteristics of SLs, even in
comparatively low electric fields (102–104 V/cm). In
static fields, these reflections give rise to periodic Bloch
oscillations (BOs) with reasonably high frequencies [1]
and to corresponding Wannier–Stark ladders of energy
levels [2]. For example, in an SL with the period d =
100 Å and the miniband width ∆ = 20 meV that is in a
static field EC = 4 kV/cm, the BO frequency fC ≡ ΩC/2π ≡
eECd/2π" ≈ 1 THz, the amplitude of the electron-coor-
dinate oscillations ZC ≈ 10–5 cm @ d, and the spacing
between the Wannier–Stark levels "ΩC ≈ 4 meV ! ∆.
We will refer to oscillations of electrons in an alternat-
ing electric field as Bloch oscillations in a harmonic
field (BOHFs) in order to differentiate these oscilla-
tions from conventional BOs. In periodic electric fields
(without a static component), BOHFs are periodic
along with the field period. In a field that includes con-
stant and harmonic components with the incommensu-
rable frequencies ΩC and ω (n1ΩC ≠ n2ω, where n1 and
n2 are the integers that do not have a common multi-
plier), BOHFs are not periodic. In the case of commen-
surable frequencies (n1ΩC = n2ω), the BOHFs are again
periodic, but now they have the period 2n1π/ω, which is
n1 times larger than the field period. A similar situation
arises in a biharmonic field.
1063-7826/05/3901- $26.00 ©0147
The Bragg reflections represent (in the presence of
electron scattering) the main origin of static and high-
frequency (dynamic) negative differential conductivity
(NDC) in SLs. The existence of BOs, BOHFs, and
NDC makes the idea of using semiconductor SLs for
the design of a terahertz Bloch oscillator very attrac-
tive. This study is especially concerned with the possi-
bility of realizing this idea. The paper is structured in
the following way: In Section 2, we discuss the main
distinctive properties of BOs and BOHFs and formulate
the methods for using these oscillations to generate ter-
ahertz radiation. In Section 3, we derive the main
expressions for the electrical transport and heating of
the SL electrons for an arbitrary dispersion relation in
strong alternating fields. In Section 4, we study the tran-
sient currents and heating of electrons in an SL when a
static electric field is abruptly switched on. In Section 5,
we study the current oscillations in a periodic field of a
meander type and discuss the effect of heating the elec-
trons with an electric field on the amplitude of current
oscillations. In Section 6, we study the generation of
current using periodic pulsed fields with an off-duty
factor that ensures the thermalization of electrons
heated by an electric field. In Section 7, we study the
dependences of the dynamic differential conductivity in
a SL on the dispersion relation in a miniband and the
characteristics of electron scattering in SLs. In Section 8,
we formulate the main results of this study.

2. PROPERTIES OF BLOCH OSCILLATIONS 
AND BLOCH OSCILLATIONS IN A HARMONIC 

FIELD IN A SUPERLATTICE

The properties of BOs and BOHFs are quite differ-
ent from those of a conventional oscillator; a BO and a
BOHF also differ appreciably from one other. When
 2005 Pleiades Publishing, Inc.
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studying these oscillations, we will use (for simplicity)
the additive dispersion relation

(1)

where ε(k) and k are the energy and the quasi-wave
vector of electrons, respectively; ε3(k3) and k3 are the
energy and wave-vector components that are longitudi-
nal with respect to the SL axis; ε⊥ (k⊥ ) and k⊥  are the
corresponding transverse components; and m is the
effective transverse electron mass. We represent the
longitudinal energy ε3(k3) in the form of the Fourier
series (in the form of a combination of partial sinusoi-
dal minibands) as

(2)

where ∆n is the width of a partial sinusoidal miniband.
This width can be both positive and negative. We disre-
gard the electron spin; as a result, the dispersion rela-
tion is symmetric with respect to k3. In (2), N is an inte-
ger. We assume that the electric field is directed along
the SL axis. In what follows, we drop the subscript 3
from the longitudinal energy only if this does not lead
to confusion.

We consider the BOs first. It is well known that, in a
static field EC with an arbitrary magnitude, an electron
with an arbitrary initial quasi-momentum is localized in
the coordinate space in the direction of the field and
executes periodic oscillations that are described in
terms of the velocity

(3)

where k0 is the quasi-wave vector of electron at the ini-

tial point in time t0, and  = ∆nd/2" is the highest (in
magnitude) partial velocity of the electron (this velocity
can exceed the highest velocity in the miniband). It is
worth noting that the BO frequency ΩC = eECd/" is
independent of the dispersion relation; rather, this fre-
quency is only completely defined by the electric-field
strength and the SL period. At the same time, the veloc-
ity amplitude and the shape of BOs (spectrum in the
units of ΩC) are completely governed by the dispersion
relation for electrons and are independent of the elec-
tric-field strength. In the general case, the BOs are
anharmonic. They are harmonic only in a sinusoidal
miniband. The amplitudes of the BO harmonics are also
independent of the initial conditions. The initial quasi-
momentum governs only the initial phase of BOs.

The BO energy (the time-averaged kinetic energy of
electrons) is not affected by collisions; rather, only the

ε k( ) ε3 k3( ) ε⊥ k ⊥( ), ε⊥ k ⊥( )+
"

2k ⊥
2

2m
-----------,= =

ε3 k3( ) 1
2
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∂k3
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n 1=

N

∑

Vn
m

phase and centroid of the oscillations change, which
leads to the drift of electrons, i.e., to a static current.
When the field is switched off, the electron oscillations
cease immediately; and when the field is varied, the fre-
quency of the oscillations changes. The existence of BOs
and the corresponding Wannier–Stark levels is strongly
supported by the results of a number of studies [3].

We now consider the properties of BOHFs. For sim-
plicity, we restrict our consideration to the case of a har-
monic miniband. Let an electron in an SL be subjected
to a multifrequency field

(4)

that contains a constant component EC and N harmonics
with arbitrary frequencies ωα and initial phases δα. In
this field, an electron executes the oscillations that are
described in terms of the velocity

(5)

where

(6)

(7)

Here, ΨS(t) and ΨA(t) are the wave-velocity packets that
have a different (but independent of the initial conditions)
symmetry and spectrum, and CS(k0, t0) and CA(k0, t0) are
the amplitudes of these wave packets. The fact that a
BOHF can be separated into two “orthogonal” wave
packets gives rise to a similarity between the behavior
of an SL and the behavior of a two-level system.

In the case of a purely harmonic field

,
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N
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we use expressions (5) and (6) to obtain

(8)

(9)

Here, Jn(g) are the Bessel functions; i.e., the functions
ΨS(t) contain only the even harmonics of the field,
whereas ΨA(t) contain only the odd harmonics. We list
below the properties of BOHFs that differentiate them
from those of BOs for this important case:

(i) The motion of an electron (irrespective of its dis-
persion relation) in the quasi-momentum space is peri-
odic with the period coinciding with that of the field.
The Bragg reflections from the minizone boundaries do
not give rise to a specific oscillation period (as in the
case of a static field); rather, these reflections modulate
the electron oscillations deeply during their period [4].
The width of the corresponding quasi-energy mini-
bands is also modulated [5]. As a result, only the har-
monics with frequencies that are multiples of the field
frequency are present in the BOHF spectrum. In addi-
tion, the dependences of the amplitudes of these har-
monics on the field amplitude are highly nonmono-
tonic. At large amplitudes of the field (eEd @ "ω), the
BOHFs contain harmonics of a very high order (n >
eEd/"ω), which is a direct consequence of the large
number of Bragg reflections during the field period. For
example, the nth (n @ 1) harmonic of BOHFs, which is
proportional to Jn(eE1d/"ω1), is largest in the field E ≈
n"ω/ed. The experimentally observed electromagnetic
transparency of SLs is a particular manifestation of the
nonmonotonic dependence of the BOHF spectrum on
the field amplitude [4, 6].

(ii) Localization of electrons in the coordinate space
(vanishing of the constant electron-velocity component
irrespective of the initial electron momentum) occurs
only at discrete values of a dimensionless field ampli-
tude that are specified by zeros of the zeroth-order
Bessel function J0(eEd/"ω) = 0. This phenomenon has
come to be known as the “dynamic localization of an
electron” [7]. The finiteness of the electron motion
leads to the collapse of the electron’s quasi-energy
minibands [5]; i.e., the quasi-energy electron spectrum
in a harmonic field (in contrast to what happens in a
static field) becomes discrete only at certain discrete
values of the field relative amplitude g = eEd/"ω.

(iii) The initial momentum k0 does not control the
BOHF phase; rather, it controls the amplitudes of the
corresponding wave packets and, consequently, in par-
ticular, the time-averaged energy and velocity of elec-
trons. The phases of the BOHF harmonics are specified

ΨS t( ) g ωtsin( )cos J0 g( ) 2 J2n g( ) 2nωt,cos
n 1=

∞

∑+= =

ΨA t( ) = g ωtsin( )sin  = 2 J2n 1– g( ) 2n 1–( )ωt[ ]sin ,
n 1=

∞

∑
CS k0 t0,( ) k0d g ωt0sin–( ),sin=

CA k0 t0,( ) k0d g ωt0sin–( )cos .=
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(to within π) by the field phase. Collisions affect the
wave-packet amplitudes CS, A(k0, t) (including the sign
of these amplitudes), the mean kinetic energy, and the
BOHF centroid. At ωτ @ 1, a BOHF can be considered
as a long-lived quasiparticle (spin) with two vibrational
degrees of freedom.

If an SL is in a field

that includes a static component and a single harmonic
component, the electron velocity is defined by the relation

(10)

It can be seen from (10) that the shift of the BOHF
spectrum induced by a static field is equal to the Bloch
frequency ΩC with the amplitudes of the harmonics
remaining intact (here, for clearer presentation, we con-
sider the positive and negative frequencies as not being
equivalent). This shift can also be considered as the
amplitude modulation of BOHFs by Bloch oscillations
in a harmonic field. At an arbitrary EC, there is no peri-
odicity in BOHFs and the BOHF spectrum includes
only the harmonics with incommensurable frequencies
ΩC ± nω. However, due to the fact that a static field does
not exhibit a specific phase, the Stark frequency shift
disappears in a constant microscopic current and
acquires a random phase as a result of collisions (ampli-
tude modulation with a random phase). This shift can
be observed only in transient characteristics. In the case
of the nonlinear Stark resonance (n1ΩC = n2ω), the
BOHFs are periodic with the period 2n1π/ω (this period
is larger by n1 than that of the field). However, the col-
lisions destroy this periodicity as well, and, as a result,
only the harmonics that are multiples of the field fre-
quency remain in the steady-state current. Neverthe-
less, the aforementioned resonances manifest them-
selves in the special features of the SL conductivity [8].

The above-listed properties of BOs and BOHFs sug-
gest the following methods for using an SL to generate
terahertz radiation:

(i) The use of high-Q BOs and BOHFs (ΩC, ω @ τ–1).
Excitation with pulsed fields (or accomplishment of the
quasi-ballistic transport in short SLs).

(ii) The use of low-Q BOs and BOHFs. The use of
the dynamic NDC.

(iii) The use of nonmonotonic and highly nonlinear
conductivity for efficient multiplication or mixing of
frequencies in the cases of both the high-Q and low-Q
BOs and BOHFs.

In this paper, we discuss the first two methods.

E t( ) EC E ωtcos+=

V k0 t,( ) Vm Jn g( )
n ∞–=

∞

∑=

× k0d ΩC t t0–( ) nωt g ωt0sin–+ +[ ] .sin



150 ROMANOV, ROMANOVA
3. THE ELECTRON TRANSPORT. 
GENERAL RELATIONS

Let us study the manifestation of BOs and BOHFs
in the electrical characteristics of SLs. We use the Bolt-
zmann equation in the approximation of the constant
relaxation time τ; thus, we have

(11)

where f(k, t) and f0(k) are the field-perturbed and equi-
librium distributions of electrons and t0 is the point in
time when the electric field is switched on. We use the
periodicity in the k space to represent the distribution
function for electrons in the form of the following Fou-
rier series:

(12)

Here,

(13)

According to expressions (11)–(13), the multicompo-
nent distribution function (in the ν space) Φν(t) satisfies
a kinetic equation

(14)

with the initial conditions

(15)

The solution of this equation is given by

(16)

where

(17)

is the BOHF eigenfunction that represents the solution of
the kinetic equation (14) with the collision integral and
describes the dynamic (i.e., collisionless) modulation of
the distribution function of electrons by the field. The
functions ΨS, A(t) are defined by expressions (6).
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It is easy to show that the partial current and the
mean electron energy are related to the functions Φν(t)
by the expressions

(18)

(19)

where

(20)

〈εν〉0 and εν(t) are the mean partial equilibrium and non-
equilibrium electron energies, respectively; and n is the
electron concentration. Consequently, the current and
relative heating of electrons in an SL with an arbitrary
dispersion relation (2) in an arbitrary electric field E(t)
are defined by the following expressions:

(21)

(22)

Here,

(23)

(24)

and 〈ε〉 0 and ε(t) are the mean equilibrium and nonequi-
librium electron energies.
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4. STATIC CURRENT–VOLTAGE 
CHARACTERISTIC: TRANSIENT PROCESSES

The Bragg reflections of electrons from the bound-
aries of the Brillouin minizone represent the main cause
of the presence of NDC in the SL [9, 10]. According to
(21)–(24), the corresponding current–voltage (I–V)
characteristics and the heating of electrons in a static
electric field EC are defined by the expressions

(25)

(26)

In an SL with a harmonic minizone (N = 1), electrical
current attains the largest value j0/2 in a field EC = E*,
where E* = "/edτ is the effective field such that an elec-
tron subjected to it passes through the entire Brillouin
minizone in time 2πτ. The effect of the dispersion rela-
tion for electrons on the shape of the I–V characteristic
was discussed by Romanov [10]. It is worth noting that
the electrical current tends to zero in a high electric
field, while the mean electron energy tends to the large
constant value ∆/2 (B(EC)  1) that corresponds to
the uniform distribution of electrons within the mini-
zone; i.e., to an intense heating of electrons in a field
that is close to zero.

The expression for the static I–V characteristic can
be used only if the following conditions for a slow vari-
ation in the field are satisfied:

(27)

The second condition in (27) is the most important one
for this consideration. If this condition is not satisfied
(for example, in a situation where the field is changed
abruptly), transient coherent electron oscillations that
generate macroscopic currents can appear in SLs.

We now consider the evolution of both the current
and the mean electron energy when the field is abruptly
switched on E(t) = ECθ(t), where θ(t) is the unit-step
function. Using formulas (21)–(24), we obtain

(28)
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(29)

In Fig. 1, we show the corresponding oscilloscope
pattern for a current in an SL with a sinusoidal mini-
zone (N = 1) residing in a static field with ΩCτ = 25. We
should call attention to the fact that max[j(t)/j0] = 1,
whereas max(jC/j0) = 0.5 for a static current. The mean
electron energy behaves in a similar way: max[B(t)] ≈ 2,
whereas the static value B(EC) < 1. The energies
ε(t) = 〈ε〉 0, ∆/2, and ∆ – 〈ε〉 0 correspond to a situation
where B(t) = 0, 1, and 2. At t > πτ, a steady-state distri-
bution of electrons is established in the SL, so that the
electric current and the mean electron energy attain val-
ues that correspond to the static I–V characteristic (25).
However, in spite of a small steady-state current, the
electrons remain highly heated (B(t)  1). It is note-
worthy that the current in the SL is small due exactly to
the high degree to which the electrons are heated. We
note that the dispersion relation for electrons in the
minizone can be deduced from the spectrum of current
oscillations in the transient process.

5. OSCILLATIONS OF CURRENT AND HEATING 
OF ELECTRONS IN THE HARMONIC 

AND MEANDER-LIKE FIELDS

It would seem that, in order to obtain the efficient
generation of radiation-based BOHFs, one can use the
harmonic or meander-like fields with a large amplitude
at max[Ω(t)τ] @ 1 and the period T ≈ 2πτ. In Fig. 2, we
show the corresponding oscilloscope patterns of the
current and mean electron energy in a meander-like
field given by

(30)
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Fig. 1. Oscilloscope patterns of the current in a superlattice
when the static field with ΩCτ = 25 was abruptly switched on.
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at ωτ = 1 and ΩCτ = 25. These patterns were calculated
using formulas (23) and (24). The corresponding oscil-
loscope patterns for a harmonic field have the same
shape as well. It can be seen from Fig. 2 that the ampli-
tude of the current oscillations is large only during the
first half-period; this amplitude then decreases abruptly
(by a factor of 5 in the example under consideration).
This decrease is caused by a pronounced heating of the
electron gas and by the fact that this gas has no time to
cool between the field spikes. As a result of the narrow-
ness of the Brillouin minizone in the SL, a highly
heated electron gas in the SL gives rise to low currents
in any fields where there is no interminizone tunneling.
This circumstance represents a disadvantage of an SL
in comparison with a bulk semiconductor. At the same

j(t)/j0, E(t)
1.0

0.5

0

–0.5

–1.0

2.0

1.5

1.0

0.5

0 0.5 1.0 1.5 2.0
ωt/2π

B(t)

1

2

(a)

(b)

Fig. 2. Oscilloscope patterns of (a) the current and (b) the
mean electron energy in a meander-like field with ΩCτ = 25
and the period T = 2πτ after this field was switched on
abruptly. Curve 1 represents the dimensionless current and
curve 2 represents the dimensionless electric field.
time, we see an advantage of SLs, since the intramini-
zone current is limited by the value of j0, which
increases the resistance of SLs to high fields. Thus,
heating the electron gas detrimentally affects the emis-
sion characteristics of SLs.

Calculations show that electron gas cools in a time
~πτ after the field has been switched off (this is also
evident from physical considerations). However, it is
useful to bear in mind that, here, the role of τ is played
by the energy-relaxation time that usually exceeds the
velocity-relaxation time. In addition, the velocity- and
energy-relaxation times in SLs without an electric field
can be much shorter than those in a strong field. In par-
ticular, such a situation takes place in an SL composed
of an ensemble of quantum dots [11]. Therefore, the
cooling of electron gas in an SL can occur in a shorter
time than the electron-gas heating and the current-
oscillation damping that are related to the BOs and
BOHFs.

6. GENERATION OF CURRENT OSCILLATIONS 
BY PULSED FIELDS

The results described in Section 5 make it possible
to hope that the BOs and BOHFs can be used to gener-
ate terahertz radiation in periodic pulsed electric fields
with an off-duty factor that ensures the thermalization
of electrons. In order to verify whether this possibility
could be realized, we studied the evolution of the cur-
rent and the mean electron energy in periodic fields of
the three following types:

(i) A field generated by monopolar rectangular pulses
(a meander clipped from below) and represented as

(31)

(ii) A field generated by a sine function clipped from
below and described as

(32)

(iii) A field generated by an uplifted sine function
and represented as

(33)

In Fig. 3, we show the oscilloscope patterns of the cur-
rent, electron energy, and the current spectrum in a peri-
odic field (31) with ΩC/ω = 25 and ωτ = 1. In this case,
the alternating current has a large amplitude (as in the
first half-period in Fig. 2) since the electrons have time
to thermalize before the next field spike. As should be
expected, the spectral current lines are most intense at
the harmonics n0 ≈ ΩC/ω. In the field given by (32), the
alternating current is of the same order of magnitude as
in the previous case but has a spectrum that is almost
homogeneous until the harmonic n0; however, as soon
as the value of n0 is exceeded, the spectrum is cut off
abruptly. In the field given by (33), the alternating cur-

E t( ) EC/2( ) 1 10 ωtsin( )tanh+[ ] .=

E t( ) Ec/2( ) 1 10 ωtsin( )tanh+[ ] ωt.sin=

E t( ) EC/2( ) 1 ωtsin+( ).=
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rents are small since electrons have no time to thermal-
ize in a time during which the field in the SL is low, i.e.,
when |E(t)| < E*. It is worth noting that the period of
BOHFs exceeds that of the field by a factor of 2 in the
example under consideration.

Thus, an SL with high-Q BOs and BOHFs can be
used for terahertz generation in periodic pulsed fields
with an off-duty factor that ensures the thermalization
of the electrons heated by the field. A pulsed field can
be approximated by a combination of the static and
biharmonic fields (field (4) with N = 2, E2 = E1/3, δ1 = 0,
and δ2 = π). Taking into account the aforementioned
difference between the relaxation times of the electron
distribution in the presence of a high field and without
a field, we may state that the interval between pulses in
periodic pulsed fields can amount to a small fraction of
the corresponding period.

7. A BLOCH OSCILLATOR BASED 
ON THE NEGATIVE DIFFERENTIAL 

CONDUCTIVITY IN A SUPERLATTICE

The Bragg reflections represent the main cause of the
existence of not only the static (low-frequency) [9, 10]
but also dynamic (high-frequency) [12] NDC in an SL.
Gigahertz (up to 150 GHz) Gunn oscillators have been
already developed on the basis of static NDC in SLs
[13]. However, an oscillator based directly on BOs have
not been produced yet.

In our opinion, the main cause of the failures in the
design of a Bloch oscillator is related to the use of non-
optimized SL structures. Indeed, SLs with a sinusoidal
minizone (N = 1 in formula (2)), where the BOs are har-
monic, are typically studied. In these SLs, the static
NDC arises in fields with the Bloch frequency ΩC > τ–1

(see (25)), whereas the dynamic NDC is observed at the

frequency ω in a field with ΩC >  [12]; i.e.,
the dynamic NDC appears only in the portions of the
I−V characteristics where the static NDC is observed.
As a result, the generation of terahertz oscillations in
the SL under consideration is suppressed by the devel-
opment of a domain instability with a relatively low fre-
quency (the Gunn effect) [14]. In order to design a
Bloch oscillator, one needs an SL that exhibits a high-
frequency NDC in the portions of the I–V characteris-
tics where positive static differential conductivity is
observed. In order to gain insight into this method of
designing a Bloch oscillator, we studied (see, also,
[15, 16]) the dependences of the static and dynamic dif-
ferential conductivities in an SL on both the dispersion
relation in a minizone and the characteristics of elec-
tron scattering in the SLs. As the test approximation, we

ω2 τ 2–+
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used the following “superparabolic” (of course, ideal-
ized) dispersion relation:

(34)
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Fig. 3. Oscilloscope patterns of (a) the current, (b) the elec-
tron energy, and (c) the spectrum of current in a periodic
pulsed electric field (31) with ΩC/ω = 25 and ωτ = 1. Curve 1
represents the dimensionless current and curve 2 represents
the dimensionless electric field; ω1 denotes the current-har-
monic frequency.
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This relation is composed of two parabolic functions
joined at the points k3 = ±ki with 0 < ki < π/d. At m2 = m1
or ki = 0 (or π/d), relation (34) transforms into a para-
bolic dispersion relation that is cut off at the boundaries
of the Brillouin zone; in addition, it satisfactorily
approximates the sinusoidal dispersion relation at m2 =
–m1 < 0 and ki = π/2d. The BOs are anharmonic for this
dispersion relation. The characteristics of anharmonic-
ity depend on the position of the point β ≡ kid, where the
corresponding functions are joined, and on the mass
ratio η ≡ m1/m2. The minizone width was chosen to be
approximately equal to the optical-phonon energy. The
probability of emission of this phonon at the minizone
boundary was assumed to be constant and equal to α
(0 ≤ α ≤ 1). Whether the single-sided (α = 1) or two-
sided (0 < α < 1) streaming is accomplished in the SL,
depends on the value of α [15, 16].

The studies showed the following:

(i) It is possible to locate the ranges of the static and
dynamic NDC in SLs in different regions of a static
electric field by introducing the anharmonicity in the
BOs. In this case, the promising SLs are those with
minizones where, mostly, the effective electron mass is
positive and decreases as the electron energy increases
(the “anti-Gunn” variant). In these SLs, the region of
static NDC shifts (in comparison to an SL with a sinu-
soidal minizone) to higher fields; simultaneously, the
region of the dynamic NDC shifts to lower fields. This
circumstance makes it possible to detune from the com-
peting low-frequency domain instability under the con-
ditions of the generation of terahertz radiation. As an
example, Fig. 4 shows the dynamic differential conduc-
tivities of an SL with sinusoidal and superparabolic
minizones in the absence of scattering by optical
phonons (α = 0).
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Fig. 4. Dynamic differential conductivities of superlattices
with sinusoidal (in the inset) and “superquadratic” mini-
bands (with β = 0.5 and η = (1) 1, (2) 5, and (3) 10) at α = 0
in a field with ΩCτ = 1.
(ii) In an SL with the miniband width on the order of
the optical-phonon energy, a double resonance at even-
numbered harmonics of BOs appears (since the time
required for an electron to acquire optical-phonon
energy amounts to about half of the time needed by an
electron to traverse the Brillouin minizone); at the same
time, the low-frequency NDC can be absent in the
entire range of static fields. The aforementioned type of
SLs with large values of η is preferential in this case as
well (in order to increase the magnitude of the high-fre-
quency NDC). In Fig. 5, we show the dynamic differen-
tial conductivities of an SL with the sinusoidal and par-
abolic minizones when intense scattering of electrons
by optical phonons occurs (α = 1). It can be seen that
the dynamic NDC is not observed in an SL with a sinu-
soidal minizone; in contrast, this NDC is quite pro-
nounced in an SL with a parabolic minizone. Studies
show that the presence of regions with negative effec-
tive mass of charge carriers in the minizone detrimen-
tally affects the magnitude of the high-frequency NDC
at large values of α.

(iii) In order to obtain large values of the high-fre-
quency NDC, the BOs should not necessarily have a
high Q-factor (ω ≈ ΩC ≈ τ–1); i.e., there is no need for
this in SLs with a very high purity.

The specific minizones we suggest can be imple-
mented in electron SLs with a complex unit cell and in
the hole SLs with a complex valence band of the initial
material.

8. CONCLUSIONS

The above-reported results of studies make it possi-
ble to draw the following conclusions:

(i) The superlattices (SLs) with high-Q Bloch oscil-
lations (BOs) and BOs in a harmonic field can be used
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Fig. 5. Dynamic differential conductivities of superlattices
with sinusoidal (in the inset) and parabolic minibands for
one-sided streaming (α = 1) in the fields with ΩCτ = (1) 3,
(2) 5, and (3) 10.
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to generate terahertz radiation under excitation by high
pulsed electric fields with an off-duty factor that
ensures the thermalization of electrons.

(ii) A terahertz oscillator with the frequency tuned
continuously by an electric field can be designed on the
basis of anharmonic BOs in semiconductor SLs. To this
end, it is reasonable to use an SL whose minizone has
the special characteristics where, largely, the effective
mass of the charge carrier (electron or hole) is positive
and decreases as the carrier energy increases. This cir-
cumstance makes it possible to eliminate the develop-
ment of undesirable domain instability (the Gunn
effect) under the conditions of the generation of tera-
hertz radiation.

In order to produce a terahertz oscillator, one can
also use the following objects:

(I) The SLs that include two closely spaced (or par-
tially overlapping) electron (hole) minibands the upper
of which is much wider than the lower one, exhibits a
smaller effective electron (hole) mass, so that the emis-
sion of an optical phonon occurs at the top of the upper
miniband. The impurity miniband in which the mobil-
ity of electrons (holes) is relatively low can also play
the role of the lower miniband.

(II) Where there are individual p-type layers based
on a semiconductor with a rigid “phonon roof” (in con-
ditions of longitudinal transport), there are two-dimen-
sional subbands in which the effective hole mass
decreases as the hole energy increases [17]. In this case,
the initiation of dynamic negative differential conduc-
tivity is caused by the same mechanisms as in the bulk
semiconductors [18], i.e., by streaming (but with a
lower dimensionality) and self-modulation of the elec-
tron distribution in the two-dimensional quasi-momen-
tum space.

(III) Double quantum wells and dots affected reso-
nantly by harmonic fields. In this case, the Rabi fre-
quency plays the role of the Bloch frequency (i.e., we
are dealing with the conversion of infrared radiation to
terahertz radiation).
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Abstract—InGaAs/GaAs/InGaP-based heterolasers with asymmetrically grown quantum wells of two types
are developed. For the first time, dual-wavelength operation and second-harmonic generation are realized in
these lasers over a wide range of injection currents: from 0.2 A in CW mode up to 10 A in injection with
200-ns-long pulses. Previously unknown special features of such a generation are experimentally revealed and
interpreted in terms of the competition and coexistence of various short- and long-wavelength modes, including
the “whispering-gallery” modes. © 2005 Pleiades Publishing, Inc.
We investigate the stimulated dual-wavelength
operation at wavelengths of about 1 µm and the second
harmonic generation in injection lasers based on
InGaAs/GaAs/InGaP structures with 9-nm-wide quan-
tum wells of two types, which differ in indium concen-
tration by about 10%. For the structures with a 0.1 ×
0.25 mm2 active region, the dual-wavelength (with a
frequency difference of 2.5%) operation is observed at
temperatures from 4 to 33°C at a wide range of injec-
tion currents: 0.2 A at a constant drive and 10 A at exci-
tation with 200-ns pulses.

For comparison, note that, in early experiments [1–3],
dual-wavelength operation in heterolasers was only
attained within a narrow range of injection currents, of
several percent, above the lasing threshold. An impor-
tant point concerning the structure of our laser is the
asymmetric position of the quantum wells. The two
wells providing for the shorter wavelength mode are
separated by a 24-nm-wide i-GaAs barrier and located
almost at the midplane of the waveguide layer, and the
third quantum well, responsible for the longer wave-
length mode, is shifted from the midplane of the
waveguide layer by about 1/7 of its thickness (Fig. 1).
The laser waveguide was a standard structure consist-
ing of a central 0.84-µm-thick i-GaAs layer and two
0.6-µm-thick wall layers made from n- and p-InGaP
doped at a level of 5 × 1017 cm–3. The lasing lines dif-
fered by ~30 meV, depending on temperature and the
injection current. For a description of various schemes
of dual-wavelength lasers, see [4–6] and the references
therein.

Since the waveguide dispersion and the dispersion
of the absorption in a heterostructure can hardly cause
an appreciable suppression of the TE modes at frequen-
1063-7826/05/3901- $26.00 0156
cies differing by 2.5%, it is reasonable to expect that, in
similar injection conditions, the threshold for lasing at
the two short-wavelength wells is lower than that at the
long-wavelength well. This behavior is understandable
because, though the latter presents an additional absorb-
ing element for the short-wavelength generation, its cou-
pling to the TE0 and TE2 modes is weaker than that of the
short-wavelength wells in the central position.

The spectral characteristics of the radiation mea-
sured using an MDR-24 grating monochromator at
temperatures between 4 and 33°C (Fig. 2) were in line
with our expectations. Indeed, an increase in the injec-
tion current first gave rise to the stimulated emission of
radiation at a higher frequency (at currents between
0.15 and 0.2 A) and, then, to the simultaneous genera-
tion of TE modes at both frequencies. The latter phe-
nomenon appeared at a current that exceeded the high-
frequency lasing threshold by 1.3–3 times (depending
on a particular specimen and temperature). An example
of this can be seen in Fig. 3.

Within a narrow range of currents corresponding to
the onset of the two-frequency operation, we observed
instability, which caused a change in both the spectral
power of the lasing and the radiation pattern over time.
At a further increase in the injection current, stable las-
ing at both frequencies was observed up to the currents
that destroyed the structure.

The luminance–current characteristics measured for
the sum power of lasing differ radically from those typ-
ical of single-frequency oscillation in conventional het-
erolasers. Immediately after the onset of the dual-wave-
length operation, the total power abruptly drops by
almost half (Fig. 3) and, then, remains nearly constant
as the injection current increases (large nonradiative
© 2005 Pleiades Publishing, Inc.



        

THE MODE COMPETITION, INSTABILITY, AND SECOND HARMONIC GENERATION 157

                                                             
losses), though the ratio of powers at the two frequen-
cies changes appreciably. The critical current corre-
sponding to the drop substantially decreased at lower
temperatures.

The directivity pattern of the short-wavelength radi-
ation exhibits a typical shape, while the long-wave-
length radiation pattern is found to be considerably
broadened in the p–n junction plane (Figs. 4, 5). The
latter circumstance can be explained if we assume that
the so-called “whispering-gallery” modes (related to
the total internal reflection from the boundaries of the
active region) contribute to the long-wavelength field
but not to the short-wavelength field, although the
short-wavelength field is nonuniform over the p–n junc-
tion plane. In particular, the weak influence of the injec-
tion current on the output power after the transition to
the two-frequency operation can be attributed to a high
absorption of short-wavelength radiation in the long-
wavelength well; in turn, the emission from the long-
wavelength well is strongly absorbed (as are the whis-
pering-gallery modes) in the lateral parts of the hetero-
structure, which are beyond the reach of the injection
current. The lateral reflections of the long-wavelength
field that are required for the formation of the whisper-
ing-gallery modes are most likely to occur near the
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Fig. 1. The profiles of transverse TE0, 1, 2 modes (E) and the
energy-band diagram (Eg) along the direction of growth z
for the two-color InGaAs/GaAs/InGaP structure.
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edges of the upper metallic strip contact rather than at
the lateral facets of the laser. This behavior is caused by
the presence of a step in the charge-carrier concentra-
tion at the aforementioned edges (plasma and thermal
effects) and by the partial etching of the upper
waveguide layer in these regions during the production
of the laser (a step in the dielectric properties of the
waveguide).

We also measured the spectra and the radiation pat-
terns of the double frequencies that appear due to the
second-order lattice nonlinearity in a thin (0.1 µm)
GaAs layer in the vicinity of the output edges. It tran-
spired that both the second harmonics are TM polarized
and had nearly the same parameters; however, the
intensity of the long-wavelength harmonic grows while
that of the short-wavelength harmonic drops as the
injection current increases (Fig. 2). The ratio between
the intensities of these harmonics and the ratio of the
corresponding lasing thresholds depend heavily not
only on the laser length but also on the temperature and
position of the injection stripe relative the edges of the
structure. No lasing at the sum frequency was observed,
which apparently indicates that the regions of short-
and long-wavelength mode generation are separated
spatially (the corresponding fields overlap only slightly
at the output end face of the laser).

Our interpretation of the lasing operation modes is
essentially based on the assumption that the long-wave-
length radiation is represented by whispering-gallery
modes and the short-wavelength radiation consists of
the conventional modes of a wide (100 µm) waveguide.
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Fig. 2. Typical spectra of continuous two-color lasing
accompanied by second harmonics in a 0.25-mm-long
structure at room temperature. The injection currents are
indicated. Because of the narrow angular aperture of the
detector, the intensity at the longer wavelength 1.03 µm,
which features a wider directivity pattern (see Fig. 4), seems
lower.
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The latter modes are highly nonuniform in the quan-
tum-well plane, which is mostly due to the filamenta-
tion of the injection in narrow (~10 µm) channels rather
than being a result of the wide waveguide. This
assumption is supported by the results from studying
the field at the output end face of laser [7] by means of
scanning near-field microscopy using the spectral sep-
aration of short- and long-wavelength modes. Along
with the conventional optical microscopy data, these
results also indicate that the short-wavelength radiation
at the output face of the laser forms a number of bright
spots that have a transverse structure typical of the TE0
mode (possibly, with a slight addition of the TE2 mode).
The long-wavelength radiation also forms a number of
spots at the output face of the laser, but they are gener-
ally shifted with respect to the short-wavelength spots
and probably have a small-scale structure, with a char-
acteristic size being as small as ~1 µm. The evidence
for this last fact is provided by the wide radiation pat-
tern at the fundamental frequency and by the pedestal
underlying the second-harmonic peak (Fig. 4, λ = 1030
and 515 nm, curves 2), which can be attributed to the
whispering-gallery modes and the multimode structure
of the long-wavelength radiation in the plane of the
quantum wells. It is interesting that the relative frac-
tions of the transverse TE0, TE1, and TE2 modes of the
long-wavelength radiation depend on the injection cur-
rent and the position at the output face of the laser. The
amplitudes of higher harmonics can be comparable to
that of the fundamental mode [7].

In general, the evolution of the lasing operation
modes as the injection current increases can be con-
ceived as follows: The process of exceeding the short-
wavelength threshold is hindered by filamentation; i.e.,
the injection current flows along separate channels,
thus, forming a number of traces of stimulated amplifi-
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Fig. 3. The luminance–current characteristics of a 0.25-
mm-long diode laser with a continuous injection mode at
(1) 33 and (2) 10°C. The smooth sections of linear growth
correspond to one-frequency lasing. The threshold drop of
the total output power indicates the onset of the two-fre-
quency operation with its power almost independent of the
injection current.
cation (at two short-wavelength wells), which almost
directly connect the output end faces of laser. The gen-
eration of short-wavelength whispering-gallery modes,
where the beams are far from the normal orientation to
the laser faces, is excluded because of the absorption in
between the current channels. In relation to the long-
wavelength radiation, the corresponding threshold for
the traces mentioned above is not attained when the
injection considerably exceeds the short-wavelength
threshold, since the long-wavelength well is only one
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(1) perpendicular and (2) parallel to the quantum wells for
a 0.25 µm-long laser with continuous injection at 1.01 A, at
room temperature, λ = 1030 nm. A 20-degree shift and the
asymmetry of the long-wavelength curve (1) is probably
related to the distortion of the TE0 mode in the presence of
the TE1 mode.
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Fig. 5. A lateral view of the radiation patterns in the plane
that is perpendicular to the quantum wells for a 0.25 µm-
long laser with continuous injection at 1.34 A, at room tem-
perature. The wide angular spectrum indicates that the
higher TE modes in the low-pumped part of the structure
features lower absorption than the fundamental TE0 mode
that can even transform into the higher modes because of
the nonideality of the waveguide.
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and occupies an off-center position in the waveguide.
However, as soon as the short-wavelength power
becomes sufficient to make the long-wavelength well
transparent and to enhance the inversion level (an addi-
tional optical pump, including the space in between the
current channels), the whispering-gallery modes
appear. The Q-factor of these modes increases with the
injection current, which is, in particular, due to an
increase in the reflections as a result of the plasma–ther-
mal effects of refraction at the active region boundaries
(and the edge of the current channels), and appears to
exceed the Q-factor of ordinary modes, which pass
preferentially via the current channels. According to the
experiment, no whispering-gallery modes appear in
lasers with the length of the active region between 0.5
and 1 mm. This behavior is caused by the fact that a
total internal reflection from the end faces of a hetero-
laser with the constant width of the active region at 0.1
mm cannot be attained. However, for the complete sub-
stantiation and detailed clarification of the scenario
suggested above, further investigation is required using
both experimental and theoretical methods.
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Abstract—The effect of different surface treatments of GaAs/In(Ga)As/GaAs quantum-confined heterostruc-
tures on the electroluminescence efficiency of Schottky diodes based on these structures is investigated. It is
ascertained that the largest increase in electroluminescence intensity is observed when the surface is treated in
CCl4 at 580°C with subsequent anodic oxidation. It is shown that the interfacial tunnel-thin anodic oxide plays
an important role in the injection of minority carriers from the metal into gallium arsenide. The electrolumines-
cence efficiency depends strongly on the anodic-oxide thickness. © 2005 Pleiades Publishing, Inc.
1. INTRODUCTION

At present, GaAs/In(Ga)As/GaAs quantum-con-
fined heterostructures are used to generate spontaneous
emission. Along with anisotype heterostructures [1, 2],
Schottky barrier heterostructures are also used [3, 4].
Formation of a layer of In(Ga)As quantum dots (QDs)
near the heterostructure surface under a thin (≤30 nm)
cap layer of complex composition (InGaAs + GaAs)
made it possible to advance to the emission range 1.3–
1.55 µm, which is important for fiber optics. At a cap-
layer thickness of 12 nm, electroluminescence (EL) at
a wavelength of 1.57 µm at 300 K was detected for
quantum-confined heterostructures with a Schottky
barrier [5].

A distinctive property of a Schottky barrier (as com-
pared to a p–n junction) is low (≤10–4) injection of
minority carriers [6] into the semiconductor, which is
unfavorable for efficient radiative recombination. The
purpose of this study is to increase the quantum effi-
ciency of Schottky diodes using different treatments of
the surface of quantum-confined heterostructures both
during and after epitaxial growth (before barrier forma-
tion). Based on the results obtained, the role of anodic
oxide in the injection of minority carriers from the
metal into the semiconductor in Schottky barrier het-
erostructures is considered.

2. EXPERIMENTAL

The heterostructures were grown by hydride-metal–
organic vapor phase epitaxy at atmospheric pressure on
n+- and p+-GaAs(100) substrates. A layer of InAs QDs
was formed on a buffer layer with a thickness of
~0.5 µm at a temperature of 520°C and doped with bis-
1063-7826/05/3901- $26.00 0017
muth to improve the homogeneity of the layer parame-
ters [7]. In some samples, as in [4, 5], the cap layer has
a complex composition: a 2-nm In0.2Ga0.8As quantum
well (QW) coated by a thin GaAs layer is adjacent
directly to the QDs. The other part of the quantum-con-
fined heterostructure contains only an InGaAs QW (the
growth temperature for QWs is 650°C) or a layer of
InAs QDs under a coating GaAs layer. The thickness of
the cap layer was varied from 10 to 400 nm. For com-
parison, 400-nm n-GaAs epitaxial layers were also
grown at 520 or 580°C.

The following surface treatments were used: in situ
exposure of the In(Ga)As surface to a flux of carbon tet-
rachloride and anodic oxidation of the GaAs cap layer
before the metal deposition. Anodic oxidation was per-
formed in an electrolyte (3% solution of tartaric acid in
ethylene glycol) in the static-voltage mode at voltages
from 0.2 to 9 V. The oxidation of the n-type samples
was performed under illumination.

The growth surface was treated in a flux of CCl4 at
520 or 580°C. Then, a cap GaAs layer was grown at the
same temperature. As we have shown earlier [2], expo-
sure of the growth surface to CCl4 either changes the
composition of the cap layer due to the formation of an
acceptor carbon δ layer (520°C) or improves the mor-
phology of QDs and the GaAs cap (580°C) due to the
removal of large dislocated clusters. The role of the car-
bon δ layer in the increase in the EL efficiency was con-
sidered in [4]. In this study, we restrict our consider-
ation mainly to structures treated in CCl4 at 580°C. Fol-
lowing the technique of cluster etching we developed, a
thin (~10 nm) GaAs layer was first grown on the layer
of In(Ga)As QDs at the QD growth temperature; then,
© 2005 Pleiades Publishing, Inc.
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the substrate temperature was increased to 580°C for
~300 s; and, at the end of the heating cycle, carbon tet-
rachloride was fed into the reactor. After treatment of a
quantum-confined heterostructure in CCl4 for a few
seconds, a GaAs cap layer was grown. Structures that
were not subjected to any treatment served as reference
ones.

Schottky barriers were formed by deposition of met-
als (Au or Al) using thermal evaporation in vacuum
through a mask with 500-µm holes. In most quantum-
confined heterostructures under study, the native oxide
was not etched from the GaAs surface, in view of the
small thickness of the cap layer. The back ohmic con-
tact was formed using an InGa paste or by spark alloy-
ing of a Sn foil.

The effect of treatments was estimated by changes in
the photoluminescence (PL) and injection (forward-bias)
EL spectra and the parameters of the current–voltage
(I−V) and capacitance–voltage (C–V) diode characteris-
tics. The measurements were performed at 77 and 300 K.
When measuring the PL and EL spectra, the radiation
was collected from the front and back surfaces of the
samples, respectively. The surface topography was ana-
lyzed by scanning probe microscopy (SPM).
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Fig. 1. EL spectra of QD heterostructures based on n+-GaAs
with a Au barrier. The injection current is 30 mA. Samples:
(1) with no treatment, (2) with a carbon δ layer, (3) with a
carbon δ layer and anodic oxide, (4) after treatment in CCl4
at 580°C, and (5) after treatment in CCl4 at 580°C and with
anodic oxide.
3. RESULTS AND DISCUSSION

The effect of different treatments of the surfaces of
quantum-confined heterostructures on the EL intensity
IEL is well pronounced in Fig. 1, where the EL spectra
of quantum-confined heterostructures with a combined
cap layer measured at room temperature are shown.
The thickness of the GaAs cap layer in these samples is
20 nm. It can be seen that treatment of each type
increases the integral EL intensity. Note that anodic
oxidation of the samples treated in carbon tetrachloride
leads to an additional increase in the EL intensity (com-
pare curves 2 and 3 and 4 and 5 in Fig. 1). The largest
increase in IEL is observed after treatment in CCl4 at
580°C with subsequent anodic oxidation (Fig. 1, curve 5).
This can be explained as follows.

High-temperature treatment of the structures in
CCl4, according to the SPM data, decreases the density of
clusters by a factor of eight to ten (to (2–3) × 107 cm–2).
The lateral sizes of the clusters increase significantly
(from 250 to 700 nm), and their height decreases from
~150 to 5 nm (Fig. 2). After the anodic oxidation, the
surfaces of all heterostructures become even more
smooth. For example, in structures treated in CCl4 at
520°C, the height of asperities after the oxidation
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7.3 µm

7.3 µm 14.6 µm
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92.54 nm
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Fig. 2. Surface topography of the GaAs/InGaAs/GaAs
structures: (a) the sample treated in CCl4 at 580°C and
(b) the reference sample.
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decreases by a factor of two to three and is equal to
~20 nm. During anodic oxidation, a layer of gallium
arsenide with a thickness of about two-thirds of the
anodic oxide thickness is spent [8]. Hence, the initial
surface defects are removed and, as a result, the density
of nonradiative recombination centers at the new inter-
face between the anodic oxide and GaAs decreases.

In order to determine the role of anodic oxide in the
EL mechanism, we measured the dependences of the
integral EL intensity on the oxide thickness dox for
structures of different types. The results are shown in
Fig. 3. For comparative analysis, we used samples with
the simplest composition: n-GaAs epitaxial layers
(curves 1 and 2) and quantum-confined heterostruc-
tures with only a QW (curves 3 and 4) or QDs (curve 5)
coated with a fairly thick GaAs layer. The thickness of
the cap layer on the QW and the QD layer is 400 and
100 nm, respectively. All dependences in Fig. 3 were
measured at 77 K, with an exception made for curve 5
(300 K).

Note that the values of Uox—the voltage at which
oxidation occurs—rather than dox are plotted on the
abscissa axis in Fig. 3. The reason is the difficulties we
met in determining the thickness of thin (5–10 nm)
anodic oxide layers, especially in quantum-confined
heterostructures. Generally, when single crystals or epi-
taxial structures are oxidized, dox is calculated from the
value of Uox by multiplying the latter by the anodic-oxi-
dation constant (~1.7 nm/V) [9]. However, as will be
shown below, the anodic oxidation of quantum-con-
fined heterostructures is a specific process and, obvi-
ously, it is incorrect to apply the above-described calcu-
lation technique to such structures. In order to deter-
mine the oxide thickness by the C–V method,
especially in GaAs-based quantum-confined hetero-
structures, it is necessary to carry out special low-fre-
quency measurements. In addition, the relative permit-
tivity of GaAs anodic oxide depends strongly on the
type of the electrolyte, and the spread of this parameter
is rather large [9]. As a result, the values of dox calcu-
lated from the capacitance measurements may differ by
a factor of two to three, depending on the chosen value
of oxide permittivity. Direct measurement of dox by
SPM at such thicknesses gives a large error because of
the oxide inhomogeneity. When analyzing the results,
we assumed that dox is proportional to Uox and that the
anodic oxide thickness increases with increasing oxida-
tion voltage.

It can be seen from Fig. 3 that, for structures of all
types, the dependence of the integral intensity IEL(Uox)
is a nonmonotonic function peaked at different values
of Uox for epitaxial structures and quantum-confined
heterostructures. However, for each specific type of
structure, a maximum of IEL is observed at the same
value of Uox: at 3 V for epitaxial layers (curves 1, 2) and
at 6–7 V for quantum-confined heterostructures
(curves 3–5). At low oxidation voltages (Uox < 2–3 V),
the integrated EL intensity of structures with a QW
SEMICONDUCTORS      Vol. 39      No. 1      2005
increases insignificantly with increasing Uox (curves 3
and 4), whereas, in the epitaxial layers, it is highest at
the same values of Uox. Apparently, the reason is that
the time mechanism of formation of an anodic oxide in
quantum-confined heterostructures, which have a
potential barrier at the interface, differs from that for
GaAs epitaxial layers. In heterostructures containing
only QDs, a highly nonuniform oxidation front is
observed. The values of IEL at the same values of Uox,
especially for the p-type samples (not shown in Fig. 3)
have a large spread, which confirms the more complex
character of anodic oxidation of quantum-confined het-
erostructures.

Comparison of curves 1 and 2 in Fig. 3 shows that
the EL intensity of the GaAs epitaxial layer grown at
580°C exceeds that of the GaAs layer grown at a lower
temperature by approximately a factor of 1.5. The most
likely reason is that the GaAs layer grown at the higher
temperature has a smaller density of growth defects,
which form nonradiative recombination centers. It can
also be seen from Fig. 3 that the EL intensity of quan-
tum-confined heterostructures exceeds that of the epi-
taxial layers by a factor of 15–20 and the heterostruc-
tures grown on p+ substrates have higher values of IEL
as compared with the n-type structures.

The injection EL data for the GaAs/In(Ga)As/GaAs
structures are in agreement with the measurements of
the forward portion of the I–V characteristic. At small
values of Uox, the latter follows an exponential depen-
dence, which is typical of Schottky barriers. The effec-
tive height of the Schottky barrier  and the ideality
factor n were calculated by a conventional method [6].
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Fig. 3. Dependences of the integral EL intensity on the oxi-
dation voltage for (1, 2) the structures with GaAs epitaxial
layers and (3, 4) QW and (5) QD heterostructures: (1) the
epitaxial layer grown at 520°C, (2) the epitaxial layer grown
at 580°C, (3, 5) the n-type quantum-confined heterostruc-
tures, and (4) the p-type quantum-confined heterostructure.
The values of the EL intensity of epitaxial layers are
increased by a factor of 15.
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The formation of an anodic oxide in QW hetero-
structures leads to an increase in the effective height of
the Schottky barrier both at room temperature and at
77 K. Then, with an increase in Uox from 1.5 to 6–7 V,

the value of  at 300 K almost does not change and is
equal to 0.91 ± 0.02 and 0.7 ± 0.01 eV for the n- and
p-type samples, respectively. With a further increase
in Uox, the measured barrier height decreases (Fig. 4,
curves 1 and 3).

The behavior of the parameter n at room tempera-
ture is different for the n- and p-type structures (Fig. 4,
curves 2 and 4). In the n-type quantum-confined hetero-
structures, the ideality factor ranges from 1.2 to 1.5,
increasing significantly (n > 2) only for a structure with
a very thick anodic oxide at Uox = 9 (curve 2). For the
p-type structures, the values of n are much larger than
for the n-GaAs/In(Ga)As structures. With an increase
in Uox (≥2 V), n increases by a factor of 2–2.5. The lat-
ter circumstance indicates that, with an increase in the
anodic-oxide thickness, the mechanism of thermionic
emission of carriers ceases to be dominant in these
structures at much smaller values of dox than in n-type
quantum-confined heterostructures. (The change in the
mechanism of carrier injection must be taken into
account when calculating the parameters of I–V charac-
teristics, which is planned to be done in future investi-
gations.) At liquid-nitrogen temperatures, the slope of
I–V characteristics decreases with increasing oxide
thickness.

Note that, in the QD structures, in view of the large
spread of dox, the parameters of the I–V characteristics
can be calculated only for samples with thin anodic
oxides; however, their parameters change similarly
with increasing Uox.
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Fig. 4. Dependences of the (1, 3) effective height of the
Schottky barrier and (2, 4) the ideality factor of the QW
structures on the oxide thickness: (1, 2) n-type (Au) and
(3, 4) p-type (Al) structures. The measurement tempera-
ture is 300 K.
Obviously, the different behavior of the parameters
of the I–V characteristics of the n- and p-type quantum-
confined heterostructures with increasing dox is related
to the oxide properties. According to the data of [10],
anodic oxidation of n-GaAs leads to the accumulation
of a constant negative charge near the external surface
of the oxide, which is sufficient to form an inversion
layer on the GaAs surface. The buried p-type layer near
the interface with the metal layer in n-type quantum-
confined heterostructures increases the Schottky barrier
height and improves its quality. Simultaneously, the
buried p-type layer increases the hole density necessary
for the EL excitation. In the p-type structures, no inver-
sion layer should be formed and the parameter n grad-
ually increases with increasing oxide thickness. The
voltage drop across the oxide layer increases as well.
The latter circumstance, according to the model pro-
posed in [11, 12], shifts the Fermi level in the metal to
the top of the valence band of n-GaAs (or to the bottom
of the conduction band of p-GaAs for the p-type struc-
tures). As a result, the injection of minority carriers into
the semiconductor (and, accordingly, the EL efficiency)
increases. Until the oxide is tunnel-transparent for
charge carriers, the intensity IEL increases; as soon as
the oxide ceases to be transparent, the EL efficiency
decreases, which is confirmed by comparison of the
results shown in Figs. 3 and 4.

4. CONCLUSIONS

Methods for treating GaAs/In(Ga)As/GaAs quan-
tum-confined heterostructures in order to increase the
EL efficiency are described. The largest increase in IEL
is observed when the heterostructure surface is exposed
to CCl4 at 580°C with subsequent anodic oxidation.
The presence of an interfacial tunnel-thin anodic oxide
plays an important role in providing injection of minor-
ity carriers from the metal forming the Schottky barrier
into gallium arsenide. The EL efficiency depends
strongly on the oxide thickness.
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Abstract—Persistent photoconductivity at T = 4.2 K in AlSb/InAs/AlSb heterostructures with two-dimensional
(2D) electron gas in InAs quantum wells is studied. Under illumination by IR radiation ("ω = 0.6–1.2 eV), positive
persistent photoconductivity related to the photoionization of deep-level donors is observed. At shorter wave-
lengths, negative persistent photoconductivity is observed that originates from band-to-band generation of elec-
tron–hole pairs with subsequent separation of electrons and holes by the built-in electric field, capture of elec-
trons by ionized donors, and recombination of holes with 2D electrons in InAs. It is found that a sharp drop in
the negative photoconductivity takes place at "ω > 3.1 eV, which can be attributed to the appearance of a new
channel for photoionization of deep-level donors in AlSb via electron transitions to the next energy band above
the conduction band. © 2005 Pleiades Publishing, Inc.
1. INTRODUCTION

Quantum-confinement heterostructures based on
InAs are promising for the fabrication of high-fre-
quency transistors, resonant-tunneling diodes, devices
for midinfrared optoelectronics, and spintronics. A
large number of studies have been devoted to the
InAs/AlSb heterosystem. The latter exhibits a large value
of the conduction-band offset at the heterointerface
(equal to 1.35 eV) and high mobility of electrons in InAs
quantum wells (QWs) (as high as 9 × 105 cm2/(V s) at
T = 4.2 K) and ns ≈ 1012 cm–2 [1]. The electrons are
present even in the QWs of nominally undoped struc-
tures [2]; these electrons can be supplied by deep-level
donors in an AlSb or surface donors in GaSb cap layer
[3–10]. One of the specific features of this heterosys-
tem is bipolar behavior of the persistent photoconduc-
tivity (PPC) at low temperatures [2]. When the hetero-
structures are exposed to IR radiation, positive PPC
(PPPC) is observed [11, 12]. This behavior is attributed
to the photoexcitation of deep-level donor centers in
AlSb barrier layers followed by the capture of photoge-
nerated electrons in InAs QWs: the density of two-
dimensional (2D) electrons increases and remains
unchanged for many hours until the sample temperature
is raised. When the heterostructures are exposed to vis-
ible light, negative PPC (NPPC) is observed [2, 10–12].
This behavior is attributed to band-to-band excitation
of electron–hole pairs with subsequent separation of
electrons and holes by the built-in electric field, capture
of electrons by ionized donors, and recombination of
holes with 2D electrons in InAs QWs.
1063-7826/05/3901- $26.00 0022
Until now, there has been only one publication
devoted to the study of the PPC spectra in InAs/AlSb
heterostructures [11]; the measurements were carried
out in the spectral range "ω = 1–3 eV using undoped
samples. In this paper, we report the results of measure-
ments of the PPC spectra both in undoped and selec-
tively doped InAs/AlSb heterostructures over a wider
range of photon energies (0.6–6 eV). The goal of this
study was to search for new spectral features that may
help to gain insight into the origin of 2D electron gas in
nominally undoped structures.

2. EXPERIMENTAL

The heterostructures under study were grown by
molecular-beam epitaxy [1, 13]. On a semi-insulating
GaAs(100) substrate, a composite buffer consisting of
a 2.4-µm-thick metamorphic AlSb or GaSb layer and a
ten-period GaSb(2.5 nm)/AlSb(2.5 nm) superlattice
was grown. The active region included a bottom AlSb
barrier of thickness 12–40 nm, a 15-nm-thick InAs
QW, a top AlSb or Al0.8Ga0.2Sb barrier of thickness 30–
40 nm, and a 6-nm-thick GaSb cap layer. In selectively
doped structures, two δ layers of Te were introduced in
AlSb barriers 15 nm from the QW. Shutters were
opened and closed in a sequence that ensured formation
of In–Sb chemical bonds at both QW interfaces [14].
The concentration and mobility of 2D electrons at T =
4.2 K were determined from the measurements of the
Hall effect and Shubnikov–de Haas oscillations. The
parameters of the samples are listed in the table.
© 2005 Pleiades Publishing, Inc.
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The PPC spectra were recorded using an MDR-23
grating monochromator (Fig. 1). A quartz incandescent
lamp was used as the radiation source, and the higher-
order diffraction peaks were cut off by standard filters.
At the monochromator output, radiation with a photon
energy from 0.6 to 4 eV (the spectral range was
extended to 6 eV in measurements with sample B824)
was coupled to an optical fiber and delivered to the
sample held within a helium storage Dewar vessel. The
samples had the shape of a rectangular platelet with a
typical area of 4 × 4 mm2, and two stripe In contacts
were deposited at the edges (at a distance of about
3 mm). The photoconductivity spectra were recorded in
two different modes: (i) each data point was taken after
switching off the illumination, consecutive measure-
ments being made step by step starting with the long-
wavelength part of the spectrum; and (ii) measurements
were performed under continuous illumination with
monochromatic radiation with the wavelength slowly
scanned starting from the short-wavelength part of the
spectrum. The typical time of a spectral recording was
several tens of minutes.

3. RESULTS AND DISCUSSION

Photoconductivity spectra for nominally undoped
heterostructures A839, A856, and B824 are shown in
Fig. 2. One can see that, for these samples, the photo-
conductivity spectra obtained by the two methods
described above (shown by dots and solid lines, respec-
tively) agree well with each other. This means that per-
sistent photoconductivity was measured in both modes,

1
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3

4

5

6

7

MDR-23

He4

“Y”
ADCCompu-

“X”
A

 Current
 source

ter

Fig. 1. The block diagram of the setup for measuring the
persistent photoconductivity under exposure of the sample
to light with different wavelengths: (1) rotating mirror,
(2) quartz incandescent lamp, (3) spherical mirror, (4) dif-
fraction grating, (5) optical waveguide, (6) superconducting
solenoid, and (7) sample under study.
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i.e., the effect introduced by constant illumination in
the case of continuous recording of the spectral curves
is insignificant. For comparison, the photoconductivity
spectrum of a similar AlSb/InAs/AlSb sample (with an
InAs QW width equal to 12 nm) taken from [11] is also
shown in Fig. 2. In agreement with the results obtained
in [11], we observed PPPC in the long-wavelength part
of the spectrum, beginning from the lowest photon
energy involved in our measurements ("ω = 0.62 eV).
At "ω > 1.1 eV, the sample resistance increases and
PPPC is changed to NPPC; simultaneously, the slope of
the spectral dependences increases. In all three sam-
ples, several characteristic local maxima of NPPC are
observed at "ω > 2.1 eV and a sharp drop of the resis-
tance takes place at "ω > 3.1 eV. For sample B824, the
measurement range was extended to 6 eV; beginning
with 5 eV, a weak gradual increase in NPPC was

Parameters of the samples under study at T = 4.2 K

Sample Buffer Top barrier ns, 
1012 cm–2

µ, 
105 cm2 V–1 s–1

A856 AlSb Al0.8Ga0.2Sb 0.65 3.9

A839 AlSb AlSb 0.68 2.5

B824 GaSb AlSb 0.95 4.4

B1445 AlSb AlSb 2.4 1.0

B1444 AlSb AlSb 3.2 0.63
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Fig. 2. Photoconductivity spectra of nominally undoped
InAs/AlSb heterostructures (curves 1–3). Solid lines corre-
spond to the data recorded under constant illumination with
radiation the wavelength of which is continuously scanned
from higher to lower photon energies; dots correspond to
the values of the resistance recorded after switching illumi-
nation off at each point, consecutive data points being taken
from lower to higher photon energies. Horizontal dotted
lines indicate the values of the dark resistance for each sam-
ple (measured after cooling but before the illumination was
switched on for the first time). Curves 1, 2, and 3 corre-
spond to samples A839, B824, and A856, respectively.
Curve 4 represents the photoconductivity spectrum of sam-
ple B from [11] (in arbitrary units).
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observed. The measurements reported in [11] were car-
ried out in the range of photon energies up to 3 eV, and
resistance drop in the ultraviolet region was not
observed.

It should be noted that the composition of the thick
metamorphic barrier, either GaSb (sample B824) or
AlSb (sample A839), has virtually no effect on the pho-
toconductivity spectra. At the same time, the use of
Al0.8Ga0.2Sb (A856) alloy as the top barrier results in a
shift of the high-slope region in the resistance spectral
curve to lower photon energies; meanwhile, the posi-
tions of most of the spectral features (in particular, the
local resistance peak at "ω ≈ 2.2 eV and the sharp drop
at "ω > 3.1 eV) remain unchanged.

The energy-band diagram of the active region of a
nominally undoped heterostructure with 2D electron
gas in the InAs QW is shown in Fig. 3. Following [11],
we relate the PPPC observed in the long-wavelength
region to the photoinization of deep-level donors and
accumulation of electrons in the QW. The nature of the
deep donor states needs further investigation. PPPC
takes place at energies ("ω ≥ 0.62 eV) lower than the
distance from the Fermi level (which is located about
100 meV above the bottom of the InAs conduction
band) to the edge of the conduction band in AlSb. The
corresponding transitions can occur between neutral
donors (i.e., donors with levels below the Fermi level)
in the bulk of the AlSb barrier layers and higher elec-
tron quantum-confinement subbands in the InAs QW
(note that the wave functions of these subbands pene-
trate much more deeply into the barrier than the wave
function of the ground subband). The electrons excited
into the QW relax rapidly to the states of the ground
subband, and their transitions back to the ionized donor

0.45

0.81

0.35

2.39
1.35

1.61

Ec

EF

Ev0.1

0.3

5 nm GaSb 30 nm AlSb 15 nm InAs 12 nm AlSb

Fig. 3. Energy-band diagram for nominally undoped
InAs/AlSb samples. The 2D electron gas appears in the
InAs quantum well due to ionization of donors at the sur-
face of the GaSb cap layer and deep-level donors in AlSb
barriers, which leads to the formation of the built-in electric
field. The dashed line shows the profile for the edge of the
Γ valley in the conduction band of AlSb. Arrows indicate
energies in eV.
centers are inhibited due to high confinement of the
ground-subband wave function.

Again following [11], we believe that the NPPC
observed upon increasing the photon energy originates
from band-to-band excitation of electron–hole pairs
with subsequent separation of the charge carriers by the
built-in electric field and capture of holes into the QW,
where they recombine with the 2D electrons. As the
photon energy is increased, the electron–hole pairs are
first generated in the GaSb cap layer. The threshold
photon energy for the NPPC should exceed the sum of
the indirect band gap of GaSb (εL ≈ 0.82 eV [15]) and
the valence-band offset at the interface between the cap
layer and the top barrier (0.35 eV for AlSb, see Fig. 3).
Another channel of the hole injection into the barrier
opens when the energy of the light holes generated by
direct band-to-band optical transitions in GaSb exceeds
the valence-band offset at the GaSb/AlSb interface.
Since the effective masses of the electrons in the Γ val-
ley and the light holes are close to each other, the cor-
responding photon energy is equal to the sum of the
direct band gap εΓ ≈ 0.81 eV and the doubled value of
the valence-band offset, which yields ~1.5 eV. With fur-
ther increase in the photon energy, excitation of elec-
tron–hole pairs through the indirect band gap of AlSb
sets in for "ω > εX = 1.61 eV (see Fig. 3). Finally, at
"ω = 2.39 eV, direct optical transitions of electrons
from the valence band to the Γ valley of the AlSb con-
duction band are expected to set in. If the top barrier is
made of Al0.8Ga0.2Sb, which has a narrower band gap,
all threshold energies in the NPPC spectra should
decrease, and exactly this is the case for sample A856
(see Fig. 2).

In the photon energy range from 1.4 to 2.1 eV, oscil-
lations in the spectral dependences of the resistance
were observed for all three samples investigated (see
Fig. 4). In samples A839 and B824, both of which have
barriers composed of AlSb, these oscillations have the
same period and phase. For these structures, the period
equals about 50 meV in the long-wavelength region and
40 meV in the short-wavelength region. For sample
A856, which has an Al0.8Ga0.2Sb top barrier with a nar-
rower gap, the oscillation period varies from 48 to
35 meV. Similar oscillatory behavior was observed for
one of the samples in [11]; however, in that case, the
oscillation period varied from 80 meV in the long-
wavelength region to 50 meV in the short-wavelength
region. It was suggested in [11] that the oscillations are
related to the emission of longitudinal "ωLO optical
phonons by light holes generated via direct optical tran-
sitions in the GaSb layer and injected into the AlSb. In
such a case, the period of oscillations should be equal
to approximately twice the optical-phonon energy in
AlSb (since the effective masses of electrons and light
holes are approximately the same); thus, we obtain
about 80 meV, which corresponds to the value of the
oscillation period for the long-wavelength region
obtained experimentally in [11]. Then, it is reasonable
to relate the reduction of the oscillation period to
SEMICONDUCTORS      Vol. 39      No. 1      2005
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50 meV in the short-wavelength region to the increase
in the electron effective mass due to the nonparabolicity
of the dispersion relation. In this study, however, signif-
icantly smaller oscillation periods are observed, which
indicates that the nature of the oscillations is different.
It is possible that they are related to the band-to-band
excitation of electrons into higher subbands in the InAs
QW with subsequent electron capture by ionized deep-
level donor centers in the barrier layers.

It should be noted that, for all the structures under
study, the threshold of the sharp increase in NPPC
appears at photon energies considerably lower than the
value of the Γ-point band gap in the barrier layers (in
AlSb, εΓ = 2.39 eV [15]; in Al0.8Ga0.2Sb grown on an
AlSb buffer, according to our estimates, taking into
account the elastic strain, εΓ = 2.06 eV) (see Fig. 2).
Thus, it may be assumed that this threshold is related to
the excitation of electrons from the valence band to
some comparatively shallow donor states below the
Γ valley of AlSb, from which they rapidly relax into the
lower X valley and then drift in the electric field away
from the QW to become captured by deep-level donor
centers; meanwhile, holes drift toward the QW and
recombine with 2D electrons. The distinctive peak of
NPPC at "ω = 2.2 eV is most probably related to the
presence of some specific donor centers in the struc-
tures under study; these centers appear to have been
absent in the samples studied in [11]. This peak was
observed in the structures with the top barrier com-
posed of either AlSb (samples A839 and B824) or
Al0.8Ga0.2Sb (sample A856); in the latter case, appar-
ently, the peak is related to similar optical transitions in
the bottom AlSb barrier.

A sharp drop in NPPC at "ω > 3.1 eV is indicative
of the appearance of a new mechanism for electron gen-
eration. It is important to stress that, despite the photon
energies being high, this effect cannot be attributed to
the appearance of a new channel for band-to-band elec-
tron–hole transitions, since we relate the NPPC effect
itself to band-to-band transitions—or, more precisely,
to the generation of holes and their subsequent recom-
bination with the 2D electrons. We assume that the
observed drop in the NPPC originates from the appear-
ance of a new channel for photoionization of neutral
(i.e., lying below the Fermi level) deep-level donor cen-
ters, which is related to the excitation of electrons to the
next energy band above the conduction band. Electrore-
flectance data [16] indicate that the energy gap between
the conduction band and the next above-lying band at
the Γ point in AlSb equals ∆Γ7–Γ6 = 1.5 eV. Theoretical
calculations [17] predict that the energy minimum in
that band occurs in the side valley located along the
[100] direction and that the bottom of this valley is
0.5 eV lower than the energy at the Γ point. Taking into
account that, in the structures under consideration, the
Fermi level is shifted by approximately 0.3 eV from the
top of the AlSb valence band, the threshold energy for
the transitions from the donor states located below the
Fermi level can be estimated to be 3.1 eV, which agrees
SEMICONDUCTORS      Vol. 39      No. 1      2005
well with the photon energy corresponding to the
occurrence of the sharp drop in NPPC. It should be
noted that, for sample A856 with an Al0.8Ga0.2Sb top
barrier, the increase in NPPC ceases at "ω = 2.75 eV;
this behavior may be related to the onset of photoion-
ization of neutral deep-level donors in the top barrier
via electron transitions into the next energy band above
the conduction band. In a structure with asymmetric
barriers, this process of electron generation competes,
within a certain range of photon energies, with the con-
tinuing generation of electron–hole pairs in the lower
barrier, which results in a gradual reduction of NPPC at
"ω = 2.75–3.15 eV (see Fig. 2, curve 3). At "ω =
3.15 eV, the above-described process of ionization of
neutral deep-level donors in the bottom AlSb barrier
becomes effective, which results in bending of the spec-
tral curve and a sharp drop in NPPC.

In conclusion, let us briefly discuss the photocon-
ductivity spectra of samples B1444 and B1445 doped
selectively with Te (Fig. 5). Here, unlike the spectra of
nominally undoped structures, a well-defined peak of
positive photoconductivity can be observed in the
vicinity of 1 eV. For structure B1445 with a lower dop-
ing level, a band of negative photoconductivity in the
high-photon-energy region is still present. For this sam-
ple, there is a clear difference between the results
obtained in the point-by-point and the continuous-scan-
ning modes (see dots and solid line in Fig. 5, curve 1),
and we observed that, after the illumination was turned
off, a fairly rapid relaxation (on the scale of tens of sec-
onds) of negative photoconductivity to a lower station-
ary value took place. In the spectrum of sample B1444
with a higher doping level, a characteristic increase in
the resistance in the short-wavelength region of the
spectrum is also observed; however, this increase is
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Fig. 4. The photoconductivity spectra of nominally
undoped InAs/AlSb heterostructures on an expanded scale
(cf. Fig. 2). Curves 1, 2, and 3 correspond to samples A839,
B824, and A856, respectively. Curve 4 represents the pho-
toconductivity spectrum of sample B from [11].
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insufficient to overcome the general trend (which holds
for all wavelengths) toward the reduction in the resis-
tance upon the sample illumination.

Comparing the spectra shown in Figs. 2 and 5, one
can see that all the features characteristic of the photo-
conductivity in nominally undoped samples also mani-
fest themselves in structures with selective doping.
However, in the latter case, the relative contribution of
the photoionization of deep-level centers, leading to
PPPC, is considerably greater. Apparently, apart from
the formation of shallow donor levels [18], doping AlSb
with Te impurity may result in the appearance of deep
donor levels that lie below the Fermi level. It is possible
that it is ionization of these donors that is responsible
for the PPPC peak at "ω = 1 eV (see Fig. 5). If the con-
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Fig. 5. Photoconductivity spectra of selectively doped
InAs/AlSb heterostructures. Solid lines correspond to the
data recorded under constant illumination with the radiation
whose wavelength is continuously scanned from higher to
lower photon energies; dots correspond to the values of the
resistance that remain after switching illumination off at
each point, consecutive data points being taken from lower
to higher photon energies. Horizontal dotted lines indicate
the values of the dark resistance for each sample (measured
after cooling but before the illumination was switched on
for the first time). Curves 1 and 2 correspond to samples
B1445 and B1444, respectively.
centration of Te is high (sample B1444), photoioniza-
tion of deep-level centers is dominant for all photon
energies and NPPC is not observed.
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Abstract—The influence of a magnetic field on the low-temperature photoluminescence (PL) kinetics of
InAs/AlAs quantum dots is studied. It is found that the PL decay becomes faster upon application of the mag-
netic field. The results obtained are explained in the context of a model that considers the fine structure of exci-
ton levels and their Zeeman splitting in the magnetic field. © 2005 Pleiades Publishing, Inc.
1. INTRODUCTION

It is well known that the radiative-recombination
lifetime for excitons in self-organized InAs quantum
dots (QDs) that are embedded in a GaAs matrix is several
nanoseconds [1]. However, it has recently been shown
that the recombination dynamics of excitons in a system
of InAs QDs formed in an AlAs matrix is quite different,
and also that transient photoluminescence (PL) of direct-
gap InAs/AlAs QDs exhibits long (millisecond-scale)
nonexponential decay [2, 3]. We assumed that this
unexpectedly long PL decay is caused by the exchange
splitting of excitonic states in small-size QDs [2].

To check this assumption, we examined, in this
study, the influence of a magnetic field on the duration
of the PL decay in InAs/AlAs QDs. We established that
the modification of the energy structure of QD exciton
levels by the magnetic field results in a faster decay of
the excitonic PL. The results obtained can be under-
stood in the context of a model that takes into account
the exchange and Zeeman splitting of the exciton levels
in a QD held in a magnetic field [2].

2. EXPERIMENTAL

Heterostructures with self-organized InAs QDs
embedded in an AlAs matrix were grown on semi-insu-
lating GaAs (100) substrates by molecular-beam epit-
axy in a Riber 32P system. The samples contained five
layers of InAs QDs separated by 8-nm-thick AlAs lay-
ers. The amount of InAs deposited during the growth of
each QD layer was equivalent to 2.7 monolayers of the
material. The layers with QDs were grown at 500°C.
The growth process was described in detail in [2].

The PL was excited by rectangular pulses from a
semiconductor laser with "ω = 1.82 eV. The peak
1063-7826/05/3901- $26.00 0027
power density on the sample surface was 5 W/cm2. The
recombination radiation was analyzed using a grating
monochromator and detected by a cooled photomulti-
plier operated in the time-correlated single-photon
counting mode. Measurements of the PL kinetics were
carried out at liquid-helium temperature. The sample
was placed in an Oxford optical cryostat with a super-
conducting solenoid making it possible to apply a mag-
netic field up to 6 T.

3. RECOMBINATION MODEL

An exciton represents a system of two paired spins
(±1/2 for the electron and ±3/2 for the heavy hole), and
its ground state is eightfold degenerate. In QDs formed
of materials with zinc-blende crystal lattice symmetry,
this degeneracy is lifted due to the exchange interaction
and deviation of the dot shape from an ideal sphere [3].
In a spherical QD, exchange interaction leads to a split-
ting of the ground exciton level into two levels with dif-
ferent values of the total angular momentum: the lower
(fivefold degenerate) optically inactive level with J = 2
is characterized by a long lifetime τT, and the higher
(threefold degenerate) optically active level with J = 1
is characterized by a short radiative lifetime τC. Devia-
tion of the QD shape from a sphere leads to a further lift
of the degeneracy already partially lifted by the
exchange interaction. In an asymmetric dot, the eight-
fold degenerate ground level of the exciton splits into
five levels characterized by different values of the angu-
lar momentum component m [3]: one level with m = ±2

(ε2), two levels with m = ±1 (  and ), and two levels

with m = 0 (  and ). The order in which levels with
different values of m are arranged on the energy scale

ε1
L ε1
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ε0
L ε0
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depends on the shape of the QD; however, the lowest
state is always optically inactive. The data from trans-
mission electron microscopy [4] indicate that the shape
of the QDs under study can be well approximated by an
oblate spheroid. For a dot of this shape, the lowest

energy level is the singlet  with m = 0, and the nearest

optically active level is the doubly degenerate  with
m = ±1 [3].
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Fig. 1. The photoluminescence spectrum of a structure with
InAs quantum dots embedded in an AlAs matrix. The spec-
trum was recorded at T = 5 K.
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Fig. 2. Kinetics of the photoluminescence of InAs/AlAs
quantum dots at T = 4.2 K in a magnetic field B = (1) 0 and
(2) 5 T.
In bulk semiconductor materials and QDs of large
size, the energy spacing ∆ between the optically inac-
tive and optically active states is smaller than kT even at
liquid-helium temperature [5]; thus, the kinetics of the
excitonic PL is characterized by τC. However, for exci-
tons strongly confined in small-size QDs embedded in
a wide-gap matrix (the case of InAs QDs in an AlAs
matrix), the magnitude of splitting ∆ becomes larger
than the thermal energy kT at liquid-helium tempera-
ture. Thus, in small QDs, in the absence of competing
channels for the charge-carrier recombination, the exci-
ton radiative-recombination lifetime is determined
mainly by the value of τT.

When a magnetic field is applied to a QD, Zeeman
splitting of the exciton states degenerate with respect to
the angular-momentum component m takes place. The
expected behavior of the exciton energy levels in the
QDs under study is shown in the inset in Fig. 2. The
energy of the lowest level is independent of the field,
because the angular-momentum component of this
state equals zero. The optically active state splits in the
magnetic field, which should result in a reduction of the
energy gap ∆; thus, the kinetics of the PL decay should
become faster due to an increase in the population of
the optically active excited state.

4. EXPERIMENTAL RESULTS 
AND CONCLUSIONS

The spectrum of the low-temperature PL of a struc-
ture with InAs QDs in an AlAs matrix is shown in Fig. 1.
The spectral lines at 1.515 and 1.490 eV originate,
respectively, from excitonic recombination and band-
to-acceptor transitions in the GaAs substrate, and the
line at 1.65 eV is related to the radiative recombination
of excitons in the QDs. Kinetic curves for the integrated
PL from InAs QDs in an AlAs matrix, recorded at 4.2 K
in magnetic fields of B = 0 and 5 T, are shown in Fig. 2
(curves 1 and 2, respectively). We can see that, in agree-
ment with our previous data reported in [2], the decay
kinetics in a zero magnetic field is nonexponential and,
thus, cannot be described by a characteristic lifetime.
The duration of the PL decay is several milliseconds.
When a magnetic field is applied, the decay kinetics
becomes faster, as was expected in the context of the
suggested model of exciton recombination in the QDs
under study.

Thus, the effect of a magnetic field on the kinetics of
photoluminescence (PL) of InAs QDs embedded in an
AlAs matrix is studied. It is found that the PL decay
becomes faster in the field of 5 T. The results obtained
are explained in the context of a model that takes into
account the exchange and Zeeman splitting of the exci-
ton levels in a QD held in a magnetic field.
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Abstract—GaInNAs quantum wells were grown by metal–organic vapor-phase epitaxy. In order to improve
the optical properties, the GaNAs barriers were incorporated on both sides of the quantum well; these barriers
compensated the elastic stresses. Characteristics of the optical transitions were assessed from the measurements
of photoluminescence and photocurrent. In order to fabricate light-emitting diodes, nonalloyed ohmic contacts
based on heavily δ-doped layers were used. Electroluminescence was observed at a wavelength of ~1.2 µm at
temperatures of 77 and 300 K; the electroluminescence intensity depended linearly on the injection current if
the latter exceeded a certain threshold value. © 2005 Pleiades Publishing, Inc.
1. INTRODUCTION

Long-wavelength (1.3–1.5 µm) lasers based on
GaInNAs and fabricated on GaAs substrates are of
interest in the context of using these lasers in optoelec-
tronic communication lines [1, 2]. The GaInNAs semi-
conductor compound is studied widely as a possible
material for the active layer of vertical-cavity surface-
emitting lasers (VCSELs) due to the fact that the
VCSEL technology based on GaAs is well developed.
This technology includes the formation of distributed
Bragg reflectors based on the Al(Ga)As/GaAs grating
and selective etching of AlAs in order to spatially con-
fine the region where the current flows. At the same
time, the emission-efficiency deterioration caused by
introduction of nitrogen is believed to be the most seri-
ous problem of GaInNAs layers. Therefore, many
researchers made all-out efforts to improve the optical
quality of this material.

One of the methods for improving the aforemen-
tioned quality is the incorporation of tensile-stressed
GaNAs barriers on both sides of the GaInNAs quantum
well (QW) [3, 4], which ensures a partial compensation
of stresses in the QW and makes it possible to form a
wider QW that should give rise to a shift of the emis-
sion to longer wavelengths. It is assumed that the
GaNAs barriers act as sources of nitrogen and suppress
the shift to shorter wavelengths due to nitrogen diffu-
sion from the QW at elevated temperatures.

2. EXPERIMENTAL

The structures were grown on either semi-insulating
or heavily doped n- and p-type GaAs substrates using
metal–organic vapor-phase epitaxy (MOVPE) at a low
(75 Torr) pressure. Trimethylgallium (TMG) and trim-
1063-7826/05/3901- $26.00 0030
ethylindium (TMI) were used as sources of the
Group-III elements, while 1,1 dimethylhydrazine (DMHy)
and arsine (AsH3) were used as sources of the Group-V
elements. The growth temperature was 650°C for GaAs
and 500–600°C for Ga(In)–N–As. The schematic rep-
resentation of the grown structures is shown in Fig. 1a.
A GaInNAs QW with a width of 8.5 nm was incorpo-
rated into a 0.5-µm-thick undoped GaAs layer; this QW
was surrounded on both sides with 6-nm-thick GaNAs
layers. Three layers heavily δ-doped with Si and spaced
at 3 nm were grown in the vicinity of the surface; these
layers were used as nonalloyed ohmic contacts for elec-
tron injection. After heterostructure growth was com-
pleted, a 20-nm-thick epitaxial aluminum layer was
deposited in situ using a organometallic aluminum-
containing compound as the source; this layer acted as
a metal contact and also protected the gallium arsenide
surface from oxidation. In order to ensure a reliable
mechanical and electrical contact, we deposited an
additional aluminum layer using thermal evaporation of
an aluminum charge. The width and composition of
QWs were determined from the data of the X-ray dif-
fraction and secondary-ion mass spectrometry (SIMS).
The spectra of the X-ray diffraction were measured
using a DRON-4 diffractometer with a Ga(400) mono-
chromator and CuKα1 radiation in the vicinity of the
(400)GaAs and (440)GaAs reflections. Optical proper-
ties of the samples were studied using the analysis of
the photoluminescence (PL) and photocurrent spectra.
Electroluminescence (EL) was studied for the samples
that were obtained by cleaving and had an area of
~1 mm2. The pumping was attained using a controlled
pulsed current generator with the pulse duration of
10 µs and the repetition frequency of 1 kHz. The radia-
tion emerging from the cleaved side surface was
detected at temperatures of 80 and 300 K.
© 2005 Pleiades Publishing, Inc.
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The assumed energy-band diagram of the light-
emitting structure is shown in Fig. 1b for the zero- and
forward-bias voltages.

3. RESULTS AND DISCUSSION

The content of nitrogen and indium in quaternary
compounds was studied previously [5] in relation to the
growth parameters in the course of MOVPE; in this
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Fig. 1. (a) Schematic representation of the structure con-
taining a GaInNAs quantum well. (b) The energy-band dia-
gram of the structure at the zero bias (the thick solid line)
and the forward-bias voltage (the thin solid line).

layer
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study, we used the results obtained in [5]. The content
of nitrogen in the GaNAs barriers was estimated at 2%;
the composition of the QW corresponded approxi-
mately to Ga0.88In0.12N0.01As0.99. In the X-ray diffraction
spectra, the peak related to the quaternary-compound
layer was located at smaller Bragg angles than that
related to GaAs (the lattice constant of GaInNAs is
larger than that of GaAs); i.e., the tension as a result of
substitution In–Ga is larger than compression as a
result of substitution N–As. Therefore, the introduction
of barrier layers composed of the GaAsN ternary com-
pound with a reduced lattice constant leads indeed to
partial compensation of total elastic strain in the layers
and increases the critical thickness for the generation of
misfit dislocations.

The shape of current–voltage (I–V) characteristics
of the diodes that were 200 µm in diameter and were
formed on the p+-type substrate was typical of a p+–n
junction (Fig. 2); the nonideality factor was ~2.2 and
the series resistance was 10–15 Ω. The capacitance–
voltage characteristic measured under a reverse bias
voltage indicates that the undoped region is completely
depleted. The I–V characteristics of the diodes formed
on the n+-type substrate are shown on the log–log scale in
the inset to Fig. 2. The observed initial ohmic portion cor-
responds to the charge-carrier transport in the n+–n––n+

structure at low voltages. As the voltage increases, the
dependence of current on voltage follows the law I ∝  V3

that is characteristic of currents limited by the space
charge.

The PL spectrum measured at 80 K includes a band
that peaked at a wavelength of 1120 nm and that is
related to the basic transition in the QW (Fig. 3). In
Fig. 4, we show the spectra of electroluminescence
detected from side surface of the cleaved sample at the
injection current of 150 mA; a band that peaked at

Fig. 2. The current–voltage characteristic of the diode with
the GaInNAs quantum well grown on the p+-type substrate
for studying the electroluminescence. The current–voltage
characteristic of the same structure grown on the n+-type
substrate is shown in the inset.
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1180 nm is observed in these spectra. The difference
between the positions of the peaks in the PL and EL
spectra is related to a planar nonuniformity of the sam-
ples that is caused by special features of the vapor-phase
epitaxy in a horizontal reactor without rotation of the
substrates. The EL intensity at 77 K is nearly two orders
of magnitude higher than that at room temperature. The
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Fig. 3. The photoluminescence spectrum of the structure
that contains the GaInNAs quantum well; the spectrum was
measured at a temperature of 80 K.
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Fig. 4. Electroluminescence spectra of a diode with a GaIn-
NAs quantum well; the spectra were measured at tempera-
tures of 77 and 300 K. The dependence of the electrolumi-
nescence intensity on the injection-current density is shown
in the inset.
output power of electroluminescence depends almost
linearly on the injection current (see the inset to Fig. 4).

In order to obtain luminescence at longer wave-
lengths, one has to increase the content of indium
and/or nitrogen in the quantum well for reducing the
band gap. This inference implies the development and
improvement of the growth technology for quaternary
semiconductor compounds and a deeper insight into the
processes that occur in the vapor phase and give rise to
a profound complex effect on the incorporation of
indium and nitrogen into the growing epitaxial film.

4. CONCLUSIONS
The metal–organic vapor-phase epitaxy at tempera-

tures of 500–550°C was used to grow the quantum
wells (QWs) of the quaternary GaInNAs compound on
the GaAs substrates. In order to improve the optical
properties of the structure, the GaNAs barriers that
compensated stresses were incorporated on both sides
of the QW. We studied the photoelectric properties of
fabricated structures. We used a nonalloyed ohmic con-
tact based on heavily δ-doped layers in the structure of
the light-emitting diode. Electroluminescence was
observed at a wavelength of ~1.2 µm at temperatures of
77 and 300 K; the electroluminescence intensity
depended linearly on the injection-current density.
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Abstract—Electronic traps in “low-temperature” GaAs (LT-GaAs) grown at 150°C were studied. The As–Sb
clusters appearing in this material after annealing were located in a plane that contained a single Sb monolayer
formed during growth. The diameter of the clusters was as large as 20 nm. For the purpose of measurement,
Au–n-GaAs Schottky barriers were used, in which, for certain bias voltages, the space charge region enclosed
the narrow LT-GaAs layer containing the plane of clusters. The bias-voltage dependence of the structure capac-
itance indicates that the majority of the electrons in this layer are captured by traps, whose energy level lies
~0.5 eV below the bottom of the conduction band. The energy density of states at this energy is 1014 cm–2 eV–1,
which sharply decreases towards the midgap. The existence of traps with activation energies of ~0.5 eV for the
thermal emission of electrons is confirmed by deep-level transient spectroscopy. The magnitude of the electron-
capture cross section determined by this method is in the range 5 × 10–14–1 × 10–12 cm2. It is assumed that traps
of this type are related to large As–Sb clusters. © 2005 Pleiades Publishing, Inc.
1. INTRODUCTION

It is well known [1–3] that gallium arsenide grown by
molecular beam epitaxy at low temperatures (LT-GaAs)
and subjected to annealing at temperatures exceeding
500°C contains nanosized arsenic clusters. The size and
concentration of these clusters depend on the growth
and annealing conditions. Some studies [3–5] indicate
that these clusters affect resistivity and free-carrier life-
time. The values of these parameters are particularly
important for the application of LT-GaAs in microelec-
tronic and optoelectronic devices; however, the relation
of As clusters to the parameters of electronic traps
observed in LT-GaAs has barely been investigated.
In [6], it was found that As clusters 6–8 nm in diameter
introduce a new trap with an activation energy for elec-
tron thermal emission of about 0.5 eV, but this trap was
not observed in LT-GaAs containing clusters with sizes
smaller than 3 nm. Our aim was to further study the
traps in LT-GaAs with relatively large As–Sb clusters.
It is worth noting that the formation conditions and the
size of the clusters in our samples differed from those
reported in [6].

2. EXPERIMENTAL

The samples under study were grown on n+-GaAs
substrates using molecular-beam epitaxy in a two-cham-
ber Katun setup. The samples contained a LT-GaAs layer
grown at 150°C, which was located between two
n-GaAs layers grown at 580°C that had a thickness of
1063-7826/05/3901- $26.00 0033
about 0.4 µm and electron concentration of ~2.5 ×
1016 cm–3. The thickness of the LT-GaAs layer was
40 nm. In order to narrow the region containing the
clusters, a Sb monolayer was introduced into the mid-
plane of the LT-GaAs layer during epitaxial growth. In
the plane of the Sb monolayer, As–Sb clusters were
formed by the annealing that accompanied the growth
of the top n-GaAs layer [7]. Transmission electron
microscopy (TEM) studies showed that our structure
contained clusters about 4–7 nm in diameter as well as
particularly large clusters with sizes up to 22 nm
(Fig. 1). The total concentration of these clusters was
(3–4) × 1010 cm–2. As we were using the TEM tech-
nique, we were unable detect clusters with sizes smaller
than 3 nm. For the chosen growth conditions and thick-
ness of the LT-GaAs layer, the calculated concentration

100 nm

Fig. 1. A bright-field TEM image (g = 220) of a cross sec-
tion of the structure in the region of the GaAs layer grown
at a low temperature.
© 2005 Pleiades Publishing, Inc.
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and characteristic cluster size were 3 × 1010 cm–2 and
12 nm, respectively [7].

To study traps using a capacitance technique, Schot-
tky barriers were formed by depositing Au on the sam-
ple surface through an aperture in the mask. The contact
area S was ~1.1 × 10–3 cm2. An AuGe alloy fired at a
temperature of 400°C was used as an ohmic contact to
the n+ substrate.

For deep-level transient spectroscopy (DLTS), we
used the setup described in [6]. In the DLTS experi-
ments, the small width of the layer containing clusters
allowed us to avoid any difficulties related to the pres-
ence of a large number of recharged traps [6] and,
moreover, to study the distribution of trap energies by
analyzing the dependence of the high-frequency barrier
capacitance C on the bias voltage V. This dependence
was measured at a frequency of 1 MHz using a Boonton
72B capacitance bridge. The constant bias voltage was

dNT/dE, eV–1 cm–2

E, eV
0.4 0.5 0.6 0.70.3

1014

1013

1012

V, V
–10 –5 0

70

–15–20

60

50

40

30

20

C, pF

–20 –15 –10 –5 0
V, V

C, pF
24

21

18

15

(a)

(b)

Fig. 2. (a) Capacitance–voltage (C–V) curves for the struc-
ture at T = 270 K. In the inset, a portion of the C–V charac-
teristic, where the capacitance is quasi-constant, is shown
on an enlarged scale. (b) The energy density of deep states
dNT/dE obtained from the C–V characteristic using expres-
sions (1) and (2).
changed in steps of 15 mV, and the time during which
the sample was maintained at each bias was 2.5 s.

3. RESULTS AND DISCUSSION

The high-frequency capacitance C as a function of
the reverse bias V is shown in Fig. 2a. In equilibrium at
zero bias, the layer of nanoclusters is negatively
charged due to electron capture and is surrounded on
both sides by regions of space charge formed by ion-
ized shallow donors [8]. The space charge layer at the
rectifying Au–n-GaAs contact expands with reverse
bias and, at V ≈ –1 V, as this layer touches one of these
regions, the capacitance sharply decreases (Fig. 2a) [8].
Therefore, using the magnitude of the capacitance
“jump” in this region, one can estimate the total thick-
ness (2L) of the cluster layer and the two adjacent
space-charge regions as approximately 0.3 µm. The
capacitance corresponding to the beginning of the jump
determines the width of the space charge layer w* in the
Au–n-GaAs barrier at which this layer touches the
space-charge region in the vicinity of the clusters.
Then, the distance x1 from the central plane of the clus-
ter layer to the sample surface is given by the sum x1 =
w* + L and is equal to ~0.4 µm in our samples.

In the region of C(V) dependence that follows the
sharp drop mentioned above, the capacitance weakly
decreases as the reverse bias increases (Fig. 2a). In this
region, an increase in the negative charge in the metal
electrode of the Schottky barrier is compensated for by
an increase in the total positive charge of the semicon-
ductor, due to a decreasing number of electrons trapped
in the layer of clusters located in the space charge layer.
An insignificant decrease in the capacitance in this
region of the C(V) curve (see the inset in Fig. 2a), in
addition to the large width of this region, indicate that
the majority of electrons are accumulated at the levels
with closely spaced energies in a thin layer. Since, in
our samples, these levels lie in the upper half of the
GaAs band gap, we may assume that, at a reverse bias,
the position of the quasi-Fermi level that determines the
stationary level occupancy coincides with the position
of the Fermi level in the neutral n-GaAs region that is
located beyond the space charge layer. Such a circum-
stance is preserved until the quasi-Fermi level
approaches the midgap in the layer of nanoclusters.
Therefore, a small decrease in the capacitance accom-
panied by an increasing reverse bias on the plateau of
the C(V) dependence and beyond this region is caused
by the increase in the width of the space charge layer
that produces a lowering of the quasi-Fermi level in the
layer of clusters sufficient for the compensation of the
charge in the metal electrode.

By solving the Poisson equation for the structure
considered in the approximation of a stepped function
of deep level occupation and a vanishingly thin layer of
clusters, we can determine the energy density of deep
states dNT/dE in the plane of clusters from the
SEMICONDUCTORS      Vol. 39      No. 1      2005
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C−V characteristic. In the CGSE system of units,
we have

(1)

where Nd is the concentration of uncompensated shal-
low donors in n-GaAs, q is the elementary charge, and
ε is the permittivity. The energy E is measured from the
bottom of the conduction band and increases in the
GaAs band gap.

Expression (1) yields dNT/dE at an energy corre-
sponding to the quasi-Fermi level at the voltage V.
To obtain the energy dependence of dNT/dE, it is neces-
sary to use the relation

(2)

where EF is the distance from the Fermi level to the bot-
tom of the conduction band in neutral n-GaAs.

By numerically solving the neutrality equation for
n-GaAs making an allowance for a low degree of com-
pensation, at T = 270 K and Nd = 2.5 × 1016 cm–3, we
obtain EF = 0.060–0.065 eV below the bottom of the
GaAs conduction band. Figure 2b shows the energy
dependence of the energy density of deep states dNT/dE
in the LT-GaAs layer as calculated from the C–V char-
acteristic (Fig. 2a) using expressions (1) and (2). The
density of states dNT/dE has a pronounced maximum of
about 1014 eV–1 cm–2 at the energy E ≈ 0.46 eV and
drops by approximately two orders of magnitude when
approaching the GaAs midgap. A sharp decrease in the
density of states dNT/dE on the side of low energies
(Fig. 2b) may be due to the fact that, in the above
model, the contribution of the change in the charge of
the top GaAs layer to the differential capacitance is dis-
regarded; however, this contribution can be important
at low reverse-bias voltages. An estimation of the total
number of electrons in deep states in the layer of clus-
ters is calculated using the length of the plateau region
of the C–V characteristic and value of the capacitance
in this region and yields ~2 × 1012 cm–2, consistent with
the density of states dNT/dE plotted in Fig. 2b.

In the DLTS spectrum, for our samples, a single
electronic trap was found. To prevent the recharging of
numerous traps in the LT-GaAs layer [6] and to probe
the traps lying in a narrow energy range, we used a low-
amplitude filling pulse of Vp = 1 V. It appeared that in
the low-temperature region (210–230 K), where the
DLTS peak shifts to higher temperatures as the emis-
sion-rate window of the two-strobe integrator is
increased, an anomalously strong increase in the peak
amplitude was observed. This effect is related to the
existence of a potential barrier, which prevents the elec-
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trons from penetrating into the LT-GaAs layer during
the filling pulse. Therefore, at the low temperatures at
the end of the filling pulse, the degree of trap filling
appears to be below the steady-state value and increases
with the temperature. This circumstance affects both
the amplitude and the position of the peak in the DLTS
spectrum and distorts the Arrhenius plot (see Fig. 3).
Thus, in order to determine the trap parameters, we
used DLTS spectra measured at temperatures above
260 K, which corresponded to the window of emission
rates of the two-strobe integrator of 400–1600 s–1,
where the amplitude of the capacitance relaxation
stopped varying in relation to the increasing tempera-
ture, i.e., the trap occupancy in the LT-GaAs layer at the
end of the filling pulse always attained a steady-state
value. A change in the gate voltage V from –4 to –3.1 V
produced barrier lowering and a decrease in the bend-
ing of the Arrhenius plot (Fig. 3). The high-temperature
portion of the Arrhenius plot corresponds to activation
energies in the range 0.48–0.60 eV with capture cross
sections from 5 × 10–14 cm2 to 1 × 10–12 cm2. The acti-
vation energies agree satisfactorily with the data
obtained from the analysis of the C(V) dependence
(Fig. 2b).

As can be seen in Fig. 3, the electron emission rates
for the trap under study are rather close to the parame-
ters of the Q2 trap detected by Brunkov et al. [6] in the
samples that had a LT-GaAs layer where the average As
cluster size formed without introducing Sb atoms was
about 6–8 nm. This fact confirms the assumption [6]
that the appearance of an electronic trap with an activa-
tion energy of ~0.5 eV and a large capture cross sec-
tion is related to the formation of large clusters in the
LT-GaAs layers. A slight difference in relation to the
capture cross sections and activation energies between
the Q2 trap and the trap considered in this study could
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Fig. 3. The Arrhenius plots for electronic traps in a layer of
GaAs grown at a low temperature. (1) A Q2 trap [6]; (2, 3) the
results of this study (2) at a bias voltage of V = –4 V and
(3) at a bias voltage of V = –3.1 V.
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be caused by the difference in cluster size and compo-
sition and, in part, by an error in determining the trap
parameters.
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Abstract—It was shown that the selective etching and anodic oxidation of a thin Ga(In)As cap layer makes it
possible to decrease the ground-state transition energy in InAs/GaAs quantum dots from ~0.9 to ~0.7 eV due
to the resulting partial stress relaxation. Similar processing of surface quantum dots leads to a decrease in the
quantum-dot height that increases the transition energy. © 2005 Pleiades Publishing, Inc.
1. INTRODUCTION

The energy spectrum of self-assembled InAs quan-
tum dots (QDs) in the GaAs matrix that have thin cap
layers (thinner than ~30 nm) becomes sensitive to this
layer’s thickness and the chemical composition. This
sensitivity is mainly caused by the dependence of the
spectrum on the elastic-stress field existing in QDs. The
field is governed by the parameters of the layer [1–4].
This circumstance offers a fresh opportunity to control
the QD spectrum. The cap-layer parameters, as a rule,
are set during its growth at high temperatures. In this
case, as well as changes in QD elastic stresses, changes
in other factors affecting the QD energy spectrum can
occur, in particular, a change in the QD morphology,
which is associated with diffusion. Of theoretical and
practical interest is the opportunity to control the QD
spectrum at low temperatures after the growth of the
structure. Such control allows a more definite separa-
tion of the influence of individual factors, particularly
the elastic stresses, on the energy spectrum and elec-
tronic properties of QD heterostructures and can be
used to fine tune the spectrum. In this study, we use
photoelectric and photoluminescence spectroscopy,
and atomic-force microscopy (AFM) to analyze the
possibility of controlling the QD spectrum by an elec-
trochemical modification (selective chemical etching
and anodic oxidation) both of a cap layer and QDs
grown on the structure surface.

2. EXPERIMENTAL

InAs/GaAs QD heterostructures (QDHs) were grown
on a (100) surface of semi-insulating GaAs using metal–
organic chemical vapor deposition (MOCVD) at atmo-
spheric pressure. A buffer n-GaAs layer 0.6 µm thick
and with an electron concentration of ~5 × 1016 cm–3

was grown at a temperature of 650°C; the temperature
was then decreased to 520°C and an InAs QD layer
(five monolayers) was deposited. To improve the InAs
1063-7826/05/3901- $26.00 0037
QD layer’s homogeneity, it was doped with bismuth
during the deposition [5]. The structures with a QD
layer were coated with a homogeneous GaAs layer 3–
30 nm thick, a double cap layer consisting of an
In0.3Ga0.7As quantum well (QW) layer 2 nm thick and a
top GaAs layer, and a structure without a cap layer (i.e.,
structures with surface QDs (SQDs) were also grown).

The structures were etched in a selective etchant,
i.e., a (0.8 M K3[Fe(CN)6] + 0.3 M KOH) : H2O 1 : 5
solution mixed with glycerin at a ratio of 1 : 2. The
etchant exhibits a low etch rate of InAs (~0.1 nm/min)
and a relatively high etch rate of GaAs (~10 nm/min)
[6]. Anodic oxidation of the structures was carried out
in a mixture of 3% solution of tartaric acid with ethyl-
ene glycol (1 : 1) at a static voltage.

The spectra of the photovoltage at the interface
between the semiconductor and liquid electrolyte
(PVSE) were measured at 300 K using the method
described in [7]. To eliminate the effect of the light
absorption in the electrolyte (1M KCl solution) on the
spectra, the structures were illuminated through the
substrate, which caused a spectrum cutoff in the GaAs
fundamental-absorption region. The photolumines-
cence (PL) spectra were measured at 77 K during pho-
toexcitation by an He–Ne laser beam with an intensity
of up to 100 W/cm2.

3. RESULTS AND DISCUSSION

Figure 1 shows the PVSE spectra of structures with
a combined QW/QD layer, a single QD layer, or an
SQD layer (curves 1, 5, 8, respectively). We should note
that all the structures were grown under the same con-
ditions before the final operations of the QW layer and
GaAs cap layer deposition. The formation of the com-
bined QW/QD layer in the QDH that has a double
GaAs/InGaAs cap layer results in a red shift of the
energy E0(QD) of the ground-state transition in InAs
QDs. This is due to a partial elastic-stress relaxation
© 2005 Pleiades Publishing, Inc.
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caused by a decrease in the lattice mismatch at the
InGaAs/InAs interface [3, 4]. In the structures with a
double cap layer instead a homogeneous layer, the
energy E0(QD) was lowered from 0.92 (curve 5) to
0.87 eV (curve 1). In this case, the energy of the
ground-state transition in the In0.3Ga0.7As QW also
decreases from 1.37 (in the structure with a single QW)
to 1.23 eV in the WQ/QD layer (curve 1) due to the for-
mation of a hybrid quantum well, QW + WL (InAs wet-
ting layer), between QDs [4]. The absence of cap layer
results in the elastic-stress relaxation in SQDs decreas-
ing E0(QD) to ~0.68 eV (curve 8). According to the
AFM data, SQDs had an average height of ~6 nm, a lat-
eral size of ~40 nm, and a surface concentration of
~1010 cm–2.

3.1. Selective Etching of the Cap Layer and SQDs

Figure 1 shows the PVSE spectra evolution during
step etching of the QDH surface. Selective etching of
the GaAs cap layer is nonuniform and forms a hilly sur-
face where the roughness height exceeds the QD
height. However, when the etch front reaches the QD
layer, the etching surface is smoothed for a short period
and only clusters, i.e., QDs, emerge on the wetting InAs
layer and above the surface [6]. The stress relaxation in
the QD from the decrease in the effective thickness of
the GaAs cap layer results in the red shift of the spec-
trum, i.e., in a decrease in E0(QD). As the GaAs cap
layer is completely etched off, E0(QD) reaches its low-
est point. If the etching is continued, E0(QD) begins to
increase because of the etching of the QDs themselves.
For the structure with a combined QW/QD layer, the
lowest E0(QD) is close to the initial value for SQDs
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Fig. 1. The evolution of the PVSE spectra during selective
etching of the QDH with a combined QW/QD layer (1–4),
a single QD layer (5–7), and surface QDs (8–12). The etch-
ing time is (1, 5, 8) 0 s, (2, 6) 240 s, (3, 7) 360 s, (4) 480 s,
(9) 30 s, (10) 60 s, (11) 270 s, and (12) 540 s. The thickness
of the cap GaAs layer is 30 nm.
(curves 4, 8). However, such a low value is not usually
attained in a structure with a single QD layer (curve 7).
We believe that this behavior is mainly caused by the
etching of the tops of clusters (QDs in the latter case)
that are not coated by the QW layer. At this stage, AFM
reveals QDs, whose sizes and surface densities are
close to the corresponding parameters for SQDs [6]. It
is noteworthy that the largest nonuniformity in the
energy distribution of QDs takes place at the etching
stage immediately preceding the complete removal of
the GaAs cap layer (curve 3). Apparently, this observa-
tion is indicative of the inhomogeneity of the residual
coating of individual QDs. Let us consider the spectrum
evolution after attaining the lowest E0(QD) by using the
example of the etching of a SQD structure, which was
studied in more detail.

Electrochemical modification of InAs/GaAs SQDs
is of interest due to the feasibility of establishing a
direct relation between their electronic properties and
the morphology determined from the data of scanning
probe microscopy. SQDs differ from QDs incorporated
into the matrix in relation to fields of elastic stresses
and potential well shapes and, hence, by energy spectra
(Fig. 1, curve 8).

During step etching of SQDs, their lateral size var-
ied slightly, but their height decreased, which, as
expected, caused a blue shift of the PVSE spectra
(Fig. 1, curves 9–12). This shift was accompanied by a
decrease in photosensitivity in the SQD absorption
region. Since no significant decrease in the QD surface
density was observed at the initial stages of etching, the
photosensitivity decrease seems to be associated with
an increase in the recombination rate on the etched QD
surface. As SQDs and QDs incorporated in the matrix
are completely etched off, the photosensitivity of all the
structures in the region of hν < 1.4 eV is controlled by
surface states and takes on the form of curve 12 [7].

The arrows in curves 8–11 indicate the values of
E0(QD), determined from PL spectra at 77 K, taking
into account the temperature shift. They are consistent
with the photoelectric spectroscopy data. Histograms
of the height distribution of SQDs at various etching
stages were used to determine the average QD height h.
The dependence of the transition energy E0(QD) on h is
shown in Fig. 2 (curve 1). After SQD etching for 270 s,
it is difficult to distinguish between QDs and other sur-
face irregularities in AFM images of the etched surface
or to construct the histogram of the height distribution
of QDs. However, the PL peak from QDs is quite pro-
nounced in the PVSE and especially in PL spectra. The
lowest height of etched QDs is ~ 1.75 nm (curve 1) and
was determined by an extrapolation of the dependence
E0(QD, h) = 1.04 – 0.06h obtained at large values of h,
where the height h and E0(QD) are given in nanometers
and electronvolts.
SEMICONDUCTORS      Vol. 39      No. 1      2005
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3.2. Anodic Oxidation of the GaAs cap layer and SQDs

A similar red shift of E0(QD) is observed for the
anodic oxidation of a thin cap layer. Figure 3 shows the
effect of anodic oxidation on the PVSE and PL spectra
of QDHs with a double cap layer at a GaAs layer thick-
ness of 7 nm (curves 1–4). The available data [8] on the
dependence of the anodic oxide thickness on the anodic
oxidation voltage (these data agree with the estimates
under discussion) show that a fraction of the GaAs cap
layer with a thickness of ∆dc = 1.35Va (nm) is expended
to form an anodic oxide at the anodic oxidation voltage
Va (V). After anodic oxidation at a voltage of 2 V, the
cap-layer thickness decreased, according to the calcula-
tion, from 7 to ~4 nm. In this case, the red shift in the
PL and PVSE spectra was larger than 150 meV
(curves 2, 3). The thin amorphous oxide layer does not
induce additional stresses. In particular, this inference
is confirmed by the fact that the oxide etching does not
change E0(QD). Therefore, oxidation, as well as etch-
ing, reduces the thickness of the epitaxial GaAs cap
layer that induces stresses in QDs. After anodic oxida-
tion at 5 V, which should result in complete oxidation
of the cap layer and the QDs themselves, the photosen-
sitivity in the QD and hybrid QW absorption region
totally disappeared.

In the QDH with a partially oxidized double cap
layer (curve 3), even lower E0(QD) than in the SQD
structure grown under the same conditions was
observed (curve 7). Comparative measurements of the
spectra of oxidized and unoxidized QDHs with various
cap layer thicknesses showed the following: At a given
thickness of the unoxidized fraction of the GaAs cap
layer, a larger shift of E0(QD) is attained than when
overgrowing QDs with the same GaAs cap layer
(Fig. 2, curves 2 and 3). As can be seen in Fig. 2, the
transition energy E0(QD) = 0.8 eV, which corresponds
to the transparency window of an optical fiber at a
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Fig. 2. The dependence of the energy E0(QD) of the ground-
state transition on (1) the QD height h and the cap GaAs
layer thickness dc in (2) unoxidized structures and
(3) anodic-oxidized structures.
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wavelength of 1.55 µm, is attained at a cap layer thick-
ness of 5 nm in unoxidized structures (partial oxidation
of the structures in air is disregarded) and 12 nm in oxi-
dized structures. This result, which is of practical impor-
tance, suggests that there exists an additional factor in
anodic oxidation, which reduces elastic stresses in QDs.
We believe that this factor is the drain of Ga and As sub-
lattice vacancies generated during the anodic oxidation
of GaAs into the stressed clusters, i.e., QDs (see, e.g.,
[9, 10]). Elastically compressed InAs clusters form a
potential well for such defects and should getter them.

Anodic oxidation of the SQD layer, as well as etch-
ing, gives rise to a blue shift of E0(QD) (curves 5, 8).
At an anodic oxidation voltage of 1 V, clusters, i.e.,
SQDs, are apparently completely oxidized, since the
PL from SQDs disappears, and the PVSE spectrum
takes on a form typical of the actual GaAs surface
(curve 9).

4. CONCLUSIONS

The above-considered results show that the modifi-
cation of the thin cap layer of QDHs and QDs, which
were grown on the structure surface by selective etch-
ing and anodic oxidation, is an efficient method for
varying the QD energy spectrum in a reasonably wide
range. This circumstance can be used to study the
dependences of the electronic characteristics of QDs on
elastic stresses, confining-barrier heights, and QD
sizes. Of practical interest is the fact that the E0(QD)
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Fig. 3. The influence of the anodic oxidation of the QDH
surface on the PL spectra at 77 K and on the PVSE spectra
at 300 K for (1–4) the structure with a combined QW/QD
layer (a cap GaAs layer is 7 nm) are, respectively, (1, 4) the
PL and PVSE spectra before oxidation and (2, 3) the same
after anodic oxidation at a voltage of 2 V. (5–9) The struc-
ture with SQDs: (6, 7) the PL and PVSE spectra, respec-
tively, before oxidation; (5, 8) the same after anodic oxida-
tion at a voltage of 0.5 V; and (9) the PVSE spectrum after
anodic oxidation at a voltage of 1 V.
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variation range, during modification, overlaps both
optical-fiber transparency windows.

The relation between the energy spectrum of clus-
ters, i.e., QDs, and their morphology was established by
modification of the same QDs. The results also show
that the AFM study of QDs buried under the cap layer
using selective chemical etching [6] requires some con-
sideration of the possible changes in the morphology of
clusters, i.e., QDs, that are associated with their under-
cutting.
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Abstract—The X-ray diffraction and electrical and magnetic properties of GaSb:Mn layers deposited on GaAs
(100) substrates from a laser plasma in free space are studied. It is shown that the films deposited at 200–440°C
are epitaxial mosaic single crystals. Manganese-doped layers (up to ~4 at % Mn) had a hole concentration
higher than 1 × 1019 cm–3. Structures with the GaSb:Mn layers grown at 200°C had an anomalous Hall effect.
A normal Hall effect was observed for the GaSb:Mn layers grown at 440°C. The exposure of these layers to a
laser pulse (wavelength λ = 0.68 µm, duration 25 ns) caused an increase in the hole concentration and the emer-
gence of the anomalous Hall effect at room temperature. Magnetic ultrahigh-frequency measurements con-
firmed that the films were ferromagnetic up to 293 K and revealed a magnetism anisotropy. © 2005 Pleiades
Publishing, Inc.
1. INTRODUCTION

Light-emitting structures and photodetectors based
on GaSb (the GaSb band gap is 0.725 eV at 300 K) are
promising IR-region devices. A number of the parame-
ters of this semiconductor, specifically, the quite high
electron and hole mobilities are favorable for extending
the application range of GaSb [1]. The potential of
GaSb is also promoted by current progress in the
growth technology of heteroepitaxial GaSb-containing
compositions, including the structures with quantum
dots (QDs) and quantum wells (QWs). In addition, as
far back as 1974, it was shown that the Ga1 – xMnxSb
alloys possess ferromagnetic properties at room tem-
perature as well as semiconductor properties [2]. It was
later found that the magnetic properties of Ga1 – xMnxSb
solid solutions depend on the chosen method of prepa-
ration. Thus, Ga1 – xMnxSb bulk single crystals with x
from 0.03 to 0.14 and grown by the Bridgman–Stock-
barger method are ferromagnets with a Curie tempera-
ture (Tc) of approximately 540 K [3]. The properties of
thin (~0.2 µm) Ga1 – xMnxSb layers grown by molecu-
lar-beam epitaxy (MBE) on GaAs(100) substrates are
primarily determined by the growth temperature Tg [4].
The layers grown at high Tg (~560°C) contained MnSb
clusters. In this case, the magnetic field dependence of
magnetization had the shape of a hysteresis loop when
measured at room temperature and below. However, the
Hall effect was normal, which indicated that ferromag-
netic clusters did not affect the charge-carrier transport.
The Ga1 – xMnxSb layers (x ≤ 0.04) grown at Tg ≈ 250°C
had the anomalous Hall effect and negative magnetic
1063-7826/05/3901- $26.00 0004
resistance at low measurement temperatures. This fact
was attributed to the presence of a second (GaMn)Sb
ferromagnetic phase, in addition to MnSb, with Tc ≈
25 K [5]. It is generally accepted that the exchange
interaction between the spins of the Mn atoms in the
(III–Mn)–V solid solution is realized via free holes (the
Rudermann–Kittel–Kasuya–Ioshida mechanism) [6].

In this study, we used laser plasma deposition (LPD)
in free space to grow the Mn-doped GaSb layers. One
of the advantages of this method compared with MBE
is the relative simplicity of the equipment. The results
from an examination of the properties of the LPD-
grown Ga1 – xMnxSb layers are given below.

2. EXPERIMENTAL

To deposit the GaSb films, we used a pulsed
Q-switched YAG laser operating at a wavelength of
1.06 µm. We used a rotating combined target that con-
sisted of a wafer of single-crystal undoped GaSb par-
tially covered with high-purity metallic Mn. The trace
of the laser evaporation of a material is circular; there-
fore, the ratio between the arc lengths of sputtered
GaSb and Mn determined the doping level of the grown
layer. The substrates were semi-insulating GaAs (100)
wafers. The deposition temperature was varied in the
range Tg = 200–440°C.

We carried out the X-ray diffraction study of the
structures using a DRON-4 double-crystal diffractome-
ter (Ge (400) monochromator, CuKα1 radiation). The
electrical and magnetotransport characteristics were
measured for structures with In contacts in the van der
© 2005 Pleiades Publishing, Inc.
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Pauw geometry at 293 and 77 K. In order to study the
magnetic properties of the GaSb:Mn layers, we used a
3-cm ESR spectrometer with a computer-controlled
scan of the field of a fast-response magnet. This
allowed us to attain a high sensitivity when recording
the broad lines of the magnetic resonance. The absorp-
tion of microwave power was measured at 77 and
293 K at normal and parallel field orientations relative
to the sample plane in magnetic fields as high as 0.45 T.

3. RESULTS AND DISCUSSION

Figure 1 shows the X-ray diffraction spectra of the
θ/2θ scanning for the GaSb/GaAs structures obtained at
a substrate temperature of 440°C. The spectra of the
structure with an undoped GaSb layer (curve 1) include
peaks of the substrate at 2θ = 66.05° (the GaAs(400)
reflection) and of the layer at 2θ = 60.740° (the
GaSb(400) reflection). Using this value of 2θ, the cal-
culation of the lattice parameter for undoped GaSb
yields a0 = 0.60959 nm, which coincides with the pub-
lished data [1]. A rocking curve width served as the
integrated characteristic of the layer’s structural quality.
This curve was measured using the angle of the crystal
rotation at its full width at a half-maximum of the layer
peak (FWHM) when the detector slit was widely
opened [7]. The value of FWHM for the undoped GaSb
layer is ∆ω = 0.40°. Consequently, the GaSb layer is a
mosaic single-crystal that is epitaxially grown on the
GaAs (100) substrate.

Figure 1 (curve 2) shows the X-ray diffraction spec-
trum for the structure with an Mn-doped GaSb layer
deposited at the same temperature of 440°C. The inten-
sity of the GaSb(400) peak slightly decreased, and the
peak itself shifted to somewhat larger angles compared
with the undoped layer. It was previously noted that the
Ga1 – xMnxSb alloys in the composition range 0 ≤ x ≤
0.14 have a zinc-blende structure [3]. Using the formula
[8] for the lattice parameter of Ga1 – xMnxSb a(x) = a0 –
0.00528x and the average angle value 2θ = 60.765° for
the Mn-doped layers grown at Tg = 350–440°C, we esti-
mated the level of Mn doping as x ≈ 0.043. In all the
subsequent experiments in this study, we maintained
this level of Mn doping.

As the growth temperature of the GaSb:Mn layer
decreased, the value of FWHM increased steadily from
0.4° at Tg = 440°C to 0.45° at Tg = 350°C and to 0.5° at
Tg = 300°C. The GaSb(400) peak, although less
intense, was observed down to Tg = 200°C. This fact
indicates that the quality of the epitaxial GaSb:Mn
layer is rather high at deposition temperatures of
200−440°C.

The electrical properties of the structures depend
heavily on the growth temperature of the GaSb films.
Undoped GaSb layers grown at Tg = 440°C were of a
p-type conductivity with the hole concentration ~2 ×
1018 cm–3 and mobility of ~30–40 cm2/(V s). A decrease
in Tg down to 200°C caused an increase in the hole con-
SEMICONDUCTORS      Vol. 39      No. 1      2005
centration of ~1.6 × 1019 cm–3 and a decrease in mobil-
ity. In both cases, the undoped GaSb layers had the nor-
mal Hall effect; i.e., the Hall resistance Rxy varied pro-
portionally to the magnetic field B applied normally to
the sample plane. Figure 2 (curve 1) shows the depen-
dence Rxy(B) for the structure grown at Tg = 200°C. It is
noteworthy that undoped GaSb grown by other methods
usually exhibits p-type conductivity as well. It is gener-
ally believed that the acceptors responsible for such
behavior may be antisite defects GaSb [1]. The men-
tioned simultaneous increase in the hole concentration
and the degree of structural disordering with a
decrease in Tg can be offered as evidence of the defect
origin of the p-type conductivity in undoped LPD-
grown GaSb films.
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Fig. 1. X-ray diffraction spectra for the GaSb/GaAs struc-
tures grown at Tg = 440°C. (1) The undoped structure, and
(2) the Mn-doped structure. Spectrum 1 is restricted to the
vicinity of the GaSb(004) peak.
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Doping of GaSb layers with Mn during growth at
Tg = 200°C leads to the emergence of the anomalous
Hall effect at room temperature (Fig. 2, curve 2). The
parameters of the layers in the case of the anomalous
Hall effect were calculated by the method described
in [9]. The hole concentration at 293 K for the GaSb:Mn
layers (Tg = 200°C) was ~1.4 × 1020 cm–3, which is
almost an order of magnitude higher than the concen-
tration in the undoped layer. The saturation magnetiza-
tion Ms was estimated at 5.0 × 104 A/m. At a measure-
ment temperature of 77 K, a broad hysteresis loop
emerged in the Rxy(B) dependence, and saturation was
unattainable in the available range of values of mag-
netic induction (up to 0.4 T). Therefore, the carrier con-
centration in this case could not be calculated correctly.
Laser annealing of the GaSb:Mn layers (Tg = 200°C) by
a pulse with the wavelength λ = 0.68 µm, the pulse
duration τ = 25 ns, and the power density W = 5 × 105–
106 W/cm2 introduced no variations in the anomalous
character of the Hall effect (Fig. 2, curve 3). However,
this annealing increased the hole concentration to 5.1 ×
1020 cm–3. The saturation magnetization remained
unchanged after annealing (5.0 × 104 A/m). The coer-
cive force was weak and equal to ~8.5 mT.
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Fig. 3. Absorption Y of the microwave power in relation to
the magnetic field for the structures with a GaSb:Mn layer
(1, 2) 70 nm thick and (3, 4) 140 nm thick with the mag-
netic field oriented (1, 3) normally and (2, 4) parallel to the
sample plane. The measurement temperature: (a) 293 K
and (b) 77 K.
The structures with the GaSb:Mn layers grown at
the higher temperature Tg = 440°C had the normal Hall
effect both when measured at room temperature and at
77 K. The hole concentration was ~5 × 1019 and ~1.5 ×
1019 cm–3 at the measurement temperatures 293 and
77 K, respectively. Annealing of the GaSb:Mn structures
(Tg = 440°C) by a single laser pulse lead to the emergence
of the anomalous Hall effect. As a result of this treatment,
the hole concentration in the layers substantially
increased, to values of higher than 5 × 1020 cm–3.

The comparison between the electrical properties of
undoped and Mn-doped GaSb layers indicates that the
doping Mn atoms are acceptors. This fact is consistent
with the calculation in [10], according to which the
acceptor level “2+/3+” Mn at the Ga site in GaSb
should be located 0.6 eV below the valence band top. In

this case, the 3d5  (Ga3+) ions in the state 6S5/2

introduce the Kohn–Lattinger shallow hydrogen-like
acceptor level near the valence band top of GaSb.

For a chosen level of Mn doping, the magnetic pro-
perties of the GaSb films, as well as their electrical
properties, are governed by the growth temperature. For
example, the films grown at Tg = 400°C have Ms = 1.5 ×
105 A/m and a coercive force of 49 mT; i.e., the films
have a higher magnetic hardness than those grown at
Tg = 200°C. This estimate was obtained from the curves
of the anomalous Hall effect measured at 293 K. The
given results indicate that ferromagnetism is observed
in the studied GaSb:Mn layers; moreover, in this case,
Tc > 293 K.

The measurements using an ESR spectrometer,
which were carried out for the samples with the
GaSb:Mn layers grown at 440°C, confirmed the ferro-
magnetism of the structures grown. At the measure-
ment temperatures of 77 and 293 K, we found the
strong absorption of microwave radiation characteristic
of ferromagnetic resonance (Fig. 3). This absorption
depends on the field, temperature, sample orientation,
and layer thickness. Unfortunately, the range of the
magnetic fields of the ESR spectrometer we used,
which were no higher than 0.45 T, provided no way of
recording the complete spectrum of the ferromagnetic
resonance. We believe that a strong steady increase in
the absorption of microwave power as the field
increases (see Fig. 3) is caused by the left-hand wing of
the ferromagnetic resonance spectrum. The anisotropy
of the spectra in Fig. 3 is consistent with a classic for-
mula that represents the effect of demagnetizing factors N
on the ferromagnetic resonance frequency [11]:

where γ is the magnetomechanical ratio; µ0 is the mag-
netic permeability of free space; M is the magnetiza-
tion; and the demagnetizing factors for the sample
plane orientation normal to the field are equal to Nx =
Ny = 0, Nz = 1, and equal to Nx = Nz = 0, Ny = 1 for the
parallel orientation. As the layer thickness increases,

Mns
2+

ω0
2 γ2 B0 Ny Nz–( )µ0M+[ ] B0 Nx Nz–( )µ0M+[ ] ,=
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PROPERTIES OF THE GaSb:Mn LAYERS DEPOSITED FROM LASER PLASMA 7
the role of the demagnetizing factor increases. The tem-
perature shift is consistent with the natural broadening
of the ferromagnetic resonance lines occurring as the
temperature increases. These facts confirm the presence
of ferromagnetism in the GaSb:Mn layer up to a mea-
surement temperature of 293 K. A strong intrinsic mag-
netic field may indicate that the inclusions of the MnSb
phase are formed at an average Mn content of ~4 at %.
The MnSb phase is ferromagnetic up to Tc = 587 K [11].
However, the high crystalline quality of the layers also
indicates that a Ga1 – xMnxSb alloy is formed. According
to the data [3], this alloy can be ferromagnetic when Tc is
higher than room temperature at x > 0.03 and has the
same crystal lattice as undoped GaSb.

Figure 3 shows bell-like broad resonance peaks
(width ∆B ≈ 0.22 T) with effective g-factors equal to
about two and four, which are characteristic of the nor-
mal ESR. These peaks indicate that the Mn distribution
in the layers is spatially nonuniform. In this context, we
may assume that, along with the Ga1 – xMnxSb paramag-
netic alloy that has small x values, two ferromagnetic
phases with different Tc are present in the layers grown.
These are the Ga1 – xMnxSb alloy (x > 0.3) and the MnSb
inclusions. The ESR spectra are attributed to a solid
solution of Mn at Ga sites with the configuration 3d5 in
the 6S5/2 state in the spacings between inclusions. The
presence of the line with the g-factor of ~2 (Fig. 3a, the
shoulder in curve 3 at 0.3 T) is indicative of the exist-
ence of regions where the ferromagnetic phase makes
almost no contribution to the magnetic field added to
the external field. Broad ESR lines with the g-factor
equal to about four (Fig. 3a, curves 1, 2, and 4 peaked
at 0.17 T) are apparently related to a fraction of single
Mn atoms near the ferromagnetic inclusions. Their
magnetic field, when added to the external field,
induces the low-field ESR shift. Figure 3a shows that
ferromagnetic resonance manifests itself at room tem-
perature up to 0.45 T only for a thicker layer, although
ESR anisotropy can also be recognized for a structure
with a thin layer.

Microwave absorption was studied only in the struc-
tures grown at Tg = 440°C. Therefore, the conclusion
concerning the possible existence of an MnSb phase
could not be applied to the films grown at low temper-
atures (Tg = 200°C). The anomalous Hall effect could
not be associated with the existence of precipitates [12].
Therefore, it would be logical to assume that the
GaSb:Mn films contain both the MnSb inclusions at
higher growth temperatures and the Ga1 – xMnxSb alloy
that exhibits ferromagnetic properties at room temper-
ature. The mechanism of ferromagnetism when Tc >
293 K in the LPD-grown GaSb:Mn films is not still
SEMICONDUCTORS      Vol. 39      No. 1      2005
completely clear. However, the prospects for their prac-
tical application in spintronics devices are assured.

4. CONCLUSIONS

Thus, we showed that it is possible to grow
GaSb:Mn epitaxial layers on semi-insulating GaAs
substrates using laser plasma deposition. The electrical
and magnetic properties of the films depend heavily on
the deposition temperature. The GaSb:Mn layers have
electrical the properties of a degenerate semiconductor
and possess ferromagnetism with a Curie temperature
above room temperature.
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Abstract—Intersubband absorption of mid-IR light was studied in heterostructures with asymmetrical tunnel-
coupled quantum wells in equilibrium conditions and under high-power pumping by picosecond pulses of light.
The energy spectrum of electrons in tunnel-coupled quantum wells was found from an analysis of equilibrium
and nonequilibrium intersubband absorption spectra. The dynamics of intersubband absorption under high-
power optical pumping was studied using the pump-and-probe picosecond technique. The experimental data
are compared with the results of calculations based on solving rate equations. The intersubband relaxation times
are determined. © 2005 Pleiades Publishing, Inc.
1. INTRODUCTION

The development of mid-IR (λ = 5–20 µm) lasers is
one of the actual problems in modern semiconductor
optoelectronics. Mid-IR laser emission has found a
variety of scientific and technological applications,
such as the detection of chemical components and bio-
logical substances, environmental monitoring, molecu-
lar spectroscopy, noninvasive medical diagnostics,
mineral exploration, etc. Along with the well-known
cascade laser [1], the so-called fountain laser [2] emits
light this spectral range. The latter operates on intersub-
band transitions in tunnel-coupled quantum wells
(TCQWs) under intraband optical pumping.

However, the population inversion between the
excited quantum confinement levels in TCQWs can
also be obtained with the use of interband optical or
injection current pumping, which is more convenient
for industrial applications. The principle of formation
of intersubband population inversion in QW structures,
which is also applicable to TCQWs, has been discussed
in [3]. Now we present the experimental data on optical
properties of TCQWs related to intersubband electron
transitions. The experiments were performed both
under interband optical pumping and in equilibrium
conditions at different temperatures.

2. SAMPLES

A structure containing 150 pairs of GaAs/AlxGa1 – xAs
TCQW was grown for study. QW pairs were separated
by 20-nm-thick barriers, which were not transparent to
tunneling. The Al content in the solid solution was x =
0.42 in barriers, x = 0 in the first QW, and x = 0.06 in
1063-7826/05/3901- $26.00 0041
the second. The structure was selectively doped in the
central part of the wide barrier, and the surface density
of electrons was Ns = 3 × 1011 cm–2. According to cal-
culations, four quantum confinement subbands were
present in these TCQWs.

Figure 1 shows the potential profile found by self-
consistent solution of the Poisson and Schrödinger
equations, calculated electron wave functions, and opti-
cal transitions of electrons with the largest optical
matrix element. The states with energies EΓ1 and EΓ4 are
genetically related to the first, narrower, QW, whereas
the states with energies EΓ2 and EΓ3 are induced by the
second, wider QW. This results, in particular, in that the
wave function of the ground state, ΨΓ1, is localized
mainly within the narrow well, whereas that of the first
excited state, ΨΓ2, is localized within the wide well (see
Fig. 1). The values of optical matrix elements |Mik|2 =

, which define the probability of optical

transitions between levels i and k, differ strongly. The
largest contribution to intersubband absorption is made
by the transitions between the closest levels, genetically
related to one and the same QW, whereas the transitions
between the levels in neighboring wells are signifi-
cantly weaker: |M14|2 @ |M24|2 and |M23|2 @ |M13|2.

3. RESULTS AND DISCUSSION

To determine the positions of energy levels in
TCQWs, we studied equilibrium spectra of intersub-
band absorption at different temperatures (Fig. 2). The
spectra comprise two distinct absorption bands. The
spectral position of these bands allows us to attribute

Ψk* p̂zΨi zd∫
2
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the long-wavelength band to 1–3 and 2–3 transitions in
Γ valley, and the short-wavelength one to 1–4 and 2–4
transitions in the same valley, with the peaks related to
transitions from levels 1 and 2 merged in each band.
This is why the equilibrium absorption spectra do not
allow us to determine the energy spacing between lev-
els 1 and 2.

The temperature dependence of the equilibrium
intersubband absorption is explained by the redistribu-
tion of electrons between the ground (EΓ1) and first
excited (EΓ2) states in a TCQW: as temperature
increases, the EΓ2 level is filled and the electron density
on EΓ1 level decreases. The result is that the long-wave-
length absorption band, in which transitions 2–3 domi-
nate, is enhanced and, simultaneously, the short-wave-
length band, in which transitions 1–4 dominate, fades.
The calculated dependences of the absorption coeffi-
cients for three temperatures nearly coincide with the
experimental spectra.

The energy spacing EΓ2 – EΓ1 = hν12 was determined
from the investigation of the absorption spectra under
high-power intersubband pumping with a photon
energy of hνpump = hν23, which ensured the occupation
of level 3. This approach allowed us to determine the
spectral dependence of absorption associated with tran-
sitions 3–4. The experiment was performed in a pulsed
mode, the width of the pumping pulse of light was
~2 ps, and the probing pulse (hνprobe ≈ hν34) was
delayed by 1.5 ps in respect to the pumping pulse. The
analysis of the spectra obtained yielded an energy spac-
ing of EΓ4 – EΓ3 = hν34; this allows an unambiguous
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Fig. 1. Energy profile of GaAs/AlxGa1 – xAs TCQW struc-
ture, electron wave functions, and optical transitions of
electrons in a structure.
determination of the energy spacing between EΓ2 and
EΓ1 levels: hν12 = hν14 – hν23 – hν34; the obtained value
is ~11 meV.

The pump-and-probe picosecond technique was
used in studying the dynamics of variation of intersub-
band absorption under high-power intersubband optical
pumping. Different combinations of frequencies of the
pumping and probing light were chosen in accordance
with the spacing between the subbands. Figure 3 shows
the experimental data obtained with equal frequencies
of pumping and probing light: νpump = νprobe = ν23. This
experiment demonstrates a biexponential character of
the absorption evolution with time.

The dynamics of intersubband absorption was cal-
culated based on the system of rate equations, taking
into account intersubband electron transitions involv-
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Fig. 2. Experimental equilibrium spectra of intraband
absorption in a structure with TCQW.
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Fig. 3. Variation of the absorption in the long-wavelength
band at equal frequencies of light in the pumping and prob-
ing pulses (hνpump = hνprobe = hν23 = 124 meV) as function
of the delay between the high-power pumping pulse (of
about 1 µJ in energy) and the weak probing pulse. The
width of pulses 3 ps. T = 300 K.
SEMICONDUCTORS      Vol. 39      No. 1      2005



INTERSUBBAND ABSORPTION OF LIGHT IN HETEROSTRUCTURES 43
ing optical phonons and impurities. Also, the shape of
pumping and probing pulses was taken into account.
This method allowed us to estimate the intersubband
relaxation times, which is necessary for the elucidation
of the conditions for the population inversion to be
obtained in TCQW. The calculated data are shown in
Fig. 3. It is necessary to stress that the model used
describes only fast processes associated with intersub-
band transitions involving LO phonons. A long-term
process is possibly associated with electron transitions
from the levels related to deep impurities (which are
localized within the barrier in the vicinity of the QW
interface) to states in the TCQW subbands.

Figure 4 shows how the absorption coefficient for
transitions 1–4 varies with the delay time (the fre-
quency of the pumping light pulse was νpump = ν14, the
probing was done at the same frequency, νprobe = ν14).
The short-term relaxation processes are mainly associ-
ated with electron transitions involving optical phonons
from subband 4 to 1, with subsequent trapping into
Γ subbands. The long-term processes can be attributed
to transitions of nonequilibrium electrons from X and
L valleys in the barrier to Γ subbands in QWs. As tem-
perature increases, this process speeds up (the charac-
teristic time decreases from 60 ps at T = 80 K to 20 ps
at T =300 K), which can be attributed to thermal emis-
sion of electrons from X and L valleys.

Experimentally obtained fast relaxation times for
the absorption of light in the long-wavelength (ν23) and
short-wavelength (ν14) bands at 300 K were τ32 = 1 ps
and τ41 = 1.3 ps. These times must exceed the times of
intersubband electron transitions 3–2 and 4–1.

The calculated times of intersubband electron scat-
tering 3–2 and 4–1, involving optical phonons and
impurities, are 0.65 and 1.4 ps, respectively, at room
temperature. (According to calculations, the other
recombination channels, e.g., 4–3–1, 4–3–2–1, are
slower). Owing to the nonparabolicity of the energy
spectrum, the main contribution to absorption at these
frequencies is made by electrons near the bottom of
subbands 2 and 1. Therefore, the relaxation time of
absorption is longer than the intersubband scattering
time, by approximately the emission time of a cascade
of the appropriate number of optical phonons. The
emission time for a single phonon in intrasubband scat-
tering of an electron is ~0.1 ps. Finally, we obtain the
relaxation time of absorption, τ32 = 0.95 ps, for optical
transitions between subbands 3 and 2, and τ41 = 2 ps for
transitions between subbands 4 and 1, which is close to
the experimental data presented above.
SEMICONDUCTORS      Vol. 39      No. 1      2005
4. CONCLUSIONS

Optical phenomena related to intersubband electron
transitions in tunnel-coupled QWs have been studied.
The variation of the intersubband absorption as a func-
tion of time is of biexponential character. The nature of
short- and long-term components of the relaxation
curves is explained.
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Abstract—The current–voltage (I–V) characteristics were measured and the current-pulse oscilloscope pat-
terns were obtained for multilayer n-InGaAs/GaAs quantum-well heterostructures and n-GaAs epitaxial layers
with various doping levels. It is shown that the I–V characteristics flatten at low doping levels in fields of 300–
400 V/cm. In more heavily doped samples, current oscillations are initiated with a period corresponding to a
drift velocity of (3–3.5) × 105 cm/s at E || [110] and are approximately larger at E || [100] by a factor of 1.5. The
results obtained are attributed to the formation of, respectively, stationary and moving acoustoelectric domains
in the structures. In fields above 1.5 kV/cm, high-frequency Gunn oscillations corresponding to a drift velocity
of 1.5 × 107 cm/s were observed. © 2005 Pleiades Publishing, Inc.
1. INTRODUCTION

The phenomenon of spatial transport of carriers in
semiconductor heterostructures with selectively doped
barriers (in particular, δ-doped) in a strong lateral (i.e.,
directed in the well plane) electric field was actively
studied in the 1980s (see, e.g., review [1]). Due to heat-
ing of carriers by the electric field, they can be carried
away from quantum wells into doped barrier layers. As
a result, the carrier mobility decreases due to the onset
of the mechanism of scattering at ionized impurities,
which can cause a decrease in the current, i.e., the forma-
tion of N-type negative differential conductivity (NDC),
as is the case in the Gunn effect in GaAs-type semicon-
ductors (see, e.g., [2]). The N-type NDC formation can
give rise to electronic instability, in particular, the for-
mation of stationary or mobile domains of strong field.
The spatial transport of hot carriers from quantum wells
(QWs), where their mobility and effective temperature
are rather high, into higher-lying energy states with low
mobility, where the effective temperature decreases,
can cause population inversion [3–8].

This paper is devoted to the experimental study of elec-
tric transport of hot carriers in n-InGaAs/GaAs QW het-
erostructures in strong lateral electric fields. Previously
[9–11], flattening of the current-voltage (I–V) characteris-
tics and the initiation of current oscillations was observed
in such structures at liquid-helium and liquid-nitrogen
temperatures in fields of 300–1000 V/cm. This behavior
was related to spatial transport of hot carriers and the N-
NDC arising under these conditions. In this study, we
compared the I–V characteristics and current-pulse oscil-
loscope patterns measured in n-InGaAs/GaAs QW het-
erostructures and n-GaAs epitaxial films with the pub-
lished data on GaAs/AlGaAs heterostructures. Based
1063-7826/05/3901- $26.00 0044
on this comparison, we concluded that the observed
oscillations are associated with the development of
acoustoelectronic instability in the samples.

Since GaAs is a piezoelectric, a strain caused by a
transverse acoustic wave propagating in the [110]
direction induces a macroscopic electric field. This
results in the intense interaction of electrons moving in
the same direction with lattice vibrations. Therefore, as
the electron velocity exceeds the propagation velocity
of the acoustic wave, electrons begin to actively emit
phonons (an analogue of Cherenkov radiation) [12–14]. 

As an electric field stronger than a certain critical
value is turned on along the [110] direction, acoustic
waves propagating from the cathode to the anode are
amplified in the crystal. As a result, the flux envelope
exponentially increases to the anode. Since the acoustic
wave causes acoustoelectric current directed opposite
to the drift motion of electrons, the voltage drop in the
near-anode region increases to retain the total current,
and the field decreases in other sample regions. In turn,
as the electric field strengthens, the acoustic wave gain
increases significantly in this region. Such positive
feedback causes the formation of a stationary near-
anode electroacoustic domain with strong acoustic and
electric fields [12–14], as well as flattening of I–V char-
acteristics in strong fields. The pattern of acoustic insta-
bility development radically changes under conditions
of significant amplification (more than 100 dB/cm). In
this mode, the acoustic streaming very rapidly reaches
a level of nonlinearity, which results in the formation of
a mobile acoustoelectric domain. The latter represents
a short (~100 µm) packet of acoustic oscillations mov-
ing over the sample with a velocity close to the velocity
of sound. If the field was applied in other directions,
© 2005 Pleiades Publishing, Inc.
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Parameters of the studied n-InxGa1 – x/GaAs samples with single and double quantum wells and n-GaAs epitaxial layers (the
concentration values correspond to room temperature)

Structure 
index x d1QW, Å d2QW, Å Number

of periods
Structure

thickness, µm
ns, 1011 cm–2

(per period)
Ns, 1012 cm–2

(total)

2987 0.08 200 100 20 2.3 1.1 2.2

3490 0.08 200 100 20 2.3 3.0 6.0

3517 0.08 200 – 20 2.5 3.9 7.8

3518 – – – – 2.5 – 7.0

3628 – – – – 2.4 – 48

3629 – – – – 2.4 – 18.5

3630 – – – – 2.4 – 7.0

3631 – – – – 2.4 – 3.4

3732 0.1 200 – 20 2.5 0.3 0.6

3734 0.1 200 – 20 2.5 2.4 4.8

3735 0.1 200 100 20 2.6 2.0 4.0

4079 0.06 200 – 20 2.6 1.4 2.9

4081 0.06 200 100 20 2.6 2.5 4.9
oblique waves propagating at an angle to the field direc-
tion were amplified. Oscillations caused by acousto-
electric domains in GaAs/AlGaAs QW heterostruc-
tures were studied in detail in [15]. As the field (applied
in the [110] direction) exceeds a critical value, strong
current oscillations were observed. The electron drift
velocity at the threshold field was 106–107 cm/s. In lay-
ers with nondegenerate carriers, damping oscillations
with a frequency corresponding to the drift velocity
~3.5 × 105 cm/s were observed; this velocity is identical
to that of acoustic phonons. Oscillations were most pro-
nounced at liquid-nitrogen temperature. As the temper-
ature increased, the oscillation amplitude decreased
and ultimately disappeared at T = 200 K. In layers with
high electron density, current oscillations were not
damped, and their frequency was significantly higher.

2. EXPERIMENTAL

The electric transport of hot carriers was studied in
pulsed electric fields. The pulse duration τ of the elec-
tric voltage up to 1000 V applied to samples was several
microseconds. To prevent the sample from overheating,
a low pulse repetition frequency (30–10 Hz) was used.
The leading-edge duration of the high-voltage pulse did
not exceed 30 ns. The voltage-pulse amplitude could be
slowly (for a few minutes) varied from zero to the high-
est value. The pulse shape and amplitude of the voltage
and current through the sample were monitored by
observing the signal on the screen of a Tektronix
TDS3034B digital oscilloscope with a passband of
350 MHz, used also to store signals in a computer’s
memory. The measurements were carried out at both
room and low temperatures (T = 77 and 4.2 K). In the
latter cases, a sample holder was mounted in transport-
able Dewar flasks with liquid nitrogen or helium,
respectively.
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The samples under study were grown using gas-
transport epitaxy on semi-insulating GaAs (001) sub-
strates. The sample parameters are listed in the table.
Multilayer n-InxGa1 – xAs/GaAs heterostructures with
single and double QWs were studied, as well as thin
n-GaAs epitaxial layers. The heterostructures contained
20 pairs of QWs 200 and 100 Å wide, separated by a
GaAs barrier 50 Å thick (or 20 separate QWs 200 Å
wide) spaced by 800–900 Å. Narrow wells in samples
2987, 4079, and 4081 were δ-doped with silicon; all the
other samples were homogeneously doped. The room-
temperature electron mobility depended on the doping
level only slightly and was ~4500 cm2/(V s). Rectangu-
lar samples 5 × 5 mm in size were cut from the struc-
ture. Strip ohmic contacts were deposited and fired in
on the sample surface, spaced ~3 mm apart.

3. RESULTS AND DISCUSSION

Typical oscilloscope patterns of current pulses in
heterostructures with single and double QWs are shown
in Figs. 1 and 2. Beginning with a certain threshold
value of the applied voltage (U/l ≈ 300 V/cm), oscilla-
tions arise on the current pulse. The initiation of current
instability was observed at T = 4 and 77 K; however,
oscillations did not arise at room temperature. As the
spacing between the contacts was decreased threefold
(to l = 1 mm), the oscillation frequency increased
approximately three times. At the same time, the oscil-
lation frequency and the current oscilloscope pattern
remained almost unchanged as the sample width
decreased. This observation suggests that the oscilla-
tion frequency is independent of the sample resistivity
(hence, it is related to the sample length, rather than to
the external electric circuit). The structures with double
QWs and selective doping (2987 and 4081) were
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“designed” with the purpose to study spatial transport
of carriers in strong lateral electric fields. In such het-
erostructures, the lower level in the narrow (δ-doped)
QW is higher by approximately 10 meV than in the
wide well, while the Fermi energy is several millielec-
tronvolts.

Thus, most carriers are concentrated in wide wells at
low temperatures. As carriers are heated in the electric
field, the spatial transport from a wider QW to the
higher-lying level in a narrow well (due to scattering at
optical phonons) should cause a decrease in the mobil-
ity (due to strong impurity scattering in narrow doped
QWs) and electron thermalization in narrow wells.
A reverse transition appears to be complicated; as a
result, the current can decrease and electric instability
can develop, which qualitatively agrees with the
observed pattern.
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0

t, µs

Fig. 1. Current-pulse oscilloscope patterns for sample 3734,
measured at (a) E || [110] and (b) E || [100]; T = 4.2 K,
l = 3 mm.
Further studies showed that current oscillations are
also observed in uniformly doped samples with double
QWs (3490, 3735). It was assumed that instabilities
under conditions of the spatial transport from wide
QWs into narrow QWs are caused by scattering at inter-
face roughness, which should play a larger role in nar-
rower QWs. It is reasonable to assume that the oscilla-
tion period is controlled by the time of passage of the
domain of the strong electric field through the sample,
as in the ordinary Gunn effect, where the domain veloc-
ity is equal to the carrier drift velocity. A similar result
was also obtained for domain instability in selectively
doped GaAs/AlGaAs heterostructures under conditions
of spatial transport [1]. In the case under consideration,
a drift velocity of about 3 × 106 cm/s corresponds to the
instant of instability onset. At the same time, the
domain velocity can readily be estimated from the
oscillation period, which is approximately 1 µs for a
sample 3 mm long. This velocity is as low as 3 ×
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Fig. 2. The same as in Fig.1, but for sample 3735.
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105 cm/s, i.e., ten times lower than the carrier drift veloc-
ity. A similar disagreement also took place for current
oscillations observed in p-InGaAs/GaAs heterostruc-
tures [16], which was inconsistent with the proposed
ODP mechanism associated with spatial transport.

In order to gain insight into the conditions of the ini-
tiation of the observed current instability, the reference
samples that contained separate QWs and uniformly
doped n-GaAs films (see table) were grown and stud-
ied. The I–V characteristics and current-pulse oscillo-
scope patterns of samples with double and single QWs
are similar to each other (cf. Figs. 1 and 2). The thresh-
old values of the applied electric field, the current den-
sities corresponding to oscillation onset, and the oscil-
lation periods agree with good accuracy. Thus, the mea-
surements carried out showed that double QWs in the
heterostructure has almost no effect on the observed
current instability; hence, this instability is not related
to spatial transport from wide QWs into narrow QWs.
It is noteworthy that current oscillations in multilayer
In0.16Ga0.84As/GaAs heterostructures with individual
deeper QWs were previously observed in [17].

Sample 3518 is a uniformly doped n-GaAs film
2.5 µm thick, which corresponds to the thickness of
heterostructures 3490 and 3518 with total carrier con-
centrations close to that in sample 3490 (see table). In
this sample, the current-oscillation dynamics was
appreciably different from that in heterostructures. The
threshold value of the applied electric field somewhat
increased to ≈450 V/cm in comparison with 300 V/cm;
however, the threshold current density (hence, the drift
velocity) decreased to 1.5 A/cm in comparison with
3−4 A/cm. The oscillation shape significantly changed
as well. Instead of weakly damping sinusoidal or spiky
oscillations, sample 3518 exhibited a significant
“spike” at the leading edge of the current pulse fol-
lowed by fast-damping oscillations, which is character-
istic of the establishment of stationary domain condi-
tions in the ordinary Gunn effect. It follows from the
oscilloscope patterns that a pronounced current satura-
tion takes place in strong electric fields, which is also
characteristic of static domain conditions. At the same
time, the oscillation period remained almost the same
as in heterostructures. Since there is no spatial transport
in a rather thick epitaxial film, it is clear that current
oscillations observed have a radically different origin.

These studies were complemented with electric-
transport measurements in a series of epitaxial n-GaAs
films with various doping levels (sequentially grown
samples 3628–3631). As the carrier concentration
increased, the static domain conditions in “lightly
doped” samples 3631 and 3630 were replaced by con-
ditions of weakly damping oscillations in samples 3629
and 3628.

Apparently, the observed current instabilities can be
attributed to the formation of acoustoelectric domains
in the samples under study in strong electric fields. As
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mentioned above, GaAs is a piezoelectric material;
hence, the intense interaction of electrons with acoustic
phonons takes place. An oscillation period of 1 µs in the
samples under study corresponds to a transport velocity
of 3.6 × 105 cm/s, which is close to the velocity of prop-
agation of transverse acoustic phonons in the [110]
direction. The efficient interaction of electrons with an
acoustic wave can take place if this wave induces a lon-
gitudinal electric field, i.e., a field directed along the
wave propagation. There are only two waves of this
type in GaAs and other semiconductors with identical
crystal structures: a transverse wave polarized along the
[001] crystallographic direction and propagating in the
[110] direction and a longitudinal acoustic wave prop-
agating in the [111] direction [17]. In GaAs, the propa-
gation velocity of the above-mentioned TA and LA
waves is 3.35 × 105 and 5.4 × 105 cm/s, respectively
[18]. In most cases, the TA wave is excited, which inter-
acts more actively with carriers due to a lower velocity.
In [15], the initiation of current instabilities in
GaAs/AlGaAs heterostructures was observed when the
carrier drift velocity was 106–107 cm/s, i.e., it exceeded
by almost ten times the TA wave velocity in the case
under consideration. 

Thus, by analogy with current instabilities observed
in [15], it is reasonable to associate current oscillations
we observed in n-InGaAs/GaAs QW heterostructures
and n-GaAs epitaxial films with acoustoelectronic
instability. In all the above-described samples, the elec-
tric field was applied exactly in the [110] direction,
along which GaAs can be easily cleaved, which neces-
sarily prescribed the configuration of samples and strip
contacts. To verify the hypotheses of “acoustoelec-
tronic origin” of oscillations, rectangular samples were
cleaved in the [110] and [100] directions from hetero-
structures with single (3732, 3734) and double (3735)
QWs (see table). In sample 3732 with a low doping
level (ns = 3 × 1010 cm–2 per QW), oscillations were
almost not observed. At liquid-helium and liquid-nitro-
gen temperatures, pronounced flattening in the I–V char-
acteristic was observed in this sample, which can be
attributed to the formation of a stationary near-anode
acoustoelectric domain. As can be seen from Figs. 1
and 2, current oscillations with a period of about 1 µs,
corresponding to a transport velocity of 3.5 × 105 cm/s
close to the TA wave propagation velocity, were
observed in heavier doped heterostructures 3734 and
3735 as the electric field was applied in the [110] direc-
tion. However, in the samples cleaved from the same
structures in the [100] direction, the oscillation period
increased approximately by a factor of 1.5. It is reason-
able to explain this increase by the fact that acoustic
waves propagating in the [110] direction at an angle of
45° to the electron drift direction are still excited in the
crystal at E || [100], which decelerates the domain

velocity by a factor of  [19, 20].2
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Apparently, the strong electric field induced in
acoustoelectric domains gives rise to surface break-
down of the samples, which does not allow application
of a field of several kilovolts per centimeter, which is
necessary to implement various mechanisms for gener-
ating the inverse distributions of carriers. To diminish
the probability of breakdown, we used shorter samples
with contacts spaced at 1 mm; the measurements were
carried out with shorter pulses with a duration of sev-
eral tenths of a microsecond. In sample 4081 at T =
4.2 K, we observed for the first time current oscillations
of two types [21]: low-frequency oscillations associ-
ated with the formation of acoustoelectric domains
moving in the structure were initiated as usual in fields
of about 300 V/cm; in fields of 1.5 kV/cm, high-fre-
quency (~150 MHz) Gunn-type oscillations arose and
corresponded to an electron transport velocity of 1.5 ×
107 cm/s (Fig. 3). High-frequency oscillations were
“modulated” by acoustoelectric oscillations. Simulta-
neously with the initiation of high-frequency oscilla-
tions, intense long-wavelength IR radiation was
detected in the structures. At room temperature, acous-
toelectric oscillations were not initiated, and only high-
frequency oscillations were observed. In sample 4079
with a lower level of doping, mobile acoustoelectric
domains were not formed and high-frequency oscilla-
tions were observed in strong fields. Rather low values
of the applied electric voltage (~1.5 kV/cm at T =
4.2 K), at which Gunn oscillations were initiated, can
be explained by a nonuniform field distribution in the
sample in the presence of a mobile or stationary acous-
toelectric domain.
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Fig. 3. High- and low-frequency current oscillations mea-
sured in sample 4081 at T = 4.2 K and l = 1 mm.
4. CONCLUSIONS

Thus, I–V characteristics and current pulse oscillo-
scope patterns of multilayer n-InGaAs/GaAs quantum
well heterostructures and n-GaAs epitaxial films with
various doping levels were measured. It was shown that
the I–V characteristics flatten at low doping levels (Ns ≈
6 × 1011 cm–2 for heterostructures and Ns ≈ 3 × 1012 cm–2

for GaAs films) at T = 4.2 and 77 K in the fields of 300–
400 V/cm. In more heavily doped samples under the
same conditions, current oscillations are initiated with
a period that corresponds to the transport velocity of
(3–3.5) × 105 cm/s at E || [110] and a period by a factor
of ~1.5 longer at E || [100]. The results obtained are
explained by the formation of, respectively, stationary
and mobile acoustoelectric domains due to the fact that
TA waves propagating along the [110] crystallographic
direction are excited by hot electrons. At applied volt-
ages above 1.5 kV/cm, high-frequency oscillations cor-
responding to an electron transport velocity of 1.5 ×
107 cm/s develop in the structures, which is related to
the formation of the Gunn domains.
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Abstract—Spectra of intraband absorption of polarized mid-IR light were investigated in undoped, p-, and
n-doped InAs/GaAs quantum dots (QDs) covered with an InGaAs layer. Optical matrix elements for intraband
electron and hole transitions in QDs have been calculated for different polarizations of light, and a good agree-
ment with the experimental data is obtained. It is shown that the intraband absorption of light by electrons
strongly exceeds the absorption by holes. Photoluminescence spectra and TEM images of structures with arti-
ficial molecules formed by pairs of QDs were studied. © 2005 Pleiades Publishing, Inc.
1. INTRODUCTION

The study of intraband optical transitions of carriers
in quantum dots (QDs) is important for the design of
new optoelectronic devices and for detectors and emit-
ters of mid-IR light. The photoinduced intraband
absorption of light in undoped InAs/GaAs QDs and in
n-type QDs was studied by several authors [1, 2], but
the data on the intraband absorption of light in p-type
QDs and the comparative analysis of absorption in
n- and p-type structures are unavailable. These data are
of interest for the development of efficient photodetec-
tors, as well as for the study of the optical loss related to
the absorption of light by holes in lasers operating on
intraband electron transitions within QDs. In this study,
we experimentally and theoretically examined the intra-
band absorption of IR light in InAs/GaAs QD structures.

Optical properties of structures with artificial mole-
cules constituted by pairs of vertically coupled QDs
have been studied in insufficient detail. Meanwhile,
structures of this kind have already been suggested as
basic elements of the quantum computer [3, 4]. Also,
structures with artificial molecules can be used in
designing emitters for mid-IR and terahertz ranges;
because the energy splitting of the ground state in an
artificial molecule is a function of the spacer width, it
lies in the range from several to several tens of mil-
lielectronvolts. We present our results on growing and
studies of InAs/GaAs structures with artificial molecules.
1063-7826/05/3901- $26.00 0050
2. SAMPLES AND EXPERIMENTAL PROCEDURE

Optical transitions in QDs were studied in MBE-
grown 15-layer InAs/GaAs QD structures. As distinct
from standard Stranski–Krastanow procedure, prior to
the deposition of GaAs matrix, QDs were overgrown
with a thin (5 nm) In0.12Ga0.88As layer. This layer mod-
ified the structural and optical properties of QDs. To
obtain n- and p-type conduction, structures were doped
with Si or Be, respectively. The doped GaAs layer, 2 nm
in thickness, was situated 1.5 nm below the QD layers.
The surface density of QDs in a single layer was 3 ×
1010 cm–2; the surface density of the dopant was
approximately six times larger. The absorption was
measured in samples of multipass configuration.

To produce artificial molecules, two InAs/GaAs QD
layers separated by a GaAs spacer ds = 5 nm thick were
grown on a GaAs substrate. The amount of InAs depos-
ited in the first and second QD layers differed, 4 and
2.5 monolayers, respectively. This method made possi-
ble the formation of coupled QDs of the same size. Pho-
toluminescence (PL) and TEM studies of the structures
were performed.

3. RESULTS AND DISCUSSION

Figure 1 shows experimental data on intraband
absorption of s- and p-polarized light in QD structures.
The spectral features indicated by arrows can be attrib-
© 2005 Pleiades Publishing, Inc.
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uted to intraband transitions of electrons and holes
between quantum-confinement levels. The absorption
peaks associated with electron transitions are observed
in s- and p-polarizations at 95 and 175 meV, respec-
tively. The absorption peak associated with hole transi-
tions is observed in s-polarization at the photon energy
of about 96 meV.

In the calculations of the band structure of semicon-
ductor QDs and molecules, we have taken into account
the following important factors:

(i) elastic stress in a structure, taking into account
the prescribed shape of a QD, distribution of the com-
position of the material, and presence of a thin wetting
layer;

(ii) piezoelectric fields;
(iii) complex structure of the valence band and its

modification by elastic strain;
(iv) spin-orbit interaction and nonparabolicity of the

conduction band.
A sufficiently good approximation for solution of

this problem with the consideration of all the listed fac-
tors consists in solving a 3D problem of the linear the-
ory of elasticity and a system of equations in terms of
the method of wave function envelopes on the basis of
a 8 × 8 effective Hamiltonian in Kane’s model. The
solving of this problem for a QD of arbitrary shape
involves considerable calculation difficulties. However,
a considerable part of the solution of the problem, spe-
cifically, the calculation of elastic stress and piezoelec-
tric fields, can be performed analytically for an arbi-
trary shape of QD, without any simplifying assump-
tions. The result has the form of Fourier transforms of
the stress tensor and piezoelectric potential. To obtain
this result, we used the Green function formalism for
the linear equation of elasticity [5]. Further, in calculat-
ing the band structure it is convenient to use the plane-
wave expansion in terms of 8 × 8 effective Hamiltonian
in Kane’s model. The application of this method for
strained nitride QDs in the wurtzite-type crystal struc-
ture is discussed in [6].

In the plane-wave method, the wave function of an
electron or a hole localized in a QD is represented as a
superposition of spatial wave functions:

(1)

where the plane wave |k, α〉  ∝  exp(ikr) is an eigenstate
of the 8 × 8 k · p effective Hamiltonian in the general-
ized Kane’s model [7], and α indicates the state of elec-
trons and light, heavy, and spin-split holes (spin
included). In (1), the wave function Y and plane wave
|k, α〉  are eight-component vectors, each component
associated with the corresponding Bloch function.
Energies of electrons and holes localized in a QD or an
artificial molecule, and coefficients Ck, α were found by
numerically solving the problem of eigenvectors and
eigenvalues of a large matrix whose elements depend

Y r( ) Ck α, k α,| 〉 ,
k α,
∑=
SEMICONDUCTORS      Vol. 39      No. 1      2005
on the Fourier transforms of the shape of QD or artifi-
cial molecule and on the distribution of elastic and
piezoelectric stresses. As mentioned above, the
required Fourier transforms can be found analytically.

In the calculations, we assumed that QDs are in the
form of truncated pyramids with the lower base of 16 ×
16 nm2, upper base 4 × 4 nm2, and height 5.5 nm. Fig-
ure 2 shows the data calculated with an account for
Gaussian broadening of separate transitions.

The spectral position and polarization dependence
of the calculated curves in Fig. 2 agree well with the
experimental transmission spectra (Fig. 1). In particu-
lar, both the calculation and experiment show that the
absorption of light by holes is several times weaker
than by electrons. In addition, the dependences of the
light absorption on polarization and spectral composi-
tion of light are different. This result seems favorable
for the development of bipolar mid-IR lasers operating
on interlevel electron transitions in QDs (see, e.g., [8]).
Strong absorption by holes might reduce the optical
gain related to intraband electron transitions between
the QD levels.

The difference between matrix elements for elec-
trons and holes is related to the fact that the matrix ele-
ment for QD is defined by two factors: (i) bulk matrix
element, built with the wave functions of the bulk crys-
tal and (ii) spatial overlapping of the wave functions of
the initial and final states in a QD. The bulk matrix ele-
ment for electron transitions is several times larger than
for holes. In addition, the overlapping of the wave func-
tions between the ground and excited states in a QD
(the energies of corresponding intraband transitions
exceed 70 meV) is smaller than the overlapping
between electron states for the same energy of the intra-
band transition. Therefore, both these factors lead to a
higher cross section of the intraband absorption for
electrons.
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Fig. 1. The ratio between the transmittances of p- and
s-polarized light for samples differing by the doping of
QDs: (1) p-type; (2) undoped; (3) n-type.
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In structures with artificial molecules formed by
pairs of vertically coupled QDs, the splitting of the
ground level depends on the distance between QDs.
Figure 3 shows the calculated energy splitting of the
QD ground level. The following parameters of the
structure were used in the calculation: QD height ht =
4 nm, base 13 × 13 nm2, upper base 10 × 10 nm2, wet-
ting layer thickness 0.5 nm. These parameters agree
with TEM images of artificial molecules, one of which
is shown in Fig. 4. The study of high-resolution TEM
images has shown that the material of the QD has a
composition In0.5Ga0.5As, which was also used in the
calculation.

Figure 5 shows PL spectra recorded in a wide range
of pumping intensity. Two peaks can be distinguished,
42 meV apart. Within a considerable range of pumping
intensities, the intensities of these peaks coincide; this
allows us to attribute these peaks to electron transitions
from symmetric and antisymmetric states of an artifi-
cial molecule, which are formed upon splitting of the
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Fig. 2. Calculated optical matrix elements for interlevel
transitions. (a) electrons, (b) holes. Light polarization: (1) s;
(2) p. The broadening of 20 meV was taken into account.
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Fig. 5. PL spectra of a structure with artificial molecules for
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(5) I0/500; and (6) I0/250000. Here, I0 corresponds to
40 mW power of the Ar+ laser. The splitting of the QD
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QD ground state. Both TEM images and PL spectra
demonstrate that our structures contain symmetrical
coupled QDs, which form an artificial molecule.

The experimentally obtained splitting of the ground
state, 42 meV, agrees well with the calculated value of
46 meV (see Fig. 3, db = 1 nm).

4. CONCLUSIONS
We have obtained experimental and theoretical evi-

dence that, in InAs/GaAs QD structures, the intraband
absorption of mid-IR light, associated with electron
transitions, is several times stronger than the absorption
associated with hole transitions. This fact is favorable
for the development of mid-IR lasers operating on
intraband electron transitions.

Structures with pairs of vertically coupled QDs
were grown and studied. PL spectra and TEM images
confirm the formation of artificial molecules.
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Abstract—A nonvariational method for calculating the states of shallow donors in quantum wells in a magnetic
field is suggested. The method can be used in a wide range of magnetic fields, starting with zero. The method
is based on the expansion of the electron-wave function in a basis of eigenfunctions of the Hamiltonian operator
that describes a rectangular quantum well. The results obtained by this method are compared to the experimen-
tal data and to the results of calculations using different theoretical methods. The comparison shows that our
method describes the observed spectrum of the shallow-donor states in quantum wells in a magnetic field with
a higher accuracy than the methods used in the study by Chen et al. © 2005 Pleiades Publishing, Inc.
1. INTRODUCTION

The results of experimental studies of the states of
shallow-level impurities in heterostructures with quan-
tum wells (QWs) in magnetic fields have already been
reported for quite a long time. Both variational and
nonvariational theoretical methods were used to
explain the data obtained [1, 2]. Although variational
calculations have recently been used to describe even
the excited impurity states (up to 4p± states) [1], the cal-
culation of the wave functions of these states requires
trial functions with a large number of variational
parameters. As to nonvariational methods, their accu-
racy depends heavily on the choice of the basis used for
the expansion of the wave function. Thus, if the eigen-
functions of an electron in a magnetic field are chosen
as a basis [2], then, for low magnetic fields, one has to
take into account many terms of the series in order to
accurately describe the localized impurity states.
Although an experiment is typically performed in
rather high magnetic fields (above 1–2 T), it is useful to
know the behavior of energy levels with decreasing
magnetic field. The knowledge of this behavior helps to
identify the impurity levels and to find out which group
they belong to. 

In this study, we suggest a method of calculating the
donor states in heterostructures with QWs in a mag-
netic field applied in the direction of heterostructure
growth. The method is based on the expansion of the
electron wave function in the eigenfunctions of the
Hamiltonian operator that describes a rectangular QW
using the “plane waves” which do not depend on mag-
netic field [3]. Such a choice of the basis functions
allows one to easily describe the ground and the excited
impurity states not only at high, but also at low mag-
netic fields, down to zero field.
1063-7826/05/3901- $26.00 0054
2. CALCULATION METHOD

Without loss of generality, we may assume that the
sample under study has a cylindrical form and the z axis
is normal to the plane of the QW. The magnetic field
directed along the axis of structure growth does not vio-
late the axial symmetry of the problem and, therefore,
the projection of the angular momentum onto the z axis
Lz = "m is conserved. To find the energy spectrum, we
expand the wave functions of impurity states in the
eigenfunctions of the Hamiltonian operator in the
absence of magnetic field and impurity potential,

(1)

Here, ρ and φ are the polar coordinates in the plane of
the QW; k is the magnitude of the two-dimensional
wave vector; R is the radius of the cylindrical sample;
ψn(z) is the wave function that describes electron
motion along the z axis, corresponds to the nth confine-
ment subband, and satisfies the one-dimensional
Schrödinger equation without the impurity potential
and magnetic field; and Jm(kρ) is a Bessel function of
order m. We note that, in expansion (1), we omit the
term corresponding to the contribution of the continu-
ous spectrum. This assumption is valid if the binding
energies of the donor states considered are much
smaller than the depth of the QW and the states are
localized within the well.

In the case of an isotropic parabolic dispersion rela-
tion for electrons, the Schrödinger equation for a parti-

Ψn
m ρ φ z, ,( ) imφexp

2π
------------------- π

R
--- f n

m k( )ψn z( )Jm kρ( ).
n k,
∑=
© 2005 Pleiades Publishing, Inc.
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cle in the potential of an impurity center in a rectangu-
lar QW in a magnetic field has the following form:

(2)

Here, µ is the electron effective mass, the potential U(z)
specifies the energy structure of the QW and depends
on the Al content in the AlxGa1 – xAs alloy [4], κ is the
permittivity, zim is the coordinate of the donor, H is the
magnetic field, and Vchem is the potential that accounts
for the non-Coulomb form of the donor potential at
small distances (the so-called chemical shift). The
short-range potential Vchem was chosen in the form of
the screened Coulomb potential

(3)

with screening length lD = 5 Å; the constant C was cho-
sen so that the ionization energy of 1s donor states cor-
responded to the experimental data at one of the values
of the magnetic field. Substituting wave function (1)
into the Schrödinger equation, we obtain the integro-
differential equation for the expansion coefficients,

(4)

Here, ε is the energy of an electron, εn is the energy that
corresponds to the bottom of the nth subband, and

Equation (4) was solved using the method of finite dif-
ferences, in which case the derivatives were replaced by

Ĥ r( ) p̂2

2µ
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κ ρ2 z zim–( )2+
-----------------------------------------–+=
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∂
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------– 

  e2H2ρ2
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-----------------.+ +

V chem C
e2

κ
----

r/lD( )exp
r

-----------------------=
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1
k
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--------------------+ 

  f n
m k( )–

+ εn ε– "
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ratios of the change in the function to the change in the
argument, and the integral with respect to k' was
replaced by the sum over a discrete set of k'. Each term
in this sum corresponds to the integral over some inter-
val of k'. If this interval is small compared to the char-
acteristic scale of the variation in the integrand, the
integral over each of the intervals can be replaced by the
product of the interval size and the value of the inte-
grand in this interval. We used an equidistant partition
in k' with a step of ∆k. In our case, there are two factors
that affect the localization radius of the wave function
in the plane of the QW: the impurity potential and the
magnetic field. Therefore, the partition step should be
chosen so that it were much smaller than the inverse
Bohr radius rB and the magnetic length lH, i.e., ∆k !
min(1/rB, 1/lH). Furthermore, it is clear that the sum
over k may be truncated by replacing the upper infinite
summation limit by a finite quantity kmax that satisfies
the condition kmax @ max(1/rB, 1/lH). We also note that
a uniform partition in k (ki = i∆k), which we used, is
almost equivalent to zero boundary conditions at ρ =
R = π/∆k. Complete equivalence would be attained if
we chose the roots of the Bessel function Jm(kR) as the
k points.

The solution of the integro-differential equation (4)
is reduced to finding the eigenvalues and eigenvectors
of the matrix Am of dimension nmaxN × nmaxN, where
nmax is the number of confinement subbands in the QW
and N = kmax/∆k,

(5)

However, for i = j, the elements of the Am matrix are sin-
gular. To avoid this difficulty, we note that this singular-
ity is integrable in k. Therefore, following [3], we intro-

duce in this case the average value  by

(6)

3. RESULTS AND DISCUSSION

To study the accuracy of the method, we calculated
the spectrum of impurity states and of the energies of
the 1s  np± transitions (n = 2, 3) for shallow donors
in a QW in a magnetic field. The heterostructure param-

An i; n' j,
m e2H
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--------------------------------------------------
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+
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---------------+ 
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"
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eters were chosen to be the same as in [1, 2], where the
experimental results were described. The donor was
located at the center of the Al0.3Ga0.7As QW with a
width of dQW = 125 or 210 Å. In the first heterostruc-
ture, the QW contained three confinement subbands; in
the second, the number of subbands was five. If the
energy corresponding to the bottom of a subband is
much larger than the impurity ionization energy, then
this subband affects the formation of impurity states
only slightly. Therefore, we considered only three con-
finement subbands for both types of heterostructures.
To ensure sufficient accuracy of calculations, for each
subband, a splitting with 1000 points in the k space was
used. We set the electron effective mass µ = 0.067m0
and the permittivity of the material κ = 12.9.

In Fig. 1, the results of our calculations are com-
pared to the results obtained by the variational [1] and
nonvariational methods with a different choice of the
basis for the expansion of the wave function and with
an electron effective of mass µ = 0.069m0 [2]. We see
that nonvariational methods yield lower energies of the
states than the variational calculation. It is known that a
variational calculation overestimates the level energies.
In addition, the method suggested in [2] describes inad-
equately the 1s state in magnetic fields below 1 T.

In Figs. 2 and 3, the results of the calculation are
compared to the experimental data obtained by measur-
ing the absorption spectra for two Al0.3Ga0.7As samples
with QWs of different widths [1]. In the impurity
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2 4 6 8 100
Magnetic field, T

Energy, cm–1

2p+

2p–

1s

Fig. 1. Energies of the 1s and 2p± levels for a donor at the
center of a Al0.3Ga0.7As quantum well of width dQW = 125 Å
in relation to the magnetic field. Solid lines correspond to
our calculations; dashed lines, to the variational method [1];
and dotted lines, to the nonvariational method [2].
absorption spectra in magnetic fields, the optical transi-
tions corresponding to the selection rules ∆m = ±1
(1s  2p–, 1s  2p+, 1s  3p–, 1s  3p+, etc.)
are observed. It can be seen in Figs. 2 and 3 that the
method suggested in this study yields results that are in
good agreement with the experimental values of the tran-
sition energies in the entire range of magnetic fields.
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Fig. 2. Magnetic field dependences of the energies of opti-
cal 1s  np± transitions (n = 2, 3) for the Al0.3Ga0.7As
heterostructure with a quantum well of width dQW = 125 Å.
Squares correspond to the experimental data and the lines
represent the results of the calculations.
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Fig. 3. The same as in Fig. 2, but for the sample with a quan-
tum well of width dQW = 210 Å.
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For 1s electron states, we took into account the
chemical shift, which was about 1 meV. Figure 4 shows
that the chemical shift increases with magnetic field.
The reason for this behavior is that the electron wave
function becomes increasingly localized near the impu-
rity with increasing magnetic field.
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1.2

1.1
2 4 6 8 100

Magnetic field, T

Chemical shift, meV

Fig. 4. Magnetic field dependence of the chemical shift for
the 1s state of an impurity in a QW.
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Abstract—The results of theoretical and experimental studies into the effect of the localization in a quantum
well on the lifetime of the states of shallow impurity centers are reported. The transitions between excited impu-
rity states are induced by an interaction with acoustic phonons whose wave vectors exceed the scale of local-
ization of the wave function in the wave-vector space and, therefore, are determined by the asymptotic behavior
of the wave function of impurity states at large wave vectors. It is shown that the localization in a quantum well
results in a slower decay of the wave functions of the impurity states in the wave vector space and can result in
an exponential decrease in the lifetime of impurity states along with the width of the well. The theoretical results
are in good agreement with the experimental data on the lifetime of acceptor states in GaAs/AlAs:Be structures.
© 2005 Pleiades Publishing, Inc.
An interest in nonequilibrium population and life-
times of shallow impurity states in semiconductors is
related to the possibility of generating stimulated radi-
ation using impurity transitions, which has recently
been experimentally realized [1, 2]. Semiconductor
structures are attractive from the point of view of devel-
oping new sources of stimulated radiation using impu-
rity transitions, since the properties of impurity states
that remain constant in bulk semiconductors can be
changed by varying the parameters of the structures [3].
The lifetimes of impurity states represent a major factor
that determines both the possibility of producing a pop-
ulation inversion and a generation threshold for impu-
rity transitions. Here, we report the results of experi-
mental and theoretical studies into the lifetime of
excited impurity states in heterostructures with δ-doped
quantum wells (QWs).

The experimental study of the relaxation of impurity
state electrons in GaAs:Be and GaAs/AlAs:Be struc-
tures was performed using a free-electron laser (Dutch
FEL) [4, 5]. The structures contained QWs with widths
of 20, 15, or 10 nm with δ-doped layers at the center of
the well (Fig. 1). For all the samples, the measurements
of the absorption of long-wavelength infrared radiation
at low temperatures (4 K) showed three main lines of
1s–2p transitions. The ionization and excitation ener-
gies increase as the QW width L decreases, in agree-
ment with the variational calculations for impurity
states [3]. The relaxation dynamics for electrons in
impurity states was studied using dual (pump–probe)
picosecond pulses. A fast decrease in the lifetime of the
2p acceptor state along with the decreasing L, from
360 ps in bulk GaAs to 55 ps, was observed in the case
1063-7826/05/3901- $26.00 ©0058
of 10 nm QWs (Fig. 2). It is worth noting that the well
width L was much greater than the radius of the orbits
of impurity states, and the energies of the states
changed by no more than 20% in all the investigated
structures.

Transitions between lower excited impurity states
with relatively large energy separations involve the
emission of acoustic phonons whose wave vector
exceeds the size of the wave function in the wave-vec-
tor space. The probability of these transitions is deter-
mined by the short-wavelength asymptotic behavior of
the wave functions of impurity states [6], which cannot

U0

L

∆E

Fig. 1. An energy diagram of impurity transitions in a quan-
tum well.
 2005 Pleiades Publishing, Inc.
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be obtained by the variational procedure used for calcu-
lating the impurity states. The probability of transitions
from the hydrogen-like p-states in bulk semiconductors
decreases as the transition energy ∆E increases to ∆E–7

or faster [7]. The energies of impurity transitions
increase as well width decreases [3]; however, this
increase is not accompanied by a decrease in the transi-
tion probability. In contrast, a sharp decrease in the life-
time of impurity states is observed. This decrease is
related to a change in the short-wavelength asymptotic
behavior of impurity states in QWs.

The state of a hydrogen-like center in a QW is
described by the Schrödinger equation in the effective
mass approximation

(1)

where  is the kinetic-energy operator, ε is the per-
mittivity, and the potential of the QW is U(z) = –U0 for
|z| < L/2 and U(z) = 0 for |z| > L/2 (see Fig. 1). To study
the short-wavelength asymptotic behavior, it is conve-
nient to use the wave-vector representation,

(2)

where k⊥  is the component of the wave vector normal
to the z axis. The wave function in the real space is
obtained by the Fourier transformation of ϕ(k),

For large wave vectors, the wave function is a com-
bination of two components,

(3)

The second component in (3) is

. (4)

This component is similar to the function obtained
in [6] for Coulomb centers in bulk material. The first
component in (3) contains the potential of the QW,

(5)

The behavior of ΦC(k) at large k can be considered
using the Taylor expansion of the quantity 1/|k – k'|2 in
powers of k'. According to [6], at large wave vectors,
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the function ΦC(k) decays as k–(n + 4), where n is the
order of the first nonvanishing moment of ϕ(k).

To determine the asymptotic behavior of Φw(k), we
retain the first term in the Taylor expansion in expres-
sion (5), 1/|kz – | ≈ 1/kz and assume that  ! kz.
We then obtain

(6)

Putting the sine in an exponential form and performing
the inverse Fourier transformation of ϕ( , k⊥ ), we find

(7)

where µ = sin(kzL/2) for even-numbered wave functions
and µ = cos(kzL/2)/i for odd-numbered wave functions.
Since µ oscillates rapidly with varying L as kz @ 2/L,
the quantity |µ|2 can be approximated by its average

over the period as  = 1/2. Thus, at large kz, the first

component of the wave function (3) Φw(kz) ∝   also
decays more slowly than the second component ΦC(kz).
To estimate the contribution of the component Φw and
its dependence on the well width, we assume that the
Bohr radius is much smaller than the well width (aB ! L)
and the difference of the wave functions of impurity
states in the well from those of impurity states in a bulk
semiconductor is small. Since the bulk impurity wave
functions exponentially decrease the further from the
center they are, the integrals in (7) also exponentially
decrease as the well width increases. In the approxima-
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Fig. 2. The dependence of the probability of the 2p0  1s
transition on the width of the quantum well L in GaAs/AlAs
structures. The line corresponds to the calculation, and the
experimental data is marked (1) for the structures and (2) for
bulk GaAs.
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tion of a nondegenerate isotropic band, we obtain the
following expression for the 1s and 2p0 states:

(8)

Here,

A slower asymptotic decay of the wave function of
impurity states, which is due to the effect of the poten-
tial of the QW, can result in an increase in the probabil-
ity of transitions with an emission of short-wavelength
acoustic phonons.

In the approximation of an isotropic phonon disper-
sion relation, the transition probability between states 1
and 2 with the spontaneous emission of acoustic
phonons is given by [8]

(9)

where the integration is performed with respect to the
angles of the vector q, "Cq = ∆E, C is the velocity of

sound, m is the effective mass, l0 = π"4ρc/2m3  is the
characteristic length for acoustic-phonon scattering,
ρc is the crystal density, and ED is the deformation-
potential constant. The transition matrix element in the
wave-vector representation is given by

. (10)

At large k, this matrix element is specified by the con-
tributions of two maxima (near k = 0 and k = –q),
where the slower functions can be expanded in the Tay-
lor series. Thus, we find that the integral in (10) is pro-
portional to the values of the wave function or its deriv-
ative at k = q. The component of the matrix element

corresponding to ΦC is proportional to ,
where n1, 2 are the orders of the first nonvanishing
moments of the wave function, whereas the contribu-
tion of Φw is proportional to q–(3 + n), where n is the
smaller of the numbers n1 and n2. For transitions
between the states of s and p types, we have

(11)

Φw
1s k( ) Q1s kzL/2( )F k( )sin=

× k ⊥
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M1 2,
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ED
2
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q ϕ2* k( )ϕ1 k q+( ) kd∫=

q
4 n1 n2+ +( )–

Ms p,
q Qp∇ qϕ s q( ) ϕ p* q–( )Qs.+=
Assuming that Φw makes the main contribution to the
wave function at k = q and taking into account that
L  @ aB, q–1, we obtain for the matrix element of the
2p0  1s transition,

(12)

and, for the probability of transition between these
states,

(13)

Thus, the transition probability increases exponen-
tially as the well width decreases. Comparing (13) with
the results of [6], we see that the short-wavelength
asymptotic behavior of the probability of an impurity
transition with the emission of acoustic phonons is
determined by the potential of the QW if the following
condition is satisfied:

(14)

The typical depth of the QW U0 is much greater than
the ionization energy Ei . e2/2εaB (in p-GaAs/AlAs
structures, U0 = 460 meV and Ei = 28–35 meV). The
phonon wave vectors corresponding to impurity transi-
tions are equal to q @ 1/L (the energy ∆E corresponding
to q = 1/L is smaller than 0.4 meV in the investigated
structures). Thus, condition (14) is satisfied for the
wide range L @ 2aB.

According to (11), the contributions of Φw(q) and
ΦC(q) to the matrix element are additive at q @ 1/aB.
Since the component of the matrix element propor-
tional to Φw(q) oscillates as cos(qzL/2), the part of

 that contains the product of Φw(q) and ΦC(q)
vanishes after being averaged over the oscillation
period 4π/q ! L. Thus, the contributions to the transi-
tion probability containing Φw(q) and ΦC(q) are addi-
tive. The results of the calculation of the dependence of
the probability of the 2p0  1s transition on the well
width in GaAs/AlAs structures are shown in Fig. 2
together with the experimental data. In the calculations,
we used the following values of the parameters: aB =
16 Å, U0 = 460 meV, m = 0.51m0, C = 4.8 × 105 cm/s,
and ε = 12.9. The quantity l0 = 5.2 × 10–4 cm was
obtained from the measurements of the hole mobility in
GaAs [9]; ∆E = 16 meV is the energy of the transition
from the first excited state to the split-off ground state,
which determines the observed relaxation times (this
energy varies slowly in the structures under study
[10, 11]). The agreement between the results of the calcu-
lation and experimental data may be considered as good.

M1s 2 p0,
q Q1sQ
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Thus, we experimentally observed and theoretically
justified the decrease in the lifetime of impurity states
in QWs. This effect is a consequence of a change in the
behavior of the wave function of impurity states as
k  ∞ in QWs, which results in the enhancement of
the interaction with short-wavelength acoustic phonons.
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Abstract—Backward-wave tubes are used to study the spectra of cyclotron resonance in the range of 150–
700 GHz in the AlSb/InAs/AlSb heterostructures with quantum wells and with an electron concentration in a
two-dimensional electron gas ranging from 2.7 × 1011 to 8 × 1012 cm–2 at 4.2 K. A significant increase in the
cyclotron mass (from 0.03m0 to 0.06m0) is observed as the electron concentration (and, correspondingly, the
Fermi energy) increases, which is typical of semiconductors with a nonparabolic dispersion relation. The results
obtained are in satisfactory agreement with theoretical calculations of cyclotron masses at the Fermi level in the
context of the simplified Kane model. © 2005 Pleiades Publishing, Inc.
1. INTRODUCTION

Recently, an active interest in heterostructures with
InAs/AlSb quantum wells (QWs) was aroused. These
QWs exhibit a number of remarkable properties; for
example, the QW for electrons is extremely deep
(1.3 eV), while the electron mobility at room and liq-
uid-helium temperatures can be as high as 3 × 104 and
9 × 105 cm2/(V s), respectively (see, e.g., [1–7]). The
fact that the crystal-lattice parameters of InAs and AlSb
are close to each other makes it possible to obtain
smooth interfaces between the layers; as a result, the
charge-carrier scattering by the roughness of the sur-
face microprofile can be reduced to a minimum. The
InAs/AlSb systems are promising for the development
of both devices designed for operation in the midinfra-
red region of the spectrum and high-frequency transis-
tors. A study of the cyclotron-resonance spectra is an
effective method for determining both the degree of non-
parabolicity of the conduction band and the spin-related
splitting of the Landau levels in an InAs QW [8–11].
However, these studies, until now, were restricted to
nominally undoped heterostructures with a two-dimen-
sional (2D) electron concentration of no higher than
1.4 × 1012 cm–2. In this paper, we report the results of
studying the cyclotron resonance in AlSb/InAs/AlSb
structures with QWs in which the 2D electron concen-
tration was varied from 2.7 × 1011 to 8 × 1012 cm–2. In
previous publications, the cyclotron resonance was
studied using the Fourier transform spectroscopy in
magnetic fields that exceeded 20 kOe at frequencies
higher than 1.5 THz. In this study, we used the back-
ward-wave tubes (BWTs) as the sources of monochro-
matic radiation, which made it possible to study the
1063-7826/05/3901- $26.00 0062
cyclotron-resonance spectra in the frequency range
from 160 to 700 GHz. In order to interpret the experi-
mental data, we calculated the cyclotron electron
masses in the context of the Kane model.

2. EXPERIMENTAL

The heterostructures under study were grown by
molecular-beam epitaxy on the semi-insulating GaAs
(100) substrates. Since the lattice constants of AlSb and
InAs far exceed that of GaAs, the active part of the
structure was grown on a composite buffer that con-
sisted of a 200-nm-thick GaAs layer, a 100-nm-thick
AlAs layer grown at 570°C, and a metamorphous
buffer layer of AlSb or GaSb. The growth of the meta-
morphous layer started with the deposition of a
100-nm-thick AlSb layer at 570°C; on top of this layer,
a 2.4-µm-thick layer of either AlSb grown at 570°C or
GaSb grown at 510°C (sample 4, see table) was formed
[3, 12]. For all samples, a ten-period smoothing
GaSb(2.5 nm)/AlSb(2.5 nm) superlattice was grown on
top of the buffer layer at 480–490°C. The active part of
the structure consisted of a lower AlSb barrier with a
thickness of 12 nm in undoped samples (samples 1–4)
and a thickness of 40 nm in selectively doped samples
(samples 5–8), an InAs QW with a nominal thickness
of 15 nm, an upper barrier AlSb (Al0.8Ga0.2Sb in sample 3)
layer with a thickness of 30–40 nm, and a top coating
GaSb layer that prevented the reaction of the AlSb with
water vapors in the air. The active part of the structure
was grown at a temperature of 480°C. A special
sequence of interruptions in the supply of the materials
(Al, Sb, In, and As) was used in the growth of the InAs
QW; this sequence ensured that the In–Sb bonds were
© 2005 Pleiades Publishing, Inc.
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Parameters of the undoped (1–4) and selectively doped (5–8) samples used in this study

Sample ,

1012 cm–2

,

1012 cm–2

,

1012 cm–2

,

1012 cm–2

,

1012 cm–2

µ,
105 cm2 V–1 s–1

µCR,
105 cm2 V–1 s–1 mc/m0

1 – – – – 0.27 – 0.45 0.029–0.031

2 0.65 0.64 – – 0.63 3.9 0.6–1.6 0.032–0.036

3 0.68 0.66 – – 0.67 2.5 0.4–1.6 0.033–0.037

4 0.95 0.83 – – 0.82 4.4 0.5–1.6 0.034–0.036

5 2.4 1.8 0.6 – – 1.0 0.4 0.042–0.045

6 3.2 2.2 1.0 – – 0.63 0.4 0.042–0.044

7 4.3 2.8 1.5 – – 0.53 0.4 0.044–0.048

8 8.3 4.3 3.4 0.6 – 0.4 0.2 0.054–0.060

ns
Hall ns

1SdH ns
2SdH ns

3SdH ns
PC
formed at both heteroboundaries of the
AlSb/InAs/AlSb system, which made it possible to
attain a high mobility of 2D electrons (in contrast to the
mobility at the boundaries with the Al–As bonds) [13].
In samples 5–8, we performed the δ doping with Te
(using a Ga2Te3 crucible evaporator) of the upper and
lower AlSb barriers at a distance of 15 nm from the
InAs QW.

In order to characterize the 2D electron gas, we
studied the Hall and Shubnikov–de Haas effects in rect-
angular samples with an area of 15 × 4 mm2 and ohmic
contacts (with the geometry of the Hall bar) formed on
the samples’ surfaces. In studies of the cyclotron reso-
nance, we used square samples with an area of 5 ×
5 mm2 and with two strip ohmic contacts. The samples
were mounted in a cryomagnetic insert placed in a stor-
age liquid-helium STG-40 Dewar flask. We used the
OV-30 and OV-74 backward-wave tubes as the radia-
tion sources; these tubes covered frequency ranges of
160–340 and 490–710 GHz, respectively. The measure-
ments were performed at T = 4.2 K, using a constant
radiation frequency of BWTs and the sweeping of the
magnetic field that was directed perpendicularly to the
samples’ surface and parallel to the propagation of the
BWT radiation. The radiation was modulated using a
chopper (the modulation frequency f ≈ 200 Hz). The
radiation transmitted through the structure was detected
using an n-InSb photodetector. We used a conventional
scheme of lock-in amplification: The signal from the
output of the lock-in amplifier was digitized using an
analog-to-digital converter and was recorded as a func-
tion of the magnetic field. In order to suppress the inter-
ference effects, the substrates were wedged with an
angle of 2°. For some of the samples, we measured the
oscillations of the submillimeter photoconductivity in
order to determine the concentration of 2D electron gas
(these oscillations are similar to the Shubnikov–de
Haas oscillations).
SEMICONDUCTORS      Vol. 39      No. 1      2005
3. CALCULATION OF CYCLOTRON ELECTRON 
MASSES IN THE InAs/AlSb 

HETEROSTRUCTURES

We used the Kane Hamiltonian operator when cal-
culating the electron spectrum. In this Hamiltonian
operator, the terms proportional to the square of the
wave vector and the terms that appeared owing to the
absence of an inversion center in the crystal were disre-
garded [14]. The use of the basis suggested by Aleshkin
et al. [15] makes it possible to represent the Hamilto-
nian operator in the block form as

The wave function can be represented as

where ψ± satisfy the equations

(1)

The electron spectrum is doubly degenerate; i.e., the
same energies correspond to the H± operators. By solv-
ing Eq. 1, we determine the dispersion dependences of
the energy of an electron in the nth subband εn on the
wave vector k: εn(k). Typical dispersion dependences
for electrons in an InAs/AlSb QW are shown in Fig. 1.

The cyclotron masses at the Fermi level were deter-
mined from the obtained dependences εn(k) using the
formula

(2)

The results of the calculations of the energy for three
lower dimensional-quantization subbands in relation to
the squared wave vector in an AlSb/InAs heterostruc-
ture with a QW thickness of 205 Å are shown in Fig. 1.
The lattice parameter of the structure in the growth
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plane is equal to the AlSb lattice parameter. The zero
energy corresponds to the bottom of the InAs conduc-
tion band (with the dimensional-quantization energy
disregarded). It is noteworthy that, if temperature is
equal to zero and if only the first subband is filled, the
wave vector at the Fermi level (kF) is specified by the

relation ns = /2π, where ns is the concentration of
2D electron gas.

In order to test the accuracy of the algorithm used
when calculating the energies of electronic states in the
InAs QW, we calculated the energies of intersubband
transitions that had been observed experimentally in
previous studies [16, 17]. The energies of the transi-
tions from the first subband to the second subband for
the InAs QWs with widths of 6.5, 7.7, and 8.6 nm were
found to be equal to 0.327, 0.273, and 0.245 eV, respec-
tively [16]. The results of our calculation for these QWs
are 0.329, 0.276, and 0.245 eV and they are in good
agreement with reported experimental data.

Larrabee et al. [17] measured the intersubband-tran-
sition energies for the QWs with widths of 10, 8.4, 7.5,
7.0, 6.5, 6, and 5 nm. The transition energies for the
four QWs with the largest width were found to be equal
to 0.211, 0.244, 0.272, and 0.296 eV at 10 K. The cal-
culated transition energies for these QWs are equal to
0.208, 0.252, 0.284, and 0.305 eV. In these structures,
one should take into account the depolarization shift
occurring as a result of a high electron concentration.
This shift gives rise to a displacement of the line by sev-
eral millielectronvolts from the short-wavelength edge
that corresponds to transitions with k = 0 (we consid-
ered the energies of exactly such transitions). For the
structures under consideration, the calculation yields a
value of the transition energy that is too large, and the
discrepancy between the theory and experiment

kF
2

0.50

0 1

Energy, eV

10–12 k 2/2π
2 3 4 5

0.45
0.40
0.35
0.30
0.25
0.20
0.15
0.10
0.05

Fig. 1. The results of calculations of the energy for the three
lower dimensional-quantization subbands in relation to the
squared wave vector in an AlSb/InAs heterostructure with
quantum-well widths of 205 Å (solid line) and 150 Å
(dashed line).
increases as the QW width decreases. In all probability,
this behavior is related to errors in the determination of
the QW width. It is worth noting that, for the experi-
ment under consideration [17], the discrepancy is
within 5%, which indicates that the agreement between
the theory and experiment is quite satisfactory.

4. RESULTS AND DISCUSSION

The parameters of the samples studied are listed in
the table in the order (from top to bottom) of increasing
concentration of 2D electron gas. In addition to the total

concentration  determined from the Hall effect
measurements, the table lists the electron concentra-
tions in the first, second, and third dimensional-quanti-
zation subbands as determined from the Fourier analy-

sis of the Shubnikov–de Haas oscillations ( ,

, and ); the concentration determined from

oscillations of the submillimeter photoconductivity ( )
is also listed. The highest mobility (µ ≈ 4 × 105 cm2/(V s))
was observed in undoped samples 2–4, where the typi-
cal charge-carrier concentration was in the range of
(6−9) × 1011 cm–2. In such structures, the mobility is
limited by the long-range potential of remote ionized
impurities. This potential is screened by the charge car-
riers [12]. In nominally undoped samples, electrons are
supplied to the InAs QW by surface donors in the top
GaSb layer [4] and deep donors in the bulk of the
Al(Ga)Sb barrier layers [18–20]. In selectively doped
samples 5–8, the charge-carrier mobility decreases
gradually as the electron concentration increases as a
result of the charge-carrier scattering by ionized donors
in the δ-doped layers. As can be deduced from the table,
the electron concentrations determined for samples 2–4
from the measurements of the Hall and Shubnikov–de
Haas effects differ somewhat. This difference is proba-
bly caused by the existence of a conductivity channel
that is parallel to the InAs QW rather than by the filling
of the second dimensional-quantization subband. The
spectral analysis of the Shubnikov–de Haas oscillation
in selectively doped samples 5–6 shows that the filling
of the second subband only sets in at ns ≈ 1.2 × 1012 cm–2

(see table).
Typical cyclotron-resonance spectra are shown in

Figs. 2a and 2b. It is worth noting that the electron
mobility as determined directly from the half-width of
the cyclotron-resonance line ∆H1/2 (µCR = e/mcγ, where
γ = (1/2)ω∆H1/2/Hres), is much lower than that obtained
from the measurements of the Hall effect and electrical
conductivity (see table). This circumstance is related to
the cyclotron-absorption saturation caused by a high
mobility and/or a high charge-carrier concentration in
the samples under study. The values of the cyclotron
electron masses mc = eHres/(2πcf) determined from the
magnitude of the resonance magnetic field Hres are
listed in the table. It can be seen that the effective mass

ns
Hall

ns
1SdH

ns
2SdH ns

3SdH

ns
PC
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increases noticeably as the concentration (and, accord-
ingly, the Fermi energy) increases. This increase in the
effective mass is typical of semiconductors with a non-
parabolic dispersion relation and has been studied in
sufficient detail for nominally undoped InAs/AlSb het-
erostructures with QWs [11]. In order to interpret the
results obtained, we calculated, in this study, the cyclo-
tron masses at the Fermi level (2) in the context of the
above-described simplified Kane model. The results of
our calculations show that, as two or three of the dimen-

#3, 2.44 meV

#3, 1.22 meV

#2, 2.25 meV

#2, 0.84 meV

#1, 2.06 meV

#4, 1.11 meV

#4, 2.33 meV
(a)

T
ra
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m
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, a
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Fig. 2. Typical cyclotron-resonance spectra for undoped
samples (a) 1–4 and selectively doped samples (b) 5–8 at
various energies of photons. The sample numbers and the
photon energies are indicated.
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sional-quantization bands are filled with electrons, the
effective charge-carrier masses at the Fermi level differ
insignificantly in different subbands and this difference
in effective masses lies within experimental errors
when determining the cyclotron masses (see table).

In Fig. 3, we show the measured values of the cyclo-
tron electron masses in relation to the charge-carrier
concentration in the first subband and also the calcu-
lated dependences of the cyclotron mass for the InAs
QWs with widths of 205 and 150 Å. It can be seen that
the calculation for the nominal (determined from the
growth parameters) QW width of 150 Å yields a much
worse agreement with the experiment than that for the
QW width of 205 Å. Since the used model of the dis-
persion relation for electrons ensures good agreement
between the theory and experiment in calculations of
the energies of intersubband transitions, it is reasonable
to assume that the discrepancy between the results of
calculations and experimental data is caused by an
insufficiently accurate calibration of the growth rates of
the layers. In order to verify this assumption, one has to
perform independent measurements of the thickness of
the InAs layer in the studied structures.
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Abstract—Spontaneous emission from selectively doped GaAs/InGaAs:Si and GaAs/InGaAsP:Si heterostruc-
tures is studied in the frequency range of ~3–3.5 THz for transitions between the states of the two-dimensional
subband and donor center (Si) under the condition of excitation with a CO2 laser at liquid-helium temperature.
It is shown that the population inversion and amplification in an active layer of 100–300 cm–1 in multilayered
structures with quantum wells (50 periods) and a concentration of doping centers ND ≈ 1011 cm–2 can be attained
under the excitation-flux density 1023 photons/(cm2 s). © 2005 Pleiades Publishing, Inc.
1. INTRODUCTION

The possibility of using quantum-dimensional het-
erostructures to attain the effect of stimulated radiation
under an intraband optical excitation was, for the first
time, shown in [1]. Lasing at the wavelength λ =
15.5 µm was observed for intersubband transitions in
two-dimensional (2D) electron gas inside the GaAs
quantum wells (QWs) of GaAs/AlGaAs structures
using a four-level scheme of excitation by the radiation
of a CO2 laser (λ = 9.7 µm). In this case, the lower level
of the operating transition was rapidly depleted by the
emission of optical phonons for 0.5 × 10–12 s. However,
for the upper level, the relaxation via optical phonons
was somewhat suppressed (time 0.7 × 10–12 s) by the
fact that the states of 2D electrons involved in the non-
radiative transition were separated both in the coordi-
nate space and in the space of wave vectors. Unfortu-
nately, this line of research was not continued and was
just an episode in the background of research into quan-
tum-cascade lasers (see, for example, [2]) with current
excitation. These lasers actively use the same principle
of active medium formation, but under the conditions
of the so-called vertical electron transport. This experi-
mental study is the first step in an examination of the
possibility of forming an inverse population and obtain-
ing the effects of amplification for impurity–band tran-
sitions in the QW heterostructures. Therefore, we used
optical excitation, since this approach considerably
simplified the design of the required heterostructures.

It is noteworthy that the effects of stimulated radiation
for the intracenter transitions of shallow-level donors that
were optically excited had already been observed in a bulk
semiconductor, specifically silicon [3]. However, the
extension of similar studies to selectively-doped quan-
1063-7826/05/3901- $26.00 0067
tum-confined heterostructures seems to be important
since resonant tunneling allows one to accomplish the
current excitation of inverted electron distributions
both for intracenter and at impurity-band optical transi-
tions. In this case, due to the quantitative characteristics
found in the spectra of states with shallow impurity lev-
els and, which is of no small importance, with infinites-
imal lattice absorption, the Si/SiGe heterostructures are
of the most interest. It is clear that the occurrence of
band offsets, the built-in strain, a high concentration of
doping centers, and other features of artificial media for
lowering dimensionality introduce complications.
These complications do not allow one to blindly repro-
duce the effects already realized for bulk material.
However, these features can offer advantages associ-
ated with a possible purposeful modification to the
charge-carrier state. Taking into account the factor of
technological availability and a striving to simplify the
objects under study, we chose the selectively Si-doped
GaAs/InGaAs and InGaAsP/GaAs multilayered QW
heterostructures with one or two subbands of dimen-
sional quantization. In the latter case, a shallow QW
was incorporated into the barrier region. We adjusted
the spectrum of states so that the intersubband radiative
transitions were of little importance. In this case, the
optical transitions between the 2D continuum and the
ground state of the Coulomb center gave rise to a pho-
toinduced emission in the terahertz frequency range.
When interpreting the data, we attached much impor-
tance to comparing the results obtained for various
structures, which differ in the concentration of doping
centers and in their spatial distribution between QWs
and barriers.
© 2005 Pleiades Publishing, Inc.
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2. EXPERIMENTAL

Figure 1 shows the optical layout of the measure-
ments. We used a conventional sealed-off CO2 laser
with a longitudinal discharge as the pumping source.
The laser operated in the active Q-switched mode and
provided a peak power as high as 2 kW in a pulse with
a duration of 300 ns. When measuring the current–volt-
age (I–V) characteristics and photocurrent, we used a
synchronized pulsed voltage source with a pulse dura-
tion of 10 µs, which allowed us to avoid any undesir-
able overheating of the samples under study. The data
were recorded using a digital oscillograph and were
averaged over 1024 representations. The radiation was
observed from the end of structures that were 0.5 ×
0.7 × 0.04 cm3 in size and cooled with liquid helium.
Optical excitation was accomplished using the emis-
sion of a CO2 laser with a wavelength of 10.6 µm,
which propagated in the growth-layer plane in a direc-
tion towards a narrow (0.5 cm) face. The characteristic
absorption length of the pumping radiation for

Ge:Ga Ge:Ga

Al2O3 Al2O3

CO2

k

e

Structure

Fig. 1. Optical layout for measuring the spontaneous emis-
sion. k is the propagation vector of the electromagnetic
wave, and e is the polarization vector.
50-period GaAs/InGaAs structures is estimated at
0.4 cm at a doping level of 2 × 1011 cm–2 per period.
To detect the terahertz radiation, we used a Ge:Ga pho-
todetector cooled with liquid helium and protected
from the scattered pumping radiation with a sapphire
filter. To increase the sensitivity, we coupled the photo-
detector output to an amplifier with an amplification
band of 1 MHz.

The samples under study (see Tables 1, 2) were
grown on a semi-insulating GaAs substrate 0.04 cm
thick using the process of MOC-hydride epitaxy
(vapor-phase epitaxy from metal-organic compounds).

The measured electron mobility for all
GaAs/InGaAs structures was close to 4 × 103 cm2/(V s)
at room temperature and somewhat increased, to
~(6−8) × 103 cm2/(V s), at liquid-helium temperature.

The results of measurements of the dark current and
photocurrent for structures 3122 and 3123 in relation to
the voltage applied in the plane of the structures are
shown in Figs. 2 and 3, respectively; in these structures,
either only QWs or only barriers were doped. Similar
results were also obtained for all the other samples
listed in Table 1. From dark I–V characteristics, we may
conclude that electron mobility increases only slightly
as the applied field increases. The concentration of free
(delocalized) electrons was high, even at liquid-helium
temperature, for structures of all types, although this
concentration was evidently lower when only QWs
were doped. The I–V characteristics show that the
breakdown regions of the delocalized states of the
donors are rather diffuse. It is noteworthy that, in an
approximation of the isolated Coulomb center, the
binding energy of donors for the doped central parts of
QWs was close to 10 meV, while for doped barriers in
the structures (Table 1) this energy was no higher than
3–4 meV. At ~4.2 K, this value is quite sufficient to
freeze the conductivity, whose presence of is associated
with strong concentration-related broadening of bound
states and their partial overlap with the 2D continuum
(delocalization). The photocurrent measurement data in
relation to the voltage applied confirm this point of view.
Table 1.  Parameters of the InxGa1 – xAs/GaAs heterostructures

Structure no.

Width, nm/In content, x

ns, 1011 cm–2

Impurity location

deep
quantum well barrier shallow

quantum well
deep

quantum well barrier shallow
quantum well

3120 7/0.17 4/0 14/0.05 2.2 – – Select.

3121 7/0.17 4/0 14/0.05 4.7 δ – Select.

3122 7/0.17 4/0 14/0.05 2.5 δ – –

3123 7/0.17 22/0 – 2.4 – Select. –

3124 7/0.17 22/0 – 5.1 δ Select. –

4167 7/0.17 22/0 – 1.3 – Select. –

4169 7/0.17 4/0 14/0.05 1.5 – – Select.

Note: Select. denotes selective doping.
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Figures 2 and 3 also show the results of photocurrent
measurements. The photocurrent is caused by the elec-
tron excitation from localized donor states to the
2D subband of dimensional quantization. We estimated
the cross section of photoionization at ~10–14 cm2 (see
below). Other parameters, which specify the photocur-
rent, are the mobility of 2D electrons, the cross section
of their capture at the charged Coulomb center, and the
rate of impact ionization of localized states. The results
of measurements show that, in fields exceeding the
breakdown field of the donor centers, the photocurrent
decreases. A rigorous quantitative analysis of popula-
tions is rather complex and requires the use of numeri-
cal simulation methods, which are beyond the scope of
this report. However, a comparison of the data obtained
for the samples with a different type and various levels
of doping allows us to reach certain conclusions. For
example, from the peak width of the photocurrent curve
and its dependence on the parameters of the structures,
we can conclude that the bound states of donors form a
broad band of localized states and that the width of this
band increases as the concentration of doping centers
increases. In this case, the concentration of localized
states increases disproportionately to the concentration
of introduced donors and does not exceed 1011 cm–2,
even if the QWs are doped. This behavior is caused by
the broadening of the energy spectrum of the bound
states of neutral donor centers and their partial delocal-
ization by an inhomogeneous field of neighboring
charged donors and acceptors. In addition, the measure-
ments of the current allow us to conclude that the resid-
ual doping level in the structures under study is high
(~1016 cm–3). This circumstance leads to the rise in dark
conductivity and to an additional photocurrent, which
is especially noticeable at a relatively low (~1010 cm–2)
concentration of purposefully introduced centers.

An important feature of the photocurrent is its level-
ing off at the excitation intensity I > 0.4 kW/cm2
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2

6

8

10

12

0

Fig. 2. Dependences of (1) dark current and (2) photocur-
rent on the applied electric field E for the highest pump
intensity effected by the radiation of a CO2 laser for struc-
ture 3122.
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(Fig. 4). This phenomenon was observed for all
GaAs/InGaAs structures when a low field was applied
but vanished for characteristic breakdown fields and
above. This result indicates that the rate of trapping of
2D electrons at the Coulomb charged centers, without
heating the charge carriers with an external electric
field, is no higher than ν ≈ 108 s–1. This rate is mainly
determined by the emission of optical (rather than
acoustic) phonons by energetic electrons from the tail,
which appears due to electron–electron collisions, of
the distribution function. The above estimate is
obtained under the assumption that the cross section of
the photoionization of donors in the GaAs/InGaAs
structures is close to 10–14 cm2. In the fields exceeding
the breakdown field, the collisions of heated electrons
play a decisive role in the ionization of donors. This
factor increases the ionization rate of the centers, and
the pumping-intensity dependence of photocurrent
becomes linear. At the same time, the rate of recombi-
nation with the emission of optical phonons should also
increase. The mentioned factors allow us to understand
the main features of the identified dependences of the
photocurrent. For the GaAs/InGaAsP structures, where

Table 2.  Parameters of the In0.07Ga0.93As0.86P0.14/GaAs het-
erostructures

Struc-
ture no.

Width, nm
ns, 

1011 cm–2

Impurity location

quantum 
well barrier quantum

well barrier

4157 7 20 0.21 – –

4159 7 20 0.7 δ –

4160 7 20 0.44 δ –

4161 7 20 1.1 – Selective
doping

Dark current, A Photocurrent, mA

E, V/cm
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Fig. 3. (1) Dark current and (2) photocurrent in relation to
the applied electric field E for the highest pump intensity
effected by the radiation of a CO2 laser for structure 3123.
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the conduction band offset was ~10 meV, the voltage
dependences of the photocurrent were almost linear.
This behavior can be attributed to a decreased cross
section of photoexcitation, which is lower by a factor of
approximately 2 in this case. The photocurrent mea-
surement data are important and used in full measure to
interpret the data on the emission of heterostructures.

Spontaneous emission in the terahertz frequency range
was observed for all the structures listed in Table 1. The
emission intensity was proportional to the concentra-
tion of doping centers, with small deviations, within the
measurement of error, for the samples with a different
doping distribution over the layers of the heterostruc-
ture. The radiation intensity per donor was highest for
the structures with doped QWs and barriers, and lowest
for the structures that only had the barriers doped. Fig-
ures 5 and 6 show the typical photopumping-power
dependences for the intensity of terahertz radiation. It is
noteworthy that these dependences are superlinear.
This behavior was found to be most pronounced for
samples 3122 and 3123, and was practically unob-
served within the accuracy of the measurements for the
samples with the doping level ~1010 cm–2 or when the
terahertz emission was detected from the structure
plane. Using filters made of KRS-5 and fused quartz
that were cooled by liquid helium, we found that the
energy range of emitted photons was 12–14 meV.

We believe that the observed spontaneous emission
is associated with optical transitions of 2D electrons
from the lower subband of dimensional quantization of
the QW to the localized states of ionized donors. The
superlinear pumping-power dependence of the sponta-
neous-emission intensity is indicative of the gain for
these transitions with the gain factor αeff ≈ 0.5 cm–1 at a
pumping radiation intensity P ≈ 1 kW/cm2. In our esti-
mations, we assumed that I = I0exp(αeffdeff), where deff
is the effective optical thickness and I0 is the effective

Photocurrent, mA
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CO2 pump intensity, kW/cm2
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Fig. 4. Photocurrent as a function of the pump intensity pro-
duced by the radiation of a CO2 laser for structure 3123 at
an applied electric field of (1) 4 and (2) 20 V/cm.
intensity of the spontaneous emission. We do not know
the parameter deff exactly, but assumed that it was equal
to the sample length (~1 cm). That this parameter could
be larger by a factor of 2–3 due to the effects of internal
reflection of outgoing radiation is not excluded.
Another feature of the electrodynamics of the struc-
tures emerges in connection with a thick (0.04 cm)
GaAs semi-insulating substrate. We can disregard the
absorption of terahertz radiation in this substrate since
the corresponding absorption coefficient is no larger
than 0.5 cm–1 in the mentioned frequency range at liq-
uid-helium temperature [4]. However, the overlap fac-
tor of the active medium and the waveguide formed by
the substrate is small and amounts to a mere ~2 × 10–3,
which substantially decreases the value of the observed
gain. In this case, the recalculated gain of the active
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Fig. 5. The intensity of spontaneous radiation as a function
of the pump intensity produced by the radiation of a CO2
laser for structure 3123 with the detection (1) from the
structure plane and (2) from the structure end.

40

80

120

0 0.2 0.4 0.6 0.8 1.0
CO2 pump power, kW/cm2
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Fig. 6. The intensity of spontaneous radiation as a function
of the pumping power produced by the radiation of a CO2
laser for structure 3122 with the detection from the structure
end (the solid line) and the extrapolation of the linear
dependence (dashed line).
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layer is rather high, α ≈ 250 cm–1 (pumping P ≈
1 kW/cm2). This value exceeds the published data on
this parameter for a quantum-cascade laser operating at
almost the same frequencies [5].

Thus, optical excitation of neutral Si donors in the
selectively doped InGaAs/GaAs and InGaAsP/GaAs
structures under study leads to a pronounced gain for
optical transitions of electrons from the 2D continuum
to the localized states of positively charged donor cen-
ters. It is noteworthy that we failed to reveal any polar-
ization effects with respect to the pump radiation. This
fact requires additional verification but could be associ-
ated with depolarization of the pump radiation in the
optical channel.

In order to analyze the experimental data, we calcu-
lated the localized and 2D electron states for the struc-
tures under consideration. For this purpose, we used the
approximation of the isolated Coulomb center. It was
already mentioned above that this is a rather rough
approach for the structures under study. However, the
simplified model (see below) allowed us to reveal nec-
essary reference points for the values of energy levels
and cross sections of optical transitions for localized,
quasi-localized (resonant), and free 2D states in quan-
tum wells.

3. THEORY

In our calculations, we used an expansion in terms
of the wave functions of the electrons in the QW that
were undisturbed by the impurity potential [6, 7]. In
this case, since the distance between subbands in QWs,
in the structures under study, considerably exceeds the
binding energy of a donor, we disregarded the contribu-
tion of the three-dimensional (3D) continuum to the
wave functions of localized states of donors. This
approximation also remains admissible for a QW with
a single subband if the energy spacing between the sub-
band bottom and the boundary of the 3D continuum
exceeds the binding energy of the donor.

When calculating the absorption cross section of the
infrared (IR) radiation, we used the following simplifica-
tions: First, we disregarded the modification of the states
of the 3D continuum by the Coulomb potential in calcula-
tions of the photoionization cross section of QWs. Second,
the broadening of absorption lines was taken into account
by replacing the Dirac function, which is responsible for
the energy conservation for optical transitions, with the
Lorentz function π–1Γ/[(Ef – Ei – "ω)2 + Γ2] when using
the Fermi golden rule. Here, Ei and Ef are the energies
of the initial and final electron states, "ω is the photon
energy, and Γ is the broadening parameter. The param-
eter Γ, with respect to the discussed experiment,
approximately represents the inhomogeneous line
broadening. To reveal the degree to which the choice of
Γ affects the absorption cross section of IR radiation in
different spectral ranges, we carried out calculations for
two values of Γ, namely, 1 and 3 meV, with the donor
SEMICONDUCTORS      Vol. 39      No. 1      2005
located at the QW center (Fig. 7). In addition, Fig. 7
shows the absorption cross section calculated by aver-
aging the location of the donors [8], which are distrib-
uted along the growth axis of the heterostructure
according to the Gaussian law. The specified method
takes into account only inhomogeneous broadening of
absorption lines, which emerges due to the dependence
of the impurity spectrum on its location in the quantum-
confinement layer.

In the calculations carried out, we did not directly
take into account an important mechanism of line
broadening, the mutual effect of impurity centers.
Therefore, the results of the calculations of absorption
cross sections are especially estimative. This is particu-
larly true when related to the frequency range, in which
the emission was observed. Figure 7 shows that the
absorption cross section depends heavily on the used
parameter Γ in this range. The calculation of the cross
section of optical transitions performed in terms of the
dependence of the ionization energy of the center on its
location in the QW (dashed line in Fig. 7) yielded closer
but somewhat lower values. It is noteworthy that the
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Fig. 7. The optical-absorption cross section for transitions
from the ground donor state to the 2D and 3D states for the
electromagnetic wave (dashed line, 1, 2) circularly polar-
ized in the plane of the layers and (3, 4) linearly polarized
normally to the growth layers for the In0.17Ga0.83As/GaAs
structure with the doped In0.17Ga0.83As quantum well 7 nm
wide. The dashed line corresponds to the cross section of
photoexcitation to the 2D donor states distributed (accord-
ing to the Gaussian law) symmetrically relative to the layer
middle with a variance of 2 nm. For comparison, the cross
section of the photoionization of the donor located at the
quantum well center is shown for the homogeneous broaden-
ing of its ground state (1, 3) Γ = 1 meV and (2, 4) Γ = 3 meV.
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absorption cross section in the range 10–20 meV
depends only slightly on the width of the selectively
doped layer for sufficiently abrupt impurity distribu-
tions with a spread no larger than 2 nm along the growth
axis of the heterostructure.

In the range 60–120 meV, the absorption cross sec-
tion depends on the parameter Γ only near the photo-
ionization threshold of the QW. For the samples stud-
ied, the energy of the pump photon ("ω = 117 meV)
noticeably exceeds the mentioned threshold. Therefore,
the calculated cross sections of the photoionization of
QWs produced by the emission of the CO2 laser are sat-
isfactorily accurate.

It is very important that the cross section of the
intraband absorption of the IR radiation should have a
sharply pronounced polarization dependence. The
absorption cross section of the radiation with the polar-
ization vector normal to the heterointerfaces is rela-
tively large for photon energies, which approximately
correspond to the distance between the subbands or the
photoionization of the QW. In terms of this circum-
stance, in the experiments carried out, the radiation of
the CO2 laser was introduced into the heterostructure
end to ensure the efficiency of the optical excitation.

For frequencies lower than the frequencies of inter-
subband transitions (in our case, this is the range of the
photoinduced emission), the effects of optical transi-
tions, in contrast, should be highly pronounced when
the electromagnetic wave in the QW plane is polarized.
Here, the specific features of the 2D structures manifest
themselves, which implies that the spatial confinement
in the QW profoundly affects the wave functions of
electron states. As a result, the dipole moments corre-
sponding to optical transitions between the localized
states and to the impurity-band transition are aligned
almost exclusively in the plane of the quantum-confine-
ment layers.

4. CONCLUSIONS

The reported experimental data indicate that it is
possible to form an inverted electron-distribution func-
tion and related gain for impurity-band transitions of
the Si donor centers in the selectively doped quantum-
confinement GaAs/InGaAs and InGaAsP/GaAs QW
structures, when under intraband optical excitation
using the radiation of the CO2 laser. To attain the effects
of the stimulated emission, a cavity based on the reflec-
tion from structure cleaved surfaces may be used. How-
ever, it is then necessary to increase the overlap factor
of the active medium with the waveguide mode by
shifting the latter closer to the heterostructure. This can
be attained using a heavily doped GaAs layer specially
grown for this purpose [9–11]. In conclusion, we would
like to mention the situation where the optical excita-
tion of the inverse electron distribution for the transi-
tions from the 2D states of quantum wells to the local-
ized states of impurity centers can be replaced by elec-
tric-current pumping under the conditions of resonant
tunneling. We refer to the multilayered structures with
the δ-doped barrier layers, in which the resonance
states of the Coulomb centers are located between two
weakly coupled QWs. In corresponding layouts, it is
possible to avoid a complex system of variable-thick-
ness QWs that appreciably complicates the design of
existing quantum-cascade lasers based on intersubband
transitions. As a result, one can attain a higher effi-
ciency of induced radiation processes due to a larger
gain cross section for operating transitions and due to a
decrease in the detrimental factor of electron–electron
collisions.
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Abstract—Photoluminescence in the 1.2–1.4 eV spectral range from GaN:As layers grown on (0001) Al2O3
substrates was observed and studied. The photoluminescence is attributed to radiative recombination in GaAs
nanocrystallites, self-organized in the GaN matrix during growth. The photoluminescence intensity attains a
maximum at a growth temperature of ~780°C, which is explained by the competition between several temper-
ature-dependent processes that affect the formation of GaAs nanocrystallites. Sharp emission lines were
observed at the high-energy edge of the photoluminescence band. These lines are caused by an emission of
bound excitons in the GaAs nanocrystallites and by phonon replicas of the bound-exciton emission. The ener-
gies of the corresponding optical phonons are typical of GaAs. The photoluminescence-excitation spectra
exhibit features related to resonantly excited free and bound excitons as well as to excitons formed simulta-
neously with the emission of optical phonons. © 2005 Pleiades Publishing, Inc.
Recently, considerable interest has arisen in the mate-
rials of the GaAsN system [1]. This interest is caused by
a combination of the unique physical properties of these
materials and by their potential to be the basis for a new
generation of light-emitting devices for the telecommu-
nication wavelength range (1.3–1.55 µm) [1, 2]. It
should be noted that, previously, GaAs doped with
nitrogen was intensively studied (see, e.g., [3, 4]),
whereas GaN doped with arsenic has attracted interest
only recently. In [5, 6], it was shown that GaN:As
grown by molecular-beam epitaxy (MBE) exhibits
intense photoluminescence (PL) in the blue spectral
range (2.6 eV), which arises due to optical transitions
that involve doubly charged ions (As++). In [7, 8],
observation of IR PL in this material (in the range 1.2–
1.4 eV) was also reported. The IR PL in GaN:As grown
by MBE is caused by radiative recombination in GaAs
nanocrystallites formed in the GaN matrix during
growth. The GaAs nanocrystallites embedded in a
wide-gap GaN host matrix may prove to be of interest
for applications in photonics, provided that one is able
to control their formation. In this paper, we report the
results of our investigations into the mechanisms of the
radiative recombination responsible for IR PL in
GaN:As. In addition, we report our results on the effect
of the growth conditions of GaN:As layers on IR PL.

In our research, GaN:As layers grown by plasma
MBE on sapphire substrates with the orientation (0001)
were used. The thickness of the gallium nitride layers
amounted to 1.0–2.5 µm. The MBE conditions were
described in detail in [5]. The growth of the epitaxial
1063-7826/05/3901- $26.00 0073
layers was monitored by reflection high-energy elec-
tron diffraction, and the layers obtained were character-
ized by atomic-force microscopy and X-ray diffraction
analysis. According to the X-ray measurements, the
samples consisted of GaN layers that were oriented in
the (0001) plane and contained GaAs crystallites ori-
ented in the (111) plane. The intensity of the X-ray peak
of the GaAs shows that, in the material obtained at the
substrate temperature Tgr ≈ 800°C, the volume fraction
of the GaAs crystallites amounts to ~0.03%. An analy-
sis of the shape of the X-ray diffraction curves using the
Scherrer relations [9] made it possible to estimate the
typical dimensions of the GaAs crystallites. The aver-
age dimension of the crystallites in the growth direction
is ~22 nm and for those in the plane of the substrate,
~200 nm. This observation allows us to conclude that
the GaN matrix does contain GaAs nanocrystallites.

Both steady-state and time-resolved types of PL
were measured in the temperature range T = 6–300 K.
As photoexcitation sources, we used (i) a cw Ar+ laser
emitting at 304 nm in the UV range, as well as at 488
and 514.5 nm in the visible range; (ii) a cw titanium–
sapphire laser emitting in the range 700–850 nm; and
(iii) a pulsed nitrogen laser with a radiation wavelength
of 337 nm, pulse duration of 6 ns, and pulse-repetition
frequency of 500 Hz. The spectra were recorded using
a grating monochromator with a reciprocal linear dis-
persion of 16 Å/mm.

Figure 1 shows typical spectra of IR PL from
GaN:As layers excited with light where the energy of
the photons is greater than the band gap (Eg) of GaN
© 2005 Pleiades Publishing, Inc.
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(radiation at 304 nm from the Ar+ laser). It can be seen
from Fig. 1 that, at 300 K, an emission band with a peak
at ~1.4 eV, whose width is ~0.15 eV, is observed in the
spectrum. The IR PL is caused by radiative recombina-
tion in the GaAs nanocrystallites, whose presence in
the GaN:As layers is confirmed by the X-ray data. It is
interesting that when the epitaxial layers are excited at
room temperature by light with a photon energy smaller
than the Eg of GaN (e.g., by the radiation at 488 or
514.5 nm from the Ar+ laser), IR PL is virtually unob-
servable.

The IR PL excited by UV radiation was found to be
rather intense: the IR PL intensity at 300 K amounted
to ~6–7% of the intensity of the highly intense blue PL
(see the inset in Fig. 1) studied in [5, 6]. The high effi-
ciency of IR PL observed at a small volume fraction of
GaAs nanocrystallites indicates that nonequilibrium
electron–hole pairs generated by UV excitation in the
GaN matrix are efficiently captured by GaAs nanocrys-
tallites. A large difference between the band gaps of
GaN and GaAs (~2 eV) undeniably plays an important
role in this process. Therefore, the behavior of GaAs
nanocrystallites in GaN:As during recombination pro-
cesses is similar to that of buried heterostructures or
quantum dots in a wide-gap matrix.

As can be seen from Fig. 1, as the temperature
decreases, the intensity of the PL increases and the PL
peak shifts, somewhat, to higher energies. Simulta-
neously, a new emission band peaked at ~1.20 eV
appears in the spectrum and becomes dominant at T <
150 K. In Fig. 1, the two bands observed in the spec-
trum at low temperatures are denoted as A (~1.43 eV at
10.5 K) and B (~1.20 eV at 10.5 K), respectively. An
analysis of the temperature dependences of the spectral
positions and the intensities of the A and B bands
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Fig. 1. Typical spectra of the IR PL of GaN:As in the tem-
perature range 10.5–300 K. The spectra are excited by the
radiation, at 304 nm, of the Ar+ laser with an intensity of
Jex ~ 1 W/cm2. The PL spectra are corrected for the spectral
characteristic of the measuring system. The dashed lines
show the zero levels of the corresponding PL signals. The
inset shows the PL spectra in the visible and UV spectral
regions.
(see [8]) makes it possible to attribute the origin of both
of them to the recombination of donor–acceptor pairs.
Each recombination event involves either a shallow
donor and a deep acceptor associated with the Ga
vacancies (the B band) or a shallow acceptor and a deep
donor related to the As vacancies (the A band). Similar
donor–acceptor recombination channels involving
shallow and deep centers introduced by the Ga and As
vacancies were observed in bulk GaAs [10, 11] and,
apparently, these channels occur in GaAs nanocrystal-
lites formed in the GaN matrix.

Figure 2 shows typical decay curves for IR PL from
GaN:As layers excited by the radiation of a pulsed
nitrogen laser. It is important to note that, at a low tem-
perature (78 K), there is a slow (on the microsecond
scale) component in the decay kinetics of the A and
B bands. Strictly speaking, this kinetics is not exponen-
tial; however, to estimate the characteristic time scale
of the decay, we can satisfactorily represent the decay
curve as a sum of two exponential functions (see
Fig. 2a). The slow decay of the A and B PL bands favors
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Fig. 2. Decay curves of the IR PL from GaN:As. The PL is
excited by the N2 laser with an intensity Jex ~ 103 W/cm2.
(a) T = 78 K; the PL intensity of the A and B emission bands
is measured. (b) T = 300 K; the PL intensity at 1.4 eV is
measured. The experimental points are shown by dots and
the solid lines represent the approximation of the PL decay
for the A and B bands by the sum of two exponential func-
tions with the corresponding decay times τ1 and τ2. The
shape of the laser pulse is shown by the dashed line.
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the donor–acceptor recombination mechanism. At T =
300 K, PL decays rapidly (see Fig. 2b), which corre-
sponds to the recombination of free holes with the elec-
trons bound to complexes of As vacancies. This recom-
bination becomes dominant in this temperature range.

At low temperatures, a series of narrow emission
lines (whose widths vary from 5 to 18 meV) is observed
at the high-energy edge of the A PL band against the
smooth background of this band. This series vanishes at
T > 80 K (see Fig. 3). After subtracting the smooth
background, the energy positions of these lines (shown
by the arrows in Fig. 3) were determined by approxi-
mating the lines with Gaussian curves. We can see the
lines peaked at 1.516, 1.505, 1.487, 1.469, 1.451, and
1.436 eV. The lines at 1.516 and 1.505 eV, denoted in
Fig. 3 as X1 and X2, respectively, arise due to the recom-
bination of excitons bound to nitrogen atoms, which are
the main impurity in these GaAs nanocrystallites.

It should be noted that a series of narrow lines
caused by the emission from bound excitons and their
phonon replicas was observed by a number of research-
ers [3, 12, 13] in bulk GaAs:N at a nitrogen content
within ~(1017–1018) cm–3. The shift of the X1 and
X2 lines to higher energies by ~(8–9) meV, in compar-
ison with the positions of the lines of the bound exci-
tons characteristic of bulk materials, can be associated
with quantum-dimensional effects as well as with the
strain in GaAs nanocrystallites. The PL lines at 1.469
and 1.436 eV (see Fig. 3) are phonon replicas of the
X1 line with the energies of the optical phonons (LO,
TO), typical of GaAs [14]. The line Z at 1.487 eV can
result from the recombination of excitons bound to NN
pairs in GaAs nanocrystallites, and the peak at 1.451 eV
is an LO-phonon replica of the Z line.

At low temperatures, we can also observe IR PL
from GaN:As excited by the titanium–sapphire laser.
Although the PL signal was low, the high sensitivity of
the equipment made it possible to measure the spectra
of PL excitation (see Fig. 4). In the spectra of excitation
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Fig. 3. The high-energy edge of the A PL band excited by
the radiation, at 304 nm, of the Ar+ laser with an intensity
Jex ~ 1 W/cm2 at T = 6 K.
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of both the A and B PL bands, a series of lines peaked
at the energies 1.506, 1.524, 1.542, 1.558, and 1.573 eV
is observed. The peaks at 1.506 and 1.524 eV arise due
to the resonance photoexcitation, in GaAs nanocrystal-
lites, of bound (X2) and free excitons, respectively. The
features at 1.542, 1.558, and 1.578 eV result from the
excitation of bound and free excitons and the simulta-
neous emission of optical phonons with energies typi-
cal of GaAs. The similar indirect excitation of excitons
occurring simultaneously with the emission of optical
phonons was studied in detail in [15] using the example
of II–VI semiconductors.

Figure 5 shows the integrated intensity of the IR PL
of GaN:As (in the range 0.9–1.5 eV) as a function of the
substrate temperature in the course of MBE. It can be
seen from Fig. 5 that, at Tgr ≈ 780°C, the intensity of the
IR PL is at its highest. The occurrence of this intensity
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maximum is attributed to the joint effect of several tem-
perature-dependent processes that affect the probability
of forming GaAs nanocrystallites in the GaN matrix:
the re-evaporation of As and Ga atoms from the surface
of a crystal at high temperatures and, secondly, the for-
mation of a GaN1 – xAsx alloy at low temperatures
of growth.

The investigation of the dependence of the inte-
grated intensity of IR PL (IPL) on the intensity of pho-
toexcitation (Jex) showed that, for both bands, this

dependence has the characteristic form IPL ∝  . Such
a dependence on the pumping intensity can be
explained by the fact that the lifetime of nonequilib-
rium charge carriers in the GaAs nanocrystallites is
governed, to a great extent, by the Auger recombina-
tion, whereas the PL signal is determined by a bimolec-
ular (e.g., donor–acceptor) radiative recombination. It
is worth noting that, as was shown theoretically and
experimentally in [16, 17], the Auger recombination
becomes the main channel of nonradiative recombina-
tion in nanostructures. This is due to a loosening of the
restrictions related to the law of momentum conserva-
tion for the Auger processes in nanostructures.

Therefore, intense IR PL observed in the range 0.9–
1.5 eV in GaN:As layers grown by MBE on sapphire is
associated with the radiative recombination in GaAs
nanocrystallites self-organized in the GaN matrix in the
course of MBE. The intensity of the IR PL attains a
maximum at a growth temperature of ~780°C, which is
determined by the joint effect of several temperature-
dependent processes that affect the probability of form-
ing GaAs nanocrystallites. The low-temperature spec-
tra of PL contain two main broad emission bands
peaked at 1.20 and 1.43 eV, which occur due to the
recombination involving shallow centers and deep cen-
ters. The latter are caused by vacancy complexes of Ga
and As in GaAs nanocrystallites. The low-temperature
PL spectra also include a series of narrow emission lines,
which arise due to the radiative recombination of the
excitons bound to nitrogen atoms, as well as their
phonon replicas. The spectra of the PL excitation contain
a series of peaks, which correspond to the resonance

Iex
2/3
excitation of free and bound excitons, as well as the exci-
tation of excitons simultaneously with the emission of
optical phonons. The energies of the optical phonons
involved in these processes are characteristic of GaAs.
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Abstract—A method of doping GaAs with Mn using the laser evaporation of a metal target during MOC-hydride
epitaxy is developed. The method is used to form both homogeneously doped GaAs:Mn layers and two-dimen-
sional structures, including a δ-doped GaAs:Mn layer and a InxGa1 – xAs quantum well separated by a GaAs
spacer with a thickness of d = 3–6 nm. It is shown that, at room temperature, the formed structures have mag-
netic and magnetooptical properties most probably caused by the presence of MnAs clusters. In the low-tem-
perature region (~30 K), the anomalous Hall effect is observed. This effect is attributed to the exchange inter-
action between Mn ions via 2D-channel holes. © 2005 Pleiades Publishing, Inc.
1. INTRODUCTION

Manganese-doped GaAs is used as the main material
of semiconductor spintronics, since it can possess ferro-
magnetism under certain fabrication conditions [1]. The
most developed method of growing GaAs:Mn layers is
molecular-beam epitaxy (MBE). This circumstance is
associated with the fact that a supersaturated solid solu-
tion of Mn in GaAs can be formed in low-temperature
MBE (~250°C) [1]. These solid solutions Ga1 – xMnxAs
(x ≈ 0.05) have ferromagnetic properties at low temper-
atures (the Curie temperature TC ≈ 110 K [2]). It is note-
worthy that TC can be increased to 170 K in GaAs-
based structures with a layer δ-doped with Mn, due to
the formation of a two-dimensional (2D) hole conduc-
tivity channel near the δ-doped layer [3]. At x > 0.05 in
Ga1 – xMnxAs and/or after subsequent thermal treatment
(T > 550°C), the solid solution segregates and the
MnAs clusters are formed [4].

It is of interest to examine the possibility of forming
of the Mn-doped GaAs layers, and 2D structures based
on them, by MOC-hydride epitaxy, as well as to study
their properties. We have doped the MOC-hydride grown
GaAs epitaxial layers with various impurities in earlier
research. For this purpose, we evaporated the impurity
using the emission of a Nd:YAG laser operating in the
Q-switched mode [5]. In this study, we used the same
method of impurity introduction for doping with Mn.

2. EXPERIMENTAL

Epitaxial structures were grown in a horizontal
quartz reactor in an atmosphere of H2 purified by its dif-
1063-7826/05/3901- $26.00 0077
fusion through a Pd membrane. The precursors used
were trimethylgallium, trimethylindium, and arsine. For
laser sputtering, we used the targets made of Mn, of a
special-purity grade, and undoped GaAs. Generally, the
substrates were semi-insulating GaAs (100) wafers.

It was found that the rate of deposition of the laser-
sputtered substance on the substrate depends heavily on
the gas pressure in the reactor. The required pressure in
the reactor was established using a valve that controlled
the pumping rate for a constant hydrogen flow of
2.7 l/min. The deposition rate of Mn was about
0.03 nm/s at a pressure of 50 Torr and about 0.015–
0.02 nm/s at a pressure of 150 Torr. Sputtering of Mn at
atmospheric pressure for 1 h did not produce any
noticeable coating on the quartz substrate. A basic dis-
advantage of laser sputtering is the high velocity of
evaporated particles, which may lead to the formation
of defects in the growing structure. Therefore, to reduce
the velocity of particles arriving at the substrate, we
chose a reactor pressure of 150 Torr for laser sputtering.
The layers of low-temperature GaAs were deposited
using laser sputtering of the GaAs wafer. To compen-
sate for As loss during sputtering, the process was car-
ried out in an arsine atmosphere. We assumed that ars-
ine decomposes in laser plasma and atomic As arrives
at the substrate. To obtain the low-temperature GaMnAs
alloys, we used a target composed of GaAs and Mn.
The laser beam was moved from one target to another
with a period of 8 s. The composition of the alloy could
be specified by varying the ratio of irradiation times for
each target.
© 2005 Pleiades Publishing, Inc.
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The photoluminescence (PL) spectra of the struc-
tures were measured at 77 K under excitation by an
He−Ne laser with a power of 40 mW.

The magnetic properties of the structures were stud-
ied by measuring the magnetization at room tempera-
ture, using a vibrational magnetometer–anisometer
with a sensitivity of 10–8 erg/G [6], and by recording the
magnetic Kerr effect. Magnetooptical studies were car-
ried out in two variants: (i) using the magnetooptical
Kerr magnetometer at a fixed optical wavelength
(0.63 µm) in a temperature range from 40 to 300 K and
(ii) at room temperature using a spectral magnetoopti-
cal system in the energy range 0.5 to 4.0 eV in the
geometry of the equatorial Kerr effect with a light inci-
dence angle of 60°.

3. RESULTS AND DISCUSSION

Figure 1 shows the dependence of the Hall mobility
on the hole concentration measured at room tempera-
ture for the GaAs:Mn layers. These data are obtained
for samples of three types: (i) a GaAs:Mn layer 0.6 µm
thick, grown at 620°C under atmospheric pressure in
the reactor; (ii) a GaAs:Mn layers 0.2 µm thick, grown
at 300°C under a reduced pressure in the reactor, where
GaAs and Mn were deposited by laser sputtering with a
ratio of sputtering times GaAs/Mn from 5 to 1; and
(iii) epitaxial p-GaAs layers doped with conventionally
used shallow-level Zn or C acceptor impurities. The
experimental points for the layers grown in various
modes lie close to the same curve. This allows us to
conclude that the structural quality of the laser-sput-
tered layers is rather high. The highest attained concen-
tration of electrically active acceptor manganese NMn =
4.5 × 1018 cm–3 is close to that of the layers grown by
liquid phase epitaxy [7].
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Fig. 1. The dependence of the Hall mobility on the hole con-
centration in the uniformly doped p-GaAs layers. The
experimental points correspond to samples of (1) type 1 and
(2) type 2 with the Mn-doped layers, and (3) type 3 (see
the text).
Figure 2 (curve 1) shows the PL spectrum of the
sample with a layer doped homogeneously with Mn
[sample of type (i)]. In addition to the fundamental PL
band at 1.507 eV, the spectrum includes two bands with
energies of 1.403 and ~1.36 eV. The former of these
bands is typical of Mn-doped GaAs layers [8]. This
band is believed to be related to carrier transitions from
the conduction band to the Mn acceptor level. However,
the origin is not clear for the very broad second band.
We found that the depth of the Mn acceptor level is
0.104 eV, which agrees well with earlier reported data [9].

For the subsequent measurements, we used struc-
tures containing a layer δ-doped with Mn and an
InxGa1 – xAs (x ≈ 0.2) quantum well (QW) ~12 nm wide
located under the δ-doped layer. This layer and the QW
are separated by a GaAs spacer layer. The buffer layer,
the QW, and the spacer were grown at 620°C, while the
δ-doped layer and the top GaAs layer were deposited at
300°C. Thus, we fabricated structures 3979, 3988, and
3980, which differed from each other in relation to the
Mn deposition time during the formation of the δ-doped
layer (20, 10, and 5 min for structures 3979, 3988, and
3980, respectively). The effective hole concentration in
the structures due to Mn-doping was (1−1.4) × 1012 cm–2.
The spacer thickness d was 3 nm for structure 3979,
4 nm for structure 3988, and 6 nm for structure 3980.
Figure 2 (curve 2) shows the PL spectrum of the struc-
ture with d = 3 nm. The PL spectrum for a similar
Mn-undoped QW-structure is peaked at a photon
energy of 1.315 eV (Fig. 2, curve 3). When the thick-
ness of the spacer between the Mn layer and the QW
equals d = 6 nm, the location of the PL peak from the
QW corresponds to its location for the Mn-undoped
structures. However, curve 2 in Fig. 2 shows that, as the
spacer thickness decreases to 3 nm, this peak shifts, by
26 meV, to lower photon energies. This fact may be
attributed either to Mn diffusion into the QW bulk and
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Fig. 2. Photoluminescence spectra for (1) the sample with
the uniformly Mn-doped GaAs layer (type 1), (2) the struc-
ture with a layer δ-doped with Mn and the quantum well,
and (3) the quantum-well structure. For clarity, the curves
are shifted along the intensity axis.
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the formation of an acceptor level above its top or to
radiative recombination involving the Mn level that is
tunneling-close to the QW.

Figure 3 shows the magnetization measurements for
the mentioned structures, in relation to the applied
magnetic field, at room temperature using a magnetom-
eter. The hysteresis loop indicates that there is a ferro-
magnetic phase in the samples. The coercive force
Hc varies from 27 to 65 mT. The dependences level off
in the magnetic field at ~0.25–0.3 T. The curves shown
in Fig. 3 indicate that an increase in the amount of
deposited Mn leads to an increase in the saturation
magnetization.

The magnitude and shape of the magnetic field-
effect, as well as the spectral dependences of the mag-
netooptical equatorial Kerr effect, varied when the pro-
duction conditions of the layer δ-doped with Mn were
changed. In the first measurement version of the equa-
torial Kerr effect, at a fixed wavelength of light and a
measurement temperature of 40–300 K, the observed
magnetization curves were generally consistent with
the dependences shown in Fig. 3. In this case, no mag-
netic phase transitions were revealed in the temperature
range under study. In the second measurement version
of the effect, by a dynamic procedure, we measured the
parameter of the equatorial (transverse) Kerr effect
denoted as the TKE, i.e., the relative variation in the
intensity of the p-polarized light in relation to the sam-
ple magnetization. The dispersion spectral curves of the
Kerr effect for the structures under study (inset in Fig. 3)
revealed considerable variations in the TKE in a range
of photon energies of 1 to 2 eV. Particularly, for struc-
ture 3979 (curve 1), negative values of the TKE ≈ –2 ×
10–3 were observed in the range 0.5–1.0 eV. Then, as
the photon energy E increased, the TKE abruptly
increased to ~+7.5 × 10–3 at ~1.5 eV. The change in the
TKE sign was observed in a narrow spectral range of
1.5–1.7 eV. The lowest magnitude of the TKE, ≈ –4.5 ×
10–3, was found for E ≈ 1.75 eV. Then the TKE magni-
tude increased again and went up to, but not over, 10–3

in the range 2.0–4.0 eV. Similar variations in the TKE
spectra were also observed for structures 3988 and
3980 (inset in Fig. 3, curves 2 and 3). In this case, the
span of the TKE variations decreases as the amount of
Mn deposited in the δ-doped layer decreases. Similar
behavior of the spectra of the equatorial Kerr effect has
previously been observed for GaAs samples with MnAs
clusters [10]. Such a similarity suggests that the MnAs
phase is present in the studied Mn-doped structures.
The formation of the MnAs phase can be caused by the
Mn segregation from the solid solution in GaAs due to
the fact that when the solubility limit for Mn (~8 ×
1019 cm–3 [11]) is exceeded, a compound of Mn and As
is formed at the growth temperature of the coating
GaAs layer.

For the structures with a layer δ-doped with Mn and
a InGaAs QW, we measured the conductivity and the
Hall effect in magnetic fields as high as 3 T in the tem-
SEMICONDUCTORS      Vol. 39      No. 1      2005
perature range 30–300 K. The temperature depen-
dences of the conductivity and the Hall effect are indic-
ative of an activation process. At temperatures below
30 K, the resistance of the structures attains several GΩ,
which makes the measurements unreliable. The conduc-
tivity’s activation energy of 12 meV for sample 3980
(d  = 6 nm) is approximately constant. This magnitude
corresponds to the activation energy of carrier excita-
tion from the acceptor Mn levels, which are located in
GaAs, to the first QW subband. This indicates, there-
fore, that conductivity is realized over QWs, by holes
located in them, rather than over the layer δ-doped with
Mn. This fact can be understood from a consideration
of the energy-band diagram for the structures under
study (Fig. 4). As follows from the above PL measure-
ments, the ionization energy of Mn relative to the

valence-band top in GaAs  – Ev = 104 meV. The
calculation of energies in the structure with a strained
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Fig. 3. Magnetization curves for the structures with a layer
δ-doped with Mn and the QW: (1) structure 3979, (2) 3988,
and (3) 3980. The spectral curves of the Kerr effect for the
same structures are shown in the inset.

Fig. 4. An energy-band diagram of the quantum-well struc-
ture with a layer δ-doped with Mn.
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12-nm-wide InxGa1 – xAs QW in GaAs at x ≈ 0.2 is made
consistent with the location of the PL peak (Fig. 2,
curve 3) at 1.315 eV. This value corresponds to that of
Ee1 – Ehh1. According to the calculation, the valence-

band offset at the QW boundary equals  – Ev =
86 meV while the dimensional-quantization level of

holes  – Ehh1 in the QW is spaced 5 meV from the
QW top. Let us take into account that the Fermi level EF
in a structure at low temperatures is located below the

level of the isolated acceptors by ∆ =  – EF, which
is determined by the Coulomb energy. In addition,
according to [12], ∆ ≈ 10 meV in the case of a weak
compensation of the acceptors at their concentration
NMn ≈ 1018 cm–3. As a result, we obtain the activation

energy of conductivity: EF – Ehh1 = (  – Ev) – ∆ –

(  – Ev) + (  – Ehh1) = 13 meV, which is in good
agreement with the experimental value. For sample 3979
with d = 3 nm, the activation energy is noticeably higher
(22 meV) and decreases to 15 meV as the temperature
decreases. This behavior corresponds to a situation
where the Mn centers, which effectively determine the
charge transport in this sample, are close to the QW
boundary so that the wave functions of acceptor states
can propagate deeper into the QW. Based on the above-
mentioned facts, we may conclude that it is the Mn
acceptors in GaAs which determine the QW conductiv-
ity in these structures.

In contrast to the above-given data for magnetic
measurements, the influence of the ferromagnetic
phase on the Hall effect was not observed at room tem-
perature. The voltage across the Hall contacts varies
linearly with the magnetic field over the entire range of
its variation. As the temperature decreases to T = 30 K,
the dependence of the Hall voltage on the magnetic
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Fig. 5. The anomalous component of the Hall effect ∆Rxy
for sample 3980 at T = 30 K. The magnetic-field depen-
dence of the total Hall resistance Rxy, which involves the
normal and anomalous components, is shown in inset.
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field B generally remains linear. However, for sam-
ple 3980, by subtracting the straight line corresponding
to the usual Hall effect from the experimental data, we
managed to extract a signal that depended nonlinearly
on B. Figure 5 shows the odd-numbered component of
this signal with respect to the magnetic field. This com-
ponent corresponds to the anomalous Hall effect. It is
known [13] that, for magnetic materials, the total Hall
resistance Rxy consists of two components:

where R0 is the coefficient of the normal Hall effect,
which is caused by the effect of the Lorentz force; B is
the magnetic induction; M is the magnetization; µ0 is
the magnetic permeability of free space; and Rs is the
coefficient of the anomalous Hall effect associated with
anisotropic scattering of spin-polarized charge carriers
under the conditions of their spin–orbit interaction.

The dependence shown in Fig. 5 is similar to the
dependence of the anomalous Hall effect for Mn-doped
structures based on GaSb and GaAs [14, 15]. For these
structures, the contribution of the anomalous Hall effect
prevails over that of the normal component. However, it
is noteworthy that the authors of [14, 15] studied the
objects in which the Mn concentration substantially
exceeded the critical value Nc that corresponds to a
metal–insulator transition. In our case, the situation is
different. The anomalous Hall effect manifests itself in
a situation where the variation in the carrier concentra-
tion in relation to the temperature has an activation
(dielectric) character. It is also noteworthy that the sign
of the normal Hall effect (positive) and the sign of the
anomalous Hall effect coincide similarly with the case
of heavily Mn-doped GaAs samples [15].

4. CONCLUSION

The experimental results of studying the magnetic
and electrical properties of produced structures can be
explained by assuming that the Mn-doped layer is a
hybrid structure which consists of a Ga1 – xMnxAs solid
solution and MnAs clusters. The presence of the MnAs
clusters gives rise to the ferromagnetism, which is
observed up to room temperature. However, the contri-
bution of the MnAs clusters to the anomalous Hall
effect, which is observed at low measurement tempera-
tures (~30 K), should not be substantial due to the fact
that the QW carriers (2D channel) do not flow into clus-
ters, and that the magnetic exchange between carriers in
QW and Mn atoms in clusters is weak. The metal clus-
ters’ lack of influence on the carrier transport in the
layer may similarly be attributed to the formation of
Schottky barriers around these clusters [16]. It is evi-
dent that only the Mn ions, which are incorporated into
the GaMnAs solid solution and are distributed almost
uniformly in it, can noticeably exchange with the QW
carriers, leading to their spin polarization and, conse-
quently, to the anomalous Hall effect.

Rxy R0B Rsµ0M,+=
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Thus, we showed that it is basically possible to use
MOC-hydride epitaxy to form structures based on Mn-
doped GaAs that possess the electrical and magnetic
properties characteristic of this material.
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OF SEMICONDUCTORS
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Abstract—Epitaxial layers of GaInNAs quaternary alloys were grown by metal–organic chemical-vapor epit-
axy. The structure of the layers was studied using X-ray diffraction and secondary-ion mass spectrometry, and
their optical properties were investigated by photoluminescence and photocurrent measurements. GaInNAs lay-
ers lattice-matched to GaAs were grown. At lattice mismatches smaller than 10–4, the layers show strong pho-
toluminescence; at larger mismatches, the photoluminescence is quenched. © 2005 Pleiades Publishing, Inc.
1. INTRODUCTION

III–V semiconductor compounds with low nitrogen
content are promising candidates for near-infrared
devices. It is well known that the introduction of a small
amount of nitrogen significantly decreases the band gap
of a number of III–NAs compounds [1]. It was pre-
dicted theoretically that emitters and detectors can be
designed on the basis of InGaAsN epitaxial layers that
are lattice-matched to GaAs for fiber-optical communi-
cation lines in the smallest dispersion and best transpar-
ency range (1.3–1.55 µm) of optical fibers [2].

However, the fabrication of such layers meets a
number of problems. A large difference in the covalent
radii of N and As atoms leads to the decomposition of
solid solutions at N contents higher than 4%. The con-
tent of nitrogen and indium compounds in a chemical-
vapor reactor affects the incorporation of nitrogen into
epitaxial layers. Substitution of more than 2% of the
arsenic for nitrogen leads to a significant decrease in the
semiconductor compound quality. Another problem is
measuring small amounts of nitrogen in a quaternary
solid solution. Indeed, X-ray diffraction (XRD) analy-
sis only provides data on the total lattice strain, and sec-
ondary-ion mass spectrometry (SIMS) has a low sensi-
tivity to nitrogen (which is electronegative when a sur-
face is sputtered with oxygen). It is also obvious that
exact matching between the layer and substrate lattices
cannot be obtained due to errors in setting the contents
of components and the difference in the thermal expan-
sion coefficients.

In this paper, we report the results on the epitaxial
growth of layers of the InxGa1 – xNyAs1 – y quaternary
compound on GaAs substrates, including lattice-
matched layers, and the investigation of the growth fea-
tures and properties of the layers obtained.
1063-7826/05/3901- $26.000008
2. EXPERIMENTAL

InGaAsN epitaxial layers were grown by metal–
organic chemical-vapor epitaxy (MOVPE), in an
EPIQUIP system with a horizontal quartz reactor, and
induction heating of the substrate at low pressure in the
growth zone (75 Torr). The growth temperature was
varied in the range 500–650°C. Trimethylindium, trim-
ethylgallium, arsine, and 1,1-dimethylhydrazine were
used as sources of In, Ga, As, and N, respectively.
Hydrogen was used as a carrier gas. InxGa1 – xNyAs1 – y
layers with thicknesses of up to 1000 nm were grown at
rates in the range 10–60 nm/min.

The layers were analyzed by XRD, SIMS depth pro-
filing, photoluminescence (PL), optical transmission,
and atomic force microscopy (AFM). To estimate the
composition of quaternary compounds, we used a pre-
viously developed method for determining N and In
contents [3]. This method is based on independent
XRD and SIMS measurements with a preliminary cali-
bration against three-component samples.

3. INVESTIGATION OF THE InxGa1 – xNyAs1 – y 
GROWTH

The MOVPE of quaternary compounds was opti-
mized on the basis of data on the epitaxial growth of a
GaNxAs1 – x ternary compound using 1,1-dimethylhy-
drazine as an N source. Let us list some specific fea-
tures of this process:

(1) The degree of nitrogen incorporation into a
growing layer increases when the 1,1-dimethylhydra-
zine content is increased in the flux of the gas mixture.

(2) With a decrease in the growth temperature from
600 to 550°C, all other epitaxy conditions remaining
constant, the degree of N incorporation increases by a
factor of two. A probable reason is that, following a
decrease in the epitaxy temperature, the desorption of
 © 2005 Pleiades Publishing, Inc.
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N from the surface of a growing layer also decreases,
while the number of unoccupied positions of the
V-group element (As) rises, caused by an exponential
decrease in the decomposition rate of arsine as the tem-
perature decreases.

(3) When the trimethylgallium content in the flux of
a gas mixture is increased (in order to increase the
growth rate), all other conditions remaining constant,
the N content in GaNxAs1 – x layers increases, which
was also noted in [4].

(4) At high epitaxial growth rates (60 nm/min) and
low temperatures (500°C), GaNxAs1 – x layers with an
N content of x ≈ 6% and Eg ≈ 0.9 eV can be obtained.
However, the structural quality of such layers is very
poor. In addition, with an increase in the N content in
GaAsN layers of more than 4%, the band gap hardly
decreases. It should also be noted that, at relatively low
growth rates (no more than 40 nm/min) and growth
temperatures in the range 530–570°C, solid solutions
are homogeneous with respect to their composition and
have no inclusions of other phases. In this case, with an
increase in the 1,1-dimethylhydrazine content in the
gas mixture under certain growth conditions (tempera-
ture and pressure), self-regulation occurs (the satura-
tion mode) with respect to the incorporation of nitrogen
into the epitaxial layer, and an increase in the 1,1-dim-
ethylhydrazine content above a certain value does not
change the composition of the film grown.

When growing the InxGa1 – xNyAs1 – y layers, it was
found that the main features of the nitrogen incorpora-
tion were the same as for GaNxAs1 – x. Figure 1 shows the
experimental dependences of the N content y on the
growth temperature Tg for two values of the In content x.

It should be noted that, when indium is introduced
at low 1,1-dimethylhydrazine contents in the gas phase
(y < 1.5%), the 1,1-dimethylhydrazine and trimethylin-
dium fluxes mutually affect the incorporation of In and
N into the epitaxial layer. This fact was also noted in [5].
It was found that, when InGaAsN is grown under the
same conditions as GaAsN, the addition of In reduces
the N content in the epitaxial film by several times. In
the saturation mode, the effect of indium on the nitro-
gen incorporation into the film is much smaller (see
table and Fig. 1; Tg = 550°C). The results of our four
growth experiments, in which the temperature and
fluxes of components remained constant, are listed in
the table. Due to the complete cutting off of the fluxes
of individual components in the growth of samples
E821, E823, and E824, different ternary compounds
were obtained. As follows from the table, all other epi-
taxy conditions remaining constant, the degree of nitro-
gen incorporation into InGaAsN is the same as in the
case of InAsN and only slightly lower for GaAsN.
SEMICONDUCTORS      Vol. 39      No. 1      2005
4. GROWTH OF InxGa1 – xNyAs1 – y LAYERS 
LATTICE-MATCHED TO GaAs

On the basis of the revealed growth behavior, exper-
iments were performed in the temperature range 550–
600°C at a growth rate of 30 nm/min. The growth-tem-
perature range was chosen from the following consid-
erations: At T > 600°C, the incorporation of nitrogen
into GaAs is significantly reduced, and, at T < 550°C,
the quality of GaAs layers is somewhat deteriorated
due to the increasing contamination of the growing
layer with carbon. The increase in the carbon contami-
nation is related to the reduced desorption of hydrocar-
bons from the GaAs(100) surface upon decomposition
of trimethylgallium at low temperatures. In addition,
under these conditions of epitaxial growth, there is no
layering of quaternary solid solutions into several lay-
ers of different compositions.

As was noted in Section 1, it is impossible to grow a
solid solution layer that is exactly lattice-matched to
GaAs, since the composition of a solid solution is set
with a finite error. In addition, the difference in the ther-
mal expansion coefficients makes matching possible
either in the growth-temperature range (in which the
defect formation is suppressed) or at room temperature
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Fig. 1. Nitrogen content in an InxGa1 – xNyAs1 – y layer as a
function of the growth temperature Tg for the In content x =
(1) 25 and (2) 15%.

Data on the layers obtained in the series of growth experi-
ments with constant fluxes

Sample no. Compound Composition 

E821 GaAsN 3.8% N

E822 InGaAsN 3.4% N, 17% In

E823 InAsN 3.4% N

E824 InGaAs 17% In
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Fig. 2. X-ray diffraction spectra of three regions in sample
E831: (1) a region with an excess of indium, (2) a region
with an excess of nitrogen, and (3) a region lattice-matched
to the GaAs substrate.
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Fig. 3. PL spectra (300 K) of three regions in sample E831:
(1) a region with an excess of indium, (2) a region with an
excess of nitrogen, and (3) a region lattice-matched to the
GaAs substrate.
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Fig. 4. The photocurrent through an In-enriched InGaAsN
layer lattice-mismatched to the GaAs substrate.
(where, elastic strains are suppressed in the system).
From a practical point of view, the matching accuracy
should exclude misfit dislocations at a specified film
thickness. The thicker the layer, the stricter the require-
ments for accuracy. To obtain a set of layers in the range
of exact matching and in the vicinity of this range, we
used a composition gradient method. A long GaAs
wafer was placed in the reactor along the direction of
the flux of reagents, and the substrate holder was not
rotated. Due to the different rates of depletion of the gas
mixture with different components, a composition gra-
dient was formed along the wafer. By varying the
growth conditions, we managed to obtain three regions
with different compositions on one wafer: a region with
an excess of indium at one of the ends, a region with an
excess of nitrogen at the other end, and an exactly lat-
tice-matched region in the middle. Figure 2 shows the
X-ray diffraction spectra of these three regions in sam-
ple E831. It can be seen that, in region 3, the peak of the
layer coincides with the peak of the GaAs(004) sub-
strate. The lattice mismatch is about 10–4. Figure 3
shows the PL spectrum of this region at 300 K. The
wavelength of the PL peak is about 1000 nm. In the
regions that were not lattice-matched to the substrate,
almost no luminescence was observed. According to the
photocurrent measurements (Fig. 4) of the band gap
width of InGaAsN samples that were not lattice-matched
to GaAs, the band width was smaller than 0.9 eV.

5. CONCLUSIONS

Specific features of the epitaxial growth of
InxGa1 – xNyAs1 – y layers on GaAs substrates in a low-
pressure MOVPE reactor were investigated. 

Layers that are lattice-matched to GaAs are
obtained. It is found that, at a mismatch of 10–4, the lay-
ers grown show strong PL, whereas a deviation from
the matching conditions leads to the quenching of the
PL line.
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A Study of the Properties of the Structures with Al Nanoclusters 
Incorporated into the GaAs Matrix

N. V. Vostokov*^, S. A. Gusev*, V. M. Danil’tsev*, M. N. Drozdov*, Yu. N. Drozdov*, 
A. I. Korytin**, A. V. Murel*, and V. I. Shashkin*

*Institute for the Physics of Microstructures, Russian Academy of Sciences, Niznhi Novgorod, 603950 Russia
^e-mail: vostokov@ipm.sci-nnov.ru

**Institute of Applied Physics, Russian Academy of Sciences, Nizhni Novgorod, 603000 Russia
Submitted June 1, 2004; accepted for publication June 16, 2004

Abstract—It is shown that organometallic vapor-phase epitaxy can be used to form an artificial medium that
constitutes a matrix of single-crystal GaAs with incorporated Al nanoparticles. Electrical and optical properties
of this medium are studied. © 2005 Pleiades Publishing, Inc.
1. INTRODUCTION

Interest in semiconductor materials with metallic
nanosized inclusions is caused by the wide potential of
these materials with respect to applications in optoelec-
tronics. One of the examples of these materials is epi-
taxial GaAs grown at a decreased temperature and con-
tains As nanoclusters [1, 2]. A short lifetime of photo-
generated charge carriers, low electrical conductivity,
high mobility of electrons, and high breakdown field
make it possible to use GaAs grown at comparatively
low temperatures for generation and detection of tera-
hertz radiation [3, 4]. In this paper, we discuss the pos-
sibility of forming a semiconductor medium with
incorporated metallic nanoclusters using the organo-
metallic vapor-phase epitaxy (MOVPE).

The aim of this study was to fabricate a multilayered
three-dimensional medium that incorporated the con-
tacts between metallic nanoparticles and semiconduc-
tor; to this end, we used the repeated formation of Al
nanoclusters at the GaAs surface and the in situ over-
growth of these nanoclusters with the GaAs layer. We
also studied the electrical and optical properties of the
medium under consideration.

2. EXPERIMENTAL

Epitaxial GaAs layers were grown by MOVPE on
GaAs (100) substrates in a horizontal reactor at a com-
paratively low pressure. Ga(CH3)3 (trimethylgallium),
AsH3 (arsine), AlH3(CH3)2(C2H5) (dimethylethylami-
nalan) were used as the Ga, As, and Al sources. Hydro-
gen was used as the carrier gas. The Al layers were
formed in situ in a single growth process. A GaAs
buffer layer with a thickness of no less than 100 nm was
grown before deposition of the Al layers. The GaAs
layer was grown at 550–600°C and Al layers were
grown at 500–550°C. The admission of arsine was
interrupted during Al deposition (this interruption was
1063-7826/05/3901- $26.00 0082
effected at least 30 s before the admission of dimethyl-
ethylaminalan into the reactor).

In order to analyze the structures obtained, we used
a Solver-P4 atomic force microscope (AFM) produced
by NT-MDT (Zelenograd), a Shipovnik secondary-ion
mass spectrometer (SIMS) produced by the Ryazan
Research Technological Institute, a DRON-4 X-ray dif-
fractometer, a JEM 2000 EX-II scanning electron
microscope (SEM), a Spitfire femtosecond titanium–
sapphire laser system produced by Spectra-Physics
Lasers Inc. (USA), and a bench for the optical and
transport measurements. Ohmic contacts were formed
by alloying Au–Ge in order to carry out transport mea-
surements. The photocurrent spectra were obtained
using structures with Schottky barriers. The latter were
formed by depositing the Al contacts onto the surface
using evaporation and photolithography. When measur-
ing the photocurrent spectra, we exposed the rear side
of the structure to monochromatized light of a halogen
lamp with the wavelength scan from 900 to 1300 nm. In
order to study the dynamics of ultrafast relaxation of
photogenerated charge carriers, we employed the sub-
picosecond reflection absorption spectroscopy using
the excitation and probe pulses. A laser system gener-
ated the pulses with the duration of 45 fs, energy of
2 mJ, the repetition frequency of 1 kHz, and wave-
length of 795 nm. The energy-flux density in the exci-
tation pulses was 1 mJ/cm2 at the sample surface. The
highest relative degree of induced modulation of the
reflection coefficient (∆R/R) was (1–2) × 10–3 at normal
incidence of light.

3. RESULTS

Layer-by-layer growth of Al on GaAs occurs at the
early stages. In Fig. 1, we show the AFM images of the
structures with a small amount of aluminum deposited
on the substrates with various misorientation angles.
© 2005 Pleiades Publishing, Inc.
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Layer-by-layer growth combined with the step forma-
tion occurs on the highly misoriented substrate
(Fig. 1a). In the case of a substrate with a low degree of
misorientation, the surface-diffusion length of Al atoms
at a temperature of 500°C is found to be smaller the
growth-step width. In this case, layer-by-layer growth
combined with island formation is observed; the atoms
form monolayer nuclei at the terrace plane and have no
time to reach the edge (Fig. 1b). The presence of alumi-
num at the surface of the structures is confirmed by
SIMS layer-by-layer analysis. The Al content is highest
at the surface and decreases by more than three orders
of magnitude in the bulk of the samples.

If the thickness of the aluminum layer exceeds a
critical value equal to several monolayers, aluminum
nanoclusters with cross-sectional sizes of 10–100 nm
are formed [5, 6]. This situation is characteristic of the
Stranski–Krastanov mechanism; however, we cannot
produce a direct evidence that aluminum layer grows
according to this mechanism.
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Fig. 1. AFM images of the structure surface after deposition
of a small amount of Al on GaAs with (a) a large and (b) a
small misorientation angle of the surface.
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Epitaxial growth of GaAs on top of the Al layer
occurs according to the Volmer–Weber mechanism.
The growth begins with the formation of nuclei; the lat-
ter join each other at a later stage. Planarization of the
surface of the GaAs layer occurs when the layer thick-
ness is as large as ~100 nm [5, 6].

The presence of Al nanoclusters in the GaAs matrix
can be inferred from Fig. 2 where a SEM image of a thin
(<100 nm) GaAs layer with incorporated nanoclusters is
shown; the image was obtained in the transmission
mode. It can be seen from Fig. 2 that the nanoclusters are
shaped as pyramids with rectangular or triangular bases,
which is consistent with the current views about Al
growth on GaAs under conditions of MOVPE [7].

In order to study the quality of the layer that over-
grows the layer with aluminum nanoclusters, we grew
a GaAs/InGaAs/GaAs heterostructure. The spectrum of
X-ray diffraction for this structure includes a peak
related to the single-crystal In0.12Ga0.88As layer. The
coherence length of the layer (48 nm, according to the
data of X-ray diffraction) coincides with the layer
thickness, which indicates that the concentration of
structural defect is low. The photocurrent spectrum of a
structure with the In0.12Ga0.88As layer exhibits a higher
photocurrent intensity at the wavelengths that corre-
spond to band-to-band optical transitions in the
In0.12Ga0.88As layer, which indicates that this layer has
a high optical quality.

EM2000 120.0 kV ×30 K 200 nm

Fig. 2. SEM image of a thin GaAs layer with incorporated
aluminum nanoclusters; the image was obtained in the
transmission mode.
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In order to measure the optical and transport charac-
teristics, we grew the structure that contained nine lay-
ers with aluminum nanoclusters; each of these layers
was overgrown with a GaAs layer with the thickness of
~100 nm. In Fig. 3, we show the AFM image of the
cleaved surface of one of the structures exposed prelim-
inarily to 10-min etching in a 0.5% KOH solution at
room temperature. Selective removal of Al with GaAs
and AlAs intact occurs as a result of this method of
etching [8]. When examining Fig. 3, we can see the
grooves that are extended over the layers with Al nano-
clusters and result from etching off of these layers; this
observation can indicate that there is a certain continu-
ous layer that contains Al. Thickened sites at the
grooves are related to etching off of aluminum nano-
clusters.
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10

8

6

nmnm

Fig. 3. The AFM image of the cleaved surface of the struc-
ture with nine Al layers after the structure was etched in a
KOH solution. The arrow indicates the growth direction.
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Fig. 4. Dependences of the square root of the photoresponse
per photon η1/2 on the photon energy hν; these dependences
were obtained for (1) a structure with nine layers that incor-
porated Al nanoclusters and (2) a structure with epitaxial
GaAs layer.
Longitudinal current–voltage (I–V) characteristics
were measured for the structures that included nine lay-
ers and were grown on semi-insulating substrates. The
structures grown on n+-type substrates were used in
measurements of transverse I–V characteristics. The
I−V characteristics measured along the length of the
layers using ohmic contacts formed on the structures
were linear. The I–V characteristics measured across
the layers using ohmic contacts showed that the voltage
dependence of current was exponential for either polar-
ity. Such behavior can be caused by an overlap of GaAs
depletion regions around Al nanoclusters in the layers.

The photocurrent spectra were measured in the
transverse geometry using the structures with nine lay-
ers grown on the n+-type substrate. In Fig. 4, we show
the dependences of the square root of the photore-
sponse per photon (η1/2) on the photon energy hν. The
dependences were measured for one of the structures
with nine layers that included the Al nanoclusters
(curve 1); for comparison, the corresponding depen-
dence for the reference structure composed of 2-µm-
thick GaAs epitaxial layer is also shown (curve 2).
Apparently, the linear portions in the dependences are
related (i) to the excitation of electrons and their exit
from Al nanoclusters to GaAs in the case of the struc-
ture with nine layers and (ii) to the exit of electrons
from the Al macrocontact formed on the sample surface
in the case of the reference structure. Extrapolating
these straight lines to the photon-energy axis, we obtain
the heights of the Schottky barriers. The barrier height
is equal to 0.95 eV in the case of the reference structure.
Apparently, such a large barrier height is caused by the
presence of an intermediate layer at the Al–GaAs
boundary; this layer appears during formation of the
aluminum contact to the sample. The extrapolation
yields the barrier height of 0.76 eV for the structure
with nanoclusters. It was shown by Shashkin et al. [7]
that the height of the Schottky barrier in the GaAs–Al
contacts formed in situ by MOVPE increases as the for-
mation temperature increases and can be as large as
0.95 eV at temperatures of 300–350°C. This increase in
the barrier height is related to the appearance of an
intermediate AlAs layer at high growth temperatures.
In the case under consideration, the small height of the
Schottky barrier at the interface between GaAs and an
Al nanocluster can be caused by the small sizes of Al
particles [9, 10].

In order to study photoinduced ultrafast processes in
the structures with Al nanoclusters, we measured (with
subpicosecond time resolution) the evolution of the
coefficient of reflection from the structures as this coef-
ficient was modulated by a high-power optical pulse.
The results of measurements for the structure with nine
layers are shown in Fig. 5. The probe optical pulse and
the high-power excitation pulse had the linear polariza-
tion of light. The evolution of the reflection coefficient
was measured for two directions of polarization of the
excitation-pulse light: perpendicularly (curve 1) and
parallel (curve 2) to the direction of polarization of the
SEMICONDUCTORS      Vol. 39      No. 1      2005
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probe-pulse light. The high-power excitation pulse
transfers electrons from the valence band to the con-
duction band. On completion of the pulse, the relax-
ation of the charge carriers to the equilibrium state sets
in; this relaxation affects the dielectric constant of the
medium and, thus, the reflection coefficient. An analy-
sis of the curves makes it possible to distinguish four
characteristic time constants each of which corresponds
to a specific relaxation process: τ1 < 1 ps, τ2 ≈ 1 ps, τ3 ≈
3 ps, and τ4, whose value varies from tens to hundreds
of picoseconds. Apparently, τ1 and τ2 correspond to the
processes of thermalization of the electron–hole plasma
in the semiconductor. The relaxation process with the
time constant τ2 changes its sign, depending on the
polarization of the excitation-pulse light. The issue
concerning why this sign reversal is observed and what
are the specific processes with characteristic time con-
stants τ1 and τ2 that occur during thermalization
requires additional studies. The fast process with the
time constant τ3 makes the major contribution to the
relaxation of the reflection coefficient to the equilib-
rium value; in our opinion, this process involves the
nonradiative recombination of photogenerated charge
carriers at the metal nanoclusters in the situation where
the concentration of photogenerated charge carriers is
high and the energy bands are flat in the space-charge
region around the nanoclusters. In this case, there arises
a diffusion current of electrons and holes to the nano-
cluster where the recombination occurs [11]. Later on,
the concentration of photogenerated charge carriers
decreases and an electric field arises in the space-
charge regions; this field separates the remaining pho-
togenerated charge carriers that recombine in the char-
acteristic time τ4.

20
∆R, arb. units

22
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2420181614121086
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Fig. 5. Evolution of the coefficient of reflection from a
structure incorporating nine layers when this coefficient
was modulated by a high-power optical pulse; the direction
of polarization of the excitation-pulse light was (1) perpen-
dicular and (2) parallel to the direction of polarization of the
probe-pulse light.
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4. CONCLUSIONS
Thus, we showed that it is possible to form a

medium that constitutes single-crystal GaAs with
incorporated Al nanoparticles. Our studies indicate that
the concentration of structural defects in the semicon-
ductor matrix is low and the optical quality of this
matrix is high.

We studied the electrical and optical properties of
the structures with nanoparticles. We experimentally
observed the photoresponse related to the excitation of
electrons and their transfer from Al nanoclusters to
GaAs. The measurements of relaxation times for the
relaxation of the coefficient of reflection from the struc-
tures with nanoparticles indicate that the lifetime of pho-
toexcited charge carriers is short (several picoseconds).
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Abstract—Specific features in the formation of InAs quantum dots (QD) by MOCVD were studied in relation
to the growing time or equivalent thickness of the InAs layer. TEM and photoluminescence studies have shown
that, as the growing time of QDs in a GaAs matrix becomes longer, both the size and shape of the QDs are mod-
ified; namely, the aspect ratio increases. Selectively doped multilayer InGaAs/GaAs QD structures were fabri-
cated, and photoconductivity in the IR range was studied for lateral and vertical electron transport. Under a nor-
mal incidence of light, intraband photoconductivity in the mid-IR range, 2.5–5 µm, was observed at tempera-
tures of up to 110 K. © 2005 Pleiades Publishing, Inc.
1. INTRODUCTION

At present, considerable attention is focused on the
application of InGaAs/GaAs quantum dot (QD) hetero-
structures as photodetectors for the mid-IR and far-IR
spectral range [1, 2]. Owing to zero-dimension quan-
tum confinement, QD IR detectors are sensitive to the
light of arbitrary polarization under normal incidence,
as distinct from quantum well (QW) structures. Fur-
thermore, the electron scattering by phonons can be
reduced in QD structures. This strongly increases the
lifetime of photoexcited electrons, which is one of the
principal parameters defining the sensitivity of IR
detectors, and thereby opens the way to operation at
higher temperatures. The central problem in the imple-
mentation of the potentiality of a QD detector is the
necessity of precisely controlling the band structure in
QD arrays. Multiple publications have been devoted to
IR detectors for the 8–14 µm range, but there are far
fewer reports on detectors for the spectral window in
the mid-IR range, 3–5 µm [3–7]. Additional attention
has been drawn to the design of wide-band detectors for
this range. The principal requirement imposed upon
these detectors is a red shift of the spectral lines of
interband transitions in QDs to 1.3–1.5 µm, which can
raise the transition energy of the intraband absorption
in the conduction band to 400–450 meV. These QDs are
usually produced by MBE, with the formed QDs being
overgrown with an InGaAs layer. In this study, photo-
detectors for the 3–5 µm range were produced by
MOCVD. The band structure of QD arrays was studied
using the methods of photoluminescence (PL) and
interband photoconductivity. Several spectral lines of
lateral and vertical photoconductivity were observed in
the mid-IR range.
1063-7826/05/3901- $26.00 ©0086
2. EXPERIMENT

Multilayer InGaAs/GaAs QD heterostructures were
grown on (100) GaAs substrates by MOCVD under
reduced pressure in an EPIQUIP VP-502RRP installa-
tion. The structures for the photoconductivity measure-
ments in the lateral configuration of the electron trans-
port were grown on insulating substrates, and those for
vertical configuration, on conducting n+-GaAs sub-
strates. The structures consisted of 10 layers of InAs
QDs separated by 90-nm-thick GaAs barrier layers.
They were selectively doped with Si δ-layers located at
a distance of 2.5 nm in front of each QD layer. InAs
QDs were grown at the reduced temperature of 480°C;
after that, the reactor was blown through, and the QDs
were overgrown with a thin GaAs layer at the same
temperature. The reactor was again blown through, the
temperature was raised to 600°C, and GaAs barrier lay-
ers were grown. The critical parameter in the procedure
was the growing time of QDs, or the equivalent thick-
ness of the InAs layer. The lateral photoconductivity
was measured in samples of 5 × 3 mm2 in size, with
ohmic contacts formed on the surface by burning-in
indium. Square mesa-structures of 300 × 300 µm2 in
size were fabricated by photolithography in order to
perform photoconductivity studies on the vertical
direction of the electron transport. Ohmic AuGeNi con-
tacts were deposited onto the mesa-structure surfaces,
in the shape of strips of 100 µm in width, along the
perimeter of the square. The input window for light was
100 × 100 µm2 in size, its area was smaller by a factor
of 1000 than that in the measurements of the lateral
photoconductivity.

Photoluminescence was measured at the tempera-
ture T = 77 K, with excitation by a laser with a 514 nm
wavelength and a cooled Ge detector. The lateral pho-
 2005 Pleiades Publishing, Inc.
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toconductivity was measured using a BOMEM Fourier
spectrometer and the vertical photoconductivity with
an IKS-21 spectrometer. TEM data were obtained on a
JEM2000EXII electron microscope.

Figure 1 shows the PL spectra of two QD structures
differing in relation to the time of InAs deposition dur-
ing QD growth: 10 s for structure no. 1 and 8 s for struc-
ture no. 2. The spectrum of structure no. 1 exhibits two
PL peaks: at 1.21 eV, related to the transitions between
the ground states in a QD, and at 1.29 eV, for transitions
between the excited states. Earlier, we observed several
spectral lines in the lateral photoconductivity in the
mid- and far-IR ranges in a similar structure [8]. In
structure no. 2, the PL lines of the ground and first
excited transitions (1.07 and 1.16 eV) are red-shifted,
and an additional line, 1.25 eV, related to transitions
between higher excited states, is observed. It is neces-
sary to note that, along with the shift of the line related
to transitions between the QD ground states, the spac-
ing between the ground and first excited transitions
increases as well. According to [9, 10] this is indicative
of a modification of not only the size, but also the shape
of the QD: in structure no. 2, the aspect ratio k, i.e., the
ratio between the vertical and lateral size, is larger. This
conclusion is supported by the TEM data: k ≈ 0.15 in
structure no. 1 and k ≈ 0.3 in structure no. 2.

Figure 2 shows the experimental data on the lateral
IR photoconductivity in structure no. 2 at 77 K. Several
spectral lines of intraband photoconductivity are
observed at 0.26, 0.35, and 0.49 eV. An additional fea-
ture is the presence of lines of interband photoconduc-
tivity at 0.92 and 1.18 eV. These lines are considerably
more pronounced when another source of light and
another beam splitter, both intended for the near-IR
range, are used in the Fourier spectrometer, as can be
seen in Fig. 3 (a characteristic dip at 0.88 eV in curves 2
and 3 in Fig. 3 can be attributed to the specific features
of the quartz lamp used). It is noteworthy that the
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Fig. 1. PL spectra of two structures differing in relation to
the time of InAs deposition during QD growth: structure
no. 1, 10 s and no. 2, 8 s.
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1.18 eV line in the PL spectra in Figs. 2 and 3 coincides
with the PL line in Fig. 1, which is related to the transi-
tion between the excited states in QDs. These states lie
deep enough below the edge of the conduction band of
GaAs and the wetting layer for the probability of ther-
mal emission or tunneling of photoexcited carriers from
QDs to be low. As a rule, spectral lines of interband
photoconductivity are not observed in this situation.
However, in [11] we have noted the specific features of
the lateral photoconductivity in QD structures that were
attributed to a change in the scattering Coulomb fields
creating charged QDs during the photoexcitation of
carriers. This provides a new mechanism of photocon-
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Fig. 2. Photoconductivity spectra for structure no. 2: (1) lat-
eral at 77 K, (2) lateral at 300 K, and (3) vertical at 77 K.
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Fig. 3. Photoconductivity spectra of structure no. 2,
recorded at 77 K using different beam splitters and sources
of light in the Fourier spectrometer: (1) KBr splitter, globar;
(2) KBr splitter, quartz lamp; and (3) quartz splitter, quartz
lamp.
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ductivity in QD structures that is not “carrier-density-
related.” The presence of lines of interband photocon-
ductivity in Figs. 2 and 3 additionally confirms the
existence of this mechanism.

Furthermore, the photoconductivity spectrum in the
near-IR range exhibits a line at 0.92 eV that is absent in
the PL spectrum in Fig. 1. We believe that this fact is
indicative of a bimodal distribution of QDs with radia-
tive (type 1) and nonradiative (type 2) transitions in
structure no. 2. The possibility of forming bimodal dis-
tributions of QD by MOCVD was discussed in [12–14].
The width of the PL line is 0.095 eV, whereas the pho-
toconductivity lines are wider, 0.2 eV, which indicates
that the nonuniform broadening of QD levels produces
a stronger effect on the spectrum of interband photo-
conductivity. The mentioned transitions in the near-IR
photoconductivity spectrum account for the observed
spectrum of mid-IR intraband photoconductivity: the
lines at 0.26 and 0.35 eV are related to type 1 QDs, and
the line at 0.49 eV, to type 2 QDs. The widths of the
spectral lines of intraband photoconductivity are
between 0.15–0.18 eV. The photoconductivity in the
mid-IR range was observed at temperatures of up to T =
110 K, with the maximum intensity at 62 K. The inter-
band photoconductivity in the near-IR range is
observed up to room temperature (Fig. 2, curve 2).

The spectral dependence of vertical photoconduc-
tivity at +0.5 V bias is shown in Fig. 2 (curve 3). Chang-
ing the sign of the bias has only a slight effect on the
results of the measurements. At the low-wavelength
edge, the vertical photoconductivity virtually coincides
with the lateral one. The line at 0.26 eV cannot be
observed, presumably because of the poorer signal-to-
noise ratio from having a considerably smaller photo-
detector area. At the same time, the lines of vertical
photoconductivity in the short-wavelength range dem-
onstrate a blue shift by ~70 meV in respect to the lateral
photoconductivity. In our opinion, the specific features
of the vertical photoconductivity can be attributed to a
significant difference in the magnitudes of the applied
electric fields; namely, the lateral effect is measured in
the electric field below 10 V/cm, whereas the vertical
one in much higher field, ~5 kV/cm. The broadening of
the vertical photoconductivity line in InGaAs/GaAs
QD structures at an increased bias has been observed
before (e.g., twofold broadening was reported in [5]),
but in that case the red shift of the line edge was larger.
The dependence of the spectrum of vertical photocon-
ductivity on the applied bias and the possibility of its
modulation by the bias is currently being studied. Fur-
thermore, the specific features in the vertical photocon-
ductivity can be related to the difference between the
spectral characteristics of the instrument functions of
the two different setups used in measuring the lateral
and vertical photoconductivity.

3. CONCLUSION

Selectively doped multilayer InGaAs/GaAs QD het-
erostructures were grown by MOCVD. The variation of
the conditions of QD growing results in the red shift of
the PL lines with a simultaneous increase of the energy
spacing between the ground and first excited levels.
Combined with the TEM data, the results of our PL
study demonstrate that not only the size of QDs, but
also their shape changes in this case; i.e., the aspect
ratio increases. At temperatures of up to 300 K, the
structures demonstrate lateral photoconductivity in the
near-IR range (0.8–1.2 eV, 1–1.5 µm), related to the
interband transitions within QDs. At temperatures below
110 K, several lines of lateral intraband photoconductiv-
ity in the mid-IR range (0.25–0.49 eV, 2.5–5 µm) were
observed under a normal incidence of light. The maxi-
mum photoconductivity in this range was obtained at
62 K. Vertical photoconductivity in the mid-IR range
(0.36 and 0.55 eV lines) was observed in mesa struc-
tures with an input window of 100 × 100 µm2, which is
comparable to the size of the elements in matrix photo-
detectors.
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Abstract—The current–voltage (I–V) and spectral characteristics of a photocurrent are studied at T = 4.2 and 300 K
for an unstrained GaAs/ZnSe/QD-Ge/ZnSe/Al structure with tunneling-transparent ZnSe layers and Ge quantum
dots (QDs). Features such as the Coulomb staircase were observed in I–V characteristics at room temperature and
in the absence of illumination. An energy-band diagram of the structure is constructed based on an analysis of the
experimental data. In the GaAs/ZnSe/QD-Ge/ZnSe/p-Ge transistor structure with a p-Ge channel and Ge-QD float-
ing gate, the total current of the channel both increased and decreased under exposure to light with various spectra.
These variations in channel current are associated with the capture of a positive and negative charge at QDs during
different optical transitions. The charge accumulation changes the state of a channel at the heterointerface from deple-
tion to inversion and either decreases or increases the total current. © 2005 Pleiades Publishing, Inc.
1. INTRODUCTION

The spectra of electronic states in semiconductor
quantum dots (QDs) is of interest because of new QD
properties that were unobservable in systems with a
higher dimensionality [1] as well as the prospect of
using these properties to develop new QD-based
devices. At present, in view of the development of nan-
otechnology, some researchers are discussing the possi-
bility of developing memory cells based on single-elec-
tron field-effect transistors, in which one bit of informa-
tion corresponds to an electron trapped at the QD
located between the main gate and the channel. Such a
memory cell operating at room temperature has previ-
ously been discussed [2].

It is known that QD arrays can be obtained in double
heterosystems with a considerable lattice mismatch. In
our studies, we attempted to identify the conditions
needed for three-dimensional growth at the initial stage
of epitaxy for a heterosystem with nearly matched lat-
tice parameters; for example, the lattice mismatch for
semiconductors such as GaAs, ZnSe, and Ge is less
than 0.2%. However, the GaAs/Ge pair exhibits a
strong chemical interaction between its components.
We showed that the introduction of an intermediate
ZnSe layer between GaAs and Ge provides radically
different conditions at the initial stage of epitaxy. In this
case, the GaAs wafer is the substrate for the growth of
a continuous ZnSe epitaxial film, on which the Ge-QD
array is formed. We have previously studied and
described the mechanism for the formation of a QD
array in a Ge–ZnSe system [3, 4]. It is noteworthy that,
despite a considerable difference in the band gaps
1063-7826/05/3901- $26.00 0089
(about 2 eV) for ZnSe and Ge, there are no elastic
stresses in the system.

The purpose of this study was to examine the elec-
tronic properties of a Ge QD in a ZnSe host material for
structures obtained by molecular-beam epitaxy (MBE).

2. FABRICATION AND STUDY 
OF THE GaAs/ZnSe/QD-Ge/ZnSe/Al STRUCTURES 

WITH TUNNELING-TRANSPARENT 
ZnSe LAYERS AND Ge QUANTUM DOTS

2.1. Fabrication

We used n-GaAs(001) wafers doped to a level of
1018 cm–3 as substrates. The structure consisted of a QD
array between two ZnSe layers ~10 nm thick grown on
the GaAs substrate. The sequence of sample prepara-
tion was reported previously in [5]. A contact window
to the layers in the electron resist was about ~150 nm in
diameter, which was monitored using an atomic-force
microscope (AFM).

2.2. Current–Voltage Characteristic

The current–voltage (I–V) characteristics of the
structures were recorded using an automated computer-
controlled system of low-current measurement. A volt-
age with a specified step was supplied to the sample
according to the program, the current was measured in
equal time intervals (more than 100 measurements),
and the average current was fixed. The I–V characteris-
tics were measured at 300 K. We failed to measure the
characteristics of the samples in a cryostat because of
low currents and large spurious signals. However, mea-
surements of large-area test structures showed that the
© 2005 Pleiades Publishing, Inc.
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current only decreases by a factor of 30–40 as the tem-
perature is decreased from 300 to 4.2 K, which is indic-
ative of predominance of tunneling.

Features shaped like small steps are present in the
I−V characteristic of the structure at a reverse-bias volt-
age of no higher than 250 mV. In these steps, the current
increases with the voltage rather than remaining con-
stant (Fig. 1). The average current through the structure
is determined not only by the tunneling of charge carri-
ers through the QD but also by the current tunneling
through the ZnSe film in the spacings between Ge clus-
ters. The estimations show that this current is restricted
by the space charge. Therefore, a linear voltage depen-
dence of the current should be, and in fact is, observed
in low electric fields (E ≈ 105 V/cm), being most pro-
nounced at low voltages. The main feature of the I–V
characteristic is that current variations such as the Cou-
lomb staircase emerge at a voltage of about 50 mV.
These variations are not exactly periodic with respect to
the voltage. The irregularity in the repetition of the
Coulomb staircase steps is characteristic of vertical
QDs with a small number of trapped electrons and is
caused by the strong interaction between these elec-
trons. In addition, this irregularity can be associated
with a high temperature and somewhat different QD
sizes. Thus, the emergence of the current and the fea-
tures of the I–V characteristics are observed at low volt-
ages; i.e., when the difference between the Fermi levels
in Al and GaAs is small. These phenomena indicate that
at least the first quantum level of the QD-trapped elec-
tron is below the Fermi level of metal in the equilibrium
state when there is no external bias.
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Fig. 1. I–V characteristic of a structure with a contact of
150 nm in diameter at T = 300 K. The points correspond to
the experimental data, and the solid line is an approximation
of the I–V characteristic. The spectral dependence of the
photosignal at zero bias under the illumination of the GaAs
side is shown in the inset: T = (1) = 300 and (2) 4.2 K.
Arrows show the GaAs band-gap edge and the onset of
direct transitions in bulk Ge at 4.2 K.
2.3. Spectral Dependences of Photovoltage

Spectral characteristics were measured, using a
periodic signal with a frequency of ~102 Hz, under illu-
mination of the substrate side. The photoresponse spec-
trum of the structure at T = 300 and 4.2 K without exter-
nal bias is shown in the inset in Fig. 1. The presence of
photovoltage indicates that a built-in electric field,
which is caused by the contact potential difference,
exists in the structure. The saturation of the open-circuit
photovoltage was as high as 0.12 V.

The long-wavelength spectral edge is located at
approximately 1.3 µm when at room temperature and at
1.15 µm at liquid-helium temperature. Such an edge
location does not correspond to the absorption edge of
bulk Ge. However, the edge shift agrees well with the
variation in the Ge band gap in a temperature range
from 300 to 4.2 K.

The features observed in the spectral characteristic
measured at 4.2 K can be associated with the discrete
character of the spectrum. In the high-energy region,
the spectrum edge abruptly drops due to the absorption
in the substrate.

Let us consider the location of the region of photo-
active absorption in the structure, which induces the
photovoltage. The photovoltage can only be induced by
the excitation of electron–hole pairs, with their subse-
quent separation being due to the built-in electric field.
It is evident that neither GaAs nor ZnSe could be the
regions where electron–hole pairs are generated since
the band-gaps of these compounds are wider than
1.5 eV at T = 4.2 K, while the impurity absorption can-
not cause the photovoltage. The absorption in the QD
array can lead to the formation of localized electrons
and holes; however, a mechanism should exist to sepa-
rate them spatially.

A built-in electric field exists in the structure under
study. This field is induced owing to the contact poten-
tial difference between Al and GaAs. The magnitude of
this field equals approximately (3–5) × 105 V/cm. Since
the ZnSe layers are tunneling-transparent for electrons,
the electron of the photoexcited electron–hole pair can
tunnel in this field from the QD into the GaAs. Subse-
quently, two possibilities can, in principle, be realized:
The nonequilibrium hole from the QD can tunnel into
the Al, or the electron from the Al can enter the QD. In
each case, the photocurrent will flow in the external cir-
cuit, while the photovoltage will emerge in the structure
in an open-circuit mode.

2.4. Energy-Band Diagram of the Structure

The experimental data, namely, known QD sizes,
I−V characteristics, and the spectral dependence of
photovoltage, along with the available published data
on the energy-band offset for the heteropairs involved
in the structure, allow us to construct an energy-band
diagram of the GaAs/ZnSe/QD-Ge/ZnSe/As structure.
SEMICONDUCTORS      Vol. 39      No. 1      2005
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We calculated the energy-band diagram using the
values of the valence-band offset, which was 1.3 eV
between GaAs and ZnSe and 1.0 eV between ZnSe.
The available published data give a rather wide range of
values for the energy-band offset between the materials
involved in the structure. This circumstance is associ-
ated with a difference in the conditions of fabrication,
namely, in the substrate preparation, the growth tem-
perature, the surface stoichiometry and substrate orien-
tation, and in some other factors [6, 7]. For the existing
spread of data, the energy-band offset for the calcula-
tion was chosen according to the following conditions:

(i) The location of the first quantum electron level in
the L valley should be below the Fermi level when the
system is in equilibrium. The Fermi level position was
determined from the difference between the work func-
tions for Al and GaAs (0.8 eV).

(ii) The experimentally measured optical transition
with the lowest energy should correspond to the elec-
tron transition from the quantum level in the QD
valence band to the free electron level nearest to the
Fermi level.

The lowest energy of the radiation, whose absorp-
tion induces the photovoltage, can be written as

where E111hh is the first quantum level of heavy holes;
EgGe is the Ge band gap; and Ef – EcGe is the difference
between the Fermi level and the conduction-band bot-
tom for germanium, which determines the optical tran-
sition with the lowest photon energy. At T = 4.2 K, the
lowest experimental photon energy that induces the
photovoltage is approximately 1.1 eV. The electrons are
transferred to an unoccupied quantum level located above
the Fermi level. This circumstance explains the fact that
the absorption edge is shifted to shorter wavelengths than
we would expect based on the known QD sizes.

The self-capacitance of a disc-shaped QD of 12.5 nm
in diameter is C = 8ε0εr = 3.8 × 10–18 F, which yields a
characteristic energy of about 40 meV. The scanning
tunneling microscopy data for the QD sizes, shape, and
distribution of height and diameter, in relation to the
average thickness of the deposited Ge layer [3, 5],
allowed us to estimate the energy spectrum of the elec-
tron and hole QD levels. In the calculation, we approx-
imated a cluster by a parallelepiped of 3 × 15 × 15 nm
in size taking into account the effective mass of the cor-
responding hole subband with the Coulomb interaction
disregarded under the Bastard boundary conditions. In
the calculation, we used the effective carrier masses in
ZnSe and various Ge valleys as well as the Ge and ZnSe
band gaps at about 0 K.

Based on the given energy band diagram in Fig. 2,
the levels located below the Fermi level exist in an equi-
librium-state QD. Therefore, electron tunneling from
the Al contact should occur when the potential corre-

Emin E111hh EgGe E f EcGe–( ),+ +≈
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sponding to the self-capacitance of the QD is applied;
i.e., at V = 40–50 mV. In this case, the occurrence of a
low potential in GaAs should not substantially restrict
the tunneling since the electron concentration in GaAs
is high (n = 1018 cm–3) and the space-charge region at
the GaAs/ZnSe heterointerface is no thicker than a few
nanometers. As the voltage increases, the current is
restricted only by the QD charging, since the energy dif-
ference between neighboring electron levels is given by

where the first subscript for the energy corresponds to
the QD height while the second and the third subscripts
correspond to the QD base.

3. TRANSISTOR STRUCTURE 
GaAs/ZnSe/QD-Ge/ZnSe/p-Ge

3.1. Fabrication

It is clear from a consideration of the energy-band
diagram in Fig. 2 that, owing to the electron tunneling
into GaAs, the charge can be accumulated under illumi-
nation in the QD layer of a structure with one tunnel-

∆E = E1i 1 j 1+ + E1i 1 j+–  = E1i 1 j 1+ + E1ij 1+– 2 meV,<
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Fig. 2. An energy-band diagram of the GaAs/ZnSe/Ge-QD/
ZnSe/Al structure under equilibrium. The diagram shows the
energy levels for the subband of heavy holes (subscript hh)
and light holes (subscript hl), and the electrons for the L val-
ley and Γ valley (with the prime).
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ing-impermeable layer. If we use the QD layer as the
floating gate of the field-effect transistor, where a thin
epitaxial Ge layer serves as the channel, we can study
the process of charge accumulation in the Ge-QD struc-
ture. In this case, the accumulation of even a very small
charge should induce a measurable variation in the
channel current.

The sequence of operations followed to form the
structure was reported previously in [8]. The ZnSe
(~15 nm)–QD-Ge–ZnSe (150 nm)–p-Ge (40 nm) layers
were grown in a single process (see the inset in Fig. 3).

The current of the Ge channel was measured at T =
300 and 77 K. The transverse current across the struc-
ture was much lower than the longitudinal channel cur-
rent. Therefore, the former could not introduce any
error in measurements, while the channel current
tended to level off at both temperatures (Fig. 3). Under
an exposure of the channel-side of the structure to white
light, the total current decreased.

3.2. Characteristics of the Channel Current 
under Illumination

To study the behavior of the structure under illumi-
nation in detail, we measured the constant-signal spec-
tral dependences of the channel current. The measure-
ments were carried out for a source–drain voltage of
20–150 mV that had a zero gate voltage. The spectral
dependence of variations in the total current in the Ge
channel at a sweeping voltage of 50 mV is shown in the
inset in Fig. 4. Exposure to light with a wavelength
lower than 0.5 µm leads to a decrease in the current,
while at longer wavelengths the current increases.

The relaxation curves of the variation in the channel
current under illumination, which were measured at
room temperature for the wavelengths 0.6, 0.5, and
0.4 µm, are shown in the inset in Fig. 4. After switch-
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Fig. 3. The I–V characteristic for (a) the transverse current
and (b) the longitudinal current of the structure at T = 300 K.
The cross section of the GaAs/ZnSe/QD-Ge/ZnSe/p-Ge
structure is shown in the inset: (1) GaAs, (2) ZnSe, (3) QD-Ge,
(4) p-Ge channel, (5) Al contact, and (6) SiO.
ing-on the light, the channel current decreased in all
three cases. During a certain time interval, the change
in the current at λ = 0.6 and 0.5 µm then became posi-
tive, and the current leveled off. However, at λ =
0.4 µm, the variation in the channel current remained
negative, and the current leveled off at a negative value.
It is noteworthy that the variation in the channel current
always remained negative as the radiation intensity of
the argon laser (λ = 0.46 µm) varied from 3 to 100 mW;
i.e., the variation in the total channel current is deter-
mined by the energy rather than the intensity of the
excitation radiation.

A possible mechanism of the decrease in the chan-
nel current under illumination and the slow current
relaxation after switching off the illumination can be
analyzed by considering the energy-band diagram of
the transistor structure in Fig. 5. The calculation for the
situation where there was neither external voltage nor
illumination yielded the following results: the fraction
of the built-in potential applied to Ge, the QD charge
density, and the electron concentration at charged QDs
was VGe = 0.033 V, σKT = –6.1 × 10–8 C cm–2, and NeKT =
3.8 × 1011 cm–2, respectively.

Since transverse leakage currents through the struc-
ture are small, the channel current can only be varied
due to the spatial electron and hole localization. Let us
consider the possible optical transitions in the structure
(Fig. 5), starting with low photon energies: The energy
band diagram shows that transitions I from the conduc-
tion band levels located above the Fermi level to the
levels of the quasi-continuous spectrum can proceed at
hν ≥ 0.1 eV. Experimentally, the photocurrent is
observed at hν ≅  1.25 eV. For the transitions from the
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Fig. 4. The spectral dependence of the variation in the total
channel current. The time dependence of the channel cur-
rent for switching on and switching off the illumination for
various wavelengths at T = 300 K is shown in the inset.
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first level in the valence band to the levels from which
the electrons can tunnel either into GaAs or to the levels
of the quasi-continuous spectrum (transition II in Fig. 5),
the lowest photon energy equals approximately 2.0–
2.1 eV. Finally, for the electron transition from the
quasi-continuous spectrum of the valence band to unoc-
cupied electron QD levels (transition III in Fig. 5), the
lowest energy is higher than 2.3 eV.

During transition I, the electron in the built-in elec-
tric field drifts into GaAs, while the hole is localized at
the QD. The same situation is observed for transition II.
However, during transition III, the electron is localized
in the QD, while the hole drifts into Ge or is trapped in
the holes in ZnSe. The QD charging via holes (transi-
tions I and II in Fig. 5) should lead to a strengthening of
the transverse field and electron inflow to the Ge/ZnSe
heterointerface and to a depletion of the holes. As the
positive charge accumulates at the QD, the depletion
transforms into an inversion, which causes an increase
in the total channel conductivity and in the current. The
dynamics of the variation in the channel conductivity
versus the time of the charge accumulation accounts
well for the relaxation curves of the variation in the cur-
rent when switching-on the radiation with wavelengths
of 0.6 and 0.5 µm. By starting with a photon energy of
2.3 eV, at the least, transitions II and III can occur; i.e.,
the QD recharging is possible for both holes and elec-
trons. In this case, the steady-state channel current is
controlled by the established equilibrium between the
generation and recombination of carriers of both signs
and by their separation. In addition, during transition III,
the escape of holes into the channel and the reduction
of the transverse field there prevent the attainment of
the inversion state. Therefore, when such an excitation
is realized experimentally at λ < 0.5 µm, the channel is
depleted. This leads to a negative variation in the cur-
rent, in contrast with λ > 0.5 µm, when only transitions I
and II are realized by the accumulation of a positive
charge at the QD.

The relaxation curves allow us to estimate the char-
acteristic times taken to attain a steady state or another
such state when the generation is balanced by the
recombination of electron–hole pairs, while carrier
flows from the Ge-QD layer to both sides (in both direc-
tions) are equal. These times are tens of seconds long at
T = 300 K and increase to several hours as the temper-
ature decreases to 77 K.

We estimated the charge, which should be accumu-
lated in the QD, to attain the inversion point in the
quasi-neutral volume of the Ge channel. For this point,
the concentration of nonequilibrium carriers, specifi-
cally electrons, equals the hole concentration. The esti-
mation shows that σKT = (4.2–4.7) × 10–7 C cm–2, which
corresponds to the hole density at charged QDs NpKT =
(2.6–2.9) × 1012 cm–2. The time variations in the photo-
current at wavelengths of incident light of 0.5 and
SEMICONDUCTORS      Vol. 39      No. 1      2005
0.6 µm are associated with the gradual accumulation of
holes in the QD and should depend on the illumination
intensity. However, the steady state, which is character-
ized by a decrease in the photocurrent under optical
excitation with a wavelength of 0.4 µm, is associated
with the emergence of another transition type. This
state is determined by the ratio of ionization cross sec-
tions for transitions II and III.

4. CONCLUSION

This study of the I–V and photoelectric character-
istics of the n+-GaAs/ZnSe/QD-Ge/ZnSe/Al and
n+-GaAs/ZnSe/QD-Ge/ZnSe/p-Ge structures showed
that it is possible to observe single-electron pro-
cesses in tunneling-thin Ge-QD ZnSe layers. It is
shown that the charge accumulation at QDs in the
n+-GaAs/ZnSe/QD-Ge/ZnSe/p-Ge transistor structure
is affected by exposure to light with various spectra.
This effect leads to various changes in the total channel
current. Based on the experimental data, we con-
structed energy-band diagrams of the structures and
consistently considered the features of both I–V and
spectral characteristics.
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Fig. 5. An equilibrium energy-band diagram of the
GaAs/ZnSe/QD-Ge/ZnSe/p-Ge structure. The arrows indi-
cate the possible optical transitions with the subsequent
electron (hole) withdrawal and localization of the second
charge carrier. The diagram shows only overbarrier transi-
tions, although tunneling into GaAs also can occur.
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Abstract—Unusual features of persistent photoconductivity are reported for the InAs/AlSb quantum-well
(QW) structure with a backgate. A negative persistent photoconductivity made it possible to decrease the elec-
tron concentration by an order of magnitude from 6 × 1011 cm–2. This is the largest variation in the electron
concentration for this effect. In addition to a pronounced negative persistent photoconductivity, the relaxation
of the structural resistance was bistable under exposure of the structure to visible light. These phenomena are
attributed to the effect of a thin Ge film deposited on the structure surface prior to photolithography. This film
forms a region in the GaSb layer in which the holes are accumulated from the sequence of the Ge/GaSb/AlSb
layers located above the QW. IR radiation initiates beats of Shubnikov–de Haas oscillations in the region of
weak magnetic fields. These beats are believed to be caused by spin splitting in a zero magnetic field due to the
asymmetry of a potential profile of the QW. This asymmetry is induced by prolonged illumination of the struc-
ture. © 2005 Pleiades Publishing, Inc.
Quantum wells (QWs) in the InAs/AlSb system rep-
resent an attractive object for fabrication of mid-IR
devices and ultrahigh-speed transistors. Good lattice-
matching of InAs and AlSb makes in possible to pre-
pare smooth interfaces between layers and thus to
ensure that scattering by surface roughness is weak. In
combination with a small electron effective mass in
InAs and a high (~1.35 eV) potential barrier for elec-
trons at the InAs/AlSb interface, this circumstance
makes it possible to attain electron mobilities at a level
of 3 × 104 and 9 × 105 cm2/(V s) at 300 and 4.2 K,
respectively [1]. A large g-factor for electrons in InAs
single crystals (–15) also makes it possible to use the
spin-induced degree of freedom for the development of
spintronics devices.

It is known that undoped InAs/AlSb QWs have a
rather high two-dimensional (2D) electron concentra-
tion (~1 × 1012 cm–2). The specific features of the struc-
ture under consideration is the bipolarity of persistent
photoconductivity at low temperatures [2, 3]. The pos-
itive persistent photoconductivity (PPPC) is observed
for the IR spectral region. An increase in the electron
concentration in InAs is attributed to the ionization of
deep donors that are located in barrier layers and supply
electrons to QWs. For a long time after illumination,
the new value of the 2D electron concentration remains
virtually unchanged.

Photons with an energy exceeding the AlSb indirect
band gap, which equals 1.69 eV, can generate electron–
hole pairs in the AlSb barriers. The built-in electric field
of the heterostructure is favorable for hole transfer to
the QW. The subsequent recombination of 2D electrons
1063-7826/05/3901- $26.00 0095
of the QW with nonequilibrium holes decreases the
2D electron concentration. This circumstance leads to a
negative persistent photoconductivity (NPPC). The
generation of electron–hole pairs is also possible in the
coating GaSb layer, which is usually used to prevent
contact of chemically unstable AlSb with moisture in
the air. The threshold energy for hole transfer from
GaSb to the QW is determined by the sum of the GaSb
band gap (0.81 eV) and the valence-band offset at the
GaSb/AlSb interface (~0.35 eV) [3]. Recharging of the
deep donor and acceptor levels located close to the
ground quantized subband for electrons can also induce
the NPPC [4]. The information on spectral depen-
dences of usual persistent photoconductivity in the
InAs/AlSb structures were reported in more detail pre-
viously [5].

In this study, we will consider some features of
bipolar persistent photoconductivity, which are unusual
for structures of this type. We observed these features
for the InAs/AlSb QW structure grown on the
n+-GaAs(100) substrate. The purpose of the experiment
was to use the n+-GaAs substrate as a backgate that
allowed us to control the electron concentration in the
QW without preventing photons to propagate into the
active part of the structure.

A combined buffer region that included an AlAs
layer (0.5 µm), an AlSb layer (2.5 µm), and an AlSb
(2.5 nm)/GaSb (1.5 nm) superlattice (25 periods) was
grown on the substrate by molecular-beam epitaxy
(MBE). This combination of the layers was chosen in
order to decrease the surface roughness and density of
extended structural defects caused by a substantial lat-
© 2005 Pleiades Publishing, Inc.
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tice mismatch between InAs and GaAs. The AlAs layer
induces the potential barrier for hole transport, which
makes it possible to reduce the leakage current of the
backgate. The active part of the structure includes a bot-
tom 25-nm-thick AlSb barrier, a 15-nm-thick InAs QW,
a top 40-nm-thick AlSb barrier, and a 6-nm-thick coat-
ing GaSb layer. The AuGe/Ni/Au metal composition
was deposited after epitaxy on the rear side of the sub-
strate to form a nonrectifying contact. Double Hall bars
were formed for subsequent measurements of magne-
toresistance and the Hall effect at the front side of the
structure using photolithography and mesa etching. In
the geometry used for the measurement of the trans-
verse magnetoresistance ρxx, the ratio of the sample
length between potential probes l to its width w was 5
at w = 70 µm. The lateral sides and the mesa periphery
were coated with silicon nitride film grown at 50°C by
vapor-phase chemical deposition in the radio-fre-
quency discharge plasma. Nonalloyed ohmic contacts
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Fig. 1. Effect of pulsed illumination with (a) red and
(b) blue light-emitting diodes on the magnetoresistance of
the InAs/AlSb quantum well at 4.2 K and zero voltage at the
backgate. (a): (1) The initial curve; (2–5) the current of the
red light-emitting diode is 0.5, 1.3, 30, and 100 µA, respec-
tively. (b): (1–4) the current of the blue light-emitting diode
is 0.1, 0.15, 5, and 50 µA, respectively. The values of the
shift of the curves along the vertical axis are given in paren-
theses.
to contact areas of the Hall bar were formed by thermal
deposition of the Cr/Au metal combination directly on
the surface of the QW layer after selective etching of
top layers.

Developers used in photolithography actively etch
GaSb and AlSb. Therefore, prior to photoresist deposi-
tion, an amorphous Ge film 10 nm thick was deposited
on the structure surface using vacuum thermal evapora-
tion. This film effectively prevented etching of bottom lay-
ers by the developer. At liquid-helium temperature used to
investigate the transport properties of the sample, the elec-
trical resistance of the Ge layer is much higher than the
resistance of the QW and no manifestations of shunting of
the active part of the structure are observed. The Ge film
was removed from the photoresist-unprotected regions of
the structure using a nonselective etchant based on phos-
phoric acid used to form the mesa. The difference in etch-
ing rates of AlSb and GaSb allowed us to use the superlat-
tice as a stable mesa floor.

The contact areas of the Hall bar were connected
using ultrasonic bonding with the leads of a standard
crystal holder of the integrated circuit. Light-emitting
diodes (LEDs), which emitted in the red, blue, and IR
(wavelength λ = 0.97 µm) spectral regions, were
mounted near the fabricated device. The transport prop-
erties of the 2D electron gas in the QW were studied in
magnetic fields from 0 to 8 T. The intensity of illumina-
tion of the structure was controlled using a precision
supply source, which provided setting of the specified
current through the LED. The bias voltage at a backgate
was selected so that the leakage current across the
structure was no larger than 10 nA. This gate current
introduced no errors into the results of measurements.

After cooling the structure to 4.2 K, the electron
mobility in the QW was equal to µ = 1.1 × 105 cm2/(V s)
with a sheet concentration of ns = 6 × 1011 cm–2. The
depth of modulation of the layer concentration due to
the field effect at the nonzero gate voltage amounted to
~25% of the initial value. The negative potential (VG)
applied to the backgate leads to the depletion of the QW
in electrons. The opposite effect occurred under change
in the gate potential sign. The short-term (several tens
of seconds) irradiation of the structure with photons
from the visible region of the spectrum led to an
increase in the electric resistance of the sample and a
decrease in the 2D electron concentration. Figure 1
illustrates variations in the magnetoresistance of the
sample as a result of illumination of the structure at var-
ious intensity with red and blue LEDs. The curves were
measured ~30 min after illumination, when relaxation
did not already noticeably change the structure proper-
ties during measurement. The sheet electron concentra-
tion ns can be determined from the period of the Shubni-
kov–de Haas oscillations in the inverse magnetic field. 

It follows from Fig. 1a that irradiation with red-
region photons, which correspond to an indirect band
gap of the AlSb barrier layers, ensures a decrease in the
sheet electron concentration of the InAs QW due to the
SEMICONDUCTORS      Vol. 39      No. 1      2005
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NPPC by a factor of 3 compared to the initial value. Fur-
ther increase in the illumination intensity (the LED cur-
rent) does not enhance the NPPC for this photon energy.

The NPPC effect is substantially enhanced under
irradiation of the structure with blue-region photons
(Fig. 1b), whose energy considerably exceeds the direct

AlSb band gap (  = 2.35 eV [6]). This enhancement
is caused by a sharp distinction between the absorption
factors and efficiencies of generation of electron–hole
pairs for photons with energies corresponding to indi-
rect or direct band gaps of the barrier material. The
highest magnitude of NPPC is attained for a blue-emis-
sion LED current of about 50 µA. In this case, the ns is
6 × 1010 cm–2, which is by an order of magnitude lower
than the initial sheet electron concentration. As far as
we know, this is the largest electron-concentration vari-
ation related to the NPPC in such QWs. For the
InAs/AlSb QWs, the typical value of the coefficient of
a decrease in the layer electron concentration due to the
NPPC is close to two [2], while the highest of previ-
ously attained values is five [7].

The data shown in Fig. 1 are obtained at zero gate
bias. Upon application the external bias, the effect of
the gate potential sign on the electron concentration in
the QW was similar to that prior to illumination of the
structure.

The unusual character of relaxation of the sample
resistance in zero magnetic field after switching off the
LED is of special interest. Figure 2 shows that, during
illumination, the resistance attains a certain value char-
acteristic of the used intensity of light and is much
higher than the initial resistance. After switching off the
LED, the sample resistance continues to increase rather
than relaxing to the initial value. In this case, we may
state that there exists a certain new quasi-steady state,
which is generated by illumination of the structure. As
a result, a powerful “attractor” of electrons from the
QW is formed. A long-term (~10 h) relaxation mea-
surement allowed us to find that the slow resistance
relaxation; i.e., the difference between Rsat established due
to the relaxation and the current value of resistance R,
Rsat – R, has a single time constant close to 7700 s. This
process could not be attributed to the recharging of sur-
face states at a particular boundary of the structure. Sur-
face states are characteristic of a broad density distribu-
tion in energy, which inevitably causes the emergence
of a set of relaxation times. The observed effect is
reversible. The structure returns to the initial state after
heating to room temperature and repeated cooling. It is
noteworthy that no such slow and unusual relaxation
was found in our structures without the Ge layer on top
of the coating GaSb layer.

It is known that, at the GaSb/GaAs contact, the bot-
tom of the conduction band EC for GaSb is located by
0.1 eV above the corresponding energy level for GaAs
(the energy-band diagram of the second type) [6]. The
heterojunction between the Ge and GaAs single-crystal

EG
Γ
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layers has the structure of energy bands of the first type,
and EC for Ge is shifted by 0.07–0.4 eV downward rel-
ative to EC for GaAs [8]. Single-crystal Ge and GaSb
have virtually coinciding band gaps at liquid-helium
temperature (~0.8 eV). For amorphous Ge, the band
gap is somewhat wider than that for single-crystal Ge.
However, we may assume that the sequence of the
Ge/GaSb/AlSb layers located above the InAs QW
forms the QW for holes in the GaSb layer. The holes
accumulated in GaSb under illumination of the sample
can afterwards overcome the AlSb potential barrier,
drift to the InAs QW, and recombine with the 2D elec-
tron gas. Such recombination of spatially separated car-
riers can be the cause of enhancement of the NPPC
effect and slow relaxation with a single time constant.

The interface between Ge and GaSb is imperfect
since the Ge layer was deposited outside the MBE facil-
ity. Consequently, the 2D hole gas cannot have high
mobility. Therefore, this gas cannot give rise to addi-
tional series of Shubnikov–de Haas oscillations in the
range of magnetic fields used. The charge exchange
between InAs and GaSb under an external electric field
applied to the structure can also lead to the observed
effect of the potential sign at the backgate on the
2D electron concentration in the InAs QW.

The short-term (pulsed) illumination of the structure
using the IR LED leads to positive persistent photocon-
ductivity. An increase in the electron concentration in
the InAs QW amounts to 10% of the initial value,
which is typical of structures of this type. In this case,
the Shubnikov–de Haas oscillations are not much dif-
ferent from the initial curve, which is shown in Fig. 3
(the lowest curve). However, long-term illumination or
continuous illumination of the structure during mea-
surements of magnetoresistance leads to beats of Shub-
nikov–de Haas oscillations in the region of low mag-
netic fields (0.4–1.1 T). Once they have emerged, beats
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Fig. 2. Effect of radiation of a blue light-emitting diode on
the structure resistance in the zero magnetic field. The slow
portion of resistance relaxation to the metastable saturated
value Rsat with a single time constant is shown in the inset.
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are retained both under application of external electric
field to the structure and under variation in the illumi-
nation intensity within a wide range. We observed beats
in sequential measurements of magnetoresistance for
values of the IR LED direct current of 0.1, 0.5, and
2.5 µA. For each value of the current, we measured three
magnetoresistance curves, which corresponded to the
zero, positive, and negative potential at the backgate.
Beats were also observed after switching off the LED
during the measurement of magnetoresistance curves for
different gate potentials. We may state with confidence
that beats of the Shubnikov–de Haas oscillations induced
by IR radiation are retained for 10 h after illumination.
We carried out no further detailed studies.

Beats of Shubnikov–de Haas oscillations can be
caused by both nonuniformity of properties of the
structure and asymmetry of the potential profile of the
QW, which is sufficient to observe spin splitting in zero
magnetic field (the Rashba effect) [9]. The emergence
of beats of the Shubnikov–de Haas oscillations under
application of external electric field to quantum-dimen-
sional structures with the configuration of layers close
to that studied by us is considered to be indicative of the
Rashba effect [10–12].

We know only a single previous study where the
emergence of beats of the Shubnikov–de Haas oscilla-
tions was observed under the effect of the IR radiation
on the InAs/AlSb QW [13]. The following features of
the effect were reported [13]: (i) beats of Shubnikov–de
Haas oscillations depend heavily on the sample shape
and emerge only in “long” Hall bars with an l/w ratio
larger or equal to 10 (w = 100 µm); (ii) beats are
observed for no longer than 1 h after illumination of the
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Fig. 3. Magnetoresistance of the structure under the radia-
tion of an IR light-emitting diode (wavelength λ = 0.97 µm)
and zero backgate voltage. (1) The initial curve; (2–4) contin-
uous illumination of the structure for the currents of the
light-emitting diode 0.1, 0.5, and 2.5 µA, respectively;
(5) dark magnetoresistance after long-term illumination.
The values of the shift of the curves along the vertical axis
are given in parentheses.
sample or vanish during measurement; and (iii) the
effect is observed only for certain wavelengths and illu-
mination intensities. Based on the above-listed fea-
tures, it was concluded that Shubnikov–de Haas oscil-
lations induced by IR radiation are associated with non-
uniform distribution of 2D electron concentration in the
QW, which is caused by a nonuniform distribution of
illumination intensity over the structure area.

In our experiment, beats of Shubnikov–de Haas
oscillations emerged in a “short” sample and in a wide
range of variation in the illumination intensity. The
effect is stable for a long time after illumination as well
as under application of weak external electric field
(~104 V/cm) of different polarity.

Figure 4 shows the dynamics of variation in the
sample resistance in the zero magnetic field (ρ0) in a
series of experiments concerned with measuring the
Shubnikov–de Haas effect and performed sequentially
for one day under various illumination conditions at
various backgate voltages. It follows from Fig. 4 that
the degree of influence of the field effect on the sample
resistance (the electron concentration in the InAs QW)
varies under the effect of LED IR radiation. The field-
effect magnitude can be determined from the ratio
between the sample resistances for the negative and
positive potentials at the backgate under specified con-
ditions of illumination of the sample. This ratio
decreases almost to unity as the illumination intensity
increases due to screening of the external electric field
by the charge of nonequilibrium carriers generated by
radiation. The magnitude of the field effect after
switching off the LED is much larger than that prior to
illumination of the sample. This observation indicates
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diode and at several VG voltages applied to the inverse gate.
The values of VG and current I through the IR light-emitting
diode are given.
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that the space charge and the built-in electric field,
which screen the QW from the gate electric field, vary
in structure. In addition, due to the long-term illumina-
tion of the sample, the Shubnikov–de Haas oscillations
shift to weaker magnetic fields, which indicates that the
efficiency of scattering at spatially distributed defects
decreases.

The totality of the above-mentioned features of the
effect allows us to assume that the phenomenon
observed is associated with spin splitting in the electric
field built in the structure and induced by the IR radia-
tion, rather than with nonuniformity of properties over
the sample area. Conclusive confirmation of this
assumption can be obtained by carrying out the measure-
ments in “inclined” magnetic fields, which allow one to
separate spin splitting from the Shubnikov–de Haas
oscillations at the Landau levels with different indices.

It is noteworthy that the final dark resistance of the
structure in the absence of external electric and mag-
netic fields (Fig. 4) is larger than the initial resistance.
Thus, despite the impossibility of generating electron–
hole pairs in the AlSb barrier layers and of transferring
the optically excited holes from the coating GaSb layer
to the InAs QW, it can be stated in confidence that we
observed a negative persistent photoconductivity (or a
decrease in the density of the 2D electron gas in the
QW). We believe that this phenomenon is caused by
competition of two processes: (i) an increase in the
electron concentration in the InAs QW due to the acti-
vation of deep donors (located in the AlSb barriers) by
IR radiation and (ii) the generation of electron–hole
pairs in GaSb by IR radiation with the subsequent accu-
mulation of holes in the GaSb layer and their recombi-
nation with electrons localized in the InAs QW. As a
result, we have a decrease in the 2D electron concentra-
tion in the sample relative to the initial level.

In conclusion, it is noteworthy that we observed an
unprecedentedly large variation in the 2D electron con-
centration due to the NPPC in the InAs/AlSb QW under
irradiation with photons from the red and blue spectral
SEMICONDUCTORS      Vol. 39      No. 1      2005
regions as well as an unusual type of slow relaxation of
the sample resistance. Both effects are associated with
the formation of an additional quantum well for holes in
the coating GaSb layer confined by the Ge and AlSb bar-
riers. Under the long-term effect of IR photons on the
structures, we observed beats of Shubnikov–de Haas
oscillations. It is our opinion that this effect can represent
the manifestation of spin splitting in the built-in electric
field induced by IR irradiation of InAs/AlSb QWs.
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