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Data are presented from a study of changes in the spectra of surface states on real~with a thin
oxide layer! germanium surfaces irradiated by localized (10–100mm!, pulsed (0.1–1
ms! laser light which heats the surface by an estimated;20–40 K. It is shown that the thresholds
for plastic deformation in the surface region of the semiconductor~due to the resulting local
thermal stresses! correspond to threshold changes in the optical charging spectra of slow surface
states of the insulator, while no threshold changes are observed for the fast states. The
nature of this effect is discussed. ©1997 American Institute of Physics.
@S1063-7826~97!00505-X#

Damage is observed during repeated (N>103–105) gies of 1.8<hn<4.0 eV were detected by the field effe
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pulsed (t50.1–1 ms or less! laser irradiation of semicon
ductor ~and metal! surfaces at extremely low absorbed irr
diancesWa,0.1 J/cm2 ~Refs. 1–3! and for spot diameters
a'10–100 mm it is characterized by the so-called si
effect:1,4Wa}a. Models of deformation damage of the su
face ~based on a one-dimensional theoretical analysis! have
been proposed to explain this phenomenon.5,6 It has been
shown4 that the damage associated with dimensional effe
must occur under the surface of a sample in the early sta
of irradiation ~with a small number of pulses!.

In order to analyze this proposition, studies have be
made of the instantaneous thermal deformation and displ
ment profiles of the surfaces of semiconductors~and metals!
near~and below! the damage thresholds.7,8 It has been shown
that this damage involves the attainment of a plastic
threshold~due to shear stresses produced by local heati!,
while the surface heating is extremely low (DT'20–40 K!.7

In this paper we study changes in the optical charg
spectra of the slow states of the insulator and changes in
fast states, in Ge–GeO2 structures when this thresholdWa is
crossed within a fairly small number of pulses (N<103),
while there is still no visible~under an optical microscope!
surface damage of the sample. In fact, sufficiently t
(d;30 Å!9 insulating films on real semiconductor surface
while having little effect on deformation and stress with
the semiconductor,10 can be sensitive to plastic~and elastic!
photodeformation within it and can thereby serve as an
fective sensor of small plastic deformations.

We have studied the~111! surfaces of high-ohmic single
crystals ofn-type germanium (r525–30V•cm! etched in
H2O2.

9,11The surface potentialY, surface recombination rat
S, and densityNFS of fast states were determined by th
quasiequilibrium field method combined with the stead
state photoconductivity at a temperature of;300 K.11 The
change in the surface charge on the slow statesDQSSwhen
the semiconductor was irradiated with photons having en
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~the method for studying the optical charging spectra of
slow dielectric states described by Kashkarovet al.12!.

The germanium surface (1535 mm2) was irradiated by
the focussed (2a'70 mm! beam of second harmoni
(l50.53 nm! emission from a pulsed4 ~rise timetc;350 ns
and total duration;1 ms! yttrium aluminum garnet lase
with a pulse repetition rate of 10 kHz while scanning t
beam over the surface with a step size of;10 mm. Photo-
thermal surface deformation3 was used to determine th
threshold irradianceW0'70 mJ/cm2 and the magnitude o
the maximal elastic~fully reversible! shear deformations o
the surface,3,4 w5]uz /]r'4.731025, whereuz are the nor-
mal displacements of the surface, andr is the radial distance
from the center of the laser beam.

The main changes in the system of surface states w
observed in the insulating film. Figure 1 shows slow diele
tric state optical charging spectra for an unirradiated surf
~curve 1!, as well as on passing throughW0 ~curves2–4!.
Both the overall growth inDQSS(hn) and the shifts in the
optical charging thresholds toward lower photon energ
due to additional threshold damage of GeO2 are noteworthy.

During thermoelastic irradiation (W,W0),
3,4 no qualita-

tive changes took place in the optical charging spectra. Th
was only an increase in the number of slow states unde
ing charge transfer, which indicates that the thresholds
the appearance of these states lie belowW0; i.e., the stresses
which develop during local irradiation are mainly determin
by the ‘‘bulk’’ germanium, while the deformations and dis
placements induced by these stresses in the film lead
lower-threshold changes in the GeO2 due to the difference in
the thermoelastic characteristics of the semiconductor
insulating film.

The shifts in the thresholds for slow insulating state o
tical charging occur on going to irradiancesW.W0 and are
evidence of additional damage to the GeO2 film. Here no
noticeable threshold increase in the density of fast sta
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the dielectric-semiconductor interface11 ~or increase in the
surface recombination rateS'53102 cm/s! was observed. It
is interesting to note that under other conditions~nonlocal
irradiation by one or a few nanosecond pulses!, there have
been no significant changes in the slow dielectric states
real germanium surfaces.13

We believe that the observed threshold character of
change in the spectra of the slow states~in the oxide layer!
and the absence of noticeable changes in the fast states
firm that the plastic deformations induced by thermal stres
~which develop3,4 in germanium at shear stresses of seve

FIG. 1. Optical charging spectra of the slow states of the insulator on a
germanium surface prior to local pulsed irradiation~1! and after irradiation
~2–4! at various irradiancesW ~in units ofW0, whereW0570 mJ/cm2 is the
irradiance at the center of the laser spot at the threshold for plastic d
mations!: ~2! 0.85, ~3! 1.15, ~4! 1.6.
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rather than on its surface. These~plastic! deformations and
the stress relaxation associated with them change the d
mation on the Ge surface, which leads to additional dam
of the insulating film, which is more sensitive to the residu
deformations~and displacements!.

In summary, we have measured the changes in the s
tra of surface states when a germanium surface is loc
irradiated by a pulsed laser with a threshold deformation a
plitude of w'4–531025. It has been shown that the slo
electronic states on a real semiconductor surface can ser
a sensitive probe of the resulting plastic deformations.

1C. S. Lee, N. Koumvakalis, and M. Bass, Appl. Phys. Lett.47, 625
~1982!; Opt. Eng.22, 419 ~1983!.

2P. M. Fauchet, Phys. Lett.93A, 155 ~1983!.
3A. G. Barskov and S. V. Vintsents, Fiz. Tverd. Tela36, 2590 ~1994!
@Phys. Solid State36, 1411~1994!#.

4S. V. Vintsents and S. G. Dmitriev, Pis’ma Zh. Tekh. Fiz.21 ~19!, 1
~1995! @Tech. Phys. Lett.21, 767 ~1995!#.

5C. S. Lee, N. Koumvakalis, and M. Bass, J. Appl. Phys.54, 5727~1983!.
6S. S. Cohen, J. B. Bernstein, and P. W. Wyatt, J. Appl. Phys.71, 630
~1992!.

7S. V. Vintsents, S. G. Dmitriev, and O. G. Shagimuratov, Pis’ma Z
Tekh. Fiz.22 ~8!, 8 ~1996! @Tech. Phys. Lett.22, 307 ~1996!#.

8S. V. Vintsents, S. G. Dmitriev, and O. G. Shagimuratov, Fiz. Tverd. T
38, 993 ~1996! @Phys. Solid State38, 552 ~1996!#.

9Yu. F. Novototski�-Vlasov, Tr. FIAN SSSR48 ~1969!.
10N. V. Karlov, N. A. Kirichenko, and B. S. Luk’yanchuk, inLaser Ther-
mochemistry@in Russian#, Nauka, Moscow~1971!, Ch. 15, p. 269.

11A. V. Rzhanov, inElectronic Processes on Semiconductor Surfaces@in
Russian#, Nauka, Moscow~1971!, p. 480.

12P. K. Kashkarov, V. F. Kiselev, and S. N. Kozlov, Surf. Sci.75, 251
~1978!.

13P. K. Kashkarov and V. F. Kiselev, Izv. Akad. Nauk SSSR. Ser. Fiz.50,
435 ~1986!.

Translated by D. H. McNeill

al

r-
434Vintsents et al.



Effect of manganese on radiation degradation of the electric and recombination

parameters of a silicon single crystal
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The effect of manganese doping during the growth process on theg-irradiation-induced
degradation of the electric and recombination parameters of a silicon single crystal has been
studied. It is shown that the rate of accumulation of radiation defects is lower in the presence of
manganese, irrespective of the doping method. This is explained by the formation of
manganese complexes which play the role of centers of indirect annihilation of radiation defects.
© 1997 American Institute of Physics.@S1063-7826~97!00105-1#

One way to influence the radiation degradation of the
TABLE I. Sample parameters.
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electric and recombination parameters of a silicon sin
crystal is to dope the crystal with some impurities, spec
cally, manganese, by high-temperature diffusion.1,2 How-
ever, doping with manganese can also be done as the si
single crystal is being grown.

Our objective in this work was to study the effect
doping with manganese during the growth process on
degradation of the electric and recombination parameter
g-irradiated silicon single crystals.

Silicon single crystals doped with high-quality mang
nese were used for the investigations. The crystals w
grown by Czochralski’s method in a Redmet-type appara
in the flow of an inert gas. Quartz, 65 mm in diameter, c
cibles with an initial charge consisting of 200 g of the initi
silicon raw material were used. The total manganese con
tration, determined by neutron-activation analysis, was eq
to 101521016 cm23. The manganese-doped silicon obtain
was ofn type with resistivityr515220V•cm and minority
charge-carrier lifetimet59215ms. The change in the elec
tric parameters was monitored by means of Hall effect m
surements. The lifetime of the minority charge carriers w
determined from investigations of the transient processes
companying the passage of a large-amplitude sinusoidal
nal through semiconductor structures.3 Before each measure
ment, the samples were etched in SR-4 etchant. The sam
were irradiated in the Issledovatel’ apparatus with a dose
of 23106 R3h21 from a 60Co source.

The experimental results on the effect of irradiating s
con single crystals, both doped with manganese and
doped, withg rays with a dose of 23109 R are presented in
Table I. Comparing the experimental data presented in
table shows that the presence of manganese greatly decr
the degradation of the electric and recombination parame
of silicon, i.e., it decreases the rate of accumulation of rad
tion defects produced by irradiation withg rays.

The data obtained therefore confirm the results of Ref
where it was shown that the presence of manganes
435 Semiconductors 31 (5), May 1997 1063-7826/97/0504
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diffusion-doped SîMn& samples decreases the rate of ac
mulation of radiation defects. It can therefore be stated t
irrespective of the doping method~by diffusion or during the
growth process!, the presence of manganese in silicon su
stantially decreases the degradation of the electric and
combination parameters of the silicon. This affects, in p
ticular, the charge-carrier lifetime. The results obtained
explained by the formation of manganese-atom complex
which apparently play the role of effective centers of indire
annihilation of radiation defects.

I wish to thank Yu. A. Karpov for assisting in the prep
ration of the samples and M. K. Bakhadyrkhanov for help
discussions.
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Samples r, V•cm n, 1014 cm23 m, cm2/~V•s! t, m

Before irradiation
Initial 18.8 2.8 1180 1027
Sî Mn&-1 18.2 2.5 1367 JSî Mn&-2 18.7 2.5 1338 9215
Sî Mn&-3 18.6 2.4 1394

After irradiation with a dose of 23109 R
Initial 30.7 1.3 1527 0.320.7
Sî Mn&-1 19.1 2.3 1398 JSî Mn&-2 20.5 2.3 1325 7212
Sî Mn&-3 19.4 2.2 1337

Note: n — carrier density,m — mobility.
43535-01$10.00 © 1997 American Institute of Physics



Faraday rotation angle anisotropy in a Fe-based diluted magnetic semiconductor

S. V. Mel’nichuk, O. S. Mel’nichuk, A. I. Savchuk, and D. N. Trifonenko

Yu. Fed’kovich Chernovtsy State University, 274012 Chernovtsy, Ukraine
~Submitted March 22, 1996; accepted for publication June 13, 1996!
Fiz. Tekh. Poluprovodn.31, 517–519~May 1997!

The magnetic-field and temperature dependences of the Faraday rotation angle in the cubic
crystal Cd12xFexTe has been investigated theoretically and experimentally. It is shown that by
simultaneously taking into account the spin orbit and Zeeman interactions without use of
perturbation theory the anisotropic nature of these dependences in strong magnetic fields can be
explained in a unified approach. ©1997 American Institute of Physics.
@S1063-7826~97!00205-6#

Semimagnetic semiconductors~SMSCs! containing iron, 2. It was determined that the anisotropy of the angleuF and

r
is
om
m
a
ta
ng
ag

an

t

a
lly
lu
n
Th
ll
io
th

e
ity
of
ca

a
a
en
ca
e
an

e
re
m
F

s

ed

nt

04
a magnetic component, are characterized by a numbe
distinguishing features. One is the manifestation of an an
tropic character of the magnetization, the anisotropy bec
ing especially large in strong magnetic fields at liquid-heliu
temperature. As shown in Ref. 1, this in turn results in
anisotropy of the Faraday effect in the cubic crys
Cd12xFexTe. There exist different approaches for explaini
the magnetization anisotropy in this material in strong m
netic fields.2,3

In the paper we report the results of an experimental
theoretical study of the Faraday effect in Cd12xFexTe. Mea-
surements of the Faraday rotation angle were performed
samples with Fe concentrationx50.03, which were preori-
ented along the@100# and @111# crystallographic axes, a
temperatures in the range 4.2–100 K. A;20% anisotropy of
the temperature dependence of the Verdet constant was
served in strong magnetic fields up to 200 kG.

Cd12xFexTe (x<0.05) single crystals were grown by
modified Bridgman method and the method of horizonta
directed crystallization. The composition of the solid so
tions was fixed by the charge of the initial components a
checked by atomic-absorption and microprobe analysis.
composition of the samples employed was additiona
checked by observing excitonic structure in the reflect
spectra of the crystals at 4.2 K. Samples employed in
magneto-optic investigations consisted of~100! and ~111!
wafers with thicknessd50.223.0 mm.

The Faraday rotation angle (uF) measurements wer
performed in strong magnetic fields with maximum intens
up to 200 kOe, produced by a pulsed magnet consisting
copper solenoid with an inside diameter of 6 mm and a
pacitor bank with total capacitanceC52400mF and work-
ing voltage up to 5 kV. The experimental sample w
mounted at the center of the solenoid together with a m
netic test coil and a Ge sensor for monitoring the field int
sity H and the temperature, respectively. A helium opti
cryostat and a UTREKS temperature regulation system w
used to conduct measurements in the temperature r
5–295 K.

The results of the measurements of the magnetic-fi
dependence of the Faraday rotation angle for different di
tions of the magnetic field are presented in Fig. 1. The te
perature dependence of the Verdet constant is shown in
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the Verdet constantV at low temperatures and in field
;200 kG is approximately 20%.

To investigate this problem theoretically, we proce
from the fact that the ground state of an isolated Fe21 ion,
which possesses a 3d6 configuration, is the term5D. In a
crystal field withTd symmetry the term splits into a5E or-
bital doublet and a5T2 orbital triplet. The Hamiltonian of the
Fe21 ion in an external magnetic field, taking into accou
the spin-orbit interaction, is

H5H01HCF1lL–S1mBB–~L12S!, ~1!

whereH0 is the Hamiltonian of the isolated atom,HCF takes

FIG. 1. Faraday rotation angle versus magnetic field in Cd12xFexTe
(x50.03) at temperatureT55 K with photon energyE51.459 eV and
different orientations ofB relative to the crystallographic axes.2, 4 —
experimental results for@100# and @111# orientations, respectively;1, 3 —
computational results for the same orientations.

43636-03$10.00 © 1997 American Institute of Physics



,

he
is

in-

ag-
ken

tes
into account the crystal field, andl is the spin-orbit interac-
tion constant. In the approximation4 of equivalent operators
HCF is given by

HCF5AF18 ~L1
2 1L2

2 !21
3

2
Lz
426Lz

22
12

5 G ,
L65Lx6 iL y , ~2!

whereA is a constant characterizing the interaction of t
impurity ion Fe with its crystalline environment. The bas
functions of the orbital terms5E and5T2 have the form4

5E: u15u0&,

u25~1/A2!~ u2&1u22&);
5T2 : n15u21&,

n25~1/A2!~ u2&2u22&),

n352u1&. ~3!

FIG. 2. Temperature dependence of the Verdet constantV in Cd12xFexTe
(x50.03) in a magnetic fieldB5135 kG and photon energyE51.459 eV
for different orientations ofB with respect to the crystallographic axes.2,
4— Experimental results for@100# and @111# orientations, respectively;1,
3— computational results for the same orientations.
In the absence of an external magnetic field the sp
orbit interaction splits the orbital doublet5E in second-order
perturbation theory into the levelsG1 , G4 , G3 , G5 , and
G2 ; the energy splitting between them 6l2/D is ;24
cm21 ~for FeD56A52500 cm21 andl52100 cm21). In
strong magnetic fieldsB.150 kG,mBB.10 cm21. Since
the energy splittings presented are of the same order of m
nitude, the spin-orbit and Zeeman interactions must be ta
into account simultaneously.

In the basis~3! the Hamiltonian~1! has the form

FIG. 3. Magnetic field dependence of the spin-orbit levels which origina
from the orbital termE for B i @100# ~a! andB i @111# ~b!.
H5FE0~
5E!12mBBn–S ~lS1mBBn!•U

~lS1mBBn!•U1 E0~
5T2!12mBBn–S2~lS1mBBn!•I G , ~4!

where E0(
5E) and E0(

5T2) are the eigenvalues of
5 5

Unk5^unLnk&, I kk852^nkLnk8&. ~5!
s

HCF (E0( T2)2E0( E)5D), n is a unit vector in the direc-
tion of the magnetic field, and

437 Semiconductors 31 (5), May 1997
Substituting the explicit form of the matrix elements~5! with
respect to the basis~3! and using the spin function

437Mel’nichuk et al.
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Hamiltonian ~4!. This approach does not employ perturb
tion theory and makes it possible to take into account
mixing of the5E and5T2 terms. The magnetic-field depen
dence of the spin-orbit terms, which were obtained from
orbital doublet5E, is shown in Fig. 3.

We shall calculate the Faraday rotation angle accord
to Ref. 5:

uF5
F0
1/2d

2\c

E2

~E0
22E2!3/2

~Jh2Je!

gmB
M . ~6!

Here Je and Jh are the exchange interaction integrals f
electrons and holes with the angular momenta of the Fe i
E0 is the excitonic transition energy;E is the photon energy
F0 is a constant, which contains the oscillator strength of
excitonic transition;g is theg-factor of the Fe21 ion; M is
the magnetization per unit volume

M5xkBT
]

]B
ln Z, ~7!

x is the concentration of Fe21 ions; andZ is the partition
function, which is found with the aid of the energy spec
obtained in a magnetic field~Fig. 3!.

In Figs. 1 and 2 the computational results for t
magnetic-field and temperature dependences of the Far
rotation angle are compared with the experimental data.
one can see from these curves, the experimental and the
ical results are in satisfactory agreement with one anot
The Faraday rotation anisotropy is due to the character
behavior of the spin-orbit levels in strong magnetic fie
~Fig. 3!. The lower levelG1 is weakly anistropic, the mag
438 Semiconductors 31 (5), May 1997
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different for magnetic field orientationsB i @100# and
B i @111#, and theG3 level remains doubly degenerate wi
field orientationB i @111#, while in a fieldB i @100# it is
appreciably split.

We note that different variants of the perturbatio
theory, with allowance of the mixing of the different orbita
levels and disregarding them in order to explain the anis
ropy of the magnetization, were used in Refs. 4, 6, and
However, the energy spectrum obtained, for example, in R
4, cannot be used to explain the indicated features from
unified standpoint. Taking into account simultaneously
spin-orbit and Zeeman interactions is therefore justifiab
this makes it possible to give a unified description of t
Faraday rotation angle anisotropy and the characteristic
tures of the low-temperature dependence of the Verdet c
stant.
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Photoelectric and radiation characteristics of silicon solar cells at high illumination

lly
levels and elevated temperatures
M. Ya. Bakirov

Radiation Research Division, Academy of Sciences of Azerba�dzhan, 370073 Baku, Azerba�dzhan
~Submitted October 3, 1995; accepted for publication July 1, 1996!
Fiz. Tekh. Poluprovodn.31, 520–522~May 1997!

It has been established experimentally that the power of a cell increases and the rate of radiation
degradation of the cell parameters decreases when concentrated solar radiation is used. In
uncooled cells the temperature increases above 100 °C and the efficiency drops. ©1997
American Institute of Physics.@S1063-7826~97!00305-0#

A great deal of attention has been devoted in recentW/cm2, the temperature of the cell increases monotonica
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years to the use of solar energy, specifically, the direct c
version of solar energy into electricity. Silicon solar cells a
widely used for this purpose. They are the main source
electricity in space vehicles. However, the high cost of so
cells is holding back extensive use on earth. The cos
silicon solar cells is dropping mainly as a result of the d
creasing cost of single-crystalline silicon and the devel
ment of cheap film cells based on amorphous silicon. T
use of concentrated solar radiation is no less promising
this purpose.

Concentrated solar radiation is used in photoelectric
vices mainly to improve the energy efficiency by increas
the specific power. However, as our investigations h
shown, the rate of radiation degradation of cell parame
also decreases in the process. When concentrated solar r
tion is used, a large amount of heat is released in the c
and, if no cooling is provided, the working temperature
the cells rises. A large increase in the temperature affects
charge-carrier density and the light-absorption process. A
result, the output parameters of the solar cells change
cells operating under concentrated solar radiation conditio
in which the working temperature reaches 100 °C a
higher, some radiation defects are found to be unstable
to the thermal activation. For this reason, the defect dens
which determines the degree of degradation of the cell
rameters, depends not only on the density of the integra
particle flux, but also on the temperature, which is det
mined by the solar radiation concentration factor. This mo
vated a study of the effect of temperature and illuminat
level on the photoelectric and radiation characteristics of s
con solar cells.

Our objective in this study was to determine the mec
nisms of the change occurring in the main parameters at
temperature and to determine the effect of the illuminat
level and temperature on the rate of radiation-induced d
radation of the parameters of silicon solar cells. We inve
gated cells with ap–n junction, which were prepared b
diffusing phosphorus intop-Si with resistivity 5V•cm. Un-
der direct sunlight (W5100 mW/cm2) these cells generate
photocurrent of about 25 mA/cm2 and a photovoltage of 0.5
V. Their efficiency is;10%.

The temperatures of a cell exposed to concentrated s
radiation were measured. It was determined that as the po
of the sunlight incident on a cell increases from 0.1 to

439 Semiconductors 31 (5), May 1997 1063-7826/97/05
n-

f
r
of
-
-
e
r

-

e
rs
dia-
lls
f
he
a
In
s,
d
ue
y,
a-
ed
-
i-
n
i-

-
h
n
g-
i-

lar
er
5

from 30 to 220 °C.
Investigation of the temperature dependence of the m

parameters of the solar cell showed that as the tempera
increases above room temperature, the short-circuit ph
current I s increases slightly and the open-circuit volta
Us , the maximum powerPm at optimal load, the filling fac-
tor g of the current-voltage characteristic, and the efficien
h all decrease~Fig. 1!. These dependences agree quali
tively with the results of Refs. 1 and 2. The increase in
photocurrent with increasing temperature is explained by
change in the light absorption. As the temperature of the
increases, the absorption edge shifts as a result of band
narrowing in the crystal and the number of pairs generate
the bulk increases. On the other hand, the light absorp
coefficient changes with increasing temperature. As a res
the photocurrent increases with temperature. In our sam
the temperature coefficient of the photocurrent was equa
40 mA/°C. The decrease in the open-circuit voltage w
increasing temperature is due to the change in the intrin

FIG. 1. Temperature dependences of the main parameters of a silicon
cell at high temperatures:1 — I S , 2 — Uoc , 3 — Pm , 4 — h, and5 —
g (W50.1 W/cm2).

43939-02$10.00 © 1997 American Institute of Physics
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g of
charge-carrier density and band-gap in the crystal. In
case the open-circuit voltage is determined by the rela
Uoc; ln(Is/I0), according to whichUoc should increase with
I s . But a sharp increase in the dark currentI 0 flowing
through thep–n junction decreasesUoc . The intrinsic den-
sity ni varies exponentially with temperature, which giv
I 0 /I 0 ;ni . Furthermore, narrowing of the band gap wi
increasing temperature increases the dark current and the
reduces to a minimum the positive effect of increasing
light absorption coefficient in the long-wavelength region
the spectrum. As a result,Uoc decreases with increasing tem
perature andDUoc /DT522.3 mV/°C. As the temperatur
is raised, the filling factor of the current-voltage characte
tic decreases; this is explained by the increase in the d
current. The output power and efficiency decrease with
creasing temperature mainly because of a decrease in
photovoltage and the filling factor of the current-volta
characteristic. In our samplesDP/DT520.4 mW/°C and
Dh/DT520.4%/°C.

We studied the effect of a high illumination and tem
perature on the rate of degradation and restoration of c
The samples were irradiated with 5-MeV accelerated e
trons in two regimes: at room temperature in the dark and
concentrated light with a power of 1 W. In the process
sample was heated to a temperature of 80 °C. The meas
ments showed that in the entire range of variation of
density of the integrated electron fluxes the degree of po

FIG. 2. Dose dependence of the power in silicon solar cells irradiated u
different conditions:1 — In the dark,t525 °C; 2 — under illumination
(W51 W/cm2, t580 °C!.
440 Semiconductors 31 (5), May 1997
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degradation in illuminated and heated samples is much lo
than in samples irradiated at room temperature in the d
~Fig. 2!; this was observed in phototransducers based
GaAs–GaAlAs heterostructures irradiated with electrons
protons.3

To determine the effect of illumination on the rate
power restoration in irradiated cells after annealing, isoth
mal heating was conducted in the dark and in focused s
light. The samples were irradiated in the dark with the sa
dose (1014 cm22). In both cases the temperature was ma
tained at 150 °C. It was established that power is resto
much more rapidly with isothermal annealing under illum
nation conditions~Fig. 3!; this attests to the effect of light on
the process of annealing of radiation defects. The action
the illumination on parameter degradation and restoration
solar cells is explained by injection annealing.4 Therefore the
use of concentrated sunlight in photovoltaic setups will ma
it possible to improve the energy indicators of solar batter
not only by increasing the specific power but also by d
creasing the rate of radiation degradation of the paramet

1S. N. Borisov, S. M. Gorodetski�, G. M. Grigor’eva, K. N. Zvyagina, and
A. M. Kasymakhunova, Geliotekhnika, No. 4, 3~1983!.

2A. L. Fahrenbruch and R. H. Bube,Fundamentals of Solar Cells: Photo
voltaic Solar Energy Conversion, Academic Press, N. Y., 1983@Russian
translation, E´nergoizdat, Moscow, 1987#.

3G. M. Grigor’eva, V. A. Grilikhes, K. N. Zvyagina, M. B. Kagan, T. L
Lyubashevskaya, and O. I. Chesta, Geliotekhnika, No. 1, 8~1989!.

4D. V. Lang and L. C. Kimerling, Phys. Rev. Lett.33, 489 ~1979!.

Translated by M. E. Alferieff

er
FIG. 3. Change in the power level as a result of isothermal annealin
irradiated silicon solar cells:1— In the dark,t5150 °C;2— under illumi-
nation (W51.7 W/cm2, t5150 °C!.
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Distribution of a shallow donor impurity in a p-type CdTe wafer annealed in Cd vapors

V. N. Babentsov, Z. K. Vlasenko, A. I. Vlasenko,1) and A. V. Lyubchenko

Institute of Semiconductor Physics, Ukrainian National Academy of Sciences, 252650 Kiev, Ukraine
~Submitted April 4, 1996; accepted for publication July 1, 1996!
Fiz. Tekh. Poluprovodn.31, 523–525~May 1997!

Experimental investigations and numerical modeling of the process of bilateral doping of ap-
type CdTe wafer with shallow donors during annealing of the wafer in cadmium vapors
have been performed. This process was found to have several features — a correlation in the low-
temperature photoluminescence bands between the excitation of a line of a exciton bound
on a donor and quenching of an acceptor line, which are characteristic of recombination on group-
I impurities occupying interstices and Cd sites, respectively, and a strong effect of diffusion
on the donor distribution profile. The results obtained by us make it possible to optimize the
annealing process. ©1997 American Institute of Physics.@S1063-7826~97!00405-5#

Cadmium telluride is widely used in infrared1 and
2 3
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radiation photoelectronics, optoelectronics, laser
technology,4 and in other applications. Many applications r
quire material with close to stoichiometric compositio
highly accurate compensation, controllable doping level,
sence of inclusions of a second phase, and a low densit
residual, electrically active impurities. The latter are usua
group-I elements~Li, Na, Cu, Ag!, which are acceptors a
cadmium sites and donors at interstices.5,6 At the same time,
because of the retrograde solubility of tellurium, cadmiu
vacancies predominate even in relatively stoichiometric m
terial; the ratio of these concentrations of the impurities a
vacancies, as a rule, determines the conductivity of the c
tals. Post-growth annealing ofp-type CdTe wafers in Cd
vapors yieldsn-type material,7,8 but the question of the dono
impurity distribution over the thickness of the wafer requir
additional study. This is because the gettering of point
fects by surfaces, macrodefects of the lattice,9 dissipation of
clusters, and other processes must be taken into accoun

We investigated experimentally the distribution profil
of shallow donors over the thickness of ap-type CdTe wafer
when the wafer was annealed in saturated cadmium va
and we performed numerical modeling of this process, tak
into account the bilateral Cd diffusion and rediffusion
shallow donors from the wafer.

Plane-parallel p-type CdTe wafers, oriented with
the large surfaces along the~111! plane, were annealed, afte
the damaged layer was removed at 600 °C for 1, 2, 3, 4,
28 h in an evacuated cell containing a weighed portion
Cd.

The donor distribution profiles were measured on fre
cleavage faces by the low-temperature photoluminesce
~LTPL! method~excitation with a He–Ne laser probe! ac-
cording to the intensity of the radiation of excitons bound
donors.10–12

The formation of donor defects during annealing of
p-type CdTe wafer in Cd vapor can proceed mainly via
following reactions~disregarding thermal ionization of de
fects, the charge states of the defects, and complex for
tion!:
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TeTe↔Tei1VTe* , ~1b!

Cdc1VCd↔CdCd↔VCd1Cdi* , ~1c!

Cdc↔CdCd1VTe* , ~1d!

Cdi1MCd
I ↔CdCd1Mi

I* , ~1e!

Mc
I↔Mi

I* , ~1f!

where CdCd, Cdi , and Cdc are cadmium impurity atoms, an
MCd

I , Mi
I , andMc

I are group-I metal impurity atoms at C
sites, in interstices, and in clusters~on the surfaces!, respec-
tively; VCd and VTe are Cd and Te vacancies; an aster
denotes a donor state of the defects.

The Cd atoms, which diffuse in the bulk during anne
ing in Cd vapors, occupy AII sites in the lattice. When an
excess of Cd atoms is present and there are no free
weakly bound vacancies, the Cd atoms can occupy in
stices and appear as donors~1a! or add to the Cd sublattice
~primarily near structural macrodefects!, the Te vacancies
forming in the process~1d! also exhibit donor properties.

The spectral distribution of the LTPL intensity obtaine
from points on a cleavage face of the crystal, which a
located at the same distance from the surfaces of the cry
before and after annealing fort53 h are shown in Fig. 1.
The LTPL lines of excitons bound on shallow donors (I 2)
and acceptors (I 1) are also indicated here. A compariso
with the published data on the LTPL spectra of differe
types of defects in CdTe6,8,9,11shows that during the forma
tion of shallow donors the most intensive reaction is t
reaction ~1e!, the substitution of Cd atoms, which diffus
from the surface, for theMI atoms, which occupyAII sites
~primarily weakly bound, for example, Li13!, where they
manifest themselves as acceptors, and displacement o
atoms into interstices, where they acquire donor properti

The obvious correlation between the excitation of t
donor lineI 2 and the quenching of the acceptor lineI 1 ~see
the inset in Fig. 1!, which are associated with proportion
changes in the concentration ofMI atoms at interstices an
sites, respectively, with increasing annealing time (t) attests
to the fact that this process predominates. Ast increases, the

44141-03$10.00 © 1997 American Institute of Physics
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curve I 2 for donorsMi
I* saturates; this could be due to th

finiteness of the density of the residual impurityMI . It
should be noted that an increase in the donor density
Cdi* , VTe* — ~1a!, ~1d! can preserve the increase in the ele
tronic component in the conductivity.

For sufficiently long annealing times, one would expe
a uniform distribution of the atomsMi* over the thickness o
the wafer. However, despite the fact that a regime with
constant Cd vapor pressure above the CdTe wafer is es
lished during the annealing process, the distribution pro
of the residual donor impurity over the thickness of the pl
remains complicated and does not level off even at lo
times t. The experimentally measured distribution profil
~shown in Fig. 2!, of the line intensityI 2 over the thickness
of thep-CdTe wafer for different timest attest to this fact.

This is due to the vaporization of the impurity atom
~primarily with small atomic radii! from the surface of the
plate, which proceeds in parallel with diffusion, and th
heterodiffusion from the volume toward the surfaces. T
value of the self-diffusion coefficient CdTe determined f
t<4 h wasD152.631028 cm2/s. The value of the hetero
diffusion coefficient determined for annealing timeT528 h
wasD251.1631029 cm2/s.

The mathematical model describing the distribution
shallow donors occurring over the depth of the wafer
nealed in Cd vapors as a result of the displacement of
residual impurityMI from the Cd sites into interstices can b

FIG. 1. Photoluminescence spectrum of CdTe at 4.2 K.1 — Initial spec-
trum,2— at a depth of 100mm after annealing for 3 h. Inset: Intensities o
the lines of excitons bound on an acceptor (I 1) and donor (I 2) as a function
of annealing time at a depth of 100mm from the surface of the sample.
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represented by two diffusion equations for the self-diffusi
of Cd into the wafer and counterheterodiffusion of the imp
rity with the corresponding initial and boundary condition

A calculation of the resulting distribution profiles of th
density of the donorsMi

I* is shown in Fig. 2~dashed lines!.
The satisfactory agreement of the experimental data with
calculations for different values oft could attest to the cor-
rectness of the chosen physical and mathematical mode

Using the values obtained forD1 andD2, it is possible
to calculate the process of long-time annealing of ap-type
CdTe wafer. The results of the numerical modeling, tak
into account bilateral diffusion of Cd atoms and counterh

FIG. 2. Experimentally obtained profiles of the intensity distribution of
line of an exciton bound on a donor (W) over the thickness of ap-CdTe
wafer after annealing at 600 °C for1, 4, and 28 h~1, 3, 5! and numerical
calculation of the donor distribution densityN(x,t) for 1, 4, and 28 h
~dashed lines2, 4, 6!.

FIG. 3. Numerical modeling of the donor impurity density distribution ov
the thickness of ap-CdTe wafer (a5800mm) taking into account rediffu-
sion during annealing at 600 °C for 40 h.
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6E. Molva, J. P. Chamonal, and J. L. Pautrat, Phys. St. Col. B109, 635
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sented in Fig. 3 for annealing times up to 40 h. The result
the modeling show that under prolonged annealing in
vapors the surface regions become strongly depleted of
shallow donor impurity due to the evaporation into the ex
rior volume; i.e., the material is purified.

1!Electronic mail: mickle@semicond.kiev.ua; Fax:~044!-2658842
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Charge-carrier exclusion in InAs

S. S. Bolgov, V. K. Malyutenko, and A. P. Savchenko

Institute of Semiconductor Physics, Ukrainian National Academy of Sciences, 252650 Kiev, Ukraine
~Submitted June 11, 1996; accepted for publication July 1, 1996!
Fiz. Tekh. Poluprovodn.31, 526–527~May 1997!

The first observation of contact exclusion in InAs-basedp1–p–p1 structures at high
temperatures is reported. To identify the process of nonequilibrium depletion of the base, attesting
to exclusion of free charge carriers, the current-voltage characteristics, the kinetics of
current establishment, and the negative luminescence in the spectral region of interband transitions
were investigated. The practical aspect of this phenomenon is discussed. ©1997 American
Institute of Physics.@S1063-7826~97!00605-4#

There is now a large number of works in which the conductivity, bipolar exhaustion is very small!.
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mechanisms of the exclusion phenomenon~bipolar exhaus-
tion of an intrinsic semiconductor equipped with antibloc
ing contacts! are investigated and practical applications
this phenomenon are proposed. The investigations have
conducted mainly in well-purified or compensated wide-g
materials Ge and Si. However, in connection with the
pearance of a number of new practical problems which c
tact exclusion can solve, specifically, the possibility of p
ducing efficient photodetectors1 and infrared ~IR! range
sources,2 it is of special interest to investigate this pheno
enon in materials conventionally employed in I
technology.3 In Ref. 4 we showed that exclusion can be r
alized in CdxHg12xTe/CdTe heterostructures. In this pap
we report the first observation of exclusion in InAs-bas
p1–p–p1 structures at high temperatures.

The investigations were conducted at temperatures in
rangeT53002400 K on InAs-basedp1–p–p1 samples pre-
pared in the form of 331.530.4-mm rectangular plates wit
hole density in the baseNa2Nd5231016 cm23, which ex-
ceeds the intrinsic charge carrier densityni5231015 cm23

at room temperature. The antiblocking contacts were p
duced by diffusing Zn in unsaturated As vapor. To decre
the surface recombination rate, the samples were etche
the mixture 5HNO3:1HF:1CH3COOH. To identify the pro-
cess of nonequilibrium exhaustion of the base, which att
to exclusion of electron–hole pairs, we investigated
current-voltage characteristics~IVC!, the kinetics of current
establishment, and the negative luminescence in the re
of interband transitions of the material (l<3.8mm!.

To avoid Joule heating, an electric field in the form
10-mm square pulses~dc voltage regime! was applied to the
p1 contacts. A 1.0-mm-wide diaphragm, through which t
nonequilibrium radiation was observed with a PbSe photo
tector, was placed at the surface of the crystal near one o
antiblocking contacts. The current and voltage pulses w
recorded with a stroboscopic oscillograph, and the IVC a
field dependences of the negative luminscence were reco
on a recorder.

As expected, atT5300 K there was no exclusion effec
in the experimental voltage rangeV<30 V: The IVC was
ohmic, the current pulses were square, and a negative l
nescence signal was not observed~the region of monopolar
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As the temperature increased, typical indications of e
clusion were observed as a result of an increase in the int
sic charge carrier densityni ~bipolar conductivity region; see
inset2 in Fig. 1!. A characteristic~for exclusion! region of
sublinearityV;I 1/2 arose on the IVC; the current pulse with
a square voltage pulse had the shape of a decreasing c

FIG. 1. a — Current-voltage characteristics ofp1–p–p1 InAs structures at
T5360 K: 1— Etched surface of the sample,2— ground surface of the
sample. Inset1: Arrangement of the experiment. Inset2: Temperature de-
pendence ofni in InAs, the dashed curve representsNa2Nd . Inset3 —
Oscillogram of the current pulse. b — Field-dependence of negative lumi-
nescence in InAs under exclusion conditions atT5360 K. Inset: Tempera-
ture dependence of the maximum negative luminescence signal in InAs

44444-02$10.00 © 1997 American Institute of Physics



followed by saturation~see Fig. 1a!. The field dependence of
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the negative interband luminescence signalDP also attests to
a decrease in the charge carrier density in the base. As is
known, such a signal arises under conditions when the e
tron densityn and the hole densityp become less than th
equilibrium valuesnp,ni

2 ~Ref. 2 ; see Fig. 1b!. The signal
amplitude increases with voltage and then remains
changed, attesting to complete exhaustion of the base.1! As
T increases, the intensity of the negative luminescence si
DP in the saturation region increases.

An increase in the surface recombination rate in the b
of the structure~polishing of the surface!, as expected,6 sup-
presses the exclusion effect because of a decrease in th
fective charge carrier lifetime. As a result, the negative
minescence signal decreases, the IVC approaches an o
characteristic~see curve2 in Fig. 1a!, and the current pulse
becomes square.

Considering the existence of the exclusion effect in In
as proved, we present in conclusion several practical rec
mendations. From the IVC it is easy to estimate the lifeti
of electron–hole pairs in the base of the structure. The reg
of sublinearity of the IVC characterizes the process of
haustion of the base as a result of carrier removal to on
thep1 contacts. The total exhaustion regime occurs at a v
age when the sublinearity region is replaced by a sec
ohmic section in the IVC~in the experimentV510 V! and
the extended diffusion lengthLd5mnEt equals the distance
d between the contacts. Since the electric field in this cas
virtually uniform in the base of the structure~we ignore the
accumulation layer, whose length is on the order of the c
445 Semiconductors 31 (5), May 1997
ell
c-

-

al

se

ef-
-
mic

s
-

e
n
-
of
t-
d

is

r-

t of electron–hole pairs can be easily estimated from
expression for Ld . Setting mn527 000 cm2/~V•s!, for
V510 V we obtaint53.331027 s, which corresponds to
the carrier diffusion lengthL5ADt528 mm (T5360 K!.

It could also be of practical interest to employ InAsp1

structures as fast sources of IR radiation which operate
high temperatures. According to our estimates, the powe
the maximum negative luminescence signal, equal to
powerP0 of the equilibrium radiation of the material in th
spectral range of interband transitionsl<\c/Eg<3.8 mm,
is sufficiently high at high temperatures for practical app
cations. For example,DP52P051.231023 W/cm2 for
T5400 K ~the temperature dependence ofP0 is shown in the
inset in Fig. 1b!.

1!See Ref. 5 for detailed information about the characteristic feature
negative luminescence under the conditions of contact exclusion of ch
carriers.
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Nature of hole localization centers in sodium-doped lead chalcogenides

G. T. Alekseeva, E. A. Gurieva, P. P. Konstantinov, L. V. Prokof’eva, and Yu. I. Ravich

A. F. Ioffe Physicotechical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
~Submitted June 17, 1996; accepted for publication July 1, 1996!
Fiz. Tekh. Poluprovodn.31, 528–532~May 1997!

The Hall coefficientR, thermoelectric powerS, and electrical conductivity in Na-doped PbSe
with lead-isovalent Cd and Mn impurities introduced in concentrations of up to 5 at. %
have been investigated. The experimental data together with previously obtained results indicate
that the acceptor action of Na in lead chalcogenides with isovalent impurities is weakened
because of hole localization at defects. According to the proposed model of acceptor doping, such
defects in lead chalcogenides can be chalcogen atoms in a metal sublattice. Increasing the
temperature, and also introducing isovalent impurities with relatively small ionic radii, facilitates
the formation of the defects. Antistructural defects produce resonance levels in the valence
band, whose position depends on the Na concentration. ©1997 American Institute of Physics.
@S1063-7826~97!00705-9#

According to Refs. 1 and 2, the introduction of the iso- its 0–20%. The appearance of values ofp exceedingN can
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electronic substitution impurity Sn into lead chalcogenid
together with the acceptor impurity Na, strongly influenc
the doping mechanism: Carrier localization centers, wh
produce quasilocal levels in the valence band, form in ad
tion to free holes. As the results of Mo¨ssbauer spectroscop
have shown, the role of Sn atoms in lead selenide and te
ride is completely different. In Pb~Sn!Sê Na& the Sn atoms
are in two charge states Sn~12! ~neutral with respect to the
lead ions! and Sn~14!3 and are thereby hole localization ce
ters. In Pb~Sn!Tê Na& the atoms Sn are only in the sta
Sn~12!.2 Nonetheless, starting with a certain doping lev
the concentration of localization centers in the solid solutio
Pb12xSnxTe withx50.00520.01 grows rapidly and at maxi
mum Na density is close to the density of active centers,
to half the total Na density. The following hypothesis w
advanced to explain the weakening of the doping action
Na in these solid solutions: The Sn atoms create condit
for some Te atoms to occupy antistructural positions in
lattice, which results in hole localization.

A decrease of the acceptor action of Na in PbTe was a
observed when the isovalent impurity Cd was added to
material.4 The results noted suggest that such an effect
also be expected in PbSe^Na& with the introduction of isova-
lent impurities which exhibit a valence of12 in compounds
with Se.

In the present work, to check and detail the forego
ideas about the mechanism of formation of hole localizat
centers in lead chalcogenides, we investigated the cha
occurring in the Hall coefficientR, the thermoelectric powe
S, and the electrical conductivity as a result of introducti
of the lead-isovalent impurities Cd and Mn in concentratio
up to 5 at. % in PbSe^Na&. Figure 1 shown the hole Hal
coefficientp at 77 K as a function of the sodium densityN
for PbSe with different isovalent impurity contents. A stri
correspondence between the indicated concentrations is
observed in the entire doping interval: At first, the hole de
sity is less than the Na density, and then as the doping l
increases, this ratio is reversed. The increase in the Hall
sity above the acceptor impurity density falls within the lim

446 Semiconductors 31 (5), May 1997 1063-7826/97/05
,
s
h
i-

u-

,
s

.,

f
s
e

o
is
n

g
n
es

s

ot
-
el
n-

be explained by the fact that a Hall factor equal to 1, e
ployed in the calculations, exceeds its real value in th
materials at high hole densities.5 Therefore, an exact relation
betweenp andN cannot be established in the entire dopi
interval, but it can be stated confidently that the hole den
lags behind the Na density with doping levels belo
131020 cm23. Since the Na atoms, which substitute Pb
the lattice, do not exist in the form of Na~12! ions and
cannot be neutral with respect to the metal sublattice,
weakening of the acceptor action of Na means that the h
are localized on structural defects. As one can see from
figure, in the presence of neutral impurities the depende
p(N) does not change qualitatively, but as far as the qua
tative changes are concerned, it follows from experiment t
the efficiency of the acceptor action of Na decreases and
value of p in solid solutions is less than in PbSe, althou
the effect is not as large as when Cd is added to PbTe.4

The temperature dependences of the Hall coefficien
PbSe with isovalent impurities also change: The tempera
growth of the coefficient decreases~see inset in Fig. 2!. As a
comparison of the Hall data for PbSe in solid solutions w
the same doping level~Fig. 2! shows, the discrepancy be
tween the curvesR(T) is characteristic for low temperature
near the temperature of the maximum the differences vi
ally vanish. If it is assumed that the increase in the H
coefficient is due to the decrease in the free-hole density,
hole localization, then the latter result means that the ma
mum number of localized holes in the experimental mater
with constantN is the same. If in solid solutions some hole
are localized even at 0 K and increasingT gives only an
additional contribution, then in PbSe the activationle
mechanism is ineffective in the strong-doping region a
hole localization occurs mainly as a result of an increase
the temperature. The same result was obtained in Ref. 2
PbTe and Pb~Sn!Te, the only difference being that in Pb
~Sn!Te the fraction of holes localized at 0 K increases appre
ciably with the Na density, which results in pinning of th
Fermi level and a large weakening of the temperature dep
dence of the Hall coefficient in strongly doped samples.

44646-03$10.00 © 1997 American Institute of Physics
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The thermoelectric power of PbSe increases in the pre
ence of neutral impurities. Its value in the strong-doping re
gion is presented in Fig. 3 for materials of different compo
sition at 300 K. Temperature investigations ofS showed that

FIG. 1. Hall density versus sodium density~77 K!: 1 — PbSe,2 —
Pb0.95Mn0.05Se,3— Pb0.95Cd0.05Se. Straight line — doping in a 1:1 ratio.

FIG. 2. Temperature dependence of the Hall coefficient:1 — PbSe,2 —
Pb0.99Mn0.01Se,3 — Pb0.95Cd0.05Se (N52.5 at.%!. Inset: Temperature de-
pendence of the ratio of the Hall coefficient to the value at 77 K:1— PbSe,
2— Pb0.99Mn0.01Se,3— Pb0.95Mn0.05Se,4— Pb0.95Cd0.05Se (N51.5 at.%!.
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at 85 K the increase inS in solid solutions is much smaller
~see the inset in Fig. 3!, and the maximum growth of the
order of 350 K is noted atT. Values ofS which are higher
than the computed values atT.300 K are also characteristic
of p-type PbSe. The decrease in the carrier density in acco
dance with the temperature increase ofR cannot explain this
effect.6 The parameter which is most sensitive to the appea
ance of localized holes is the mobility. Its decrease inp-type
PbSe ~relative to the values for electrons!6 and the even
larger decrease in solid solutions were noted even at lo
temperatures and low doping levels.

The experimental data presented above combined wi
data obtained previously for other materials1–4 give a sys-
tematic picture of the acceptor doping of PbTe-type mater
als with sodium. This picture can be briefly described a
follows:

1. In lead chalcogenides, the acceptor action of the N
impurity, ordinarily described by the ratio of one free hole
per impurity atom, is weakened, and together with free hole
there exist holes which are localized at defects. The fractio
of the latter is determined by the composition of the materia
~the presence of additional impurities!, the acceptor doping
level, and temperature.

2. The introduction of isovalent impurities, which sub-
stitute for lead~isovalent doping!, increases the density of
localized holes at low temperatures.

FIG. 3. Density dependence of the thermoelectric power at 300 K:1 —
PbSe,2 — Pb0.99Mn0.01Se,3 — Pb0.95Mn0.05Se,4 — Pb0.95Cd0.05Se. Inset:
Temperature dependence of the thermoelectric power:1 — PbSe,2 —
Pb0.95Mn0.05Se,3— Pb0.95Cd0.05Se (N52 at. %!.
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3. In the case of Cd and Mn in PbSe the relative fraction
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of localized carriers does not increase with the densityN. In
the case of Sn in PbTe, this fraction increases, which res
in pinning of the Fermi level. Apparently, the hole density
PbTe changes similarly even when Cd is introduced.

4. An increase in the temperature gives rise to furt
hole localization in Na-doped materials. In the absence
isovalent impurities, this process proceeds more intensiv
at low temperatures. The Hall carrier density in a bina
compound and in the solid solutions studied stops decrea
when the same temperature is reached; the value of the
perature is determined by the composition of the ma
~PbTe–400 K, PbSe–660 K!, and only in weakly doped ma
terials this occurs earlier as a result of the onset of the int
sic conduction. At all doping levels the Hall carrier dens
decreases by not more than a factor of 2.

5. Hole localization gives rise to a decrease in the m
bility and an increase in the thermoelectric power, i.e.
substantial change in the character of the hole scattering

To explain the experimental data obtained by us,
invoke a model of acceptor doping of lead chalcogeni
which was proposed in Ref. 2. When Na is introduced, t
Na atoms in combination with a different number of chalc
gen atoms can produce completely saturated bonds on
one chalcogen atom~according to a formula of the typ
2NaTe5 Na2Te1Te!. It is possible that they occupy inter
stitial positions, which give rise to a metal vacancy, th
forms together with Na atoms a neutral complex. Unsa
ated bonds of a different chalcogen atom give rise to
acceptor action, which produces holes in the valence ba
The isolated vacancies which are formed are double ac
tors. Although metal vacancies can produce quasilocal st
in the valence band,7 they cannot be identified with observe
localization centers, since the hole localization effect in t
case would be equally characteristic of the binary co
pounds and the solid solutions under study.

The localization of two holes at a defect can be rep
sented as the loss of two electrons from one of the chalco
ions and the formation of a neutral atom. A neutral chal
gen atom occupies a metal vacancy, forming in this man
an antistructural defect. As a result of one such transit
two vacancies vanish in the metal sublattice~one occupied
by a chalcogen atom and the other, from which this atom
lost, is compensated by the chalcogen vacancy which
formed!. The radii of the neutral chalcogen atoms are re
tively small ~Te — 1.7 Å, Se — 1.6 Å! compared with the
radii of the doubly charged ions, from which the sublattice
the chalcogen consists: Te(22) — 2.1 Å, Se(22) — 1.98
Å.8 This facilitates the arrangement of these atoms in a
structural positions.

An increase inT and the introduction of isovalent impu
rities with relatively small ionic radii at metal sites produ
such a rearrangement of the defects with the formation o
antistructural chalcogen. The ionic radii of Sn~12!, Cd~12!,
and Mn~12! are 1.02 Å, 1.03 Å, and 0.91 Å, while the ion
radius of the Pb~12! ion which they replace equals 1.26 Å8

Therefore, when the materials are doped with sodiu
two types of structural defects are formed. Defects of o
type ~Pb vacancies! produce free holes and defects of t
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increases, defects of one type restructure into defects of
other type; the total defect concentration in this case rem
the same, being a function only of the sodium concentrat
Each antistructural defect formed as a result of the introd
tion of four Na atoms binds two holes and two holes rem
in the valence band. If antistructural defects predomina
then the efficiency of the acceptor action of Na decreases
a factor of 2, which agrees with experiment.

The antistructural defect which is formed is a hole loc
ization center which forms resonance states that scatter h
if the energy of these states is split from the Fermi level
an amount of the order ofkT. The number of such defect
depends on the composition of the material and on the t
perature. The experimental circumstance that the presenc
localization centers is manifested in a wide range of Na d
sities suggests that asN increases, the resonance states s
into the valence band together with the Fermi level. Ho
scattering by defects is of a resonance nature.9

Doping of lead chalcogenides with a different accep
impurity, for example, thallium, has a different mechanis
Thallium doping of PbTe gives one hole per impurity ato
and no weakening of the activity of Tl in the presence of
is observed right up to densities of 1020 cm23, at which the
filling of the impurity band of Tl starts.10 The situation re-
mains the same when 5 mol% PbS is added to PbTe.11

The new view of the hole conduction mechanism in N
doped lead chalcogenides could also be helpful in discus
the properties of SnTe and GeTe, which previously w
attributed, just as in lead chalcogenides, to the existence
heavy-hole valence band.
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Effect of fast-neutron irradiation on the photoluminescence of n-type GaAs(Te) crystals

e

K. D. Glinchuk and A. V. Prokhorovich

Institute of Semiconductor Physics, Ukrainian National Academy of Sciences, 252028 Kiev, Ukraine
~Submitted April 3, 1996; accepted for publication July 8, 1996!
Fiz. Tekh. Poluprovodn.31, 533–535~May 1997!

The effect of neutron irradiation (F5101421015 cm22) and subsequent anneals
(T51002750 °C! on the photoluminescence of strongly tellurium-dopedn-type GaAs crystals
(n0.231018 cm23! has been investigated. It is shown that the indicated radiation-
thermal action with increasing anneal temperature results at first~at T.300 °C! in the appearance
of an intense luminescence band with a radiation maximum near 1.35 eV and then~at
T.550 °C! in a decrease of the intensity of the band. This is due to radiation-stimulated
production ofVGaTeAsVAs pairs at moderate heating temperatures and subsequent dissociation of
these pairs at elevated heating temperatures. ©1997 American Institute of Physics.
@S1063-7826~97!00805-3#

Studying the effect of fast-neutron irradiation and subse-sity of the ‘‘growth’’ centers of radiative and nonradiativ
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quent anneals@referred to below as radiation-thermal actio
~RTA!# on the photoluminescence~PL! of n-type GaAs~Te!
crystals, we discovered nontrivial changes in their PL spe
~RTA stimulated appearance of a luminescence band wi
radiation maximum near 1.35 eV and nonmonotonic va
tion of its intensity with heating temperature!. In the present
paper we shall examine these effects as well as a m
which explains them.1!

1. EXPERIMENTAL PROCEDURE

In the experiments we usedn-type GaAs crystals~equi-
librium electron densityn0.231018 cm23) which were
strongly doped with tellurium (NTe.231018 cm23).

The n-type GaAs crystals were irradiated with fast ne
trons@average neutron energyE52 MeV, integrated irradia-
tion dose F5101421015 cm22, density of irradiation-
produced point defects ~also isolated in clusters!
nd(0).(50 cm21)F] at 20 °C. The temperature of the cry
tals could reach 60 °C at the maximum irradiation do
Isochronous annealing for 1 h followed by quenching of the
irradiated and unirradiated controln-GaAs~Te! crystals were
performed atT51002750 °C under conditions which pre
vented different contaminants, including copper atoms, fr
entering the crystals@the density of radiation defects~RDs!
in the annealed irradiated crystalsnd,nd(0)]. Irradiation
and subsequent annealing changedn0 very little, because
nd(0)!NTe.

The PL of then-type GaAs crystals~its intensityI ) was
excited with a He–Ne laser radiation~photon energy
hne51.96 eV, excitation intensityL51018 photons/cm2•s!.
The excitation did not change the conductivity of the cryst
much. The PL spectra were measured at 77 K in the reg
whereI is a linear function ofL, i.e. in the region of linear
recombination of the excess current carriers.2

The changes occurring in the PL spectra ofn-type
GaAs~Te! crystals at different neutron-irradiation doses a
subsequent anneal temperatures were studied. Annealin
the unirradiatedn-type GaAs~Te! crystals produced virtually
no changes in their PL spectra, i.e., it changed little the d
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recombination of excess current carriers in the crystals
did not produce new centers~Fig. 1!. In analyzing the data
we focused our attention mainly on the most interesting
gion of the RTA, associated with the generation of new c
ters of luminescence. The radiation itself did not produ
such centers~Fig. 1!. Therefore, we shall not study the trivia
changes produced by the indicated RTA in the PL intensi
of n-GaAs~Te! crystals as a result of the generation and a
nihilation of radiation defects consisting of efficient cente
of nonradiative recombination of excess current carriers~see,
for example, Refs. 1–3!.

2. RESULTS AND DISCUSSION

The low-temperature (T577 K) PL spectra of the con
trol and fast-neutron irradiatedn-GaAs~Te! crystals after
heating at 500 °C for 1 h are shown in Fig. 1. As one ca
see, irradiation and subsequent annealing ofn-GaAs~Te!
crystals result in the appearance of an intense ‘‘impurit
luminescence band with a radiation maximumhnm near 1.35
eV ~this PL band is not observed in heated unirradiated cr
tals! and very small changes in the intensities of the impur
luminescence band withhnm.1.20 eV and the ‘‘intrinsic’’
luminescence band withhnm.1.52 eV. As is well known,4–6

these impurity luminescence bands are due to the radia
recombination of electrons in pairs, which consist of a g
lium vacancyVGa, arsenic vacancyVAs , and tellurium at-
oms TeAs in an arsenic sublattice of gallium arsenid
namely, the pairsVGaTeAsVAs and VGaTeAs , respectively.
Therefore, annealing ofn-GaAs~Te! crystals irradiated with
fast neutrons results in the production ofVGaTeAsVAs pairs
and changes little the density ofVGaTeAs pairs@the density of
RTA stimulated pairsVGaTeAs ~the latter undoubtedly form
as a result of the interaction of RD gallium vacancies fre
from clusters with isolated tellurium atoms; see below! is
lower than the density of growth~‘‘congenital’’! VGaTeAs
pairs#.

The changes in the densitiesN1,2 andN1.35 of VGaTeAs
andVGaTeAsVAs pairs, respectively, during isochronous a
nealing of n-GaAs~Te! crystals irradiated with differen

44949-03$10.00 © 1997 American Institute of Physics
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fluxes of fast neutrons are shown in Fig. 2.2! As one can see
annealing of irradiatedn-GaAs~Te! crystals changes the den
sity of VGaTeAs pairs very little; the growth pairs
VGaTeAs , whose densityN1,2(0).1016 cm23 at any T,
dominate. Annealing at high heating temperatures result
the production ofVGaTeAsVAs pairs. A quasistationary den
sity of VGaTeAsVAs pairs was reached in practice for the he
ing times employed. The maximum production
VGaTeAsVAs pairs is observed at T5T*.550 °C
@N1.35(max!.231016 cm23!nd(0) with F51015 cm22],
and atT.T* thermal dissociation of the pairs starts to pl
a role, resulting in a corresponding decrease in the densit
these pairs. The generation ofVGaTeAsVAs pairs increases
with increasing neutron irradiation dose, confirming th
radiation-stimulated nature.

Let us now discuss the results presented above.
Undoubtedly, under the RTA which we are studyin

VGaTeAsVAs pairs can form as a result of interaction of th
neutron-irradiation stimulated mobile arsenic vacancies w
growth pairsVGaTeAs or mobile arsenic and gallium vacan

FIG. 1. PL spectra ofn-type GaAs~Te! crystals: Initial ~1!, heated at
500 °C for 1 h~18!, irradiated with a fast-neutron fluxF51015 cm22 ~2!,
and then heated at 500 °C 1 h~28!. The measurements were performed a
temperature of 77 K.

FIG. 2. Change in the density of the pairsVGaTeAs ~1, 18) and
VGaTeAsVAs ~2, 28) during isochronous annealing (t51 h) of n-GaAs~Te!
crystals irradiated with a fast-neutron fluxF51014 ~1,2! and 1015 cm22

~18, 28). The curves1 and18 are normalized with respect to theVGaTeAs
pair density in annealed unirradiated crystalsN1,2* (0).N1,2(0). T520 °C
corresponds to the unannealed crystals.
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arsenic and gallium vacancies appear when neutr
irradiation-produced RD clusters decompose, because
radiation-produced point defects are concentrated mainly3! in
the latter.1,3,7–9

Apparently, the first process~the pair conversion proces
VGaTeAs 1 VAs→ VGaTeAsVAs) is inefficient because of the
following factors. As estimates show~see footnote 2!, the
density of growth pairsVGaTeAs is comparable to the densit
of RTA stimulated pairsVGaTeAsVAs , specifically, their
maximum densityN1.35(max). For this reason, a direct con
version ofVGaTeAs pairs intoVGaTeAsVAs pairs as a result of
their interaction with arsenic vacancies should result in
appreciable decrease in the density ofVGaTeAs during RTA.
However, this is not observed experimentally — the dens
of the pairs VGaTeAs remains nearly constant~Fig. 2!.
We consider the second process~TeAs1VAs1VGa

→VGaTeAsVAs) to be more efficient~this process dominates
becauseNTe@N1,2). In this case isolated tellurium atoms
first act as sinks for RD arsenic vacancies freed fromR clus-
ters and then for RD gallium vacancies freed fromQ clus-
ters. This is confirmed by the fact that the decomposition
RD R andQ clusters~this occurs forT>300 and 450 °C,
respectively1,3,7–9! and radiation-stimulated production of th
pairsVGaTeAsVAs occur in the same temperature ranges.

The comparatively narrow temperature range of the s
bility of the RTA stimulated pairsVGaTeAsVAs ~Fig. 2! is due
to the relatively weak coupling between their constitue
components.11

We can therefore draw the following conclusion.
Neutron irradiation and subsequent annealing ofn-type

GaAs crystals doped with tellurium atoms results in the p
duction in them of relatively thermally unstable pai
VGaTeAsVAs . This is due to the trapping of mobile arsen
and gallium vacancies from RDR andQ clusters trapped by
isolated tellurium atoms and the low binding energy betwe
the components of the pairsVGaTeAsVAs . This is important
for determining the nature and the migration rate of t
neutron-irradiation-produced RD in gallium arsenide.3,7–9

1!In Ref. 1 we presented data on the effect of neutron irradiation on the
of p-GaAs~Zn, Te! crystals.

2!The relative densities of theVGaTeAs and VGaTeAsVAs pairs were found
~within 615%) by comparing the corresponding changes in the intens
of the impurity luminescence bands due to them, and the intensity of
‘‘intrinsic’’ radiation.1,6 The absolute values of the densities of the dege
erate pairsVGaTeAs and the maximum densities of the RTA stimulate
pairsVGaTeAsVAs were determined~within 630%) by analyzing the kinet-
ics of the quenching of the PL impurity bands induced by them.4

3!The migration rates of the radiation-stimulated arsenic and gallium vac
cies for the temperatures and heating durations employed are sufficien
diffusion-limited production ofVGaTeAsVAs pairs.
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On the relaxational characteristics and stability of a Si:H films grown at high

temperatures

I. A. Kurova and N. N. Ormont

M. V. Lomonosov Moscow State University, 119899 Moscow, Russia

O. A. Golikova and V. Kh. Kudoyarova

A. F. Ioffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
~Submitted July 1, 1996; accepted for publication July 8, 1996!
Fiz. Tekh. Poluprovodn.31, 536–538~May 1997!

Some characteristics of the photo- and thermal stability ina-Si:H films, which were deposited in
a triode reactor at 300–390 °C and which possess different hydrogen concentrationsCH ,
have been investigated. It has been found that the equilibration temperatureTE increases asCH

decreases. Under prolonged illumination the photoconductivity decreases ast21/3 in films
with high values ofCH . In films with a low hydrogen content the photoconductivity drops more
slowly. © 1997 American Institute of Physics.@S1063-7826~97!00905-8#

The properties of amorphous hydrated silicon~a-Si:H! tion by a halogen lamp with an infrared~IR! filter ~the power
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are determined by the conditions under which the silicon
obtained, specifically, the substrate temperatureTs during
film deposition. At high growth temperature the hydrog
concentration and its distribution over the volume in t
films decrease.1 Since it is indicated in a number of studie
that the distribution over the volume is correlated with
increase in the stability of the material,2,3 it is of great prac-
tical interest to investigate material obtained at high tempe
tures.

In the present work we investigated films prepared by
decomposition of silane in a triode reactor wi
Ts53002400 °C.4,5 Some data on the Staebler–Wronski e
fect for such films are presented in Refs. 6 and 7, but s
investigations of the metastability of the films have not be
previously performed. For comparison, ana-Si:H film ob-
tained in a diode reactor withTs5310 °C and weakly com-
pensated with boron with total densityNB5231017 cm23

(NB was determined by the SIMS method! was also investi-
gated.

Some parameters of the experimental films are prese
in Table I:DEd ands0 were determined from the temper
ture dependence of the dark conductivitysd in the tempera-
ture range T53802300 K in accordance with
sd5s0exp(2DEd /kT) after the films were annealed a
185 °C for 60 min. The photosensitivityK, equal to the ratio
of the photoconductivitysph to the dark conductivitysd of
an annealed film, are presented forT5300 K and illumina-
TABLE I. a-Si:H film parameters.
s

a-

f

h
n

ed

densityW590 mW/cm); the total hydrogen concentratio
CH in the film was determined by IR spectroscopy.

The temperature dependences of the dark conducti
and photoconductivity of the experimental films are sho
in Fig. 1. The measurements ofsd were performed with
decreasing temperature and the measurements ofsph were
performed with increasing temperature. We see that the t
perature dependence of the photoconductivity for films 1
has a region of weak temperature quenching, as is chara
istic of n-type films. The photoconductivity of film 5 doe
not have a characteristic region of temperature quench
and increases monotonically with temperature, as is cha
teristic of p-type films. The curvesd(T) for films 1 and 2
contains regions of equilibrium conductivity at temperatu
T.TE (TE is the temperature at which the measurem
times and the structural relaxation times are equal to
another!.8 For these filmsTE 5110 and 185 °C, respectively
Above these temperaturessd(T) varies exponentially, irre-
spective of the direction and rate of change of the tempe
ture, with a lower activation energy, and the preexponen
factors0 is close to the valuesmin51.53102 V21

• cm21.
For film 5 only a transition to a region of equilibrium con
ductivity is observed; i.e., for this filmTE.185 °C. For films
3 and 4 the dark conductivity varies exponentially with t
same activation energy in the entire experimental temp
ture range. This signifies thatTE for these films lies in the
region of higher temperatures:TE.200 °C. Therefore,TE
DEd , eV s0 ,V
21
• cm21 DEd , eV s0 ,V

21
• cm21 K5sph/sd sd , V21

•cm21

Sample Ts, °C CH, at. % T,TE T,TE T.TE T.TE TE, °C ~T5290 K! ~T5290 K!

1 300 9 0.82 33105 0.56 1.73102 185 4.53104 431029

2 340 20 0.71 13105 0.49 1.43102 110 13104 1.231027

3 340 6 0.83 53105 – – .200 1.53105 5310210

4 390 4 0.86 53105 – – .200 13195 1.8310210

5 310 7 0.83 33105 – – .185 83104 2.2310210

Note: ~1–4!—Undoped films;5—boron-doped film.
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increases with decreasing hydrogen concentration, as ab
in Ref. 9 ona-Si:H films after implantation of B and P with
hydrogen concentration from 0.06 to 12 at. %. This als
agrees with the increase in the rate of hydrogen diffusion
undopeda-Si:H films with increasingCH , as observed in
Ref. 10.

It can be assumed that the structural relaxation times
a function of the temperature and under the influence
light are determined by the same hydrogen diffusio
process11 and therefore the rate of formation of photoinduce
dangling bonds~BBs! Si–Si in our films will be correlated
with the value ofTE . The variation of the reduced photocon
ductivity sph(t)/sph(0) with time for the experimental films
in a regime of illumination at room temperature with a quar
halogen lamp with an IR filter is shown in Fig. 2. Accordin
to Ref. 12, for undoped filmssph(t);N(0)/N(t), which re-
flects the change in the densityN of dangling Si–Si bonds in
time t. One can see from Fig. 2 that the rate of formation
BBs is lowest in film 4 and highest in film 2. This correlate
with the structural equilibration time: This time is longest i
film 4 (TE is high! and shortest in film 2 (TE is lowest!. We
note that film 2 was deposited under nonoptimal conditio
and for this reason the hydrogen content in it is much high
than in other films deposited atTs53002400 °C ~see Table
I and Ref. 5!.

The photostability of a film is estimated by the stationa
densityNst of BBs that appears under prolonged illumina
tion, when the rate of formation and annihilation of BBs ar
equal to one another. To achieveNst prolonged illumination
of the film is required, under our conditions up to 150–200
In Ref. 1 it is shown that in the model of formation of BBs
by breaking of weak Si–Si bonds with recombination o
electrons and holesNst correlates with the initial rate of for-
mation of BBs. According to this model,sph(t) varies in
some range of BB density ast21/3. We see such a depen

FIG. 1. Temperature dependences of the dark conductivity and photoc
ductivity of a-Si:H films. The designations correspond to the numbers of t
samples in Table I.
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dence only for films 1 and 2, and film 2 is more stable than
the film 1, since the initial rate of change ofsph in film 2 is
lower. For films 3–5sph(t);t2n, wheren,1/3.

For p-type films the condition of inverse proportionality
between the photoconductivity and the density of dangling
bonds is not satisfied,13 and therefore the time dependence
sph(t) does not reflect the rate of formation of BBs and a
t21/3 dependence is not observed. The Fermi levelEf lies
much deeper inn-type films 3 and 4 than in films 1 and 2.
Under illuminationEf moves to the center of the band gap,
which makes films 3 and 4 similar top-type films, where a
section withsph;t21/3 is not observed. However, additional
investigations are being performed in order to understand
more clearly the characteristic features of the kinetics of
sph in these films.

We thank A. G. Kazanski� for useful discussions of the
results. This work was supported by INTAS Grant N 931916
and was performed in accordance with a joint research pro
gram of Moscow State University and the A. F. Ioffe Physi-
cotechnical Institute of the Russian Academy of Sciences.
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The properties of low-threshold heterolasers with clusters of quantum dots

S. V. Za tsev,a) N. Yu. Gordeev, V. M. Ustinov, A. E. Zhukov, A. Yu. Egorov,
M. V. Maksimov, A. F. Tsatsul’nikov, N. N. Ledentsov, P. S. Kop’ev, and Zh. I. Alferov

A. F. Ioffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia

D. Bimberg

Institute for Festkorperphysik, Technische Universitat Berlin, D-10623 Berlin, Germany
~Submitted July 4, 1996; accepted for publication July 8, 1996!
Fiz. Tekh. Poluprovodn.31, 539–544~May 1997!

The properties of GaAs–AlGaAs injection heterolasers with~In, Ga!As quantum dots~QDs!
depend principally on the numberN of planes with quantum dots imbedded in the active region.
Lasing via the ground state of an exciton in a quantum dot at room temperature has been
realized in structures withN.3. ForN51 at 300 K lasing occurs via an excited state of an exciton
in a quantum dot or via a state of the wetting layer. As the number of planes with quantum
dots increases, the threshold current density decreases and the differential quantum efficiency
increases. The lowest threshold current density 97 A/cm2 (l51.05mm, 300 K! was
obtained in structures with maximumN (N510). © 1997 American Institute of Physics.
@S1063-7826~97!01005-3#

The advent of a new generation of injection lasers —were investigated. The numberN of planes with quantum
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quantum dot~QD! lasers — has opened up new possibiliti
for radically decreasing the threshold current and increas
its temperature stability and improving the dynamical a
spectral characteristics of heterostructure lasers. In Ref.
was shown that in injection heterolasers with a single pl
of QDs at low temperatures it is possible to achieve las
via the ground state of an exciton in a quantum dot a
ultrahigh temperature stability of the threshold current~the
characteristic temperatureT05350 K! in a wide temperature
range~50–150 K!. By increasing the radiation exit losse
the possibility of narrowing the gain spectrum has been d
onstrated in these structures and a lasing regime in a si
longitudinal mode has been achieved.2

At the same time, the thermal emission of carriers fro
quantum dots at near-room temperatures made it neces
under conditions of the same losses, to increase the injec
current in order to maintain the lasing regime and to shift
lasing wavelength in the direction of high energies relative
the ground state of an exciton in a QD. Lasing was reali
at room temperature at energies near the energy of the
called wetting layer, unavoidable for a Stronski�–Krastanov
growth mechanism characteristic of InGaAs/GaAs. In a p
ceding work3 it was shown that increasing the number
planes with QDs to three in a structure with an array
vertically coupled quantum dots makes it possible to achi
lasing via the ground state of a QD right up to room te
perature. At the same time, the threshold current density
tained at 300 K in the indicated work was quite hig
(;700 A/cm2).

In the present work we investigated the possibilities
further improving the characteristics of heterolasers base
structures with quantum dots by optimizing the geometry
the structures. The structures were grown by molecular-b
epitaxy on GaAs~100! substrates doped with silicon. Th
growth conditions corresponded to those described in Re
and 5. Laser structures with InAs and InGaAs quantum d
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dots was equal to 1, 3, 6, and 10. Samples with a strip ge-
ometry and samples with total internal reflection with a re-
entrant mode~quadricleaved samples! were investigated.

The PL spectra of a sample with vertically coupled QDs
with N510 planes are shown in Fig. 1. At low excitation

FIG. 1. Photoluminescence spectra of a sample with vertically coupled
quantum dots.
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densities the PL spectrum contains an intense line~A! due to
recombination via the ground state of an exciton in vertica
coupled quantum dots. The half-width of the line, 40–
meV, and is determined by the statistical size distribution
the dots. The position of the PL peak is shifted strongly
the long-wavelength direction compared with the compu
energy of the optical transition for an InGaAs well of equiv
lent thickness. The lineA remains dominant right up to room

FIG. 2. Threshold current density versus the number of layers in sam
with a re-entrant mode.

FIG. 3. T0 in a temperature range of high threshold current density stab
and the upper limit of this range (Tstab) versus the number of layers in
samples with a re-entrant mode.
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FIG. 4. Threshold current density versus radiation exit losses from the c
ity.

FIG. 5. Differential quantum efficiency versus radiation exit losses from
cavity.
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temperature even at high excitation densities (102 W/cm2).
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FIG. 6. Gain versus pump current density.
At higher excitation densities (10W/cm ) a lineA* which
is associated with the excited state of an exciton, appear
the spectrum. At ultrahigh excitation densities (105 W/cm
2) luminescence from quantum dots saturates and lines
to optical transitions associated with excitons localized in
wetting layer (WL1 andWL2) start to dominate in the spec
trum. The interpretation of the nature of the linesA, A* ,
WL1, andWL2 is confirmed by comparing the lumines
cence, luminescence excitation, and calorimetric absorp
spectra, as well as the computational results.6–8

The threshold current densityJth of the lasers as a func
tion of N is shown in Fig. 2. We attribute some of the in
crease inJth for N56 to a decrease in the GaAs interlay
thickness to 5 nm. For the InAs dots employed in the pres
structure this apparently resulted in extreme stresses in
active region and local formation of defects and some ir
producibility of the results for the present structure.

A further increase in the number of planes with QDs
to 10 but using InGaAs based dots made it possible
achieve in the lasers with a re-entrant mode a record high
lasers of this spectral range~1.05 mm!, threshold current
density at 300 K~97 A/cm2). By growing self-aligned QDs it
is possible to obtain clusters of tunneling-coupled quant
dots, where the dots lying above one another compris
single quantum-mechanical object.
ructure with
FIG. 7. a — Lasing wavelength and spontaneous emission maximum versus temperature in a sample with a re-entrant mode based on a st
N510. b — Lasing wavelength versus threshold current density for a strip laser based on a structure withN510.
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re
FIG. 8. a — Emission spectrum of a strip laser based on a structure withN56 andJ51.1Jth at room temperature. b — Lasing wavelength versus temperatu
for a strip laser based on a structure withN56.
As follows from Fig. 3, increasingN to 3 slightly in-
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creases the characteristic temperatureT0 ~from 350 to 380
K! at low observation temperatures. A further increase in
number of layers and~or! decrease of the distanced between
the planes, however, results in a narrowing of the range
high stability temperature. This effect is directly related
the appearance of a miniband of allowed states instea
discrete levels, characteristic of single quantum dots.
values ofT0 in this range become less reproducible or me
ingless. For example, forN56 andN510 even a section o
negativeT0 ~decrease ofJth with increasingT) is observed in
the low-temperature region; we attribute this to carr
evaporation from small dots and carrier recapture by la
dots. As a result, the gain for lasing through the ground s
increases slightly. AtT5120 K we obtained for a structur
with N510 a threshold current densityJth518 A/cm2,
which is an absolute record-high value for a quantum-
laser.

Curves of the threshold current density versus radia
exit losses are shown in Fig. 4. As one can see, a sh
superlinear growth ofJth with increasing losses is observe
in a structure withN51. In contrast, in structures with mu
tiplied dots the dependence is linear in nature right up
large losses. It should be noted that this character is atyp
of structures with a quantum well, where superlinear grow
is also observed. A structure with ten quantum-dot pla
gives the largest slope.

Curves of the differential quantum efficiency versus t
radiation exit losses are shown in Fig. 5. It should be no
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differential quantum efficiency also increases. The best v
ues were obtained for a structure withN510.

The integrated gain at the lasing threshold, estimated
the method described in Ref. 2, is shown in Fig. 6. It follow
from the calculation that structures withN53, 6, and 10
demonstrate much larger gains than a structure withN51.
For N56 and 10 the dependence is monotonic, and
N53 a characteristic break associated with a transition
lasing via a state of the wetting layer at a wavelength n
933 nm is observed, just as previously for lasers with
single plane with QDs obtained from organometallic co
pounds by gas-phase epitaxy~OM GPE!.3 This transition is
not observed for structures withN56 and 10. Therefore, the
maximum achieved gain in structures with a set of plan
with QDs equals about 300 cm21. For N56 and 10 gain
saturation is not observed at least up to 4.5 kA/cm2.

To calculate the integral gain we proceeded from
standard assumption made for laser structures that the i
nal quantum yield of radiative recombination is close to
Since the waveguide and emitter layers were identical in
structures described, the degree of localization of the opt
radiation in the waveguide region was not varied.

The temperature dependence of the lasing wavelen
for a structure withN510 with long cavity lengths or in
samples with a re-entrant mode is always monotonic. T
lasing energy equals, within several meV, the energy of
maximum of the photoluminescence line of quantum d
with low and moderate densities of excitation due to reco
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bination of the ground state of excitons in QDs~Fig. 7a!. As
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already mentioned, an increase the radiation exit losses
creasesJth. Furthermore, a monotonic short-wavelength sh
of the lasing line is observed. The dependence of the la
wavelength onJth is shown in Fig. 7b. The monotonic cha
acter of these dependences shows that in the lasers inv
gated lasing occurs through the state of a QD in a wide ra
of temperatures~right up to room temperature! and in the
entire range of threshold current densities.

The short-wavelength shift of the lasing line agrees w
the monotonic shift of the photoluminescence line obser
at high excitation densities. This shift is related to the filli
of the excited states of an exciton in QDs, which give rise
radiation in a shorter wavelength range of the spectrum.
follows from Fig. 7b, however, the lasing wavelength for
structure withN510, in contrast to structures withN51 and
N53, does not reach the wavelength corresponding to
wetting layer~933 nm! even forJ54 kA/cm2.

In Ref. 2, narrowing of the radiation spectrum with d
creasing cavity length and therefore with high threshold c
rent densities was observed in a laser with a single plan
QDs. For low current densities the gain spectrum rema
wide. As already noted for lasers with QDs,3 this could result
in an unusually wide lasing spectrum at room temperatu
The effect is explained by the absence of exciton and ca
transport between neighboring quantum dots and their
dispersion. For MBE lasers, the broadening of the las
spectrum is more strongly expressed for structures with la
N, since for such lasers a regime of lasing via the grou
state of an exciton in QDs, which has the highest spa
localization, is realized.

Since the waveguide of strip lasers of width 40–
mm admits the existence of many transverse modes, in s
rate cases lasing in several transverse modes arises sim
neously near the lasing threshold. The radiation spectrum
a laser based on a structure withN56 with J51.1Jth is
shown in Fig. 8a. The temperature dependence of the la
wavelength at threshold for the same sample is shown in
8b. The maxima of the spontaneous emission spectr
which correspond to transverse modes of the laser, are
cated separately. Their temperature dependence can b
plained by the characteristic features of the transve
459 Semiconductors 31 (5), May 1997
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oxide–strip construction.
In summary, structures with vertically coupled quantu

dots can be used to overcome the gain saturation effec
increaseT0 near room temperature, and to realize low thre
old current densities and a regime of lasing via the grou
state of an exciton in QDs right up to room temperature.

We wish to thank V. B. Khalfin for helpful discussion
of the results obtained.
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Deep vacancy levels in (AlAs) 1(GaAs)3 superlattices
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The pseudopotential and augmented unit cell (43434) methods are used to study deep levels
created by neutral, unrelaxed vacancies in AlAs, GaAs, and the~AlAs!1~GaAs!3 ~001!
superlattice. The symmetry of the electronic states of defective crystals as a function of the
location of the vacancies in the superlattice layers is analyzed by group theory. Calculations of the
band structure of an ideal superlattice show that it is a straight-band, many-valley
semiconductor with a 1.79-eV band gap. Competing valleys in the lower band are found near the
X, M , andZ points of the Brillouin zone and they originate in theL1

c , X3
c , andD1

c

sphalerite states, respectively. The size of the chosen augmented unit cell ensures good isolation
of the wave functions of neighboring deep centers and the calculated level energies of the
t2 vacancies in the band gaps of GaAs and AlAs agree with published data. In the superlattice, a
tetragonal component of the potential leads to partial~complete! removal of the degeneracy
of these levels for vacancies lying in the intermediate~extreme! layers relative to Al. The biggest
changes (;0.1 eV! occur for As vacancies lying on the heterojunction. The symmetry of
the deep level states and the orientation of the planes in which they are localized depend on the
geometrical position of the vacancy, which may be manifested in a polarization dependence
of the optical characteristics. ©1997 American Institute of Physics.@S1063-7826~97!01105-8#

In recent decades increasing attention has been drawn towas shown that the interaction energy of an intrinsic def

in
rla
ec
ia
ay

e
l i
rit
t
rs
rg

is
iv
lo

o
de
t
od
fu
t

f
s
o

ga
/

.

vel
the
ro-
of
ntly

ed
r a
e
ing
dif-

ld
at is
he

by
ver,
ld.
ap-
atic
e

has

ed
-

ruc-
re
ex-
er,

04
superlattices, a new semiconductor material. By controll
the composition and dimensions of the layers of a supe
tice, it is possible to vary the energy spectrum of the el
trons and purposefully change the properties of mater
with important practical applications. Various defects pl
an important role in bulk semiconductors.1–4 In superlattices
the role of different types of defects is also significant. B
cause of the reduced symmetry of the crystal potentia
superlattices, additional singularities show up in the impu
states~such as a dependence of the level energies on
positions of defect centers within the superlattice laye
splitting of the degenerate levels, an anisotropy in the cha
distribution near a defect, etc.!, which may lead to new ef-
fects.

The scientific literature includes publications on th
topic which are based on different methods. The effect
mass method has been justified as a description of shal
hydrogen-like centers in doped superlattices.5 This method,
however, is poorly suited to the study of deep centers, wh
wave functions are strongly localized near defects. In or
to calculate the spectra of such states in bulk materials,
Green’s function method, the augmented unit cell meth
and cluster method have been used in combination with
damental and semiempirical approaches to account for
crystal potential.1–4 The fundamental methods~pseudopoten-
tial, associated plane waves, etc.! require large amounts o
computation, even for binary compounds, so that studie
this type for superlattices have thus far only been based
the strong coupling method.

The energy spectrum of deep levels associated with
lium vacancies and AsGaantistructural defects near the AlAs
GaAs ~001! heterojunction has been studied6 using a recur-
sion method with clusters containing up to 512 atoms
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with the interface depends on the location of the Fermi le
and this may lead to deviations from stoichiometry near
heterojunction. At the same time, the influence of the hete
junction on the local density of states and on the position
the deep levels in the band gap was negligible, appare
because of the small valence band gap~0.035 eV! used there.

Deep donor levels created byDX centers in some alloys
and superlattices of III–V compounds have been studi7

using the Green’s function method. It was found that fo
realistic barrier potential it plays an important role in th
formation of bound and resonance deep levels: donors ly
near the heterojunction create states with energies which
fer substantially from those in the bulk.

It is known2 that the strong coupling method can yie
distorted defect potentials because of the limited basis th
used. This is manifested, in particular, in a lowering of t
splitting energy of the deepa1 and t2 levels. A correct de-
scription of all the levels can be achieved in principle
using fundamental methods. When they are used, howe
problems arise in connection with the self-consistent fie
The magnitude of the gap obtained by the widely used
proximation of a local electron density has a large system
error (;0.5–1 eV!, which may have a major effect on th
location of the deep levels~up to 0.2–0.3 eV!.2 The more
exact quasiparticle method is extremely cumbersome and
only been used for rather simple materials.

In this paper we examine the levels of neutral, unrelax
vacancies in a~AlAs!1~GaAs!3 superlattice using the pseudo
potential and augmented unit cell methods.8 In the aug-
mented unit cell method one actually studies the band st
ture of a crystal in which the impurities being studied a
located at sublattice sites with periods large enough to
clude interactions of the defects with one another. Howev

46060-10$10.00 © 1997 American Institute of Physics



TABLE I. Compatibility relations of the irreducible representations of theTd
2 , D2d

5 , andTd
2 groups~augmented unit cell! ~the standard notation is given in

parentheses!.

s

Td
2 D2d

5 Td
2 ~Augmented unit cell! Td

2 D2d
5 Td

2 ~Augmented unit cell!

G1 G1 G1 S1 S11S21X11X2 G11G312G412G5

G2 G4 G2 S2 S11S21X21X4 G21G31G412G5

G3(G12) G11G4 G3 L1 X11X3 G11G4

G4(G15) G31G5 G4 L2 X21X4 G21G5

G5(G25) G21G5 G5 L2 X11X21X31X4 G31G41G5

X1 G11M 11M 4 G11G3 2L1 2U1 2G112G4

X2 G21M 5 G5 2L2 2U2 2G212G5

X3 G31M 5 G4 2L3 2(U11U2) 2G312G412G5

X1 G11M 11M 4 G11G3 2L1 2U1 2G112G4

X2 G21M 5 G5 2L2 2U2 2G212G5

X4 G41M 11M 4 G21G3 2F1 2U112(G11G2) 2G112G314G412G3

X5 G51M 11M 21M 5 G41G5 2F2 2U212(G11G2) 2G212G312G414G5

D1 G11G31S1 G11G31G4 D18 Z11Z31S1

D2 G21G41S1 G21G31G5 D28 Z21Z41S1

D3 G51S2 G41G5 D38 Z51S2

D4 G51S2 G41G5 D48 Z51S2

W1 M 11M 21S1 G11G31G5

W2 M 51S2 G41G5

W3 M 31M 41S1 G21G31G4

W4 M 51S2 G41G5

Note:The pointsD have coordinatesp/a(001) and the pointsD8 have coordinates,p/(2a)(001) and 3p/(2a)(001). The factor 2 with the representation
L1 andF1 of theTd

2 group of sphalerite means that one representation refers to the star$k% and the other to the star$2k%.
because of the rapid rise in the order of the matrices as the
n
ew
o
on
w
u
of
s
n
ic

a
th
ta
o

e
di
dg
i

i
b

l
os
h
-
e
al

reduced by a factor of 64. As a result of convolution, 64
nt
e-
try

ns

a-
sen-

ze
he

for
ns-

rs

l-
ors

-

s
s
in

-

is
size of the augmented unit cells is increased, until now o
comparatively small augmented unit cells containing a f
tens of atoms have been used.9,10 Here we have been able t
reduce substantially the number of required basis functi
due to the symmetry of the augmented unit cells; thus,
have been able to increase the volume of the augmented
cell by a factor of 64 compared to the primitive cell
sphalerite and thereby reduce the overlap of the state
neighboring defects and the dispersion of the impurity ba
The deep levels have been calculated using empir
pseudopotentials that have been found11 recently on the basis
of a large set of experimental data and self-consistent b
spectrum calculations. These pseudopotentials yield a ra
accurate description of the electronic states in ideal crys
which should ensure a correct form for the wave functions
the deep centers.

1. GROUP THEORETICAL ANALYSIS

We employ the traditional notation for describing th
crystal structure of GaAs and AlAs. Let us take the coor
nate origin at a cation site and direct the axes along the e
of a elementary cube. The symmetry group of this lattice
Td
2 with elementary translation vectorsa15a/2(011),

a25a/2(101), anda35a/2(110), wherea is the lattice con-
stant, which is assumed, for simplicity, to be the same
GaAs and AlAs. Let us place vacancies in sites denoted
integral combinations of the vectorsA152a(011),
A252a(101), andA352a(110). The resulting new crysta
has a unit cell that is magnified 64 times compared to th
of GaAs or AlAs. The symmetry group of this crystal wit
the defects is, as before,Td

2 , but with the elementary trans
lation vectorsA i . Thus, the Brillouin zone for the defectiv
crystal is a copy of the Brillouin zone of the original cryst
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different points of the large Brillouin zone fall at each poi
of the small Brillouin zone. The wave functions of the d
fective crystal can be classified according to their symme
properties. The states of the isolated vacancya1 and t2
transform4 in accordance with the irreducible representatio
G1 and G15 of the Td

2 group of the pointG of the small
Brillouin zone, into which the points from the starsG, L,
X, D, W, S, L, andF of the large Brillouin zone that are
equivalent to it turn. Table I shows the compatibility rel
tions of the representations at these points with the repre
tations at the pointG of the small Brillouin zone in Kova-
lev’s notation.12 These relations can be used to analy
quantitatively the contributions of the different states of t
original crystal to the vacancy states.

For the ideal~AlAs!1~GaAs!3 ~001! superlattice in a co-
ordinate system coincident with the coordinate system
GaAs~AlAs! we can choose the following as the basis tra
lation vectors: a15a/2(110), a25a/2(1̄10!, and
a35a/2(002). The corresponding reciprocal lattice vecto
have the form b152p/a(110), b252p/a(1̄10!, and
b352p/a(001/2). The high symmetry points in the Bri
louin zone of the superlattice are given by the vect
kG50, kM51/2(b11b2), kS51/4(b11b2), kU51/
4(b21b3), kX51/2b2, kZ51/2b3, kT51/4(b112b2

12b3), andkR51/2(b21b3). The spatial group of the su
perlattice symmetry is theD2d

5 group. The volume of its unit
cell is a factor of 4 greater than that of the GaAs or AlA
cell, while the Brillouin zone is correspondingly 4 time
smaller than that of sphalerite. Sixteen points of the Brillou
zone of the superlattice from theG, M , X, D, U, andT stars
turn into the pointG of the small Brillouin zone. The com
patibility relations for the representations of theTd

2 and
D2d
5 symmetry groups are also shown in Table I. Here it
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TABLE II. Compatibility relations for the representations of theD2d
5 group of an ideal~AlAs!1~GaAs!3 superlattice and of theD2d

9 andC2n
20 groups of a

superlattice with defects in the augmented unit cell at the pointG of the small Brillouin zone. The type of atom chosen as the coordinate origin is indicated

in the top row.

D2d
5 Al D2d

9 Al3,Ga(an) Ga(ed) C2d
20 As(ed) As(an)

G1 G1 G1 G1 G1

G2 G2 G2 G2 G2

G3 G3 G1 G1 G1

G4 G4 G2 G2 G2

G5 G5 G31G4 G31G4 G31G4

M 1 G1 G2 G4 G3

M 2 G2 G1 G3 G4

M 3 G3 G2 G4 G3

M 4 G4 G1 G3 G4

M 5 G5 G31G4 G11G2 G11G2

S1 G11G41G5 G11G21G31G4 G11G21G31G4 G11G21G31G4

S2 G21G31G5 G11G21G31G4 G11G21G31G4 G11G21G31G4

U1 G11G31G5 2G11G31G4 2G11G31G4 2G11G31G4

U2 G21G41G5 2G21G31G4 2G21G31G4 2G21G31G4

X1 G11G3 G31G4 G11G4 G11G3

X2 G21G4 G31G4 G21G3 G21G4

X3 G5 2G1 G11G3 G11G4

X4 G5 2G2 G21G4 G21G3

T1 G11G31G5 2G212G4 G11G212G4 G11G212G3

T2 G21G41G5 2G112G3 G11G212G3 G11G212G4
noted that theD2d
5 group is described in Ref. 12 in a coordi-
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nate system that is rotated relative to the coordinate sys
of sphalerite so that theX axis is directed along the vecto
a1 and theY axis, alonga2. In order for the coordinate
origin in these two crystals to coincide, we have placed i
a site occupied by a cation in the case of sphalerite. In
case of the~AlAs!1~GaAs!3 superlattice, the description o
theD2d

5 group given in Ref. 12 corresponds to choosing
coordinate origin at an Al atom or at a Ga atom lying in
intermediate layer equally distant from the Al layers. It
evident from Table I that theG15 upper valence level in
GaAs~AlAs! is split in the superlattice into a doubleG5 level
and a singleG3 level. The levelsG1, X1, andX3 of the lower
conduction band of GaAs transform in the superlattice i
the levelsG1, G11M11M4, andG31M5, respectively, and
the additional extremumL1 of the conduction band o
GaAs~AlAs! is split into two levelsX11X3. In the lower
conduction band of the superlattice there is also a compe
valley near the pointZ whose state originates from th
sphalerite levels on theD line.

In studying the~AlAs!1~GaAs!3 superlattice defect state
we have retained the mutual positions of the defects spec
by means of the vectorsA i . On placing the coordinate origin
at a site occupied by a defect, we obtain five different p
sible structures for a superlattice with defects. In these c
tal structures the basis vectorsA i describe the translation
group, while the choice of position of the defect determin
the point symmetry. If the defect to which the reference s
tem origin is attached is placed at an Al site or at a site in
middle of the Ga layers (an), then the symmetry group o
the defective superlattice isD2d

9 , while if the defect is lo-
cated at an As site~in an intermediate layeran or in the
nearested layers to Al!, then the symmetry group isC2n

20 .
Table II lists the compatibility relations of the group repr
sentations for states corresponding to the center of the B
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for the defect sites. It can be seen that lowering the po
symmetry of the potential leads to splitting of the volum
defect levelst2. For Al and Ga(an) vacancies it splits into a
singleG3 level and a doubleG5 level, while for As and Ga
(ed) levels the degeneracy is removed complet
(G11G31G4).

2. COMPUTATIONAL TECHNIQUE

In the augmented unit cell method the problem of fin
ing the electronic states in a crystal with a single defect
duces to determining the band structure of a crystal w
periodically sited defects. The Hamiltonian of this type
crystal can be written as the sum of the HamiltonianH0 of an
ideal crystal and the potentialV of the defect sublattice. Its
spectrum can then be determined from the single-elec
Schrödinger equation:

~H01V!Cq5EqCq ,

V5(
1

nd~r2R1!, ~1!

wherend is the potential of a single defect,R1 are the vectors
of the lattice constructed from the basis vectorsA i , andq is
the wave vector inside the small Brillouin zone. This equ
tion can be solved most efficiently by using a basis of Blo
wave functions for an ideal crystal,wnk , which, in turn, are
expanded in terms of plane waves:

H0wnk5«nkwnk

wnk~r !51YAV0(
g
Cn~k1g!ei ~k1g!r, ~2!
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TABLE III. Band energies in GaAs and AlAs relative to the ceiling of the
valence bandG15

n ~eV!.
vector, the inverse lattice vector, and the volume of the id
crystal, respectively. We represent the functionCq in the
form of a superposition of symmetrized combinations of
stateswnk :

Cq
a, j5(

nki
Bnki

a, jOjm
a wnki

. ~3!

HereQjm
a is the projection operator which projects onto t

subspace which transforms through thej th row of themth
column of theath irreducible representation of the spa
group of the defective crystal, andk i are the wave vectors
satisfying the equationk i5q1G, in which theG are the
reciprocal lattice vectors corresponding to the augmen
unit cell, and the summation is taken over one of the rep
sentatives of each star. Substituting Eq.~3! in Eq. ~1! yields
a system of equations whose order is determined by the n
ber of bands taken into account and the number of star
the vectorsk i . In general, the projection operator does n
ensure orthogonality of the projected functions, so that t
were Schmidt orthogonalized in the cases which arose h
Because the phases were specified consistently, the sym
trized combinations of Bloch functions can be fairly we
localized within the confines of small regions of the au
mented unit cells; this is yet another advantage of this b
for the study of defective materials.

The band spectra of the ideal AlAs and GaAs cryst
and of the~AlAs!1~GaAs!3 superlattice were calculated in
basis of plane waves with the pseudopotentials taken f
Ref. 11 in accordance with the lattice parameters, method
cutoff of the kinetic energy, and pseudopotential form fac
assumed there, and with allowances for the dependenc
the pseudopotential of arsenic on the type of nearest
rounding atoms.

The electronic states of the crystals with vacancies w
calculated with an augmented unit cell (434 3 4). In the
basis of wave functions with a sphalerite structure~GaAs,
AlAs!, the number of irreducible stars ofk i in this case is 10
and the expansion~3! ensures rapid convergence in terms
the number of bands from the initial problem that are
cluded. When 30 such bands are included, the maxim
order of the matrices is 400 for all the representations
order to obtain the deep vacancy levels in the binary crys
with an accuracy of about 0.1 eV it was sufficient to ta
about 15 bands. On going to the superlattice, the numbe
symmetrized wave functions in the basis increases bec
of the reduced symmetry. To construct them we have use
thewnk the Bloch wave functions of GaAs for the lowest 1
bands. In this basis the band energies of the ideal superla
near the band gap were obtained with an accuracy of be
than 0.02 eV.

The pseudopotentials11 correspond to neutral atoms. B
treating these potentials~assumed to have the opposite sig!
as seed perturbation potentials created by distant atoms
have taken the relaxation of the electron density into acco
with the aid of the Penn model dielectric permittivity fun
tion of an ideal crystal calculated13 including corrections for
exchange and for correlation in the Hubbard–Sh
approximation.14 The potentials of the neutral vacancies co
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structed in this way are, as will be shown below, in go
agreement with the potentials obtained from self-consis
calculations.

Effects related to relaxation and distortion of the latti
can also affect the position of the deep levels.4 For vacancies
in GaAs, however, the corresponding shifts turn out to
small.15 Thus, in this paper we only study neutral, unrelax
vacancies in order to clarify the basic features of the d
levels which they induce in a superlattice compared to
binary components.

3. COMPUTATIONAL RESULTS

The calculated band energies of GaAs and AlAs~Table
III ! are in good agreement with experimental data. On
absolute scale the valence band energy gap of the two c
pounds is 0.50 eV. The calculations of the band spectra
the ~AlAs!1~GaAs!3 superlattice are illustrated in Table IV
and Fig. 1. This superlattice is a straight band semicondu
with a band gap energyEg(G1

c2G5
n)51.79 eV, which is 0.1

eV below the energy obtained by linear interpolation b
tweenE0(G1

c2G15
n ) for GaAs and AlAs. This is related to

the influence of the tetragonal component of the crystal
tential, which also causes the appearance of multiple val
in the lower conduction band. The valleys near the poi
X, M , andZ lie close in energy to the valleyG in the con-
duction band. According to the compatibility relations~Table
I!, the superlattice statesX3 and X1 originate from the
sphaleriteL1 state, theM5 ~doubly degenerate! andG3 ~sec-

AlAs GaAs

G1
n 211.69 212.13

G1
c 3.03 1.52

G15
c 4.21 4.01

X1
n 29.51 210.01

X3
n 25.79 26.25

X5
n 22.29 22.34

X1
c 2.24 2.00

X3
c 3.04 2.31

L1
n 210.15 210.66

L1
n 25.53 25.96

L3
n 20.94 20.97

L1
c 2.87 1.80

TABLE IV. Band energies in a~AlAs!1~GaAs!3 superlattice near the band
gap relative to the ceiling of the valence bandG5

n ~eV!.

G3
n 20.013 M 5

n 22.33 U2
n 20.67

G1
c 1.79 M2

n 22.27 U1
n 20.62

G3
c 2.05 M5

c 2.05 U1
n 20.55

G1
c 2.49 M4

c 2.38 U2
n 20.49

G3
c 2.64 M1

c 2.58 U1
c 2.31

X2
n 20.98 Z5

n 20.64 U1
c 2.52

X3
n 20.94 Z5

n 20.47
X2

n 20.90 Z3
c 2.14

X4
n 20.90 Z1

c 2.15
X3
c 1.86

X1
c 2.20
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ond conduction band! states originate from theX3 levels, and
the Z3 andZ1 states orginate from levels on theD line in
GaAs and AlAs.

Thus, this superlattice is of interest for observing phe
nomena related to the intervalley structure of its electron
spectrum.

Let us now discuss the computational results for defe
tive crystals. Figure 2, for example, shows the Fourier tran
forms ~assumed to have the opposite sign and cut off fo
q.3.53 atomic units, in accordance with Ref. 11! of the
form factors of the original and screened~with the param-
eters for GaAs, and according to the method describ

FIG. 1. Band structure of the~AlAs!1~GaAs!3 superlattice.

FIG. 2. The potential of a Ga vacancy in GaAs: the dotted curve is th
original atomic pseudopotential of Ga from Ref. 11~with opposite sign!, the
smooth curve is the same potential but screened as described in the text,
the dot–dashed curve is the spherically averaged self-consistent poten
from Ref. 16.
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above! atomic pseudopotential of Ga, together with t
spherically averaged potential of Ga vacancies in Ga
found16 by a self-consistent calculation. The anisotropy
the defect potential16 is relatively small (;10 %!. It is clear
that the vacancy potentials are in rather good agreement
one another. Note especially their almost identic
asymptotic behavior atr.2 atomic units, where the ionic
pseudopotential transforms to a Coulomb potential and
sentially no longer has the indeterminacy that is intrinsic to
in the central cell region. This ‘‘tail’’ on the vacancy poten
tial has a strong effect on the position of the deep levelt2.
The coincidence of the two potentials is evidence of line
screening of the atomic potential in this region. The exist
slight difference in the defect potentials in the neighborho
of the central cell may be related either to the difference
the choice of the form of the pseudopotentials in Refs.
and 16 or to nonlinear screening effects.3 Previous
calculations17 of the deep vacancy levels have been do
without screening of the atomic pseudopotentials and this
to excessively high values for the energies of these leve

The 43434 augmented unit cell that we have used
duces the dispersion of the impurity bandT2 by roughly a
factor of 2 compared to the dispersion obtained in
calculation18 with a 33333 cell. Here the energy of the
intermediate level of the impurity band calculated as in R
18 from the two pointsG andX of the small Brillouin zone
differs from the energy of the level at the pointG in our case
by less than 0.1 eV. Thus, the results given below are just
the pointG (q50).

We have examined the convergence of the energy of
deep levels as a function of the number of symmetrized fu
tions employed. This dependence is shown in Fig. 3 for
example of thet2 level for arsenic vacancies in AlAs. Her
the 300 symmetrized functions correspond to roughly the
lower states of the band structure of ideal AlAs. Evident
an acceptable accuracy~about 0.1 eV! is reached by the time
15 bands from the initial problem have been included. F
the shallower levels~in energy! of the cation vacancies, thi
accuracy is obtained with slightly fewer bands (;10). It is
clear that when too few bands are included, as is often
case in the strong coupling method, the correct location
the local levels can be obtained only by distorting the pot
tial of the defect~in this case by attenuating it!.

e

and
tial

FIG. 3. The dependence of the energy of the deep levelt2 created by an As
vacancy in AlAs on the numberN of symmetrized Bloch wave functions fo
an ideal crystal that are included.
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TABLE V. t2 vacancy levels in the band gap of AlAs and GaAs relative to
the ceiling of the valence band~eV!. The results of a calculation including
Table V shows the energies of the deept2 levels lying in
the band gap of GaAs and AlAs calculated using 30 ban
The energies of these levels obtained using the 15 low
bands of the initial problem are given in parentheses to c

15 ideal crystal bands are given in parentheses.

Theory

AlAs GaAs

VAl VAs VGa VAs

Our
calculation

0.28~0.30! 1.09~1.15! 0.11~0.12! 0.93~1.00!

@6# 0.81 1.58 0.44 1.21
@16# 0.06 1.08
@20# 0.19 1.71 0.01 1.47
@21# 0.02 1.47
@22# 0.55 1.33
@17# 0.15 1.75
@23# 0.168 1.295
Experiment 0.042@Ref. 25# 1.38 @Ref. 24#
s.
st
r-

taken relative to the energy of the top of the valence band
the ideal crystals. The statesa1 closest to it lie in the valence
band and are resonance states. Thet2 levels of Ga and Al
vacancies are half filled, while only one electron is found
the t2 level of an As vacancy. Thus, these states are unst
with respect to the Jahn–Teller effect.3 However,19 the
Jahn–Teller splitting energy in GaAs is small (,0.03 eV!.
In Table V data are given for comparison from other calc
lations using other methods. The discrepancies between t
are as much as 0.5 eV, which reflects the substantial de
dence of the deep levels on the way the defect potentia
parametrized. For AlAs the earlier calculations were carr
out only by the strong coupling method.6,20 For GaAs our
results are closest to a self-consistent pseudopote
calculation16 using the Green’s function method. This is r
lated to the correlation between the vacancy potentials no
previously. In order to interpret the experimental data24,25 it
is necessary to know the dependence of the deep level on
charge state. Further studies are needed to eliminate th
f

te
FIG. 4. Contours of the charge density o
states oft2 deep levels in:~a! AlAs created
by VAl ~left! in the ~110! plane andVAs

~right! in the (11̄0) plane in units ofe/V0

(V0 is the unit cell volume!; ~b! GaAs cre-
ated byVGa ~left! andVAs ~right! in the same
units and planes. The zigzag lines indica
the directions of the bonds.
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TABLE VI. Vacancy levels in the forbidden band gap of the
~AlAs!1~GaAs!3 superlattice relative to the ceiling of the valence band~eV!.
sulting ambiguities in the explanation of the observ
spectra.19

Figure 4 shows contour plots of the charge density d
tributed around Ga, Al, and As vacancies in GaAs and A
for local t2 states in the~110! plane for cations and in the
1–10 plane for arsenic within the confines of the perio
units of the augmented unit cell in these cross sections.
clear that the size of the 43434 augmented unit cell are
already sufficient to eliminate any significant overlap of t
defect states from neighboring large unit cells. The wa

VAl VGa
an VGa

ed VAs
an VAs

ed

0.18 ~G3! 0.14 ~ G5) 0.14 ~G4) 1.03 ~G4) 1.03 ~G3!
0.15 ~G5! 0.12 ~ G3) 0.12 ~G1) 0.99 ~G1) 1.00 ~G4!

0.12 ~G3) 0.99 ~G3) 0.96 ~G4!
-
s

c
is

FIG. 5. Level scheme of vacancy levels in GaAs, AlAs, a
~AlAs!1~GaAs!3 superlattice including the real band gaps.
f
FIG. 6. Contours of the charge density o
superlattice deep level states in the~110!
plane created by Ga(an) ~a, b! and Al ~c, d!
vacancies:~a, c! for theG3 representation in
units ofe/V0 and~b, d! for theG5 represen-
tation in units ofe/(2V0).
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FIG. 7. Contours of the charge density~in units of e/V0) of superlattice deep level states created by Ga(ed) vacancies for the representations~a! G1

(110), ~b! G2 (11̄0), ~c! G4 (110). The orientations of the planes are indicated in parentheses.
functions of the deep levels are mainly localized in the dan-
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gling bonds of the vacancies with atoms of the nearest
roundings; the deeper~in energy! statesVAs andVAl in the
wide band AlAs are localized somewhat more strongly th
VAs and VGa in GaAs. A greater ‘‘spreading out’’ of the
defect wave function is also observed in the direction of
bonds. For GaAs our charge density profiles are in go
agreement with an earlier study.16 An analysis of the coeffi-
cientsBnki

a, j in the expansion~3! shows that the vacancy wav

functions are mainly constructed from states of the up
valence band with the largest contribution from the cen
G valley. However, even for the shallowest of theset2 levels,
which is created by a gallium vacancy in GaAs and
which the weight of theG15

n state in the expansion~3! is as
high as 0.8, the conduction bands play an important role
determining the location of this level, so that ignoring th
contribution will lead to a significant excess in its ener
(;0.3 eV!. This is caused by the large amplitude (;40 eV!
of the perturbing vacancy potential~Fig. 2!.

Calculations of the deep levels in the~AlAs!1~GaAs!3
superlattice as a function of the location of the defect
shown in Table VI. It is clear that the differences in th
pseudopotentials of Al and Ga, as well as in the geome
positions of the Ga and As vacancies, show up in the e
gies of the corresponding levels only within a range of 0
eV. However, the resulting behavior differs qualitative
from that of the binary compounds and is, therefore, of
terest. The triply degeneratet2 levels in AlAs and GaAs
were split in the superlattice and shifted by amounts con
tent with the change in the band gap. Complete splitting
the levels occurs for defects withC2n point symmetry, al-
though the energy of the Ga(ed) and As(an) levels with
G1 and G3 symmetry differ by less than 0.01 eV. For a
arsenic vacancy located immediately at the heterojunct
As(ed), the amounts of splitting are greatest and the low
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Ref. 19, it is entirely probable that for such a defect the
may be no distortion due to the Jahn–Teller effect.
Ga(an) and Al vacancies the splitting of thet2 level into
singleG3 and doubleG5 levels due to the tetragonal compo
nent of the potential is of different sign and magnitude.
the same time, for an Al vacancy the deepG3 level is higher
than theG5 level, while for a Ga vacancy theG3 level is
somewhat lower than theG5 level. This change in the order
ing of the levels is explained by the difference in sign~and
magnitude! of the tetragonal perturbation that splits thet2
level. In fact, at an Al vacancy the nearest Ga atoms
second neighbors, while at a Ga vacancy the nearest A
oms are fourth neighbors. In addition, at them there is
change in the order of the As atoms from the first and th
coordination spheres, which have somewhat differ
pseudopotentials.

Figure 5 shows a sketch of the deep levels~on an abso-
lute energy scale! in the band gaps of these crystals calc
lated using the same number of basis functions. Here
edge of the conduction band corresponds to theG1

c state. The
distributions of the charge density of states of the deep le
are shown in Figs. 6–8. As in the case of vacancies in
binary compounds, the wave functions are mostly localiz
at the dangling bonds with nearest atoms. It should be no
that when a Ga vacancy is moved from an intermediate la
to an outer one, the lower level corresponds to states lo
ized at bonds directed toward the heterojunction@in the
(11̄0) plane#, while the upper level corresponds to states
bonds oriented away from the heterojunction@in the (110
plane#. These states have different symmetriesG3 or G4.
Thus, depending on which of the outer layers a vacancy l
the upper level will haveG3 or G4 symmetry. An optical
transition from this local level out of theG3 or G4 states and
into the band stateG1

c is allowed for different polarizations o
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FIG. 8. Contours of the charge density~in units of e/V0) of superlattice deep level states created by an As(ed) vacancy for the representations~a! G1

(110),~b! G3 (11̄0), ~c! G4 (110). The contours are essentially the same for an As(an) vacancy and in order to obtain the corresponding figures for the s
representations in the same planes it is sufficient to replace the Ga atoms in the first~lower! and third chains with Al atoms~a, c! and, vice versa, Al atoms
by Ga atoms in the same order of chains~b!.
light incident normally on the plane of the superlattice. Thus,
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by observing the polarization dependence of the absorp
on these transitions it is possible to determine the predo
nant geometrical distribution of the Ga vacancies. A differ
behavior is observed for theG3 and G4 vacancies of As
(ed). Here the lower energy level corresponds to a state
is localized on bonds directed toward Ga atoms and
higher level, to a state localized on bonds directed toward
atoms. At the same time, there was essentially no differe
between the charge densities due to the anisotropy of
crystal potential for theG3 states of Ga(an) vacancies and
theG1 states of Ga(ed) vacancies associated with the com
patibility relations~Table II!. This also happens for all state
with the same symmetry in the case of the two As vacanc
In the latter case, however, the higher states (G3 or G4) are
localized in planes containing Al atoms, which have pseu
potentials with a stronger repulsive core than do the
atoms.

4. CONCLUSIONS

In this paper we have shown that when symmetry
taken into account in the augmented unit cell method, ra
large cells, which make it possible to describe localiz
states in defective crystals with acceptable accuracy, ca
used. For the 43434 augmented unit cell employed by u
this accuracy is about 0.1 eV. Including relaxation of t
electron density around a vacancy in terms of the lin
theory of dielectric screening with a suitable choice of t
seed potential yields a defect potential which is close to
self-consistent potential in the most important region. As
the binary components, in the~AlAs!1~GaAs!3 superlattice
considered here the energies of the deep vacancy level
pend on the band structure of the ideal crystal and on
defect potential, and their wave functions are localized
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the superlattice there is a dependence on the geometric
tion of the defect~its local symmetry!, which shows up as a
splitting ~partial or complete! of the degenerate states and
different orientations in their charge densities. This should
observed in the form of a polarization dependence of
absorption at transitions involving deep levels and can
used to analyze the geometric distribution of the vacanc
The small splitting of the deep levels indicates that pertur
tion theory can be used to account for the tetragonal com
nent of the crystal potential. This may be used to deve
simplified models of defects in other superlattices.

Further refinements in the calculations and developm
of this method will require simultaneous inclusion of all th
effects which influence the location of the deep levels~lattice
relaxation and distortion, defect charge state, spin–orbit
teractions, self-consistent determination of the electron d
sity, etc.!.
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Infrared absorption in porous silicon obtained in electrolytes containing ethanol

A. A. Kopylov and A. N. Kholodilov

St. Petersburg State Electronics University, 197376 St. Petersburg, Russia
~Submitted May 24, 1996; accepted for publication September 10, 1996!
Fiz. Tekh. Poluprovodn.31, 556–558~May 1997!

The effect of treatments in hydrofluoric acid and annealing atT5350 °C on the optical
properties of porous silicon in the infrared region of the spectrum has been investigated. An
interpretation is given for the observed absorption bands. The index of refraction and thickness of
the porous layer are estimated. ©1997 American Institute of Physics.@S1063-7826~97!01205-2#

Molecular spectroscopy methods are helpful for studying
1–5
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the properties of porous silicon. The use of these method
is explained by the fact that the conditions of preparation
an electrolyte are conducive to the adsorption of quasim
lecular groups on an extended surface.

We investigated porous-silicon layers obtained in
electrolyte consisting of equal parts of a 48% HF solut
and 96% C2H5OH on p-type @111# silicon substrates with
current density 7.5 mA/cm2 and an etch time of 30 min. Th
layers exhibited efficient photoluminescence in the visi
region of the spectrum. The experimental samples w
treated in a 40% HF solution for 15–20 min. After ea
treatment, the samples were washed in distilled water
dried in air for one day. The operations listed above w
conducted at room temperature. Annealing was performe
a temperature of 350–400 °C in air for 3 h.

The IR transmission spectra were measured at room t
perature with a LAFS-02 Fourier spectrometer in the ran
450–4000 cm21 and a LAFS-1000 Fourier spectrometer
the range 100–650 cm21. The spectral resolution was equ
to 4 cm21. The chambers of the apparatus were evacuate
a pressure of 1 Torr in order to decrease the effect of at
spheric absorption.

Examples of the spectra obtained are shown in Figs
and 2. Curve1 shows the transmission spectrum of the init
sample. Together with the lines observed previously by ot
investigators, in our case additional lines are present in
spectrum primarily in the regions 1200–1500 and 280
3000 cm21. Data on the positions of the lines and their i
terpretation are presented in Table I. Analysis of the lin
which were not observed in previous studies shows that m
of these lines belong to molecular complexes contain
carbon.

Repeated measurements performed after the sam
were stored in air for 6 months~curve2! showed an appre
ciable change in the large-scale structure of the spect
while the intensity of most absorption lines associated w
quasimolecular complexes remained constant. One pos
explanation of this behavior could be a change in the pr
erties of the porous layer as a result of natural oxidation
the oxygen in air.11 The form of the spectra in the regio
150–650 cm21 remained practically the same at all stages
the treatments.

After treatment in HF~curve3!, besides changes in th
large-scale structure of the spectrum, a substantial decr
in the absorption on complexes containing carbon is
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tially restored the shape of the spectrum observed prio
treatment in HF~curve2!. Further treatments of porous sil
con did not produce any large changes in the transmis
spectra. The annealing of the sample performed next resu
in almost complete vanishing of the absorption lines ass
ated with carbon-containing molecular complexes~curve5!
and in a strong weakening of the photoluminescence.

The observed large-scale structure of the spectra sh
in Fig. 1, is due to interference in a layer on the surface
the experimental structure substrate–porous silicon. Thi
especially clearly seen for curve5. To obtain a quantitative
estimate of the parameters of this layer we used a model
uniform nonabsorbing layer on a high-resistivity silicon su
strate. In this case the amplitude reflection coefficient of
surface of the sample on the side of the layer is

FIG. 1. Optical transmission spectra of porous-silicon samples.1— Initial
sample,2 — 6months storage in air,3— first treatment in HF,4— second
treatment in HF,5— after annealing. The spectra2—5are shifted along the
vertical axis.
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TABLE II. Results of an analysis of the parameters of the porous-silicon
layer.
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r l1r lsexp~ i4pnlhs!

11r l r lsexp~ i4pnlhs!
, ~1!

where

r l5~12nl !/~11nl !, r ls5~nl2ns!/~nl1ns!,

nl is the index of refraction of the layer, andns is the index
of refraction of the substrate~for siliconn53.42). The trans-
mission of the structure was calculated according to the
mula

T5
~12R!~12Rs!

12RRs
, ~2!

where

R5r * r , Rs5r s* r s , r s5~ns21!/~ns11!.

FIG. 2. Optical transmission spectrum of a porous-silicon sample in
region 150–650 cm21. The spectrum corresponds to the initial sample.

TABLE I. Spectral position and interpretation of absorption lines associa
with adsorbed molecular complexes.

Position of absorption
lines, cm21 Interpretation References

450 d~Si—O—Si! 6
664 d~Si—H2!, d~Si—H! 1
744 nas(Si—C! 7
800 ns~Si—O—Si! 6
882 Si—H, Si—OH, Si—O 3,6
908 Si—H2, scissors mode 1,3
940 Si—OH 6
1070 nas~Si—O—Si! 1,6
1288 ds~Si—CH3!, ds@Si—~CH3!2# 8,9
1385 ds~C—CH3! 8,9
1460 das(C—CH3! 8,9
1578 Probablyd~H—OH! 10
1705 n~CvO! bound groups 10
1725 n~CvO! free groups 10
2120 Si—H, Si—H2 1,3
2250 Si—H, O3—Si—H 3,6
2850 ns(C—H2!, ns(C—H3! 9
2925 nas(C—H2! 8,9
2959 nas(C—H3! 8,9
3400 H2O, Si—OH 6

Note: n—stretching vibration;d—bending vibration;s—symmetric vibra-
tion; as—antisymmetric vibration.

471 Semiconductors 31 (5), May 1997
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Equation ~2! takes into account the interference inside t
layer and the multiple incoherent reflections in the substr

The results of the analysis of the interference structure
the transmission spectra are summarized in Table II and
amples of the transmission spectra corrected with allowa
for the interference are shown in Fig. 3. The errors in de
mining the thickness and index of refraction of the layer a
;0.1mm and 0.1, respectively. As shown in Table II, the
exist two sets of physically realizable values of the thickn
and the index of refraction of the layer which give equivale
descriptions of the shape of the spectra. A unique solu
can be chosen only by using additional information about
experimental structures.

It is known that efficiently luminescing porous-silico
layers possess comparatively low refractive indices, for
ample,n51.4, according to Ref. 12. Moreover, as follow
from the transmission spectra, the experimental structu
have a high content of silicon oxides whose refractive ind
is n'1.4. Of the two available variants, the lower values

e

d

State of the sample

Set No. 1 Set No. 2

h, mm nl h, mm nl

Initial sample 3.35 2.9 8.45 1.15
6 months in air 3.95 2.65 8.05 1.3
1st treatment in HF 3.3 2.9 8.35 1.15
2nd tretment in HF 3.73 2.8 8.15 1.28
3rd treatment in HF 4.11 2.55 7.87 1.33
Annealing at 350 °C 3.15 2.7 6.6 1.28

FIG. 3. Optical transmission spectra of porous-silicon samples. The sp
are corrected for interference. The spectra were obtained by dividing
initial transmission spectra by the result of the calculation according to
~2! for the values of the parameters presented in Table II. The number
the curves correspond to Fig. 1. The spectra 2 and 3 are shifted alon
vertical axis.
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~Table II!.
We note that in the spectra presented the lines of

carbon-containing complexes are much weaker than the l
of hydrogen-containing complexes~2120 and 2250 cm21).
An estimate of the effective thickness of the layer of carb
containing compounds, according to the absorption b
2850–2960 cm21, gives a value of the order of 1mm. The
changes in the effective thickness of the porous layer a
result of treatment are of the same order of magnitude.
presence of a large quantity of carbon-containing compou
could be due to the electrochemical oxidation of ethanol
the porous-silicon surface, which results in the appearanc
C 5 O groups which interact with hydroxyl groups. This
indicated by the substantial intensity of the 1705 a
1725-cm21 lines and the weak absorption on the 744-cm21

~Si–C! and 1288-cm21 ~Si–CH3) lines.
The data obtained suggest that the morphology of

porous layer changes during the treatments, which can re
in a redistribution of the adsorbed molecules of the produ
of oxidation of ethanol on the modified surface of the poro
layer and therefore it can influence the contribution of m
lecular complexes to the optical absorption. This assump
agrees with the observed character of the changes in th
tensity of the absorption lines, which indicates that the c
472 Semiconductors 31 (5), May 1997
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right up to annealing.
We thank A. V. Andrianov for a helpful discussion o

the questions considered in this paper.
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Inelastic electron scattering in strongly doped Bi 0.88Sb0.12

S. A. Aliev, A. A. Movsum-zade, and S. S. Ragimov

Institute of Physics, Azerba�dzhan Academy of Sciences, 370143 Baku, Azerba�dzhan
~Submitted November 27, 1995; accepted for publication September 10, 1996!
Fiz. Tekh. Poluprovodn.31, 559–562~May 1997!

Experimental investigations of the Maggi–Righi–Leduc, Righi–Leduc, and Nernst–Ettingshausen
thermomagnetic effects have been performed on three samples of the solid solution
Bi0.88Sb0.12, doped with tellurium from 0.01 to 0.2 at.%, in the temperature interval 20–230 K.
The quantityL(T) is calculated from the experimental values ofke and the thermomagnetic
effects. It is found that in the interval 40–220 KLexp is less than its Sommerfeld valueL0.
ComparingL(T) with the existing theory showed that the low value ofL is due to inelastic
electron–electron interaction. ©1997 American Institute of Physics.@S1063-7826~97!01305-7#

It is well known that in narrow-gap semiconductors with 20 000 cm2/~V•s!. In the magnetic fields accessible to us~up
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a degenerate electron gas and low lattice thermal condu
ity, besides elastic scattering, there is also inelastic scatte
of electrons.1–4 To see it, it is necessary to separate expe
mentally the electronic componentke of the thermal conduc-
tivity or to investigate thermomagnetic effects.1,3,5 The Lor-
entz number L in the Wiedemann–Franz relatio
(ke5L•s•T) can be determined from these data, and in
presence of inelastic scattering it turns out to be less than
Sommerfeld value@L05(p2/3)(k/e)2#. This has been done
for pure bismuth.6 The value ofke was separated in th
interval 2–100 K under the action of a strong magnetic fi
and the temperature dependenceL(T) was determined. It
was shown that in pure bismuth the bipolar thermal cond
tivity kbp is also substantial because of the mixed cond
tivity. It was found that the Lorentz number is less thanL0
only for T,30 K. It was assumed that the low value ofL is
due to the inelastic intervalley or electron–electron scat
ing. However, the nature of the scattering in Bi and in s
tems of solid solutions based on Bi has not been sett
especially since additional sources of scattering, both ela
and inelastic, can arise in solid solutions.

In the present paper we analyze the results of an exp
mental study of the electronic thermal conductivity and
Maggi–Righi–Leduc ~MRL! Dk, Righi–Leduc ~RL!
(2S•H), and the Nernst–Ettingshausen~N–E! Ey thermo-
magnetic effects in the solid solutions Bi0.88Sb0.12doped with
tellurium up to 0.2 at. %.

1. EXPERIMENTAL RESULTS

The investigations were performed parallel and perp
dicular to theC3 axis on three Bi0.88Sb0.12 samples doped
with tellurium in amounts of 0.01, 0.1, and 0.2 at. %. Tell
rium dissolves in the system Bi–Sb, creating shallow do
levels with density from 531018 up to 531019 cm23. To
analyze the main results, measurements of the electric
ductivity s, the Hall coefficientR, and the thermo emfa,
and the thermo emfa` in a strong magnetic field were als
required. These data showed that up to room temperature
conductivity in the experimental samples is determined
the degeneracy of the electron gasm*>5. The electron mo-
bility for a sample withn5531018 cm23 at 100 K reaches
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to 2.2 T! such a high mobility made it possible to achie
almost limiting values of the longitudinal thermomagne
coefficients. Figure 1 is a plot ofDk as a function ofuH/c
(u is the electron mobility, andc is the speed of light!, in
which ¹H and the magnetic fieldH are directed along the
length of the samples and along theC3 axis. Since the bipo-
lar thermal conductivity is negligible in samples with su
high electron density, the maximum valueDk` can be taken
as the purely electronic valueke (Dk`5k02kH→`). In
samples withn5231019 cm23 and n5531019 cm23 the
mobilities reach much lower values, and for this reas
Dk(H) did not saturate. For these samples the limiting va
Dk` was determined by the well-tested method of graphi
and analytic extrapolation.1,2 The temperatureL(T) was cal-
culated from the data onke . It was found that in the interva
40–220 K Lexp is less than its Sommerfeld valueL0 ~for
elastic scattering!, and atT<40 K Lexp→L0 ~Fig. 2!.

The dependences of the transverse thermomagnetic
fects NE (Ey) and RL (2S•H) on the magnetic field inten
sity uH/c are shown in Figs. 3 and 4. We see thatEy and
2SH pass through a maximum not for (uH/c)51, as
should be the case in the presence of elastic scattering
rather at (uH/c).1.421.5.

FIG. 1. Dk versusuH/c for a sample of the alloy Bi0.88Sb0.129with electron
densityn5531018 cm23. Dots — experiment. Curves — calculation ac
cording to Eq.~1! taking into account elastic~dashed lines! and inelastic
~solid lines! electron scattering.T, K: 1, 18 — 93; 2, 28 — 205.

47373-03$10.00 © 1997 American Institute of Physics



These investigations were also repeated in the case
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DTiC3 andH parallel to the layers. It was found that th
longitudinal and transverse thermomagnetic effects are
stantially weaker whenH is parallel to the layers~the anisot-
ropy factor reaches 1.6!.

2. ANALYSIS OF THE RESULTS

Undoubtedly, the presence of some inelasticity, irresp
tive of its nature, in the scattering of charge carriers sho
also affect other transport phenomena. Several theore
studies4,7,8 have been examining this question. The mobili
thermoemf, and the NE effect are analyzed in Ref. 7 . In
solving the transport equation, two relaxation times are
troduced:tel for isothermal effects andtee for effects due to
the temperature gradient. Specifically, it was shown that
degree of inelasticity can be defined as

r a /rm5L/L05t/tel ,

wherer a andrm are the parameters of the scattering mec
nisms, determined from the thermo-emf and mobility data
is noted that the inelastic electron-electron interaction in
ences only the effects caused by the presence of a tem
ture gradient. The effect of inelasticity on other transp
phenomena is studied in Ref. 5 .

Specifically, it was found that

Dk5Dk`

~uH/c!2~L/L0!
2

11~uH/c!2~L/L0!
2 , ~1!

2SH5
~uH/c!~L/L0!

11@k r /~L0•s•T!#@11~uH/c!2~L/L0!
2#@L0 /L#

,

~2!

Ey5
Da`~uH/c!~L/L0!

~k/e!@11~uH/c!2~L/L0!
2#
, ~3!

whereEy5
k

e
H•Q' , Q' is the Nerust–Ettinghausen effec

andk r is the lattice thermal conductivity.
As one can see from Eqs.~1!–~3!, the degree of inelas

ticity (L/L0) can be determined from data on the indicat
coefficients in arbitrary magnetic fields, from the value

FIG. 2. Temperature dependence ofL/L0 for samples with different electron
densities, cm23: 1— 231019, 2— 531018, 3— 531019.
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uH/c corresponding to the maximum of the transverse
fects Ey and 2SH, and with the aid of definite relation
between these effects

Da/H•Q'5L/L0 , Q' /R•s•Da`5L/L0 .

The experimental data are compared in Figs. 1, 3, an
with the curves computed according to Eqs.~1!–~3! for dif-
ferent values ofL/L0. It is found that there is good agree
ment for (L/L0),1. The values obtained forL/L0 are pre-
sented in Table I together with other data.

It follows from the computed data onDk(H) ~Fig. 1!
that in the case of elastic interactions between charge car
or interactions with optical phononsDk(H) saturates at
much lower valuesuH/c5526 than in the case of inelasti
interactions~8–9!, i.e. inelasticity seemingly decreases t
effect of the Lorentz force, produced by the same value
H, on an electron.

As one can see from Fig. 3, the curvesEy pass through a
maximum for (uH/c)51 in the case of inelastic scatterin
and (uH/c).1 in the case of inelastic scattering.

It is interesting that the curves of the field dependen
of the transverse NE effect, which were calculated for ela
and inelastic scattering, cross after the maximum. The cr
ing after the maximum is due to the fact that in the case of
inelastic scattering the effective value of (uH/c)(L/L0) de-
creases less withH than in the case of elastic scattering. T

FIG. 3. Ey versusuH/c for a sample of the alloy Bi0.88Sb0.12 with electron
densityn5531018 cm23. Dots — experiment. Curves — calculation ac
cording to Eq.~2! taking into account elastic~dashed lines! and inelastic
~solid lines! electron scattering.T, K: 1, 18 — 205;2, 28 — 105.

FIG. 4. 2SH versusuH/c for a sample of the alloy Bi0.88Sb0.12 with elec-
tron densityn5531018 cm23. Dots — experiment. Curves — calculatio
according to Eq.~3! taking into account elastic~dashed lines! and inelastic
~solid lines! electron scattering.T, K: 1, 18 — 205;2, 28 — 93.
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TABLE I. Values obtained for the fraction (L/L0) of inelasticity in electron scattering in Bi0.88Sb0.12 from data on different thermomagnetic effects.
Sample No. T, K n, 1018 cm23 U, cm2/~V•s!

L/L0

Dk` Dk 2S•H Ey Da

H•Q'

Q'

R•s•Da`

93 0.81 0.80 0.76 0.75 0.72 0.75
1 120 5 20000 0.78 0.76 0.72 0.70 0.65 0.71

205 0.75 0.71 0.60 0.65 0.62 0.60

35 1.01 1 – – – –
70 0.88 0.85 – – – –

2 102 20 8000 0.72 0.76 0.70 0.70 0.68 0.065
130 0.69 0.70 0.68 0.65 0.61 0.61
205 0.66 0.65 0.60 0.60 0.60 0.55

97 0.77 0.75 0.71 0.70 0.70 0.65
3 115 50 3800 0.71 0.70 0.68 0.70 0.70 0.65

200 0.62 0.60 0.60 0.65 0.65 0.65
2SH maximum is reached for (uH/c).1 even in the case
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lidi
of elastic scattering. However, in the case of inelastic s
tering the2SH maximum shifts in the direction of eve
larger values ofuH/c. The displacement of the2SHmaxi-
mum in the direction of high fields is determined by t
value of the factork r /(L0•s•T) in Eq. ~2! and the magni-
tude of its displacement to the right in the case of inela
scattering is determined by the degree of inelasticityL/L0.

The nature of the inelastic mechanism of the interacti
is described more completely in Ref. 8 . According to this
theory, if for strong electron degeneracy (m*@kT) the en-
ergy of the longitudinal optical phonons (m05\v0) is much
less than the electron energym but is of the order ofkT
(m@\v0 , m0;kT), then the Lorentz number, in genera
has the form

L

L0
5F11

Wll

W0
1

u

u0p S L0L 21D
0p

G21

. ~4!

In Eq. ~4! the term (u/u0p)((L0/L)21)0p takes into ac-
count the inelasticity caused by the polar scattering of e
trons by optical phonons and the termWll /W0 takes into
account the electron–electron interaction.9,10

The computational results are compared in Fig. 2 w
the experimental data.

The calculations make it possible to conclude that
inelasticity of charge-carrier scattering in the solid soluti
Bi0.88Sb0.12 under the conditions of strong degeneracy is d
mainly to the electron–electron interaction. The fraction
the inelasticity which is due to polar scattering by optic
phonons does not exceed 5–7%.

As noted above, in pure Bi in the temperature inter
80–100 K electron scattering is elastic, and scattering ine
ticity appears only atT,30 K.6 It can be assumed that th
475 Semiconductors 31 (5), May 1997
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tures is due to the simultaneous participation of electrons
holes in the heat flux and the low electron density. This f
is in accord with the results of Refs. 1–3 on the fact that
narrow-gap semiconductors with a degenerate electron g
moderate temperatures, when scattering by phonons oc
an electron–electron collision contains some measure o
elasticity. The absence of inelastic scattering in the allo
Bi0.88Sb0.12 at low temperatures is also due to the high ele
tron density. As is well known, at low temperatures a hi
electron density gives rise to elastic scattering by ioniz
impurities. Evidently, even in the case of Bi0.88Sb0.12 at high
values of n this mechanism prevails over the intervalle
mechanism.
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Photoelectric effect in GaAs-based surface-barrier structures: Temperature dependence

of the short-wavelength quantum efficiency

Yu. A. Gol’dberg, O. V. Konstantinov, O. I. Obolenski , E. A. Posse, and B. V. Tsarenkov

A. F. Ioffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
~Submitted July 11, 1996; accepted for publication September 10, 1996!
Fiz. Tekh. Poluprovodn.31, 563–566~May 1997!

The temperature dependences of the short-wavelength photoelectroconversion quantum efficiency
of GaAs-based surface-barrier structures were studied in the temperature range 78–300 K
and photon energy range 1.8–4.7 eV. It was shown experimentally that the quantum efficiencyg
increases with temperatureT. The dependence ofg on T saturates at high temperatures. A
model based on the idea of fluctuation traps in the space-charge layer of the structure is used to
explain the temperature increase of the photoelectroconversion quantum efficiency of GaAs-
based surface-barrier structures. This model, which agrees quite well with experiment, makes it
possible to distinguish the dependence of the quantum efficiency on the temperature and
on the photon energy, i.e., to separate explicitly the temperature dependence of the quantum
efficiency. © 1997 American Institute of Physics.@S1063-7826~97!01405-1#
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This work continues our investigations of the sho
wavelength photoelectric effect in III–V semiconductor1

i.e., the photoelectric produced by photons with energy m
greater than the band gap in the semiconductor.

The temperature dependence of photoelectroconver
in GaP-based surface-barrier structures in the region of d
optical transitions was studied in Ref. 1 . It wasshown that
the short-wavelength quantum efficiency of the structures
creases with temperature, and it was concluded that this
crease is due to the temperature increase of the internal q
tum yield of the photoelectric in GaP and not a temperat
change in the losses of nonequilibrium charge carriers.

In this paper we report the results of an experimen
study of the temperature dependence of the short-wavele
photoelectroconversion in GaAs-based surface-barrier st
tures which are used as visible-radiation detectors. The
vestigations of the short-wavelength quantum efficiency
GaAs-based surface-barrier structures, which are know
us, involve only experiments performed at room temperat
~see, for example, Refs. 2–4!.

2. OBJECT OF INVESTIGATION

The objects of investigation were Ni–n-GaAs surface-
barrier structures. A structure consisted of a strongly do
GaAs substrate~electron densityn.1017 cm23 and 300 K!
coated with a 10-mm-thick, weakly doped, epitaxial layer o
GaAs (n5131015 cm23) with a half-transmitting barrier
contact~Ni layer! on one side and containing an ohmic co
tact ~In! on the opposite side. The substrate was orien
along the~100! crystallographic plane. The ohmic conta
was produced by alloying In into the substrate, and the b
rier contact was produced by chemical deposition of Ni
the epitaxial layer.5 The structure was;0.02 cm thick and
the illuminated surface area was equal to 631022 cm2.
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The subject of the investigation was the temperature
pendence of the short-wavelength quantum efficiency
GaAs-based surface-barrier structures in the tempera
range 78–300 K and photon energy rangehn51.824.7 eV.
The effective light absorption lengthLn[an

21 ~wherean is
the absorption coefficient! in this spectral interval varies
from 4000 Å athn51.8 eV up to 60 Å athn54.7 eV. This
length is much less than the width of the space-charge la
of the structure (W05104 Å!.

The quantum efficiencyg was determined with respec
to the incident light and calculated according to the stand
formulag5Ihn/P, whereI is the photocurrent~in A!, P is
the incident light flux~in W), andhn is the photon energy
~in eV!.

4. EXPERIMENTAL RESULTS

The results of the study of the temperature dependen
of the short-wavelength quantum efficiency of photoelect
conversion in surface-barrier structures are as follows~Fig.
1!: The quantum efficiency increases with temperature
the temperature dependence of the quantum efficiency s
rates at high temperatures.

The effect under study was already reported by us i
study of the temperature dependence of the photoelectro
version in GaP-based surface structures.1 Comparing the
temperature dependences of the quantum efficiency of Ga
based surface-barrier structures obtained in the present w
and GaP-based structures obtained in Ref. 1 shows tha
dependenceg5g(T) for GaAs structures is much stronge
than for GaP structures. For example, athn53.98 eV an
increase in the temperature by a factor of 3~from 100 to 300
K! increasesg for GaAs structures by a factor of 6, while fo
GaP structuresg increases only by a factor of 1.4. The re
son for this difference is still unclear — the chemical com
position of the semiconductor or the doping level of t
semiconductor, since the GaP-based structure had a do

47676-04$10.00 © 1997 American Institute of Physics
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level of the order of;1017 cm23 and the doping level of the
GaAs-based structure was equal to;1015 cm23.

In our work Ref. 1 an excitonic model of the photoelec
tric was used to explain the temperature dependen
g5g(T) in GaP-based structures. However, the exciton
model of the photoelectric cannot be used for GaAs-bas
surface-barrier structures, since the exciton binding energy
GaAs is four times smaller than in GaP.

We therefore propose a different model to explain th
temperature variation of photoelectroconversion in semico
ductor surface-barrier structure.

5. MODEL

To construct a model of the experimentally observed d
pendence of the quantum efficiency on temperature and
cident photon energy, we shall analyze all stages of pho
electroconversion.

We assume that radiation is not absorbed in the me
~Ni! and that all photons which have not been reflected fro
the surface enter the semiconductor. Indeed, absorpt
losses in the given wavelength range with Ni layer thickne
<100 Å do not exceed 10% and cannot greatly affect t
observed characteristics.

We also assume that all photons which have entered
semiconductor are absorbed and that one electron-hole
is produced in each case.

Photons with energyhn>1.8 eV generate photocarriers
in the space-charge layer, and to some extent they are s
jected to the action of a barrier electric field. The barrier fie
separates some of these photoelectrons and photoholes.

If the energy of a photocarrier is sufficient for the carrie
to overcome the potential barrier, then there is some pro
ability that the photoelectron will escape into the metal an
~or! a photohole will escape into the volume of the semico
ductor; i.e., these photocarriers will be excluded from th
photoelectroconversion process. Therefore, the higher
photon energy, i.e., the higher the kinetic energy of the ph
tocarrier produced, the lower is the photoelectroconversi

FIG. 1. Short-wavelength quantum efficiency of photoelectroconversi
versus temperature for different photon energieshn, eV: 1— 1.8,2— 4.11,
3— 4.18, and4— 4.68.
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quantum efficiency. If there is sufficient time for the pro-
duced photocarriers to be thermalized, then their future fat
will be determined by the barrier field.

It is ordinarily assumed that if the surface recombination
and thermionic emission of photoelectrons into the metal i
neglected, then the barrier field separates all thermalize
photoelectrons and photoholes. In this case the quantum e
ficiency of photoelectroconversion should not depend on th
temperature.

As follows from the experiment, however, the quantum
efficiency of photoelectroconversion in a surface-barrie
structure does depend, and quite strongly, on the temper
ture.

We assume that the losses of hot photocarriers do no
depend on temperature. We need than only to study the po
sibility of recombination losses of thermalized~cooled! car-
riers in the space-charge layer and the relation of these loss
to the temperature.

Recombination of thermalized free electrons to free
holes in the space-charge layer is unlikely. In order for re
combination to occur, the electron and hole must be spatiall
localized, i.e., traps for carriers must exist, and a trap mus
simultaneously localize an electron and a hole in a sma
region of space. It was natural to assume at first that the trap
are allowed states in the band gap~impurity centers and de-
fects!. However, the results of a theory constructed for traps
of this type do not agree with experiment. This is due to thei
high activation energy. For this region, we propose a differ
ent model: Potential wells and~or! humps formed by fluc-
tuations of the conduction-band bottom and the valence-ban
top can serve as traps.

In the absence of an electric field, fluctuations of the
conduction-band bottom and the valence-band top lead t
localization of carriers of only one type: In Fig. 2a an elec-
tron is localized and in Fig. 2 a hole is localized. However,
an electric field converts this fluctuation into a trap for an

n

FIG. 2. Fluctuations of the conduction-band bottom (c) and valence-band
top (v) in the absence~A, b! and presence~a8, b8! of an electric field.
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electron and a hole simultaneously~see Figs. 2a8 and 2b8!.
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An electron–hole pair trapped by such a capture center
combines after some time as a result of the tunneling eff

A change in temperature results in a change in the d
sity of free thermalized photocarriers because some car
are trapped by fluctuation capture centers, i.e., the quan
efficiency of photoelectroconversion changes.

As the temperature increases, the density of free th
malized photocarriers will increase as a result of therm
dissociation of electron-hole pairs trapped by the capt
centers and therefore the higher the temperature, the high
the quantum efficiency of photoelectroconversion; this
curs until the traps are completely emptied.

We shall describe everything that has been said abov
an expression for the quantum efficiency of photoelectroc
version.

Before a photon incident on the structure contributes
the photocurrent, there occur several events, each of whic
characterized by a corresponding probability. Since th
events all occur gradually, the resulting quantum efficien
equals the product of the probabilities of all events.

The probability that a photon enters a semiconduc
equals 12R, whereR is the reflection coefficient; we as
sume that the probabilityb of the production of an electron
hole pair by the photon~the quantum yield of the interna
photoeffect! equals 1; the probability that the produce
electron-hole pair will stop in the space-charge layer and
thereby be able to participate in the photoelectroconvers
process equals 12dhot, wheredhot is the loss factor for hot
photocarriers; the probability that a thermalized electr
hole pair is separated by the electric field and the photoe
troconversion process is completed equals 12d therm, where
d therm is the coefficient of recombination losses of therma
zed photocarriers.

The quantum efficiency of photoelectroconversio
therefore, is given by

g5~12R!b~12dhot!~12d therm!. ~1!

The loss factordhot of hot photocarriers is determined b
the light absorption depth, i.e., the position of the produc
photocarriers with respect to the boundaries of the spa
charge region, and by their energy. We assume thatdhot does
not depend on temperature.

The loss factord therm for thermalized carriers does no
depend on the photon energy; it depends only on the rati
the densitiesnloc andnf of photocarriers trapped in captur
centers and free photocarriers, respectively:

d therm5
nloc

nf1nloc
. ~2!

Assuming that carriers are freed from traps with increas
temperature according to a simple exponential law, we
tain

12d therm5e2DE/kT, ~3!

whereDE is the activation energy,k is Boltzmann’s con-
stant, andT is the temperature.

Therefore,
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g5~12R!~12dhot!e
2DE/kT. ~4!

6. COMPARISON OF THE MODEL WITH EXPERIMENT

Equation~4! which we have proposed gives a linear r
lation between lng and 1/T. The activation energyDE deter-
mines the slope of this straight line, and the loss factordhot
for hot carriers determines the cutoff at the ordinate~the
reflection coefficient for any energy can be found from t
appropriate — see, for example, Ref. 6!.

The experimental dependences ofg on 1/T turned out to
be linear on a semilogarithmic scale, in accordance with
model, for all photon energies~Fig. 3!, and the activation
energy and loss factor for hot carriers determined from
experimental data are presented in Table I. As expected
loss factor for the hot photocarriers increases with pho
energy, and the activation energy does not depend on
photon energy. The activation energy can be assumed t
20 meV with an error of no more than 25%.

We have thus reduced the experimental results of a st
of the temperature dependence of the quantum efficienc
photoelectroconversion in GaAs-based surface-barrier st
tures to rather simple empirical laws. We proposed a sim
model to explain these laws. To a first approximation, t
model makes it possible to assume that the temperature
pendence of the quantum efficiency of photoelectroconv
sion is determined by recombination losses of thermali
photocarriers in fluctuation traps located in the space-cha

FIG. 3. lng versus 1/T: Comparison of theory with experiment. Photo
energyhn, eV: 1— 1.8,2— 4.11,3— 4.18,4— 4.68.

TABLE I.

hn, eV DE, meV dhot R

1.8 25.4 0.23 0.34
4.11 22.0 0.58 0.44
4.18 20.8 0.70 0.46
4.68 15.9 0.88 0.57
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layer, and that the photon-energy dependence of the quantum
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i-
efficiency of photoelectroconversion is determined by
losses of hot photocarriers which are not separated by
barrier field.
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Contact phenomena in two-dimensional electronic systems

as a
V. B. Shikin and N. I. Shikina

Institute of Solid-State Physics, Russian Academy of Sciences, 142432 Chernogolovka, Russia
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Unusual oscillations of the conductivity of a two-dimensional Corbino disk in a magnetic field,
which were recently observed experimentally, are discussed on the basis of existing ideas
about the specific properties of the contacts of a two-dimensional electronic system with
‘‘external’’ metallic electrodes. ©1997 American Institute of Physics.
@S1063-7826~97!01505-6#

In an interesting experiment1 it was shown that the con- then the oscillations of the total resistance can appear
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ductivity of a low-density two-dimensional electronic sy
tem, which in a magnetic field oriented normal to its surfa
possesses a filling factor less than one, nonetheless un
goes oscillations as a function of the magnetic field. T
amplitude of the oscillations increases as the average de
of the two-dimensional electron gas~2DEG! in the central
part of the Corbino disk, on which the experiments of Ref
were performed, decreases. These two effects cannot b
plained by using the standard ideas about the conductivit
an infinite two-dimensional~2D! electronic system in a mag
netic field. This paper proposes an interpretation of the
fects observed in Ref. 1 that takes into account the con
phenomena which occur in devices containing lo
dimensional conducting systems and ‘‘external’’ metal
electrodes. Such setups also include the Corbino disk
ployed in the investigations performed in Ref. 1.

Contact phenomena~below called the Coulomb proxim
ity effects!, which destroy the spatial uniformity of the ele
tron density in the contact zone of two metals with differe
work functions, have been known for a long time in classi
three-dimensional electrostatics~see, for example, Ref. 2, th
section entitled ‘‘Contact potential difference’’!. The same
phenomena also occur in low-dimensional conducting s
tems, where they are more pronounced. The recent rev3

serves as a good introduction to the physics of tw
dimensional contact phenomena. It makes sense to un
score that virtually all low-dimensional contact phenome
studied in this review presuppose depletion of the lo
dimensional system and the appearance of different deple
layers, Schottky layers, directly in the contact zone in
process. The central problem of the theory is to describe
Schottky layer accurately. The oscillations of interest to
develop under conditions of nonuniform enrichment of t
2D system and depend mainly on the characteristics of
electronic system in the bulk, at a large distance from
contacts. As a rule, this requires taking into account the r
tive position of the contacts. This is the technical novelty
the problem discussed below.

In the absence of Coulomb proximity effects the to
resistance of a Corbino disk from Ref. 1 should not oscill
as a function of the magnetic field~the resistance is deter
mined mainly by the central part of the disk, where the filli
factor is less than 1 and therefore there are no oscillatio!.
If, however, the Coulomb proximity effects are substant
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e
er-
e
ity

ex-
of

f-
ct
-

-

t
l

s-
w
-
er-
a
-
on
e
e
s

e
e
a-
f

l
e

l,

result of the oscillatory behavior of the chemical potential
the metallic edges which have a high~compared with the
central part of the disk! electron density and corresponding
a quasiclassically large filling factor. The effect of such o
cillations on the equilibrium electron density in the cent
part of the disk is transferred from the metallic edges beca
of the Coulomb proximity effect.

1. To investigate the proposed mechanism of the spec
oscillations in the conductivity of the Corbino disk as a fun
tion of the magnetic field, we shall employ a simplifie
model of the structure: metal–2DEG–metal. The model c
tains only qualitatively important details of the contact pro
lem under discussion, so that we do not claim to explain
data of Ref. 1 quantitatively. The problem, nonetheless,
mains essentially the same.

We are talking about a specially prepared, unscreen
degenerate heterostructure which possesses a stepped
density distributionnd(x). The donors are distributed in th
planez52d according to the law

nd~x!5Nd , uxu.w; nd~x!5nd , uxu,w. ~1!

Here 2w is the width of a step in the donor distribution alon
the x axis. This step plays the role of the central part of t
Corbino sample in the one-dimensional approximation.

Regions with high donor densityNd act as metallic con-
tacts.

The quasi-one-dimensionality of the Corbino dis
which makes it possible to interpret the data in Ref. 1 on
basis of our model, arises under the conditions

R22R1!~R21R1!/2, ~2!

whereR2 and R1 are the outside and inside radii of th
two-dimensional region of the Corbino disk. It is obviou
that the main property of the Corbino geometry — the clos
nature of the current lines in the Hall direction — is al
preserved in the quasi-one-dimensional approximation~all
functions of the problem are independent of the coordin
y, which is also the direction of the Hall current!.

In general, the electrons occupy the planez51d, i.e.,
they are separated from the donors by a spacer layer of th
ness 2d. The existence of a spatial separation between e
trons and holes, as is characteristic of real heterostructu
must be taken into account in our model as well. Howev
the discussion below shows that the oscillations of the c

48080-04$10.00 © 1997 American Institute of Physics
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ductivity are insensitive to this separation ifd!w. The struc-
ture under discussion is shown schematically in Fig. 1.

The model~1! is suitable from the formal standpoin
becuase of its simplicity. It contains singularities of the ele
tron density, which are known from Ref. 2, in the conta
zones@see the definition ofdn0(x) given by expression~14!
of Ref. 2# and it can be used to regulate the singularities
the methods described in Ref. 3. The properties of the mo
~1!, as compared with the existing results from Ref. 3, s
gest that the behavior of the perturbed electron densit
large distances from the contact zones is insensitive to t
geometry. Finally, in model~1! it is possible to give a self-
consistent description of a two-dimensional electronic s
tem bounded on two sides. This solves the problem of
integral divergence of the total effective charge near the c
tact zones, as is the case within the one-contact approx
tion, and~which is important for the conductivity problem i
which we are interested! there arises a reasonable definiti
of the perturbed electron density in the central part of
system at large distances from the metallic edges. On
basis we consider the proposed model of a Corbino dis
be acceptable for a qualitative description of oscillato
magneto-Coulomb proximity effects in bounded 2D syste
with metal contacts.

2. The finiteness of the spacer thickness 2d makes it
much more difficult to solve the problem of equilibrium
an electronic system. For this reason, it is desirable to de
mine its role at least under simplified conditions, for e
ample, for a purely electrostatic equilibrium in a nonun
formly doped heterostructure where the equilibriu
condition has the form

w~x,z51d!1wd~x,z51d!5const. ~3!

Herew(x,z) andwd(x,z) are the electric potentials assoc
ated with the electron densityn(x) and donor density
nd(x) distributions along the heterostructure. The elect
densityn(x) can be represented in the form

n~x!5Nd1dn~x!. ~4!

Here the correctiondn(x) must vanish in the limits6`.
Taking into account Eq.~4!, the requirement~3! reduces to
an equation fordn(x):

ewd8~x!1
2e2

k E
2`

1`

dsdn~s!/~x2s!50, ~5!

FIG. 1. Diagram of a heterostructure with modulated donor density.
crosses represent the distribution of the donors occupying the p
z52d; the dashes represent the plane of 2D electronsz51d. The jumps in
the donor density are located at the pointsx56w. The magnetic field is
directed along thez axis. All spatial quantities are independent of the co
dinatey.
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wherek is the permittivity.
The solution of Eqs.~5! and ~6! is

dn~x!5gFpS1arctan
4dw

4d22w21x2G , ~7!

g5~nd2Nd!/p, S5H 0, ~4d22w21x2!.0

1, ~4d22w21x2!,0J . ~7a!

In the regionuxu@w the quantitydn(x) is of the order of

dn~x!;4gdw/x2; ~8!

i.e., the perturbation~8! is integrable.
If, however,x→0 andd/w!1, then

dn~0!>pgS 12
4d

pwD ; ~8a!

i.e., the additional density in the central part of the 2D s
tem is proportional tod/w. It is obvious that the effect of the
finiteness ofd/w on the conductivity of the system can b
disregarded in the regiond/w!1, especially since this chan
nel of nonuniformitydn(x) is insensitive to the magneti
field.

3. Now letd/w→0; i.e., the spacer thickness is zero, a

Nd@nd . ~9!

This means, specifically, that the resistance of the structu
determined mainly by its central part. We now introduce in
the problem a magnetic field oriented perpendicular to
plane of the system. Here the magnetic filling factorna is
quasiclassically large for regions with electron dens
n(x);Nd ; i.e.,na@1, and small (nb,1) for the central part
of the system:

na5p l h
2Nd@1, nb5p l h

2nd,1, l h
25c\/eH, ~10!

whereH is the intensity of the magnetic field. How will th
total resistance of the heterostructure behave as a functio
the magnetic field?

As noted above, when the Coulomb proximity effec
are taken into account, the total resistance of the system
oscillate because of the oscillatory behavior of the chem
potential in the metallic edges and because of the effec
these oscillations on the equilibrium electron density in
central part of the disk. This idea was realized in the exp
ments of Ref. 1, where the electron density of the disk w
modulated with the aid of auxiliary controlling electron
Qualitatively, the experimental answer is that the total res
tance of the disk, with the ‘‘suppressed’’ electron density
the central part of the disk, does indeed oscillate as a fu
tion of the magnetic field with quasiclassical frequency ch
acteristic of ‘‘edges’’ with a high electron density. The am
plitude of the oscillations increases with decreasing elect
density in the central part of the disk. However, a detai
interpretation of the data of Ref. 1 is impeded by the ab
dance of auxiliary electrons. Our model of a Corbino di
makes it possible to analyze the details of this effect.

e
ne
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The condition of equilibrium for the modulated elec-
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tronic systemn(x) in a magnetic field and with zero spac
thickness is@instead of Eq.~3!#

m5ew~x,z50!1z @n~x!#5const. ~11!

Here

za~n!5e f1
4T cos~2pe f /\vc!

sinh~2pT/\vc!
, e f@\vc ~11a!

or

zb~n!5
1

2
\vc2T lnS 1n 21D , e f!\vc , ~11b!

where

« f.\2n~x!/m* , n~x!5p l h
2n~x!,

vc is the cyclotron frequency, andm* is the effective elec-
tron mass. We do not present here the general definitio
z(n) in the form of a series in the eigenvalues of the elect
energy in the magnetic field. We shall restrict the discuss
to the asymptotic relations~11a! and ~11b!. We assume tha
the problem of equilibrium is solved approximately.

The idea of the approximation is suggested by the str
ture of the definition~11!. In this formula the ‘‘chemical’’
part z(n) is sensitive to the total electron densityn(x) and
its Coulomb component contains onlydn(x). We now as-
sume that in the zeroth approximation the electronic den
n(x), which appears in the definition ofz(n), reproduces the
donor distribution~1!, i.e.,

n0~x!5nd~x!, ~12!

wherend(x) is obtained from the initial condition~1!. In this
case the equilibrium condition~11! along the system as
sumes the form

ewa1za~Nd!5ewb1zb~nd! ~13!

or, equivalently,

ewab[ewb2ewa5za~Nd!2zb~nd!, 2w<x<1w.
~13a!

If the distributionn(x) of the type~12! were an equilibrium
solution ~11!, then the electrical part of the problem wou
be zero. In reality, however, Eq.~13! implies the presence o
a jumpwab, which is determined by the asymptotic expre
sions for z(n) @Eqs. ~11a! and ~11b!#. This behavior of
w(x) is possible only if there exists a deviationdn(x) of the
equilibrium electron density fromnd(x) @Eq. ~12!#. Denoting
this deviation in the zeroth approximation asdn0(x) and
using Eq.~13a!, we obtain

dn0~x!5
kwwab

p2e~w22x2!
, ~14!

where wab is given by Eq.~13a!. The power-law depen
dences at the ends of the interval 2w are similar to the di-
vergences of the normal component of the electric field at
joint of the free faces of the metals in contact with one a
other in the problem of the contact potential difference
Ref. 2. The presence of these singularities is not very imp
tant for the effective conductivity of the system of interest

482 Semiconductors 31 (5), May 1997
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mum electron density, i.e., the central part of the 2D syste
From this reasoning follows the criterion for the applicabili
of the perturbation theory which we are using

dn0~0!!nd ~15!

or, using Eq.~14!, we have

l!w, l5kwab /p
2end . ~15a!

It is obvious that the requirement~15a! can always be satis
fied in any case by making a suitable choice ofw.

The next approximation forn(x) is formulated, when
necessary, as

n1~x!5n0~x!1dn0~x!, n0~x![nd~x!. ~15b!

The density distribution~15! must be substituted into
z(n1), after which a new boundary condition@which replaces
the condition~13!# for the distributionw(x) along 2DEG
arises from Eq.~11!:

w1~x!5const2z @n1~x!#. ~16!

Using the new boundary condition~16! instead of the condi-
tion ~13a!, we can find the distributionw1(x,z) in all the
space around the 2DEG and hence alsodn1(x):

2pedn1~x!5k
]w1~x,0!

]z
, ~17!

etc.
4. We now introduce the correctiondn(x) into Ohm’s

law for the current between the metallic edges of the sys
under discussion. Here we confine our attention to the s
plest possibility — the Drude approximation

j5
n~x!e2t

m*
dw

dx
, n~x!5nd1dn0~x!, ~18!

where t is the momentum relaxation time, anddn0(x) is
taken from Eq.~14!. Assuming now that the current densi
j is conserved along thex axis, we can determine the effec
tive relation betweenj and the potential differenceV at the
edges of the high-resistance part of the system

V5E
2w

1w

ds~dw/ds!5
m* j
e2t E2w

1w ds

nd1dn0~s!
. ~19!

The definition~19! indicates, in particular, that the singula
points of the functiondn0(x) from Eq.~14! do not contribute
to the integral. The expression~19! can be reduced ulti-
mately to the following effective Ohm’s law:

j5sV/2w, s5s0f ~d!, s05e2t nd /m* , ~20!

f ~d!5
d

d20.5~12d2!ln@~11d!/~12d!#
,

d5~11 l /w!21/2, l5kewab /p
2e2nd .

If d512e, e!1, then

f ~d!.
1

12« ln~2/e!
, e50.5l /w. ~21!
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only as an alternative to Eq.~21! ~our perturbation theory
‘‘does not work’’ in this limit!,

f ~d!.3/2d2. ~22!

Equations~20! and~21! contain the main qualitative feature
of the experiment of Ref. 1; specifically, for small« the
effective conductivity of the system possesses a compo
which oscillates as a function of the magnetic field. Here
period of these oscillations is determined by the densityNd

and the amplitude is inversely proportional tond . Taking
into account the definitions ofs @Eq. ~20!# and ofwab @Eq.
~13a!#, we can write the definition of the oscillatory pa
ds in the form

ds/s05d« ln~2/«0!,

de5
2k\vc cos@~2p\Nd!/~m*vc#

p3e2ndw
, \vc@T, ~23!

«0.k\Nd /~pe2ndw!,

where « from Eq. ~21! is divided into monotonic«0 and
oscillatoryde components. Fork.10, w>1022 cm, H>1
T, Nd>1011 cm22, and nd<109 cm22, the amplitude
ds/s0>1022.

This estimate is approximately an order of magnitu
smaller than the experimental result of Ref. 1. However
should be kept in mind that in the density interval of inter
to us the conductivity of a Corbino disk exhibits a pr
nounced percolation character~see, for example, Ref. 4!,
i.e., it is determined mainly by local saddle points with lo
483 Semiconductors 31 (5), May 1997
nt
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density from Ref. 1 give an idea only about the avera
electron density along the central part of the Corbino di
Furthermore, a direct comparison of the numerical data
Ref. 1 and our results is only moderately correct, since
presence of an additional controlling electrode in Ref. 1
fluences the experimental results.

In summary, we call attention to the existence of spec
oscillations of the conductivity as a function of the magne
field in bounded, low-dimensional, charged systems w
metallic contacts, when the oscillations of the chemical p
tential in the low-resistance part of the system, which ma
a negligible contribution to the total resistance, influence
electron density in the high-resistance part of the system
which accounts for the oscillations of the total resistance
relationship between the low- and high-resistance parts
the problem can be established because of the Coul
proximity effects.

This work is supported by INTAS Grant No. 93-933 an
RFFR Grant No. 95-02-06108.
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Exchange energy of a free electron in a semiconductor

O. V. Konstantinov, O. I. Obolenski , and B. V. Tsarenkov

A. F. Ioffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
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Fiz. Tekh. Poluprovodn.31, 571–576~May 1997!

A general expression is obtained for the exchange interaction energy of an electron in a
semiconductor for arbitrary degree of degeneracy of an electron gas. The single-particle exchange
energy is expressed in terms of an integral function that depends only on the ratio of the
Fermi energy, measured from the conduction-band bottom, to the thermal energy of the electron.
For a strongly degenerate Fermi gas and zero temperature, this expression transforms to
Slater’s formula for the exchange energy of an electron in a metal. As the temperature is raised,
the exchange energy decreases monotonically. The general expression acquires a simple
analytic form in the limit of a nondegenerate electron gas. On the insulator side of a Mott transition
the exchange energy varies nonmonotonically with increasing temperature: It has a maximum
at a temperature of the order of the donor ionization energy. It is shown that the anistropy
of the isoenergy surface of the electrons has virtually no effect on the magnitude of the exchange
energy. The concentration dependences of the narrowing of the band gap at several
temperatures for silicon and gallium arsenide are presented. ©1997 American Institute of
Physics.@S1063-7826~97!01605-0#
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It is well known that in the theory of metals it is impo
tant to take into account the exchange energy of the f
electron gas when calculating the shape of the Fermi surf
The exchange energy is also found to be important in so
problems of semiconductor physics. Examples are the the
of impuirty-concentration narrowing of the band gap of
semiconductor1 and the theory of a insulator–metal pha
transition in semiconductors.2

The effect of the exchange interaction can be taken
account when finding either the total energy of the system
the single-particle energy levels of the electrons. The con
bution of the exchange energy to the total energy of
system was first obtained by Wigner and Seitz3–5 in a calcu-
lation of the lattice parameters of a crystal. Wigner and S
work with the exchange energy per electron; this quantity
obtained by dividing the total exchange energy by the nu
ber of electrons in the system. However, in applications,
cluding in the calculation of the band gap of a semicond
tor, it is necessary to know the single-particle eigenenerg
The single-particle exchange energy, as shown by Slater6 is
two times greater than the exchange energy per electron.
expression used by Slater is

Uex52
3

2p

e2

«
kF , ~1!

wheree is the elementary charge,« is the dielectric constan
of the medium~assumed to be 1 in Ref. 6!, and kF is the
Fermi quasiwave vector, which in the case of a semicond
tor is given by the expression

kF5S 3p2n

M D
1
3
. ~2!
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equivalent valleys in the energy spectrum of the electron
the k space of an anisotropic semiconductor.

Slater’s formula~1! is widely used not only in the theory
of metals7 but also in the theory of atoms.8 Using this for-
mula, the complicated nonlocal Fock term was replaced b
simple local potential. This idea was the basis of the
called local-density approximation.9 This approximation
takes into account, in addition to the exchange energy,
correlation energy responsible for the interaction of Fer
particles with antiparallel spins.10 This correlation term for
semiconductors is no more than 1/8 of the exchange te
Here we disregard this term since for a concentration shif
the conduction-band bottom another correlation term11 is
found to be much more important — the Debye–Hu¨ckel en-
ergy

UDH5
e2

2«
k, ~3!

wherek is the reciprocal of the Debye screening length

k25
4pne2

«Es
. ~4!

HereEs is the screening energy

Es5kBT
F2

1
2
~h!

F1
2
~h!

, h5
EF

kBT
. ~5!

Expression~1! was obtained for an isotropic dispersio
relation and for a Fermi gas with the maximum degenera
In semiconductors the state of the electron gas can vary f
strongly degenerate to nondegenerate. In addition, the is
ergy surfaces in many semiconductors are anisotropic.

Our objective was to obtain an expression suitable
determining the single-particle exchange energy in a se
conductor.

48484-05$10.00 © 1997 American Institute of Physics



2. CALCULATION OF THE EXCHANGE INTERACTION
ENERGY OF AN ELECTRON IN A SEMICONDUCTOR
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2.1.General method for obtaining the exchange corre
tions to the total energy of a particle.Let us consider the
first-order correction to the energy of an electron in a st
with quasiwave vectork and some definite direction of th
spin which arises as a result of the exchange interactio
the given electron with another electron located in the s
k8 and with the same direction of the spin. It is known12 that
the exchange interaction decreases the total energy of a
ticle by the amount of the exchange integral

D«k8~k!5Vkk8
k8k . ~6!

The expression for the exchange integralVkk8
k8k will be pre-

sented below.
If the exchange interaction is summed over all sta

k8 with fixed k, taking into account the probability of filling
these states, then the total energy of a quasiparticle in a
with quasiwave vectork and a definite direction of the spi
can be written in the form

«~k!5Ek2(
k8

Vkk8
k8k f k8, ~7!

where

Ek5
\2

2 S ki
2

mi
1

k'
2

m'
D ~8!

is the kinetic energy,mi andm' are the longitudinal and
transverse effective masses, andki andk' are the analogous
components of the quasiwave vector;

f k5
1

e
Ek2EF
kBT 11

~9!

is the Fermi distribution, whereEF is the Fermi energy level
andkBT is the thermal energy.

The exchange integralVkk8
k8k in Eq. ~6! is determined by

the expression

Vkk8
k8k5

e2

« E d3r 1d
3r 2

Ck* ~r1!Ck8
* ~r2!Ck~r2!Ck8~r1!

ur12r2u
.

~10!

In the effective-mass approximation the Bloch wa
functionsCk(r ) can be replaced by plane waves

Ck~r !5
1

AV
eik–r, ~11!

whereV is a normalization volume. In this approximation
must be assumed that all wave functions appearing in
integral~10! refer to the same valley of the energy spectru
of the electron.

We make the following substitution of integration var
ables in Eq.~10!:

r5r12r2 , ~12!

r 85
r11r2
2

. ~13!
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V and the exchange integral becomes

Vkk8
k8k5

e2

«VE d3r
ei ~k2k8!•r

r
. ~14!

Replacing in Eq.~7! the summation overk8 by integration,
we obtain the single-particle energy

«~k!5Ek2
2e2

p«
Qk , ~15!

where

Qk5
1

16p2 E d3k8 f k8 E d3r
ei ~k2k8!•r

r
. ~16!

The second term in Eq.~15! gives the single-particle ex
change energy,13,14 which depends on the quasiwave vect
k. In the literature~see, for example, Ref. 15!, the single-
particle exchange correction to the total energy of a qu
particle is, as a rule, averaged over the quasiwave vecto

Q5g21~0!E d3kQk f k , ~17!

where the normalization constant is

g~0!5E d3k fk . ~18!

Therefore, the averaged single-particle exchange energy

Uex52
2e2

p«
Q. ~19!

The quantityQ, defined in Eq.~17!, can be put into the form

Q5
1

16p2g
21~0!E d3r

r
ug~r !u2, ~20!

where g(r ) is the inverse Fourier transform of the Ferm
distribution function:

g~r !5E d3keik–r f k . ~21!

2.2. General expression for the single-particle exchan
energy in a semiconductor.Equations~19!–~21! completely
determine the single-particle energy. We shall further tra
form them in order to decrease the multiplicity of the int
gration by separating the angular part and representing
final expression for the exchange energy in a form con
nient for practical applications.

In the general case of ellipsoidal or spherical valleys i
semiconductor, the problem of finding the single-particle e
change energy can be reduced to a calculation of a do
integral which depends only on a single parameterh — the
ratio of the Fermi energy~measured from the conduction
band bottom! to the thermal energykBT:

Uex52
e2

p«
AkT

K~h!

Ap

2
F 1

2
~h!

, h5
EF

kBT
. ~22!

HereK(h) is a function defined as
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K~h!5E`

rJ2~r!dr,
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obtained in this case from Eq.~16!, is identical to the quasi-
:
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the
0

J~r!5E
0

`

cos~qr!ln~eh2q211!dq; ~23!

kT is the characteristic thermal momentum of the carriers

kT5A2mckBT

\2 ; ~24!

F 1
2
(h) is the Fermi integral

F 1
2
~h!5

2

Ap
E
0

` Agdg

eg2h11
; ~25!

A is the anisotropy factor in the dispersion relation

A5
mc

Am'~mi2m'!
arcsinSA12

m'

mi
D ,

m',mi ; ~26!

A5
mc

Am'~m'2mi!
ln SAm'

mi
211Am'

mi
D ,

m'.mi , ~27!

where

mc
35m'

2mi . ~28!

It is obvious that for an isotropic dispersion relatio
(m'5mi) the factorA51. But the value ofA is found to be
close to 1 even for the common anisotropic semiconduct
For example, for silicon, which has a comparatively hi
anisotropy,A50.94. It can be assumed, therefore, that
anisotropy of the isoenergetic surface of electrons has v
ally no effect on the magnitude of the exchange energy.

The representation given above for the final result is u
ful for practical calculations, since it is sufficient to calcula
once and tabulate the functionK(h) in order to obtain the
single-particle energy for different ratios of the Fermi ener
~measured from the conduction-band bottom! and the ther-
mal energykBT.

The integrals appearing in the functionK(h) can be cal-
culated analytically in two limiting cases — for strongly d
generate and nondegenerate electron gases.

2.3. Strongly degenerate electron gas.In the limiting
case of strong degeneracy

K~h!5h2, ~29!

F 1
2
~h!5

4

3Ap
h
3
2 , ~30!

and therefore

Uex52
3e2

2p«
AkF . ~31!

For an isotropic dispersion relation Eq.~31! transforms
into the Slater equation~1!. The expression forQk, which is
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particle dispersion relation presented in Refs. 13 and 14

Qk5kFF~x!, x5
k

kF
; ~32!

F~x!5
1

2 S 11
12x2

2x
lnU 11x

12x U D . ~33!

We note that the anisotropy of the isoenergy surface
the electrons in a semiconductor~for the casem',mi) was
first taken into account in Ref. 16; the expression obtained
Ref. 16 forUex was then refined in Ref. 17.

2.4. Nondegenerate electron gas.In the case of a nonde
generate electron gas

K~h!5
p

4
e2h, ~34!

F 1
2
~h!5eh , ~35!

and therefore

Uex52
e2

2Ap«
AkTe

EF
kBT. ~36!

This formula will be discussed in the next section.

3. RELATION OF THE EXCHANGE INTERACTION WITH THE
PARAMETERS OF THE SYSTEM OF ELECTRONS

3.1.Transformation of the final asymptotic expression
The single-particle exchange interaction energy is rep
sented in a simple analytical form for two limiting states
an electron gas in a semiconductor: degenerate state~Eq. 31!
and nondegenerate state~Eq. 36!. These formulas can be
transformed into a clear and symmetrized form by introd
ing into the analysis the characteristic de Broglie wavelen
of an electron (l5 2p/k, wherek is the characteristic quasi
wave vector! and the average distance between electr

(a5n2
1
3). The quantitya determines the Coulomb interac

tion energy between two electronse2/«a and the ratiol/a
determines the degree of overlapping of the wave functio
i.e., the intensity of the exchange interaction. Equations~31!
and ~36! can then be written in the unified form

Uex;2
A

M

e2

«a S l

aD 2. ~37!

The numerical factor equals 9/8p for a degenerate electro
gas and 1/2p for a nondegenerate gas. In the expression~37!
l is the electron de Broglie wavelength associated with
characteristic electron energy:

l5lFS 12
5p2

24 S kBTEF
D 2D , lF5

2p

kF
, T→0 ~38!

for a degenerate gas and

l5lT5
2p

kT
~39!

for a nondegenerate electron gas.
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Equation~37! reflects the fact that the greater the ele
tron wavelength and the shorter the distance between
electrons, the stronger is the exchange interaction.

3.2. Temperature dependence of the single-particle
change interaction energy.We shall now consider the tem
perature dependence of the single-particle exchange en
in a semiconductor in the case of degenerate and nonde
erate gallium arsenide. It was calculated according to
mula ~22! and is presented in Figs. 1 and 2. To understa
these dependences clearly, it is sufficient to analyze Eq.~37!
for the exchange energy in two limiting states of the elect
gas.

In a degenerate semiconductor the single-particle

FIG. 1. Temperature dependence of the single-particle exchange ener
degenerate GaAs with different doping levelsND , 10

16 cm23: 1— 1.5,2—
5, 3 — 10. Parameters: Electron effective massmc50.067m0; dielectric
constant«512.9.

FIG. 2. Temperature dependence of the single-particle exchange ener
nondegenerate GaAs for different doping levelsND , 10

15 cm23: 1—0.1,2
— 1, 3— 10. The parameters of the semiconductor are the same as in
1.
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perature~Fig. 1!. This decrease is due to the temperatu
decrease of the characteristic de Broglie wavelengthl of the
electrons, sincea does not depend on the temperature~the
electron density in the conduction band is constant!.

In a nondegenerate semiconductor the exchange ene
varies nonmonotonically with increasing temperature~Fig.
2!. At low temperature the exchange interaction energy
creases as a result of a decrease ina ~the electron density
increases! and reaches a maximum at the ionization tempe
ture of all donors, when the increase in the carrier dens
saturates. Then the exchange energy starts to decrease
now it does so as a result of the temperature decrease inl,
i.e., a decrease in the overlapping of the wave functions. T
effect of such a temperature dependence of the excha
energy in a nondegenerate semiconductor is that the
change correction to the band gap in a nondegenerate se
conductor is much smaller than the exchange correction i
degenerate semiconductor.

4. CONCENTRATION NARROWING OF THE BAND GAP

The electron–electron interaction decreases the width
the band gap in a semiconductor. There are several mec
nisms for this narrowing, which we shall examine for th
example of an-type semiconductor. The Debye–Hu¨ckel
lowering ~3! of the conduction-band bottom and the rising o
the valence-band top equivalent to it~if it is assumed that
electrons and holes are screened by the electron gas ide
cally; see, for example, Ref. 11! and the lowering of the
conduction-band bottom by the amount of the exchange
teraction~22! make the main contribution. The total narrow
ing of the band gap will then be

DEg52UDH1Uex. ~40!

in

in

ig.

FIG. 3. Narrowing of the band gap in Si as a function of the free carr
density at different temperaturesT, K: 1 — 4, 2 — 77, 3 — 300. Heavy
lines — total narrowing; thin lines — exchange term. Experimental data a
available for temperatureT5300 K ~indicated in the figure by dots!.19 Pa-
rameters: effective massesmi50.98m0 , m'50.9m0; dielectric constant
«511.9.
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This formula was used to calculate the concentration d
pendences of the narrowing of the band gap forn-type sili-
con and gallium arsenide; these curves are presented in F
3 and 4. The computational results agree well with the e
perimental data only for silicon. For gallium arsenide ou
values of the narrowing of the band gap are 1.5–2 tim
smaller than the available experimental values.8 This could
be due to different methods of performing the experiment:
gallium arsenide the measurements were performed acco
ing to the photoluminescence spectra, whereas in silicon
data on band-gap narrowing were obtained by measuring
transport coefficient in transistors with a different degree
doping of the emitter.19 This method seems to us to be mor
reliable since in practice the tails of the density of stat
cannot affect the carrier transport coefficient, but at the sa
time they can play a substantial role in the formation of th
photoluminescence spectrum.

The heavy lines in Figs. 3 and 4 represent the total n
rowing of the band gap and the thin lines represent the co
tribution of the exchange energy which we are studying he
We see from Fig. 3 that in silicon the effect of the exchang
mechanism is small compared with the Debye–Hu¨ckel cor-

FIG. 4. Narrowing of the band gap in GaAs as a function of the free carr
density at different temperaturesT, K: 1 — 4, 2 — 77, 3 — 300. Heavy
lines — total narrowing; thin lines — exchange term. The parameters of
semiconductor are the same as in Figs. 1 and 2.
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the effect of the exchange interaction is found to be subs
tial, as one can see from Fig. 4. For free electron den
1019 cm23 the exchange term becomes the same as the
relation term. This stems from the fact that the exchan
interaction arises only between electrons located in the s
valley ofk space. The presence of six valleys in silicon in t
calculation of the exchange energy is therefore equivalen
a decrease in the electron density by a factor of 6. C
versely, the correlation energy depends only on the to
electron density in the conduction band and therefore
relative contribution of the exchange interaction to the to
narrowing of the band gap decreases as the number of
leys increases.
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Electron transport under Wannier–Stark localization conditions in silicon carbide

ini-
polytypes
V. I. Sankin and I. A. Stolichnov

A. F. Ioffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
~Submitted May 13, 1996; accepted for publication September 16, 1996!
Fiz. Tekh. Poluprovodn.31, 577–584~May 1997!

A detailed study is made of electron transport in high electric fields in natural superlattices of the
6H and 4H polytypes of silicon carbide. The electron behavior indicates the appearance
and development of Wannier-Stark quantization over a wide range of electric fields, 100–2000 kV/
cm. Direct measurements of the electron current as a function of the average electric field
reveal a number of regions with negative differential conductivity. An analysis of these data shows
that the observed effects are caused by different mechanisms which come into effect as the
electric field is raised:~1! Bragg reflection of electrons from the boundary of the first miniband,~2!
jump conduction between levels of a Wannier–Stark staircase induced by resonant
electron–phonon interactions, and~3! resonant inter-miniband tunnelling from the first miniband
into the second. ©1997 American Institute of Physics.@S1063-7826~97!01705-5#
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Applying an electric field to a crystal is known to lead
a number of interesting effects. Many of these effects, s
as the Frank–Keldysh effect, tunnelling, and others, recei
early experimental confirmation and have found widespr
practical application. In this paper we examine one of
most interesting effects, for which this cannot be sa
Wannier–Stark localization. A qualitative picture of th
phenomenon can be obtained using the basic principle
the band theory of solids; this has been done most clearl
Gurevich.1 The result of solving this problem is widel
known to be the transformation, under the influence of
electric field, of the continuous band structure into discr
levels which are localized in space and which form a
called Wannier–Stark staircase.2 The distance between th
levels ~the Stark energy! is determined by

DE5eFa. ~1!

Heree, F, anda are the electronic charge, the electric fie
and the lattice period, respectively.

Since then the Wannier–Stark localization problem h
been discussed widely in scientific publications. It should
noted that the correctness of Wannier’s solution leading
Wannier–Stark localization has been questioned by so3

because his model used a single-band approximation w
did not take into account the possibility of mixing of stat
from different bands by the electric field. It was later show4

that even if interband tunnelling is taken into account,
Wannier–Stark localization remains, but the later result
itself generated an active controversy.5 This is evidence of
the theoretical complexity of the problem and of the need
experimental data for the entire range of related questio
The great practical interest in experimental data on this to
arises in the possibility, in principle, of obtaining a negati
differential conductivity, which is very important for man
applications.

Practical observation of Wannier–Stark localization
possible only with use of a superlattice which has a cha
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bands. A number of Wannier–Stark localization effects
lated to the appearance of a negative differential conducti
have been predicted theoretically for this type of structur

The possibility, in principle, of obtaining a negative di
ferential conductivity on an artificial superlattice due to t
field-induced localization was predicted by Esaki.6 The
threshold field for its appearance is determined by

eFd.h/t. ~2!

Hereh andt are Planck’s constant and the electron scat
ing time, respectively; andd is the superlattice period. Th
criterion ~2! means that negative differential conductivity a
sociated with this effect arises when the frequencyeFd/h of
the Stark oscillations exceeds the scattering frequency.

In the effect considered above the Stark energy is s
small as long as the quasicontinuity of the first miniband
preserved, i.e., many Stark levels fit into its width. As t
field is increased further, the regionl;E1 /eF in which the
electron is localized becomes smaller. HereE1 is the width
of the first miniband. The miniband is then destroyed and
spectrum takes the form of discrete energy levels. Elect
transport in a system of this sort has been described by E
and Hart.7 Conduction becomes possible in this range
electric fields due to jumps between the discrete Stark le
with the participation of phonons. A negative differenti
conductivity associated with resonances of phonon tra
tions was predicted.7 The field corresponding to these res
nances is given by

eFdn5\v. ~3!

Here\v is the energy of the corresponding phonon, andn
takes the values 1,2,3,. . . .

At still higher fields, the Stark energy becomes hi
enough that only one level fits within the width of the min
band. This case has been discussed theoretically elsewh8

A negative differential conductivity effect was predicte
with a threshold field

48989-07$10.00 © 1997 American Institute of Physics
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Yet another possible mechanism for the conductivity
the Wannier-Stark localization regime is interminiband re
nant tunnelling.9 It occurs when the height of the step in th
Wannier–Stark staircaseeFd equals the energy gapE12 be-
tween the first and second minibands; i.e.,

eFd5E12. ~5!

As note above, in a number of theoretical paper3,5

doubts have been raised about the correctness of the
tions implying the existence of Wannier–Stark staircas
This largely stems from the absence of convincing exp
mental confirmation of this phenomenon.

For a rather long time, studies of Wannier–Stark loc
ization were carried out exclusively on artificial heterojun
tion superlattices, mainly of the type AlAs–GaAs, as p
posed by Esaki.6 The first manifestations of Wannier–Sta
quantization were found in luminescence and opti
spectra,10 and after a few years observations of negative d
ferential conductivity were reported.11,12

In this paper we propose to study Wannier–Stark loc
ization on an object which differs substantially from tho
used previously: a natural superlattice which contains m
of the polytypes of silicon carbide. From the standpoint
crystalline structure, the natural superlattice is defined ra
simply. Silicon carbide is known to consist of a set of cry
tals which differ from one another in structure~i.e., poly-
types!. The simplest polytypes are cubic 3C-SiC and hex-
agonal 2H-SiC. There are no purely cubic or pure
hexagonal polytypes among the more complicated polytyp
Each of them consists of layers ordered in a specific w
with cubic and hexagonal surroundings. The best kno
polytypes are 4H, 6H, 8H, 15R, 21R, and 27R. The number
denotes the number of atomic layers contained in a unit
along the selected symmetry axis of the crystal,C, while the
letter defines the symmetry of the unit cell: hexagonal (H) or
rhombohedral (R). It is clear, therefore, that the size of th
unit cell of most of the polytypes along theC axis exceeds
the size of the cell for the simplest polytypes. For examp
in the hexagonal series 4H, 6H, and 8H it exceeds the size
for 2H by factors of 2, 3, and 4. In this sense, this series
polytypes has a natural one-dimensional superlattice.

How does this affect the energy of the crystals? Spec
cally, is it possible to isolate a one-dimensional superpot
tial in it with a period along the axis of the superlattice th
exceeds the period of the primary crystal potential? It
been found experimentally that the band gap in the pu
hexagonal polytype 2H is greater than that in the cubic 3C
by 1 eV. Evidently, this means that the amplitude of t
crystal potential of an atomic layer with a hexagonal s
rounding is substantially greater than the amplitude of a la
with a cubic surrounding. These hexagonal layers hav
fixed periodicity with a period that exceeds the primary p
riod of the crystal. For the series 4H, 6H, 8H this excess is
same: by factors of 2, 3, and 4, respectively. Thus, ther
reason to assume in these polytypes the existence of a s
lattice with a period that exceeds the period of the prim
lattice by the corresponding number of factors. In terms
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Penney solution that the energy structure of the allowed b
for 4H contains two minibands, that for 6H, three, and that
for 8H, four.

Two bands have been observed previously in the opt
spectra of many polytypes in the region from 1 to 2.7 eV,13,14

i.e., well below the intrinsic absorption edge. Both ban
were justifiably attributed to direct allowed electronic tran
tions at the localization point of the minimum of the condu
tion band from the ground state of the conduction band i
higher conduction bands. A hypothesis was advanced.14 Ac-
cording to this hypothesis, these bands were explained
transitions from the first into the second and third miniban

Rather convincing confirmation of the presence of a n
row electronic band in a number of polytypes, such as 4H,
6H, 8H, 15R, 21R, 27R, and 33R, has been obtained15–17in
studies of collisional ionization in silicon carbide. It wa
found that the character of the collisional ionization depen
strongly on the direction of the electric field. The followin
conclusions were drawn from the collisional ionization da

~1! In uniaxial silicon carbide polytypes there is a na
row electron band in the direction of the superlattice axis a
Wannier–Stark localization processes develop in that b
under the action of high electric fields.

~2! The hole band has no features associated with
presence of a superlattice, or they are so small that they
not show up during collisional ionization.

The next natural step in the development of these stu
was an attempt at direct observation of Wannier–Stark lo
ization effects in electron transport by studying the curr
voltage characteristics of superlattice crystals in high fiel

EXPERIMENTAL TECHNIQUE

For studying electron transport in high fields we ha
developed an experimental apparatus that satisfies the
lowing requirements:~1! the measured current in the samp
is purely electronic,~2! the electric field in the sample i
uniform, and~3! the current in the sample can be controll
independently of the field. The triode structure developed
these purposes has a number of important differences fro
traditional transistor which should be considered separat

The main element of this structure is a base that is do
with a deep acceptor impurity~scandium! with an ionization
energyE.0.5 eV. This makes it possible to achieve a ho
concentrationp;1010 cm23 at room temperature. The cha
acteristic deionization times for such an impurity in the spa
charge region whenp;1010 cm23 exceeds 1022 s. This
means that the forward-biased emittern1–p junction can be
opened only by a constant voltage or by pulses of dura
t.1022 s. After the potential barrier has been lowered, ho
ever, injection~which is a fast process! can be realized with
short pulses of durationt,1026 s.

We now consider the collectorp–n1 junction. With re-
verse bias, the establishment of an electric field in the bas
determined by the ionization process for the deep acce
impurity, which takes place over a rather long time. Thus
the reverse bias is created by sufficiently short pulses,
acceptor levels in the base remain neutral and the hole
centration, as stated above, is no more than 1010 cm23,
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FIG. 1. The measurement setup and distribution of the electric field in the experimental device structure for the cases of a high uniform field~a! and a very
high nonuniform field~b!.
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distance of less than 1021 cm. Thus, for a base width o
5–10mm, screening of the field will be very weak and th
field in the base may be assumed to be essentially unif
Fig. 1a. Its magnitude is given byF5V/w, whereV is the
magnitude of the voltage pulse, andw is the width of the
base region.

The operating principle of this structure is as follows
pulsed reverse biasVp with a periodtp;1027 s is applied
between the collector and emitter. A constant forward b
Vb is applied to the emitter-base junction. The associa
emitter-base current essentially has no effect on the injec
magnitude due to the large (107–108 V) resistance of the
p-region. The task of this bias is to reduce the height of
contact barrier. A pulsed voltage applied between the col
tor and emitter ensures a uniform electric field which,
propagating through the base, reaches the open emitter
tion and gives rise to injection. The injection current i
creases together withVp , but is can be limited by changin
Vb . The resistance of the base region decreases by a fa
of 103–104 during the pulsed current flow, because the el
trons injected into the base are captured by the field and
through the base to the collector. Thus, an injectio
transition mechanism for current flow is realized in the e
perimental device. This electrical circuit corresponds to
transistor incorporated with a common emitter.

All the conditions enumerated above as necessary
studying electron transport in high field under Wannie
Stark localization conditions are realized in this experimen
structure. A pure electron current, controlled by a const
bias which has no effect on the magnitude of the field in
base, flows through the base. The field over the entire w
of the base is then essentially uniform. We have descri
this experimental structure elsewhere for the first time.18 A
triode structure was used later12 and its use was justified b
the same considerations.

This experimental structure was created by grow
films of two scandium-doped polytypes, 4H and 6H, by
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substrate. It should be noted that the problem of contro
growth of a given polytype has not been solved in pract
and the required object is found by selection from a la
number of samples. Then ann-type layer with a thickness o
1–2mm was grown on thep-type film. The thickness of the
base layer was determined by direct measurements of
width of the luminescence region seen at the end of the
ricated three-layer structure. Usually the thickness of
base layer was 5–10mm. After this, the experimental struc
ture was prepared by photolithography. The diameters of
collector, base electrode, and emitter were 420, 400, and
mm, respectively.

The measurement scheme is shown in Fig. 1a. The
rent in the emitter circuit was recorded during the measu
ments. When the pulsed voltage was changed, the base
was usually held constant. In addition, in order to obse
the states of the experimental structure, the constant curr
in the emitter and base circuits were recorded.

RESULTS AND DISCUSSION

The measuredN-shaped current voltage characteristi
for the 4H and 6H polytypes are shown in Fig. 2. This so
of characteristic was first obtained for the 6H polytype.19,20

The threshold field at the beginning of its falling portion w
1.2–1.73 105 V/cm in the various samples with an error o
about 10% due primarily to the inaccuracy in determini
the width of the base layer. Somewhat later this effect w
obtained in a second polytype, 4H.21 Figure 2 shows that the
current voltage characteristics are qualitatively similar, b
the threshold field for 4H is almost a factor of 2 higher tha
for 6H at 2.7–33 105 V/cm. Figure 2 shows structures fo
which theN-shaped current voltage characteristic showed
most distinctly. In some of the samples the current drop w
less than 20% and in many cases observation of the e
was inhibited by uncontrolled current losses and mic
plasma breakdown. In some of the samples, even when t
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were no losses of this kind, the current voltage character
retained its monotonic character up to the breakdown fie

For numerical calculations in the course of interpreti
the data we have used the following parameters:d57.5
3 1028 cm for 6H-SiC, d55 3 1028 cm for 4H-SiC,
m5m0, and m5100 cm2/~V•s!. Herem, m, andm0 are,
respectively, the mass of the electron mass, its mob
along the superlattice axis, and the mass of the free elec

Condition~2! implies that the threshold field for negativ
differential conductivity associated with the Esaki–Tsu
fect depends directly on the superlattice period. An estim
of the scattering timet according to the formula

t5mm/e ~6!

yields t56 3 10214 s, which is in fair agreement with th
estimate given by Eq.~2!. The estimate oft given by that
formula is 4.43 10214 s for 4H and 5.53 10214 s for 6H.

The other condition for this effect is

eFl.E1 , ~7!

wherel is the mean free path, andE1 is the width of the first
miniband. Evidently, the width of the first miniband in 4H
should be considerably greater than in 6H, since the super-
lattice period of the former is a factor of 1.5 shorter. Thu
the threshold field for appearance of negative differen
conductivity in the 4H and 6H polytypes corresponds to th
conditions for the Esaki–Tsu effect, while the observed d
ference in the threshold fields for these polytypes are a
consistent with these conditions. This allows us to interp
the negative differential conductivity observed in these po
types as the initial phase of a Wannier–Stark localizat
process, specifically, as Bragg reflection of electrons fr
the edge of the first miniband.

The observed negative differential conductivity also c
obviously be explained by other causes. AnN-shaped curren
voltage characteristic is also known to arise during a reco

FIG. 2. Current as a function of field in experimental structures based on
6H and 4H polytypes.
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repulsive centers. The time of flight of the electrons
through the base layer,t,10210 s, however, is much shorte
than the recombination time, so the probability of this pr
cess is reduced. Furthermore, in the case of a recombina
instability the threshold fields for 4H and 6H would be es-
sentially the same.

It thus seems reasonable to interpret the observed eff
in terms of a theory of Wannier–Stark localization. The p
rameters of these effects satisfy the criteria for Wannie
Stark localization and the difference in the threshold fie
for the two polytypes is consistent with the difference
their superlattice parameters. The rising branch of the cur
voltage characteristic to the right of the threshold point c
be explained by increased injection as the field is raised
well as by transverse heating of the electrons. In additi
not all the electrons which participate in the current flow a
subject to Wannier–Stark quantization. Because of the
ometry of the experimental structure, current can flow in it
directions other than along the superlattice axis.

STUDIES OF WANNIER–STARK LOCALIZATION IN VERY
HIGH ELECTRIC FIELDS

Until now, we have been concerned with Wannier-Sta
localization effects in strong fields, but only such that t
distances between the levels in the Stark staircase ar
small that the miniband can be regarded as quasicontinu
i.e., E1@eFd. When the electric field is increased furthe
the continuity of the electron spectrum is broken and
region in which an electron is localized becomes smaller.
define very high fields as the fields in which the size of t
region is much smaller than the mean free path, i.e.,

l@E1 /eF. ~8!

The experimental procedure was modified slightly in o
der to study the further development of the Wannier–St
localization process in these high fields. This was neces
because the technique described above does not perm
tainment of fields above 53 105 V/cm because of loca
breakdown. The main change in the experimental conditi
was that, in addition to the pulsed voltage, a constant volt
was applied to the collector junction in order to bias it in t
reverse direction. This meant that, besides a pulsed vol
that was uniform over the entire base region, a much hig
constant field was concentrated in the space charge regio
the collector junction. The measurement scheme and fi
distribution in the structure for this case are shown in F
1b. Obviously, the field in the space charge layer is nonu
form. Since this junction is formed by a heavily dopedn1

region withNd2Na53–53 1018 cm23 and ap region with
Na2Nd,2 3 1017 cm23, it can be regarded as sharp an
asymmetric, while the electric field inside it varies linear
with position. The maximum field at thep–n1 boundary is
then

Fm52V~eN/2«V!1/2, ~9!

where« is the dielectric constant, andN5Na2Nd . The av-
erage field within each of the regions is equal to half t

he
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maximum. In this experimental setup the pulsed field ser
to ensure injection of electrons into the base and make t
drift into the high field region.

This experimental technique made it possible to inve
gate the current voltage characteristics of structures base
the 4H and 6H polytypes at fields ranging from 100 to 200
kV/cm. The main results are shown in Figs. 3 and 4. T
characteristics for the two polytypes have a number of str
tural features, of which there are many more for 6H than for
4H. Here we propose an interpretation of these data in te
of the theory of Wannier–Stark localization.

FIG. 3. Current as a function of field for the experimental structures ba
on the 6H polytype ~very high electric field case!. See comments on this
figure in the text.

FIG. 4. Current as a function of field for the experimental structures ba
on the 4H polytype ~very high electric field case!. See comments on this
figure in the text.
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contain five structural features~denoted by the labels1–5!,
of which four have a segment with a negative different
conductivity, while the fifth has a sharp current burst, as w
as a segment with a negative differential conductivity~Fig.
3!. Region 1 is characterized by a threshold field of 60
kV/cm. It is unlikely that this effect is caused by Bragg r
flection of electrons, i.e., that it is the initial stage of
Wannier–Stark localization process. As noted above,
threshold field for Bragg reflection is about 150 kV/cm.
this experimental setup it was not possible to produce s
low fields, since even without an external field thep–n junc-
tion contact barrier is 2.7 V, which corresponds to an aver
field in the space charge region of over 150 kV/cm. In ord
to lower the field further it would be necessary to reverse
external voltage at the collector junction, but then the thr
electrode structure can no longer function.

The threshold field of 600 kV/cm for the 6H polytype
corresponds to a Stark energy of 45 meV, which sugge
strong localization leading to failure of the quasicontinu
condition for the electron spectrum in the first miniban
Then conduction can occur through jumping of electrons
tween quasidiscrete levels with the participation of phono
This mechanism for conduction has been examined theo
cally in two papers.7,8 The physical models upon which th
calculation is based were different in these two papers, so
predicted results were different. Both papers do conclu
that the current voltage characteristic must have the form
resonances with threshold fields for the appearance of n
tive differential conductivity given by the equation

eFdn5const. ~10!

In Ref. 7 the constant was the phonon energy and in Re
the width E1 of the first miniband. The factor
n51,2,3, . . . corresponds to the number of superlattice l
ers through which an electron jumps.

In the current voltage characteristic for the 6H polytype
the features labelled1, 2, and3 correspond to Stark energie
of 45, 80, and 103 meV, respectively. These are close to
transverse~46 meV! and longitudinal~77 meV! acoustic
phonon energies, and to the longitudinal optical phonon
ergy ~103–112 meV! at the conduction band minimum.23

Thus, the negative differential conductivity observed in
gions1, 2, and3 can be interpreted as phonon assisted e
tron jumps between neighboring levels of a Stark stairca
Here the threshold fields for negative differential conduct
ity satisfy Eq. ~3! with n51, i.e., for transitions between
neighboring superlattice sites. Transitions withn.1 are not
observed, since they take place at substantially lower fie
which were not technically attainable in our experime
Low fields can also lead to failure of the strong localizati
condition ~8!, which will make it impossible to observe thi
effect. It should also be noted that transitions withn.1 are
more subtle effects and it may be hard to see them becau
the different loss mechanisms in the bulk and on the surfa
since the problem of crystal quality becomes crucial in h
field studies. Thus, it is doubtful, in principle, whether it
possible to observe multiplicative series withn.1.

d

d
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Fig. 4. Only two features containing a negative differential
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region 4 is 125–130 meV, or substantially higher than t
known phonon energies at the conduction band minimu
Thus, there is reason to interpret the observed effect in te
of the model considered in Ref. 8, where the width of t
first miniband must be a multiple of the Stark energy. T
Stark energy at the threshold field is 1/2E1.

8 This easily
yieldsE15250–260 meV. Thus, the widthE1 has been es
timated directly for the first time and this value is consiste
with other qualitative estimates of the width of the fir
miniband,24 as well as with the line of reasoning introduce
above in connection with the interpretation of the data
homogeneous fields.

Region5 is distinguished from the other four in that th
negative differential conductivity segment is preceded b
sharp current rise. In itself, a sharp rise in the current at h
fields is an ordinary event which accompanies breakdo
phenomena. The distinctive feature of the present situatio
that the current falls after it has risen. During the obser
tions, we recorded both a pulsed current associated with
electron current from the emitter and a constant curr
caused by local breakdown and uncontrolled leakage into
collector junction region. A drop was observed only in t
current voltage characteristic of the pulsed current. In ad
tion, the emission accompanying the sharp rise in the pu
current was quenched at the threshold field for the nega
differential conductivity.

The experimental observations can be explained as
lows: the section with a rapid rise in the electron curren
associated with resonant tunnelling of electrons from sta
in the discrete spectrum of the first miniband into the sec
miniband, which is still quasicontinuous. The subsequ
current drop can be attributed to Bragg reflection of electr
in the second miniband. Based on the simplest rule for
increase in the size of the first miniband as the band num
rises, we can assume that the second miniband is rou
four times wider than the first and that it is still quasico
tinuous at the available fields. Thus, electron Bragg refl
tion can occur in it. Interminiband resonant tunnelling is po
sible when condition~5! is met.9 It is correct to characterize
the resonant tunnelling process by the maximum, rather t
the average, field in the space charge region. Thus, the S
energy corresponding to interminiband tunnelling is ab
300 meV. Here the sumE11E121E2,1.55 eV, in good
agreement with the spectral location of the interminiba
absorption band due to transitions between the first and
ond minibands.14

These results make it possible to refine the scheme
electron heating proposed earlier.24 This scheme was used t
interpret data on collisional ionization and was based on
assumption that there is no tunnelling between the first
second minibands, while transitions into the second m
band are caused by an increase in the energy of the elec
through transverse heating as they are scattered by phon
Our data show that electrons can tunnel into the second m
band and that this occurs at a field 20% below the avalan
breakdown field.

Similar measurements were made for the 4H polytype.
The resulting current voltage characteristics are shown
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conductivity were observed at threshold fields of (1.6–1
3 106 V/cm and (1.9–2)3 106 V/cm, which correspond to
Stark energies of 80–85 and 96–100 meV. These values
close to the energies of the longitudinal acoustic and opt
phonons.25 No other features associated with resonant int
actions of phonons with Wannier–Stark staircase states w
observed in 4H. This can be explained by the fact that th
condition for strong localization in the 4H polytype, which
has a much wider first miniband than 6H, is satisfied at
higher fields. In particular, this condition cannot be satisfi
at a Stark energy corresponding to the energy of the tra
verse acoustic phonon.

The absence of a feature associated with complete lo
ization of the first miniband can be explained by the fact th
because of the large width of the first miniband in 4H, con-
dition ~4! is satisfied only at very high electric fields in ex
cess of the limit imposed by avalanche breakdown. In ad
tion, we cannot say that our measurements provide
complete picture of the evolution of the Wannier–Stark
calization process in the 4H and 6H polytypes. Further im-
provements in the experimental technique and in the qua
of the experimental device structures may lead to the ob
vation of new effects.

CONCLUSION

In this paper for the first time we have obtained a m
detailed characterization of electron transport during the e
lution of Wannier–Stark localization. It is not by chance th
these data were obtained on a natural superlattice of sil
carbide, which is free of serious deficiencies of the type
trinsic to even the most perfect artificial superlattices.

We might expect that the picture of Wannier–Stark
calization obtained here is not complete and that it will
enriched by new effects in the future. Probably, it will b
more complicated and largely unpredictable in the rhom
hedral polytypes of SiC. At the same time, detection o
number of the electron transport effects is extremely pr
lematic. This applies first of all to transitions between lev
of the Stark staircase caused by electron jumps between
tant layers of the superlattice involving phonons~the multi-
plicative series withn.1). We have shown in this paper tha
the strong localization condition~8! fails for these transitions
and that this occurs even for the very narrow first miniba
since its narrowing is, as a rule, accompanied by a reduc
in the mean free path.

We note in concluding that superlattices of the differe
polytypes of silicon carbide are thus far the only natural o
jects in which Wannier–Stark localization effects have be
observed over a wide range of electric fields. Our data s
gest the possibility of creating microwave devices, includi
oscillators and amplifiers, based on the effects observed h

We consider it our pleasant duty to thank E. N. Mokh
for help in growing the heavily dopedn1 layers of silicon
carbide.
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Low-frequency Hall conductance of a semi-infinite two-dimensional system

V. B. Shikin
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A contact theory of the current-voltage characteristic at finite frequencies is constructed for a semi-
infinite two-dimensional electronic system with two point contacts. It is noted that the
relative arrangement of the contacts substantially influences the structure of the current-voltage
characteristic. The relation between the current-voltage characteristic and the properties
of edge magnetoplasmons in this system is discussed. ©1997 American Institute of Physics.
@S1063-7826~97!01805-X#

The study of the frequency dependence of the Hall con-input contacts are located at the pointsx50, y56b sym-
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ductivity in bounded two-dimensional~2D! systems can be
divided into two parts. First, the conductivity tensor itse
depends on the frequency of the alternating electric field.
2D systems this problem has been solved, with different
grees of accuracy, by many authors~see, for example, Refs
1 and 2!. Furthermore, the conductance~i.e., the electrical
conductivity of this system with allowance for its geomet
and the arrangement of the contacts in the linear region
the current-voltage characteristic! can additionally and non
trivially depend on the frequency of the external signal
geometric reasons. For example, in bounded 2D systems
position of the cyclotron resonance is shifted relative to
value for an infinite two-dimensional electron gas~2DEG!
by the so-called depolarization effect.3 As will be shown
below, the size factor is also present in the semi-infin
problem, when the traditional depolarization effects are
important. In this case there is the question of the excita
of specific edge magnetoplasmons~EMPs!, whose spectrum
has no threshold and softens with increasing magnetic fi
along the edge of the 2DEG between the contacts.

The objective of this note is to calculate the conducta
for a semi-infinite 2D system with two point contacts, whi
determine the position of the source and sink along the e
of the 2D system. Obviously, the current-voltage charac
istic ~IVC! of the problem in the linear approximation ha
the form of Ohm’s law. However, the effective conductan
is by no means correspond to the conductivity tensor for
given 2D system.

This problem is also interesting from the standpoint
the excitation of EMPs in bounded 2D systems. The poin
that the ‘‘soft’’ EMPs propagate along the boundary of t
2DEG only in one direction. Such oscillations do not for
standing waves, and as a result the question of how trave
EMPs are excited with the aid of external contacts fix
along the boundary of the sample remains open. Exis
experiments on the excitation of EMPs with the aid of fix
contacts4–6 are interpreted in terms of free~i.e. traveling
along the unperturbed boundary! EMPs, which is not entirely
correct.

1. In presenting specific results, we shall examine
semi-infinite 2DEG occupying the regionx>0 with a free
boundary extended along they axis. The magnetic field is
oriented in a direction normal to the plane of the 2DEG. T
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metrically relative to the origin of the coordinates. Th
boundary of the 2D electronic system is assumed to be q
sharp. Its presence will be taken into account by the effec
boundary conditions on the current density.

The system of definitions which relates the potential d
ferenceV(t)5V exp ivt between the contacts and the co
responding currentI (t)5I exp ivt is as follows:

j i5s ikEk , Ek5]f/]xk , ~1!

ivedn5sxxDf, ~2!

f~x,y!5
2e

k E
2`

1`

dsE
0

1`

ds
dn~s,s!

@~x2s!21~y2s!2#1/2
,

~3!

j n~y!5I ~ t !@d~y2b!2d~y1b!#, ~4!

V~ t !5f~x50,y51b,t !2f~0,2b,t !, ~5!

dn~x→1`,y→6`,t !→0. ~6!

Heredn(x,y,t) andf(x,y,t) determine the deviation of the
electron density and the corresponding potential from its v
ues,k is the dielectric constant, ands ik is the local conduc-
tivity tensor, whose structure~including the frequency de
pendence! is assumed to be given.

Switching in Eqs.~1!–~6! to Fourier components in the
variabley, we have

dn~x,y,t !}dn~x,q!exp iqy exp ivt,

f~x,y,t !}f~x,q!exp iqy exp ivt, ~7!

ivedn~x,q!5sxx@d
2f~x,q!/dx22q2f~x,q!#, ~8!

f~x,q!5
2e

k E
0

1`

dn~s,q!K0~qux2su!ds, ~9!

j ~q!5sxxdf~0,q!/dx1 iqsxyf~0,q!,

j ~q!52i I sin qb exp ivt, ~10!

dn~1`,q!→0, f~1`,q!→0. ~11!

V5E
2`

1`

f~0,q!dq, ~12!

sxx /sxy!1. ~13!

49696-02$10.00 © 1997 American Institute of Physics



HereK0(x) is a Bessel function; the transformation of the
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tt.
condition ~5! to ~12! is valid only if the inequality~13! is
satisfied. This inequality limits somewhat the generality
our analysis, but it makes it possible to simplify the calcu
tion substantially, remaining in so doing in the parame
cally most interesting region close to the quantum Hall eff
~QHE!.

The combination~8! and~9! leads to an integral equatio
for dn(x,q) which is typical of the theory of EMPs. Solvin
this equation approximately by the method described in R
7, we find from Eqs.~8!–~11!

f~0,q!5 j ~q!Y F iqsxy1sxx

112sxxqK/ ikv

2sxxK0~ql !/ ikvG , ~14!

f~0,q!52f8~0,q!l , K5E
0

1`

K0~s!ds, ql!1,

~15!

The desired relation betweenV and I arises whenf(0,q)
~14! is substituted into Eq.~12!. The characteristic lengthl
appearing in the course of the solution of the system~8!–
~11! @see the definition ofl ~15!# ultimately has the following
asymptotic forms:

j ~q!50, l5sxx / iqsxy ; ~16!

j ~q!Þ0, l52sxxK0~ql !/@11psxxq/ ikv#. ~16a!

In the casej (q)50, in order for the quantityf(0,q) ~16! to
be finite, the denominator from Eq.~15! must vanish. This
requirement leads to the standard dispersion relation
EMPs in an electronic system with a sharp boundary

kv52qsxyK0~ql !, ql!1. ~17!

Here the length l is given in Eq. ~16!. If, however,
j (q) Þ 0, the quantityl acquires the form~16a! and the pole
of the expression~15! for f(q), which arises with a purely
imaginarysxx , is no longer a characteristic of free EMP
Furthermore, the observed quantity — the IVC from Eq.~12!
— contains an integral over all wave numbers. Therefore,
resonance excitation of the EMPs at the wavelengthl52b
497 Semiconductors 31 (5), May 1997
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~16!, the I–V characteristic of this system can be calcula
with the aid of Eq.~12!.

If in addition sxx!bv, then

V5
I

sxy
cosF kbv

2sxyK0~ l /b!G , ~18!

wherel is taken from Eq.~16a!.
Therefore, the conductanceS5I /V of the system under

discussion has the form

S5
sxy

cos@kbv/2sxyK0~ l /b!#
. ~19!

In the limit v→0 the quantityS→sxy . However, at finite
frequenciesSÞsxy .

The results obtained can be compared with the data
Ref. 8 on the frequency dependence of the Hall voltage fo
MOS structure in the range from zero to several kHz. Th
experiments attest to the increase in the conductance
increasing frequency and the appearance of additional o
lations ofS near the Hall plateau. Both observations can
qualitatively explained in the above-proposed picture of
formation of low-frequency conductance.
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Electrical properties of the solid solutions p-type GaAs 12xSbx doped with germanium

Ge
T. Yu. Allen1) and T. A. Polyanskaya5)

A. F. Ioffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
~Submitted August 20, 1996; accepted for publication September 16, 1996!
Fiz. Tekh. Poluprovodn.31, 587–593~May 1997!

Epitaxial Ge-dopedp-type GaAs12xSbx films (x5020.1;NGe50.01210 at. % in a liquid phase;
hole density at room temperature (0.0624031018 cm23), grown by liquid-phase epitaxy,
were investigated. It was found that for the same Ge concentration in the liquid phase the hole
density in the solid solution is approximately two times higher than in GaAs, irrespective
of the Sb content. The activation energy of the germanium acceptor and the critical density for
the metal–insulator transition were found:«152262 meV andpc5(3.960.3)31018 cm
23 for x50.06. © 1997 American Institute of Physics.@S1063-7826~97!01905-4#

The rapid development of modern optoelectronics isdifferent antimony contents. We see that at the same
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largely tied to the application of III–V compounds and the
solid solutions. The application of epitaxial films of the so
solutions GaAs12xSbx (0,x,0.2) makes it possible, by
varying the antimony content and therefore the band ga
the active layer, to obtain a set of optoelectronic devices
the wavelength range 0.9–1.13mm. Epitaxial layers grown
on GaAs substrates can be used as a wide-gap window
introducing radiation. The previously published studies1–4

involved the use of GaAs12xSbx films (n-type! that were not
specially doped, whilep-type films have been virtually ig
nored. In a number of devices~p–n junctions, photocathode
with a negative electron affinity! a p-type GaAs12xSbx layer
is one of the active regions. It is therefore important that
electrical properties of the p-type solid solution
GaAs12xSbx be investigated.

Typical impurities for obtaining epitaxia
p-GaAs12xSbx layers are Zn and Ge.5,6 Germanium mani-
fests amphoteric properties: It can form donors GeGa

1 at the
sites of the gallium sublattice and acceptors GeAs

2 at the sites
of the arsenic sublattice. In GaAs~Ref. 7 ! and in the solid
solutions GaAs12xSbx ~Ref. 6 !, grown from gallium fluxed
solutions, the As vacancy density is higher than the Ga
cancy density, which is what gives thep-type conductivity of
these materials on doping with Ge. Since the saturated v
pressure of germanium is lower than that of Zn, it is pref
able to use Ge as a dopant for preparingp-type layers with
reproducible parameters.

We investigated the solid solutions GaAs12xSbx with Sb
content in the solid phase from 0 to 10.5%. The fraction
Ge in the liquid phase varied from 0.01 to 10 at. %; th
made it possible to obtain layers with a hole density fro
5.631016 cm23 to 3.431019 cm23 at room temperature. Th
films were 15–20mm thick on average. The samples for th
measurements were prepared by photolithography in
form of a double Hall cross. The contacts were made
alloying indium on the contact areas of the sample. Sam
for which the voltage drop measured on two pairs of pot
tial probes did not exceed 2% were chosen for the invest
tions.

Figure 1 shows the room-temperature Hall hole den
p29551/eRH

295 (RH
295 is the Hall coefficient atT5295 K,

H.3 kG! as a function of the Ge content for samples w
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concentration in the liquid phase the hole density in Ga
(x50, curvea) is approximately two times lower than in th
solid solution withx>3% ~curveb). Apparently, to change
the hole density in the solid solution~as compared with
GaAs! it is sufficient to introduce Sb at a 1% or lower leve
since in the range of Sb concentrations from 3% to 10.
the hole density is independent ofx ~see Fig. 1, curveb).
The hole mobility decreases when Sb is introduced~Fig. 2!.
It is possible that these facts are explained by the effect o
on the ensemble of point defects in GaAs, specifically,
density of electrically active centers~GeAs

2 , GeGa
1 , etc.!. For

example, in Ref. 10 it was observed that the density of c
ters with energy En10.1 eV, which associated with
impurity–vacancy complexes when GaAs is doped with
timony, decreases. However, mechanism of this effect
quires further study.

In studying the solid solutions we focused our attenti
mainly on GaAs12xSbx layers withx50.06.2! Some param-
eters of the experimental samples are presented in Tab
The experimental hole densityp51/eRH ~ignoring the Hall
factor! versus the reciprocal of the temperature is shown
Fig. 3 for the most weakly doped sample
GaAs0.94Sb0.06. Analysis of these curves with the aid of th
neutrality equation by computer fitting makes it possible
determine the thermal ionization energy«1, the acceptor im-
purity density NA , and the degree of compensatio
K5ND /NA (ND is the donor density!. We employed the
neutrality equation, well known from statistics, for a nond
generate carrier gas:11

p1ND5
NA

11b ~p/Nn!exp~«1 /kT!
. ~1!

Hereb54 is the spin degeneracy factor, andNn is the ef-
fective density of states in the valence band with m
md5mhh ~just as for GaAs!, wheremhh is the mass of the
heavy holes. Equation~1! was solved by the method of itera
tions. The values of«1 , NA , andK were found in such a
way as to obtain the best fit between the computed and
perimental curvesp(T). The degree of compensationK for a
sample with the lowest hole density was found to be 0.68
the density increases, the degree of compensation decre
to 0.5. The same value ofK was found for films obtained by

49898-05$10.00 © 1997 American Institute of Physics
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TABLE I. Basic characteristics of GaAs0.94Sb0.06 samples.

r
e-
the same growth technology with hole density~atT5295 K!
above 631018 cm23. It was determined by comparing th
experimental values of the low-temperature mobility~at
T54.2 K! with the values calculated according to the theo
of galvanomagnetic phenomena in semiconductors with
generate bands~Ref. 12!.3! Therefore, it can be assumed th
in our samples the degree of compensationK50.5 for
p.1017 cm23. The values obtained for the background d
nor densityND5KNA agree with the values ofND deter-
mined in the investigation ofp–n junctions3 and Schottky
barrier4 on n-type GaAs12xSbx films grown under the sam
technological conditions and not specially doped.

T5295 K

mH5RHs, p29551/eRH ,
Sample Ge, at. % d, mm cm/~V•s! 1018 cm23

1 0.01 15 153 0.056
2 0.05 12 118 0.35
3 0.1 18 158 0.45
4 0.2 18 110 0.67
5 0.2 21 83.8 1.17
6 0.3 20 85.6 1.20
7 0.5 18 87.6 2.20
8 0.6 19 79.8 2.74
9 0.7 20 66.7 2.59
10 1 16 55.6 6.0

FIG. 1. Room temperature Hall hole densityp295 in GaAs12xSbx versus the
Ge concentration in the liquid phase. Sb content, at. %:1–3 — 0; 4 — 3;
5 — 4.5; 6 — 6; 7 — 8.5; 8 — 10.5. The data for GaAs (x50) are
supplemented with the results from:2— Ref. 8 and3— Ref. 9.
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The values obtained for the ionization energies a
shown in Fig. 4 as a function of the hole density atT5295 K
p29551/eRH

295 ~which approximately corresponds to th
value of NA2ND) and as a function ofp295

1/3 . The value
«152262 meV, determined for a sample with the lowes
hole density, was found to be very close to the valu
«1
PL524 meV, presented in Ref. 13 in a study of the phot

luminescence spectra of a Ge-doped solid soluti

FIG. 2. Room temperature Hall hole mobilitymH in GaAs12xSbx (x50 and
x50.06) versus the Ge content in the liquid phase.1— GaAs;2— GaAs;8

3— GaAs0.94Sb0.06.

FIG. 3. Hole densityp versus the reciprocal of the temperature fo
GaAs12xSbx with different Sb contents. The numbers on the curves corr
spond to the numbers of the samples in Table I. Solid lines — Eq.~1!.
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GaAs0.94Sb0.06. Figure 4 also shows the values of the the
mal ionization energy of Ge in epitaxial GaAs according
the data of Ref. 8. The value«153562 meV ~found by
analyzing the temperature dependences ofRH) and
«1
PL538 meV ~photoluminescence investigations! are pre-

sented in Ref. 8. A linear dependence of«(p295
1/3>NA

1/3) is
characteristic of hydrogen-like impurity states in semico
ductors and is manifested in the range of electron or h
densities where screening of localized impurity states by
riers and by the charge of ionized impurities is appreciab
This dependence is clearly seen for GaAs~curve2! and for
GaAs0.94Sb0.06 ~curve 1!. Extrapolating the GaAs data t
p295
1/350, we obtain«1

as538.3 meV, and for GaAs0.94Sb0.06
we obtain«1

as534 meV.
The temperature dependences of the resistivityr are

shown for a number of samples in Fig. 5a. By differentiati
these curves using the method developed in Refs. 14 and
we determined the temperature dependence of the red
activation energy

w5«/kT5T21] ln r/]T21 ~2!

~see Fig. 5b! in order to make an attempt to separate
region «5const ~where w;T21) and the region
w;(T0 /T)

21/4 with variable hopping length. Unfortunately
we had too few samples at our disposal on the insulator
of the metal–insulator transition in order to draw any gene
conclusions about the laws of variation of the temperat

FIG. 4. Ge ionization energy versus carrier density in the samples:1 —
GaAs0.94Sb0.06; 2 — GaAs.8 The arrows indicate the values obtained fro
photoluminescence investigations.8,13

500 Semiconductors 31 (5), May 1997
-

-
le
r-
.

5,
ed

e

de
l
e

dependencer(T) which are characteristic of the insulato
regime as well as about the temperature limits within wh
these laws are valid. Only the transitional region between
energies«1 and«3 is clearly seen in Fig. 5b;16 in addition,
this region does not increase in size with increasing impu
density asN1/3, but rather it decreases~see curve5 in Fig. 5a
and curves6–8 in Fig. 5b!, as should happen with increasin
overlapping of the acceptor wave functions as the met
insulator transition is approached.16

Figure 6 shows the conductivitys and the mobility
mH5RHs at T54.2 K versus the hole densit
p295>NA2ND . By analogy with the well-studied semicon
ductors~see, for example, the data in Ref. 17 for Ge^Sb&) the
critical hole densitypc for a metal–insulator transition in
GaAs0.94Sb0.06 can be estimated from the dependen
mH(p): pc5(3.960.3)31018 cm23.

This value can be compared with the critical concent
tion which should be estimated using the relation

pc
1/3aB*5a, ~3!

FIG. 5. Temperatures dependences: a — Resistivity of p-type
GaAs0.94Sb0.06; b — reduced activation energyw ~2!. The numbers on the
curves correspond to the numbers of the samples in Table I.
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whereaB* is the effective Bohr radius of the impurity sta
with energy«1 anda>0.26 is a numerical factor. The rela
tion ~3! is based on the simple assumption that the transi
to metallic conductivity occurs when the screening rad
Rs becomes of the order ofaB* and therefore the charg
carriers cannot remain in localized orbits of the impur
states because of the electron-electron interaction. The q
tity Rs in the approximation linear in the screening is giv
by the relation

Rs
25

¸

4pe2p

F1/2~h!

F21/2~h!
5H LD2 , h,24,

paB* /4kF0 , h@10,

~4a!

~4b!

whereh5«F /kT, «F is the Fermi energy,̧ is the permit-
tivity of the semiconductor,F j (h) are the Fermi integrals,11

LD is the Debye length, andkF05(3p2p)1/3 is the magni-
tude of the wave vector forh.10, i.e.,T→0. If it is as-
sumed that

Rsup5pc
5Rsc5aB* ,

then a relation of the type~3!

pc
1/3aB*5

1

4 S p

3 D 1/3>0.254

follows from Eq.~4b! ~i.e., in the region of metallic conduc
tivity !. In Ref. 18 it was shown on the basis of an analysis
a wide spectrum of experimental data that f
a50.2660.01 the relation~3! does indeed hold in a wide
range of materials, including materials doped with differe
semiconductor impurities, despite the simplified hydrog

FIG. 6. Conductivitys and hole mobilitymH (T54.2 K) versus the hole
densityp295 in the solid solution GaAs0.94Sb0.06.
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a localized impurity state we employ a relation reco
mended in Ref. 16

aB*5\/A2m* «1 . ~5!

We also note that when the masses of the light and he
holes differ strongly, the asymptotic behavior of the charg
carrier wave functions at large distances is determined by
light mass and the energy«1 is determined mainly by the
heavy mass~Ref. 16!.4! Indeed, the effective Bohr energ
«B*5m* e4/2¸2\2 for heavy holes in GaAs~for ¸512.79,
m*5mhh50.4660.05) equals 3864 meV, which corre-
sponds to the energies presented above:

«1
PL538 meV, «1

as>38.3 meV.

For GaAs0.94Sb0.06 the variance of the corresponding valu
of the ionization energy of Ge is much larger:

«1
PL524 meV, «1

as>34 meV, «B* uGaAsSb>36 meV.

The last quantity was calculated form*5mhhuGaAsand under
the assumption that the permittivity̧ exhibits a linear de-
pendence on switching from GaAs to GaAs0.94Sb0.06:
¸5(12x)¸uGaAs1x¸uGaSb for ¸uGaAs512.8 and
¸uGaSb515.7. Assuming for GaAs the activation energy
acceptor states of Ge to be«1uGaAs538.260.2 meV and us-
ing Eq. ~5! and the values presented above f
m*5mhhuGaAs, we obtain

aB* uGaAŝGe&5~14.761.2!Å,

and for GaAs0.94Sb0.06, assuming«1uGaAsSb52965 meV and
m*5mhhuGaAs, we obtain

aB* uGaAsSb̂Ge&5~1762.4!Å.

As a result, the critical hole density estimated in accorda
with Eq. ~3! gives

pc5~0.26/aB* !3

5 H ~5.561.6!31018cm23 for GaAŝ Ge&,
~3.662!31018cm23 for GaAs0.94Sb0.06̂ Ge&.

Here the error in determiningpc is large, since it consists o
three terms:

Dpc
pc

53
Da

a
1
3

2 S Dm*

m*
1

D«1
«1

D .
The metal–insulator transition in the solid solutio

GaAs12xSbx has not been studied previously. The val
pc5231018 cm23 obtained for p-type gallium arsenide
doped with Zn is presented in Ref. 19. In Ref. 19 anoma
of the tunneling conductivity of Pb/GaAs contacts were stu
ied, pc was estimated as the density at which the half-wid
of the differential current-voltage characteristic had a mi
mum, and strong dependence of the low-temperature b
conductivity of the samples on the concentration measure
room temperature appeared. The authors also observed t
nonvanishing activation energy existed at temperatures
low 10 K for hole densities below 231018 cm23. We note
that in our investigations of the zero anomalies of the tu
neling contacts20 Au/p-GaAs0.94Sb0.06 ~the solid solution was
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relative tunneling anomaly as a function ofp at T54.2 K in
the concentration range near 3.731018 cm23.

In summary, our estimate for the critical hole density f
a metal–insulator transition in the solid solutio
GaAs0.94Sb0.06gives the valuepc>(3.960.3)3 1018 cm23.
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maxima as a function of the composition of the electron mobility
T577 K and the quantum yield of photoluminescence atT54.2 K were
observed atx50.06. This was explained by the fact that the number
structural defects has a minimum in GaAs12xSbx with x50.06.1,10

3!The flattening of the curvesp(1/T) for samples 4 and 5~Fig. 3! at
T,140 K (1000/T.7 K21) could be due to the temperature dependen
of the Hall factor. But this effect could be an indication of the onset
ionization of a shallower level~see, for example, Ref. 11!.

4!The first of the indicated assumptions has been confirmed in our inv
gations of the anomalous magnetic resistance atT54.2 K in
GaAs12xSbx for 0,x,0.085.12

5!Electronic-mail: pta@nano.ioffe.rssi.ru

1Yu. F. Biryukin, V. N. Karyaev, I. Yu. Novikov, T. A. Polyanskayaet al.,
Fiz. Tekh. Poluprovodn.15, 2288~1981! @Sov. Phys. Semicond.15, 1330
~1981!#.

2S. B. Demichev, V. N. Karyaev, S. V. Myasnikov, Kh. G. Nazhmudino
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Photoluminescence in porous silicon produced as a result of intense laser excitation
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E. Shatkovski  and Ya. Vertsinski 
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~Submitted March 9, 1996; accepted for publication October 9, 1996!
Fiz. Tekh. Poluprovodn.31, 593–596~May 1997!

The integrated photoluminescence in porousp-type silicon produced as a result of intense
excitation with second harmonic (l5532 nm) pulses from a YAG:Nd31 laser has been
investigated. It was established that in the intensity range corresponding to quasistationary
excitation conditions the radiation is characterized by a power-law dependenceI rad;I 2/3. As the
excitation intensity increases, the quantum yieldb decreases;I21/3. It is shown that the
main radiation of porous silicon is due to a bimolecular recombination process. ©1997 American
Institute of Physics.@S1063-7826~97!02005-X#

Despite intensive investigations of porous silicon~por- posed in Refs. 16 and 17. Authors of other works adhere
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Si!, there is still no unequivocal answer to the question of
nature of the visible-range luminescence observed in
material. There are two main controversial models. Acco
ing to the first one, the visible-range luminescence appea
a result of quantum-size effects1,2 which are a consequenc
of the characteristic nanometer sizes of the porous struc
According to the second one, the visible-range radiation
por-Si is due to Si:O:H and H:Si:H complexes formed in t
process of anodic etching and siloxen Si6H3O6 and its
modifications.3–7 The first hypothesis is confirmed by inve
tigations of the shift of the absorption band edge.2,3,8–10

However, it cannot explain adequately the behavior of
luminescence spectrum. First, the luminescence arises
in samples with a substantial porosity. Second, there is
definite relation between the form and position of the lum
nescence spectrum and the sizes of the nanoparticle10,11

even though, as follows from the shift of the absorpti
edge, there should be such a dependence. Recently, how
these two models have been converging. For example
Ref. 12 it was established that spherical silicon nanoparti
coated with silicon oxide emit in the same region of t
spectrum aspor-Si. It was shown that this radiation can b
explained by annihilation of an exciton, spatially bound
~trapped! in an intermediate region between the core o
sphere and the oxide layer on the surface. On the other h
it is shown in Ref. 13 that clusters of planes of silicon ato
can form in complicated siloxen-type complexes. Quant
confinement occurs in these clusters. It has not been r
out, that the two mechanisms, and possibly an even m
complex system of transitions, form the integrated radiat
of por-Si in the visible range. This assumption is based
the presence of only a very extended surface with a quant
confinement effect. Furthermore, at low temperatures a c
plex structure of the spectrum appears14,15 and a shift of the
radiation band in time, formally described by a three-le
scheme in Ref. 6, occurs.

Recombination models of different multiplicity are in
voked to describe the characteristics of radiation frompor-Si
on the basis of the quantum-confinement mechanism. On
them, as mentioned above, is the model of three-level mo
molecular recombination.6 Monomolecular recombination
limited by tunneling through a potential barrier, is also pr
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the opinion that the radiation ofpor-Si is due to a bimolecu-
lar process, i.e., it is the result of a recombination of fr
electrons or holes or electrons and holes bound in
exciton.12,14,18,19Nonetheless, the results and conclusions
this model are inconsistent. This is most clearly seen
comparing Refs. 14 and 18, where direct interband tansiti
are studied in one case and indirect interband transitions
studied in the other.

In this study we determined the multiplicity of the radi
tive process inpor-Si. We have accordingly measured th
intensity of the integrated radiation as a function of the e
citation intensity. Porous silicon was obtained by ano
etching of p-type single-crystal silicon wafers withr510
V•cm and$111% orientation for 15 min in a current of 50
mA/cm2 at room temperature.23 Excitation was performed by
pulses of the second harmonic radiation (l50.532 mm)
from aQ-switched YAG:Nd31 laser. The pulse duration wa
t>16 ns. The maximum excitation intensity reach
I51024 photons/cm2•s. The photoluminescence pulses we
detected with a FE´U-28 photomultiplier operating in a linea
regime and shielded by KS-11 and -12 light filters. The
diation was detected in the spectral range 1.2–0.6mm, lim-
ited by the spectral sensitivity characteristic of the photom
tiplier, on the one hand, and the transmission of the li
filters, on the other. Detection occurred at the peak of
photoluminescence pulse. An optical fiber was used for
tical coupling between the photomultiplier and the samp
The photoresponse signals were recorded with a wideb
oscilloscope~transmission bandD f5250 MHz!. The mea-
surements were performed at room temperature.

The dependence of the radiation intensity on the exc
tion power is shown in Fig. 1. As expected, excitation
nonstationary up to excitation intensitiesI 151022I 0. Since
this region provides little information, we will consider be
low only the range of intensitiesI.I 1 in which the excita-
tion is quasistationary.22,23As one can see from Fig. 1, in thi
range of intensities the radiation is characterized by a pow
law dependenceI rad;I 2/3. We give here the quantum yiel
b of the radiation versus the excitation intensity calcula
according to the relation

b5I rad/I . ~1!

50303-03$10.00 © 1997 American Institute of Physics
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As one can see from Fig. 1, the quantum radiation yi
decreases with increasing excitation intensity. In accorda
with the measurements of the photoconductivity and pho
magnetoelectric effect,23 the density of nonequilibrium
charge carriers is therefore controlled not by a radiative p
cess, but rather by a more strongly concentration-depen
nonlinear nonradiative process. This conclusion is confirm
by the relatively low (;3%) numerical value of the quan
tum radiation yield.17,18

The conditions of our experiments differ fundamenta
from most other experiments by the extremely high exc
tion intensity. The pulsed excitation regime chosen by
also serves this purpose. It is well known that under sim
conditions, the density of nonequilibrium charge carriers
semiconductors usually isDn5Dp@n0 , p0. Here n0 and
p0 are the equilibrium electron and hole densities. In t
case we can write the total recombination rater of charge
carriers, taking into account the standard models of mo
bimolecular, and three-particle interband Auger recombi
tion, in the form

r5(
i51

3

Ai~Dn! i . ~2!

Herei are the exponents~multiplicities! of the recombination
processes, andAi are the corresponding recombination co
ficients. One or another process can predominate, depen
on the ratio of the coefficientsAi and the densityDn. By
measuring the dependencer5r (Dn) it is possible to deter-
mine uniquely the multiplicity and therefore the mod
which the dominant recombination process satisfies. Furt
more, if the predominant recombination process is kno
then the character of the radiative process can be establi
by measuring under stationary conditions the dependenc
the rate of the radiative processr rad5I rad on the generation
rate. We showed in a previous study23 that in porous silicon,
just as in single-crystalline silicon, interband Auger reco
bination predominates under strong-excitation conditions
characteristic feature is a cubic dependence of the reco
nation rater A on the densityDn:

r A5CA~Dn!3. ~3!

FIG. 1. Integrated intensityI rad and quantum yieldb versus the excitation
intensity I (I 051024 photons/cm2•s!.
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HereCA[A3. As an illustration, Fig. 2 shows the voltag
U of the photomagnetoelectric effect of the same sample
porous silicon as a function of excitation intensity; the cur
is analogous to that obtained in Ref. 23. In our experim
the voltage is determined by the densityDn(0) of nonequi-
librium charge carriers on the excited surface, so that

U;Dn~0!. ~4!

The generation rate of the nonequilibrium charge carrier
g(x);I (x). The curve ofU(I ) therefore reflects the depen
dence of the density of nonequilibrium charge carriers on
generation rate. Taking into account the conditions of q
sistationarity of excitation, which occurs forI.1022I 0, the
dependenceDn(0);I 1/3 observed in Fig. 2 corresponds t
the cubic density dependence of the recombination rate
the charge carriers. As is well known, it is realized in t
case of interband Auger recombination. In the same study
showed that diffusion can be ignored in the continuity eq
tion describing the kinetics of the charge carriers. Under s
tionary conditions, the recombination and generation ra
will then be equal to one another:r (x)5g(x). Using expres-
sion ~3!, we obtain

Dn~x!5Fg~x!

CA
G1/3;I 1/3. ~5!

In the case of a monomolecular radiative process we have
the radiation

I rad5r rad5ArDn;I 1/3, ~6!

and from Eqs.~1!–~3! follows the quantum yieldb

b5I rad/r A;I 1/3/I5I22/3. ~7!

In the case of a bimolecular radiative recombination, wh
r rad;Dn2, we have

I rad5Brad~Dn!62;I 2/3. ~8!

Here, as usual,A2[Brad. The quantum yield is

b;I 2/3/I;I21/3. ~9!

Comparing expressions~6!–~9! with the experimental depen
dence which we obtained~Fig. 1!, we see that the experimen

FIG. 2. Dependence of the voltageU of the photomagnetoelectric effect an
of the nonequilibrium charge carrier densityDn(0) on the excited surface o
porous silicon on the intensity of the exciting laser radiation.
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was observed against the background of a predominant in
band Auger recombination. In our opinion, such a proc
could be either band–band recombination or recombina
via exciton states. Considering the indirect character of
transitions in silicon between conduction- and valence-b
extrema and the low oscillator strength for such transition24

recombination via a state of an exciton which is spatia
confined in the intermediate layer of nanoparticles, as p
posed by Kanemitsu in Ref. 12, seems more likely. We
not rule out, however, a more complex scheme of radia
transitions. We note in this connection that we perform
spectrum-integrated measurements of the main emis
channel. The observed shift of the position of the spectrum
time after removal of excitation,6 the complicated structure
of the spectrum at low temperatures,14 and the radiation ki-
netics which we observed suggest that other, secondary
diation channels could also be present. As the excitation
tensity approaches the maximum intensity (I.0.1I 0), along
with a fast component 40–60 ns, we observed the app
ance of a slower~150–200 ns! relaxation component. We
note that the fast relaxation component corresponds to
nonequilibrium charge carrier lifetimes in silicon determin
by interband Auger recombination.22

In summary, measurements of the dependence of the
tensity of radiation from porous silicon on the excitation i
tensity have established the following: a! The main radiation
from porous silicon is due to a bimolecular recombinati
process; b! most likely, recombination occurs throug
quantum-confined excitonic states, although interband tra
tions should not be ruled out; c! radiation is observed agains
the background of a predominant interband Auger recom
nation; and d! the quantum radiation yield in the spectr
range 1.2–0.6mm decreases with decreasing excitation. T
fast relaxation component corresponds to the lifetime of n
equilibrium charge carriers in silicon, as determined by A
ger recombination.22
505 Semiconductors 31 (5), May 1997
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The Schottky barrier at a junction between a metal and silicon carbide

S. Yu. Davydov, A. A. Lebedev, and S. K. Tikhonov

A. F. Ioffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
~Submitted March 26, 1996; accepted for publication October 20, 1996!
Fiz. Tekh. Poluprovodn.31, 597–599~May 1997!

A simple model is proposed for a metal–semiconductor junction. It is assumed that a Schottky
barrier is formed by states of defects localized at the interface. The experimental data on
the ^metal ~Au, Cr, Mo, and Al!&2^hexagonal siliconcarbide~6H2SiC!& systems, where SiC has
an n-type conductivity, are analyzed. ©1997 American Institute of Physics.
@S1063-7826~97!02103-0#

1. The study of Schottky barrier formation on a metal– analogous operator for an electron in the stateu i &. The
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semiconductor contact is an old but still important proble
in semiconductor physics.1 It is important to understand how
the characteristics of the surfaces in contact and the me
for producing a contact influence the parameters of the
rier that appears. Surface-barrier structures based on si
carbide are undoubtedly of interest.2 In Ref. 3 Schottky di-
odes formed on contacts between metals~Au, Mo, Cr, and
Al ! and n-6H-SiC were investigated. The effect of the u
compensated donor impurity density, the density of surf
states, the work function of the metal, and the parameter
the insulator layer at the metal–semiconductor boundary
the barrier height was investigated experimentally. The g
eralized Bardeen and Schottky–Mott theory was used to a
lyze the experimental data.4 It was found, specifically, tha
the Schottky barrier heightFb is the same for all metallic
components investigated, and that it corresponds to half
band gapEg in silicon carbide (Eg>3 eV). These results ar
at variance with the data of Refs. 5–7, where a compa
tively strong dependence of the barrier heightFb on the
work function of the metalFm was observed. This depen
dence was explained in Ref. 8 in a model of states indu
by metal atoms. It was assumed that states formed by de
were not present in the contact region. As analysis of
published data1 and discussion of the obtained results in R
3 show, the weak dependence ofFb on Fm ~we are talking
about stabilization~pinning! of the Fermi level at energie
corresponding to the states of the defects! is due to the pres-
ence of such states localized in the contact region. A sim
model, taking into account the presence of defects in
contact region, was recently proposed for describ
Schottky barriers in a metal–GaAs system.9,10 In the present
paper a modified variant of this model is used to describe
system metal–~silicon carbide!.

2. We shall study the interaction of the defect stateu i &
localized on the surface of the semiconductor with a me
The energyEi of this state lies in the band gap. The intera
tion of u i & with the metal in contact with the semiconduct
can be described by a Hamiltonian of the form

H5(
k

«kck
1ck1Eiai

1ai1V(
k

~ck
1ai1h.c.!, ~1!

where«k is the electron energy in the metal,V is the hybrid-
ization energy of the metallic and localized states,ck

1 is the
operator creating an electron in the stateuk&, andai

1 is the
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Hamiltonian ~1! is a simplified version of the Anderso
Hamiltonian,11,12where it is assumed that the levelEi can be
occupied by not more than one electron~this makes it pos-
sible to drop the correlation term and the spin indices!. As-
suming that the level of the localized stateu i & overlaps with
the wide conduction band of the metal, it is easy to find
occupancy numberni as

ni5
1

p
arccot

Ei2EF

G
, ~2!

where G5prV2 is the half-width ~at half-height! of the
quasilevelEi , r is the density of states of the metal~as-
sumed to be constant!, andEF is the Fermi level.

The solution~2! corresponds to an isolated state of
defect or, equivalently, a set of such states but not interac
with one another. We shall study the latter situation, mak
the assumption that the density of such states~per unit sur-
face layer! equalsNi . As a result of electron tunneling be
tween the metal and the quasilevelsu i &, a potential barrier

DF524pe2lNiqi , ~3!

wherel is the thickness parameter of the double layer~see
below! andqi is the charge localized in the stateu i &, arises at
the contact. If prior to contact the levelu i & was empty, then
qi52ni and the resulting work function of the meta
changes fromFm to Fm1DF. If, however, the initially lo-
calized level was filled, thenqi51(12ni). The position of
the Fermi level relative to the top of the valence band of
semiconductor is determined by the relation

EF5I sc2Fm2DF. ~4!

Here I sc5x1Eg , where x is the electron affinity. The
height of the Schottky barrierFb equalsEF for a p-type
semiconductor andEg2EF for a n-type semiconductor.

3. Let us now examine the general properties of
model. We rewrite Eqs.~2! and ~4! in the form

cot pni5« i2D2Aiqi , ~5!

« f5D1Aiqi , ~6!

where

« i5Ei /G, D5~ I sc2Fm!/G,

Ai54pe2lNi /G, « f5EF /G. ~7!

50606-03$10.00 © 1997 American Institute of Physics



The following relations can be obtained from expressions~5!
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TABLE I. Values ofFm , Fb
n , and the parameterRi for Ei5EF5Eg/2.
and ~6!

dni
dD

5
sin2pni

p
Ri , ~8!

d« f

dD
5Ri , ~9!

where

Ri5S 11Ai

sin2pni
p D 21

. ~10!

Since the two derivatives are positive, as the work funct
Fm of the metal increases, the occupancyNi of the level and
the Fermi energy decrease. In the absence of states relat
the defects,dni /dD50 andd« f /dD51. The latter equality
corresponds to the Schottky–Mott case.1 In the limit
Ni→` we havedni /dD→0 and d« f /dD→1. Therefore,
when the density of states of the defects is high, neither
occupancy of the defects nor the position of the Fermi le
~and therefore the barrier height! depends on the work func
tion of the contact metal.

Let us now examine the dependence ofdni and« f on the
position of the defect level« i . For arbitrarydni /dD and
d« f /dD we obtain the expressions~8! and ~9! but with a
minus sign on the right-hand side. Therefore, a change
« i leads to the same consequences as a change inFm . Fi-
nally, the dependence of the occupation numbers and F
level on the density of statesNi of the defects has the form

dni
dAi

5qi
sin2pni

p
Ri , ~11!

d« f

dAi
5qiRi . ~12!

4. Let us analyze the results of Ref. 3 on the basis of
proposed model. For simplicity, letEi5Eg/2, which corre-
sponds approximately to the situation at hand~see also the
data on other metal–semiconductor contacts1,13!. We will
then have

cotpni5v2Aiqi , ~13!

« f5
1

2
«g2v1Aiqi , ~14!

wherev5(Fm2x2Eg/2)/G, and«g5Eg /G. According to
the data presented in Ref. 3 , for the6H-SiC modification of
silicon carbide the band gapEg53 eV andx54.4 eV. The
work functions of metals are presented, for example, in R
14 . The parameterAi is quite difficult to calculate, since we
know nothing, in principle, about the nature of the bound
defects in the system under study. Estimates presente
Refs. 9 and 10 also seem unconvincing to us, since we
lieve that it is unacceptable to use the concept of permittiv
on atomic scales. In our view, the methods of chemisorp
theory should be used to estimatel andG.15 As a result of
the fact that the Schottky barriers in the system metal–H-
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SiC correspond approximately to half the band gap, we
tain in Eq. ~14! « f5«g/2. We then find from Eqs.~13! and
~14! ni52qi50.5 and therefore

x5Eg/22Fm52pe2lNi . ~15!

We note that Eqs.~13! and ~14! show that it must be as
sumed that the defect level is initially empty.

Assumingl to be of the order of the lattice constant
the metal, i.e.,l>3 Å, we find the corresponding defec
densities~in units 1013 cm22): Ni53.0, 5.9, 3.7, and 6.1 for
Au, Mo, Cr, and Al, respectively. These results are co
pletely reasonable.

We shall now find the value of the parameterRi ~see
Table I!, making the assumption that the width of the qua
level of a defect 2G51 eV. SincedFb

n/dFm5d« f /dD, we
can calculate the increment to the Schottky barrier hei
DFb

n>RiDFm , Using as a basis the parameters correspo
ing to the system Al/n-6H-SiC (Fb

n51.26 eV,Fm54.25
eV!. Switching to molybdenum, we haveDFm50.05 eV
and, correspondingly,Fb

n.1.29 eV, which agrees well with
experiment. Switching from molybdenum to chromium, w
obtain a positive incrementDFb

n50.14 eV, which is at vari-
ance with experiment (DFb

n5 2 0.08 eV!. Switching from
chromium to gold givesFb

n51.50 eV. With the exception o
chromium, which does not follow the general trend, t
agreement with experiment is satisfactory. The result
chromium can be refined by, for example, displacing
defect levelEi upwards (dFb

n/dFm52dFb
n/d« i).

FIG. 1. Schottky barrier heightFb
n and occupation numbersni of defect

states versus the densityNi of boundary defects for the system Au/n-6H-SiC
with Ei5Eg/2. The dashed lines represent the valuesdFb

n5Eg/251.5 eV
andni50.5, which correspond to the valueNi5331013 cm22.

Au Cr Mo Al

Fm, eV 5.10 4.58 4.30 4.25
Ri 0.66 0.54 0.50 0.49
Fb9 , eV ~Ref. 3! 1.40 1.22 1.29 1.26

507Davydov et al.
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s:
The occupation numbersni of the defect levels and th
Schottky barrier heightsFb

n versus the density of statesNi of
defects for the system Au/n-6H-SiC are shown in Fig. 1. The
dashed lines denote the values ofFb

n5Eg/251.5 eV and
ni50.5, which correspond toNi5331013 cm22.

Figure 2 shows the same curves for the system Al/n-6H-
SiC . Comparison of the results shows that the Schottky b
rier height for a contact with Al increases much more rapi
with Ni than in the system Au/n-6H-SiC . The same ten
dency was established in Ref. 3 . Therefore, the propose
model is suitable for describing Schottky barriers on silic
carbide.

5. In this paper we have formulated a simple model t
makes it possible to describe semiquantitatively the Scho
barrier parameters for the system metal–SiC. The most
ficult problem is to determine adequately the parame

FIG. 2. Schottky barrier heightFb
n and occupation numbersni of defect

states versus the densityNi for the system Al/n-6H-SiC withEi5Eg/2. The
dashed lines represent the same values as in Fig. 1 but forNi56.131013

cm22.
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nature of the boundary defects. The fact that these def
can be generated during the process of producing a con
which greatly complicates the investigation of the defec
introduces an additional difficulty. The fact that the Fer
level in most Schottky diodes is pinned approximately at
center of the band gap suggests that the defect densi
close toNi . Here, however, additional investigations are r
quired.
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Polarization anisotropy of optical interband transitions in strained InGaAs/GaAs

ave
quantum wires
S. A. Gurevich, D. A. Zakheim,1) and S. A. Solov’ev

A. F. Ioffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
~Submitted September 23, 1996; accepted for publication October 21, 1996!
Fiz. Tekh. Poluprovodn.31, 600–605~May 1997!

The optical properties appearing in strained quantum wires as a result of the inhomogeneity of
the elastic deformations distribution inside the wires and in the surrounding barrier material
are investigated. An analytical approximation is used to calculate this distribution. It is shown that
the short-wavelength shift of the photoluminescence and the polarization anisotropy of
photoluminescence in a direction normal to the plane of the wires are determined mainly by the
difference of the elastic deformations from the biaxial deformations. This result is confirmed
by comparing the computed polarization–dependent photoluminescence spectra with
the experimental data obtained for InGaAs/GaAs quantum wires with a 7360-nm cross section.
© 1997 American Institute of Physics.@S1063-7826~97!02205-9#
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Many papers involving calculation of the spatial dist
bution of the elastic mechanical deformations in bur
structures with quantum wires~QWs!, based on materials
which are not lattice-matched, have recently appeared in
literature.1,2 It has been shown that the elastic deformatio
in these structures differ substantially from a simple biax
compression existing in the two-dimensional objects
quantum wells~QWs!. This affects the band structure o
QWs and results in a number of characteristic difference
the optical properties of strained QWs as compared with
strained wires.

One of the most important manifestations of size qu
tization of charge carriers in QWs is the short-wavelen
shift of the photoluminescence~PL! spectra as compare
with the spectra of the initial quantum well. In Ref. 2 it wa
shown that for strained QWs this short-wavelength shift
determined mainly by the difference in the components
the elastic-deformation tensor from the values character
of biaxial compression of a quantum well, and only a sm
part of it is due to the additional quantization of electro
and holes in the plane of the initial quantum well.

It is well known1 that a modification of the spatial de
pendence of the components of the elastic-deformation
sor in QWs changes primarily the structure of the valen
band of the semiconductor, giving rise to mixing of th
heavy- and light-hole subbands. This should result in an
preciable polarization anisotropy of the matrix elements
optical interband transitions associated with the absorp
and emission of linearly polarized light. On the other ha
some experimental data show a substantial (.5%) PL po-
larization anisotropy for structures with strained QWs
width 50–60 nm.3 The nature of this polarization anisotrop
in the case of strained QWs is substantially different from
case of unstrained structures, where it is a consequenc
the additional quantization of the charge carriers in the pl
of the initial quantum well.4,5

In the present paper we calculate the polarizati
dependent PL spectra for strained InGaAs/GaAs QWs wi
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functions of the electrons and holes, we take into account
nonuniformity of the distribution of the elastic deformation
along the cross section of the QW and the surrounding
terial. The computed spectra are compared with the exp
mental data obtained for buried structures with InGaA
GaAs QWs.

2. BAND STRUCTURE AND MATRIX ELEMENTS OF
INTERBAND TRANSITIONS IN INGAAS/GAAS QUANTUM
WIRES

2.1. Calculation of elastic stresses.We consider first the
distribution of elastic deformations in a heterostructure w
an InGaAs/GaAs quantum well sandwiched between i
nitely thick GaAs barriers~Fig. 1a!. As is well known, the
difference in the lattice constants of InxGa12xAs and GaAs
causes the quantum well to be uniformly biaxially com
pressed:

exx
in5eyy

in 5~a02a~x!!/a0 , ezz
in52

2n

12n
exx
in ;

exx
out5eyy

out5ezz
out50, ~1!

wherea(x) anda0 are the lattice constants of InxGa12xAs
and GaAs, andn is Poisson’s ratio.

In the case of a one-dimensional structure — a quantum
wire ~Fig. 1b! — the situation becomes more complicated.
this case the components of the elastic deformation tenso
the xz plane become substantially spatially nonuniform, a
the barrier material is elastically deformed. To calculate
components of the tensore we shall employ the analytica
approximation1

exx5S 11n

12n

u

2p
2

2n

12n D e02F~x,z!ne0 ,

ezz5S 12n

12n

u

2p
2

2n

12n D e02F~x,z!ne0 ,

50909-06$10.00 © 1997 American Institute of Physics
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eyy5F~x,z!e0 , exz5
11n

p~12n!
lnu

d1d3
d2d4

ue0 ;

e05
a02a

a0
, ~2!

where the functionF(x,z) equals 1 everywhere inside th
QW and 0 outside. The distancesd1 , d2 , d3, andd14 and
anglesua and ub are shown in Fig. 1b,u5ua1ub . Equa-
tions ~2! were obtained in Ref. 1 under the following bas
assumptions: The QW and barrier materials were assume
be continuously isotropic and to obey Hooke’s law. Furth
more, Poisson’s ratio of the QW and the barrier were
sumed to be equal.

2.2. Structure of the valence and conduction bands.A
distinguishing feature of expressions~2! for the components
of the deformation tensor is that the hydrostatic compress
d5exx1eyy1ezz is constant inside the wire and equals ze
outside the wire:

d in5S 22
2n

12n D e0 ; dout50. ~3!

The quantityd (3) is equal to the value for the quantu
well. Since the Hamiltonian of the conduction-band electro
depends only on the hydrostatic compressiond, the relax-
ation of the elastic deformations which is described by E
~2! has no effect, to a first approximation, on the quantizat
of the electrons. Disregarding the interaction of the cond
tion band with other bands, we write the Schro¨dinger equa-
tion for the electrons in the effective mass approximation
the form

F\2

2 S 2]x
1

m*
]x2]z

1

m*
]zD 1

\2ky
2

2m*
1acd1Vc~x,z!G

3 f c~x,z!5Ecf c~x,z!, ~4!

where f c(x,z) are the envelopes of the electron wave fun
tions,Vc(x,z) is the profile of the conduction-band bottom
andac is the deformation potential of the electrons.

To calculate the energy levels and the envelopes of
wave functions of the holes, we shall employ Luttinge
formalism6 with a 434 Hamiltonian, i.e., we take into ac

FIG. 1. Schematic diagram of a structure with a quantum well~a! and
quantum wire~b!.
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band. We write Schrodinger’s equation in the form

@ĤL1Hs# f
n~x,z!5Efn~x,z!, ~5!

where f n(x,z) is a four-component envelope wave functio
of the holes, andĤL is the Luttinger Hamiltonian, which in
the basis of the eigenfunctions of the projection operato
the total angular momentum has the form

ĤL53
Hhh c b 0

c1 Hlh 0 2b

b1 0 Hlh c

0 2b1 c1 Hhh

4 3
3

2

2
1

2

1

2

2
3

2

4 ;
Hhh5

\2

2m0
@~g11g2!~]x

22ky
2!1~g122g2!]z

2#1Vn~x,z!,

Hlh5
\2

2m0
@~g12g2!~]x

22ky
2!1~g112g2!]z

2#1Vn~x,z!,

b52
\2A3
2m0

g3~]x1ky!]z , c52
\2A3
2m0

g21g3

2
~]x1ky!

2,

~6!

whereg1 , g2 , andg3 are the Luttinger parameters,m0 is the
free-electron mass, andVn(x,z) is the profile of the valence
band edge. The second term in Eq.~5! is the so-called
Pikus–Bir Hamiltonian,7 which in the same basis as th
Hamiltonian~6! has the form

HS52F p1q r 2s 0

r * p2q 0 s

2s* 0 p2q r

0 s* r * p1q

G
p5and, d5exx1eyy1ezz,

q52bnF12 ~exx1eyy!2ezzG ,
r52

A3
2
bn~exx2eyy!1 idnexy ,

s52 idn~exz2 i eyz!. ~7!

Here an , bn , anddn are the deformation potentials of th
valence band, and the components of the deformation te
e depend on the coordinates according to Eq.~2!. It should
be noted that the Hamiltonian~6! is written in the axial ap-
proximation. The values of the parameters for GaAs and
GaAs employed in the calculation are presented in Table

510Gurevich et al.



r
on

of
s
gi
ol
an
-
s
r

.
b
e
itu

tia
tio
W
e
rt-

it, the PL band. The results presented in Fig. 2 are in good
on
ll as
v-

y.
ar-
the
ion
w
this
he

p
ons

e

dex
of
nt
rix

the

he

si-

nd

ion

ne
the
r-
ion
n-
ly
ial
lits
ard
me
is

TABLE I. Values of the parameters for GaAs and In0.2Ga0.8As.

s.
To solve to Eq.~5! numerically, we employed a Fourie
expansion of the envelope wave functions of the electr
and holes:8

f c~x,z!5
1

AXZ (
m52nx

nx

(
n52nz

nz

f c~m,n!e2p imx/Xe2p inz/Z,

f n
n~x,z!5

1

AXZ (
m52nx

nx

(
n52nz

nz

f n
v~m,n!e2p imx/Xe2p inz/Z,

~8!

whereX and Z are the periods of a formal superlattice
QWs in the directions of thex and z axes. These period
must be chosen to be large enough so as to ensure negli
overlapping of the wave functions of the electronic and h
states of the neighboring QWs. Substitution of the exp
sions~8! into Eqs.~5! and ~4! reduces the latter to an alge
braic problem of finding the eigenvalues and eigenvector
the matrices. The results of the calculation of the sho
wavelength shift of the first interband transitione12h1 rela-
tive to its position in a quantum well are presented in Fig
for different widths of the QWs. The dashed curve was o
tained without regard for the spatial nonuniformity of th
distribution of the elastic deformations, i.e., upon subst
tion of the values ofe ~1! into the Hamiltonian~7!. It is
evident from the figure that even for wide QWs the spa
dependence of the components of the elastic-deforma
tensor cannot be ignored. In addition, in wide enough Q
the modification ofe i j , compared with their values in th
initial quantum well, is the main source of the sho
wavelength shift of the transitione12h1 and, together with

Parameter GaAs In0.2Ga0.8As Parameter GaAs In0.2Ga0.8As

mc /m0 0.067 0.059 an , eV – 21.1
g1 6.85 9.56 bn , eV – 22
g2 2.1 3.34 dn , eV – 25
g3 2.9 4.14 a0, Å 5.65 5.73
a0 , eV – 27 h – 0.32

FIG. 2. Short-wavelength shift of the transitione12h1 versus the width of
a QW taking into account~solid line! and neglecting~dashed line! the spa-
tial dependence of the components of the tensor of elastic deformation
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qualitative agreement with the results obtained in Ref. 2
the measurements of the magnetoluminescence, as we
with their calculation, performed using algorithms for sol
ing numerically the equations of the theory of elasticity.

2.3. Matrix elements and their polarization anisotrop
Besides the short-wavelength shift of the PL, another ch
acteristic manifestation of the one-dimensional nature of
electron-hole gas in QWs is thought to be the polarizat
anisotropy of PL and the absorption of light. We shall sho
below that in the case of strained QWs the magnitude of
anisotropy is determined mainly by the modification of t
components of the tensore.

Using the expansion~8!, we can calculate the overla
integrals of the envelopes of the wave functions of electr
and holes:

Ji , j
n 5E f i

c~x,z! f n, j
n* ~x,z!dxdz5(

m,n
f i
c~m,n! f n, j

n* ~m,n!,

~9!

where f i
c(m,n) and f n, j

n* (m,n) are the eigenvectors of th
Hamiltonians~4! and ~5!; the indicesi and j enumerate the
electron and hole states, respectively; and the in
n5$3/2, 21/2, 1/2, 23/2% enumerates the components
the hole wave function. For linearly polarized light incide
in a direction normal to the plane of the QWs, the mat
element of a radiative transition between statesi , ky and j ,
ky8 of the valence and conduction bands can be written in
form

uMi , j u25Fi j ~11a i , jcos2f!d~ky2ky8!, ~10!

wheref is the angle between the polarization vector of t
light and they axis ~i.e., the axis of the quantum wire!, and
thed function ensures that the law of conservation of qua
wave vector in the direction of they axis is satisfied. The
amplitudeFi j and degree of polarizationa i j of a transition
are related with the overlap integrals~9! by the relations~see,
for example, Ref. 4!

Fi j5
1

2 F uJ
i , j

3
2 u21uJ

i , j

2
3
2u2]1

1

6
@J

i , j

1
2 u21uJ

i , j

2
1
2u2G ,

a i , j5
1

Fi , j

1

2A3
F Ji , j32 Ji , j2

1
2
*

1J
i , j

3
2
*
J
i , j

2
1
21J

i , j

1
2 J

i , j

2
3
2
* G . ~11!

It should be kept in mind that the overlap integrals, a
therefore the quantitiesa i , j andFi , j , are functions ofky .

The computational results for the degree of polarizat
of the transitione12h1 at the pointky50 are presented in
Fig. 3 as a function of the width of the QW. The dashed li
in this figure shows the results of such a calculation in
approximation of spatially uniform biaxial mechanical defo
mations. As one can see from the figure, the polarizat
anisotropy of the matrix elements of interband optical tra
sitions in strained QWs is determined virtually complete
by the difference of the elastic deformations from biax
deformations. Biaxial compression, as is well known, sp
the valence band, shifting the heavy-hole subband upw
and the light-hole subband downward in energy. At the sa
time, the polarization anisotropy in the plane of the QWs

511Gurevich et al.
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determined by the mixing of the states of these two s
bands, which are associated with the additional size qua
zation in the plane of the initial quantum well. This mixing
found to be suppressed by the splitting caused by the bia
compression. Therefore, the degree of polarization of the
terband transitions in the plane of the QW approaches z
~dashed curve in Fig. 3!. The difference of the elastic defor
mations inside a QW and in the surrounding barrier fro
biaxial deformations results in indirect mixing, which is n
associated with size quantization, of the heavy- and lig
hole subbands. The resulting polarization anisotropy of
matrix elements of interband transitions is substantial~see
Fig. 3! and even exceeds the similar values for unstrai
InGaAs/GaAs QWs of the same width.4

3. POLARIZATION ANISOTROPY OF PL

3.1.Calculation of the PL spectra.To calculate the PL
spectra, in addition to the dispersion laws for electrons
holes, calculated in Sec. 2, and the matrix elements of in
band transitions, it is also necessary to know the parame
of the homogeneous and inhomogeneous broadening o
energy levels, as well as the distribution of charge carr
over these levels.

We shall write the one-dimensional density of states
the conduction and valence bands in the form

Dc,n~E!5
2

p(
n
E
ky

G~E2En
c,n~ky!!dky , ~12!

where En
c,n(ky) are the electron and hole dispersio

branches, andG(E) is a Gaussian function that describes
Eq. ~12! the inhomogeneous broadening of energy leve
Knowing the density of states and the matrix elements of
interband transitions, we can calculate the interband li
absorption spectrum

a~\v!5
pe2

e0cnm0
2

1

v(
i , j

E
ky
E
Ec
E
En

G~Ec2Ei
c~ky!!

3G~En2Ej
n~ky!!uMi , j~ky!u2G~Ec2En

2\v!dkydEcdEn , ~13!

FIG. 3. Degree of polarization of the transitione12h1 versus the width of
a QW taking into account~solid line! and neglecting~dashed line! the spa-
tial dependence of the components of the tensor of elastic deformation
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tivity, m0 is the free-electron mass, andv is the frequency of
the light. The LorentzianG(E), which replaces the law o
conservation of energy, takes into account the homogene
broadening of the optical transitions.

Denoting the integrand in Eq.~13! asda, we write the
spectral dependence of the luminescence in the form

L~\v!5
e2n

e0pc
3m0

2v2(
i , j

E
ky
E
Ec
E
En

da

3F~Ec2EF
c !F~En2EF

n !dkydEcdEn , ~14!

whereF(E) is the Fermi distribution, andEF
c andEF

n are the
Fermi quasilevels of the electrons and holes, respectiv
We underscore again that the polarization dependence o
luminescence and absorption spectra~13! and ~14! is incor-
porated in the matrix elementMi , j (ky). Knowing the PL
intensity for two directions of linear polarization of ligh
~parallel and perpendicular to the axis of the QW!, we can
calculate the PL polarization spectrum as

r~\v!5
L i~\v!2L'~\v!

L i~\v!1L'~\v!
. ~15!

Equation~14! describes the shape of the luminescen
spectrum when the scale of the inhomogeneities of the Q
which result in broadening of the carrier energy levels, is l
than the carrier diffusion length, i.e., when there is enou
time for the carriers to be thermalized during their lifetim
However, another possible case is when the scale of the
homogeneities is greater than the carrier diffusion length
when the luminescence of different sections of a QW occ
independently.9 In this case the unbroadened luminescen
contour must be determined first and then its convolut
with the static distribution must be calculated:

L~\v!5L̃~\v,s!3P~s2 s̄!, ~16!

wheres is a parameter, with a variance, on which the lum
nescence spectrum depends,s̄ is the average value of thi
parameter, andP(s2 s̄) is the statistical distribution of the
ensemble of QWs with respect to this parameter.

3.2. Experimental data. Comparison with calculation
The measurements of the PL spectra and polarization w
performed on QWs obtained by reactive ionic etching f
lowed by burying of the initial structures with a single 7
Å-thick-In0.2Ga0.8As/GaAs quantum well. A detailed de
scription of the fabrication technology is given in Ref. 10
Transmission microscopy data showed that the width o
QW was equal to 6006100 Å.

The experimental PL spectra of a QW and of the init
structure with a quantum well, as well as the computed
spectrum of the quantum well are shown in Fig. 4. The co
puted spectrum was obtained by the method described in
preceding section. The adjustable parameters were as
lows:

— the position of the Fermi quasilevelEc
F in the con-

duction band relative to the bottomEc1 of the first electron
quantization subband;

512Gurevich et al.
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— the magnitudeG of the homogeneous broadening o
the transitions, which appears in the Lorentzian in Eq.~13!;
for simplicity, this parameter was assumed to be energ
independent;

— the electron-hole gas temperatureTe ;
— the magnitude of the inhomogeneous broadenings of

the levels of the initial quantum well that is associated wit
fluctuations of the width and composition of the quantum
well, and so on; since the scale of these fluctuations is le
than the carrier diffusion length, we employed Eqs.~12!–
~14! to calculate them; and

— the fluctuations of the width of the QW; since the
scale of these fluctuations, which are associated with t
nonideality of the technological process, is much greater th
the carrier diffusion length, this mechanism of broadening
the PL line must be taken into account in accordance wi
Eq. ~16!. For the distributionP we employed the normal
Gaussian distribution

G~L2L̄ !5
1

A2pDL

expF2
~L2L̄ !2

2DL
2 G , ~17!

whereL is the width of the QW,L̄ is the average value of
this width, andDL is the rms fluctuation of the width.

The values of the parameters which give the best agre
ment between the computed shape of the PL spectrum a
the experimental spectrum are presented in Fig. 4. We e
ployed as the adjustable parameter the Fermi quasilevel
the electrons and not the holes, since these measurement
the voltage dependence of the capacitance attest ton-type
conductivity near the QW. From the results of the fit~Fig. 4!,
one can see that the Fermi quasilevel of the electrons lies
meV above the bottom of the first quantization subband; i.e
the electron gas is strongly degenerate. Such a high elect

FIG. 4. PL spectra of a QW and the initial quantum well. For QW the dot
show the experimental spectrum and the solid curve is the computed sp
trum.
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density in a material that has not been specially doped ca
explained by accumulation of a backgroundn-type impurity
at the boundary.11 The position of the Fermi quasilevel of th
holes in this case does not appreciably influence the shap
the PL line, since for the pump densities employed the ho
are far from being degenerate.

The experimental and computed spectra of the degre
polarization of PL are presented in Fig. 5. The values of
parameters obtained from fitting the shape of PL line,
described above, were used in the calculation. The fig
also shows the PL polarization spectrum calculated in
approximation of uniform biaxial deformations~dashed line!.
As one can see from the figure, in this approximation
calculation gives a degree of polarization that does not
ceed 1%, and it does not describe the experimentally
served spectrum. At the same time, the calculation p
formed with allowance for the spatial modulation of th
components of the tensore gives much better, though incom
plete, agreement with experiment. Near the maximum of
PL line, as one can see from Fig. 5, the computed value
the degree of polarization is 1.3–1.5 times greater than
experimental value.

This discrepancy cannot be attributed only to the exp
mental error in the measurement of the degree of polariza
of PL or the approximate nature of the algorithms for n
merical calculation of these spectra. In our opinion, it can
attributed to the crystallographic nonideality of the boun
aries of the QW and the presence of point defects on
Partial inelastic relaxation of the mechanical stresses, res
ing in a decrease of the spatial modulation of the compone
of the deformation tensor, can occur on such defects. At
present time, we are investigating the boundaries of Q
with the aid of different methods of high-resolution micro
copy, and we are working on imposing boundary conditio
on the components of the tensore that take into account the
partial plastic relaxation of the stresses on point defects.
results of this work will be the subject of our subseque
publications.

s
ec-

FIG. 5. PL polarization spectrum. Solid curve — calculation taking in
account the spatial modulation of the components of the tensore; dashed
line — in the approximation of uniform biaxial deformation; dots — expe
mental values.T577 K.
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In summary, in the present work we examined, theor
cally and experimentally, the reasons for the polarization
isotropy of PL in strained structures with QWs with a re
angular cross section. The calculation was performed on
basis of the Luttinger formalism with a 434 Hamiltonian for
the valence band. An analytical approximation was used
take into account the spatial dependence of the compon
of the tensor of elastic mechanical deformations. The exp
mental data were obtained for InGaAs/GaAs QWs prepa
by reactive ionic etching.

The calculations and comparison of the computatio
results with experimental results showed that in the cas
strained QWs the main mechanism for the appearanc
polarization anisotropy of PL and light absorption is the d
ference of the elastic mechanical deformations by biaxial
formations. This anisotropy is found to be very large ev
for wide QWs and exceeds the corresponding values for
strained structures.
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Photoresponse of Cd xHg12xTe crystals due to composition inhomogeneities
I. S. Virt and D. I. Tsyutsyura

I. Franko Drogobych State Pedagogical Institute, 293720 Drogobych, Ukraine
~Submitted February 19, 1996; accepted for publication October 25, 1996!
Fiz. Tekh. Poluprovodn.31, 606–608~May 1997!

It is shown that when CdxHg12xTe crystals are irradiated with light with photon energy less than
the band gap, photoconductivity due to generation of electron-hole pairs on inhomogeneities
with a lower value ofx is possible. The inhomogeneities are modeled in the form of a cluster
network of small-angle boundaries of blocks with a high rate of recombination of
nonequilibrium charge carriers. The magnitude of the photoresponse (Dp) versus the size (r c) of
the cluster network is estimated. ©1997 American Institute of Physics.
@S1063-7826~97!02305-3#

The photoconductivity of CdxHg12xTe crystals with photon dDp dDp
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energieshn greater than the band gapEg is due to interband
absorption and formation of electron-hole pairs. In the c
hn,Eg several processes are possible — intraband and
photon absorption1 as well as absorption on inhomogeneitie

In this paper we report the results of an experimen
study of the photoelectric properties of CdxHg12xTe crystals
(x.0.20) illuminated with CO2 laser pulses (l510.6mm,
hn,Eg). Samples with the compositionx50.2320.27 and
dimensions of 73231 mm were employed. The sample
possessed electronic conductivity with electron den
n5(520.5)31014 cm23 and mobility mn5(120.1)3105

cm2/~V•s!. The photoresponse was recorded with a S 8–13
oscilloscope. Excitation was performed withDt'1027 s la-
ser pulses. The effect of heating of the electron gas
decreased by using low radiation powers, obtained with
aid of filters. To determineEg in the crystals, we measure
the spectral dependences of the photoconductivity at 77

Light absorption can occur on spherical inhomogenei
as well as on dislocations,2 but the most common defect i
CdxHg12xTe crystals are small-angle boundaries~SABs! of
mercury-enriched blocks;3 this determines the local decrea
in Eg in their vicinity. The comparatively large area of th
network of SABs in crystals makes SABs the most act
defects in photoprocesses as compared with all other def
The recombination action of extended defects was inve
gated in Refs. 4 and 5.

In calculating the induced photoconductivity, the clus
network of SABs can be represented by spherical grains
semiconductor with a high rate of recombination of noneq
librium charge carriers~NCCs! at the boundarys. Nonequi-
librium charge carriers are generated in regions on
boundaries of the blocks~with Egs,hn) and subsequently
diffuse into the semiconductor grains~Fig. 1!.

For a n-type semiconductor, in the chosen model t
continuity equation for nonequilibrium charge carrie
~NCCs! (Dp)has the form

DpS d2Dpdr2
1
2

r

dDp

dr D2
Dp

tp
50 ~1!

with the boundary conditions
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r5r s
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r5r c

p dr
r50

~2!

whereDp is the diffusion coefficient of the nonequilibrium
holes,tp is the bulk lifetime of NCCs, andCs is the rate of
generation of NCCs at the boundaries of the blocks. T
solution of Eq.~1! with the boundary conditions~2! is an
expression describing the coordinate distribution of the d
sity of NCCs inside the blocks:

Dp~r !5Dps~r c!
r c
r

sinhS r

Lp
D

sinhS r cLpD
, ~3!

whereDps(r c) is the surface density of NCCs, which de
pends on the size of the SAB network,

FIG. 1. SAB network~a! and energy diagram of a CdxHg12xTe sample with
SABs ~b!.
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Dps~r c!5
Gstp /Lp

cothS r cLpD1
stp
Lp

2
Lp
r c

, ~4!

andLp5ADptp is the diffusion length of NCCs.
Photoconductivity is produced by the average density

NCCs within the blocks:

Dp5
3Gstp
r c

H 11
stp
Lp
Y FcothS r cLpD2

Lp
r c

G J 21

. ~5!

The dependence of the relative magnitude of the photoc
ductivity (Dp) on the sizer c of a cluster network of SABs is
shown in Fig. 2 for different relative values of the surfa
recombination rates/n ~wheren5Lp /tp is the rate of diffu-
sion of NCCs!. It follows from these relations that for
sufficiently extended network of inhomogeneities, the inh
mogeneities can make an appreciable contribution to
photoresponse, especially if the sizesr c of the subblocks of
SABs are comparable to the diffusion lengthLp .

The experimental results for two samples
CdxHg12xTe with compositionx50.24 are shown in Fig. 3
The band gap estimated according to the long-wavelen
shoulder of the spectral characteristic of the photoconduc
ity is Eg'0.20 eV. The NCC lifetimetp , measured accord
ing to the relaxation of the photoresponse induced by
CO2 laser pulse (hn'0.11 eV), is (728)31026 s. Evi-
dently, nonequilibrium electron-hole pair production is po
sible in the regions of compositionxs in which the band gap
is Egs&0.11 eV ~at the block boundaries!. Since the relax-
ation time observed experimentally is much longer than t
in samples with compositionxs50.20, where the band ga
equals the photon energy, it can be assumed thattp is deter-
mined by the recombination of NCCs not on inhomoge
ities but rather in the volume of the blocks. The lifetimes
nonequilibrium holes in weakly doped material, which we

FIG. 2. Average density of nonequilibrium holes versus the relative siz
a cluster network of SABs with relative surface recombination rate1 —
s/n51, 2— s/n5100.
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calculated for these compositions6 (x50.24 and 0.20!, differ
by approximately a factor of 3, which agrees with the da
obtained.

It should be noted that the high density of mercury ato
at the grain boundaries not only decreases the compos
x but also forms a high density of donors. In samples w
electronic conductivity this improves the natural sink of no
equilibrium holes from grain boundaries in the volum
whose energy barrier is approximately 45 meV. In InSb cr
tals with the same band gapEg photoconductivity under
lower-power excitation with a CO2 laser is not observed.

On this basis it can be expected that the sensitivity
CO2 laser radiation will increase as a result of an increase
the lifetime of NCCs, if inhomogeneities with compositio
x50.20 are introduced into the wide-gap mater
CdxHg12xTe.
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FIG. 3. Spectral characteristics of the photoconductivity~1, 2! and tempera-
ture dependences of the lifetime of NCCs~18, 28) for two n-type samples
with compositionx50.24.

516I. S. Virt and D. I. Tsyutsyura



Transient space-charge-limited current in porous silicon

tal-
L. P. Kazakova, A. A. Lebedev, and É. A. Lebedev

A. F. Ioffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
~Submitted October 14, 1996; accepted for publication October 25, 1996!
Fiz. Tekh. Poluprovodn.31, 609–610~May 1997!

The transient space-charge-limited current in porous Si prepared fromn-type crystalline Si has
been investigated. The values of the electron and hole drift mobilities were determined
from the charge-carrier transit times through the sample and from the magnitude of the initial
photocurrent. ©1997 American Institute of Physics.@S1063-7826~97!02405-8#

In recent years a great deal of attention has been devotedducted on samples with a sandwich-type structure. A crys
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to porous silicon. This material is interesting because it
hibits intense photoluminescence and appreciable electr
minescence in the visible region of the spectrum. Until no
the characteristics of the luminescence and the optical
photoelectric properties of porous Si have been studied1–7

Much less attention has been devoted to the characteristi
charge-carrier transport, despite the fact that informat
about electron and hole drift mobilities is very important f
clarifying the mechanism of electroluminescence. Data
charge-carrier mobility in porous Si prepared fromp-type
crystalline Si are available in the literature.8 However, it is
known that the most interesting results on electrolumin
cence have been obtained on samples prepared fromn-type
crystalline Si.5 In this connection, in the present work w
conducted investigations to determine the electron and
drift mobilities in porous Si obtained fromn-type crystalline
Si.

Polished wafers of phosphorus-doped,n-type~111! crys-
talline Si with a resistivity of 4.5V•cm were used to fabri-
cate porous silicon. The porous layers were obtained by e
trolytic etching of silicon in an electrolyte with th
composition ~% by volume! 50%HF ~48%! 1
50%C2H5OH ~90%! 1 0.1%KNO2 ~unimolar solution! un-
der illumination from an incandescent lamp. The duration
the etching with current density 7–10 mA/cm2 was equal to
25–30 min. Intense photoluminescence in the red-orange
gion of the spectrum was observed from samples prepare
this manner.

The investigation of charge-carrier transport was c

FIG. 1. Oscilloscore traces of transient space-charge-limited photocur
corresponding to hole drift in porous Si. Applied voltageV, V: 1— 2, 2—
3. The sweep time is 20ms/division.
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line silicon wafer served as the bottom electrode. The
electrode consisted of a half-transmitting Au film which w
deposited on the porous Si by the thermal sputtering i
vacuum. The resistance of the samples in an electric fiel
103 V/cm was equal to about 108 V with the top electrode
areaS5731022 cm2. The thickness of the porous-Si laye
measured with an optical microscope, wasL.8 mm.

The time-of-flight method was used for th
investigations.9 Nonequilibrium charge carriers were injecte
into the sample by means of a light pulse from a LGI-
laser with a wavelength of 0.337mm and a pulse duration o
the order of 8 ns.

The measurements were performed in the strong in
tion regime, in which a space-charge-limited transient c
rent ~SCLTC! was observed. Under SCLTC conditions th
injected chargeQ.CV, whereC is the capacitance of the
sample, which was regarded as a flat capacitor, andV is the
voltage applied to the sample.10 The characteristic features o
the SCLTC are that the currentI is independent of the inten
sity of the injecting radiation and the current is a quadra
function of the voltageI;V2.10

The measurements of the transient SCLTCs were p
formed with a pulsed voltage with a duration of the order
1 ms applied to the samples and with a holding time
;100ms between the moments of application of the volta

tsFIG. 2. Values of the currentsI m ~1! and I 0 ~2, 3! versus the voltageV for
space-charge-limited transient currents corresponding to hole drift~1, 2! and
electron drift~3! in a layer of porous Si.
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tocurrent pulses observed during hole drift. The form of
oscillograms of the transient currentI (t)is typical of a
SCLTC. The time dependencesI (t) are characterized by ini
tial I 0 and maximumI m currents. The ratioI m /I 0 is close to
2.7. The timetm corresponding to the current maximum va
ied as the reciprocal of the voltage applied to the sam
The quantitiesI 0 and I m increased almost quadratically as
function of the voltage:I;V2 ~Fig. 2!. The value of the hole
drift mobility mh was determined as the time of fligh
tT5L2/mhV, which is related to tm by the relation
tm50.8tT , as well as from the initial current density10

j 05I 0 /S5mh«V
2/2.2531013L3,

where « is the relative permittivity. The value
mh55.731023 cm2/~V•s! was obtained from the time o
flight. This value ofmh also follows from the initial current,
if one sets«54.8. It is interesting that the close valu
«.5 was obtained in the measurements of the capacitanc
the samples at a frequency of 1 MHz.

In contrast to hole transport, current pulses whose fo
consisted of a continuous drop of the current in time w
observed during electron drift. The independence of the
nal from the intensity of the injecting radiation and the qu
dratic dependence of its magnitude on the voltage~Fig. 2!
attested to the presence of space-charge limited current.
electron drift mobilityme was determined from the curren
amplitude, which was taken asI 0, and it was assumed tha
«55. This gave the valueme.631023 cm2/~V•s!. We note
that in restructuring the time dependences of the electro
photocurrent in a double logarithmic scale, a kink appea
on the curvesI (t) and the time of flight was determine
according to this kink. The value of the electron mobili
found from the time of flight was found to be close to t
value obtained from the initial current.
518 Semiconductors 31 (5), May 1997
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porous Si prepared fromn-type crystalline Si gave close
values of the hole and electron drift mobilitie
me.mh.631023 cm2/~V•s!. This result is different from
that obtained in Ref. 8 ; this attests to the strong difference
the values of me5122 cm2/~V•s! and mh56
31023cm2/~V•s!, determined in porous Si prepared fro
p-type crystalline silicon. The high values ofme evidently
stem from the fact that in Ref. 8 they were determined fro
the fast component of the current, although a slow com
nent was also observed. The value ofme which we found
could correspond to this component.

The fact that nearly identical values were obtained
mh in layers of porous Si prepared fromp- andn-type crys-
talline Si shows that the type of conductivity in the initi
material does not strongly affect hole transport in poro
silicon. Another important result of this work is that it ha
been shown that space-charge-limited currents can be
effectively to study charge-carrier transport in porous Si.
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Effect of transverse pump current nonuniformity and field distribution on the dynamical

and
characteristics of strip injection lasers
S. A. Gurevich, G. S. Simin, and M. S. Shatalov

A. F. Ioffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
~Submitted December 9, 1996; accepted for publication December 19, 1996!
Fiz. Tekh. Poluprovodn.31, 611–615~May 1997!

A new model that makes it possible to describe in detail the static and dynamic characteristics of
strip injection lasers, taking into account the transverse nonuniformity of the pump current
and optical field, is proposed. For the example of a strip ridge-guide laser, it is shown that the
‘‘hole-burning’’ effect in the transverse distribution of the optical gain determines the
frequency of relaxational oscillations at high power levels. The computed dependence of the
rates of decay of the relaxational oscillations on the squared resonance frequency agree well with
the experimental data, which previously could not be adequately explained in existing models.
© 1997 American Institute of Physics.@S1063-7826~97!02505-2#

Strip injection lasers, in which the pump current flow problem, since the nonuniform capacitance of the diode

a

w
n
n
th
n
ta
h
n
e
it
ta
n
-
u

is
s
ro-
ap-
del
-
dy-
-
mic
to

trip
el
g of
the
and distribution of the optical field are concentrated in
narrow channel — a strip several microns wide — are no
the most widely used lasers. In calculating the static a
dynamic characteristics of such lasers, useful results ca
obtained in many cases on the basis of models in which
pump current density, the nonequilibrium carrier density, a
the photon density in the cavity are assumed to be cons
within the strip channel.1–3 A number of approaches, whic
account for the spreading of the pump current in a pla
parallel to thep–n junction, charge-carrier diffusion, and th
effect of the field of a laser mode on the carrier dens
distribution profile, have been proposed to describe the s
operating regime of the laser, taking into account the tra
verse nonuniformity.4–6 However, a calculation of the dy
namical characteristics of strip lasers is a much more diffic
d
be
e
d
nt

e

y
tic
s-

lt

the inductance, which is stimulated by radiation and which
of a nonlocal character,7 must be taken into account in thi
case. Several methods for solving this problem were p
posed in Refs. 8–12. However, the proposed analytical
proaches, as a rule, are applicable only for mo
structures8–10 and numerical methods do not permit follow
ing the effect of important physical parameters on the
namical characteristics of lasers.11,12 The present paper pro
poses a new model for calculating the static and dyna
characteristics of strip injection lasers that can be applied
lasers of arbitrary construction.

For definiteness, we shall study a ridge-guide-type s
injection laser, shown schematically in Fig. 1a. In our mod
the laser is represented as a distributed chain, consistin
cells arranged in the transverse direction in the plane of
FIG. 1. Schematic diagram of a ridge-guide strip laser~a! and the equivalent circuit~b!.
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p–n junction ~Fig. 1b!. As shown in Fig. 1b, the sections of
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the structure under the ridge, the grooves, and the side
gions are represented by cells of different type, so that
sizeDx of each cell is small and the parameters of the str
ture are constant within a cell. Since the structure of the la
is symmetric with respect to the center of the ridge, the c
culations were performed for half the chain shown in Fig.
but the final results are presented for the complete struct
The resistancesr c , arranged in the central cells, correspo
to the specific contact resistance referred to the area of a
~the transverse size of a cell, as indicated above, equalsDx
and the length of a cell equals the length of the laser cav!.
The resistorsr s describe the resistance to spreading under
ridge and in the side regions, and the resistorsr s1 describe
spreading in regions under the grooves. The magnitude
these resistances are determined on the basis of the t
nesses, the composition, and the doping level of the up
layers in the structure. It is assumed that the resistanc
spreading in the thick bottom layers is small and for t
reason all cells are connected to a common ‘‘ground.’’

The elementary diodes located in each cell represent
inner part of the laser structure, whose impedance depe
on the pump current, and the spontaneous and stimul
radiation. The capacitancescb describe the barrier capac
tance of thep–n junction andC describes the parasitic ca
pacitance of the contact area. The diffusion capacitanc
thep–n junction, which dominates at high injection levels,
taken into account when calculating the currents in the
ementary diodes.

The properties of the elementary diodes are describe
the rate equations for the laser, written in the one-mode
proximation in the local form:8

]n~x,t !

]t
5
J~x,t !

ed
1D

]2n~x,t !

]x2

2Rsp~n!2ng~n!C2~x!N~ t !, ~1a!

]N~ t !

]t
5N~ t !G tnE

2`

`

g~n!C2~x!dx2
N~ t !

tp

1bE
2`

`

Rsp~n!dx, ~1b!

wheren(x,t) is the density of nonequilibrium carriers in th
active layer ~it is assumed that the neutrality conditio
n5p holds!, x is the transverse coordinate, andt is the time.
In Eqs. ~1a! and ~1b! J(x,t) is the local pump current den
sity, d is the thickness of the active layer,Rsp(n) is the
spontaneous recombination rate,D is the ambipolar diffusion
coefficient,g(n) is the optical gain,G t is the optical confine-
ment factor in a plane perpendicular to thep–n junction, and
n is the speed of light in the material. As usual,tpis the
photon lifetime andb is the spontaneous emission coef
cient in a mode.

The photon densityS(x,t) in the cavity is represented i
the form

S~x,t !5C2~x!N~ t !, ~2!
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N(t) is a time-dependent coefficient. It is assumed t
C2(x) corresponds to the main transverse mode, which h
maximum that peaks at the center of the strip and does
depend on time, and

E
2`

`

C2~x!dx51. ~3!

The radiation power through one mirror of the lase
P1/2(t), can then be expressed as

P1/2~ t !5
1

2
N~ t !\vn

d

G t
ln
1

R
, ~4!

where\v is the photon energy, andR is the reflection co-
efficient of the laser mirrors. In solving the rate equatio
~1a! and ~1b! it was assumed tha
Rsp(x,t)5An(x,t)1Bn2(x,t), whereA andB are the non-
radiative and radiative recombination coefficients. The f
lowing representation of the gain was also used:

g~n!5
g8@n~x,t !2ng#

11«S~x,t !
, ~5!

where g8 is the differential gain,ng is the density at the
inversion point, and« is a coefficient that describes the ga
saturation at high optical power levels.

The carrier densityn(x,t) at each pointx is related to
the voltageU(x,t) across an elementary diode:

n~x,t !5n0FexpU~x,t !

U0
G . ~6!

The parametersn0 and U0 are phenomenological materia
parameters of the structure and can be determined from
initial exponential section of the experimental curren
voltage characteristic of the laser diode. The volta
U(x,t) is in turn related to the currenti (x,t) that flows
through each unit cell. Enumerating all nodes of the equi
lent circuit ~Fig. 1b! and using the method of noda
voltages,13 we write this relation in the form of the matrix
equation

i m5UkGmk . ~7!

In the expression~7! the matrixGmk is a matrix of the nodal
conductances; its diagonal elementsGmm are the sum of the
conductances connected directly to the nodem and the off-
diagonal elementsGmk are the sum of the conductances co
nected between the nodesm andk with the reverse sign.13 It
is important to note that in Eq.~7! the ‘‘barrier capacitance–
diode’’ pair is regarded as a source of the currentI m which is
present in each cell. Since the conductances of the cur
sources equal zero, they do not appear in the matrixGmk .
Such an approach is convenient, since in the present
there is no need to describe the elementary diode as a
linear conductance taking into account spontaneous
stimulated emission and the diffusion capacitance.

In the structure under study the horizontal componen
the current~along thex axis! consists of two parts: an ohmi
current flowing along the top layer and a diffusion curre
flowing between the neighboring cells along the active lay

520Gurevich et al.
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It is easy to show that for reasonable doping levels and th
nesses of the layers the diffusion component of the curre
much smaller~by one to two orders of magnitude! than the
ohmic component. Therefore, the change in densityn(x,t)
occurs as a result of recombination processes in the ac
layer and as a result of injection and extraction of carri
through thep–n junction with carrier transport along the to
and bottom conducting layers. The ohmic component of
current in the present model is taken into account when
solving the matrix equation~7! and the diffusion term was
dropped when solving the rate equations~1!.

The computational procedure consists of solving sim
taneously Eqs.~1! and~7! with the appropriate boundary an
initial conditions. The external voltage or the total curre
through the laser must be prescribed as the boundary co
tion. In calculating the stationary regime of the laser,
initial conditions can be chosen arbitrarily to a certain exte
The stationary state obtained is used as an initial conditio
modeling the transient processes.

The static power versus current characteristic of the
ser, calculated by the procedure described above, is show
Fig. 2. The parameters of standard InGaAsP/InP laser st
tures~radiation wavelengthl51.55mm! with separate con-
finement, which contain several quantum wells in the act
region, were used in the calculations.12,14,15The cones and
grooves~Fig. 1! were assumed to be 5mm wide and the lase
cavity was assumed to be 150mm long. The values of the
main parameters in the expressions~1! and~4!–~6! were cho-
sen to be as follows:g856310216 cm2, «52.5310217

cm3, tp51.6 ps, and the parasitic capacitanceC50.22 pF.
As one can see in Fig. 2, the threshold current of the lase
18 mA and the efficiency is 0.37 mW/m, which correspon
to the actually observed characteristics of such lasers.
nonequilibrium carrier density distributions in the acti
layer, calculated for two radiation power levels, are shown
the insets. At low power~of the order of several milliwatts!
the density profile is determined by the spreading of
pump current under the ridge and the grooves. At a radia
power level of;15 mW a dip due to depletion of the carrie
density under the action of the stimulated radiation~spatial

FIG. 2. Computed static power versus current characteristic of the la
Inserts: Profiles of the nonequilibrium carrier density distribution in
active region for different radiation power levels.
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hole burning8! appears at the center of the ridge.
Taking account of the spatial nonuniformity made it po

sible to explain a number of experimentally important fe
tures of the dynamics of strip lasers. The computed dep
dences of the frequencyf 0 of the relaxational oscillations on
the square root of the static radiation powerP are presented
in Fig. 3. The solid curve corresponds to the calculation
cording to the standard ‘‘average’’ model in which the pum
current density and the photon density are assumed to
constant~average! within the strip. The dots in Fig. 3 repre
sent the results of the calculation performed in a mo
which takes into account the spatial nonuniformity. In th
case the stationary state was calculated first, after which
laser pump currentI was changed by a jump by an amou
dI!I ~weak signal!. In this case damped relaxational osc
lations, whose frequencyf 0 is plotted along the ordinate in
Fig. 3, were observed in the time dependence of the ou
powerP. We note that the main parameters of laser struct
were taken to be the same in the calculation by the aver
and ‘‘nonuniform’’ models. As one can see, the results of
two calculations are identical for low optical powers. A
power levels exceeding;15 mW the calculation according
to our model gives a sublinear dependence off 0 onP

1/2. The
same dependence is also observed experimentally.16 To ex-
plain the saturation off 0 in the average model it would hav
been necessary to increase substantially the value of the
rameter«. The observed discrepancy is explained by t
above-noted burning of a spatial hole in the transverse di
tion ~see Fig. 2!.

An appreciable difference of the results is also obser
in calculations of another important dynamical parameter
the decay rateg of the relaxational oscillations. As one ca
see in Fig. 4, at low frequencies our model gives compa
tively high values of the decay rate while at frequencies
ceeding;6 GHz ~radiation power exceeding;6 mW! g is
less than that predicted by the average model. It is interes
to note that this behavior of the decay at low frequencies w
observed experimentally in a number of studies,14–16but this

r.

FIG. 3. Computed frequency of the relaxational oscillations versus
square root of the static power. Solid curve — calculation by the stand
model, dots — calculation according to the proposed model.
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has not been adequately explained in the average mode
one can see from Fig. 4, at high frequencies our compu
curve of the decay versus the squared resonance frequen
nearly linear. The small variance of the points is due to
computational error. The value of theK factor,15 obtained
from the slope of this line, equals 0.14 ns. Close values
K have been obtained in experimental studies of structure
this type.2,14,16As our calculations show, the parasitic capa
tance of the contact area in this case does not apprec
affect the character of the dependence off 0 on P

1/2, but the
presence of this capacitance increasesg slightly.

In summary, the model proposed in the present pa
taking into account the spatial nonuniformity of the pum
current, the optical field, and the gain, makes it possible

FIG. 4. Computed rate of decay of relaxational oscillations versus
squared relaxational frequency. Solid line — calculation according to
standard model, dots — calculation according to the proposed model.
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strip injection lasers. This model can be used to calculate
characteristics of different types of laser structures with
fixed profile of the optical mode.
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Luminescence properties of gallium nitride layers grown on silicon carbide substrates

he
by gas-phase epitaxy in a chloride system
A. S. Zubrilov,1) Yu. V. Mel’nik, D. V. Tsvetkov, V. E. Bugrov, A. E. Nikolaev,
S. I. Stepanov, and V. A. Dmitriev

A. F. Ioffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
~Submitted December 3, 1996; accepted for publication January 15, 1997!
Fiz. Tekh. Poluprovodn.31, 616–620~May 1997!

The luminescence properties of undoped epitaxial layers of gallium nitride grown on silicon
carbide substrates by gas-phase epitaxy in a chloride system have been investigated. An edge band
~361 nm, 96 K! and defect bands~380, 430, 560 nm, 96 K! were recorded in the photo- and
cathodoluminescence spectra. It was observed that the parameters of the edge and defect
luminescence bands for the GaN layers studied do not depend on the crystalline perfection
of the substrate, but rather they are determined by the growth conditions, specifically, the position
of the sample in the reactor. It is shown that there exists a characteristic symmetry of the
distribution of the luminescence properties of a layer along the surface of the samples relative to
the direction of the gas flow in the reactor. A correlation is established between the
parameters of the edge and blue luminescence bands and the density of the electrically-active
impurity in the epitaxial layer. ©1997 American Institute of Physics.
@S1063-7826~97!02605-7#
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The production of highly efficient blue and green lig
emitting diodes1 and the development of a violet injectio
laser2 based on gallium nitride have made this material o
of the most intensively studied semiconductors. The de
opment of epitaxial methods for growing GaN is being p
sued very actively. These studies are impeded by the fact
GaN substrates are virtually nonexistent,3 and the methods
being developed are heteroepitaxial.

We reported in a previous paper the possibility of gro
ing high quality epitaxial layers of AlN on sapphir
substrates4 and GaN layers on silicon carbide substrate5

modified during gas-phase epitaxy by a chloride-hydr
method~CHM! without the use of a buffer layer. An advan
tage of silicon carbide as a substrate for GaN over the wid
used sapphire is the smaller lattice mismatch and the po
bility of passing an electrical current through the substra
which is important for a number of device applications. F
thermore, GaN/SiC heterojunctions are of interest for dev
applications.6,7 It is natural to expect that in the case of ep
taxy without a buffer the parameters of the substrate w
have a much stronger effect on the structural quality a
properties of the epitaxial layer than in the case of epitaxy
a pregrown buffer.1–3

In Ref. 8 we presented the properties of the crystall
structure of epitaxial layers grown by CHM on silicon ca
bide substrates. It was found that the quality of the crys
line structure of the GaN epitaxial layers is determin
mainly by the crystalline perfection of the substrate. Expe
ments in which the half-width of the x-ray rocking curv
from a definite section of the SiC substrate was compa
with the half-width of the rocking curve from the GaN lay
grown on the same section of the substrate showed tha
the half-width of the rocking curve from the silicon carbid
structure increases, the rocking curve from the gallium
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half-width of the x-ray rocking curve for different sections
the SiC substrate ranged in these experiments from 17 to
angular seconds. The existing range of values for a G
layer was equal to 69 to 149 angular seconds. In the pre
paper we report the results of an experimental study of
optical characteristics of these layers.

2. EXPERIMENTAL SAMPLES AND MEASUREMENT
METHODS

The GaN layers were grown at atmospheric pressur
a horizontal reactor placed in a multizone furnace with res
tive heating. Silicon carbide crystals were used as substra
Gallium nitride was deposited without a buffer layer. Th
layers were grown on the~0001! Si face of the SiC substrate
of the 6H and 4H polytypes. The substrates were bothn-
and p-type. The layers were not doped during growth. T
growth temperature was in the range 950–1050 °C. The
ers ranged in thickness from 0.2 to 7mm. For samples 30
mm in diameter the variance of the GaN layer thickness o
the area did not exceed 5%. The growth rate ranged from
to 60 mm/h, depending on the technological regimes. T
layers possessed electronic-type conductivity. The densit
uncompensated donorsND2NA , determined with a mercury
probe by theC2V method, was in the range 101721018

cm23. A description of the characteristic features of the tec
nology can be found in Refs. 5 and 8 .

The luminescence properties of the samples were inv
tigated by photo- (PL) and cathodoluminescence (CL) in
the temperature range 96–300 K. A nitrogen laser opera
at a wavelength of 337.1 nm was used for photopumpi
The parameters of the laser were as follows: pulse powe
2 kW, pulse duration;10 ns, and pulse repetition frequenc
— 100 Hz. A 4 to15-keV electron beam was used for th
cathodoluminescence investigations. The beam current

52323-04$10.00 © 1997 American Institute of Physics
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equal to 0.01–0.05 mA. The diameter of the electron be
on the surface of the sample was varied in the range 0.5
mm. The luminescence spectra were recorded with a mo
chromator~MDR-23! with a dispersion of 1.3 nm/mm. Th
spectral resolution of the apparatus was no worse than
nm. After being recorded with a photomultiplier~FÉU-100!,
the signal was automatically corrected for the spectral se
tivity of the apparatus. A chart of the distribution of th
intensity values and the half-width of the luminescen
bands, measured in 24 regions of the structure by ana
with previous x-ray studies,8 was constructed for a laye
grown on a SiC substrate 30 mm in diameter.

3. EXPERIMENTAL RESULTS AND DISCUSSION

The characteristic luminescence spectra of the GaN
ers grown at low and high excitation levels are shown in F
1. We note that the excitation method does not greatly in
ence the spectra. Four bands are typically present for
measured spectra: an edge bandA (lmax;361 nm, 96 K!,
previously interpreted as an excitonic band,9 and three longer
wavelength bandsB, C, andD in the near-UV, blue, and
yellow-green regions of the optical spectrum, respective
The B band (lmax;380 nm, 96 K! and the C band
(lmax;430 nm, 96 K! can be attributed to self-doping du
ing growth. The nature of theD band (lmax;560 nm, 96 K!,
which is apparently attributable to vacancies in the nitrog
sublattice, is being vigorously discussed in the literature.3 An
E band with a radiation intensity peak in the edge region
the spectrum was recorded in some samples; this ban

FIG. 1. Cathodoluminescence~top figure! and photoluminescence~bottom
figure! spectra of GaN layers grown on 6H-SiC substrates. The dotted lin
is the cathodoluminescence spectrum of the substrate.
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apparently due to reemission in the SiC substrate~the
cathodoluminescence spectrum of the substrate has a
band with a maximum at the wavelength;670 nm!. In some
samples theC andD bands were not recorded. At very hig
excitation levels~of the order of 1 MW/cm2) the edge band
A was observed to dominate the bandsB, C, andD as result
of saturation of the recombination channels via defects.
note that the previously measured correlations8 between the
half-width of the x-ray rocking curves and the luminescen
characteristics~the half-width of the luminescence bands a
the ratios of the intensities of different bands! were not ob-
served. The type of conductivity and polytype of SiC su
strates had no effect on the luminescence of the GaN lay

In studying the distribution of the luminescence prop
ties over the area of a layer grown on a SiC substrate 30
in diameter, it was found that the position of the samp
relative to the direction of the gas flow affected the lumine
cence properties~Figs. 2–4!. The intensity of the edge pea
of the photo- and cathodoluminescence and also theC and
D band intensities were distributed symmetrically relative

FIG. 2. Histograms of the distribution of the half-widths of the edge pe
~a! and intensities of the edge peak~b! for the GaN epitaxial layer over the
area of a plate 30 mm in diameter. The arrow marks the direction of
flow of the reagents relative to the substrate in the reactor.
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a line passing through the center of the sample parallel to
direction of the gas flow. This symmetry was not observed
the x-ray measurements in Ref. 8 . The densityND2NA,
constant over the entire area of the sample, was equa
231017 cm23.

The results obtained can be explained as follows. T
nonuniform distribution of the intensity of the luminescen
bands over the area of the sample is due, in our opinion
the nonuniform introduction of point defects into the laye
impurities and~or! intrinsic defects of the structure~here a
correlation is possible between the luminescence and ele
cal properties over the area of the sample!. In turn, the non-
uniformity of the distribution of point defects could be due
at least two factors: the nonuniform distribution of the co
taminating uncontrollable impurity along the growth zone
the reactor and the dependence of the trapping coeffici
for these impurities and~or! point defects on the technolog
cal conditions on the growth surface~pressure of the re
agents, temperature! and the properties of the surface itse

FIG. 3. Analysis of the distribution of the intensities of theC luminescence
band over the area of the plate. Topogram~a! and histogram~b!: distribution
of the intensity of the blue band~optical filter with a transmission band
380–460 nm!. The arrows show the direction of gas flow of the reage
relative to the substrate in the reactor.
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In this connection, the appearance of mirror symmetry in
distribution of the intensity of the luminescence bands is
unexpected and is determined by the geometry of the rea
at a fixed position of the substrates during growth. This
fect is quite weakly expressed in one sample~which is the
fundamental advantage of the technology employed
growing GaN!. For this reason, it was not possible to obser
on one sample a correlation with the densityND 2NA .
However, such a correlation could be observed in samp
from different growth experiments with substantially diffe
ent intensity of the blue defect bandC. As a rule, more
intenseC band and greater broadening of the edge banA
were observed in samples with a large value ofND2NA

~Fig. 5!.
Here a different reason is given for the absence o

sharp correlation between the luminescence and x-ray m
surements. In strongly mismatched heterostructures, suc
GaN/SiC, the main type of structural defects, whose den
and distribution determine the broadening of the x-ray ro
ing curves in thev-scan geometry, are dislocations. For

FIG. 4. Analysis of the distribution of the intensities of theD luminescence
band over the area of the plate. Topogram~a! and histogram~b!: distribution
of the intensity of the green band~optical filter with a transmission band
500–580 nm!. The arrows show the direction of gas flow of the reage
relative to the substrate in the reactor.
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dislocation density of 1082109 cm22 ~Ref. 8! in the experi-
mental layers the effect of point defects on the x-ray rock
curves is negligible. On the other hand, it is well known th
such a high dislocation density in III–V nitrides, noneth
less, makes it possible to prepare highly efficient lig
emitting diodes and injection lasers based on them.1,2 This
means that the luminescence properties of these material
largely determined by point defects and local mechan
stresses, i.e., the short-range order in the crystal~even in the
free states, for example, free excitons, which contribute
the edge luminescence in GaN, are strongly localized
cause of the large effective masses of the charge carrie3!.
This is apparently attributable to the fact that the diffusi
lengths for nonequilibrium charge carriers in this mater
are short10 compared with the average distance between
locations. There is therefore enough time for most noneq
librium charge carriers to recombine before being trapped
dislocations. However, in the case of a strong interaction
the systems of point and extended~for example, impurity
atmosphere of dislocations! defects, correlations are, in prin
ciple, also possible between the luminescence~electrical!
properties and the spatial distribution of the extended
fects. The fact that we were not able to observe such co
lations in the experimental layers indicates that the inter
tion of the systems with one another is not strong enoug
cause an appreciable change in the luminescence and el
properties along the area of the GaN samples.

As indicated above, the edge bandA is of an excitonic
nature and consists of a superposition of two bands9 — a
band associated with the annihilation of an exciton localiz
on a neutral donor and a band of a free exciton. The bro
ening of theA band is determined by two effects: temper
ture and inhomogeneous broadening, which could be cau
by defects and local mechanical stresses. As one can s
Fig. 2, the half-width~FWHM! of the A band is small and
the variance in the values of the half-width of theA band
over the area is also small~18%!. This attests to the fact tha
the contribution of inhomogeneous broadening is relativ

FIG. 5. Dependence of the intensity of the blue luminescence~1! and half-
width of the edge peak~2! on the densityND2NA for a number of epitaxial
GaN layers grown by CHM under different technological regimes.
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technological conditions and possessing a largeA-band half-
width (.100 meV, 300 K!, inhomogeneous broadenin
makes a substantial contribution; this is confirmed by
weaker temperature dependence of the half-width for
band.

The nature of the defect luminescence bands in
samples is unknown. Analysis of the composition of t
samples by Auger electron spectroscopy showed that
samples do not contain chemical impurities with concen
tions exceeding 0.1 at. %. Analysis of the GaN layers
secondary-ion mass spectrometry revealed the presenc
traces of a number of elements which could form electrica
active centers. However, this question requires additiona
vestigation.

In summary, a strong effect of substrate properties on
luminescence properties of a layer were not observed
gallium nitride layers of high structural perfection on silico
carbide substrates without a buffer layer; i.e., the subst
does not make a substantial contribution~at least for layer
thicknesses greater than 0.2mm! to the formation and distri-
bution of point structural defects over the area of the lay
which largely determine the luminescence properties of g
lium nitride.
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Mechanism of multivalued electrical conductivity anisotropy in double heterostructure

ic
wells and superlattices
Z. S. Gribnikov

Institute of Semiconductor Physics, Ukrainian National Academy of Sciences, 252650 Kiev, Ukraine
~Submitted July 4, 1996; accepted for publication July 8, 1996!
Fiz. Tekh. Poluprovodn.31, 621–625~May 1997!

A new mechanism is proposed for the multivalued anisotropy of the longitudinal electrical
conductivity in double and multiple heterostructures based on multivalley semiconductors. The
mechanism is based on the assumptions that when the electron gas is heated, the interwell
thermionic emission through a low potential barrier becomes the dominant channel for electronic
transitions between wells and that interwell transitions with the valley remaining the same
can occur more often than intervalley transitions. The internal electrical voltages arising on the
barriers as a result of different intervalley redistribution in the wells are taken into account.
© 1997 American Institute of Physics.@S1063-7826~97!02705-1#
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~MAE! ~or the multivalued Sasaki effect — MSE! is most
clearly manifested in the form of a spontaneous breaking
the symmetry of the electron distribution along equivale
valleys of a multivalley semiconductor in the case of a c
rent directed along one of the symmetry axes of the crys
This effect, which leads to domain~layered! structure of the
transverse electrical field and valley densities,1 has been in-
vestigated in great detail, both theoretically and in expe
ments with bulkn-Si samples~see the monograph in Ref.
and the more recent review articles3,4!. The ‘‘standard’’
mechanism of MAE is a rapid increase in the probability
an intervalley transition with the emission of an intervall
phonon at low lattice temperatures as the heating of the e
tron gas in a valley increases.

When bulk samples are replaced by layered structu
with potential barriers separating the conducting chann
the domain structure of the transverse electric field sho
change appreciably as a result of the field effect on
barriers.5

Here we give the first exposition of a new mechanism
the MAE which differs from the standard phonon mech
nism and is characteristic only of layered heterostructu
with two or more current channels separated by poten
barriers. The proposed mechanism is impossible in b
samples. We shall show the essence of this mechanism
the simplest example of a double symmetric heterostruc
well ~Fig. 1! whose current-conducting channels~wells!, just
as the barrier separating them, consist of materials wh
electronic spectrum can be described in a double-va
model.

Let us assume that in each of two wellsa and b the
electrons in each of two valleys 1 and 2 form a single le
« I ~the lowest subbands!. ~In view of the assumed weaknes
of the tunneling coupling between wells, we disregard
splitting of these levels.! Let us also assume that the uppe
lying quantization levels« II , « III , etc., lie at the height of or
above the barrier and are therefore collective. Since the
neling coupling between the wells in the lowest subband
assumed to be weak, a different mechanism of interwell e
tron transistions predominates in the range of longitudi
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emission. In the process of such emission an electron fr
for example, valley 1 in wella ~i.e., from statea1) should be
heated up to an energy in its own well such that as a resu
scattering it is transferred into one of the higher subba
~while remaining in the same valley! and then again is scat
tered by the lowest quantization level but now in the w
b ~i.e., it is transferred into the stateb1), where it cools.

We shall assume below that a interwell valle
conserving thermionic transition in the range of fields stu
ied is a much more likely process than intervalley scatter
of electrons within a well. This is possible if elastic interva
ley scattering~by impurities or composition fluctuations o
the alloy! is suppressed, the emission of intervalley phono
is very small, i.e., the temperature is low, and the height
the thermoelectric interwell barrier«ab5« II2« I is much
lower than the energy\vM of an intervalley phonon

«ab,\vM . ~1!

At equilibrium the initially uniform distribution of carri-
ers over valleys and wells is present, i.e
na15na25nb15nb25n0 . The applied electricEx5E is di-
rected along thex axis and there is no transverse compone
Ey50. Because of the anisotropy of the valleys 1 and 2, e
valley contains transverse current compone
j ya15 j yb152 j ya252 j yb2, which, because of the absenc
of the field componentEy , do not lead to an average heatin
or cooling of the carriers in the valleys.

Let us now assume that a fluctuation intervalley redis
bution of carriers arises in the wella with the appearance o
a positive correctiondna1 and a negative correction
dna252dna1. As a result, the conductivity of the wella
acquires anisotropy, so that this well produces a small tra
verse fielddEa , directed so that typea1 electrons are cooled
as a whole and typea2 electrons are heated. Since there
no such field in the wellb, the thermionic emission equilib
rium breaks down and an excess transition of typea2 elec-
trons into the stateb2 and also a transition of typeb1 elec-
trons into the cooled statea1 arise. Now, an electric field
dEb of opposite sign compared with the fielddEa , giving
rise to the additional heating of typeb1 electrons and cool-

52727-04$10.00 © 1997 American Institute of Physics
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ing of typeb2 electrons, i.e.,~taking into account the ther-
mionic emission process into the wella) intensifying the
initial concentration fluctuation in the well 1, arises in wel
b also.

As a result, when the dissipative fluctuation-intensifying
effects described above predominate over many other effe
which suppress it, one of two stationary states, shown sch
matically on the right side of Fig. 2, arises. Such a state
characterized by the presence of transverse electric fie
Ey
(a) andEy

(b) , equal in magnitude and opposite in direction
in wells a and b, as well as by a different filling of the
valleys in the wells; here the asymmetry of filling is the sam
in magnitude but different in signna12na25nb12nb2
~however, na11nb15na21nb2). As a comparison, states
with broken symmetry which arise in the bulk of the materia
in the standard MAE scheme are shown on the left side
Fig. 2.

2. The schematic picture of MAE, shown in Fig. 2, in a
double well cannot be realized in pure form, since the pre
ence of the fields of different signEy

(a) andEy
(b) results in the

appearance of a voltageV(y)52*0
y@Ey

(a)(y8)2Ey
(b)

FIG. 1. Double heterostructure well~left side! and arrangement of valleys in
the two-dimensionalp space of the lowest size-well subbands~right side!.

FIG. 2. Schematic picture of MAE in the ‘‘standard’’ bulk variant~left side!
and in the proposed variant for a double well~right side!.
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voltage has two consequences which radically change
picture described above.

First, there is a charge exchange of the wells, for wh

e~na2nb!52E
0

V~y!

C~V8!dV8, ~2!

wherena5na11na2 , nb5nb11nb2, andC(V) is the effec-
tive differential interwell capacitance. Second, the shape
the potential barrier and the wells changes. Now, in view
the strong asymmetry which has appeared, we cannot in
duce a single lowest, doubly degenerate, level and we m
examine different levels in the wells and introduce two d
ferent thermionic emission energies. Therefore, the pr
abilities of thermionic emission from wella into well b and
vice versa are different not only because of the differ
heating of the electrons in these wells, but also becaus
the presence of the voltageV(y).

As a result of the two effects acting together, the reg
of space containing a transverse fieldEy

(a,b) and the corre-
sponding valley redistribution of electrons in the wells
bounded and separates two wide regions whereEy

(a,b)50,
but between the wells there is a voltageV(`) and
V(2`)52V(`). The presence of these voltages is du
according to Eq.~2!, to the asymmetric filling of the wells
(na2nb)uy5`52(na2nb)uy52` . Actually, these wide re-
gions also play the role of layers — domains in the MA
mechanism under study, while the comparatively narrow l
ers that separate them with transverse fields and interva
repopulation of electrons serve as domain walls. Theref
the MAE occurs in these walls.

The qualitative features of the domains and dom
walls with the standard MAE in bulk samples and in t
double-well case studied here are summarized in Table

3. We shall write a simplified~phenomenological! sys-
tem of equations that makes it possible to describe qua
tively the effect which we are studying. These equations a
elaborate and generalize the analogous equations for
standard MAE effect~their viability was later confirmed by
many numerical calculations!. They include Eq.~2! and four
continuity equations for all four groups of electrons intr
duced above:

]ngk

]t
1

] j gk
]y

52ngk@n~Fgk ,Vgg8!1n0~Fgk!#

1ng8kn~Fg8k ,Vg8g!1ngk8n0~Fgk8!, ~3!

whereg5a, b, k51, 2,g8 Þ g, k8 Þ k, Vab52V, and

Fgk5emE2@11zg
222Azg~21!k#. ~4!

Herezg5Ey
(g)/E.

Here it is assumed that the components of the va
mobility tensors, which by definition do not depend on t
heating, aremxx

k 5myy
k 5m andmxy

k 5myx
k 52Am(21)k, and

it is assumed that the heating dependence of the probabi
n(Fgk ,Vgg8) andn0(Fgk) can be much stronger. The prob
abilities, introduced in Eqs.~3! ~inverse times!, of intervalley
scatteringn0(Fgk) are assumed to be functions only of som
effective powers~per electron! Fgk given by Eq.~4! ~in com-
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TABLE I.

o,
Bulk sample with standard
~phonon! MAE mechanism

Double well with
thermoelectron MAE mechanism

Domain properties
Constant transverse field,
intervalley population redistribution,
anisotropic conductivity

No transverse fields,
constant voltage on the barrier,

no intervalley population redistribution,
interwell population redistribution,

isotropic conductivity
Properties of double walls

Transverse field passes through zero,
intervalley population redistribution occurs through zero,
domain walls are polarized: thin and thick~forward and reverse!

Transverse fields in wells,
voltage on barrier passes through zero,

intervalley population redistribution in wells,
interwell population redistribution passes through zer

domain walls are not polarized
Symmetry relations

Ey(y)52Ey(2y) Ey
(a)(y)52Ey

(b)(2y),
V(y)52V(2y)

n1(y)5n2(2y) na(y)5nb(2y),
na1(y)5nb2(2y),
na2(y)5nb1(2y)
plete analogy with the standard theory of the MSE2!, and the
n

on

m

ti

da

o

o
ty

or opposite to that of their diffusion flux.1 As a result, we
n-
on
allel

due

e
is
of

ir

the

ch
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e

probabilities of interwell thermoelectronic transitio
n(Fgk ,Vgg8) depend also on the voltages6V across the
potential barrier. The electron fluxesj gk in the y direction
are

j gk52D
]ngk

]y
2mEngk@zg2A~21!k#. ~5!

Finally, it is assumed that the quasineutrality conditi
holds:

(
g5a,k51

b, 2

ngk54n0 . ~6!

From this condition@and also from Eqs.~3! and~5!# follows
the condition

naza1nbzb1A~na12na21nb12nb2!50, ~7!

where the zero on the right side corresponds to the assu
tion of a Hall configuration of the sample in thexy plane.

The solution of the system~2!–~6! falls outside the
scope of the present paper. Here we confine our atten
only to some of its simplest consequences.

a! For all values ofE there exists a trivial solution
ngk5n0 , za5zb50, Fgk5emE2, V50.

b! The system considered above describes the stan
MAE:

na15nb15n1 ; na25nb25n2Þn1 ;

za5zb5zÞ0; V50. ~8!

HereFa15Fb15F1Þ Fa25Fb25F2.
The possibility for the existence of the solutions~8! does

not mean that these solutions are necessary. They occur
in some range of electric fieldsE P (El , Eh) at sufficiently
low temperatures, where sufficiently rapid growth ofn0(F)
with F occurs. The solutions in the domain walls depend
whether or not the direction of the field flux of the majori
carriers in a domain@which appears in Eq.~5!# is the same as
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have two types of domain walls, alternating with one a
other: thick walls, where these directions are identical
both sides, and thin walls, where these fluxes are antipar
on both sides.

c! There exist solutions with symmetric properties:

na1~y!5nb2~2y!; na2~y!5nb1~2y!; na~y!5nb~2y!;

za~y!52zb~2y!; V~y!52V~2y!. ~9!

These solutions are the new solutions whose existence is
to the rapid growth ofn0(F,V) with F. These solutions are
identical to those shown in Fig. 2~on the right side of the
figure! only at the pointy50, which must be taken as th
center of the domain wall. We note that in this case there
no polarization of the domain walls that occurs in the case
the standard bulk effect, since the densitiesngk in these walls
do not change sharply and the values of the fieldsEy

(a,b) do
not pass through zero~and, conversely, are close to the
maximum values!.

In the domains separated by this wall the voltages on
barrier saturate up to the valuesVs5V(`) and 2Vs

5V(2`); the densities also saturate:nas5na(`)
5nb(2`) and nbs5nb(`)5na(2`); and the fieldsEy

(a)

andEy
(b) approach zero. The intervalley redistribution in ea

well also vanishes together with the fields. The satura
valueVs of the voltage is determined from Eqs.~2! and ~6!
and also from the equation that follows from Eq.~3!,

nasn~Vs!5nbsn~2Vs!, ~10!

where n(6Vs)5n(emE2,6Vs). From these equations w
have

2E
0

Vs
C~V!dV52en0

n~2Vs!2n~Vs!

n~2Vs!1n~Vs!
, ~11!

nas54n0
n~2Vs!

n~2Vs!1n~Vs!
, ~12!
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nbs54n0
n~Vs!

n~2Vs!1n~Vs!
. ~13!

It is easy to show that the existence of nontrivial so
tions of Eq.~11! requires a sharp functionn(Vs). Otherwise,
the only domain solution isVs50. In the case of a very
sharp functionn(Vs) we find that all electrons are transferre
into one of the wells because of complete emptying of
other well.

In addition to walls where fields are realized, for e
ample, in the sequenceEy

(a).0,Ey
(b),0, it is also possible to

have analogous walls with fields with opposite signs. T
alternation of these two types of walls leads to the existe
of multidomain~multilayer! structures with domains of dif
ferent extent. There arise in this connection the problem
periodicity, stability, pinning, chaos, and so on.

4. The satisfaction of the condition~1! shifts the region
of existence of the standard MSE in the structures un
study in the direction of stronger fields. Domains with inte
well voltage and interwell charge exchange must be unst
with respect to intervalley redistribution by the phon
mechanism. Depending on the combination of paramet
the appearance of an additional redistribution can both c
pletely destroy the structure arising in the weak field reg
and be incorporated into it~with the formation of a hybrid
structure!.

Thus far we have studied only double-well structur
Similar effects should also arise in multiwell periodic stru
tures. The closest analog to the double-well problem wo
be structures in which wells with an even number could
similar to the wella and wells with odd numbers similar t
the well b ~Fig. 3a!. However, besides the structure .
bababa. . . , it is entirely possible to have a structure .
baabbaabba. . . ~Fig. 3b!. In the latter structure the pos
tion of the walls corresponding to one pair of layers is mu
more easily decoupled and therefore the collection of p
sible domain structures is enriched substantially, which
cilitates transition to chaos.

The most obvious material systems in which the effe

FIG. 3. Possible variants of interwell population redistribution in a mu
well heterostructure. Left — symmetric population redistribution, right
population redistribution by means of pairing.
530 Semiconductors 31 (5), May 1997
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Si/Si12xGex and Ge/SixGe12x . We shall examine the first o
these structures, grown on a Si~100! substrate.

As is well known, in this case the main change in t
gap width occurs as a result of offsets in the valence ba
However, according to the estimates made in Ref. 6 in
wide range of values ofx ~0.2–0.5!, we are still dealing with
a type-I heterostructure, i.e., the Si12xGex layers also form
potential wells in an electronic band with an offset of t
order of 0.02 eV, and the deformation of these layers is s
that the indicated wells contain only two pairs ofD valleys
~@010# and@001#!, and the@100# valley is substantially raised
upward. Accordingly, a band structure that is optimal in t
sense of the studied effect is realized here. Unfortunately,
unavoidable alloy scattering in Si12xGex wells can greatly
increasen0 and liquidate the expected effect.

In this sense, the advantages of the Ge/SixGe12x struc-
ture on a~100! Ge substrate with Ge wells has noticeab
advantages. Forx50.0220.03 it is also easy to obtain in
these structures barriers with«ab.0.02 eV. Here alloy scat-
tering is transferred into the barriers, where the reside
time of an electron~equal to the ballistic transit time betwee
two elastic scatterings! is short. We note that the structure
on Ge substrates have been attracting increased attentio
recent years~see, for example, Refs. 7–9!.

Although the experimental observation of the effect
double and multiply repeating wells requires cooling to
near the temperature of liquid helium, here~in contrast to
bulk Si! carrier freeze-out and dielectrization of the samp
do not occur, since under selective doping of the barri
electrons will always fill the wells~if the ionization energy
of the impurity in the barrier is sufficiently low, as is the ca
with the structure Ge/SixGe12xfor small x).

I thank V. L. Borblik for invaluable assistance in prepa
ing the manuscript. This work was supported by the Fund
Fundamental Research of the Ukrainian State Committee
Science and Technology~Grant No. 2.3/122~‘‘Prostir’’ !!.
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Positive magnetoresistance in films of the ferromagnetic semiconductor Eu 12xSmxO
V. F. Kabanov and A. M. Sverdlova
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The positive magnetoresistance effect in a film of the ferromagnetic semiconductor Eu12xSmxO
has been studied; this effect is not characteristic of materials of this class. The effect of
the external magnetic and electric fields and temperature on the positive magnetoresistance was
investigated. It is shown that the magnitude of the magnetoresistanceDr/r0 is determined
by scattering of free charge carriers by spatial fluctuations of the magnetization which are due to
the nonuniform distribution of defects in the structurally disordered system~quasiamorphous
film!. © 1997 American Institute of Physics.@S1063-7826~97!02805-6#

It is well known that some oxide compounds of rare- region.2 A region ~magnetic cluster! with an anomalously
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earth elements, specifically, europium monoxide EuO
the solid solutions Eu12xSmxO based on it, are ferromag
netic materials. In this paper we report the results of an
perimental study of positive magnetoresistance observe
Eu12xSmxO films, which is not characteristic of magnet
semiconductors of this class.

We investigated the properties of films of the oxide o
solid solution of europium with samarium. The films we
obtained on an-type single-crystal silicon substrate b
vacuum thermal evaporation of a corresponding base a
and subsequent oxidation. The films were 0.1mm thick. Alu-
minum contacts were used for the electrodes. The transv
current through the structure was measured in the enrichm
regime at thê rare-earth oxide&–silicon boundary. The resis
tance measurements were performed in the tempera
range 77–300 K in magnetic fieldsH53.027.6 kOe and
electric fieldsE51032106 V/cm.

The results obtained are presented in Figs. 1–4. Pos
magnetoresistance was observed in the ferromagnetic
perature range. As one can see from Figs. 1 and 2, the
cific magnetoresistivityDr/r0 is a linear function of the in-
tensity of the magnetic field in the range investigated. T
form of the characteristic was virtually independent of t
orientation of the magnetic field vector relative to the elec
field vector~Fig. 2!. The magnitude of the effect atH57.6
kOe ordinarily reached several percent and much higher~up
to 20%! with individual samples.

The magnetoresistivity as a function of the intensity
the electric field~for fixed values of the temperature an
magnetic field intensity; see Fig. 3! for different samples has
a maximum atE.(223)3105 V/cm, it increases for fields
in the region (0.722)3105 V/cm, and it drops off gently in
the range (4210)3105 V/cm. A curve of the electric con-
ductivity s versus the intensity of the electric field is show
in Fig. 3 for comparison.

The quantityDr/r0~Fig. 4! drops off rapidly near the
Curie temperatureTc and atT.Tc it decreases virtually to
zero. The curves(T) is also plotted here.

We employed the model of magnetic clusters to expl
the positive magnetoresistance in films of magne
semiconductors.1 This model has been used to analyze sc
tering mechanisms at temperatures near the paramag
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high magnetic momentK , much greater than the magnitud
of the spin of a europium ionSEu, forms around different
kinds of imperfections because the stronger ferromagn
coupling between defects and regular magnetic ions Eu21.
The experimental films are strongly defective quasiam
phous structures3 in which magnetic clusters can exist.

The moment of a cluster is a geometric sum of the c
responding projections of the constituent ions of the clus
onto a chosen direction of magnetization. Therefore, the
isting magnetization fluctuations can be dominant scatte
centers of free charge carriers~in this case electrons!.

In samples with a negative magnetoresistance~character-
istic of ordinary ferromagnetic semiconductors of the ty
EuO! at temperaturesT<Tc an external magnetic field sup
presses the magnetization fluctuations. This is accompa
by an increase in the carrier mobility and a decrease of
resistance in a magnetic field.

In our case the suppression of fluctuations should a
occur in an external magnetic field. However, under the c
ditions of a high density of defects, nonuniformity of th
magnetic properties of the films can play a large role in
experimental films at low temperatureT<Tc. In a weak
magnetic field, magnetization fluctuations~of nonuniformly
arranged clusters! can be intensified because of the spatia
nonuniform magnetization. This makes it possible to expl
the positive magnetoresistance, which is attributable to
scattering by the magnetic-field-enhanced magnetic mom
of clusters and which increase linearly with the intensity
the field, as follows from experiment.

This point of view is confirmed by the fact that a chan
in the direction of the magnetic fieldH with respect to the
carrier current density vectorj , which coincides in direction
with the vectorE, does not affect the characteristics. T
observed differences in the values ofDr/r0, depending on
the whether the vectorsH and j are parallel or perpendicula
to one another, are explained by the well-known magne
anisotropy in the experimental films.4

The positive magnetoresistance was previously obser
in samples of the antiferromagnets EuSe and EuTe. The
lowing explanation of this effect was given for strongly d
fective materials. In an antiferromagnet a weak magne
field gives rise to the formation of ferromagnetic cluste

53131-03$10.00 © 1997 American Institute of Physics
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scattering by which increases the resistance,5 which we used
in our discussion.

To analyze the dependence of the magnetoresistivity
the intensity of the electric field in the sample, it is necess
to take into account the fact that the electric field in t
magnetic materials changes not only the electric proper
but also the magnetic ordering. It is well known1 that in
order for a magnetoelectric effect to exist, an electric fi
must be nonuniform. In our experimental samples this sit
tion is conveniently realized, since our samples contain
tercrystalite barriers of different magnitude distribut
throughout the sample. It has been shown6 that the Poole–
Frenkel’ effect, which is associated with lowering of the ba
riers in the indicated voltage range, makes the main con
bution to the mechanism of electrical conductivity
Eu12xSmxO films. In electric fields up to;33105 V/cm a
sharp increase of the free electron density is observed~in-
crease ofs in Fig. 3!, and when the electric barriers a
conserved, one can legitimately say that the distribution

FIG. 1. MagnetoresistivityDr/r0 versus magnetic field intensityH. 1, 2—
Different samples.T577 K, E52.53105 V/cm.

FIG. 2. MagnetoresistivityDr/r0 versus magnetic field intensityH. 1 —
H'j , 2— H i j . T577 K, E52.53105 V/cm.
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the free electron density over the sample is substantially n
uniform. The increase in the electron density near a de
intensifies the ferromagnetic coupling near it and results
local increase of the magnetization. Carrier scattering
creases, the mobility decreases, and the positive magne
sistivity increases.

The barriers decrease in electric fields exceed
33105 V/cm. This results in a more uniform distribution o
the charge carrier density, and the magnetization fluctuat
also corrrespondingly become weaker, the scattering by
magnetization fluctuations decreases, and the quan
Dr/r0 decreases.

As one can see, the dependence of the magnetoresis
on the intensity of the electric field has a maximum
E.33105 V/cm under the experimental conditions (T,Tc
and weak magnetic fields!. We obtained this value ofE pre-
viously in Ref. 6 , and it corresponds to the voltage at whi

FIG. 3. MagnetoresistivityDr/r0 ~1! and electrical conductivitys ~2! ver-
sus electric field intensityE. T577 K, H57.6 kOe.

FIG. 4. Temperature dependence of the magnetoresistivityDr/r0 at
E533105 V/cm. H57.6 kOe ~1! and electric conductivitys at E5103

V/cm ~2!.
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the mechanism of current passage in the experimental films
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In summary, we have examined the positive magnetore-
tor
of
tric
was

s of
tri-
changes. The mechanism of thermionic ionization of tra
dominates in stronger fields.

The temperature dependence ofDr/r0 ~Fig. 4! obtained
by us exhibits a sharp drop atT>Tc , which occurs becaus
the magnetic moment of a cluster decreases with increa
temperatureuK u;1/T. This occurs in connection with th
temperature-related decrease of the magnetic ion densit
side a cluster and possibly destruction of the cluster itse
higher values ofT. In the rangeT<Tc the quantityDr/r0
remains virtually constant, although it was found that
these temperatures the electrical conductivity of the sam
increases as a result of an increase in mobility due to sp
taneous magnetization.

This indicates that the positive magnetoresistance oc
only at temperatures on the order ofTc and below, when the
spontaneous magnetization existing in this temperature ra
reflects the nonuniformity of the properties in the samp
The nonuniformity of magnetization is increased by an
ternal magnetic field, which increases carrier scattering,
creases mobility, and gives rise to a positive magnetore
tance. At high temperatures,T.Tc , the spontaneous
magnetization vanishes and, correspondingly, the pos
magnetoresistance vanishes.
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sistance in a film of the ferromagnetic semiconduc
Eu12xSmxO; this effect is not characteristic of materials
this class. The influence of external magnetic and elec
fields and temperature on the positive magnetoresistance
investigated. It was shown thatDr/r0 is determined by the
scattering of free charge carriers by the spatial fluctuation
the magnetization, which arise due to the nonuniform dis
bution of defects in a structurally disordered system~qua-
siamorphous film!.
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Photoacoustic spectroscopy of porous silicon

cy
A. N. Obraztsov and V. Yu. Timoshenko

Department of Physics, M. V. Lomonosov Moscow State University, 119899 Moscow, Russia

H. Okushi and H. Watanabe

Electrotechnical Laboratory, Tsukuba, Japan
~Submitted June 13, 1996; accepted for publication September 10, 1996!
Fiz. Tekh. Poluprovodn.31, 629–631~May 1997!

The results of a photoacoustic spectroscopy investigation of the optical absorption in porous-
silicon films in the range 300–1500 nm are reported. It was found that the fundamental
absorption edge due to the porous layer lies in the range 350–500 nm for the experimental
samples. It was determined from the dependence of the photoacoustic signal on the light
modulation frequency that the thermal conductivity of porous silicon is 0.2531023 W/cm•deg.
© 1997 American Institute of Physics.@S1063-7826~97!02905-0#

1. INTRODUCTION the photoacoustic effect on the light modulation frequen
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The possible use of porous silicon~por-Si! for the fab-
rication of optoelectronic devices~see, for example, Ref. 1!
has been attracting investigators from the moment that
unique properties of this material were discovered.2,3 How-
ever, the nature of the most remarkable properties ofpor-Si
— the shift of the fundamental absorption edge and pho
luminescence in the short-wavelength direction~with respect
to the values characteristic of crystalline silicon! — until
now has not been conclusively established. The exis
models give this phenomenon different mutually exclus
explanations, including the following: quantum-mechani
effects associated with the spatial confinement of the e
trons; presence of siloxens and polysilicon compounds in
layer of porous silicon; manifestation of ‘‘tails’’ of the den
sity of states in the band gap of silicon, and others~see the
review in Ref. 4!. Therefore, despite the enormous numb
of studies devoted topor-Si, the need for further investiga
tions of this material remains.

Some of the most important, from the practical and fu
damental standpoints, properties of porous silicon are its
tical properties, and especially the optical absorption. A
rule, measurements of the optical absorption spectra are
formed on free films ofpor-Si, obtained by sharply increas
ing the current at the final stage of electrochemical format
of a film,5 etching of a silicon substrate in NaOH solution6

or with the help of other methods~see the review in Ref. 7!.
However, the separation of the porous film from the silic
substrate can substantially alter the properties ofpor-Si. At
the same time, the published optical absorption data, wh
were obtained by nondestructive methods of investigat
are limited to only several studies.8,9

In the present paper we report the results of an exp
mental study ofpor-Si layers by photoacoustic~PA! spec-
troscopy, similar to the methods employed in Refs. 8 and
The improved experimental technique which we emply
made it possible not only to confirm the basic results of
predecessors, but also to obtain new experimental data
optical absorption in the range 300–1500 nm and to estim
the thermal conductivity ofpor-Si from the dependence o
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~in the range from 45 to 1500 Hz!.

2. EXPERIMENTAL CONDITIONS

The por-Si layers were prepared on KDB-10 silico
plates~boron-doped silicon with~100! orientation and resis-
tivity r510 V•cm!. To ensure a good ohmic contact, pri
to anodization an aluminum layer was deposited on the ba
side of the plate~vacuum sputtering followed by alloying a
a temperature of 400 °C!. The composition of the electrolyte
was HF~50%!:C2H5OH in a 1:1 ratio. The anodization pro
cess was conducted in the dark at room temperature wi
current density of 30 mA/cm2 for a period of 5 min. After the
electrochemical treatment the samples were washed in e
nol and dried in air. To stabilize the properties of the poro
silicon, the samples were held in air for several weeks bef
the measurements were started.

The thickness of the porous layer of the prepar
samples, measured by optical and electronic microsco
was equal to about 15mm. The porosity was determined b
gravimetric measurements and was equal to about 80%.

The measurements of the photoluminescence and Ra
scattering of light in the porous films were performed und
standard conditions10 using the 488-nm line radiation from
an argon laser.

An upgraded Princeton Applied Research Corporat
spectrometer~Model 6001! was used to obtain the PA spe
tra in the range from 300 to 1500 nm. The amplitude of t
PA signal from a sensitive microphone placed in an air-fill
measuring cell was recorded at room temperature. The l
from a 1-kW xenon lamp was passed through a monoch
mator and modulated with a mechanical chopper with a
quency from 40 to 1500 Hz. In recording the spectra the s
step was equal to 4 nm with a monochromator slit width o
mm; this corresponded to a spectral width of 8 nm in the U
and visible regions of the spectrum and 32 nm in the
region. To take into account the spectral distribution of t
intensity of the light source, all PI spectra were normaliz
to the spectrum of the xenon lamp, recorded with the aid
a pyroelectric detector simultaneously with the PA spec

53434-03$10.00 © 1997 American Institute of Physics
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The effectiveness of such a normalization was confirmed
measuring the PA spectra of amorphous carbon~carbon
black standard!. In accordance with the published data,11 this
material is characterized by an absorption spectrum sim
to that of an absolutely blackbody.

3. RESULTS AND DISCUSSION

The preparedpor-Si samples possessed an optica
smooth surface and a uniform brown color over the en
surface. The typical photoluminescence spectrum@ I L(l)# of
the samples, represented in Fig. 1 by a dashed line, is sim
to the spectrum described previously in Refs. 10 and 12.
maximum of the photoluminescence line was located n
750 nm at room temperature. The half-width of the line w
equal to about 200 nm. The Raman scattering~RS! spectra
were also typical of such films and consisted of asymme
lines shifted by 2 cm21 into the low-frequency direction
relative to the line at 520 cm21 characteristic of crystalline
silicon. As indicated previously, this form of the RS spec
can be explained with the aid of the model of spatial co
finement of phonons and attests to the presence of sil
particles with an average size of 4–5 nm in the poro
layer.7,10,12

The solid lines in Fig. 1 show the spectral dependen
of the amplitude of the PA signalIPA (l) measured at a
modulation frequency of 45 Hz forpor-Si and an initial Si
plate ~curves1 and2, respectively!. Since the experimenta
conditions for the Si plates andpor-Si samples were nearl
identical, the corresponding PA spectra can be compared
only with respect to shape, but also with respect to the ab
lute values of the PA signal and therefore the light abso
tion coefficient.

Two features attesting to the large change in the li
absorption coefficients in the region 400–500 and 105
1150 nm are clearly seen in thepor-Si spectra~see Fig. 1,
curve1!. These features evidently correspond to the fun
mental absorption edge in a porous silicon film and in
single-crystal substrate. This is confirmed by the fact that
amplitude of the PA signal for the initial Si plate~Fig. 1,

FIG. 1. PA spectra of layers of porous silicon~1! and a crystalline Si
substrate~2! with light modulation frequency 45 Hz.2— Scale enlarged by
a factor of 5. Dashed line — photoluminescence spectrum for the s
sample of porous silicon.
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curve 2! is actually identical to that of thepor-Si samples
~Fig. 1, curve1! in the IR range. In both cases a sharp d
crease in the amplitude of the PA signal is observed for li
with photon energy close to the band gap in silicon~1.1 eV!.
The variation of the spectral dependence of the PA signal
crystalline silicon in the UV and visible parts of the spectru
is evidentally due to the change in the reflection coefficie
whose increase results in a decrease of the fraction of
light absorbed in the sample and hence a decrease in
amplitude of the PA signal.13 These spectral features are
good agreement with the known optical properties
silicon.14

Increasing the modulation frequency of the light result
in a relative decrease, due to the absorption of light in
crystalline silicon, of the PA signal~Fig. 2!. As is well
known, the effective thickness of the sample, which det
mines the amplitude of the photoacoustic signal, is ident
to the thermal diffusion length; it ism5(2a/v)1/2, where
v is the light modulation frequency,a5k/rC is the thermal
diffusivity, k is the thermal conductivity,r is the density,
andC is the specific heat of the material of the sample.11 At
relatively low frequencies~up to 700 Hz! the thermal diffu-
sion length in porous silicon does not exceed the thicknes
the porous layer~for our samples 15mm! and the obtained
PA signal is determined by light absorption in both t
por-Si film and in the crystalline substrate. At frequenci
above 700 Hz the thermal diffusion length in porous silic
is less than the film thickness. As a result, the character
feature in the crystalline substrate, which is associated w
light absorption, vanishes completely in the PA spectra.

The spectra shown in Fig. 2 illustrate the consideratio
The small decrease in the amplitude of the signal at frequ
cies above 1 kHz could be due to a variation in the proper
of porous silicon over the thickness of the film: a decrease
the fraction of nonradiative recombination of photoexcit
charge carriers or a relative increase in the reflection
scattering of light in the surface layers of the porous film8

Our experimental data~80% porosity, thermal diffusion
lengthm515mm for modulation frequencyv5700 Hz! and
tabulated data for silicon@density r̄52.328 g•cm23,

e

FIG. 2. PA spectra obtained for porous silicon with different light modu
tion frequencies, Hz:1— 45,2— 275,3— 500,4— 1000,5— 1500. For
clarity, only 20% of the experimental points are presented.
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C50.7 J/g•deg ~Ref. 15!#, make it possible to estimate the
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thermal conductivity for porous silicon ask50.25310
W/cm•deg. This value is three orders of magnitude low
than the thermal conductivity of crystalline silicon~1.5
W/cm•deg! and even more than an order of magnitude low
than the thermal conductivity of quartz SiO2 ~0.014 W/
cm•deg!.15 This estimate is confirmed by the previously d
scribed experiments on Raman scattering, during whic
substantially larger heating of the samples of porous sili
by laser radiation compared with crystalline silicon w
observed.7,10,12 It is obvious that this parameter ofpor-Si
~thermal conductivity! depends strongly on the porosity o
the film and it is important from the standpoint of practic
applications ofpor-Si.

An interesting features of our PA spectra is the relativ
‘‘sharp’’ fundamental absorption edge corresponding to
rous silicon. The spectral dependences described in the
erature ~see, for example, Refs. 5–7 and 16! indicate a
‘‘more even’’ variation of the absorption coefficient i
nearly the entire visible range. Such a discrepancy could
due to the method used for preparing the experime
samples. As a rule, even when using methods similar to
spectroscopy,16,17films prepared by separating a porous lay
from the substrate are employed. In the course of the pro
dure for separating the film, and also during the subsequ
oxidation of the film in air, substantial changes in the pro
erties ofpor-Si can occur. Thses changes are manifested
change in the optical characteristics. For example, substa
changes in the photoluminescence properties ofpor-Si as a
result of separation of the film from a substrate were
scribed in Ref. 5.
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employed in the present work made it possible, because o
nondestructive character, to obtain fundamentally new d
on the spectral dependence of the absorption coefficien
layers of porous silicon.

We wish to thank the International Matsumae Found
tion for awarding a stipend to A. N. Obraztsov for work
the Electrotechnical Laboratory~Sukuba, Japan!, which
made this work possible.
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Exciton scattering by concentration fluctuations and projection of the spins of magnetic

impurities in quantum wells in semimagnetic semiconductors

A. V. Vertsimakha and V. I. Sugakov1)

Institute of Nuclear Research, Ukrainian National Academy of Sciences, 252028 Kiev, Ukraine
~Submitted July 4, 1996; accepted for publication October 23, 1996!
Fiz. Tekh. Poluprovodn.31, 632–634~May 1997!

Exciton scattering by fluctuations of the concentration and the orientation of the spins of
magnetic impurities and the associated broadening of excitonic bands in a quantum well with
semimagnetic barriers CdMnTe/CdTe/CdMnTe have been investigated. The relaxation
time is found as a function of the exciton energy and thickness of the well. The relaxation time
depends strongly on the magnetic field. The dependence is different for excitons that form
the s1 ands2 components of the optical transition. ©1997 American Institute of Physics.
@S1063-7826~97!03005-6#

The optical properties of quantum wells and superlat- 1
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tices based on semimagnetic semiconductors have
widely investigated in recent years.1–3 The giant spin split-
ting of the bands, which arises in heterostructures consis
of alternating magnetically mixed and nonmagnetic layers
a result of the exchange interaction of charge carriers w
magnetic impurities,4 makes it possible to change the dep
of the quantum wells by means of an external magnetic fi
and leads to splitting of the excitonic lines in a magne
field.

An important question in the study of heterostructures
the investigation of the effect of structural imperfections
their physical properties. The imperfections could be ass
ated with the conditions under which the crystal is gro
and with fluctuations of the composition. Imperfections
the second type are always present, irrespective of
method used for growing the structure. One way to stu
structural defects is to investigate the shape of the excito
spectra. Scattering of excitons by imperfections results
broadening of the bands. The effect of composition fluct
tions on the excitonic spectra in heterostructures with n
magnetic impurities was investigated in Ref. 5. Such an
fluence should be substantial in semimagne
semiconductors, since the magnetic impurities, becaus
the exchange interaction with the carriers, largely determ
the energy spectrum of the excitons. Furthermore, it can
expected that the line broadening in them will depend on
magnetic field, which is not the case in crystals with no
magnetic impurities. In bulk crystals such broadening w
studied in Ref. 6 . In heterostructures, characteristic featur
associated with the two-dimensional nature of the sys
and with the redistribution of the exciton wave function b
tween wells and barriers accompanying a change in the
mensions of the heterostructures, should be observed. In
study we examine the scattering of excitons by fluctuati
of the concentration and orientation of the spins of impurit
in a quantum well with semimagnetic barriers CdMnT
CdTe/CdMnTe.

To study scattering by fluctuations of the impurity w
write the exciton Hamiltonian in the form

H5H01H int , ~1!
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1~Dh2JhSh•Sn!d~r h2n!#Xn , ~2!

whereH0 is the typical Hamiltonian of a free exciton in
crystal with no impurities7 andH int is the Hamiltonian of the
interaction of an electron and hole with Mn21 ions, which
includes the exchange interaction described by the excha
integralsJe andJh and the interactions caused by the defo
mation of the lattice accompanying the introduction of
impurity ion, which are described by the termsDe andDh .
The latter interactions lead to an offset of the bands and fo
a quantum well in the absence of a magnetic field. The m
netic field is directed perpendicular to the layers of the s
tem. The quantitiesSe , Sh , andSn are the spins of the elec
tron, hole, and impurity, respectively;N0 is the density of
cationic sites in the lattice andre andrh are the electron and
hole coordinates. The diamagnetic effects, which are sma
the magnetic fields studied, are ignored in the Hamilton
~1!; the masses of the particles are assumed to be isotr
and identical in the different layers of the heterojunctio
The quantityXn gives the distribution of the impurities
Xn50 if a Cd21 ion is present at the siten andXn51 if the
main ion is replaced by a Mn21 ion. We representXn and
Sn in the form

Xn5X1dXn , ~3!

Sn5^SMn&1dSn , ~4!

where^SMn& anddSn are the average value and the fluctu
tion of the spin of an impurity, andX anddXn are the aver-
age value and fluctuation of the relative density. Using
pressions~3! and~4!, we can transform the Hamiltonian int
the form

H5H̃01DH,

H̃05H01X~De2JeSe•^SMn&!Q~ uzeu2L/2!

1X~Dh2JhSh•^SMn&!Q~ uzhu2L/2!,

where

53737-03$10.00 © 1997 American Institute of Physics
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V52
1

N0
~JeSed~re2n!1JhShd~rh2n!!,

V15
1

N0
~~De2JeSe•^SMn&!d~re2n!

1~Dh2JhSh•^SMn&!d~rh2n!!,

Q(z) is the unit step~Heaviside! function. The termH̃0 is
the Hamiltonian of the interaction of an exciton with th
magnetic impurities in the mean-field approximation~Fig. 1!,
andDH takes into account the fluctuations of the distributi
of the impurities and orientations of their spins.

Let us examine the probability of elastic scattering of
exciton by fluctuations of the distribution and orientation
the impurity spins. In the zeroth approximation the states
an exciton are determined by the HamiltonianH̃0, found in
the mean-field approximation. Since the interaction ene
of an exciton with an impurity is much smaller than th
width of the excitonic band, the scattering can be studied
the Born approximation by perturbation theory with the p
turbation HamiltonianDH. We shall ignore the processe
associated with spin flipping in the process of scattering.
calculations we chose the often employed form of the w
functions of excitons localized in a quantum well:2,8

Ck~re ,rh!5fe~ze!fh~zh!Fk~re ,rh!,

Fk~re ,rh!51/AS exp~ ik–R!fex~r!,

where re(h)5(re(h) ,ze(h)), re(h) are the coordinates of a
electron~hole! in the plane of the layer,R are the coordinates
of the center of mass of the exciton in the plane of the lay
r5re2rh , S is the area of the layer,fex(r)
5A2pexp(2r/l)/l, l is a variational parameter, an
fe(ze) and fh(zh) are the wave functions of the lowes
lying states of an electron and hole in the quantum wel2,8

The probability for the scattering of an exciton from a sta
k into a statek8 is determined by the standard perturbati
theory. We obtain the reciprocal of the relaxation time af
summing the probability of scattering over the final sta
k8 and averaging over the distribution of impurities and t
orientation of their spins. For low impurity concentratio
these distributions can be assumed to be uncorrelated. T

FIG. 1. Energy level diagram of the heterojunction. The dashed lines s
the splitting of the bands in a magnetic field.Ve

x5XDe , Vh
x5XDh .
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^dXn ,dXm&5X~12X!dn,m ,

^dSn,z ,dSm,z&5^dSMn
2 &dn,m,

^dSn,z ,dXn&50.

Finally, for the reciprocal of the relaxation time of an excito
we obtain

tE
215

2p

\ (
k8

H ^dSMn
2 &X2(

n
u^k8uVzuk&u21X~12X!

3(
n

u^k8uV1uk&u21^dSMn
2 &X~12X!

3(
n

u^k8uVzuk&u2J d~Ek82Ek!,

whereEk5\2k2/2M is the kinetic energy of an exciton,M is
the mass of an exciton, and ^k8uVi uk&
5*dredrhCk8

* (re ,rh)ViCk(re ,rh), i51, 2, and 3. One
manifestation of exciton scattering by impurities should
broadening of the excitonic bands. The contribution of sc
tering by fluctuations of the impurity concentration to th
half-width of the excitonic absorption band is 1/tE(v) , where
E(v) is the energy of an exciton at the frequencyv.9 Cal-
culations of the quantity 1/tE(v) were performed numerically
for CdMnTe/CdTe/CdMnTe heterostructures withX50.05,
temperatureT52 K, and the following parameters:2,10

XDe50.85DEg andXDh50.15DEg ,whereDEg51.587X is
the offset of the bandgap at the boundary of the layers;
effective masses of the carriers areme50.96m0 and
mh50.5m0 (m0 is the electron mass!, Je50.22 eV,
Jh50.83/3 eV, and the dielectric constant«59.7. The com-
putational results for\/tE as a function of the kinetic energ
E of an exciton in the plane of the layer in a magnetic fie
H50.25 T are presented in Fig. 2. In contrast with a bu
crystal, the reciprocal of the relaxation time, due to scatter

w

FIG. 2. \/tE versus the wave vector of an exciton in a fieldH50.25 T.1—
L515 Å, sE1 ; 2 — L515 Å, s2 ; 3 — L560 Å, s1 ; 4 — L560 Å,
s2 .
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by an impurity, of an exciton in a quantum well remai
finite in the limit E→0 because of the two-dimensional n
ture of the problem, and because the density of final state
different from zero in the limitE→0. Since excitons with
E50 participate in the reflection of light incident on th
heterojunction in a direction along the normal, the scatter
mechanism under study can cause the fluctuations-assoc
broadening of the excitonic bands in heterostructures to
different from that in bulk crystals. Figure 3 shows\/tE
versus the magnetic field forE50 of excitons with polariza-
tions s1 and s2 ~states withse521/2, sh523/2 and
se51/2, sh53/2, respectively!. The scattering probability for
different transitions has a different dependence on the m
netic field: For thes1 transition \/tE increases with the
field and for thes2 transition it decreases. The differe
dependence, are attributable to the fact that for the s
orientation of the spins the nonexchange and exchange
of the interaction with an exciton with an impurity add an
for the other orientation they subtract. Note the strong dep
dence of the broadening~narrowing! of the bands on the
magnetic field. The reciprocal of the relaxation time i
creases with decreasing width of the quantum well, since
probability for the penetration of an exciton into the barrie
in which the magnetic impurities are located, is high.

FIG. 3. \/tg versus magnetic field atE50. 1 — L515 Å, s2 ; 2 —
L515 Å, s1 ; 3 — L530 Å, s2 ; 4 — L530 Å, s1 ; 5 — L550 Å,
s2 ; 6— L550 Å, s1 .
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one which is always present in mixed crystals, of broaden
of excitonic bands — scattering of excitons by concentrat
fluctuations. It gives a larger contribution to the broaden
than the fluctuations-induced change in the exciton spectr
The latter contribution in bulk crystals results in broadeni
which depends on the relative impurity concentration
X2(12X)2,11 and it is much smaller than that observe
experimentally.6 Real heterostructures contain nonuniform
ties of the distribution of impurities and defects of a techn
logical origin, whose presence can substantially change
exciton spectrum. In this case the change in the spectr
rather than the scattering, determines the broadening of
bands. However, calculations of such broadening requir
knowledge of the character of such technological imperf
tions and cannot generally be performed. Furthermore,
calculations performed in this paper show that composit
fluctuations, which are always present in a crystal, give
the broadening a contribution which can be observed exp
mentally.
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Optical absorption edge and its modification due to the decomposition of cadmium

telluride and cadmium sulfide solid solution films

A. P. Belyaev, V. P. Rubets, and I. P. Kalinkin

St. Petersburg Technological Institute, 198013 St. Petersburg, Russia
~Submitted July 8, 1996; accepted for publication October 25, 1996!
Fiz. Tekh. Poluprovodn.31, 635–638~May 1997!

The spectral dependences of the transmission and absorption of metastable CdSxTe12x films
before and after thermally activated decomposition have been studied. A model is proposed for the
transmission processes in disordered multiphase systems. The correlations between
characteristic points on the transmission curves and the composition of the solid solution are
determined. ©1997 American Institute of Physics.@S1063-7826~97!03105-0#

For many reasons, light absorption is generally analyzed2. EXPERIMENTAL RESULTS
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in the overwhelming majority of scientific studies involvin
the optical properties of a given system. The transmissio
ordinarily not analyzed. In this connection, it is helpful
make such an analysis for films of the solid solutions~SSs!
CdSxTe12x and to compare the results with the standard
proach.

The choice of the model is made mainly for two reaso
First, the solid solutions of II–VI compounds possess a w
spectrum of properties, which are always of interest to inv
tigators and practitioners. Second, a pronounced metas
system is easy to model. The metastable system is achi
by synthesizing under sharply nonequilibrium conditions,
example, synthesis on a substrate cooled to a tempera
close to that of liquid nitrogen.1,2 The metastability of the
system makes it a convenient object for investigating ph
transformations and, correspondingly, for investigating
correlations between the transmission and the compositi

1. EXPERIMENTAL PROCEDURE AND SAMPLES

The films were prepared by the thermal-screen meth3

from a mechanical mixture of CdS and CdTe powders. T
mixture was placed in a reactor and heated up to the su
mation temperature, and the substrate was cooled with liq
nitrogen. The reactor with the powder heated up to the s
limation temperature (T51020 K) and the cooled substra
were brought together by a manipulator only for the synt
sis time~not more than several seconds!. Synthesis was re
alized in a 1023 Pa vacuum on a muscovite-mica substra

According to x-ray phase and electron diffraction ana
sis, the structure of the films was close to polycrystalli
Thermally activated decomposition of the solid solutions w
conducted in a vacuum by heating up to a temperature of
K and holding at this temperature for 2 h. The substrate
reactor temperatures were monitored with coppe
constantan and chromel–aluminum thermocouples, res
tively. The thickness of the samples did not exceed 1mm.
The thickness was estimated with a MII-4 microinterfero
eter. Electron diffraction investigations were performed
an ÉMR-100 electron diffraction camera and x-ray pha
analysis was performed on a DRON-2 diffractometer. T
optical measurements were performed on a SF-26 spe
photometer at room temperature.
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The results of the investigations of the transmission
efficient of the CdSxTe12x solid solution are shown in Fig. 1
Curve1 corresponds to the transmission of the sample
mediately after preparation; curve2 corresponds to the sam
sample after thermal action. The same figure also shows
comparison the transmission curves of CdS~curve 3! and
CdTe ~curve4! films.

As one can see from the figure, the spectral transmiss
curve of the freshly prepared film of solid solution can
represented, to a first approximation, as a linear superp
tion of the transmission curves of cadmium telluride a
cadmium sulfide films, where a weakening of the wavelen
dependence of the transmission coefficient occurs in
wavelength intervals 570–800 nm.

After the sample is annealed, the stepped character o
transmission curve is smoothed out~curve2!. Transmission
increases in the wavelength interval 570–800 nm.

The typical experimental results for the absorption co
ficient in films of the solid solutions CdSxTe12x are pre-
sented in Fig. 2. Curve1 was obtained from a freshly pre
pared sample and curve2 was obtained from the sam
sample after annealing. The results correspond to the sam
whose transmission was examined above~Fig. 1!.

As one can see from the figure, the absorption coeffici
a of the sample before and after annealing gradually
creases in an interval of several eV. In both cases the cu
contain an exponential section of growth~Urbach edge! sat-
isfying the empirical relation4

a5a0 exp@2g~E2\v!/kT#, ~1!

wherea0 andg are constants,E is the band gap, and\v is
the photon energy.

The absorption curve for the annealed sample was c
acterized by a lower value of the parameterg.

3. DISCUSSION

As is well known, transmission, in general, is not a se
averaging physical quantity. It depends multiplicatively
the size of the object and the ‘‘tails’’ of the probability dis
tribution of the scatterer configurations make the main c
tribution to its average value. For this reason, the theoret

54040-03$10.00 © 1997 American Institute of Physics
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description of such quantities is a very difficult problem
whose solution even in a one-dimensional case is know
present only approximately.

According to current theory, the transmission of a dis
dered system is determined by the so-called represent
scatterer configurations, which are thought to account for
transmission to be within a small neighborhood of its av
age value.5 The composition of the representative configu
tions is not, in general, the most likely composition, but
gether with the concentration of representat
configurations it determines the properties of the transm
sion coefficient of the object.

The experimental films of the solid solutions were sy
thesized from the vapor phase by vacuum condensation
substrate. Films grow in such a synthesis method by nu
ation and layerwise. The composition of the solid soluti
therefore fluctuates over the volume. Since CdSxTe12x are
variable-gap solutions, fluctuations of the absorbing prop
ties of the volume of the film occur along with the comp
sition fluctuations. According to what we have said abo
one or another set of absorbing regions~scatterers! in the
path of the light can be regarded as typical or a represe
tive configuration.

In the experiment under discussion the transverse cr
sectional area of the sample was exponentially large c
pared with the thickness of the sample. This means that
results obtained for a one-dimensional model can be use
interpret the data.5 In this case the experimentally observ
transmission can be regarded as

Dl'S21( ^DL&, ~2!

whereDl is the experimentally observed transmission,S is
the area of the film, and̂DL& is the transmission of a repre
sentative configuration~average value of the transmission
a linear chain!.

For a one-dimensional chain5

^DL&5exp@2n̄L~12D !#, ~3!

whereL is the chain length,n is the scatterer density, an
D is the transmission of one scatterer in a chain.

Since the short-wavelength photons are absorbed by
regions of the inhomogeneous CdSxTe12x films, and since
the long-wavelength photons are absorbed only by reg
with composition giving a small band gap, the quantityn̄ can

FIG. 1. Spectral dependences of the transmission of films of the solid s
tions CdSxTe12x before~1! and after~2! thermally activated decomposition
and of CdS~3! and CdTe~4! films.
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assume a different value for each wavelength. This me
that the spectral curves presented in Fig. 1 can be regarde
being the result of a functional coupling between the sc
terer density and the wavelength of the incident light.

In Fig. 1 curve1, which corresponds to a freshly pre
pared sample, demonstrates low transmission in the re
570–800 nm. According to~2! and~3!, this indicates that the
scatterer density increases substantially in this region,
that a maximum of the variation of the density occurs at
inflection pointlm of the spectral curve. This means, in tur
that the sample contains predominantly regions with a b
gap corresponding to photon energylm , which makes it
possible to determine the composition of the solid solution
terms of the functional relation between the width of t
band gap and the composition of the solid solution.

The composition of the solid solution determined in th
manner for the sample represented by curve1 in Fig. 1 was
found to bex50.60, which is close to the result obtaine
from x-ray phase and electron diffraction analys
(x50.58).

According to the x-ray phase and electron diffracti
analysis, the freshly prepared CdSxTe12x samples are single
phase samples. It can be assumed, however, from the
that their spectral transmission curves are close to a lin
superposition of the spectral curves for CdS and CdTe
they contain representative configurations with composit
close to the indicated binary compounds. Their concentra
in the experimental samples is evidently low; for this reas
they are not detected either by x rays or electron diffracti
As indicated above, however, the transmission is due to
‘‘tails’’ of the probability distribution and it is therefore very
sensitive to the relative fluctuations.

The existence of composition fluctuations is confirm
by electrical investigations, according to which the poten
well of the zones of films of the solid solutions of II–V
compounds grown by the method of vapor condensation o
substrate is determined mainly by fluctuations of the com
sition of the solid solution.6

After the samples are annealed, the variation of th
transmission coefficient becomes more monotonic. The

FIG. 2. Spectral dependences of the absorption coefficient of the solid
lutions CdSxTe12x before~1! and after~2! thermoreactive decomposition.
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541Belyaev et al.



gion with a low transmission vanishes~Fig. 1, curve2!. In
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the proposed model this means that their representative
figurations with good transmission in the indicated spec
region appear in the volume, and hence the concentratio
regions with the most characteristic composition decrea
~for the sample studiedx50.60). X-Ray phase and electro
diffraction analysis confirms this conclusion and detects
decomposition of solid solutions into two phases.

According to the proposed model, one would think th
the spectral curves of such samples should contain two c
acteristic points. However, graphical differentiation c
separate only one point — at short wavelengths. The c
position of the phase estimated according to this point w
identical to the results obtained by electron diffraction a
x-ray phase analysis for one of the detected pha
(x50.78).

The absence of a second characteristic point is due
our opinion, to the smearing of the absorption curve of e
scattering region and by the increase in the relative rms
viationDl of the transmission. According to Ref. 5, the rel
tive rms deviationD is

D5N20.5d, ~4!

whereN is the number of linear chains in the sample, a
d is the rms deviation of the transmission of one linear ch

d5$exp@ n̄L~12D !#21%0.5. ~5!

Since the wide-gap regions are transparent to lo
wavelength radiation, it can be assumed that in this spec
region the number of effective scatterers in the sample
creases and thereforen̄ decreases, which, according to Eq
~4! and~5!, results in a smoothing of the spectral depende
of the transmission.

The spectral dependences of the absorption coeffic
have a form that is characteristic of disorder
semiconductors.4 This behavior of the materials has still n
been explained unequivocally. It is well known, howev
that as the degree of disorder increases, the absorption
becomes increasingly more smeared, and correspondi
the parameterg decreases.7 This correlates with the dat
from our investigations of CdSxTe12x . After the sample is
annealed, which, according to the results presented ab
results in decomposition of the solid solution,g decreases.

The ‘‘knee’’ on the spectral absorption curve is used
estimate the optical band gap in the case of the Urbach
sorption edge. This is a rather crude method, and ordinari
gives a result that is somewhat less than the band gap
tained in other measurements.4

Our results also show a similar relation, as one can
from Fig. 2. The arrows on the curves in the figure mark
gaps which we calculated from the spectral curves of
transmission coefficient.

In many cases, for disordered systems beyond the e
nential absorption edge there follows a dependence4

a5B~\v2E!2/\v, ~6!

whereB is a constant.
Extrapolating this quadratic dependence, we find

band gap.

542 Semiconductors 31 (5), May 1997
n-
l
of
es

e

t
r-

-
s
d
es

in
h
e-

d
n

-
al
e-
.
e

nt

,
ge
ly

ve,

b-
it
b-

e
e
e

o-

e

gated is found to be very narrow, and its extrapolation giv
a substantially underestimated result. For the samples, w
spectral curves are shown in Figs. 1 and 2,E51.4521.55
eV.

Such a discrepancy can be explained, in our view, by
atypical character of the density of states in the CdSxTe12x

solutions. The theoretical derivation of the quadratic dep
dence ofa\v on \v is based on the assumption of par
bolic bands. In the systems investigated, however, str
fluctuations of the bands occur. It seems to us that this
substantially alter the density of states. The energyE deter-
mined by extrapolating the experimental curve~6! should
therefore be regarded only as a characteristic energy, w
is related in some way with the band gap.

In conclusion, we note that we checked the correlat
found between the characteristic points on the transmis
curve and the composition of the solid solution for oth
systems as well. Specifically, good agreement of the res
for CdSxTe12x films was obtained by using the function
relation between the composition and the band gap de
mined from photoluminescence measurements.

4. CONCLUSIONS

1. The absorption edge of films of the solid solutio
CdSxTe12x , synthesized under strongly nonequilibrium co
ditions, before and after thermally activated decompositi
has the form characteristic of disordered systems — the
bach edge.

2. Transmission processes in systems of the t
CdSxTe12x can be satisfactorily interpreted on the basis
the model of representative configurations in the form
linear chains.

3. The spectral dependences of the transmission co
cient are a sensitive indicator of the phase composition of
system, making it possible to identify the phase composit
under certain conditions.

This work was supported by the Russian Fund for Fu
damental Research~No. 96-02-19138!.

1J. Mendolia and D. Lemoine, Phys. Status Solidi A97, 601 ~1986!.
2A. P. Belyaev, V. P. Rubets, and I. P. Kalinkin, Fiz. Tekh. Poluprovod
31, 635 ~1997! @Semiconductors31, 540 ~1997!#.

3A. P. Belyaev and I. P. Kalinkin, Thin Sol. Films158, 25 ~1988!.
4N. F. Mott and E. A. Davis,Electronic Processes in Non-Crystallin
Materials,Clarendon Press, Oxford, 1979, 2nd edition@Russian transla-
tion, Mir, Moscow, 1982, Part 1#.

5I. M. Lifshits, S. A. Gredeskul, and L. A. Pastur,Introduction to the
Theory of Disordered Systems, Wiley, N. Y., 1988 @Russian original,
Nauka, Moscow, 1982#.

6A. P. Belyaev, V. P. Rubets, Kh. A. Toshkhodzhaev, and I. P. Kalink
Fiz. Tekh. Poluprovodn.18, 1975~1984! @Sov. Phys. Semicond.18, 1234
~1984!#.

7A. P. Belyaev, V. P. Rubets, Kh. A. Toshkhodzhaev, and I. P. Kalink
Fiz. Tekh. Poluprovodn.26, 1755~1992! @Sov. Phys. Semicond.26, 982
~1992!#.

Translated by M. E. Alferieff

542Belyaev et al.



The A. G. Aronov Prize

@S1063-7826~97!03205-5#
The A. G. Aronov prize for the best published article on
n
o
nd
rs
L.
te
ic

iz

9
be

i

iti
ho
g

a
e

ce
lis

should cite three of his or her own papers in the given field.
lts
new

ter

he
nd

ne

he
7,
he

be
ekh-
s-
us,

al
condensed matter physics was founded by the Foundatio
Intellectual Cooperation in memory of the first President
the Foundation. A committee of well-known Russian a
foreign scientists has been assembled to judge the pape

The prize was won the first time in 1994 by S.
Ginzburg for his paper ‘‘Self-organization of the critical sta
in Josephson lattices and granular superconductors,’’ wh
was published inZhurnal Eksperimental’no� i Teoretichesko�
Fiziki 96, 607 ~1994! @JETP79, 334 ~1994!#.

After assessing the papers submitted for the 1995 pr
the committee decided not to award the prize, but in 1997
hold the competition for papers published in 1995 and 19
The papers submitted to the competition in 1995 will
judged together with the new submissions.

The committee is now accepting papers published
1995–1996 into competition for the A. G. Aronov prize.

According to the terms of the A. G. Aronov prize:
1. The competition for the prize is open to Russian c

zens on the permanent staff of a Russian scientific or sc
arly organization, whose name must appear in the headin
the paper.

2. Eligible papers must have been published in the ye
indicated, in a Russian or foreign journal. Series of pap
are not eligible.

3. The paper must be nominated by a Doctor of Scien
specializing in the particular field. The nominating specia
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The letter of nomination should indicate which of the resu
presented in the paper nominated for the prize represent
findings.

4. The author~or authors! will send to the Prize Com-
mittee an application for entry in the competition, the let
of nomination, three copies~reprints or xerographic copies!
of the published article, and brief information about t
author~s!—education, academic degrees and titles, a
places and lengths of employment.

5. Each author or group of authors may present only o
paper for the competition.

6. The deadline for the submission of entries for t
A. G. Aronov prize for 1995–1996 is September 1, 199
and the prize will be awarded on December 1, 1997. T
results of the competition will be published inFizika Tver-
dogo Tela~St. Petersburg! @Physics of the Solid State#.

7. The papers submitted for the competition should
sent to the address: 194021 St. Petersburg, Ulitsa Polit
nicheskaya 26, A. F. Ioffe Physicotechnical Institute, Ru
sian Academy of Sciences, to the attention of G. E. Pik
Committee Chairman.

Board of Trustees of the Foundation for Intellectu
Cooperation

Translated by J. R. Anderson
54343-01$10.00 © 1997 American Institute of Physics
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