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Abstract—The redistribution of ytterbium and oxygen was studied in silicon layers that were implanted with
1-MeV Yb+ ions at a dose of 1 × 1014 cm–2, which exceeds the amorphization threshold, and 135-keV O+ ions
at a dose of 1 × 1015 cm–2 and that were subsequently annealed at 620 and 900°C. The redistribution of Yb is
due to segregation at the interface between the amorphous and single-crystal layers in solid-phase recrystalli-
zation of the buried amorphized layer. The redistribution of oxygen and its accumulation in regions with the
highest concentration of Yb is associated with oxygen diffusion and the formation of YbOn complexes with n
varying from 1 to 6. The parameters characterizing the dependence of the Yb segregation coefficient on the
thickness of the recrystallized layer and the formation of YbOn complexes were determined. © 2003 MAIK
“Nauka/Interperiodica”.
1. INTRODUCTION

Admixtures of various rare-earth elements (REE)
introduced into a silicon matrix make it possible to
develop an element base for device structures with
luminescence over a wide spectral range for the further
development of silicon optoelectronics. Therefore,
studying the behavior of REEs in technological pro-
cesses of device fabrication is of significant interest and
will in future enable one to fabricate high-efficiency
light-emitting structures.

In solid-phase epitaxial (SPE) crystallization of
amorphized silicon layers, the redistribution of such
REE impurities as Er, Ho, and Pr occurs [1–5]. The
redistribution of REE impurities Er and Ho is satisfac-
torily described by the model [2, 5] with a coordinate-
dependent segregation coefficient determined by the
conditions of REE implantation. The presence of an
oxygen impurity strongly affects the REE segregation
in SPE crystallization, which has a significant effect on
the concentration profile. Implantation of oxygen ions
into an amorphized silicon layer changes the nature of
the redistribution of REE impurities and increases the
rate at which the equilibrium coefficient of REE segre-
gation increases from the initial 2 × 10–3–2 × 10–2 to
final values of 0.6–1.5 [3, 5].

The redistribution of the oxygen impurity in the
annealing of silicon layers containing REE impurity Er
was studied in [6]. A correlation was revealed between
the concentration profiles of erbium and oxygen upon
annealing, which the authors attributed to the formation
of oxygen–erbium complexes. Complexes formed by
1063-7826/03/3712- $24.00 © 21363
Er and O impurities in implanted silicon layers have
been revealed by EXAFS [7, 8], Mössbauer spectros-
copy [9], and ESR spectroscopy [10]. In [11], the
change in the concentration profile of oxygen coim-
planted with Er was attributed to the egress of oxygen
to a region with increased defectiveness, where precip-
itates formed. In [12], an attempt was made to calculate
various atomic configurations of Er–O complexes.
Photo- and electroluminescence centers in erbium-
doped silicon have been related to Er–O complexes or
clusters. [9, 13].

In the present study, the joint redistribution of ytter-
bium and oxygen impurities upon annealing of silicon
layers amorphized by implantation was analyzed in
order to determine their mutual influence.

2. EXPERIMENTAL

Polished Czochralski-grown p-type (100)Si wafers
with a resistivity of 20 Ω cm were used as substrates.
According to IR absorption data, the oxygen concentra-
tion in the starting silicon was ~1 × 1018 cm–3. Implan-
tation of 1 MeV Yb+ ions was performed on a High
Voltage Engineering Europe K2MV installation at a
dose of 1 × 1014 cm–2 exceeding the amorphization
threshold. O+ ions were additionally implanted into
some of the samples at a dose of 1 × 1015 cm–2 and
energy of 135 keV, ensuring approximately the same
mean projective range as that for Yb+ ions (Rp(O+) =
0.39 µm, Rp(Yb+) = 0.33 µm). Two-stage annealing
was performed at 620°C for 1 h and at 900°C for 30 min
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in a chlorine-containing atmosphere. The distribution
of ytterbium and oxygen across the sample thickness
was determined by secondary ion mass spectrometry
(SIMS) on a Cameca IMS 6f installation.

3. EXPERIMENTAL RESULTS AND DISCUSSION

3.1. Redistribution of Ytterbium

At the Yb+ implantation dose of 1 × 1014 cm–2 used
in the study, as well as in the case of Er [4], a buried
amorphized layer is formed. The concentration profiles
obtained after implantation of Yb+ ions and subsequent
annealing at 620°C are shown in Fig. 1 (curves 1, 2). It
can be seen that thermal treatment gives rise to a sharp
Yb peak at a depth of xm = 0.18 µm, which is due to seg-
regation of Yb at crystallization fronts moving toward
each other from the initial boundaries of the buried a
layer, xa1 ≈ 0.08 and xa2 ≈ 0.43 µm. The Yb concentra-
tion profiles in the case of joint implantation of Yb+ and
O+ ions before and after annealing at 620°C are shown
in Fig. 2 (curves 1, 2). In this case, the change in the Yb
concentration profile and the appearance of a peak at a
depth xn1 = 0.25 µm upon annealing is also due to Yb
segregation at crystallization fronts moving toward
each other from the initial boundaries of the buried
a-layer at xa1 ≈ 0.05 and xa2 ≈ 0.46 µm. It is noteworthy
that, in the case of joint implantation of Yb+ and
O+ ions, the peak position xm is shifted deeper inside the
sample as compared with the implantation of Yb only
(from 0.18 to 0.25 µm). This may indicate a slower rate
of crystallization of the lower part of the a layer, which
is more heavily doped with oxygen. In both cases, sub-
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Fig. 1. Yb concentration profiles after (1) implantation of
Yb+ ions, (2) annealing at 620°C, and (3) additional anneal-
ing at 900°C; (4) calculation for L1 = 23 nm, L2 = 70 nm,
l1 = 30 nm, l2 = 27 nm, K0 = 2 × 10–3, and Km = 1.3.
sequent annealing at 900°C does not lead to any further
change in the Yb profile (Figs. 1, 2, curves 3).

The redistribution of the impurity Yb will be
described, as was done previously for REE impurities
Er and Ho [2, 5], by the dependence of the effective
(Kef) and equilibrium (Keq) segregation coefficients on
the thickness W of the crystallized layer:

(1)

(2)

where C and Ca are the concentrations of the REE
impurity at the interface in the single-crystal c-Si and
amorphized a-Si, respectively; b, the ratio of the atomic
volumes of a- and c-Si (b = 1.027); U, the rate of SPE
crystallization; h, the mass-transfer coefficient, h(W) =
h0exp(W/l), where h0 is the initial value of the mass-
transfer coefficient, and l is the characteristic length of
the rise in h; K0 and Km, the initial and final values of the
segregation coefficient; and L, the thickness of the tran-
sition layer or the characteristic length of the rise in Keq.

The calculated concentration profiles for separate
implantation of Yb+ ions and joint implantation with
O+ ions are shown in Figs. 1 and 2 (curves 4). The
obtained parameters characterizing the coordinate
dependence of the segregation coefficient and mass-
transfer rate, which are given in the figure captions, are
approximately equal to those previously determined by
the authors for REE impurities Er and Ho [3–5]. In joint
implantation with O+ ions, the thickness of the transi-
tion layer (in the case in question, parameter L2 corre-
sponding to the lower part of the amorphized layer with

Kef W( ) C/Ca b Keqh/V+( )/ 1 h/U+( ),= =

Keq W( ) K0Km/ K0 Km K0–( ) W /L–( )exp+[ ] ,=

1020

1019

1018

1017

1016

1015
0 0.2 0.4 0.6 0.8

Depth, µm

Concentration, cm–3

1
2
3
4

0.1 0.3 0.5 0.7

Fig. 2. Yb concentration profiles after (1) joint implantation
of Yb+ and O+ ions, (2) annealing at 620°C, and (3) addi-
tional annealing at 900°C; (4) calculation for L1 = 40 nm,
L2 = 9 nm, l1 = 27 nm, l2 = 12 nm, K0 = 2 × 10–3, and Km = 0.6.
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the maximum concentration of oxygen) decreases from
70 to 9 nm (for REE impurities Er and Ho, L decreases
from 40–70 to 13–20 nm [3–5]).

3.2. Redistribution of Oxygen

When silicon implanted with Yb+ ions is annealed, a
change in the oxygen distribution is observed both for
oxygen present in the substrate (Fig. 3, curves 1, 2) and
for that implanted additionally (Fig. 4, curves 1–3). In
both these cases, the SIMS signal of oxygen increases
in places with the highest Yb concentration: in the
vicinity of the Yb concentration peak at xm and near the
lower initial boundary of the a layer at xa2. Accumula-
tion of oxygen occurs even at 620°C and becomes more
pronounced upon subsequent annealing at 900°C,
which is clearly seen from the SIMS profiles of oxygen
in Figs. 3 (curves 1, 2) and 4 (curves 2, 3).

The redistribution of the oxygen impurity, which is
observed upon annealing, may be attributed to the rela-
tively high mobility of oxygen atoms at the annealing
temperature (diffusion coefficient of oxygen in silicon,
Dox = 7 × 10–16 cm2/s at 620°C and Dox = 2 × 10–12 cm2/s
at 900°C [14]), while the accumulation of oxygen in
regions with the highest Yb concentration may be
related to the binding of mobile O atoms to immobile
Yb atoms via complexation. The maximum number of
oxygen atoms that can be bound by an REE atom into a
complex is six for REE Er [7, 8]. Therefore, it is
assumed in modeling the oxygen redistribution that
Yb–O complexes have the composition YbOn, with n
varying from one to six. It is also assumed that more
composite complexes are formed from simpler ones via
subsequent addition of an oxygen atom by the reaction

(3)

where n = 1–6. According to [15], the rate of solid-
phase crystallization is ~2.7 × 10–3 µm/s at 620°C.
Therefore, a 0.45-µm-thick a layer crystallizes in a
much shorter time than that taken for the annealing; i.e.,
the redistribution of oxygen mainly occurs after recrys-
tallization of the a layer, when the Yb concentration
profile is already formed. Diffusion-kinetic equations
taking into account the diffusion of oxygen to immobile
ytterbium atoms to form complexes by reaction (3)
have the form

(4)

(5)

where t is the annealing time; x, the depth; Cox, the con-
centration of unbound oxygen; C, that of unbound Yb;
kfn, the rate constants of forward reactions of complex-

YbOn 1– O YbOn,+

∂Cox

∂t
----------- Dox

∂2Cox

∂x2
------------- k fnCoxCkn 1– krnCkn–( ),

n

∑–=

∂Ckn

∂t
----------- k fnCoxCkn 1– krnCkn–=

– k fn 1+ CoxCkn krn 1+ Ckn 1+ ,+
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ation; krn, those of reverse reactions of decomplexation;
Ckn, the concentration of YbOn complexes; n, the num-
ber of oxygen atoms in the complexes; and n = 1–6
(Ck0 = C). In the first approximation, the following is
assumed: the rate constants of forward and reverse
reactions are equal for all values of n; kfn = kf = 4πrDox,
where r is the radius of oxygen atom capture by the
complex; krn = kr = νexp(–(Eb + Em)/kT), where ν is the
frequency of atomic vibrations in the lattice of silicon,
ν ≈ 1013 s–1; Eb, the binding energy; Em, the migration
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Fig. 3. Distribution of (1, 2) SIMS signal intensity for oxy-
gen and concentrations of (3, 4) oxygen and (5) Yb after
implantation of Yb+ ions, (1, 3, 5) annealing at 620°C, and
(2, 4) additional annealing at 900°C; (3, 4) calculation.
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Fig. 4. Distribution of concentrations of (1, 4, 5) oxygen and
(6) yttrium and (2, 3) SIMS signal intensity for oxygen after
(1) joint implantation of Yb+ and O+ ions, (2, 4, 6) anneal-
ing at 620°C, and (3, 5) additional annealing at 900°C;
(4, 5) calculation.
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energy of oxygen atoms; and k, the Boltzmann con-
stant.

The desired parameters of the problem are r and Eb.
One more parameter is the acceleration of oxygen dif-
fusion as a result of the appearance of excess intrinsic
point defects that are formed during the annealing of
implantation-induced lattice disturbances. Equations (4)
and (5) were solved numerically by the finite-difference
method with the use of an implicit difference scheme.
The results of calculations of oxygen redistribution in
annealing are shown in Figs. 3 (curves 3, 4) and 4
(curves 4, 5) for r = 4a (where a is the lattice constant
of silicon, a = 2.35 Å) and Eb = 0.4 eV. The oxygen dif-
fusion acceleration factor was found to be 8 at 620°C
and 1 at 900°C. As can be seen in Figs. 3 and 4, the cal-
culation describes, satisfactorily at xm and less so at xa2,
the redistribution of the background oxygen contained
in the silicon substrate (Fig. 3) and that of the implanted
oxygen (Fig. 4), which lead to oxygen accumulation in
places with the highest concentration of Yb. Presum-
ably, oxygen atoms are captured in the vicinity of xa2
not only by Yb atoms, but also by the so-called end-of-
range defects [16, 17]. As the annealing temperature
increases from 620 to 900°C, the effect of oxygen accu-
mulation in complexes becomes more pronounced. The
results of calculations suggest that oxygen mainly
accumulates in YbO1 (n = 1) complexes in samples
without additional implantation of O+ ions and mainly
in YbO6 (n = 6) complexes in samples with coimplanted
O+ ions. It is noteworthy that, at 620°C, the characteris-
tic decay time of the complexes, τ = 1/kr ≈ 2.3 h,
exceeds the duration of annealing, and oxygen capture
into the complexes predominates. At the same time, the
characteristic decay time of the complexes at 900°C,
τ ≈ 1 s, is shorter than the duration of annealing, and the
process of complexation becomes equilibrium.

4. CONCLUSION

A study of the redistribution of Yb and O impurities
in the annealing of silicon layers amorphized by ion
implantation demonstrated that the behavior of the REE
impurity Yb both in the implantation of Yb ions only
and in its coimplantation with oxygen ions is similar to
that of the other REE impurities Er and Ho and is
described by the model reported in [2, 5], with about
the same parameters of the coordinate dependence of
the segregation coefficient. The redistribution of the
oxygen impurity and the accumulation of oxygen in the
region with the highest REE concentration is due to the
diffusion of oxygen atoms to immobile Yb atoms to
form YbOn complexes with n = 1–6. The oxygen redis-
tribution was modeled on the assumption that the rate
constants of the forward and reverse reactions are equal
for complexes of different compositions (kfn = kf and
krn = kr at all n), and the parameters of complexation
(r = 4a, Eb = 0.4 eV) were determined. It was shown
that oxygen mainly accumulates in YbO1 (n = 1) com-
plexes in samples without additional implantation of
O+ ions and in YbO6 (n = 6) complexes in samples with
coimplanted O+ ions.
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Abstract—It is shown that the emission [119mmSn(119mSn)] and absorption (119Sn) Mössbauer spectra of impu-
rity tin atoms in lead chalcogenides are identical. It is assumed that the mechanism of emergence of multi-
charged tin ions as a result of conversion isomeric transition in the parent 119mmSn atom is valid only for free
atoms, whereas the final charge state of a stabilized daughter atom in condensed media with a high concentra-
tion of charge carriers is the charge state of the parent atom. The large value of recoil energy for 119Sb atoms
after radioactive decay of parent 119mTe atoms gives rise to a significant number of displaced 119mSn atoms;
however, a greater fraction of 119mSn atoms after the 119mTe  119Sb  119mSn decay remains in the anionic
sublattice and are antisite defects. In contrast to tin atoms in the cationic sublattice, the 119mSn antisite defects
are found to be electrically inactive centers. © 2003 MAIK “Nauka/Interperiodica”.
1. INTRODUCTION

Mössbauer spectroscopy was found to be an effi-
cient method for identifying two-electron tin centers
with negative correlation energy in lead chalcogenides
(PbS, PbSe). The parameters of 119Sn Mössbauer spec-
tra made it possible to determine the charge state of
impurity atoms, their electronic structure, and the sym-
metry of the local surroundings [1]. It has been shown
that the charge state of tin impurity atoms in PbS and
PbSe depends on the position of the level of chemical
potential in the semiconductor band gap; neutral [Sn]0

and ionized [Sn]2+ impurity centers were identified [1].
Mössbauer spectroscopy also made it possible to study
the processes of electron exchange between the neutral
and ionized tin impurity atoms in partially compen-
sated PbSe.

It was shown that the electron-exchange rate
increases with increasing temperature and is indepen-
dent of the tin-center concentration; it was also shown
that the exchange involved the simultaneous transfer of
two electrons [2].

All the above studies were performed in the absorp-
tion mode of Mössbauer spectroscopy, in which case
the material under investigation contained the stable
isotope 119Sn. The ultimate sensitivity of the absorption
Mössbauer spectroscopy with respect to the concentra-
tion of the isotope 119Sn in lead chalcogenides is no
higher than 1 at %. However, as was assumed in a num-
ber of previous studies, the most drastic changes in the
energy spectrum of impurity atoms occurred at a tin
content of ≤0.5 at % [3].

Taking the above into account, it is preferable to use
the emission mode of Mössbauer spectroscopy in
1063-7826/03/3712- $24.00 © 21367
studying the state of tin impurity atoms; in this case, the
material under investigation contains a radioactive par-
ent isotope after radioactive decay of which the daugh-
ter 119mSn atom comes into existence. The sensitivity of
emission Mössbauer spectroscopy is controlled by the
specific activity of the radioactive specimen of the par-
ent isotope and may be as high as ~10–5 at %.

In this study, the potentialities of emission Möss-
bauer spectroscopy based on the isotope 119mSn with
119mmSn, 119Sb, and 119mTe parent atoms are used to iden-
tify the neutral and ionized states of tin impurity atoms,
which introduce two-electron levels in the band gap of
lead chalcogenides. The scheme of decay of the parent
119mmSn, 119Sb, and 119mTe atoms is shown in Fig. 1. It
can be seen that the formation of the 119mSn Mössbauer
level is preceded either by conversion isomeric transi-
tion (involving the parent 119mmSn nuclei) or by electron
capture (involving the parent 119Sb and 119mTe nuclei).
The probability that displaced daughter atoms will
appear as a result of the radioactive decay of parent
atoms depends on the relation between the recoil
energy of the daughter nucleus ER and the threshold
energy of the atoms' displacement Ed ≈ 25 eV.

We calculated the highest recoil energies for the
daughter probe: the decay 119mTe  119Sb is accompa-
nied by recoil energy ER ≈ 24 eV, and the decay
119Sb  119mSn is accompanied by ER ≈ 1.4 eV. The
larger value of recoil energy in the former case makes it
possible to expect that the emission Mössbauer spectra
of 119mTe(119mSn) for the PbSb and PbSe samples
include both the lines corresponding to the 119mSn atoms
at the normal lattice sites and the lines corresponding to
the 119mSn atoms displaced from these sites [4].
003 MAIK “Nauka/Interperiodica”
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It is assumed that the fine structure of Mössbauer
spectra should depend not only on the rate of electron
transfer between the [Sn]0 and [Sn]2+ centers but also on
the version of Mössbauer spectroscopy used [2]. If the
lifetimes of the [Sn]0 (τn) and [Sn]2+ (τi) states are much
shorter than the lifetime of the 119mSn Mössbauer state
(τ0 ≈ 20 ns), only a single line will be observed in the
absorption and emission Mössbauer spectra; this line
features the isomer shift given by

(1)

If τn and τi @ τ0, an absorption Mössbauer spectrum
should include two lines that correspond to [Sn]0 and
[Sn]2+ and have a ratio of their intensities close to R,
whereas the emission spectrum should include a single
line that corresponds to [Sn]2+ (here, R is the ratio of the
areas under the [Sn]0 and [Sn]2+ spectra). This behavior
is explained by the fact that both the conversion iso-
meric transition in the parent 119mmSn atoms and the
electron capture in the parent 119Sb and 119mTe atoms
initially give rise to multiply charged tin ions, which
transform into the [Sn]2+ state in a much shorter time
than τ0. The equilibrium between [Sn]2+ and [Sn]0 is
then established slowly (in a much longer time than τ0).
By the instant of time τ0, the equilibrium is not yet
established, and, as a consequence, only a single [Sn]2+

state is observed in the emission Mössbauer spectrum.

Thus, using the emission mode of Mössbauer spec-
troscopy based on the isotope 119mSn to study the states
of tin impurity atoms in lead chalcogenides involves
two problems: radioactive transmutation of the parent
isotope can affect the site of the daughter atom in the
lattice and can also affect the charge state of this atom.
This study is devoted to solving these problems.

δ
δi Rδn+

R 1+
-------------------.=

119mTe
4.7 days

EC
complex

119Sb
38 h

100%
EC

245 days119mmSn

119mSn

119Sn

18 ns 3/2(+)

1/2(+)

23.8

0

89.1

E, keV

Fig. 1. Schemes of decay for 119mmSn, 119Sb, and 119mTe
atoms.
2. EXPERIMENTAL

Lead chalcogenides doped with 119mmSn were obtained
by fusing starting semiconductor-grade components in
evacuated quartz cells with subsequent annealing first
of the ingots and then of pressed powders for 120 h at
650°C. The samples were of the single-phase type and
had a structure similar to NaCl. Overstoichiometric lead
was used as the donor impurity, while sodium was used
as the acceptor impurity. The starting charge for the sam-
ples containing the daughter 119mmSn atoms was com-
posed under the assumption that the tin impurity atoms
replace lead atoms; as a result, the composition of the
samples can be expressed as Pb1 – x – y

119mSnxNayS and
Pb1 – x – y

119mSnxNaySe.
The isotopes 119Sb and 119mTe were obtained according

to the reactions 120Sn(p, 2n)119Sb and 117Sn(α, 2n)119mTe
with subsequent separation of inactive 119Sb and 119mTe
isotopes using anionic exchange. The Mössbauer
sources were prepared by fusing the PbS and PbSe sam-
ples with the 119Sb and 119mTe inactive isotopes, so that
the estimated concentrations of the antimony and tellu-
rium atoms were no higher than 107 at/cm3. The initial
PbS and PbSe samples had n-type conductivity (with an
excess of lead, n ≈ 5 × 1018 cm–3) or p-type conductivity
(with an excess of sulfur or selenium, p ≈ 1018 cm–3).

The emission Mössbauer spectra of 119mSn were
measured in the temperature range 80–400 K using an
SM 2201 commercial spectrometer. The compound
Ca119SnO3 was used as the standard absorber with a
surface density of 0.1 mg/cm2 with respect to 119Sn. The
samples of lead chalcogenides doped with the parent
119mmSn, 119Sb, and 119mTe atoms served as the sources.
Isomer shifts of the Mössbauer spectra of 119mSn will be
given with respect to the 119mSnO2 source.

3. RESULTS AND DISCUSSION

3.1. Paternal 119mmSn Atoms

3.1.1. PbS lead sulfide. Tin is an isoelectronic
impurity in PbS and behaves like a donor [1, 2]. There-
fore, only the neutral state of tin centers ([Sn]0) can be
observed in n-PbS (charges of [Sn] centers are given in
relation to the charge of lead atoms). We chose the com-
pound Pb0.995

119mmSn0.005S as the sample to be investi-
gated; this sample contained overstoichiometric lead
and featured n-type conductivity (n = 3 × 1018 cm–3

at 80 and 295 K). The Mössbauer spectra measured
at 80 and 295 K were composed of individual lines
(Figs. 2a, 2b) with the full width at the half-height Γ =
0.80(2) mm/s; the isomer shift of these lines δ = 3.70–
3.65 mm/s corresponds to the divalent tin 119mSn2+

atoms. In what follows, the width of the 119mSn Möss-
bauer spectrum for the aforementioned source is
assumed to be equal to the instrument-induced width of
the 119Sn line.

Only the ionized state of tin-containing centers can
be observed in compensated p-type material. We stud-
SEMICONDUCTORS      Vol. 37      No. 12      2003
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ied a Pb0.985
119mmSn0.005Na0.01S sample (p = 6 × 1013 cm–3

at 80 K and p = 1017 cm–3 at 295 K). The Mössbauer
spectra were represented by a single line (Figs. 2c, 2d)
with an instrument-induced width and isomer shift (δ =
1.25–1.23 mm/s) that corresponded to tetravalent tin
119mSn4+.

A variation in the fine structure of Mössbauer spec-
tra in the transition from Pb1 – x

119mmSnxS solid solution
to Pb1 – x – y

119mmSnxNayS solid solution is attributed to
the fact that both the parent 119mmSn impurity atoms and
the daughter 119mSn impurity atoms that are formed as a
result of the radioactive decay of the parent atoms
replace lead atoms in the cubic PbS lattice and give rise
to donor states. The ionization energy of the donors cor-
responds to levels in the lower half of the band gap. The
line of bivalent tin 119mSn2+ corresponds to neutral [Sn]0

atoms, whereas the line of tetravalent tin 119mSn4+ corre-
sponds to doubly ionized states [Sn]2+ of the tin donor
center in PbS. By varying the ratio of the tin-impurity
and acceptor concentrations in PbS, we can obtain any
desired ratio between the intensities of the lines attrib-
uted to 119mSn2+ and 119mSn4+. In Figs. 2e and 2f, we
show the spectra of a partially compensated
Pb0.99

119mmSn0.005Na0.005S sample (p = 6 × 1013 cm–3 at
80 K and p = 6 × 1016 cm–3 at 295 K); in the temperature
range 80–295 K, these spectra include a superposition
of the lines that correspond to the bivalent and tetrava-
lent tin atoms and have an instrument-induced width of
δ = 3.76–3.68 mm/s for 119mSn2+ and δ = 1.26–
1.32 mm/s for 119mSn4+. As can be seen, the isomer
shifts of the 119mSn2+ and 119mSn4+ spectra almost coin-
cide with those of the [Sn]0 and [Sn]2+ spectra consid-
ered above; only a slight convergence of the corre-
sponding lines is observed with increasing temperature.
This convergence of the lines is caused by slow electron
exchange between the [Sn]0 and [Sn]2+ states. It is note-
worthy that the ratio of areas R under the 119mSn2+ and
119mSn4+ spectra for the sample under consideration
decreases from R = 0.96(2) at 80 K to R = 0.90(2) at
295 K; this decrease is related to the stronger tempera-
ture dependence of the Mössbauer coefficient for biva-
lent tin.

3.1.2. Lead selenide PbSe. Only the neutral state of
tin-related donor centers in PbSe was observed in an
n-type Pb0.995

119mmSn0.005Se sample (n = 2 × 1019 cm–3 at
80 and 295 K). The Mössbauer spectra at 80 and 295 K
consist of single lines with an instrument-induced
width; the isomer shift of these lines (δ = 3.65–
3.63 mm/s) corresponds to 119mSn2+ (Figs. 3a, 3b). This
spectrum is related to neutral donor tin centers [Sn]0.
For a compensated p-type Pb0.985

119mmSn0.005Na0.01Se
sample (p = 4 × 1019 cm–3 at 80 and 295 K) with the
concentration of sodium exceeding that of tin by a fac-
tor of 2, the Mössbauer spectrum at 80 K is formed by
superimposed lines of 119mSn4+ (δ = 1.58(2) mm/s) and
119mSn2+ (δ = 3.63(2) mm/s); notably, R = 0.10(2).
SEMICONDUCTORS      Vol. 37      No. 12      2003
Completely ionized tin centers [Sn]2+ can be
observed only in Pb1 – x – y

119mmSnxNaySe samples in the
situation where the sodium concentration far exceeds
the doubled tin concentration. In particular, as can be
seen from Figs. 3c and 3d, only a line corresponding to
119mSn4+ and having an instrument-induced width of δ =
1.52–1.50 mm/s is observed in the Mössbauer spectra
of a Pb0.98

119mmSn0.005Na0.015Se sample at 80 and 295 K.

Such behavior is attributed to the fact that tin energy
levels are observed against the background of the
valence band in PbSe. This circumstance gives rise to a
situation where the chemical potential pinned at the
partially filled tin level is also located within the
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Fig. 2. Mössbauer spectra of (a, b) Pb0.995
119mmSn0.005S,

(c, d) Pb0.985
119mmSn0.005Na0.01S, and (e, f)

Pb0.99
119mmSn0.005Na0.005S at temperatures of (a, c, e) 80 K

and (b, d, f) 295 K. Solid lines represent the resolution of
experimental spectra into the components that correspond
to 119mSn0, 119mSn2+, and 119mSn4+; the positions of the
lines corresponding to the 119mSn2+ and 119mSn4+ ions are
indicated.
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valence band, while the hole concentration is found to
be comparable with the acceptor concentration.

As in the case of PbS, we can vary the ratio of the tin
and sodium concentrations to obtain any controllable
ratio between the intensities of the 119mSn2+ and 119mSn4+

lines in the Mössbauer spectrum. In Figs. 3e and 3f, we
show the spectra for a partially compensated
Pb0.99

119mmSn0.005Na0.005Se sample (p = 3.6 × 1019 cm–3

at 80 K and p = 2.8 × 1019 cm–3 at 295 K). The spectrum
measured at 80 K consists of two superimposed and
partially broadened lines that are attributed to 119mSn2+

(δ = 3.60(2) mm/s, Γ = 1.34(2) mm/s) and 119mSn4+ (δ =
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Fig. 3. Mössbauer spectra of (a, b) Pb0.995
119mmSn0.005Se,

(c, d) Pb0.98
119mmSn0.005Na0.015Se, and (e, f)

Pb0.99
119mmSn0.005Na0.005Se at temperatures of (a, c, e)

80 K and (b, d, f) 295 K. Solid lines represent the resolution
of experimental spectra into the components that corre-
spond to 119mSn0, 119mSn2+, and 119mSn4+; the positions of
the lines corresponding to the 119mSn2+ and 119mSn4+ ions
are indicated.
1.56(2) mm/s, Γ = 1.34(2) mm/s). The difference
between the intensities of the lines under consideration
is caused by a high hole concentration, as was already
discussed above. As can be seen from Figs. 3e and 3f,
as temperature increases, these lines in the Mössbauer
spectrum of Pb0.99

119mmSn0.005Na0.005Se converge signif-
icantly and are broadened even more (at 295 K, δ =
3.36(2) mm/s and Γ = 1.79(2) mm/s for 119mSn2+ com-
pared to δ = 2.0(2) mm/s and Γ = 1.79(2) mm/s for
119mSn4+). All these facts are attributed to the processes
of electron exchange between tin centers with differing
valence.

It is important that the ratio R of areas under the 119mSn2+

and 119mSn4+ spectra for Pb0.99
119mmSn0.005Na0.005Se

increases from R = 1.2(1) at 80 K to R = 3.0(1) at 295 K.
This behavior is inconsistent with the assumption that
the Mössbauer coefficient for bivalent tin changes dras-
tically with temperature and can be attributed to a vari-
ation in the energy spacing between the valence-band
top and the tin impurity states.

3.2. Parent 119Sb Atoms

Typical spectra of 119Sb impurity atoms for the PbS
and PbSe samples at 80 K are shown in Fig. 4. The
spectrum of n-type samples is a superposition of two
lines. The widths of both lines (Γ = 1.33(2) mm/s) far
exceed the instrument-induced width, which indicates
that the cubic symmetry of the local surroundings of
daughter 119mSn atoms formed as a result of the decay
of 119Sb atoms is distorted. This distortion may be
caused by the difference in size between the substituted
and substituting atoms. The line with higher intensity
(the area under this line amounts to ~78% of the area
under the entire spectrum for PbS and ~70% of that for
PbSe) has an isomer shift of δ = 2.34(1) mm/s, which is
characteristic of intermetallic tin compounds; thus, this
line should be attributed to 119mSn0 centers in the
anionic sublattice of PbS and PbSe. Lead atoms are the
nearest neighbors of 119mSn0 centers; interaction
between Pb atoms and these centers gives rise to isomer
shift, which is typical of metallic tin compounds. Evi-
dently, 119mSn0 atoms appear as a result of the decay of
119Sb atoms located in the anionic sublattice of PbS and
PbSe. The other lines in the spectra feature the isomer
shifts δ = 3.73(1) mm/s for PbS and δ = 3.61(1) mm/s
for PbSe; these shifts are characteristic of neutral [Sn]0

tin centers in lead chalcogenides. As a result, the lines
under consideration should be attributed to 119mSn2+

centers in cationic sublattices of PbS and PbSe. Evi-
dently, 119mSn2+ atoms appear as a result of the decay of
119Sb atoms located in cationic sublattices of PbS and
PbSe.

The Mössbauer spectrum of p-type samples also
consists of two superimposed and broadened lines (Γ =
1.33(2) mm/s). One of the lines (the area under this line
amounts to ~20% of the area under the entire spectrum
for PbS and PbSe) features an isomer shift that is
almost equal to that of the 119mSn0 spectrum. The line
SEMICONDUCTORS      Vol. 37      No. 12      2003
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under consideration is dominant in the n-type samples;
however, its intensity is much lower in the p-type sam-
ples. This behavior is attributed to the fact that the local-
ization site of antimony impurity atoms in the PbS and
PbSe lattices depends on specific features of the devia-
tion from stoichiometry in the aforementioned com-
pounds. Antimony atoms are mainly localized in the
anionic sublattice of the samples with an excess of lead,
whereas these atoms are preferentially localized in the
cationic sublattice of the samples with an excess of sul-
fur. The second line has an isomer shift that is character-
istic of ionized [Sn]2+ tin centers in lead chalcogenides;
as a result, this line should be related to 119mSn4+ centers
in the cationic sublattice of PbS and PbSe.

It is worth noting that the 119mSn center in the
anionic sublattice of PbS and PbSe is an antisite defect;
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Fig. 4. Mössbauer spectra of 119Sb(119mSn) impurity atoms
at a temperature of 80 K for the (a, b) PbS and (c, d) PbSe
samples of (a, c) n-type conductivity and (b, d) p-type con-
ductivity. Solid lines represent the resolution of experimen-
tal spectra into the components that correspond to 119mSn0,
119mSn2+, and 119mSn4+; the positions of the lines corre-
sponding to the 119mSn2+, 119mSn4+, and 119mSn0 centers
are indicated.
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as follows from the fact that the isomer shift for the
119mSn0 spectrum is independent of the conductivity type
of the material, the charge state of the antisite defect does
not depend on the level of the Fermi position.

3.3. The Parent 119mTe Atoms

Typical Mössbauer spectra of 119mTe impurity atoms
for the PbS and PbSe samples at 295 K are shown in
Fig. 5. It can be seen that experimental spectra of n-type
samples consist of two superimposed and broadened
lines. The line with a higher intensity (the area under
this line amounts to ~85% of the area under the entire
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Fig. 5. Mössbauer spectra of 119mTe(119mSn) impurity
atoms at a temperature of 80 K for the (a, b) PbS and (c, d)
PbSe samples of (a, c) n-type conductivity and (b, d) p-type
conductivity. Solid lines represent the resolution of experi-
mental spectra into the components that correspond to
119mSn0, 119mSn2+, and 119mSn4+; the positions of the lines
corresponding to the 119mSn2+, 119mSn4+, and 119mSn0 cen-
ters are indicated.
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spectrum) with Γ = 1.34(2) mm/s features the isomer
shift δ = 2.34(2) mm/s that corresponds to 119mSn0 atoms
surrounded by lead atoms. This spectrum should be
attributed to the tin centers formed as a result of decay of
the parent 119mTe atoms that reside in the anionic sublat-
tice. The line with a lower intensity (Γ = 1.45(2) mm/s)
features the isomer shift δ = 3.73(1) mm/s for PbS and
δ = 3.61(1) mm/s for PbSe. These shifts correspond to
neutral [Sn]0 tin centers in the cationic sublattice of lead
chalcogenides; i.e., the centers under consideration are
the daughter 119mSn2+ atoms that appear as a result of
decay of the parent 119mTe atoms displaced from anionic
to cationic lattice sites owing to the recoil energy.

The emission spectra of the p-type samples also
consist of two superimposed lines. Along with the high-
intensity 119mSn0 line corresponding to tin atoms in the
anionic sublattice (the area under this line amounts to
~88% of the area under the entire spectrum; Γ =
1.34(2) mm/s for this line), the spectrum also includes
a line with a lower intensity. The isomer shift of the lat-
ter line (δ = 1.36(1) mm/s for PbS and δ = 1.60(1) mm/s
for PbSe) corresponds to ionized [Sn]2+ tin centers in
the cationic sublattice of lead chalcogenides.

4. CONCLUSION
All the above-considered variations in the emission

Mössbauer spectra of impurity 119mSn atoms in lead
chalcogenides in relation to the chemical-potential
position in the semiconductor band gap were also
observed in the absorption Mössbauer spectra of tin
impurity atoms in PbSe and PbS [1, 2]. Evidently, this
observation does not confirm the assumption that the
fine structures in the emission spectra of tin in PbSe and
PbS differ from those in the corresponding absorption
spectra in the situation where slow electron exchange is
in effect. Apparently, the mechanism of appearance of
multicharged tin ions as a result of conversion isomeric
transition in parent 119mmSn atoms is valid only for free
atoms. In contrast, the final charge state of a stabilized
daughter atom corresponds to the charge state of the
parent atom in condensed media with a high concentra-
tion of charge carriers.

As expected, a high recoil energy of 119Sn atoms
after radioactive decay of parent 119mTe atoms gives rise
to a significant fraction of displaced 119mSn atoms.
However, 119mSn atoms remain mostly in the anionic
sublattice and play the role of antisite defects after the
radioactive decay 119mTe  119Sb  119mSn. In con-
trast to tin atoms in the cationic sublattice, the antisite
119mSn defects are found to be electrically inactive centers.
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Abstract—The electrical characteristics of p-type Cd1 – xZnxTe (x = 0.05) and Cd1 – xMnxTe (x = 0.04) single
crystals with a resistivity of 103–1010 Ω cm at 300 K are studied. The conductivity and its variation with tem-
perature are interpreted on the basis of statistics of electrons and holes in a semiconductor with deep acceptor
impurities (defects), with regard to their compensation by donors. The depth of acceptor levels and the degree
of their compensation are determined. The problems of attaining near intrinsic conductivity close to intrinsic
are discussed. © 2003 MAIK “Nauka/Interperiodica”.
1. INTRODUCTION

CdTe and Cd1 – xZnxTe (x = 0.05–0.1) are currently
the basic materials for semiconductor X-ray and
gamma detectors operating without cryogenic cooling
[1–3]. The conductivity of these materials and the life-
time of charge carriers, and, therefore, the key charac-
teristics of detectors (the efficiency of collection of gen-
erated carriers and the energy resolution), are con-
trolled by residual impurities and defects. A number of
recent studies were devoted to analyzing the compen-
sating effect of elements of Groups III or VII of the
periodic table (Al, In, Cl, Br) and transition metals
(V, Ti) on the conductivity of CdTe [4, 5]. However, the
relationship of the conductivity and its temperature
variation with the parameters of residual impurities and
intrinsic defects for nominally undoped crystals have
not been adequately studied, although, in this case, it is
also possible to attain a level of conductivity close to
intrinsic [1]. Up till now, it is not clearly understood
under what conditions the compensation of acceptors
by donors results in the semi-insulating state of a semi-
conductor with a high concentration of impurities and
defects forming levels of different depth.

The purpose of this study is to gain insight into the
mechanism of conductivity in nominally undoped
Cd1 – xZnxTe (x = 0.05) single crystals. As was found in
the course of the study, the same mechanism of conduc-
tivity is typical of Cd1 – xMnxTe (x = 0.04) solid solu-
tions and undoped CdTe single crystals.

2. EXPERIMENTAL RESULTS

Cd1 – xZnxTe (x = 0.05) and Cd1 – xMnxTe (x = 0.04)
single crystals were grown by the modified Bridgman
method. The width of the band gap of Cd0.95Zn0.05Te,
found from optical measurements, is equal to Eg =
1.505 eV (at 300 K), which is consistent with the
approximately linear increase in Eg from 1.47 eV for
1063-7826/03/3712- $24.00 © 21373
CdTe to 2.26 eV for ZnTe [6]. The value of Eg deter-
mined by the same technique for Cd0.96Zn0.04Te was
found to be equal to 1.507 eV. The resistivity ρ of
p-type wafers cut from the central parts of Cd1 – xZnxTe
and Cd1 – xMnxTe ingots does not generally exceed 103–
104 Ω cm at room temperature and may be even lower
at the ends of the ingots (up to 10–100 Ω cm). In order
to reduce the conductivity, we annealed wafers 1.5–
2.5 mm thick in Cd vapor. As a result, the value of ρ
increased noticeably (in some cases, up to 108–109 Ω cm
or even higher). Hall measurements generally verified
the p-type conductivity of crystals; the hole mobility
did not exceed 60–80 cm2/(V s) at room temperature.
Figure 1a shows the temperature dependences of the
resistivity of Cd1 – xZnxTe and Cd1 – xMnxTe with differ-
ent values of ρ at 300 K. The corresponding depen-
dences for high-resistivity CdTe are also shown in
Fig. 1a for comparison.

It is well known that in CdTe, as well as in
Cd1 − xZnxTe and Cd1 – xMnxTe single crystals of high
structural quality with small values of x, scattering by
optical phonons is dominant at T > 200 K; hence, the
mobility of carriers decreases with temperature propor-
tionally to T–3/2 [7, 8]. Since the effective densities of
states in the conduction and valence bands, Nc =
2( kT/2π")3/2 and Nv = 2( kT/2π")3/2, are propor-
tional to T3/2, the temperature dependence of the resis-
tivity ρ = 1/(enµn + epµp) is determined only by the
exponential function (here,  and  are the elec-
tron and hole effective masses, respectively, and µn and
µp are the electron and hole mobilities, respectively).
Therefore, the dependences ρ(T) in the coordinates
log(ρ) and 1000/T are represented by straight lines
whose slope directly yields the activation energy for the
material conductivity ∆E (the corresponding values are
indicated in Fig. 1a).
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Additional information on the type of conductivity
can be derived from the position of the Fermi level and
its shift in the band gap with variation in temperature.
Let us denote the distance between the Fermi level and
the top of the valence band (hereinafter, the Fermi level
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Fig. 1. (a) Temperature dependences of the resistivity ρ of
Cd0.95Zn0.05Te and Cd0.96Zn0.04Te single crystals (with differ-
ent values of ρ at 300 K) and CdTe. (b) Temperature depen-
dences of the Fermi level position for the same samples.
energy) as ∆µ. Then, the densities of free electrons and
holes can be written as

(1)

(2)

Solving the equation for ρ in ∆µ and taking into
account (1) and (2) (with the known resistivity and car-
rier mobility for each value of temperature), we can find
the Fermi level energy as

(3)

The curves ∆µ(T), derived from the dependences
ρ(T) by formula (3), are shown in Fig. 1a. The electron
and hole effective masses,  and , were assumed
to be equal to 0.11m0 and 0.35m0, respectively (m0 is the
free-electron mass). For the electron and hole mobili-
ties, we used the expressions µn = 5.5 × 106T–3/2 cm2/(V s)
and µp = 4 × 105T–3/2 cm2/(V s) [8, 9], which are quite
appropriate for CdTe at T > 200 K (when the scattering
by optical phonons is dominant even at high impurity
concentrations). These expressions yield 1058 and
77 cm2/(V s) at 300 K for the electron and hole mobili-
ties, respectively.

3. DISCUSSION OF THE MODEL
FOR CONDUCTIVITY IN THE CRYSTALS 

UNDER CONSIDERATION

Even the purest CdTe, Cd1 – xZnxTe, and
Cd1 − xMnxTe single crystals of highest structural qual-
ity contain impurities and defects, which introduce
energy levels of different depth into the band gap [5, 9].
The residual impurities Ag, As, and P form shallow
acceptor levels with energies Ev + (0.06–0.15) eV in
initial CdTe, Cd1 – xZnxTe, and Cd1 – xMnxTe crystals.
An excess of Cd gives rise to a deep level at Ev + (0.4–
0.45) eV in the band gap. The vacancy of Cd together
with an impurity atom forms a so-called A center,
which introduces a deeper level at Ev + 0.76 eV. The
concentration of these impurities (defects), found by
ESR in combination with optical and luminescence
measurements, ranges from 1015 to 1016 cm–3 [5].

The high values of ρ observed in experiments
(which are of the greatest practical importance) cannot
be explained if we consider only acceptor levels, i.e.,
disregard compensation. In this case, the values of the
activation energy ∆E found from the slope of the curves
in Fig. 1a would yield half the ionization energy for
impurity Ea (∆E = Ea/2). Then, for the samples with the
highest resistivity (∆E = 0.64–0.72 eV), we would have
to assume the value of Ea to be equal to 1.28–1.44 eV.
Donor levels were found in the band gaps of CdTe and
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Cd1 – xZnxTe. These levels are 1.1 eV [9] or even 1.4 eV
[5, 10] from the bottom of the condition band. Acceptor
levels near the conduction band should also not be ruled
out. However, the conductivity of a semiconductor with
acceptor levels of different depth in the band gap is con-
trolled by the shallowest levels. Simple calculation
shows that, in the presence of acceptors, for example,
with an ionization energy of 1.28 eV and a concentra-
tion of 1016 cm–3 (which independently ensure near
intrinsic conductivity), the presence of acceptors with
shallower levels (Ea = 0.1–0.7 eV) has almost no effect
on the position of the Fermi level only when their con-
centration is lower than the intrinsic carrier concentra-
tion ni (4 × 105 cm–3 for CdTe at 300 K). If the concen-
tration of acceptors with shallower levels exceeds ni,
they determine the position of the Fermi level. Thus, we
must assume that the role of acceptor levels located
near the conduction band is not dominant in high-resis-
tivity samples. The compensation of acceptors by
donors, which is typical of compounds formed of ele-
ments of Groups II and VI of the periodic table, should
be taken into account to explain the properties of the
materials under study.

The fact that the activation energy may acquire two
values, ∆E = Ea and ∆E = Ea/2, is characteristic of the
temperature dependence of the carrier concentration in
a compensated semiconductor [11, 12]. For high
degrees of compensation and low temperatures, the
hole density in a p-type semiconductor is defined by the
expression

(4)

For low degrees of compensation and high tempera-
tures, we have

(5)

For Si, which features the impurity-ionization energy in
the range 0.01–0.05 eV, the transition from (4) to (5)
(the change in the slope from ∆E = Ea to ∆E = Ea/2 in
the dependence of lnpT–3/2 on 1000/T) is observed at
10–20 K. In order to determine the conditions under
which formulas (4) or (5) are valid for a wide-gap semi-
conductor with deep levels (especially, for the case in
question where the conductivity is near intrinsic), one
should solve the electroneutrality equation in the gen-
eral form.

Let us consider a p-type semiconductor with three
acceptor levels and one compensating donor level
(Fig. 2). We denote the concentration of donors as Nd
and the concentrations of acceptors as Na1, Na2, and Na3.
Their ionization energies are denoted as Ed, Ea1, Ea2,
and Ea3, respectively. The ionization energy of accep-
tors, as well as the Fermi level energy ∆µ, are reckoned
from the valence-band top, and the ionization energy of
donors is reckoned from the conduction-band bottom.

p
Na Nd–

Nd

-------------------Nv

Ea

kT
------– 

  ,exp≈

p NaNv

Ea

2kT
---------– 

  .exp≈
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The electroneutrality condition for such an energy-level
diagram has the form

(6)

where , , , and  are the concentrations
of charged donors and acceptors. The electron and hole
densities, n and p, respectively, are given by formulas (1)
and (2). The concentrations of charged donors and
acceptors can be written as

(7)

(8)

with subscripts 1, 2, and 3 for Na, Ea, and . For def-
initeness, we assume that the energies of the acceptor

n Na1
– Na2

– Na3
–+ + + p Nd

+,+=
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– Na2
– Na3
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+ Nd
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Eg Ed– ∆µ–
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-------------------------------– 
 exp 1+

----------------------------------------------------------------,=

Na
+ Na
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Ea ∆µ–
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 exp 1+
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1 2 3
Nd, 1016 cm–3

Na3 = 0.72 eV

Na2 = 0.44 eV

Na1 = 0.1 eV

Ea1

Fig. 2. (a) Energy-band structure of a semiconductor with
one donor and three acceptor levels in the band gap.
(b) Dependence of the Fermi level energy ∆µ on the con-
centration of a compensating donor impurity Nd in the pres-
ence of three acceptor levels at Ea1, Ea2, and Ea3. The con-
centration of acceptors of each type is equal to 1016 cm–3.
The temperature is 300 K.
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and donor levels are equal to Ea1 = 0.1, Ea2 = 0.44, Ea3 =
0.72, and Ed = 0.1 eV. Variation in the value of Ed in the
range 0.1–0.7 eV does not affect the results of the cal-
culation since, provided that a donor level is located
several kT higher than an acceptor level, nearly all the
donors are ionized. We also assume that the spin-degen-
eracy factors of impurities, gd and ga, are equal to 1.
This assumption introduces a small error in the value of
the ionization energy, which is equal to kTlngd or
kTlnga (smaller than ±0.01 eV at 300 K).

Figure 2 shows the results of computer calculation
of the dependence of the Fermi level energy ∆µ on the
concentration of donors, the concentrations of all three
acceptors being equal to 1016 cm–3. As can be seen from
Fig. 2, the position of the Fermi level in a compensated
semiconductor (and, consequently, its conductivity) is
not controlled by the impurity or defect with the lowest
ionization energy. At small values of Nd, which are
insufficient for compensation of the shallowest accep-
tor, the Fermi level slowly shifts from the valence band
with increasing Nd (certainly, ∆µ ≈ Ea/2 at Nd  0 and
T  0). When Nd approaches Na1, the Fermi level
shifts faster and, at Nd = Na1, it passes to the energy
range ∆µ ≈ Ea2. With a further increase in Nd, the Fermi
level slowly shifts from the valence band again until Nd
approaches Na1 + Na2. As soon as Nd becomes equal to
Na1 + Na2, the Fermi level again passes to the energy
range ∆µ ≈ Ea3. Finally, when Nd exceeds the total con-
centration of all acceptors Na1 + Na2 + Na3, the Fermi
level shifts to the upper half of the band gap (the con-
ductivity becomes electronic and sharply increases).

It should be noted that the compensation of the
deepest level occurs regardless of the presence of com-
pletely compensated shallower levels. The effect of
these levels amounts to the fact that a certain number of
donors is involved in the compensation of acceptors (in
reality, Nd should be considered as the total concentra-
tion of all donors). The complete compensation of a
partially compensated level has almost no effect on the
deeper levels located above except for the very narrow
transition region with Nd = (1 ± 0.05)Na, where an
abrupt shift of the Fermi level occurs (especially for
deep levels, which are of greatest interest). Satisfying
such a severe condition, Nd = (1 ± 0.05)Na, within a
large volume of a semiconductor seems unrealistic.
More likely is a state in which the Fermi level slowly
shifts with changing Nd, being near an acceptor level
(so-called pinning). The relation ∆E = Ea corresponds
to this state. Obviously, the relation ∆E = Ea/2 can be
observed only for weakly compensated, and, therefore,
low-resistivity samples.

4. DISCUSSION

We will begin analysis with the experimental results
obtained for Cd1 – xZnxTe single crystals. In accordance
with the above, the values of the activation energy ∆E =
0.64 and 0.72 eV, observed for high-resistivity samples,
are equal to the ionization energies of acceptors Ea, and
the rather high values of the resistivity ρ = 1.6 × 1010

and 9 × 108 Ω cm suggest a high degree of compensa-
tion of the high-resistivity material. Figures 3a and 3b
show the temperature dependences of the Fermi level
energy ∆µ derived from the electroneutrality Eq. (6) for
Ea = 0.64 and 0.72 eV at different values of ξ = Nd/Na
for Cd1 – xZnxTe (indicated in the figure). The curves
∆µ(T) derived from the experimental dependences ρ(T)
by formula (3) (Fig. 1b) are also shown in Figs. 3a
and 3b. As can be seen, we can determine the degree of
compensation of acceptors by donors with a rather high
accuracy by comparing the calculated and experimental
dependences. For two samples with ρ = 1.6 × 1010 and
9 × 108 Ω cm, ξ = 0.90–0.92 and 0.044, respectively;
i.e., higher ρ is obtained due to the higher degree of
compensation, despite the fact that the acceptor level is
shallower.

For a low-resistivity sample of Cd1 – xZnxTe (ρ = 3 ×
103 Ω cm, ∆E = 0.22 eV), a similar comparison of the
experimental curve with the calculated dependences
∆µ(T) yields inconsistent results. One would expect
this since low ρ indicates weak compensation of the
acceptor impurity, and, in this case, ∆E = Ea/2; i.e., the
ionization energy Ea is equal to 0.44 rather than
0.22 eV. Comparison of the experimental dependence
∆µ(T) with the curves calculated for Ea = 0.44 eV at dif-
ferent degrees of compensation confirms such a sugges-
tion (Fig. 3c). As can be seen from Fig. 3c, the best
agreement between the results of calculation and exper-
iment is obtained when we suggest a low, but notice-
able, compensation ξ ≈ 0.001. According to (5), p =
(NaNv)1/2exp(–Ea/2kT) with such a low compensation.
Comparing the experimental hole densities, which can
be easily determined if we know the resistivity and hole
mobility (p = 1/eρµp), with the above expression, we
find the concentration of acceptor impurity (defect)
Na = 6 × 1015 cm–3.

Comparison of the experimental dependences ∆µ(T)
for Cd1 – xMnxTe with the calculated curves in Fig. 3d
suggests a high compensation of acceptors by donors in
the high-resistivity sample, which manifests itself in a
large slope in the curve ρ(T) and low compensation in
the low-resistivity sample; i.e., the activation energy ∆E
is equal to Ea in the former case and Ea/2 in the latter
case. Figure 3d shows the theoretical dependences
∆µ(T) calculated for Ea = 0.68 eV in a wide range of ξ
and the experimental values of ∆µ(T) for Cd1 – xMnxTe
(Fig. 1b). As can be seen, comparison of theory with
experiment confirms the above suggestion. The con-
ductivity of the Cd1 – xMnxTe single crystals under
investigation is controlled by the acceptor impurity
with an ionization energy of 0.68 eV, which is differ-
ently compensated by donors in different samples.
When the compensation is low (ξ < 10–4), the activation
energy ∆E is equal to 0.34 eV, and, when the compen-
sation is relatively high (ξ ≈ 0.03), ∆E = 0.68 eV; i.e.,
the difference by a factor of 2 in the activation energies
SEMICONDUCTORS      Vol. 37      No. 12      2003
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Fig. 3. Calculated temperature dependences of the Fermi level energy ∆µ at different degrees of compensation ξ = Nd/Na (at Na =

1016 cm–3) in (a–c) Cd0.95Zn0.05Te and (d) Cd0.96Zn0.04Te. The ionization energy of acceptors Ea = (a) 0.64, (b) 0.72, (c) 0.44, and
(d) 0.68 eV. Experimental data are indicated by circles.
for high- and low-resistivity samples (0.68 and 0.34 eV)
is not accidental.

Analysis of the experimental data obtained for a
CdTe single crystal shows that the high resistivity
(1.5 × 109 Ω cm) of this sample is due to the near com-
plete compensation (ξ ≈ 0.98) of the acceptor level with
Ea = 0.54 eV.

5. OPTIMAL CONDITIONS FOR OBTAINING 
SEMI-INSULATING MATERIALS

Thus, the conductivity of high-resistivity p-type
Cd1 – xZnxTe, Cd1 – xMnxTe, and CdTe single crystals is
governed by rather highly compensated deep acceptors,
whereas the conductivity of relatively low-resistivity
samples is determined by weakly compensated shal-
lower acceptors.

The conductivity of a material can be significantly
reduced by introducing a compensating impurity; how-
ever, this does not mean that 100% compensation (ξ = 1)
makes the conductivity intrinsic. Such a requirement
SEMICONDUCTORS      Vol. 37      No. 12      2003
would be correct only in some specific cases, e.g., when
acceptor and donor levels are located symmetrically with
respect to the midgap and the electron and hole effective
masses are equal. In reality, when deep-level acceptor
impurities are compensated by shallow-level donors dur-
ing the crystal growth or upon annealing the crystals in
cadmium vapor, the situation is more complex.

Figure 4 shows the dependences of the resistivity ρ
on the degree of compensation of acceptors by donors
for three values of the ionization energy of acceptors:
Ea = 0.44, 0.64, and 0.72 eV. The calculations were per-
formed for Eg = 1.5 eV, = 0.11m0, = 0.35m0, T =
300 K, Na = 1016 cm–3, and Ed = 0.1 eV (as was men-
tioned above, the value of Ed does not affect the results
of calculations provided that the donor level is located
(4–5)kT above the acceptor level).

As can be seen from Fig. 4, for the deepest acceptor
level (Ea = 0.72 eV), the highest resistivity ρ ≈ 5 ×
1010 Ω cm is obtained at 60–70% compensation (ξ =
0.6–0.7); however, for Ea = 0.64 and 0.44 eV, the resis-

mn* mp*
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tivity is highest at 96 and nearly 100% compensation,
respectively. We should note that, due to the large dif-
ference between the electron and hole mobilities, the
maximum resistivity (5 × 1010 Ω cm) is higher than in
the intrinsic semiconductor (2 × 1010 Ω cm). It impor-
tant that, in the case of Ea = 0.72 eV when the degree
of compensation ξ is varied over a rather wide range
(0.2–0.8), the resistivity decreases in comparison with
the largest value by no more than a factor of 2. In order
to ensure the same change in resistivity for Ea =
0.64 eV, one should vary the degree of compensation in
a narrower range, specifically, from 0.85 to 0.99. Nota-
bly, ξ should not exceed 0.99 because ρ abruptly
decreases in this case. For Ea = 0.44 eV, almost com-
plete compensation ξ = 1 should be provided with a
very high accuracy (which seems to be unrealistic for
the technology currently in use).
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Fig. 4. Dependences of the resistivity ρ on the degree of
compensation of acceptors by donors ξ at T = 300 K: (a) the
ionization energy of acceptors Ea = (1) 0.72, (2) 0.64, and
(3) 0.44 eV; (b) the case of levels located near the midgap.
Thus, a high resistivity of a compensated semicon-
ductor is attained most easily when its conductivity is
governed by impurities (defects), whose levels are
located near the midgap (for example, at a distance of
no more than 0.1 eV). Deep levels can be created by
introducing special impurities during the growth of the
crystal. In [4], a model developed for GaAs [13] was
used. According to this model, the conductivity of CdTe
doped with V or Ti, which is close to that of a semi-
insulating material (semi-insulating conductivity), is
attributed to the compensation of acceptors, which are
always present in this material, by donors whose levels
are located near the midgap. In this case, the material is
overcompensated in such a way that the total concentra-
tion of donors slightly exceeds that of acceptors. As a
result, a semi-insulating material with weakly pro-
nounced n-type conductivity is formed. Later, the same
model was used to explain the semi-insulating conduc-
tivity of nominally undoped CdTe [14]. It was sug-
gested that tellurium ions occupying cadmium sites in
the lattice (TeCd antisite defects) play the role of deep
donors. Thus, in order to make the conductivity of the
single crystals under investigation (which, generally,
have p-type conductivity) close to semi-insulating, one
can either undercompensate deep-level acceptors or
overcompensate deep-level donors, which gives rise to
a very low p- or n-type conductivity, respectively. We
should note that additional doping with a deep-level
donor impurity may lead to an undesirable decrease in
the carrier lifetime.

6. CONCLUSIONS

The conductivity of nominally undoped high-resis-
tivity p-type Cd1 – xZnxTe and Cd1 – xMnxTe single crys-
tals, as well as that of CdTe, is controlled by acceptor
impurities with ionization energies Ea = 0.54, 0.64,
0.68, or 0.72 eV. The difference observed in the con-
ductivities of different samples is due to the different
degrees of compensation of acceptors by donors in
these samples. In semi-insulating single crystals, the
degree of compensation ξ ranges from 0.02 to 0.98; in
low-resistivity crystals, ξ < 10–3–10–4. The concentra-
tion of acceptors in the single crystals under study is in
the range (6–9) × 1015 cm–3. Near intrinsic conductivity
can be obtained most easily by compensating acceptors
whose levels are located near the midgap (Ea = Eg/(2 ±
0.1) eV). In this case, a quite significant change in the
degree of compensation (ξ = 0.3–0.9) only slightly
changes the conductivity (severalfold). If the impurity
(defect) level is found at a large distance from the mid-
gap (more than a few tenths of an electron volt away),
near complete compensation is required to obtain
intrinsic conductivity; in this case, the condition of near
complete compensation should be satisfied throughout
the crystal bulk with a high accuracy.
SEMICONDUCTORS      Vol. 37      No. 12      2003
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Abstract—The photoluminescence of single-crystal silicon layers (100) subjected to mechanical processing
(grinding and polishing) is investigated. An intense photoluminescence signal at 77 K with a peak at 0.83 eV
(1.5 µm) and FWHM = 50 meV was observed after annealing at 800°C. The possible origin of this signal is
discussed and is tentatively related to dislocations decorated by impurity atoms. © 2003 MAIK “Nauka/Inter-
periodica”.
1. INTRODUCTION

Single-crystal silicon is an inefficient light emitter at
room temperature due to its indirect band gap (the band
gap Eg = 1.1 eV), which prevents the development of
optoelectronic devices on the basis of it (light-emitting
diodes and lasers) and their integration with conven-
tional microelectronic devices. In the last 10–15 years,
active efforts have been made to develop new Si-based
light-emitting structures. This line of research is com-
monly referred to as silicon optoelectronics. The devel-
opment of efficient Si-based emitters operating at a
wavelength of 1.5 µm, which corresponds to the Si and
SiO2 transparency region and is used in fiber communi-
cation lines, is of particular interest. The basic approaches
to the development of such emitters are Si doping with
erbium ions (Si:Er) [1, 2], the synthesis of direct-gap
iron disilicide (β-FeSi2) [3, 4], and the formation of Si
dislocation structures causing a number of emission
lines D1–D4, where line D1 (~0.81 eV) is of particular
interest for optoelectronics [5, 6].

The basic ways of introducing extended-defect
structures into Si that emit at 1.5 µm (D1 line) are plas-
tic deformation of the Si crystal [5, 6], SiGe layer
growth on a Si substrate [7, 8], heavy-ion implantation
into Si followed by annealing [9, 10], and Si surface
melting by a laser beam [11]. As was shown in [7, 12,
13], a necessary condition for the initiation of intense
photoluminescence (PL) at 1.5 µm is the decoration of
dislocations and stacking faults by transition- and
noble-metal atoms (Cu, Fe, Ni, Ag, Au, and Pt). There
exists an optimum level of defect decoration, ~1013 cm–2,
at which the PL signal is strongest. As the degree of
decoration is increased to 1015 cm–2, metal silicide pre-
1063-7826/03/3712- $24.00 © 21380
cipitates (Cu3Si, NiSi2) are formed and completely sup-
press photon emission at 1.5 µm.

The effect of metal atom accumulation at Si lattice
defects during high-temperature annealing is widely
used in microelectronic technology to remove undesir-
able metal impurities from active device regions at the
top surface of a Si single crystal to inactive regions of
the crystal [14]. To this end, the rear surface of a Si
wafer is subjected to mechanical processing (grinding
and polishing), which gives rise to a damaged layer; the
latter is up to 10 µm thick and contains a significant
number of structural defects, mostly dislocations
[15−17]. Currently, there are no systematic data on PL
studies of a damaged Si layer decorated by metal atoms
during gettering, despite the fact that this object in prin-
ciple can yield intense PL with moderate levels of dec-
oration of dislocations by impurity atoms (1012–
1014 cm–2), which can be achieved by annealing.

In this paper, we report the results of studying the
PL of silicon wafers whose rear surface was subjected
to conventional mechanical processing (grinding and
polishing). As a result of subsequent annealing, an
intense PL signal was observed with a peak at 0.83 eV
(1.5 µm); this peak differed in spectral position and
shape from the well-known D1 line caused by disloca-
tions.

2. EXPERIMENTAL

We used conventional single-crystal silicon wafers
(ELMA, 75 mm in diameter) grown by the Czochralski
method, with an oxygen content of 5 × 1017 cm–3. The
n-Si (100) (phosphorus-doped to ~1015 cm–3) wafers
380 µm thick had a resistivity of 4–5 Ω cm. The rear
003 MAIK “Nauka/Interperiodica”
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(inactive) surface of the wafers was mechanically
ground and polished, while the top (active) surface was
additionally polished chemically to mirror luster to
remove the damaged layer. Samples of area S = 1.0–
1.5 cm2 were annealed in a quartz tube in nitrogen at a
temperature of 800°C for 20 min. Silicon samples were
loaded into a furnace at room temperature. The sample
heating and cooling rates were 30 and 50 K/min,
respectively. The PL spectra of initial and annealed Si
samples were measured at 77 K in the near infrared (IR)
region (1.0–1.7 µm). The PL signal was excited by a
300-mW argon laser (514.5 nm) and was measured
using a Bomem Fourier spectrometer with a cooled ger-
manium p–i–n photodiode, from the side exposed to the
laser beam.

3. RESULTS AND DISCUSSION

The PL spectra measured from the rear (mechani-
cally ground and polished) side of the initial Si wafer
before annealing contained no spectral features in the
range 0.75–1.2 eV (Fig. 1, curve 1). The absence of a
peak at 1.1 eV (Si intrinsic emission) is explained by
the strong distortion and stresses of Si layers, which
suppress radiative recombination of nonequilibrium
electron–hole pairs. After annealing (800°C, 20 min),
the PL spectrum measured from the wafer rear side
changed drastically (curve 2). In this case, an intense
and symmetric PL line with a peak at 0.83 eV (1.5 µm)
and FWHM = 50 meV was observed, as well as a signal
of intrinsic Si emission at 1.1 eV with an intensity that
was almost sevenfold lower. The appearance of Si edge
luminescence is indicative of the crystallization of
amorphous Si surface layers up to 100 nm thick [17],
relaxation of stresses, and elimination of various point
defects that are introduced by mechanical processing
and are efficient centers of nonradiative recombination.

To clarify the origin of the intense PL signal at
0.83 eV, a layer ~3 µm thick was etched from the Si
wafer rear side with a solution of hydrofluoric and nitric
acids (HF : HNO3 = 1 : 4), and PL was measured at a
temperature of 77 K (curve 3). A sharp falloff in signal
intensity was observed at 0.83 eV with no significant
change in its spectral position, while the intensity of
intrinsic Si emission increased, which suggests that the
layer most damaged by mechanical polishing was
removed.

In contrast to the spectra measured from the rear
side, the PL spectra measured from the front (chemi-
cally polished) side of the initial wafer (Fig. 2, curve 1)
feature rather intense edge luminescence at 1.1 eV.
After annealing (curve 2), the edge luminescence inten-
sity increases, and an additional line appears with a
peak at 0.83 eV; however, the intensity of this peak is
almost five times lower than that of the signal measured
from the rear side. The significantly lower intensity of
the PL signal at 0.83 eV from the wafer front surface is
probably caused by the much lower density of process-
SEMICONDUCTORS      Vol. 37      No. 12      2003
ing-induced defects that remained after additional
chemical polishing of this surface.

The spectral position (0.83 eV) of the intense PL
band detected in this study significantly differs from the
position of the well-known line D1 (0.807–0.810 eV)
related to Si dislocations [5]. The etching experiments
we carried out show that the optically active Si layer is
located in the rear side of the wafer at a depth of 5 µm
from the surface and is caused by defects introduced by
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Fig. 1. Photoluminescence spectra measured at 77 K from
the rear side of the n-Si (100) wafer (1) in the initial state,
(2) after annealing at 800°C for 20 min, and (3) after anneal-
ing at 800°C for 20 min with etchings of a layer 3 µm thick.
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mechanical processing, which were transformed during
high-temperature annealing. Let us clarify the possible
origin of the intense PL signal from the rear surface of
the wafer.

As is well known, the Si layer damaged by mechan-
ical processing at the rear surface of the wafer is a sink
for transition- and noble-metal atoms (Cu, Ni, Fe, Au,
and Pt), which diffuse rapidly in Si. Moreover, it is
known that the damaged layer can also getter interstitial
oxygen in Si, which is accumulated at lattice defects
and forms oxide precipitates SiOx after long-term
annealing [16]. It is also known that the PL band in the
range 0.83–0.84 eV was observed previously both at
(oxidation- and epitaxy-induced) stacking faults deco-
rated by gold atoms [13] and in Si containing oxygen
precipitates [18]. It should be noted that the nucleation
and growth of oxygen precipitates takes place during
multistage (450–1050°C) and long-term (up to 120 h)
annealing, which was not carried out in the experiments
we conducted. The most probable cause of the intense
PL signal at 0.83 eV might be the gettering of metal
impurities, originally contained in the Si single-crystal
bulk with concentrations <1014 cm–3, by the defects of
mechanical processing. The influence of residual impu-
rities in the Si crystal on PL at 1.5 µm is currently being
studied using deep-level transient spectroscopy (DLTS)
and neutron activation analysis (NAA).

4. CONCLUSION

Single-crystal silicon Si(100) wafers subjected to
conventional mechanical processing (grinding and pol-
ishing) were studied using photoluminescence spec-
troscopy at 77 K in the near IR range (1.0–1.7 µm).
After annealing, (800°C, 20 min) an intense PL signal
was detected as a symmetric line with a peak at 0.83 eV
(1.5 µm) and FWHM = 50 meV. Chemical removal of
a mechanically treated and thermally annealed Si layer
3 µm thick resulted in almost total loss of the PL signal.
It is assumed that the intense PL signal is caused by
decoration of polishing-induced defects by impurity
atoms from the bulk of the Si single crystal.
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Abstract—The ZnS–CdxHg1 – xTe interface was investigated using the capacitance–voltage characteristics of
MIS structures in experimental samples. During fabrication of the n+–p junctions based on p-CdxHg1 – xTe, the
density of states within the range Nss = (1–6) × 1011 cm–2 eV–1 at T = 78 K was obtained. The experiments
showed that the conditions in which n+–p junctions are fabricated only slightly affect the state of the ZnS–CdHgTe
interface. The negative voltages of the flat bands VFB, even if immediately after deposition of the ZnS films
VFB > 0, point to the enrichment of the ZnS–p-CdHgTe near-surface layer with majority carriers, specifically,
holes. This led to a decrease in the leakage current over the surface. During long-term storage (as long as ~15 years)
in air at room temperature, no degradation of differential resistance Rd, current sensitivity Si, and detectivity D*
of such n+–p junctions with a ZnS protection film was observed. © 2003 MAIK “Nauka/Interperiodica”.
The passivation coating of photodiode structures
based on narrow-gap CdxHg1 – xTe with x = 0.2 for the
spectral range 8–14 µm involves some critical factors.
In addition to the usual requirements for semiconductor
devices such as stability of the interface, good adhesion,
and high dielectric strength, the coating should also sus-
tain the thermal cycles from 78 to 300 K without chang-
ing the electrical properties. In addition, perhaps the
main requirement for the temperature of dielectric depo-
sition is that it be no higher than 90–100°C because of
the thermal instability of CdxHg1 – xTe.

For SiO2–CdxHg1 – xTe structures (x ≈ 0.2), the
density of surface states Nss can be both low (Nss =
(1–2) × 1011 cm–2 eV–1) and high (Nss = (8–9) ×
1011 cm–2 eV–1) [1]. According to [2], Nss varies from
1.25 × 109 to 3 × 1011 cm–2 eV–1. For structures with
native anodic films, Nss varies from 1 × 109 to 6 ×
1011 cm–2 eV–1 [3]. For structures with anodic oxide, for
example (see [4]), for HgCdTe with x = 0.22 and p0 =
1.6 × 1016 cm–3 and an additional ZnS film with a thick-
ness of dZnS = 0.25 µm, Nss = 4 × 1011 cm–2 eV–1 was
found. With the passivation by a SiNx film, for n+–p
junctions based on CdxHg1 – xTe with a threshold wave-
length of sensitivity λ = 5.4 µm for SiNx–Hg1 – xCdxTe
structures (x = 0.3), the lowest value of Nss (1011 cm–2 eV–1)
was found, whereas for ZnS–Hg1 – xCdxTe with the
same x, Nss = 5 × 1011 cm–2 eV–1 [5]. Nemirovsky and
Bahir [6] compared the passivation properties of vari-
ous dielectric films for this material and pointed out that
the ZnS film forms a high-quality interface with freshly
etched HgCdTe. However, this film is unstable at ther-
mal cycles from room temperature to 80–90°C and has
poorer dielectric properties compared with SiO2 [6].

Our long-standing practice, however, has shown that
an ZnS film can be successfully used not only in the
fabrication of n+–p junctions based on p-Hg1 – xCdxTe
1063-7826/03/3712- $24.00 © 21383
with x ≈ 0.2 as a mask for ion-implantation doping, but
also for final passivation of photodiode structures. To
increase the dielectric strength, the film was usually
deposited by evaporation in three to five stages. The
highest temperature of the wafers, which was reached
during deposition due to heating by evaporator emis-
sion and release of the condensation heat, was ~110°C.
In the context of the development of Hg1 – xCdxTe-based
photodiodes, we investigated Nss of the ZnS–CdHgTe
interface and variations in Nss during the fabrication of
photodiodes, as well as during their long-term storage.
These results are given below.

The capacitance–voltage (C–V) characteristics of
MIS structures were measured using a setup based on
an E7-12 device at 78 K for metal–ZnS–CdHgTe struc-
tures (metal = Al + In) at a frequency f = 1 MHz. The
dispersion dependence of capacitance was recorded
within the limits of a bias voltage at a metal electrode
V = ±20 V with a step of 0.1 V. The area of the metal
contact was S = 0.5 mm2, the thickness of the ZnS layer
was ~0.4–0.6 µm, and the dielectric capacitance was
Cd = 50–100 pF. The capacitance variance can be seen
in Figs. 1–4.

In the course of fabricating photodiodes, CdHgTe
crystals with a passivation film are repeatedly subjected
to the thermal effect during the deposition of In con-
tacts (T ≈ 80–100°C, τ ≈ 5 min) and during soldering on
a Polycor substrate (T ≈ 115°C, τ ≈ 2 min). An espe-
cially prolonged effect (T ≈ 90°C, τ > 13 h) is observed
when photodiodes that are already fabricated are
mounted in cryostats, when the devices are outgassed
using a pumping setup and then (at T ≈ 60°C, τ ≥ 100 h)
again on a test bench in equipped with an NEM-02 ion-
sputter pump. In this case, a variation in the state of the
ZnS–CdHgTe interface can occur. To verify this fact,
we measured the C–V characteristics of MIS structures
003 MAIK “Nauka/Interperiodica”
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Fig. 1. Effect of heating in vacuum (T = 60°C) on the C–V
characteristics of the ZnS–CdHgTe structure. Sample 4, x =
0.219, p = 1.18 × 1016 cm–3, dZnS = 0.52 µm, the contact
Al + In; τ = (1) 0, (2) 110, and (3) 283 h (table). The nor-
malized surface potential for V = 0, y = ϕs/k0T: +0.334
(curve 1), +1.26 (curve 2), and +2.1 (curve 3).
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Fig. 2. Effect of heating in vacuum (T = 60°C) on the hys-
teresis of the C–V characteristic of the ZnS–CdHgTe struc-
ture: sample 4 (curves 1, 2) correspond to curves 1 and 2 in
Fig. 1.
prior to and after the thermal treatment at various tem-
peratures depending on time. These characteristics are
shown in Figs. 1–4 and in the table. As was expected,
they had a low-frequency shape, since the carrier life-
time for the samples investigated τn < 1/2πf). The elec-
trical and photoelectric parameters and characteristics
of n+–p junctions are determined mainly by a lightly
doped region. Therefore, only the p-type material was
investigated; as a result, the parameters of the ZnS–
CdHgTe interface, Qss and Nss, can be calculated from
formulas for a parabolic band [7]:

(1)

(2)

Here, C is the measured capacitance, which consists of
the series-connected capacitance of the surface layer of
the space charge of semiconductor Cs and dielectric
capacitance Cd (ZnS); Qs is the charge of the surface
layer of the semiconductor; y = ϕsq/k0T is the normal-
ized surface potential; q is the elementary charge; k0 is
the Boltzmann constant; T is the temperature (in K); δ =
p0/ni; p0 and ni are the majority-carrier density and the
intrinsic-carrier density in the p-CdHgTe bulk; LD =
(εsε0k0T/2niq2) is the Debye screening length; and εs, εd,
and ε0 are the relative permittivities for CdHgTe, ZnS,
and free space, respectively. For calculations, it is
assumed that εs = 19.5 for compounds with x ≈ 0.2 [8];
for ZnS, it is assumed that εd = 7.45 [6] and  = 2.19 at
the wavelength λ = 10.6 µm [9]. From the experimental
C–V characteristic (Fig. 1), we find the smallest capac-
itance of the surface layer of semiconductor Cs, min =
CdCmin/(Cd – Cmin), which corresponds to the condition
of strong inversion of the space charge of this layer,
expression (1), with the condition y ≥ 2lnδ, and deter-
mine δ from Cs, min. For example, for sample 4 (curve 1,
Fig. 1): y = 16, δ = 2540 at x = 0.219 and Eg = 0.129 eV,
and ni = 4.65 × 1012 cm–3; i.e., p0 = 1.18 × 1016 cm–3,
Ec – Ei = 0.044 eV, F – Ev = 0.032 eV, LD = 8.82 ×
10−5 cm, dZnS = 0.52 µm, Cmin = 1.17 × 10–8 F/cm2,
Cs, min = 1.52 × 10–7 F/cm2, and the capacitance of flat
bands CFB = 61.22 pF with the area of the top metal
contact A = 5 × 10–3 cm2. Substituting δ and y into
expression (2), we find Qs(y) and the density of the sur-
face charge Qss(y) from the equation of the voltage bal-
ance across the MIS structure: Qss(y) = –[CdV + Qs(y)].
We find the density of surface states by the differen-
tiation of the Qss(y) dependences; i.e., Nss =
(1/q)(dQss(y)/dy) (Figs. 5, 6). In the table, the values of

C CsCd/ Cs Cd+( ); Cd εdε0/d;= =

Cs q/k0T( ) ∂Qs/∂T( )=

=  εsε0/2LD( ) δ 1 y–( )exp–[ ]{

– δ 1– 1 y( )exp–[ ] } / y–( )exp y 1–+[ ]{

+ δ 1– y( )exp y– 1–[ ] } 1/2 ,

Qs k0T /q( ) εsε0/LD( ) δ y–( )exp y 1–+[ ]{=

+ δ 1– y( )exp y– 1–[ ] } 1/2.

ñ
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Nss, mid are listed, i.e., the densities of surface states
Nss, mid = Nss(VFB)/Eg averaged over Eg. In this case,
Nss(VFB) is found from the relationship Nss(VFB) =
CdVFB/q, and VFB is the voltage of flat bands (table),
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Fig. 3. Effect of treatment of the p-CdHgTe surface and sub-
sequent heating of the Me–ZnS–CdHgTe structure on its
C–V characteristics: (1) sample 5, (2) sample 6, and (3)
sample 7. The normalized surface potential for V = 0, y =
ϕs/k0T: –1.36 (curve 1), –1.15 (curve 2), and +0.82 (curve 3).
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Fig. 5. Effect of heating in vacuum (T = 60°C) on the Nss
value for the ZnS–CdHgTe structure: sample 4, x = 0.215–
0.223, p = 8.7 × 1015 cm–3, dZnS = 0.52 µm, the contact
Al + In; τ = (1) 0, (2) 110, and (3) 283 h. Curves 1–3 corre-
spond to curves 1–3 in Fig. 1.
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which can be determined, specifically, from relation-
ship (1) with the condition y = 0. In this case, Cs0(y = 0) =
q(εsε0p0/k0T)1/2, and CFB = Cs0Cd/(Cs0 + Cd), from which
we find VFB.
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Fig. 4. Effect of treatment of the p-CdHgTe surface and sub-
sequent heating of the Me–ZnS–CdHgTe structure on the
hysteresis of its C–V characteristic: curves 1–3 correspond
to curves 1–3 in Fig. 3.
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Fig. 6. Effect of treatment of the p-CdHgTe surface and sub-
sequent heating of the Me–ZnS–CdHgTe structure on the
value of Nss. Curves 1–3 correspond to curves 1–3 in Fig. 3.
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The experiments showed (see table and Figs. 1, 2)
that variations in the fabrication conditions only
slightly affect the state of the ZnS–CdHgTe interface.
In this case, the negative voltages of flat bands VFB indi-
cated that ZnS–p-CdHgTe surface layer is enriched
with majority carriers (holes), even if immediately after
deposition of the ZnS film VFB > 0 (see table, Fig. 1,
sample 2). This should lead to a decrease in the leakage
current of n+–p junctions over the surface. In the C–V
characteristics, narrow hysteresis loops were usually
observed when applying the forward and reverse volt-
ages to the top electrode (Figs. 3, 4), i.e., the charge of
mobile ions in the film is insignificant. The treatment of
the wafer surface prior to the deposition of the ZnS film
and the mode of its deposition have a more significant
effect on the interfacial properties (Figs. 3, 4). Specifi-
cally, curve 1 shows the results of boiling the p-CdHgTe
wafer in methanol with the subsequent vacuum deposi-
tion of the ZnS film on a wafer whose temperature was
T = 90°C. Curve 2 shows the results of boiling the wafer
in acetone and deposition of ZnS at 90°C. Finally, curve 3

Table

No.
of wafer 
and MIS 
structure

Thermal 
treatment 
tempera-
ture, °C

Thermal 
treatment 
time, h

VFB , V
Nss, mid, 

1011

cm–2 eV–1

1 90 0 –0.553 5.40

8 –0.719 5.47

21 –0.849 4.40

37 –0.839 5.23

2 90 0 –0.198 5.80

21 –0.437 2.02

37 –0.547 3.12

3 60 0 –0.049 2.13

13 –0.12 2.10

46 –0.566 3.16

71 –0.254 2.09

110 –0.304 2.16

164 –0.376 2.21

221 –0.365 1.85

283 –0.411 2.02

342 –0.494 2.10

4 60 0 +0.095 1.62

46 –0.269 1.60

71 –0.186 1.52

110 –0.204 1.48

164 –0.242 1.30

283 –0.275 1.33
shows the results of boiling the wafer in acetone and
deposition of ZnS at T = 60°C. However, the density of
surface states Nss in this case is also no higher than that
of the high-quality structures in [1–5].

From the above, it is possible to conclude that the
low Nss (Figs. 5, 6) in our structures, the negative VFB
values (see table), and the relatively high breakdown
voltages V ≈ 10–15 V of the ZnS film indicate that the
ZnS film, the methods of depositing it, and the modes
of outgassing cryostats may be considered satisfactory
for the passivation by coating the n+–p junctions based
on p-CdHgTe with x ≈ 0.2. It should also be added that
the long-term storage of crystals with n+–p junctions at
normal room temperature (20–25°C) in air for
≈15 years caused no degradation of operational param-
eters such as the differential resistance at a zero bias R0,
voltage sensitivity Sv, and detectivity D*. Such n+–p
junctions were also mounted in cryostats after storage,
the standard cycle of outgassing was carried out, the
photodiodes were delivered to the customers, and,
judging by their photoelectric parameters, they did not
subsequently fail.

Thus, when investigating the ZnS–CdxHg1 – xTe inter-
face using the C–V characteristics of the MIS structures,
we found that the density of states Nss at such an interface
is no higher than at the SiO2–CdxHg1 – xTe interface or at
the interface with native anodic oxide. This density is
within the limits Nss = (1–6) × 1011 cm–2 eV–1. The ZnS
film satisfactorily fulfilled the function of passivation of
the surface of the n+–p junctions based on p-CdxHg1 – xTe.
It was also found that during the long-term storage (as
long as ≈15 years) in air at room temperature, no deg-
radation of the differential resistance Rd, current sensi-
tivity Si, and detectivity D* was observed. These struc-
tures were later successfully used as sensitive elements.
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Abstract—Spectral and integral characteristics of In2O3–InSe heterojunctions fabricated by oxidation of
indium monoselenide substrates were studied. It was established that the photocurrent is determined by photo-
generation of carriers in the space charge region of the structure via isolated deep levels. © 2003 MAIK
“Nauka/Interperiodica”.
The interest in studies of diodes based on layered
semiconductors is primarily due to the possibility of
using these diodes as photoelectric analyzers of light
polarization [1]. Heterojunctions with a conducting
oxide, e.g., In2O3 with energy gap Eg ≈ 3.6 eV [2], as a
wide-bandgap component may be promising in this
regard. This oxide can be easily formed on indium
monoselenide (InSe) by thermal oxidation of a wafer;
the oxidation occurs simultaneously on all faces and the
unnecessary parts of the oxide coating are removed dur-
ing the fabrication process of a heterojunction [3].
Structures of this kind show a rather high coefficient of
natural photopleochroism (~90%), which is observed
when illuminating the substrate in the direction perpen-
dicular to the crystallographic axis c. The oblique inci-
dence of polarized light onto the frontal face of a recti-
fying structure gives rise to another kind of photopleo-
chroism: induced photopleochroism [4]. A specific
feature of this phenomenon is that it can be observed on
diodes made of any semiconductors, irrespective of
their structural and phase state. At the same time, a
superposition of natural and induced photopleochroism
would be expected to occur under these illumination
conditions for layered materials. This may extend the
functional capabilities of spectropolarimetric devices
on their base. However, reports of the physical proper-
ties of heterostructures consisting of indium oxide and
indium monoselenide are few in number [5, 6]. The
present study analyzes mechanisms governing the
observed integral and spectral characteristics of In2O3–
InSe heterojunctions.

Single crystals of InSe were grown by the Bridgman
method and doped with Cd in the course of synthesis to
obtain p-type conduction. The technology of fabrica-
tion of the heterojunctions is similar to that described in
[3], and structures with an oxide layer parallel to the
cleavage plane were chosen for study. The electrical
and photoelectric characteristics were measured using
1063-7826/03/3712- $24.00 © 21387
the well-known techniques, with the heterojunctions
illuminated from the In2O3 side. The illuminance L was
varied within four orders of magnitude, using a set of
calibrated light filters. In doing so, the spectral compo-
sition of light remained the same at any L. The struc-
tures exhibited clearly pronounced diode characteris-
tics with a rectification coefficient of no less than 104 at
300 K and bias V = 0.5 V. Under forward biases exceed-
ing 1.5 V, the dark current–voltage (I–V) characteristics
are described by a linear relation of the type

(1)

where I is current, and Vi is the cutoff voltage. In the
first approximation, Vi corresponds to the height of the
potential barrier, ϕ0 ≈ eVi, being equal to 0.8–0.9 V for
the structures studied. The residual resistance R0 is
within the range 104–105 Ω at a temperature of T =
300 K, and the R0(T) dependence is approximated with
a straight line in the coordinates lnR0 – 103/T with an
energy slope of ~0.45 eV. This value correlates with the
depth of acceptor levels in InSe:Cd crystals [7]. In addi-
tion, the experimental value of R0 is in good agreement
with the resistance of the heterojunction base, calcu-
lated taking into account its geometric dimensions and
electrical resistivity. The results presented indicate that
the intermediate high-resistivity layer at the interface,
which may appear in heterostructure fabrication, is not
formed in this case. Also noteworthy is the fact that the
junction interface lies deep in the substrate since In2O3
is synthesized via oxidation of In atoms in the base
crystal. This should lead to a weaker influence of sur-
face levels on the photoelectric properties of the hetero-
junction and, first and foremost, on the spectral distri-
bution of sensitivity Sω.

As can be seen from Fig. 1, the experimental photo-
sensitivity spectrum of the heterojunction is in satisfac-

V Vi R0I ,+=
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tory agreement with the known distribution for the ideal
photodiode [2]

(2)

where η is the quantum yield of the photoelectric effect,
and "ω is the photon energy. It is noteworthy that the
peak energy of curve 1 differs from the energy gap Eg
of InSe, which is equal to ~1.2 eV at 300 K [8]. A sim-
ilar shift is observed for p-GaSe–n-InSe heterojunc-
tions, and the reasons for its appearance were consid-
ered in detail in [9]. The main reason is that η and the
surface recombination rate depend on "ω, which is not
accounted for by formula (2). The lack of sensitivity at
"ω * 3.5 eV indicates that photocarriers are mainly
generated in the narrow-gap component of the hetero-
junction, with the oxide acting as a wide-bandgap win-
dow only. At the same time, spectral studies give no
answer to the question of what the dominating mecha-
nism of photocarrier generation is. An answer can, in
particular, be provided by an analysis of how the short-
circuit current Isc depends on the open-circuit voltage Voc.

The light I–V characteristic of the diode is described
by the expression [10]

(3)

where I0 is the saturation current; IL, the current due to
illumination; n, the ideality factor of the I–V character-
istic, determined by the current transport mechanism;
and k, the Boltzmann constant. From Eq. (3) it follows
that, with an open external circuit (I = 0), V = Voc and

(4)

Sω constη /"ω,=

I I0 eV /nkT( )exp 1–[ ] IL,–=

IL Isc I0 eVoc/2kT( )exp 1–[ ] .= =

1.0

0.5

0

Sω, arb. units

"ω, eV
1.2 1.6 2.0 2.4 2.8 3.2 3.6

1

2

Fig. 1. Normalized photosensitivity spectra of the In2O3–
InSe heterojunction: (1) experiment and (2) calculation by (2).
As can be seen from Fig. 2, the experimental Isc(Voc)
dependences are described at eV ≥ 3kT, when plotted on
a semilogarithmic scale, by straight lines with slope
equal to e/2kT. This is evidence in favor of photocarrier
generation in the space-charge region via isolated deep
levels.

The temperature dependence of I0 is determined by
the energy gap of the material in which the space charge
is localized; i.e.,

(5)

where A is a parameter whose temperature dependence
is weaker than exponential. The value of A can be found
at 300 K from expression (3) after substitution of the
known values of Eg [7] and I0 (experiment). The result-
ing value A ≈ 3 × 10–6 A makes it possible to calculate,
using the corresponding formulas, the cutoff current
and I–V characteristics at any temperature from the
range under study taking account of the temperature
coefficient of Eg, which is ~3.7 × 10–4 eV/K for indium
monoselenide [8].

The good agreement between the experimental and
calculated I–V characteristics strongly suggests that the
photocurrent in the heterostructures studied is a conse-
quence of carrier generation in the space-charge region
via isolated levels. The above-mentioned acceptor lev-
els lying close to the midgap of InSe may serve as these
levels. According to the Sah–Noyce–Shockley theory,
this should ensure a rate of generation close to the max-
imum value. At the same time, definitive clarification of
the nature of the deep centers requires further research,
which is beyond the scope of the present study.

I0 A Eg/2kT–( ),exp=

0 0.2 0.4 0.6
Voc, V

10–1

10–3

10–5

10–7

Isc, A

298 K
323 K
148 K
373 K
403 K

Fig. 2. Light I–V characteristics of the In2O3–InSe hetero-
junction at different temperatures. Points, experiment; solid
lines, calculation using formulas (3) and (4) at A = 3 × 10–6 A.
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Abstract—Conditions for the appearance of a spontaneous spin polarization in low-dimensional systems in
zero magnetic field are analyzed for the case of low occupation of the lowest quantum-confinement subbands,
when the energy of exchange interaction of charge carriers exceeds their kinetic energy. In terms of the Hartree–
Fock approximation, the critical densities above which complete spin depolarization of the charge-carrier gas
occurs, were determined for quasi-two-dimensional and quasi-one-dimensional systems. The emphasis is on
the probable interrelation of the spin depolarization, first, with the transition of a two-dimensional gas to a
metallic state and, second, with the evolution of the “0.7(2e2/h) feature,” which is split off from the first step in
the staircase function of the quantum conductance of a one-dimensional channel and varies in height from e2/h
to (3/2)e2/h as the density of charge carriers increases. © 2003 MAIK “Nauka/Interperiodica”.
1. INTRODUCTION

Progress in nanotechnology makes it possible to
fabricate low-dimensional semiconductor systems with
low density of high-mobility charge carriers, which
exhibit ballistic behavior under the condition kBTτ/" > 1
(where "/kBT is the time of electron–electron interaction
and τ = m*µ/e is the transport relaxation time) [1–33]. In
contrast to the diffusion mode (kBTτ/" < 1), in the case
of ballistic transport the role of spin correlations is con-
siderably enhanced [2–4]. Among their most dramatic
manifestations in the localization and transport pro-
cesses are the metal–insulator transition observed in sil-
icon MOS transistors [1] and in Si/Ge [6] and
GaAs/AlGaAs [7, 8] heterojunctions and the appear-
ance of the “0.7(2e2/h) feature,” which is split off from
the first step in the staircase function of the quantum
conductance of a one-dimensional channel [26–33].
Both effects are probably related to the spontaneous
spin polarization of a two-dimensional (2D) or one-
dimensional (1D) gas of charge carriers in zero mag-
netic field [6, 15–24, 34–40].

The spin nature of the metallic state found to exist in
a 2D electron or hole gas, contrary to the prediction of
the one-parameter scaling theory of localization [5],
manifests itself, first of all, in the destruction of this
state by a magnetic field applied in the plane of the 2D
system [2, 9]. However, the conclusion, based on the
measurements of field dependences of the conductance,
that a spontaneous polarization exists in a 2D electron
gas with a density close to the critical density nc, corre-
sponding to the metal–insulator transition [12, 15], is
not confirmed by the measurements of Shubnikov–de
Haas oscillations and spin susceptibility. The latter
1063-7826/03/3712- $24.00 © 21390
studies indicate that a trend towards ferromagnetic
ordering is accompanied by a transformation of a nor-
mal 2D metal into a 2D insulator without the formation
of a spontaneously polarized state with extended wave
functions [9, 14, 16]. Thus, there remains the basic
question of the interrelationship between the metal–
insulator transition and the values of the critical density
of charge carriers above which a complete spin depolar-
ization of the spontaneously polarized 2D gas occurs.

In the case of 1D systems, two experimental obser-
vations should be noted that indicate the importance of
the spin component for the behavior of the 0.7(2e2/h)
feature, which is split off from the first step in the stair-
case quantum conductance of a 1D channel. First, it
was found that the electron g factor increases several-
fold (from 0.4 to 1.3) as the number of occupied 1D
subbands decreases [26]. Second, the height of the
0.7(2e2/h) feature of the first step evolves to a value of
0.5(2e2/h) with increasing external magnetic field
applied along the channel [26–30]. These results stim-
ulated the analysis of possible mechanisms of a sponta-
neous spin polarization that may appear in semiconduc-
tor quantum wires (QWRs), despite the theoretical pre-
diction that a ferromagnetic state cannot exist in ideal
1D systems in the absence of a magnetic field [41].
These studies were carried out in the framework of the
Kohn–Sham mean-field approximation for the case of
ultralow linear density of charge carriers, when the
energy of exchange interaction starts to exceed the
kinetic energy in zero magnetic field. This approach
enables one to qualitatively describe the current–volt-
age characteristics of a polarized 1D channel [34–40].
However, the question of the behavior of the 0.7(2e2/h)
feature of the first quantum step with the onset of spin
003 MAIK “Nauka/Interperiodica”
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depolarization, which increases with increasing linear
density of charge carriers, remains open; this circum-
stance considerably hinders analysis of the electron
polarization in 1D systems at finite temperatures.

In this study, the critical densities for a quasi-2D and
a quasi-1D gas of charge carriers above which complete
depolarization occurs—probably, interrelated with the
metal–insulator transition and the disappearance of the
0.7(2e2/h) feature of the first step in the quantized con-
ductance—are calculated within the Hartree–Fock
approximation, which is used to determine the condi-
tions for the appearance of a spontaneous spin polariza-
tion in quasi-2D and quasi-1D systems in zero mag-
netic field.

2. SPONTANEOUS SPIN POLARIZATION 
IN LOW-DIMENSIONAL SYSTEMS IN ZERO 

MAGNETIC FIELD

Let us consider a system of fermions described by
the Schrödinger equation HΨ = EΨ with H = H0 + H1;
here, H0 is the Hamiltonian of noninteracting fermions,
which depends on the dimensionality of the system
under study, and the term H1 accounts for the interac-
tion of fermions.

The form of H0 depends on the dimensionality of the
system under consideration. In the three-dimensional
(3D) case, it is the kinetic-energy operator

(1)

The single-particle wave functions of unperturbed
motion are given by plane waves

(2)

where Ω3D is the 3D volume of the system.
In the consideration of 2D systems—in particular,

the case of a fermion gas in a planar quantum well
(QW)—the potential energy responsible for the quan-
tum confinement of the charge-carrier motion in the
direction z normal to the QW plane should be added to
the kinetic energy:

(3)

Unperturbed single-particle wave functions are
described by the products of size-quantization wave
functions and plane waves parallel to the QW:

(4)

Here, m is the number of the subband of the quantum
confinement in the direction z, r = ix + jy, and Ω2D is
the 2D volume (a quantity with the dimension of area).

H0
3D 1

2m
------- p̂j

j 1=

N

∑ "
2

2m
------- ∇ j

2.
j 1=

N

∑–= =

ψk r( ) 1

Ω3D

--------------eikr,=

H0
2D pj

2

2m*
----------- U z j( )+ 

 
j 1=

N

∑ 
 
 

.=

ψk m, r( ) 1

Ω2D

--------------eikrϕm z( ).=
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Finally, in 1D systems, the motion is quantized in
two directions (x, y), and the Hamiltonian for noninter-
acting particles has the form

(5)

The corresponding unperturbed wave functions can
be written as

(6)

where m is the number of the subband of the quantum
confinement in the plane r = ix + jy, and Ω1D is the 1D
volume (a quantity with the dimension of length).

The interaction operator is the same for all three
cases; it is given by

(7)

where

(8)

In the second-quantized representation,

(9)

where each of the subscripts K, L, M, and Q stands for
a particle wave vector, the number of the quantum-con-
finement subband (for systems of reduced dimensional-
ity), and the spin.

If the density of noninteracting carriers is suffi-
ciently low so that only the lowest quantum-confine-
ment subband is occupied, the total energy of the elec-
tron gas equals its kinetic energy, and the energy den-
sity can easily be calculated both for a 2D and a 1D gas
of charge carriers:

(10)

where kF is the Fermi wave vector.

Accordingly,

(11)

(12)
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The value of kF is determined from the conditions

(13)

and

(14)

here, n2D and n1D are the densities of a 2D and a 1D gas
of charge carriers, respectively, and gs is the spin factor,
which is equal to the number of electrons per unit cell
of phase space. For an unpolarized state, gs = 2; for a
completely polarized state, gs = 1. The values 1 < gs < 2
correspond to the partial spin polarization of a 2D or a
1D gas of charge carriers.

Let us consider the possibility of the appearance of
a spontaneous spin polarization due to the exchange
interaction in low-dimensional systems. A polarized
state of 2D and 1D gases of noninteracting fermions is
always energetically unfavorable because its kinetic
energy is always higher than the kinetic energy of an
unpolarized state. However, for a system of interacting
particles, there is an additional energy term E1, which
can be represented by the following infinite sequence of
diagrams:

(15)

It can easily be seen that exchange diagrams 3 and 5
depend substantially on the spin polarization of the sys-
tem. Indeed, the interaction is independent of the spin,
which implies spin conservation at the diagram verti-
ces. Thus, only particles with the same spin may be
involved in the processes described by the exchange
diagrams; this means that the contribution from these
diagrams is more significant for polarized than for
unpolarized systems. Since the contribution from dia-
gram 2 is negative, a spin-polarized state may be ener-
getically more favorable than an unpolarized state.

We limit our discussion to the first two diagrams,
which means that the particle interaction is taken into
account within the Hartree–Fock approximation. Thus,

(16)

Here, the first term is the Hartree correction and the
second term is the Fock correction to the exchange
energy; the summation is carried out both over spatial and
spin variables. In the thermodynamic limit (N  ∞,
Ω  ∞, and N/Ω = n = const), the first term diverges;
however, this divergence is compensated by the term
describing the interaction with a positively charged
background. Thus, in the first order, the exchange-inter-
action plays a decisive role. Below, we consider its
behavior in 2D and 1D systems.

πkF
2 2π( )2

gs

-------------n2D=

kF
π
gs

----n1D;=

εcore + εel-el 

+ + + + + .... = 

E1
1
2
--- KL V KL〈 〉 KL V LK〈 〉–[ ] .

EK EL, EF<
∑=
2.1. Exchange Interaction in a Quasi-2D System

The matrix element of the exchange interaction for
electrons in a QW can be written as

(17)

where r = ix – jy describes the position of a particle in
the QW plane and the z axis is perpendicular to this
plane. Here, a transformation of the variables was per-
formed: r = r' – r'' and P = (r' + r'')/2. The integral
over P is equal to the sample area Ω2D. Thus, the
expression for the exchange-interaction energy has the
form

(18)

where the spin factor gs appears due to the summation
over spins. Integrating over k and l yields

(19)

where J1(kFρ) is the Bessel function. This expression
contains the integral

here, α = kF|z – z'| ≈ kFd (d is the QW width). It is rea-
sonable to estimate this integral under the condition

(20)

which corresponds to the case of low occupation of the
lowest quantum-confinement subbands. It will be seen
below that the validity of this condition is an important
factor for the appearance of spontaneous polarization in

a 2D system. In this case, I ≈ kF du ≈ AkF

(where A ≈ 0.424). Thus, we obtain the following
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expression for the density of the exchange-interaction
energy in a 2D gas of charge carriers:

(21)

Here, β2D = 2 Ae2. We conclude that εexc is negative
and does not depend on the wave functions of noninter-
acting particles, i.e., on the shape of the QW. Actually,
the character of its dependence on n2D can be deter-
mined by considering the dimensions. We stress once
more that formula (21) for the density of the exchange-
interaction energy of a 2D electron gas is valid only for
sufficiently low particle densities, when condition (20)
is satisfied.

Let us estimate the value of kF corresponding to the
onset of the filling of the second quantum-confinement
subband of a QW. The position of the bottom of the
jth subband in a rectangular well is given by Ej =
π2"2j2/2m*d2; thus, the wave vector k0 corresponding to
the onset of the filling of the second subband can be
estimated from the following relations: E2 – E1 ≈
3π2"2/2m*d2 ≈ "2 /2m*, whence k0d ≈ π ≈ 5.44.
Consequently, condition (20) will not be satisfied auto-
matically in any QW with a single occupied subband,
and it is interesting to estimate the integral I for the
other limiting case: kFd @ 1. In this case, I ≈ B/|z – z'|
(where B ≈ 0.498). Accordingly, for the density of the
exchange energy we obtain

(22)

Thus, there is an essential difference in the character of
the dependence of the exchange-interaction energy on
the charge-carrier density in a 2D system in the cases of
high and low densities. Interestingly, in the limiting
case of high density, the exchange energy does not
depend on the degree of polarization, since, apparently,
the exchange interaction in 2D systems is short-range
in the k space.

2.2. Exchange Interaction in a Quasi-1D System

The matrix element of the exchange interaction for
electrons in a QWR has the form

(23)
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(where the z coordinate coincides with the wire axis).
Here, a transformation of the variables was performed:
z = z' – z'' and Z = (z' + z'')/2, with the integral over Z being
equal to the sample length Ω1D. Thus, the expression for
the exchange-interaction energy can be written as

(24)

Making another substitution, u = z/|r' – r''| and α =
kF|r' – r''|, we transform the integral over z and obtain
the following expression for the exchange-energy den-
sity in a quasi-1D system:

(25)

Here,

Estimating this integral in the limiting case of low lin-
ear densities

, (26)

we obtain

(27)

Here, C is the Euler constant (C ≈ 0.5772). Thus, we
obtain the following expression for the density of the
exchange-interaction energy as a function of the parti-
cle density in a 1D system:
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Here,

and R is the width of the QWR. Note that, since this
expression is obtained in the limiting case of low linear
particle densities, when

(29)

the logarithmic factor in the second term is negative and
the corresponding exchange-energy correction is negative.

Let us now consider the other limiting case:

(30)

Then,

(31)

and the linear density of the exchange energy

(32)

does not depend on the spin factor, similarly to the 2D
case considered above (see (22)).

3. SPONTANEOUS SPIN POLARIZATION 
IN THE CASE OF EXCHANGE-INTERACTION 
ENERGY EXCEEDING THE KINETIC ENERGY

To answer the question of whether the exchange
interaction may result in the appearance of a spontane-
ous spin polarization, we have to compare the total
energies of polarized and unpolarized states of a quasi-
2D or quasi-1D gas of charge carriers. In the limiting
case of low charge-carrier densities, the energy density
of a quasi-2D gas equals

(33)

where the first and the second terms correspond to the
kinetic and the exchange-interaction energy, respec-
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tively. Thus, the energies of polarized (gs = 1) and unpo-

larized (gs = 2) states are equal to  ≈

π"2 /m* – β2D  and ≈ π"2 /2m* –

β2D / .

It is evident (see (33)) that, when the density of
charge carriers exceeds the critical value n0, which is
equal to

(34)

the kinetic energy exceeds the exchange-interaction
energy and, thus, the unpolarized state is energetically
more favorable than the polarized state.

At the same time, if the charge-carrier density does
not exceed the critical value and the exchange energy is
dominant, the polarized state is energetically more
favorable. Note that n0 depends only on the effective
mass of the charge carriers and increases with increas-
ing m*. It should also be noted that the effective mass
decreases as the density of charge carriers increases in
a 2D system [7, 9]; it will be shown below that this phe-
nomenon could be related to the growing dominance of
the kinetic energy over the exchange-interaction
energy.

In a 1D system, the energy density in the limiting
case of low charge-carrier densities is given by the fol-
lowing expression (see (12) and (28)):

(35)

Thus, the critical density n0 is determined by the
transcendental equation

(36)

which always has a unique solution.
For n > n0, a complete spin depolarization of the

quasi-1D gas occurs.
Two features of the discussed mechanism of the

appearance of a spontaneous spin polarization in low-
dimensional semiconductor systems should be noted.
First, we considered quasi-2D and quasi-1D systems
and, in this context, explicitly introduced the quantum-
confinement wave functions. At the same time, we
found that, in the limiting case of low n2D and n1D, the
results are independent of these wave functions. More-
over, the conditions for the appearance of ferromag-
netic ordering in a quasi-2D system in the limiting case
of low densities of 2D charge carriers are actually
reduced to those obtained for a strictly 2D system, in
which case it was proven that inclusion of correlation
corrections does not destroy the stability of the ferro-
magnetic state due to the exchange interaction [17–19].

ε2D
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Second, taking into account the correlation energy is
very important in determining the 2D electron density
corresponding to the onset of Wigner crystallization—
a process that competes strongly with the above-con-
sidered transition to a spontaneously polarized state
with extended wave functions [20–25]. However,
according to theoretical estimates [22–25], a Wigner

crystal is formed at densities below n2D ≈ m2e4/ "2,
where rs is the ratio of the potential to the kinetic
energy, which corresponds to the transition to the crys-
talline state. Depending on the model chosen, the onset
of Wigner crystallization is characterized by the value
of rs varying from 30 to 100 [22–25]. At the same time,
the critical density corresponding to the complete depo-
larization of a spontaneously polarized 2D gas of
charge carriers (see (34)) is n0 ≈ 0.5m2e4/"2. Thus, a
spontaneous spin polarization in a 2D system arises
when the kinetic and the potential energies are of the
same order of magnitude; in contrast, Wigner crystalli-
zation occurs when their ratio is about 1 to 100. In other
words, the transition to the crystalline state occurs at
densities that are two to four orders of magnitude lower
than those corresponding to the transition to a sponta-
neously polarized state with extended wave functions.
A more accurate calculation [23–25] restricts the range
of rs corresponding to the appearance of a spontaneous
spin polarization to 10 < rs < 30; for lower rs, the prob-
ability of polarization decreases dramatically, appar-
ently because of the rigorous requirements set by con-
dition (20). Nevertheless, this restriction does not pro-
hibit using the Hartree–Fock approximation to analyze
ferromagnetic ordering induced by the exchange inter-
action, even if the correlation corrections are to be
taken into account; it only limits the range of densities
in which plane waves can be used for this purpose as
zero-approximation wave functions.

A similar conclusion can be drawn from a consider-
ation of the spontaneous spin polarization in quasi-1D sys-
tems with regard to the correlation energy [37, 42–45]. In
this case, Wigner crystallization should take place for
rs  ≥ 39 [44], while a spontaneous spin polarization
appears at rs = 3.3 [37]. Since rs ≈ (1/n2D)1/2, it should
be expected that a spontaneous polarized state with
extended wave functions is formed in a QWR at higher
values of n2D than in a 2D gas of charge carriers. Less
stringent conditions for the appearance of a spontane-
ous spin polarization in a QWR in comparison to a 2D
gas of charge carriers originate from an additional par-
tial decay of the kinetic energy with a reduction in the
system dimensionality [37].

We stress once more that this consideration corre-
sponds to the limiting case of low charge-carrier densi-
ties: kFd ! 1 for quasi-2D and kFR ! 1 for quasi-1D
systems. This circumstance imposes serious restric-
tions on the width of QWs and QWRs. If these condi-
tions are not satisfied, the system should be considered
in the limiting case of high charge-carrier densities

rs
2
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(kFd @ 1 for quasi-2D and kFR @ 1 for quasi-1D sys-
tems), when an unpolarized state is always energeti-
cally more favorable than a polarized state, since the
exchange energy becomes independent of gs.

4. SPIN DEPOLARIZATION AND METAL–
INSULATOR TRANSITION IN 2D SYSTEMS

The values of the effective masses determined for
2D electrons and holes in Si MOS transistors [9] and
GaAs/AlGaAs heterojunctions [7] with densities close
to the critical density nc, corresponding to the transition
to a metallic state, were used to calculate the relevant
dependences of n0 on m* (Figs. 1, 2). One can see that
spontaneous spin polarization decreases sharply for
densities of a 2D electron or hole gas above nc. Note
that the dependences shown in Figs. 1 and 2 demon-
strate the importance of a spread in the values of nc for
the observations of a trend towards ferromagnetic
ordering of a 2D electron gas in Si MOS transistors.
Comparing the values of n0 calculated for the case of
nc = 8 × 1010 cm–2, where spontaneous polarization was
observed [12, 15], with those calculated for the case of
nc = 1.0 × 1011 cm–2, where no essential evidence of fer-
romagnetic ordering was revealed [9, 16], we find that
they differ by two orders of magnitude. Possibly, it is
this difference in the values of n0 that leads to a sharp
decrease in the degree of spin polarization of a 2D elec-
tron gas near the metal–insulator transition in a 2D sys-
tem with higher nc [9, 16] (although the residual effect
of the polarized state can be seen in the deviation of the
temperature dependences of the spin susceptibility
from the Curie law [14], with a trend to superparamag-
netism). However, such an explanation, based on the
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Fig. 1. Dependence of the critical density of electrons n0
corresponding to a complete spin depolarization of a 2D
electron gas in Si MOS structures on the effective mass m*;
the dependence of m* on the electron density n2D, as deter-
mined in [9], is also shown. Here, mb = 0.19m0 and nc
denotes the critical electron density for the onset of a metal–
insulator transition in Si MOS structures [9].
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coincidence of the critical values of the charge-carrier
density corresponding to the metal–insulator transition
nc and to the appearance of a spontaneous spin polariza-
tion nx [12, 15], contradicts the data on the Shubnikov–
de Haas oscillations: the latter do not confirm the exist-
ence of a noticeable spin polarization of the charge car-
riers even at n2D ≈ 7.5 × 1010 cm–2 [9, 16]. It still remains
unclear whether this result can be explained by a
decrease in n0 caused by greater disorder in the MOS
structures studied in [9, 16] as compared to those stud-
ied in [12, 15]. Thus, the possible interrelationship
between the critical densities nc, nx, and n0 requires fur-
ther research in order to identify the relative contribu-
tions of the spontaneous spin polarization [4, 12, 13]
and the spin–orbit interaction [2, 9–11], as well as weak
antilocalization and localization [46], to the mechanism
of the metal–insulator transition in 2D systems.

5. SPIN DEPOLARIZATION AND QUENCHING 
OF THE 0.7(2e2/h) FEATURE IN THE QUANTUM 

STAIRCASE CONDUCTANCE 
OF A ONE-DIMENSIONAL CHANNEL

The critical linear density n0 corresponding to a
complete spin depolarization in a QWR connecting two
2D reservoirs, which is given by (36), depends upon the
wire width and the effective mass. With a decrease in
the 2D charge-carrier density n2D, the effective mass
increases [7, 9] (see Figs. 1, 2). Energy dependence of
the effective mass may be one reason for such behavior;
in particular, this dependence was calculated for GaAs-
based QWs in the case when the kinetic energy and the
quantum-confinement energy are dominant [47, 48]:

(37)m m0 1 1.447E 0.245E2+ +( ).=

0.2 0.4 0.6 0.8 1.00
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m*/mb
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Fig. 2. Dependence of the critical density of holes p0 corre-
sponding to a complete spin depolarization of a 2D hole gas
in Si MOS structures on the effective mass m*; the depen-
dence of m* on the hole density p2D, as determined in [7],
is also shown. Here, mb = 0.38m0 and pc denotes the critical
hole density for the onset of a metal–insulator transition in
GaAs/AlGaAs heterostructures [7].
Here, E is the sum of the kinetic and quantum-confine-
ment energies in a QW and the coefficients of E account
for the band parameters of GaAs.

It was found that the electron effective mass
increases by a factor of 1.1–2 due to the increase in the
quantum-confinement energy as the QW width
decreases below 10 nm [47–49]. Even if the exchange-
energy contribution, compensating the kinetic energy
(see (33)), is taken into account in (37), this does not
lead to a corresponding decrease in the effective mass
with increasing n2D in 2D systems (such as the GaAs-
based QWs analyzed in this study). However, the
exchange interaction may significantly affect the effec-
tive mass of charge carriers in QWRs, because a spon-
taneously polarized state with extended wave functions
in a quasi-1D system is formed at higher values of n2D
than in a 2D gas of charge carriers [37]. Consequently,
in the middle part of a QWR connecting two 2D reser-
voirs, the kinetic energy is effectively quenched due to
a competition with the exchange energy (see (35)),
which may favor a reduction in the effective mass with
increasing n2D. Thus, the calculated dependences of the
electron effective mass in GaAs wires, shown in
Fig. 3a, demonstrate the increasing role of the
exchange interaction as the widths of the QW and
QWR (d and R, respectively) decrease, which makes it
easier to satisfy conditions (20) and (29). It should be
noted that the enhanced role of the exchange interaction
in systems of lower dimensionality may account for the
considerable increase in the effective mass of electrons
as their density decreases in QWs [9] (see Fig. 1): in
this case, the formation of 2D relatively large areas con-
nected by quantum point contacts is rather probable,
especially in the presence of disorder [50].

The data shown in Fig. 3a enable one to determine
the values of the critical linear density n0 (36), corre-
sponding to a complete spin depolarization of electrons
in a QWR connecting two 2D GaAs reservoirs
(Fig. 3b). These dependences of n0 on the charge-car-
rier density in 2D reservoirs n2D can be used in analysis
of the density dependences of the 0.7(2e2/h) feature in
the quantum staircase conductance of a 1D channel
formed in a QW using the split-gate technique [30].

Ballistic 1D channels of this kind are quantum point
contacts or short QWRs formed upon application of a
negative voltage to a pair of split gates, which are
formed in a 2D structure by electron-beam lithography
[30–32]. As the gate voltage Ug increases, the density of
electrons in the QWR connecting two 2D reservoirs
also increases, which leads to an increase in the number
of occupied 1D subbands. The dependence G(Ug) in
this case is a set of plateaus separated by steps of height
2e2/h: a stepwise change in the conductance of a 1D
channel occurs each time the Fermi level coincides with
one of the 1D subbands, so that

(38)G G0NT .=
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Here, G0 = 2e2/h; N is the number of occupied 1D sub-
bands, which can be changed by varying Ug and corre-
sponds to the number of the highest occupied subband;
and T is the transmission coefficient, which equals
unity if the elastic-scattering length exceeds the length
of the ballistic channel. Thus, the quantum staircase
structure in the conductance dependence G(Ug) indi-
cates the adiabatic transparency of spin-nondegenerate
1D subbands. With the level of nanotechnology
attained in recent years, the split-gate technique makes
it possible to form QWRs that have one or several 1D
ballistic channels in GaAs/AlGaAs heterostructures
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Fig. 3. (a) Dependence of the effective mass in a 1D channel
connecting 2D reservoirs in a GaAs/AlGaAs QW on the
density of electrons in them. The dependence is plotted
according to (37), taking into account the contributions
from the quantum-confinement energy, the kinetic energy,
and the exchange-interaction energy. The width of the
QWR R = 100 nm; the width of the QW d = (1) 20, (2) 10,
and (3) 5 nm. (b) Dependence of the critical linear density
corresponding to a complete spin depolarization of the
quasi-1D electron gas in a QWR connecting 2D reservoirs
in a GaAs/AlGaAs QW on the density of electrons in them;
R = 100 nm, d = 20 nm. Circles indicate the height of the
substep in the staircase function of the quantum conduc-
tance (0.7(2e2/h) feature) determined experimentally for 1D
channels formed in GaAs/AlGaAs QWs using the split-gate
technique [26–29].
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[26–32] and Si QWs [51–53]; they are identified by the
observation of a quantum staircase in the electron
[26−32] or hole [51–53] conductance (see Fig. 4).

Studies of the quantum staircase conductance under
conditions of low occupation of the lowest 1D sub-
bands are of a special interest; in this case, as shown
above, the exchange interaction is dominant, which
may favor spontaneous spin polarization of quasi-1D
charge carriers [26–29, 34–37, 40, 51–53]. A conse-
quence of the spontaneous polarization of a 1D gas of
charge carriers in zero magnetic field is the appearance
of a 0.7(2e2/h) feature that splits off from the first step
in the staircase function of quantum conductance, its
height approaching 0.5(2e2/h) with increasing external
magnetic field oriented along the QWR [26].

Evidently, an important factor that supports the
interpretation of the 0.7(2e2/h) feature as a criterion for
the appearance of a spontaneous polarization in a 1D
channel is its dependence on the particle density, which
is plotted in Fig. 3b using the data from [26–29]. One
can see that, at sufficiently small values of n2D, when
the 1D channel is completely polarized, the height of
the 0.7(2e2/h) feature almost attains the value of
0.5(2e2/h), which indicates that spin degeneracy of the
first step of the quantum-conductance staircase is lifted.
However, as soon as the charge-carrier density in the
2D reservoir attains the value corresponding to the crit-
ical linear density in the 1D channel (n0), the height of
the 0.7(2e2/h) feature evolves towards its normal value
due to partial spin depolarization. It should be noted
that an apparent level-off of the height of the substep
near 0.75(2e2/h) is probably related to its temperature
dependence, which suggests that such a behavior
should occur at finite temperatures because of partial
spin depolarization of the electron gas near the bottom
of the 1D subband [40]. A most interesting result is the

3
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40 60 8020

G, 2e2/h

Ug, mV
0

Fig. 4. Current–voltage characteristic for the case of stair-
case quantum conductance of a 1D channel oriented along
the [001] direction, formed in a self-ordered p-type Si(100)
QW in the plane. The position of the Fermi level corre-
sponds to the occupation of the 1D subbands of heavy
holes; T = 77 K (see also [51, 52]).
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unexpected transformation of the 0.7(2e2/h) feature
with a subsequent increase in n2D, with its height
approaching 0.5(2e2/h) (see Fig. 3b). The observed
increase in the spin polarization of electrons in the
QWR probably originates from the magnetic ordering
of electrons occupying the lowest 1D subband due to
the indirect exchange via electrons excited to the upper
subband at a finite temperature. Indirect-exchange
mechanisms, which are responsible for such nonequi-
librium spin polarization in a 1D channel, are most
probably related to the processes of spin-correlated
transport within a narrow band [54, 55] and spin polar-
ization under the conditions of the formation of spin
polarons [44]. It should be noted that the 0.5(2e2/h) sub-
step at large values of n2D is much more readily
observed in QWRs with a higher level of disorder [56];
this is another indication of the important role that indi-
rect exchange plays in lifting the spin degeneracy of the
first step in the staircase function of quantum conduc-
tance observed under these conditions.

6. CONCLUSIONS

Analysis of the conditions for the appearance of a
spontaneous spin polarization in low-dimensional sys-
tems in zero magnetic field, carried out within the Har-
tree–Fock approximation, enabled us to determine the
critical densities above which a complete spin depolar-
ization of a quasi-2D and a quasi-1D gas of charge car-
riers occurs.

We established the density range, governed by the
correlation corrections, in which plane waves can be
used as zero-order wave functions in the analysis of fer-
romagnetic ordering in low-dimensional systems in the
case of dominance of the exchange energy over the
kinetic energy. We demonstrated that the transition of a
2D gas to the crystalline state begins at charge-carrier
densities that are two to four orders of magnitude lower
than those corresponding to the transition to a sponta-
neously polarized state with extended wave functions.
A similar conclusion can be drawn from the analysis of
the conditions for spontaneous spin polarization in
quasi-1D systems with regard to the correlation energy.
We demonstrated that a spontaneously polarized state
with extended wave functions in a QWR appears at
larger values of the 2D density of charge carriers than
in a QW, which is caused by the effective quenching of
the kinetic energy due to competition with the exchange
energy upon a reduction of the dimensionality of the
system.

Such a quenching of the kinetic energy in the middle
part of a QWR connecting two 2D reservoirs may con-
tribute to a decrease in the effective mass in a quasi-1D
gas of charge carriers as their 2D density increases. Fur-
thermore, enhancement of the exchange interaction
with decreasing dimensionality of the system presum-
ably accounts for the increase in the effective mass of
electrons as their density decreases in a QW [9], which
is accompanied by the appearance of superparamag-
netism, since in this case (especially in the presence of
disorder) there is a high probability that 2D relatively
large areas connected by quantum point contacts will
appear.

A correlation was found between the critical densi-
ties corresponding to the spin depolarization and the
metal–insulator transition in a 2D gas of charge carri-
ers. However, the issue of the possible interrelationship
between these critical densities and the critical density
corresponding to the formation of a spontaneously
polarized state of a 2D gas requires further research.
One should bear in mind that the spin–orbit interaction,
which may also cause the metal–insulator transition,
affects the processes of spin depolarization.

The dependences of the critical linear density corre-
sponding to a complete spin depolarization in a QWR
connecting two 2D reservoirs on the density of 2D
charge carriers were used in the analysis of the density
dependence of the 0.7(2e2/h) feature in the staircase
function of the quantum conductance of a 1D channel
formed in a QW by the split-gate technique.

It was demonstrated that at a sufficiently low
charge-carrier density n2D in 2D reservoirs, so that the
1D channel is completely polarized at a density lower
than this value, the 0.7(2e2/h) feature almost attains the
value of 0.5(2e2/h), which indicates that the spin degen-
eracy of the first step in the staircase function of the
quantum conductance is lifted. However, with an
increase in n2D, the linear density in the 1D channel
attains the critical value corresponding to a complete
spin polarization, due to which the 0.7(2e2/h) feature
evolves back to its normal magnitude. The observed
level-off of the height of this quantum substep near
0.75(2e2/h) is probably related to its temperature depen-
dence, which suggests that such a behavior should occur
at finite temperatures, since, owing to the large widths of
QWRs available for experiments, partial spin depolariza-
tion of the electron gas near the bottom of the 1D sub-
band occurs even at ultralow temperatures.
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Abstract—Nanocrystalline GaP and amorphous GaPN solid solution have been synthesized in voids of artifi-
cial opal. The opal–GaP and opal–GaPN composites obtained clearly demonstrate properties of photonic crys-
tals. The reflection spectra of the opal–GaPN composite exhibit specific features related to multiple Bragg dif-
fraction on two systems of {111} planes, parallel and nonparallel to the surface of the photonic crystal. The
study of photoluminescence spectra revealed a considerable modification of the emission band of the opal–
GaPN composite, which was attributed to the influence of the photonic band gap. © 2003 MAIK “Nauka/Inter-
periodica”.
1. INTRODUCTION

Photonic crystals are 3D-periodic structures whose
dielectric constant is modulated with a period compara-
ble with the wavelength of light. The interaction of pho-
tons with these structures results in considerable modi-
fication of the spatial distribution and energy spectrum
of the electromagnetic field. In particular, there arise
photonic band gaps (PBG), i.e., ranges of energy for
which the propagation of light is impossible in certain
(pseudo-PBG) or all (complete PBG) directions within
the photonic crystal [1]. The energy gap and the space
angle corresponding to PBGs are defined by the depth
of modulation of the dielectric constant and, therefore,
depend on the optical contrast η = max(εa/εb, εb/εa),
where εa and εb are the dielectric constants of materials
forming the photonic crystal.

Complete PBG is only possible in 3D photonic crys-
tals with high enough η (in photonic crystals with a
face-centered cubic lattice, η must be *8.5 [2]). PBGs
are formed through Bragg diffraction of electromag-
netic waves on the system of crystal planes in the pho-
tonic crystal lattice. A necessary condition for the for-
mation of PBG is that a large enough number of the lat-
tice planes participate in the diffraction process.
Therefore, it is desirable to synthesize photonic crystals
from materials with a weak absorption of light in the
spectral range corresponding to PBG. Thus, to produce
structures with clearly pronounced photonic crystal
properties, it is necessary to use component materials
which have real parts of the dielectric constant that dif-
fer considerably and imaginary parts that are as low as
possible.
1063-7826/03/3712- $24.00 © 21400
Considerable promise for the synthesis of photonic
crystals for the visible light range is offered by semi-
conductor compounds GaP [3], GaN [4], and their solid
solutions. These semiconductors are transparent in the
visible range, and they are characterized by a high
dielectric constant. Moreover, specific luminescent
properties of these compounds are widely used in mod-
ern semiconductor optoelectronics [5, 6]. In this con-
text, photonic crystals based on GaP, GaN, and GaPN
may also be promising for the study of the effect of
PBG on the spontaneous emission characteristics. The
point is that it is the possibility of controlling the prob-
ability of spontaneous emission from a source embed-
ded in a photonic crystal that determines the prospects
of practically applying photonic crystals as components
of LEDs and low-threshold-pumping lasers [7]. The
above considerations have stimulated our efforts to syn-
thesize and study photonic crystals based on GaPN
solid solutions.

2. SAMPLES

As we reported earlier [8], the starting matrices for
the fabrication of our photonic crystals were synthetic
opals composed of a 3D-ordered close-packed lattice of
a-SiO2 spheres. In these opals, up to 26% of the total
volume is occupied by air voids between the spheres,
and this volume is accessible to fill with other materi-
als. The diameter of the spheres, determined with scan-
ning electron and atomic-force microscopes, was
~245 nm. The opals had a polydomain structure. The
characteristic size of domains with a high degree of
003 MAIK “Nauka/Interperiodica”
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ordering of SiO2 spheres was about 100 µm. Each sub-
micrometer SiO2 sphere was composed of nanosize
particles of amorphous SiO2, with some fraction of air
voids in between. As a result of this, the average dielec-
tric constant of a sphere, εb, differs from the value for
bulk a-SiO2. According to our estimates [9], εb ≈ 2.0 for
the opal samples used.

Semiconductors were synthesized directly in the
opal voids using a technology similar to that used in
[10]. At the initial stage, the voids between the spheres
were filled with a Ga2O3 precursor. Later, opals were
annealed at a temperature of about 900°C in a mixture
of nitrogen and phosphorus hydrides. The chemical
reactions that may take place in these conditions should
yield GaPN material in the opal voids, and, therefore,
hereafter we shall refer to the samples obtained in this case
as opal–GaPN composites. By analogy, we shall denote
the samples obtained by annealing in an atmosphere of
phosphorus hydrides only as opal–GaP composites. The
degree to which the voids were filled with the material was
determined by gravimetry to be 20–30%.

The atomic concentrations of elements forming the
materials introduced into the opals were determined by
X-ray electron probe microanalysis. In the opal–GaP
composite, the concentrations of Ga and P atoms were
nearly equal (Ga : P ≈ 1 : 1.2). Some excess of P can be
accounted for by the presence of elementary phospho-
rus in the opal voids, which could condense during
cooling of the sample in phosphorus vapor. Analysis of
the intensity of characteristic X-ray lines has shown
that the concentration ratio of the principal components
in opal–GaPN composites is Ga : P : N = 1 : 0.2 : 0.8.
It is worth noting that the concentration of nitrogen
atoms is determined with a low precision due to the low
intensity of characteristic lines of light atoms (in our
case, N and O).

The X-ray study has shown that the material intro-
duced into the voids of the opal–GaP composite is
cubic nanocrystalline GaP (Fig. 1a), and the material
synthesized in the voids of the opal–GaPN composite is
X-ray-amorphous (Fig. 1b). At high nitrogen content
(~0.8), which occurs in our case, the crystallization of
solid solution can be thermodynamically unfavorable
due to the considerable lattice mismatch and the differ-
ence in crystal structure type between GaN (hexagonal)
and GaP (cubic). The maximum value of x at which
crystalline GaP1 – xNx solid solution could be obtained
did not exceed 0.16 [11]. Two limiting alternatives are
possible for the X-ray-amorphous material formed in
the opal pores: (i) an amorphous GaPN solid solution
and (ii) a material consisting of two separate amorphous
phases, GaP and GaN. It is possible, in principle, that the
substance formed is a mixture of these limiting cases.

In order to identify the nature of the materials
formed in the opal voids, the Raman scattering spectra
were studied. The data for the opal–GaP composite
have confirmed that GaP introduced in voids has a
nanocrystalline structure. We did not manage to mea-
SEMICONDUCTORS      Vol. 37      No. 12      2003
sure Raman spectra for the opal–GaPN composite,
because it appeared that all the emission lines of Ar-ion
and Kr-ion lasers that were at our disposal gave rise to
strong photoluminescence (see below), which made it
impossible to resolve the weak spectral features associ-
ated with Raman scattering.

The formation of separate amorphous phases in the
opal voids hardly seems likely. Indeed, crystalline hex-
agonal GaN is formed at the same temperature of syn-
thesis during annealing of Ga2O3 in a nitrogen hydride
vapor [4], and crystalline cubic GaP is formed during
annealing in a phosphorus hydride vapor (Fig. 1a). If
the GaP and GaN phases were separated when a vapor
mixture of nitrogen and phosphorus oxides is used, it
might be expected that these separated phases would
also be crystalline, since the synthesis conditions would
be similar. The lack of any evidences of crystallinity in
the diffraction pattern in Fig. 1b leads us to conclude
that in this case an amorphous GaPN solid solution is
formed in the opal voids. Taking into account the differ-
ence between the free energies of dissociation of nitro-

gen and phosphorus hydrides (∆  = 16.21 and
−13.4 kJ/mol, respectively) [12], the X-ray-amorphous
GaPxN1 – x solid solution formed may be characterized
by an inhomogeneous concentration distribution over
the sample.
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Fig. 1. X-ray diffraction patterns of (a) opal–GaP and
(b) opal–GaPN composites.
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3. OPTICAL STUDIES: 
RESULTS AND DISCUSSION

In order to study the photonic crystal properties of
the composites produced, we analyzed the specular
light reflection and photoluminescence (PL) spectra.

3.1. Reflection Spectra

Figure 2 shows the reflection spectra of the opal–
GaPN composite at various angles of incidence of light,
recorded in s-polarization (a detailed report on the
study of the light reflection spectra of the opal–GaP
composite will be published elsewhere). The spectra
demonstrate pronounced peaks, which are blue-shifted
as the angle of incidence θ increases. The formation of
these peaks and the specific shift in their angular depen-
dence, which approximately obeys the well-known
Bragg Law, are a direct result of the existence of PBG
in photonic crystals.

As the angle of incidence increases, at θ ≈ 50°, an
additional peak at a shorter wavelength appears in the
reflection spectrum. The peak intensity increases and
becomes comparable with the intensity of the long-
wavelength peak at θ ≈ 55°. The spectra develop a
clearly pronounced doublet structure. As the angle of
incidence further increases, the intensity of the long-
wavelength peak decreases, and only the short-wave-
length peak remains.

1.0

0
400

Reflectivity, arb. units

Wavelength, nm

0.8

0.6

0.4

0.2

500 600

12345

Fig. 2. The Bragg reflection spectra of the opal–GaPN com-
posite at different angles of incidence of light: (1) 12°,
(2) 30°, (3) 40°, (4) 57°, and (5) 65°.
The presence of this doublet structure in the reflec-
tion spectrum under oblique incidence of light is indic-
ative of multiple Bragg diffraction [13], i.e., the simul-
taneous diffraction of light on a system of at least two
intersecting crystal planes. One system of planes is the
family of (111) growth planes parallel to the natural
surface of the sample. The other system of nodal planes
should cross the (111) planes at some angle.

In [13], the appearance of the doublet structure
under oblique incidence of light was attributed to
simultaneous diffraction on the (111) and (200) planes.
However, a contribution to multiple diffraction must
also be made by planes of the {111} family that are not
parallel to the sample surface (hereafter, we denote

these planes as ( )). In this case, a considerably
stronger effect of multiple diffraction should be

expected precisely on the intersecting (111) and ( )
planes, rather than on the (111) and (200) planes,
because the spatial modulation of the dielectric con-
stant in 〈200〉  directions is much weaker than the corre-
sponding modulation in 〈111〉  directions. This fact is
confirmed by numerical estimations and direct experi-
mental observations [14]. Consequently, PBGs formed
by {200} planes are much narrower than those arising
from the Bragg diffraction on {111} planes.

The dependences of the Bragg reflection peaks on
the angle of incidence, which are shown in Fig. 3, dem-
onstrate two branches (lower and upper) separated by
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Fig. 3. Angular dependence of the positions of the Bragg
reflection peaks. The cross lies in the middle of the line seg-
ment connecting the maximum in the lower branch with the
minimum in the upper branch.
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an avoiding-crossing area [13]. The cross in the figure
marks the point in the center of the line segment con-
necting the minimum of the upper branch with the max-
imum of the lower one. Our analysis has shown that, in
the case of a weak periodic perturbation of the dielec-
tric constant, the Bragg conditions are met in this point
(λ = λ∗ , θ = θ∗ ) simultaneously for the diffraction on

three planes, (111), ( ), and (200), of the face-cen-
tered cubic lattice. In the case of a face-centered cubic
lattice, the coordinates of point (λ∗ , θ∗ ) obey the fol-
lowing simple relations:

(1)

(2)

where a is the distance between the centers of spheres
in the opaline structure and ε0 is the average dielectric
constant of the structure.

The relations (1), (2) can be used for further charac-
terization of photonic crystals. The substitution of the
measured values a = 245 nm, λ∗  = 487.5 nm, and θ∗  ≈
55° in Eq. (1) shows that relation (1) is satisfied with

good accuracy: (a/λ∗ )sinθ∗  ≈ 0.42 and /4 ≈ 0.43.
This indicates that the structure of the sample under
study corresponds to a face-centered cubic lattice.1 If
this is the case, relation (2) must also be satisfied, and
the value ε0 = 2.0 is obtained for wavelength λ∗ . At the
same time, ε0 satisfies the relation

(3)

where εa and εb are, respectively, the average dielectric
constants of the inter-sphere space and the spheres
themselves, and f is the factor describing the filling of
the structure with spheres. Then, using the known val-
ues εb and f [9] and the estimate for ε0, we find εa ≈ 2.0.
The value εa obtained is the average dielectric constant
for the space between spheres, which is partially filled
with air and GaPN. Assuming as a rough approxima-
tion that εa is a linear function of the degree to which
voids are filled with solid solution and taking into
account the inaccuracy of gravimetric data, we estimate
the dielectric constant of the synthesized amorphous
GaPN as εGaPN = 4.5–6.0 in the spectral range of the
avoiding-crossing area. This estimate, as well as the
results of electron-probe microanalysis, indicate a high
density of nitrogen in synthesized GaPN, since the
dielectric constant εGaN of pure GaN is ~5.5 (at around
500 nm) [15].

1 In several pure opals and synthesized composites, a considerable
(over 10%) deviation from Eq. (1) was obtained upon the substi-
tution of the measured (λ∗ , θ∗ ) values in the left-hand side of
Eq. (1), which indicated that the spatial symmetry of these photo-
nic crystals differed from that of the face-centered cubic lattice.

111

a
λ*
------ θ*sin 3/4,=

ε0 2 θ*,sin
2

=

3

ε0 εa 1 f–( ) εb f ,+=
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3.2. Photoluminescence

The photoluminescence (PL) of the composites pro-
duced was studied at room temperature. The PL was
excited with an Ar-ion laser at 457.9 nm. The measure-
ments were taken on different areas of the sample sur-
face: from well-ordered areas within selected domains
characterized by strong Bragg reflection of light and
from disordered areas with a zero Bragg reflection
component. An optical microscope was used to select
different areas on the sample surface. The laser beam
was focused on the sample surface at normal angle of
incidence with a microscope lens (×10) to within a sin-
gle domain. The same objective collected the PL radia-
tion, which was projected onto the spectrometer slit
with a system of lenses and semitransparent mirrors.
The detector was a Jobin Yvon CCD camera.

Figure 4 shows PL spectra from disordered areas of
the composites. The opal–GaPN composites are char-
acterized by a strong PL band (spectrum 1) with a peak
intensity more than two orders of magnitude higher
than the intensity of the corresponding band in the
opal–GaP composite (spectrum 2). As shown in Fig. 4,
in spite of the fact that the positions of PL peaks of both
composites lie in the same spectral range, their shapes
differ noticeably. The PL band from the opal–GaP com-
posite is considerably broader than that from the opal–
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Fig. 4. PL spectra from disordered areas (characterized by a
zero Bragg component in the reflection spectra) of (1) opal–
GaPN and (2) opal–GaP composites.
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GaPN and is shifted to longer wavelengths with respect
to the latter.

The PL peaks of the opal–GaP composite are shifted
substantially to shorter wavelengths with respect to the
Bragg reflection peaks, which lie in the 680 nm range.
In the opal–GaPN composite, the PL bands observed lie
in the spectral range of PBG. This factor, combined
with a high PL intensity, made it possible to observe
manifestations of PBG in the luminescence spectra.
Figure 5 shows the PL spectra from an ordered area of
the opal–GaPN composite with different emission exit
angles relative to the normal to the surface. The spectra
demonstrate a dip, the position and shift of which cor-
relate with the position and shift of the reflection spec-
tra peaks as the exit angle increases. The dip in the PL
spectra is caused by the fact that the intensity of radia-
tion exiting at a definite angle relative to the (111) sur-
face should strongly decrease in the spectral range sat-
isfying the Bragg reflection conditions (due to the influ-
ence of PBG on the conditions of photon propagation).

In the case of opals filled with a semiconductor, the
contribution to PL can be made by electron–hole radia-
tive recombination within a semiconductor, as well as
by emission from the opal matrix (e.g., that related to
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Fig. 5. PL spectra from well-ordered (within a single
domain) areas of the opal–GaPN composite at different
angles of emission exit relative to the normal to the sample
surface: (1) 0°, (2) 14°, (3) 26°, (4) 45°, and (5) 51°. For
convenience, the spectra are shifted along the ordinate. The
surge in spectra at about 550 nm is due to the switching of
the recording ranges.
the oxygen vacancy in SiO2) [3, 16, 17]. According to
[18], PL spectra of amorphous SiO2 at T = 300 K dem-
onstrate two emission bands in the spectral range under
study: a distinct, relatively narrow (with an FWHM of
0.19 eV) band at ~645 nm (1.92 eV) and a weaker and
broader (FWHM 0.35 eV) band at ~516 nm (2.40 eV).
In the spectra of bare opals and opals filled with ZnS,
the peaks of broad PL bands related to SiO2 emission
correspond to an energy of 2.3 eV (~539 nm) [17]. The
position of a broad (FWHM 0.5 eV) PL band in the
opal–GaP composite can also be estimated as 2.30 eV
(Fig. 4). Therefore, it may be assumed that the PL band
observed in the opal–GaP composite is largely related
to the emission from the opal matrix itself.

The PL band of the opal–GaPN composite (Fig. 4)
differs considerably in shape, FWHM (0.2 eV), and
position (505 nm, 2.45 eV) from the PL bands related
to emission from the opal matrix [3, 16, 17]. We sup-
pose that this band originates mainly from the PL of the
X-ray-amorphous material synthesized in the opal
voids. Taking into account the ambiguity of our conclu-
sions about the nature of this material, we will discuss
possible alternative origins of the band in question. If
separate amorphous phases (see above) appeared in the
opal voids, the band could be attributed to radiative
recombination in GaP or GaN. At room temperature,
the PL peak of crystalline GaP (2.3 eV [6]) is shifted to
longer wavelengths with respect to the peak of the band
under discussion. According to published data [6], the
addition of a minor amount of nitrogen shifts the PL
band of GaP to the long-wavelength (red) side of the
spectrum. Taking this into account, we believe that the
observed PL band cannot be related to emission from
the amorphous phase of GaP (usually, the luminescence
bands in amorphous materials are shifted to longer
wavelengths relative to their positions in crystalline
analogues). As was found in [19], a broad luminescence
band of amorphous GaN lies at about 2.8 eV, and, there-
fore, it is considerably shifted to the short-wavelength
side with respect to the PL band in the opal–GaPN
composite. In the light of the above, one may only
assume that the principal contribution to the lumines-
cence observed in the sample under study comes from
radiative recombination of nonequilibrium carriers in
the amorphous phase of the semiconductor GaPN.

The results of calculation of the energy gap in
GaP1 – xNx solid solution as a function of x were pre-
sented in [20]. For the estimated nitrogen content in our
samples (x = 0.8), the absorption edge of the solid solu-
tion corresponds to direct transitions (Γ–Γ transition in
the crystalline phase), and it should lie at about 2.6 eV
[20]. This position of the energy gap edge correlates
with the observed position of the PL emission peak
(2.45 eV, Fig. 4) in the opal–GaPN composite. Further
research is needed to definitively determine the nature
of the PL bands observed.
SEMICONDUCTORS      Vol. 37      No. 12      2003
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4. CONCLUSION
The possibility of forming 3D photonic crystals

based on the semiconductor composites opal–GaP and
opal–GaPN has been demonstrated. The studies of opti-
cal spectra have shown that the structures obtained
exhibit clearly pronounced properties of photonic crys-
tals and can be regarded as promising objects for fun-
damental research and technical applications.

The Bragg reflection spectra of the opal–GaPN
composite contain distinct features related to multiple
diffraction of light on the systems of nonparallel crys-
tallographic planes of the {111} family. It is shown that
the spectral positions of these features and their depen-
dence on the angle of incidence of light are directly
related to the optical and geometrical parameters of the
composite.

The PL spectra of opal–GaP and opal–GaPN com-
posites have been studied. Owing to the fact that the
energy position of PBG in the opal–GaPN composite
falls within the broad emission band of the semicon-
ductor material, it was possible to observe an apprecia-
ble modification of the emission spectrum related to the
effect of the PBG. Thus, it was shown that a synthesized
opal–GaPN structure can be used, in principle, for con-
trolling the characteristics of spontaneous emission and
can be regarded as a promising system in the design of
low-threshold lasers.
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Abstract—Heterostructures with In(Ga)As/GaAs quantum dots and quantum wells grown at low substrate
temperature were studied by reflection high-energy electron diffraction, transmission electron microscopy, and
photoluminescence methods. It is shown that InAs deposited onto (100) GaAs surface at low substrate temper-
ature forms 2D clusters composed of separate quantum dots. Optical spectra of structures containing such clus-
ters demonstrate emission in the 1.5–1.6 µm range. © 2003 MAIK “Nauka/Interperiodica”.
1. INTRODUCTION

The development of laser diodes for the 1.55-µm
wavelength for global optical fiber communication
lines is a topical problem in modern optoelectronics
[1]. In fact, only one approach has been devised up to
now: the use of laser diodes with an active region based
on semiconductor heterostructures with InGaAsP/InP
quantum wells (QW). However, this system suffers
from two fundamental drawbacks: (i) poor temperature
behavior of laser diodes because of the weak confine-
ment of electrons in the active region; (ii) low parame-
ters of Bragg reflectors, caused by the small difference
between the refractive indices of InGaAsP and InP and
the low thermal conductivity of InGaAsP [2]. These
shortcomings have stimulated research on the design of
1.55-µm laser diodes based on other systems. Research
in several areas of this field is currently in progress; for
example, growth of InAs quantum dots (QD) on InP
substrates [3], growth of QWs in the GaAsSbN/GaAs
system [4], and doping of a semiconductor material
(e.g., GaN) with erbium [5]. We believe that the
approaches based on GaAs substrates are highly prom-
ising, because they offer higher temperature stability of
laser structures and the possibility of fabricating
Al(Ga)As/GaAs Bragg reflectors in a single cycle of
epitaxy. However, studies of Ga(In)As/GaAs and
Ga(In)As(N)/GaAs systems were until recently based
on the design of laser diodes for a wavelength of
~1.3 µm, with the active region based on arrays of
InAs/GaAs QDs [6] or InGaAsN QWs [7]. Lately, stud-
ies of the emission from heterostructures of this kind
near 1.55 µm have appeared. A high-intensity photolu-
1063-7826/03/3712- $24.00 © 21406
minescence (PL) near 1.55 µm from InGaAsN/GaAs
QW heterostructures was observed in [8]. In the same
InGaAsN/GaAs system, PL at 1.3 and 1.55 µm was
obtained from QD heterostructures [9]. The addition of
Sb into the active region of a GaInNAs/GaAs QW laser
[10] made it possible to fabricate a stripe laser emitting
at a wavelength of 1.5 µm at room temperature, with a
threshold current density of 3.5 kA/cm2 and an output
emission power of 22 mW. The possibility of obtaining
long-wavelength (~1.7 µm) emission from structures
with laterally associated InAs/GaAs quantum dots
(LAQD) fabricated at low substrate temperature (~320–
350°C) was demonstrated in [11]. The first observation
of 1.55–1.6 µm electroluminescence at temperatures of
up to 260 K from LAQD structures was reported in
[12]. In the present study, we used the last method mod-
ified in several ways: (i) InAs was deposited onto a
GaAs substrate at low temperature and a low growth
rate; (ii) the effect of misorientation of the substrate
surface in low-temperature InAs/GaAs deposition was
studied; (iii) the low-temperature deposition of
In0.5Ga0.5As solid solution in metal-stabilized condi-
tions was used.

2. EXPERIMENT

Growth experiments were performed in an EP1203
MBE setup using semiinsulating (100) GaAs sub-
strates. The samples under study consisted of a GaAs
buffer layer, a low-temperature active region, and two
short-period GaAs/AlGaAs superlattices (SL) imped-
ing the nonradiative recombination of carriers at the
003 MAIK “Nauka/Interperiodica”
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interface with the substrate and in the surface region.
Except in the case of the low-temperature active region,
the sample growth temperature was 580°C. The sam-
ples under study differed in their methods of active
region formation. In comparison with previous studies
[11–13], we introduced several radical innovations,
which can be conventionally divided into three types.
First, InAs was deposited onto a GaAs substrate at low
substrate temperature (350–410°C) and a slow growth
rate (~0.03 Å/s); second, In0.5Ga0.5As solid solution
was deposited at low substrate temperature; third, InAs
was grown on the vicinal surface of the substrate at a
low rate, at temperatures below 300°C. The effective
thickness of the InAs layer was three monolayers (ML)
in all the samples, except those with InGaAs solid solu-
tion. The thickness of the InGaAs solid solution layer in
the samples of the second type varied from 2 to 5 nm.

The As4 flux was kept constant as the structure was
grown, so that the In/As flux ratio was ~1/100 at an
InAs growth rate of 0.03 Å/s, and the Ga/As flux ratio
during the growth of GaAs was ~1/2. In the case of low-
temperature layers in samples of the second type,
InGaAs solid solution was grown in metal-stabilized
conditions (without a direct flow of As4 toward the sub-
strate). The deposition of an In-containing layer was
followed by the growth of a 5-nm-thick low-tempera-
ture GaAs layer to prevent the evaporation of InAs dur-
ing the subsequent rise of temperature and growth of
the high-temperature portion of the structure. For the
third type of samples, vicinal (100) GaAs substrates
were used, with the surface misoriented by 7° in the
[011] direction. The substrate temperature was found
by extrapolating the pyrometer data and the readings of
the thermocouple of the sample heater. The deposition
of In(Ga)As was monitored by means of reflection
high-energy electron diffraction (RHEED).

PL was excited by an Ar-ion laser (488 nm,
2 W/cm2) and detected by a cooled Ge photodetector
(Edinburgh Instruments) at the monochromator output.
A JEM 4010 microscope was used for transmission
electron microscopy (TEM).

3. RESULTS AND DISCUSSION

Figure 1 shows a cross-sectional TEM image of a
sample of the first type with an InAs layer of 3 ML
effective thickness, covered with a 5-nm-thick GaAs
layer at the same substrate temperature of 350°C. Anal-
ysis of the image shows that InAs is concentrated in
nanoislands. The lateral size of the islands can be esti-
mated as ~7 nm; their height, ~3 nm. One should note
that the estimations of the typical size of InAs QDs
obtained at deposition temperatures of 450–500°C are
12–14 nm (lateral size) and 4–6 nm (height) [14, 15].
Thus, in our case the characteristic size of InAs islands
is smaller. A reduction in the size of InAs/GaAs islands
with decreasing substrate temperature (in the range
420–500°C) was also observed in [16]. This fact is con-
firmed by comparing the PL spectra (Fig. 2) of samples
SEMICONDUCTORS      Vol. 37      No. 12      2003
grown at low (spectrum 1) and high (spectrum 2) sub-
strate temperatures. Spectrum 1 in Fig. 2 exhibits two
specific features. The short-wavelength peak (1.15 eV)
corresponds to the radiative recombination of carriers
from the ground levels in isolated QDs. A comparison
of the position of this peak with the peak energy of
spectrum 2 for the sample with 3 ML of InAs deposited
at a substrate temperature of 480°C led us to the conclu-
sion that the exciton level in low-temperature QDs is
100 meV higher than in high-temperature ones. This
indicates that the QDs are smaller in size, which is also
confirmed by the TEM data (Fig. 1). The second spe-
cific feature of spectrum 1 is a new band at a wave-
length of 1.6 µm (~0.78 eV). In [11], a similar PL band
was attributed to the presence of LAQDs. The TEM
image in Fig. 1 confirms the presence of LAQDs in our
sample. As can be seen, InAs islands form conglomer-
ates, which is not typical of InAs QD arrays grown at
high substrate temperature [16]. However, based on this
cross-sectional TEM image (Fig. 1), it is impossible to
conclude whether InAs islands form chains or whether
they are distributed in the form of 2D clusters over the

AlGaAs/GaAs SL

GaAs

AlGaAs/GaAs SL
100 nm

Fig. 1. Cross-sectional TEM image of the sample with 3 ML
InAs deposited at a substrate temperature of 350°C.
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Fig. 2. PL spectra of structures with 3 ML InAs grown at
substrate temperatures of (1) 350°C and (2) 480°C;
recorded at a temperature of 300 K.
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GaAs surface. This problem will be discussed below on
the basis of planar TEM images.

The second type of structure under study was repre-
sented by the samples with an active region formed by
depositing a 50% InGaAs solid solution at low sub-
strate temperature. RHEED and PL studies have proved
that the properties of InGaAs/GaAs structures grown at
low (~350°C) substrate temperature strongly depend on
the ratio between the fluxes of Group III elements
(Ga + In) and As4. Preliminary experiments have shown

1

In
te

ns
ity

, a
rb

. u
ni

ts

Photon energy, eV
1.000.950.900.800.75

2

3

0.85

Fig. 3. PL spectra of structures with In0.5Ga0.5As solid solu-
tion deposited onto a GaAs substrate at 350°C; recorded at
77 K. The thickness of In0.5Ga0.5As layer: (1) 2, (2) 3, and
(3) 5 nm.

AlGaAs/GaAs SL
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AlGaAs/GaAs SL

GaAs

GaAs

AlGaAs/GaAs SL

InGaAs

InGaAs

100 nm

100 nm

Fig. 4. Cross-sectional TEM images of the sample with a
5-nm-thick In0.5Ga0.5As layer deposited onto GaAs at
350°C. Layer thickness: (top) 5 nm, (bottom) 3 nm.
that, with an excess of molecular As ((In + Ga)/As4 flux
ratio ~ 1/40), InGaAs islands are formed on the surface
of the sample after the deposition of 23 Å of
In0.5Ga0.5As solid solution, which is indicated by the
characteristic modification of the RHEED pattern. With
a twofold reduction of the As4 flux ((In + Ga)/As4 ratio
~ 1/20), InGaAs islands were formed after the deposi-
tion of 34 Å of InGaAs solid solution. At the same time,
in depositing In + Ga with the As4 flow shut off (in this
case, the background pressure in the growth chamber
was ~1 × 10–6 Pa), no InGaAs islands were formed until
the thickness of the growing films reached ~100 Å. In
addition, it was noticed that, even during subsequent
low-temperature growth of GaAs, the excess As flux
results in the formation of InGaAs islands at the over-
growth stage. In attempts to deposit a In0.5Ga0.5As layer
with a thickness exceeding the above-mentioned criti-
cal thickness for the transition to island growth, mis-
match dislocations were formed, and the optical prop-
erties of structures deteriorated. Thus, we have estab-
lished that the growth of InGaAs solid solution at low
substrate temperatures occurs in the planar mode only
in metal-stabilized conditions, without a direct flow of
arsenic toward the substrate surface. The most typical
optical and structural properties of this type of sample
are shown in Figs. 3 and 4.

Figure 3 shows PL spectra of structures of the sec-
ond type, which, like structures of the first type, dem-
onstrate a long-wavelength peak at about 1.6 µm. How-
ever, in contrast to structures of the first type, in this
case it was possible to resolve the long-wavelength
peaks only at low temperatures (77 K). Analysis of
Fig. 4 allowed us to understand the source of the dete-
rioration of optical properties for this type of sample at
higher measurement temperatures. This figure shows
cross-sectional TEM images of structures with 5- and
3-nm-thick In0.5Ga0.5As. White arrows indicate the mis-
match dislocations, which partly relieve elastic stress in
the structure. It is noteworthy that the density of the
mismatch dislocations is considerably smaller in the
sample with 3 nm of InGaAs. This fact is due to the
lower total amount of InAs incorporated into the struc-
ture as compared to the sample with 5 nm of InGaAs.
A comparison of data in Figs. 3 and 4 led to the conclu-
sion that the PL intensity in samples of the second type
is determined primarily by the density of the mismatch
dislocations. Along with the observed mismatch dislo-
cations, another specific feature of these images is the
fact that the InGaAs layer is not solid but consists of a
set of fine objects (marked with black arrows). These
objects (islands) are enriched in InAs; their lateral size
is ~7 nm. Thus, it follows from Fig. 4 that, even in epi-
taxy under 2D-growth conditions (no transition from
2D- to 3D-growth was observed in RHEED patterns),
closely spaced InAs islands are formed in the structures
under study, which is typical of samples of the first
type, in which InAs islands were formed in the course
of deposition.
SEMICONDUCTORS      Vol. 37      No. 12      2003
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As suggested in [11], InAs/GaAs LAQDs are not
formed during the deposition of InAs onto a GaAs sub-
strate at substrate temperatures below 300°C owing to
the low rate of surface migration of In atoms on the
GaAs surface. We performed an experiment with InAs
deposition onto a GaAs substrate at 250°C; two sam-
ples with the same amount of InAs were grown, which
differed in the misorientation of their GaAs surfaces
(the third type of sample). The effective thickness of
InAs (3 ML) and other growth parameters, except for
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Fig. 5. PL spectra of structures with 3 ML InAs grown at
250°C on GaAs substrates: (1) misorientation of GaAs sub-
strate by 7° in the [011] direction; (2) singular GaAs sur-
face; recorded at 300 K.

200 nm

Fig. 6. Planar TEM image of the sample with 3 ML InAs
deposited at 250°C onto a vicinal GaAs surface misoriented
by 7° in the [011] direction.

3 nm

Fig. 7. High-resolution cross-sectional TEM image of the
vicinal sample. Light areas: enriched with In; dark areas:
GaAs matrix.
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the surface temperature, were the same as for samples
of the first type. PL studies (Fig. 5) have shown that, in
the case of a singular GaAs surface, the PL peak of iso-
lated QDs does disappear completely (spectrum 2), and
the intensity of the LAQD peak decreases. In contrast,
the PL spectrum of a vicinal sample (spectrum 1) con-
tains an intense line in the 1.6-µm range, as well as a
peak at 1.1 µm associated with isolated islands. A pla-
nar TEM image of the surface of a vicinal sample is
shown in Fig. 6. It can be seen that clusters composed
of InAs islands are formed on the surface of GaAs. The
characteristic lateral size of InAs islands in clusters is
7.2 nm, whereas the cluster size varies over a wide
range. Analysis of the high-resolution cross-sectional
TEM image of the vicinal sample (Fig. 7) led us to the
conclusion that the height of the InAs islands is 3.3 nm.
It can be seen in Fig. 6 that, as a rule, InAs clusters
include three to five rows of InAs islands, and the num-
ber of islands in a row, as well as the cluster size, vary
over a wide range. The rows of InAs QDs are oriented
in a direction normal to the surface misorientation, i.e.,

in the [ ] direction. This TEM image indicates the
presence of laterally associated InAs QDs, which are
responsible for the additional long-wavelength peak in
the PL spectra.

4. CONCLUSION

It has been shown that the 1.6-µm band in PL spec-
tra of In(Ga)As/GaAs can be obtained using several dif-
ferent methods. The structures of highest perfection are
produced by depositing pure InAs onto a GaAs surface;
however, the deposition of InGaAs solid solution under
optimized growth conditions provides a similar result.
It is shown also that conglomerates of InAs islands (lat-
erally associated quantum dots) were formed in the
structures under study. The emission peak at 1.6 µm
dominates in the PL spectra of optimized structures at
room temperature. The existence of steps on the vicinal
surface of GaAs stimulates the formation of QD con-
glomerates at substrate temperatures below 300°C.
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Abstract—Lasing at 1488–1515 nm in the temperature range 20–83°C was obtained in structures with an
active region based on multiply stacked arrays of self-organized quantum dots grown on GaAs substrates. The
threshold current density of a laser with four cleaved facets was 800 A/cm2 at room temperature. The method
of wavelength extension is based on the use of a metamorphic buffer layer with an In content of about 20%
intended for relieving the lattice mismatch stress. © 2003 MAIK “Nauka/Interperiodica”.
1. INTRODUCTION

Recent progress in the design of injection lasers for
the 1.3-µm wavelength range with an active region
based on self-organized quantum dots (QD) on GaAs
substrates [1, 2] has stimulated further research with
the aim of advancing to longer wavelengths: up to
1.55 µm. These structures can serve as an alternative to
conventional lasers for this spectral range, based on the
InGaAsP/InP system, and they are promising for the
design of monolithic vertical-cavity surface-emitting
lasers (VCSELs).

As we have shown earlier [3], the lasing wavelength
in structures based on self-organized InAs QDs can be
raised in a controllable way by making the energy gap
of the matrix embedding the QD array narrower. In par-
ticular, in the case of deposition onto InP substrates, the
use of an In0.53Ga0.47As matrix lattice-matched with the
substrate allowed us to reach a lasing wavelength of
1.9 µm [4]. However, in the case of a GaAs substrate,
InGaAs layers are lattice-mismatched with the sub-
strate. In terms of the pseudomorphic deposition strat-
egy, the energy gap of an InGaAs matrix is limited to
about 1.25 eV, which, in turn, restricts the lasing wave-
length of a QD laser to about 1.3–1.35 µm. A signifi-
cant decrease in the energy gap in the InGaAs matrix
embedding the QD array can be achieved if metamor-
phic heterostructures are used. As shown in [5], when
special modes are used for the deposition of an InGaAs
buffer layer, the stress is mainly relieved via the forma-
tion of mismatch dislocations localized near the inter-
face. This method enables subsequent growth of dislo-
cation-free InGa(Al)As layers with an In content of
about 20%, which form the laser structure. The method
was applied in [5], and 1.29 µm lasing was obtained in
a laser based on two InGaAs quantum wells (QW),
where the In content (about 40%) was higher than in the
surrounding matrix.
1063-7826/03/3712- $24.00 © 21411
In the present study, the concept of metamorphic
growth is applied to produce lasers with an active
region based on self-organized QDs. The lasing wave-
length at room temperature was 1488 nm, with a thresh-
old current density of 800 A/cm2. The lasing was
observed at temperatures of up to 83°C (1515 nm,
2.5 kA/cm2).

2. EXPERIMENT

The structures for study were grown on (100)
n+-GaAs substrates in a Riber 32P MBE setup with a
solid-state As precursor. Figure 1a shows the band dia-
gram of the basic laser design, further denoted as
MMQD1. The mole fraction of In was about 21% in all
the layers of the laser structure, except in the active
region. A silicon-doped InGaAs buffer of about 1.2 µm
in thickness was deposited directly onto the GaAs sur-
face. An undoped InGaAs layer of about 0.7 µm in
thickness was used as the laser waveguide, confined by
1.6-µm-thick InAlGaAs n- and p-type emitter layers,
which were doped with Si or Be, respectively, to a con-
centration of (5–10) × 1017 cm–3. The ratio between the
mole fractions of Al and Ga was about 3/5. Ten sheets
of self-organized QDs were embedded in the middle of
the waveguide layer. Each QD sheet was produced by
depositing InAs with an effective thickness of
2.7 monolayers, covered with an In0.4Ga0.6As QW 4 nm
in thickness. The thickness of InGaAs spacers between
QD sheets was 45 nm. The structure was terminated
with an InGaAs contact layer of about 0.4 µm in thick-
ness doped with Be to a concentration of 1019 cm–3.

Thus, the structure of MMQD1 metamorphic lasers
is close in design to typical QD lasers for the 1.3-µm
wavelength range on GaAs substrates. However, the
use of a metamorphic heterostructure with an In content
of about 21% allows the matrix energy gap to be
003 MAIK “Nauka/Interperiodica”
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reduced to 1.12 eV at room temperature, so that the
spectral position of the photoluminescence (PL) peak
of the QD array reaches 1.45 µm. Also, the proposed
method is an alternative to using InGaAs substrates
(see, e.g., [6]), which are now not widely produced.

As can be seen, the mismatch stress in the structure
under study is relieved in the InGaAs buffer layer, and
the active region is noticeably remote from the GaAs
substrate (on average, at a distance of 3 µm). This situ-
ation is undesirable from the point of view of applying
the metamorphic growth concept for the fabrication of
VCSELs, because the total thickness of a structure is
limited to a few wavelengths (typically, no more than
2 µm). To test the possibility of reducing the overall
thickness of the metamorphic laser structure, the
MMQD2 design was used. The main difference
between the MMQD2 and the basic MMQD1 design is
that the former has no InGaAs buffer layer. The stress
is relieved directly in the InGaAlAs:Si layer, which,
therefore, serves as the lower emitter and the buffer
layer. This makes it possible to bring the active region
much closer to the interface with the GaAs substrate.

Lasers with four cleaved facets were produced from
the structures grown. n- and p-type contacts were
formed by depositing and fusing-in (450°C)
AuGe/Ni/Au and AuZn/Ni/Au metal layers, respec-
tively. The laser characteristics were studied in the tem-
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Fig. 1. (a) Band structure of the laser structure under study;
(b) cross-sectional SEM image of the structure.
perature range 20–85°C with driving current pulses
0.2 µs in width. A Ge photodiode was used as the signal
detector.

3. RESULTS AND DISCUSSION
Figure 1b shows a cross-sectional image, obtained

by scanning electron microscopy (SEM), of the
MMQD1 laser structure. Noteworthy is the high planar-
ity of all the heterointerfaces, as well as the absence of
microcracks, flaking, and other defects of the cleaved
surface. The latter fact allows laser cavity mirrors to be
formed by cleaving the facets, as in the case of non-
metamorphic lasers on GaAs.

The threshold and spectral characteristics of lasers
grown in the two different designs described above,
MMQD1 and MMQD2, turned out to be very similar.
Thus, we shall not discuss the differences between
them any further.

Figure 2 shows a PL spectrum recorded at room
temperature from the surface of a laser structure in
which a contact layer and a fragment of the top emitter
were removed. The PL line from the laser active region
peaks at a wavelength of 1.45 µm, which corresponds
to the PL peak from the QD array, measured in test
structures. Thus, the blue shift of the PL line in laser
structures with respect to test structures, which has
been frequently observed in QD lasers for the 1.3-µm
range, does not occur here.

Figure 2 also shows the electroluminescence (EL)
spectra of the laser structure recorded from the facet
with different driving currents. A lasing line appears at
a wavelength of 1488 nm at a threshold current density
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Fig. 2. Solid lines: EL spectra at different driving current
densities: (1) 770, (2) 800, and (3) 830 A/cm2. Dashed line:
(4) PL spectrum of the laser structure etched in a H2SO4 :
H2O2 : H2O solution.
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of 800 A/cm2. The lasing line is appreciably red-shifted
with respect to the PL peak, which is indicative of a
considerable optical gain margin (the saturated gain
considerably exceeds the internal loss). The threshold
current densities achieved are to be compared with the
best results obtained in lasers based on nitrogen-con-
taining pseudomorphic QWs. As reported in [7, 8], las-
ing at 1.52 and 1.50 µm was obtained in InGaAsN and
InGaAsNSb QW structures, respectively, with thresh-
old current densities of 7 and 3.5 kA/cm2.

Figure 3 shows the temperature dependences of the
threshold current density and lasing wavelength. Las-
ing is observed up to the highest temperature of the
experiment, 83°C. In this case, the wavelength is
1515 nm, and the threshold current density is
2.5 kA/cm2. The temperature dependence of the lasing
wavelength is described by the coefficient 0.5 nm/K,
and the threshold current density by the characteristic
temperature 60 K.

To conclude, it is worth noting the good electrical
characteristics of both laser structures. The cutoff volt-
age of the current–voltage characteristic of the laser
diodes is 0.8 V, which correlates with the expected
energy of the ground-state optical transition. This indi-
cates the absence of additional barriers for carrier injec-
tion within the metamorphic structure, e.g., at the inter-
faces between the buffer and the lower emitter, or
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Fig. 3. Temperature dependences of (1) the threshold cur-
rent density and (2) the lasing wavelength.
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between the top emitter and the contact layer. The
series resistivity is estimated as 2 × 10–4 Ω cm2.

4. CONCLUSION

Laser structures on GaAs substrates with an active
region based on self-organized QDs have been fabri-
cated using the metamorphic growth technique, and
lasing in the 1.5-µm spectral range has been obtained.
The proposed approach seems promising for the fabri-
cation of VCSELs, as well as for progress toward
longer wavelengths.

ACKNOWLEDGMENTS

The authors are grateful to V.M. Busov for the SEM
study of the structure properties, Yu.G. Musikhin for
the transmission electron microscopy studies, and to
M.V. Baidakova for the X-ray diffraction studies.

This study was supported by the Joint Program of
the Ioffe Institute and NSC-Nanosemiconductor-
GmbH, Germany. A.E.Z. and V.M.U. acknowledge the
support of the Russian Science Welfare Social Fund.

REFERENCES
1. A. R. Kovsh, N. A. Maleev, A. E. Zhukov, et al., Elec-

tron. Lett. 38, 1104 (2002).
2. A. E. Zhukov, A. R. Kovsh, S. S. Mikhrin, et al., Physica

E (Amsterdam) 17, 589 (2003).
3. V. M. Ustinov and A. E. Zhukov, Semicond. Sci. Tech-

nol. 15, R41 (2000).
4. V. M. Ustinov, A. E. Zhukov, A. Yu. Egorov, et al., Elec-

tron. Lett. 34, 670 (1998).
5. A. E. Zhukov, A. R. Kovsh, S. S. Mikhrin, et al., Fiz.

Tekh. Poluprovodn. (St. Petersburg) 37, 1143 (2003)
[Semiconductors 37, 1119 (2003)].

6. K. Otsubo, Y. Nishijima, and H. Ishikawa, FUJITSU Sci.
Technol. J. 34, 212 (1998).

7. M. Fischer, D. Gollub, S. Moses, et al., in Abstract Book
of International Workshop on GaAs Based Lasers for
1.3–1.5 µm Wavelength Range (Wroclaw, Poland, 2003),
p. 48.

8. L. H. Li, V. Sallet, G. Patriarche, et al., in Abstract Book
of International Workshop on GaAs Based Lasers for
1.3–1.5 µm Wavelength Range (Wroclaw, Poland, 2003),
p. 49.

Translated by D. Mashovets



  

Semiconductors, Vol. 37, No. 12, 2003, pp. 1414–1420. Translated from Fizika i Tekhnika Poluprovodnikov, Vol. 37, No. 12, 2003, pp. 1465–1472.
Original Russian Text Copyright © 2003 by Grebenshchikova, Imenkov, Zhurtanov, Danilova, Chernyaev, Vlasenko, Yakovlev.

                                                          

PHYSICS OF SEMICONDUCTOR
DEVICES

              
Properties of GaSb-Based Light-Emitting Diodes 
with Chemically Cut Substrates

E. A. Grebenshchikova, A. N. Imenkov, B. E. Zhurtanov, T. N. Danilova, 
A. V. Chernyaev, N. V. Vlasenko, and Yu. P. Yakovlev*

Ioffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg, 194021 Russia
*e-mail: Yakovlev@iropto.ioffe.ru

Submitted April 2, 2003; accepted for publication April 3, 2003

Abstract—Light-emitting diodes for the mid-IR (λ = 1.7–1.9 µm) spectral range were studied. The substrate
of GaSb-based light-emitting chips was chemically cut into a conical–pyramidal shape, and the number of chip
faces increased from six to ten. Studies of the emission spectra and far-field pattern have shown that chemical
cutting raises the external quantum efficiency and makes the far-field pattern almost hemispherical. © 2003
MAIK “Nauka/Interperiodica”.
1. INTRODUCTION

The high refractive index of electroluminescent
semiconductors hinders light extraction from the crys-
tal of a light-emitting diode (LED). This is because
only a small portion of the light generated in a semicon-
ductor falls onto the external surface at an angle of inci-
dence smaller than the angle of total internal reflection.
Only this part of the emitted light passes (taking the
transmission coefficient into account) across the sur-
face. The rest is reflected inwards. Even for a spherical
surface, only the part of the emitted light generated near
the center of the sphere exits outwards. For example, in
the case when light is emitted over the entire secant
plane, only 11% can pass outwards after the first inci-
dence onto a spherical surface. In a parallelepiped-
shaped crystal, 8% of the radiation can cross six faces.

Different methods of texturing a semiconductor sur-
face (formation of a system of pits) to change the angle
of inward reflection have been discussed [1–3] in the
hope that, after light passes several times across the
semiconductor, it will fall onto the surface at an angle
smaller than the total internal reflection angle and par-
tially exit outwards. This method makes it possible to
raise the fraction of extracted light to ~30% for visible
and near-IR LEDs. In the mid-IR range, the multiple-
pass technique does not provide the desired result due
to the increasing role of absorption by free carriers,
which is proportional to the wavelength squared. The
reduction of the crystal size to reduce the path length
for light impairs heat removal, and, consequently,
diminishes the power of the LED. The band-to-band
absorption is also more important in narrow-gap than in
wide-gap semiconductors due to the lower ionization
energy of impurities in the former.

The prospect of a tenfold increase in the efficiency
of mid-IR LEDs by means of improving the exit of light
from a crystal justifies new research in this area.
1063-7826/03/3712- $24.00 © 21414
The present study considers the possibility of using
chemical etching to cut a crystal into a shape that
ensures the exit of emitted light. This is a continuation
of our research on the design of mid-IR (1.6–2.4 µm)
LEDs [4–7], and its goal is to enhance the emissivity of
an LED crystal by making it into a special shape.

2. METHODS OF FABRICATING AND STUDYING 
ELECTROLUMINESCENT STRUCTURES

The LED structures for study were produced by liq-
uid-phase epitaxy on (100) n-GaSb substrates that were
400 nm thick [4, 5]. The substrates were doped with Te
to an electron density of 8 × 1017 cm–3. First, an active
undoped GaSb layer was grown, with rare-earth Gd
added to improve the layer perfection. This layer was
p-type, which is typical of undoped GaSb layers;
the thickness of the layer was 1.5 µm. Later, a
p-GaAl0.34SbAs confining layer with a wider energy
gap was grown; it was doped with Ge to a hole density
of 1 × 1018 cm–3. Its thickness was 3.5 µm. On top, a
0.5-µm-thick p-GaSb contact layer was grown, which
was heavily doped with Ge to a hole density of 8 ×
1018 cm–3. After that, the wafer was ground and pol-
ished to a thickness of 220 µm.

The chemical cutting was performed by contact
photolithography as follows. At the first stage, a pattern
in the form of squares with sides L = 480 µm and a step
of S = 500 µm was formed on the substrate side to
delineate the boundaries of single chips. The boundary
channels were etched to a depth of 70 µm by electro-
chemical etching in a CrO3-based etchant; their width
was 160 µm. At the second stage of photolithography, a
pattern of circles 300 µm in diameter was formed in the
centers of the squares. By etching it in the same way,
we obtained structures 140 µm high, each of which had
the form of a pyramid at its base and a truncated cone
003 MAIK “Nauka/Interperiodica”
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in its upper part, with a top area 200 µm in diameter
(Fig. 1a). At the third stage, a window for ohmic contact
100 µm in diameter was produced by photolithography.

Contact layers were formed by successive deposi-
tion of Cr, Au + Te alloy, and Au in a VUP-4 vacuum
installation. Then the contact layers were fired-in at a
temperature of 250°C for 1 min. Contacts to the
p-region were formed by successive deposition of Cr,
Au + Te alloy, and Au onto the whole surface of the
p-GaSb contact layer with subsequent firing-in in the
above-mentioned mode. Then, the wafers were divided
into separate chips. Each chip was mounted, with the
epitaxial layer (epilayer) down, on a TO-18 LED crys-
tal holder with a flat table.

For comparison with LEDs produced by the deep
etching method, devices of conventional design
(Figs. 1b, 1c) were fabricated. In this case, the above-
described squares were formed on the n-side of one
wafer (Fig. 1b) and the p-side of another (Fig. 1c), and
15-µm-deep channels were etched to form the separat-
ing grid. After repeated photolithography, round con-
tacts 100 µm in diameter were formed at this side. An
ohmic contact was formed over the total area of the
opposite side. The wafers were divided into separate
chips, and the chips were mounted on crystal holders,
with the solid contact down.

Spectral characteristics of LEDs were recorded in a
range of 1.4–2.4 µm in a setup using a CVI Laser Cor-
poration monochromator (California, USA). The pho-
todetector was an InSb photodiode shipped with an
EG & G JUDSON preamplifier. The peak sensitivity of
this photodiode (at λ = 5 µm) is 3.5 A/W, with the pho-
toelectric threshold at 5.3 µm. The signal was recorded
using a Stanford Research Systems selective voltmeter
(USA). The average emission power of the LEDs was
determined as a quantity proportional to the integral of
the spectral curve, taken over the entire spectrum. The
following parameters were taken into account: the frac-
tion of light incident on the photodetector, reflectivity
of the diffraction grating, photodetector sensitivity at
the given wavelength, and preamplifier gain, as well as
the modification of the signal by the selective voltmeter
(the output amplitude differs from the input signal
amplitude by the coefficient of the first harmonic in the
Fourier transform of the square-wave signal into the
sum of sinusoidal signals).

Additionally, control measurements of the average
emission power of LEDs were taken using an Orphir
NOVA milliwattmeter (Israel).

The far-field pattern of the LED emission was stud-
ied using an original setup in which the LED was
rotated around the axis lying in the p–n junction plane.
Two directions of axis were chosen: parallel to the sides
of the square limiting the p–n junction plane or along its
diagonal. For this purpose, an LED was turned by 45°.
The far-field patterns were obtained in two planes. One
of these was parallel to the side faces of a chip, the other
was at an angle of 45° to it. An LED was driven by
SEMICONDUCTORS      Vol. 37      No. 12      2003
square current pulses with a duty cycle of 50% and a
repetition rate of about 1 kHz. The light emitted was
detected by an uncooled PbSe photoresistor situated at
a distance of 5 cm from the LED; the width of the pho-
tosensitive area was 1 mm; its length, 4 mm.

The electrical signal obtained was amplified by a
V6-9 selective voltmeter, lock-in detected, and
recorded by an electronic recorder, and it was also fed
into a computer for processing. The measurements
were done at room temperature (297 K).

3. EMISSION SPECTRA

The emission spectra of LEDs with different crystal
shapes turned out to be different (Fig. 2). First, we will
discuss the emission spectra at small currents (50–
150 mA). In the case of the parallelepiped-shaped crys-
tal with substrate soldered to the crystal holder (Fig. 2,
curve 1), a spectral doublet is observed with peaks at
1.76 and 1.9 µm (the photon energies are 0.705 and
0.65 eV; the FWHM of bands, 0.06 and 0.07 eV, respec-
tively).

A similar crystal with epilayer soldered to the crys-
tal holder actually emits a single band, with its param-
eters nearly coinciding with those of the long-wave-
length band of the doublet mentioned above. The peak
wavelength is 1.87 µm (0.66 eV); the FWHM, 0.06 eV
(Fig. 2, curve 2).

(a)

(b)

(c)

Fig. 1. Designs of three types of LED chips: (a) with a con-
ical–pyramidal substrate part; (b) in the shape of a parallel-
epiped with its epitaxial part soldered to the crystal holder;
(c) in the shape of a parallelepiped with its substrate part
soldered to the crystal holder.
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Fig. 2. Emission spectra (at 150 mA current) for LEDs of
three designs: (1) standard parallelepiped with its substrate
part soldered to the holder; (2) the same with the epitaxial
part soldered to the holder; and (3) with a conical–pyrami-
dal deep-etched substrate part.
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Fig. 3. Emission spectra of a parallelepiped-shaped LED
with substrate soldered to the sample holder at different cur-
rents: (1) 50, (2) 100, (3) 200, and (4) 300 mA.
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Fig. 4. Emission spectra of a parallelepiped-shaped LED
with epitaxial part soldered to the sample holder. Current:
(1) 50, (2) 100, (3) 200, (4) 300 (5) 500, and (6) 800 mA.
The deep-etched pyramidal crystal emits a single
wide band with a nearly flat peak at a wavelength of
1.83 µm (0.68 eV), with an FWHM of 0.08 eV (Fig. 2,
curve 3).

LEDs with substrate soldered to the crystal holder
(Fig. 3) exhibit a red shift of the short-wavelength band
over the whole range of currents from 50 to 300 mA.
The long-wavelength band of the doublet shifts only at
higher currents, above 200 mA. For LEDs with the con-
tact epilayer soldered to the crystal holder (Figs. 4, 5),
the shape of the emission spectra does not depend on
current in the range 50–250 mA. As the current is fur-
ther increased, the spectra are shifted to longer wave-
lengths.

The dependence of the intensity of emitted light on
current is sublinear at currents above 100 mA (Fig. 6).
In the LEDs mounted on the crystal holder with their
contact epilayer down, a superlinear dependence of the
intensity of emitted light on current is observed at cur-
rents below 50 mA (Fig. 6, curves 2, 3). When the sub-
strate of a crystal is soldered to the crystal holder, the
superlinear portion of the characteristic is not observed
(Fig. 6, curve 1). At currents below 200 mA, these
LEDs show higher emission efficiency than the LEDs
with epilayer soldered to the crystal holder. However, at
currents of 200–250 mA, the intensity of light emitted
by the former ceases to grow with increasing current,
and they become inferior to LEDs with deep etching of
the substrate part and the emitting part close to the crys-
tal holder. As regards the intensity of the long-wave-
length band, they are also inferior at small currents.

Table 1 lists the external quantum efficiencies of the
emission, ηext, at a current of 300 mA for LEDs whose
light–current characteristics are shown in Fig. 6. Also
listed are the average emission wavelengths λ and the
photon energies hν used in the calculation of the exter-
nal quantum efficiency. As can be seen from Table 1,
LED no. 3 with a deep-etched substrate part shows the
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Fig. 5. Emission spectra of an LED with a deep-etched con-
ical–pyramidal substrate part. Current: (1) 40, (2) 100,
(3) 200, (4) 275, and (5) 395 mA.
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highest external quantum efficiency of emission as
compared with parallelepiped-shaped LEDs.

Thus, deep etching of the substrate part of the wafer
with the formation of a pyramidal–conical LED chip
and mounting on the crystal holder with the epitaxial
side down provides better conditions for the exit of light
of the long-wavelength emission band than the standard
design, especially at high currents.

4. FAR-FIELD PATTERN

Each shape of the LED crystal is found to have a
specific far-field pattern of emission (Figs. 7–9).

In the case of the parallelepiped-shaped crystal with
substrate soldered to the crystal holder (Fig. 7), the
intensity of emitted light is the highest in the direction
normal to the epilayer, and it falls smoothly as the angle
of deviation from this direction increases. In the plane
parallel to the side faces, the intensity of light emitted
at intermediate angles is smaller than in the plane con-
taining the diagonal of the epilayer. The difference
between these intensities is the greatest at angles of
+70° and –70°.

In the case when a similar crystal is soldered to the
crystal holder with its contact epilayer down (Fig. 8),
the intensity of emitted light shows peaks at deviation
angles of +40° and –40°, with a sharp dip in between.
In the plane parallel to the side faces, the intensity at
intermediate deviation angles is also lower than in the
plane containing the epilayer diagonal.

In the case of crystals with a deep-etched substrate
part soldered to the crystal holder with the contact epil-
ayer down, a weak angular dependence of the emission
intensity is typical (Fig. 9). In this weak dependence,
the intensity of the light emitted first increases by 10–
15% as the angle changes from zero to 70°–80° and
then drops abruptly to zero at an angle of 110°, which
means that there is virtually a plateau in the range of
angles from –80° to 80°. We can say that the emission
is omnidirectional.

In the scanning plane parallel to the side faces, the
intensity of light emitted at intermediate deviation
angles is 10–15% lower than in the plane containing the
diagonal of the epilayer.

5. DISCUSSION

The smallest distortion of the emission spectra is
observed for chips mounted on the crystal holder with
their substrate down, i.e., with the emitting epilayer fac-
ing outwards. This is because these crystals have a short
optical path for the exit of emitted light across the wide-
bandgap epilayer. It is worth noting that the difference
between the energy gap and the energies of the short-
and the long-wavelength spectral peaks are equal to,
respectively, the ionization energy of a single-charged
acceptor (0.02 eV) and its approximately quadrupled
value. This fact suggests that double-charged acceptors
SEMICONDUCTORS      Vol. 37      No. 12      2003
are involved in the emission process. Double-charged
acceptors are formed when Ga occupies Sb sites in the
crystal lattice; this is typical of GaSb, which is distin-
guished by a significant nonstoichiometry. It is not nec-

Table 1

No. P, mW λ, µm hν, eV ηext , %

1 0.62 1.85 0.67 0.31

2 0.49 1.87 0.663 0.24

3 0.83 1.86 0.667 0.42
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Fig. 6. Pulsed emission power vs. current at the pulse fre-
quency 512 Hz and duty cycle 50%: (1–3) for the three LED
designs mentioned in the caption to Fig. 2; (1') for the long-
wavelength band of the LED of the first design.
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Fig. 7. Far-field pattern of a parallelepiped-shaped LED
with substrate soldered to the sample holder for two planes
perpendicular to the p–n junction plane: (1) parallel to the
lateral faces of the chip and (2) containing the diagonal of
the p–n junction plane.
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essary to assume the presence of other acceptors
because they were not introduced intentionally, and the
epilayer was purified with Gd.

The presence of only the long-wavelength emission
band in the case when the LED chip is soldered to the
crystal holder with its epilayer side down indicates a
strong absorption of the short-wavelength band in the
chip bulk, i.e., in GaSb. This is basically band-to-band
absorption (via the “tails” of allowed bands), since the
long-wavelength band is absorbed to a much lesser
extent. In this case, a short optical path exists only for
light generated near the lateral faces of the chip, and the
contribution of this light is small.

The short-wavelength band is noticeable in the
emission spectra of deep-etched crystals. If the spec-
trum is represented in the form of two bands, the short-
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Fig. 8. Far-field pattern of a parallelepiped-shaped LED
with its epitaxial part soldered to the sample holder. The
measurement conditions were the same as in Fig. 7.
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Fig. 9. Far-field pattern of an LED with deep-etched coni-
cal–pyramidal substrate part. The measurement conditions
were the same as in Fig. 7.
wavelength band is only twice as weak as the long-
wavelength one. This indicates that deep etching makes
the optical path for the emitted light shorter.

The light–current dependences demonstrate the
advantage of the LED in which the chip is mounted on
the crystal holder with its substrate down (in this case,
the generating region is close to the outer surface) at
low currents (below 200 mA). However, if a compari-
son is made for a long-wavelength weakly absorbed
band, this advantage vanishes. At high operating cur-
rents (about 800 mA), chips mounted in such a way that
the generating region is close to the heat-transfer sur-
face of the sample holder are undeniably preferable.
LEDs with the generating region close to the outer sur-
face with an ohmic contact on it have one more unde-
sirable effect: the light emitted is concentrated under
the contact, which results in a strong decrease in the dif-
ferential efficiency as the current increases and a high
current density under the contact. The latter effect sup-
presses the superlinear portion of the light–current
characteristic with small currents. The contribution of
the nonradiative Auger recombination also increases
because of the increase in the density of nonequilibrium
carriers. The emission efficiency decreases.

The recombination current Ic concentrated under the
round contact (in an area much smaller than that of the
emitting layer) is related to the current I outside of it by

(1)

where Iσ = 2πσbβkT/q; σ is the average conductivity of
the p-region; b, its thickness; kT, the thermal energy; q,
the elementary charge; and β, the index of mono- (β = 1)
or bimolecularity (β = 0.5) of the recombination pro-
cess. For β = 1, KT/q = 0.0256 V, b = 5 µm, and σ =
200 Ω–1 cm–1, we obtain Iσ = 16 mA. For these transport
parameters of the epilayer, in accordance with (1), the
current starts to concentrate under the contact at
100 mA, when 80% of the current flows outside the
contact. At 250 mA, only half the current appears not to
be under the contact. This calculation correlates with
the experiment. At small currents I < 4Iσ = 64 mA,
when the spreading is complete, relation (1) is invalid,
and the ratio of currents under the contact and outside
of it equals the ratio of the contact area to the area of the
GaSb contact layer not covered by the contact plate. In
our case, it equals 3%.

Therefore, the effect of the concentration of emitted
light under the ohmic contact makes a small-area ohmic
contact on a thin p-region undesirable.

Now we will discuss heat removal.

The thermal resistance of a parallelepiped-shaped
chip is given by

(2)

I 2Iσ 1 1 Ic/Iσ++( ),=

RT
H
Sχ
------,=
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Table 2

No. dP/dI, mW A–1 hν, eV ηext , % ηF , % ηint , % ηexit , %

1 5.2 0.67 0.78 0.6 58 1.37

2 1.85 0.663 0.28 58 0.48

3 3.92 0.667 0.59 58 1.02
where H is the height of the parallelepiped, S is its area,
and χ is the thermal conductivity. For H = 220 µm and
S = 0.0025 cm2 and χ = 0.336 W/(cm K), we obtain
RT = 26 K/W. This thermal resistance is obtained for
uniform heat release in the emitting layer and for a
crystal mounted on the crystal holder with its substrate
down. The concentration of the recombination under
the contact raises the thermal resistance severalfold.

Heat is released in the emitting layer mainly due to
nonradiative recombination, and, therefore, the thermal
resistance should be calculated using Eq. (2) when this
mechanism dominates. If the internal quantum effi-
ciency of emission is high, heat is mainly released upon
absorption of light in the semiconductor bulk. In the
case of uniform absorption of light, the heat resistance
is half of that given by Eq. (2), irrespective of the posi-
tion of the emitting layer. This gives us wide scope for
the choice of shape of the LED chip.

The thermal resistance of the crystal holder
employed (TO-18 crystal holder, gold-plated, Au layer
~0.2 µm in thickness) is primarily concentrated in the
nickel table with thickness δ = 0.02 cm and diameter
D = 0.4 cm and can be expressed by the approximate
relation

(3)

where L is the crystal perimeter and χ is the thermal con-
ductivity of Ni. For L = 0.2 cm and χ = 0.59 W/(cm K),
we have RH = 25 K/W, i.e., nearly the same value as that
obtained from Eq. (2) for a semiconductor chip. The
thermal resistivity of a thin (0.2 µm) Au coating of the
crystal holder is negligible. This estimate demonstrates
that the thermal resistance of the crystal holder makes a
significant contribution to the shift of the long-wave-
length spectral band as the current rises both in LED
crystals of pyramidal–conical shape and those of stan-
dard shape at high currents (>200 mA). The red shift of
the short-wavelength band, which occurs even at small
currents, is related to the concentration of emitted light
under the contact, accompanied by the corresponding
increase in the optical path for emitted light.

Now we move on to analyze the far-field pattern of
the emission.

In the standard LED design with a parallelepiped-
shaped chip soldered to the crystal holder with its sub-
strate down, the far-field pattern of emission is close to
cosine, because the emitted light mainly exits across the
surface of the epitaxial part (~75%). The predominant

RH
1

2πχδ
------------- πD

L
-------,ln=
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exit of light across the lateral faces (~67%) is observed
in the far-field patterns of parallelepipeds soldered to
the crystal holder with their epitaxial part down. The
intensity of emitted light at zero angle is defined only
by its exit across the upper face parallel to the table of
the crystal holder. For nonzero angles, the emission
across the lateral faces is added. One lateral face is to
be taken into account in the summation in the case of
scanning in planes parallel to lateral faces, and two, in
the case of diagonal scanning. Therefore, the intensity
of emitted light is higher in diagonal directions. The
analysis of far-field patterns shows that the intensity
distribution of light emitted across any face is cosine.

In the case of deep etching, when the chip has the
shape of a pyramid with smoothed faces placed on a
parallelepiped-shaped pedestal, the emission is nearly
omnidirectional, as in the case of a spherical chip. This
is due to the increase in the number of light-transmit-
ting faces from five to nine, four of which are inclined
at an angle of ~45° relative to the emitting region. The
inclined faces are rather convex, which enhances the
exit of emitted light and reduces the directionality and
number of light passes within the chip.

Furthermore, deep etching makes the optical path of
emitted light shorter, thus reducing the absorption,
which is manifested by the presence of the short-wave-
length band in the emission spectrum.

Thus, chemical cutting of an LED chip brings the
far-field pattern of emission closer to that correspond-
ing to a spherical chip, thus enhancing the exit of emit-
ted light.

Now we estimate the internal quantum efficiency of
emission, ηint, for the case of electron transitions
between the conduction band and the levels of natural
double-charged acceptors in GaSb. First, the differen-
tial external quantum efficiency ηext for LEDs of differ-
ent designs is determined from the experimentally
defined derivative of the emission power with respect to
current dP/dI and the average photon energy hν (Table 2).
Here, the current chosen (50 mA) is small enough so
that its concentration under contact is weak (3%) but
sufficient for deep levels, which are of no interest to us,
to be saturated. We use the condition that, in the case of
LEDs with the epitaxial part in the frontal position,
light mainly exits across the thin nonabsorbing epilay-
ers. The external quantum efficiency of emission across
the top face ηF can be calculated using the ratio of the
intensities of light emitted in the directions normal to
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the lateral and top faces, f, and the fact that we have
mirror reflection from the crystal holder:

(4)

For the experimental value f = 0.15, we obtain ηF =
0.47% (Table 2). Using ηF and the theoretical fraction
of light exiting across a single face ηth, which is 1.07%
for GaSb, we determine ηint, taking into account that the
fraction γ of current is concentrated under the contact:

(5)

The value obtained, ηint = 58%, is quite sufficient to
use electroluminescence involving double-charged
acceptors in LEDs. Now, each LED design can be char-
acterized by a coefficient describing the exit of emitted
light ηexit = ηext/ηint. At small current (50 mA), the high-
est exit coefficient of 1.34% is obtained for the LED
with a parallelepiped-shaped chip soldered to the crys-
tal holder with its substrate down (Table 2). The LED
with the same shape of chip but soldered to the holder
with the opposite side down has an exit coefficient that
is inferior to the preceding LED by a factor of 3, due to
the longer optical path of the emitted light to the face.
The LED with a deep-etched substrate part is exceeded
by the high-efficiency diode by only a factor of 1.3.
However, at high currents (I > 200 mA), the former
demonstrates the highest external quantum efficiency
of emission owing to better heat removal, the absence
of current concentration under the contact, and the
additional output of emitted light across four new
inclined faces.

6. CONCLUSION
Multistage photolithography with electrochemical

etching allows one to substantially modify the shape of
the LED chip, the emission spectrum, its far-field pat-
tern, and the exit coefficient. The method allows one to
fabricate a perfect standard parallelepiped-shaped chip
mountable on a crystal holder with its substrate or epi-
taxial part down. In the first design, an undistorted exit
of emitted light across the front face is achieved at cur-
rents below 200 mA, when the current concentration

ηF

ηext

1 2 f+
----------------.=

η int

ηF

1 γ–( )η th

------------------------.=
under the ohmic contact is insignificant. When the chip
is soldered to the crystal holder with its epitaxial part
down, the range of operating currents expands to
800 mA owing to better heat removal, but the short-
wavelength emission is strongly suppressed due to the
longer path from the emission region to the front face
of the chip.

Deep etching of the substrate part allows the chip to
be shaped into the form of a truncated pyramidal–conical
structure on a thin pedestal, which contains the epitaxial
part. The mounting of this chip on the sample holder,
with its epitaxial part down, provides high operating cur-
rents and reduces the absorption of the short-wavelength
component of the emitted light. This design offers advan-
tages over the others at currents above 200 mA.
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Abstract—Metal-organic chemical vapor deposition (MOCVD) was used to form laser heterostructures in the
system of GaInAsP/GaInP/AlGaInP solid solutions. The design of the laser structure was chosen on the basis
of the calculated band offsets at the heteroboundaries in the active region of the waveguide. A maximal optical
power of 320 mW is attained at the output of the mesa-stripe diode laser with a stripe width of W = 5 µm in
continuous-wave mode at 780 nm. © 2003 MAIK “Nauka/Interperiodica”.
INTRODUCTION

Diode lasers emitting at 780 nm are widely used in
computer memory systems, for high-resolution laser
printing, in spectroscopy, medicine, and for pumping
solid-state lasers. Traditionally, such lasers are fabri-
cated on the basis of an AlGaAs/GaAs system with an
AlGaAs active region.

However, structures with an aluminum-free active
region have better power characteristics in the range
from 800 to 980 nm [1, 2]. Moreover, the threshold of
catastrophic optical mirror damage (COMD) obtained
in such structures was nearly twice as large as that for
AlGaAs/GaAs-based lasers [3]. This circumstance can
be explained by the high susceptibility of aluminum to
oxidation, which results in enhanced concentration of
oxygen in the active region and, therefore, leads to the
bulk degradation of the laser structure. Moreover, the
higher surface-recombination rate in Al-containing lay-
ers as compared to that in GaInAsP-based layers also
reduces their COMD level [3].

However, the production of GaInAsP/GaInP high-
power diode lasers with an operation wavelength shorter
than 800 nm encounters a number of difficulties.

(i) GaInAsP solid solutions that match GaAs sub-
strates and have band gaps corresponding to a lasing
wavelength between 700 and 800 nm fall in an unstable
region [4, 5]. This may cause spinodal decomposition
of the solid solution and, hence, impair the power and
threshold characteristics of lasers.

(ii) Because of a small band offset on the boundary
between the active region and the waveguide layers in
GaInP/GaInAsP heterostructures [6], the emission of
carriers from the active region becomes important for
lasing at 760–780 nm. By using materials with wider
band gaps, such as AlGaAs and AlGaInP, one can
diminish the leakage.
1063-7826/03/3712- $24.00 © 21421
The problems specified are mainly solved by the fol-
lowing means.

(1) Using a wide-gap AlGaAs emitter layer, GaInP
waveguide layer, and GaInAsP active region [7] allows
one to increase the band offset at the boundary between
the active region and the waveguide. However, in the
range of commonly used compositions x, the hetero-
junction AlxGa1 – xAs/GaInP may turn to be of the sec-
ond type (this will be shown below), which additionally
increases the loss in the laser system.

(2) Laser structures containing tensile-stressed
strained active region GaAsP and an AlGaAs-based
waveguide and emitter layers are considered in [8–10].
There, the problem of solid-solution instability in the
active region is solved. However, high strain (1%) in the
GaAsP layer with the band gap corresponding to a
wavelength of 760 nm and the complexity of the proce-
dure required for the formation of an AlGaAs/GaAsP
boundary promote the degradation of lasers. Neverthe-
less, an unprecedentedly high emission power of 6.4 W
at 780 nm was obtained in this system with a stripe
width of 100 µm [8].

(3) Lasing in the range 700–780 nm was obtained in
a system with the quaternary solid solutions AlGaInP
and GaInAsP used as materials for the emitter and the
active layers, respectively [3, 11]. The waveguide lay-
ers were formed of GaInP. The power emitted by such
structures was as high as 3 W at 732 nm with an aper-
ture of 100 µm.

EXPERIMENTAL

The heterostructures under study were obtained by
metal-organic chemical vapor deposition (MOCVD)
using an Emcore GS3100 setup with a vertical reactor.
The growth proceeded in conditions of a reduced pres-
sure of 77 Torr, a substrate-holder rotational velocity of
003 MAIK “Nauka/Interperiodica”
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1000 rpm, and a temperature of 700°C. As reactants, we
used trimethylgallium (TMGa), trimethylindium
(TMIn), trimethylaluminum (TMAl), arsine (AsH3),
and phosphine (PH3). Bicyclopentadienylmagnesium
(Cp3Mg) and monosilane (SiH4) were the n- and p-type
dopants, respectively. Hydrogen was employed as the
carrier gas.

GROUNDS FOR THE CHOICE OF DESIGN 
OF THE LASER HETEROSTRUCTURE 

Photoluminescence (PL) spectra were studied
for isotype double heterostructures
Ga0.51In0.49P/Ga(In)AsP/Ga0.51In0.49P grown on GaAs
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Fig. 1. Energy-band diagram of a double heterostructure
including wide-gap solid solution Ga0.51In0.49P and an
active region of Ga(In)AsP: (1) Ga0.51In0.49P,
(2)   GaAs0.77P0.23, (3) Ga0.8In0.2As0.6P0.4, and
(4) Ga0.74In0.26As0.53P0.47. Dashed lines indicate the size-
quantization levels.
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Fig. 2. Photoluminescence spectra of Ga(In)AsP-system
solid solutions at 300 K: (1) Ga0.74In0.26As0.53P0.47,
(2) Ga0.8In0.2As0.6P0.4, and (3) GaAs0.77P0.23.
(100) substrates. The structures were undoped, and the
electron concentration due to background impurities
did not exceed 5 × 1015 cm–3. As the active-region mate-
rial, we used strained GaAs0.77P0.23 (∆a/a = –0.8%) and
Ga0.74In0.26As0.53P0.47 (∆a/a = 0.2%), as well as
Ga0.8In0.2As0.6P0.4 matched with the GaAs lattice.

For each of these solid solutions, the band offsets
with respect to Ga0.51In0.49P were preliminarily calcu-
lated according to [12] and taking into account stresses.
The band-gap values were derived from the interpola-
tion dependences [13]. The size-quantization effects
were also taken into consideration. The compositions
were chosen based on the condition that, with stresses
and size-quantization effects taken into account, the PL
band peaks at 770 nm. Figure 1 shows the schematic
representation of the conduction and the valence band
in the solid solutions analyzed with respect to those in
Ga0.51In0.49P; the dashed line indicates the first quanti-
zation level. In all of the cases presented, the transition
is seen to be of type I. Strained quaternary and ternary
GaAs0.77P0.23 solid solutions have, respectively, the
deepest and the shallowest electronic quantum wells.

Figure 2 shows the PL spectra typical of solid solu-
tions at 300 K. It can be seen that the PL peak intensity
for the ternary solid solution is substantially lower than
those for the quaternary solutions. This fact may be
related to the shallower electronic quantum well in
GaAsP compared to that in the quaternary solid solu-
tions and, therefore, the easier thermal emission of car-
riers from it. Because of this circumstance, we chose
the quaternary solid solutions for the active region.
Studying the PL spectra of the quaternary solid solu-
tions, we found that the half-width of the spectrum of
an unstrained SS (75 meV) appreciably exceeds that of
a strained one (50 meV), and the spectrum is noticeably
extended into the high-energy region. These special
features of the PL spectrum of an unstrained solid-solu-
tion layer can be explained by its inhomogeneous com-
position, which may result from decomposition of the
solid solution in the unstable region [14–16]. The PL
spectrum of a strained solid solution corresponds to the
spectra of homogeneous solid solutions described in
[17] despite the fact that its composition also falls in the
unstable region. In this case, the homogeneity of the
deposited layer is due to stresses between the layer and
the substrate. It is known [18] that the elastic energy of
the substrate produces a stabilizing effect on unstable
solid solutions and hinders their decomposition. From
the analysis of PL spectra, we chose a strained quater-
nary solid solution as the material for the active region
of the laser heterostructure.

The properties of a laser structure also largely
depend on the morphology and the crystal quality of the
emitter and the waveguide layers. As a waveguide layer,
we used Ga0.51In0.49P since it has the widest band gap of
aluminum-free solid solutions. The emitter was made
of a (AlxGa1 – x)0.51In0.49P (x = 0.18) solid solution. This
material was chosen because its heterojunction with
SEMICONDUCTORS      Vol. 37      No. 12      2003
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Ga0.51In0.49P is of type I within the entire range of com-
positions [19], while according to our calculations per-
formed following [12], the heterojuction between
AlxGa1 – xAs and Ga0.51In0.49P is of type II within the
composition range 0.15 ≤ x ≤ 0.6. Using the composi-
tions in this range results in an additional loss of radia-
tion. Moreover, the fabrication of such layers with a
high aluminum content encounters a number of techno-
logical difficulties. First, it is not easy to ensure a suffi-
ciently high concentration of the n-type impurity; sec-
ond, the high activity of aluminum during the growth
broadens the junction at the GaInP/GaAs boundary
and, thus, impairs the quality of the laser structure. The
lattice mismatch of the solid solutions used for the
emitter and the waveguide layers with the substrate did
not exceed ∆a/a = ±0.1%. The PL bands for
Ga0.51In0.49P and (AlxGa1 – x)0.51In0.49P at room tempera-
ture peaked at 1.88 and 2.05 eV, respectively.

RESULTS

Laser heterostructures were grow on n+-GaAs (100)
substrates. Figure 3 shows the schematic arrangement of
layers in the structure: the 0.5-µm-thick n-GaAs buffer
layer, the 1-µm-thick n- and p-(Al0.18Ga0.72)0.51In0.49P
emitter layers, undoped 0.3-µm-thick Ga0.51In0.49P
waveguide layers, the quantum well in a strained 100-
A-thick Ga0.74In0.26As0.53P0.47, and the 0.3-µm-thick
p-GaAs contact layer.

Mesa-stripe diode lasers with a stripe width W = 4–
7 µm and the operation wavelength λ = 780 nm were
fabricated from the separate-confinement laser hetero-
structures GaInAsP/GaInP/AlGaInP/GaAs. For the
production of a mesa-stripe structure, we employed an
Alcatel dry plasma etching setup. The mesa stripe was
formed by etching a 10-µm-wide groove to the required
depth in the passive region of the heterostructure. The
depth was measured by a CamScan-S4-90FE electron
scanning microscope using secondary electron micros-

p-GaAs contact layer

p-AlGaInP emitter

GaInP waveguide
GaInAsP QW active layer

GaInP waveguide

n-AlGaInP emitter

n-GaAs buffer

GaAs substrate

Fig. 3. Schematic representation of laser heterostructure
GaInAsP/GaInP/AlGaInP.
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copy. After the etching, an insulating SiO2 layer of
thickness d = 0.15 µm was deposited onto the passive
region. Then, the p- and n-regions were coated with
ohmic contacts of Au/Zn/Au and Au/Ge/Au, respec-
tively. The diodes to be studied were mounted on a cop-
per heat sink with their stripe contact down. The edges
of the Fabry–Perot cavity were coated with SiO2/Si
dielectric mirrors. The output power attained in the
continuous-wave (cw) mode of the lasers thus obtained
was as high as 320 mW, and the lasing threshold was
observed at Ith = 50 mA. The power–current character-
istic is shown in Fig. 4.

CONCLUSIONS

In this study, we analyzed the compositions of an
Al-free laser heterostructure emitting at a wavelength
of about 780 nm.

Theoretical calculation of the band offsets between
the Ga(In)AsP-based active region (λ = 770 nm) and the
waveguide GaInP layer showed that the shallowest and
the deepest electronic quantum wells are obtained in case
of the ternary GaAs0.77P0.23 and the strained quaternary
GaAs0.77P0.23 solid-solution layers, respectively. Photolu-
minescence data indicated that Ga0.74In0.26As0.53P0.47 is
the most suitable material for the active region.

Based on the results of preliminary analysis, we
formed GaInAsP/GaInP/AlGaInP laser heterostruc-
tures with a strained active region and an emission
wavelength of 780 nm; these structures were then used
for the production of mesa-stripe laser diodes. For the
laser diodes with the stripe width W = 5 µm and cavity
length L = 2 mm, the peak output power and threshold
current were 320 mW and 50 mA, respectively.
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Fig. 4. Power–current characteristic of a GaIn-
AsP/GaInP/AlGaInP-based heterolaser in cw lasing mode
at 293 K (cavity length L = 2000 µm and stripe width W =
5 µm).
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Abstract—Experimental results of studying the dynamics of recovery of diodes based on lightly doped epitax-
ial layers of gallium arsenide are reported. The diodes under consideration belong to the class of drift diodes
with step recovery and are designed to operate in circuits for shaping and generating picosecond pulses. The
obtained values of the reverse-voltage recovery rate (dU/dt ≈ 2000 V/ns) far exceed the published ultimate
recovery rates for picosecond-response diodes with charge accumulation and are unprecedentedly high for step-
recovery drift diodes. © 2003 MAIK “Nauka/Interperiodica”.
The possibility of using the fast drift mechanism for
the recovery of blocking voltage was ascertained for the
first time in studies of high-voltage silicon diodes [1].
At present, silicon drift step-recovery diodes (SRDs)
are generally accepted as switching components in
oscillator circuits that form nanosecond and subnano-
second kilovolt voltage pulses [2, 3]. In our opinion,
there are good prospects for the use of other semicon-
ductors with a wider band gap (compared to Si), a
higher mobility of nonequilibrium charge carriers, and,
consequently, a higher drift velocity for comparable
values of electric-field strength. Recently, the first
results of studying drift SRDs based on gallium ars-
enide [4] and silicon carbide [5] were reported. As far
as we know, the smallest reported values of the block-
ing-voltage recovery time in drift SRDs are within the
subnanosecond range. Until recently, the picosecond
range of recovery times remained accessible only to
diodes with charge accumulation and to the new gener-
ation of silicon drift SRDs [6].

Liquid-phase epitaxy from a confined solution
(melt) of gallium arsenide in gallium was used as the
base technology for growing the p+–p0–n0–n+ diode
structures under investigation. The main efforts in using
this technology were directed at the formation of fairly
narrow p- and n-type regions (with a width of 1–10 µm)
with an extremely low concentration of charge carriers
at the boundary of the space-charge region (SCR).
When fabricating the diode structures, we paid special
attention to studying the effect of variations in the con-
ditions of both the chemical treatment of the substrate
and the thermal annealing of the solution–melt on the
main electrical parameters of the p–n junction and its
position in relation to the interface between the sub-
strate and epitaxial layer. The ultimate electrical param-
eters of the diode structures were as follows: the highest
blocking voltage Up – n = 220 V; typical values of cur-
1063-7826/03/3712- $24.00 © 21425
rents through the p–n junction when reverse-biased
with a voltage ranging from 0 to 0.9Up – n were & 1 µA
at room temperature and &10 µA at 200°C; the hole
lifetime in the n-type base τp ≈ 20–60 ns; the concentra-
tion of residual impurities was &1014 and &5 ×
1015 cm–3 in the p–n-junction region and at the boundary
of the n–n+ regions, respectively; the thickness of the p0-
and n0-type regions was Wp ≈ 3–5 µm and Wn ≈ 5–12 µm,
respectively; and the capacitance of the p–n junction
with an area of S ≈ 3 × 10–4 cm2 was Cp – n ≤ 2 pF. The
forward-biased diodes had fairly low differential resis-
tances; the voltage drops across the diodes were &1.4 V
at a forward-current density of ~100 A/cm2.

Dynamic parameters were measured in the mode of
pulsed supply of the forward and reverse currents; this
mode is typical of drift diodes. We used two of the
known methods for feeding the forward current to the
diodes. In the first method, the measurement circuit was
designed so that the decay time of the forward current
coincided very closely with the rise time of the reverse
current. In this scheme of drift-SRD connection, the
duration of the forward-current pulse could be varied
from 2 to 10 ns and the pulse amplitude was varied in
the range of several hundreds of milliamperes. In the
other design of the measurement circuit, a controlled
delay between the rise time of the reverse current and
the decay time of the forward current was introduced.
Characteristic values of the delay time ranged from 2 to
7 ns; the amplitude and width of the forward-current
pulse were If = 0.1 A and Tf = 1.0 ns, respectively. In
both schemes of drift-SRD connection, the charge Q
that accumulated during the flow of forward current
was equal to 0.1–5 nC by the time of the onset of the
reverse-current rise.

Dispersal of the charge accumulated in the base
begins at the second stage of diode-structure switching
by the reverse current. The hole current through the
003 MAIK “Nauka/Interperiodica”
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p−n junction was controlled by the rise time of the
reverse-current pulse. In our experiments, the shortest
reverse-voltage rise time (Tr) was ~500 ps (see figure),
which was much less than the hole lifetime (τp) in the
base. Since the charge transported by the reverse cur-
rent Ir in the drift SRDs under investigation is practi-
cally equal to the charge Q, the reverse-current ampli-
tude at the instant of time T0 when the hole concentra-
tion diminishes to zero is strictly controlled by the
amplitude and width of the forward-current pulse or by
the delay between the onset of the reverse-current rise
and the onset of the forward-current decay. The recov-
ery of the voltage across the formed space-charge
region sets in at the instant of time T0. The duration of
the reverse-current decay corresponds to the rise time tr
of the voltage pulse formed across the load resistor.

a
b50

 V
/d

iv
is

io
n

200 ps/division

Oscilloscope patterns for (a) initial switching pulse and
(b) the pulse formed across a 50-Ω load resistor during
switching of a GaAs drift SRD.
The figure shows oscilloscope patterns of an initial
switching pulse and a voltage pulse formed across a
50-Ω load resistor. These oscillograms indicate that the
switching rates of drift SRDs are fairly high and the
voltage rise times are unprecedentedly short for drift
diodes. However, these rise times are consistent with
the drift velocity v n of charge carriers in the base; the
largest values of v n are limited by the saturation veloc-
ity v s = 107 cm/s. The importance of the results
obtained can be seen from the data listed in the table,
where the main parameters of experimental GaAs drift
SRDs and diodes with charge accumulation (SRDs) are
given with the companies and institutes that manufac-
tured them.

It is noteworthy that the absolute values of switching
time tr for GaAs drift SRDs are comparable with those
of the best charge-accumulation diodes (SRDs) pro-
duced by well-known companies. GaAs drift SRDs are
far superior to the aforementioned SRDs with respect to
such parameters as the operating voltage and the volt-
age-rise rate dU/dt. The latter is most important when
using such switches in the circuits of short-pulse mod-
ulators for ultrawideband electronics [2]. It is also
worth mentioning that the operating temperatures of
GaAs-based device structures are higher than those of
Si-based structures. This consideration gives reason to
hope that a higher pulse-repetition frequency will be
attained while retaining a fairly high efficiency of gen-
eration of ultrashort pulses. At present, we can report as
the first results the output parameters of pulsed oscilla-
tors that are fabricated on the basis of GaAs drift SRDs
and feature pulse amplitudes as large as 600 V, pulse
widths of &0.5 ns, and pulse-repetition frequencies as
high as 1 MHz. A more detailed study of the efficiency
and reliability of GaAs drift SRDs at higher pulse-rep-
etition frequencies (including circuits connected in
series) and the prospects for using these SRDs in prac-
tice is the subject of our future research.
Parameters of experimental GaAs- and Si-based drift step-recovery diodes (DSRDs) and diodes with charge accumulation
(SRDs) (with indication of the manufacturer)

Manufacturer Diode type , V τp , ns tr , ps Q, nC dU/dt, V/ns

Hewlett Packard SRD 25 25 75 0.3 330

Hewlett Packard SRD 60 100 250 1.5 240

Alpha SRD 45 25 200 0.8 225

Alpha SRD 75 200 400 1.4 190

MACom SRD 30 8 70 0.2 430

MACom SRD 50 15 150 0.7 330

Ioffe Institute GaAs DSRD 500 200 200 100 2500

Ioffe Institute GaAs DSRD 220 40 100 2.5 2000

Ioffe Institute Si DSRD 500 20000 500 800 1000

Ioffe Institute Si DSRD 200 5000 200 9.0 1000

Note:  stands for the breakdown voltage.

U p–n
br

U p–n
br
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Abstract—It is shown experimentally for the first time that the operation of GaAs drift step-recovery diodes
produced on the basis of p+–p0–n0–n+ is accompanied by the generation of ultrahigh-frequency oscillations in
the form of trains of short pulses with a duration of ~10 ps. The amplitude and repetition frequency of these
pulses are as high as ~100 V and ~(10–100) GHz, respectively. The phenomena of delayed reversible wave
breakdown and excitation of ultrahigh-frequency oscillations in the structures of GaAs step-recovery diodes are
found to open up new avenues for progress both in the physics and technology of semiconductor devices based
on GaAs structures and in the technology of ultrahigh-frequency systems and devices that deal with pulsed sig-
nals of picosecond-scale duration. © 2003 MAIK “Nauka/Interperiodica”.
Kozlov et al. [1] were the first to report the phenom-
ena of delayed impact-ionization wave breakdown in
high-voltage silicon p+–n–n+ structures of drift step-
recovery diodes (DSRDs) and the excitation of micro-
wave oscillations in these diodes, which are typical of
an avalanche transit-time diode operating in the impact
avalanche and transit time (IMPATT) mode. The main
special feature of microwave oscillations in the struc-
tures under consideration is the method of generating
these oscillations. In this method, the structure of the
diode is forced into the mode of avalanche-breakdown
microwave oscillations due to an abrupt (over a period
of 10–9 s) recovery of the blocking properties of the
diode that operates in the DSRD mode rather than due
to an external pulse source (as is the case for conven-
tional avalanche diodes). In subsequent studies, we
managed to initiate microwave oscillations for the
IMPATT mode in various Si DSRD structures that dif-
fered in the response speed and parameters of their lay-
ers, which made it possible to excite microwave oscil-
lations in the frequency range from hundreds of mega-
hertz to several gigahertz. Independent studies [2] have
shown that similar microwave oscillations can also be
obtained for diodes based on silicon-on-sapphire (SOS)
structures in a mode similar to the DSRD mode in the
case of abrupt recovery of p+–p0–n+ junctions without a
base n0-type layer. Attempts to attain the trapped
plasma avalanche transit-time (TRAPATT) mode of
delayed impact-ionization breakdown in the structure
of SOS diodes failed [2].

In this paper, we report the results of experimental
observation and study of the phenomena of delayed
wave breakdown and excitation of microwave oscilla-
tions in the IMPATT and TRAPATT modes in DSRD
1063-7826/03/3712- $24.00 © 21428
structures based on gallium arsenide. Since gallium ars-
enide differs from silicon not only in energy-band
structure but also in the type of field dependence of the
charge-carrier mobility (a nonmonotonic dependence
with a maximum), it was assumed that TRAPATT oscil-
lations at frequencies higher than 10 GHz can be
excited in GaAs diode structures operating in the
DSRD mode. Excitation of TRAPATT oscillations in
silicon DSRDs appeared to be impossible despite the
fact that the possibility of reversible delayed wave
breakdown in silicon DSRD structures was verified
experimentally [1].

In our experiments aimed at revealing the existence
of IMPATT and TRAPATT oscillations in DSRDs
based on GaAs, we used high-voltage drift diode struc-
tures with a picosecond-scale response speed [3]. The
p+–p0–n0–n+ structures were tested using a pulse-actu-
ated circuit designed for the formation of bell-shaped
picosecond-scale electrical pulses with the rise time
corresponding to the response speed of the DSRD
structure. In order to attain the necessary modes of the
charge-carrier injection and extraction in GaAs-based
DSRD structures, we employed circuitry based on the
use of drift step-recovery silicon transistors as the pri-
mary switches; these transistors ensured a high effi-
ciency and a high-frequency response of circuits for
generating picosecond-scale electrical pulses.

Figure 1 shows oscilloscope traces of electrical
pulses generated by a GaAs DSRD in the following
three modes: (1) generation of picosecond monopulses
with the DSRD operating without avalanche break-
down in the p0–n0 junction of the structures (Fig. 1a,
curves 1); (2) generation of microwave oscillations in
the IMPATT mode at a frequency of ~6 GHz (Fig. 1a,
003 MAIK “Nauka/Interperiodica”
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curve 2); and (3) generation of microwave oscillations
in the TRAPATT mode at a frequency of ~50 GHz
(Fig. 1b). It is noteworthy that the microwave oscilla-
tions were recorded using a stroboscopic oscilloscope
to trace the shape of the voltage pulse across the 50-Ω
load resistor. The parasitic inductance and capacitance
of both the measurement circuit and the DSRD power
supply itself were designed so that we could detect the
processes with a time resolution of ~50 ps. In this con-
text, we could not estimate with confidence the ampli-
tude of microwave oscillations in the TRAPATT mode;
we plan to perform additional measurements in the
mode of direct (nonstroboscopic) detection of micro-
wave processes in a microwave cavity.
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200 ps/division
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(b)

Fig. 1. The shape of pulses generated by GaAs DSRDs:
(a) (1) monopulses with a picosecond-scale duration in the
mode without avalanche breakdown of the p0–n0 junction
and (2) microwave oscillations in the IMPATT mode at a
frequency of ~6 GHz; (b) microwave oscillations in the
TRAPATT mode at a frequency of ~50 GHz.
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Thus, we studied several variants of operation of
GaAs-based DSRDs with a picosecond-scale response
speed under conditions of avalanche impact-ionization
breakdown of the p0–n0 junction. We ascertained for the
first time that these DSRDs can be used for the genera-
tion of microwave power in a frequency range from
several gigahertz to several tens of gigahertz; we
showed that the mode of TRAPATT oscillations is
attainable for GaAs diodes with step recovery, in con-
trast to what is observed in Si structures. We do not
claim that the results obtained offer an adequate theo-
retical explanation for the microwave effects observed;
rather, the interpretation of the microwave oscillations
is qualitative, especially in the case of the TRAPATT
mode with DSRDs based on wave delayed impact–ion-
ization breakdown of GaAs. Nevertheless, the results
obtained in this study make it possible to conclude with
a degree of confidence that DSRDs based on GaAs struc-
tures can be used with good results to generate high-
power high-voltage electrical and optical signals with a
picosecond-scale duration. The generation of high-
power picosecond-scale electrical and optical
monopulses will be verified experimentally using meth-
ods similar to those described by Alferov et al. [4–6].
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Vladimir Idelevich Perel’ 
(On His 75th Birthday)
Recently, Vladimir Idelevich Perel’, an outstanding
scientist and wonderful person—our friend, teacher,
and colleague—celebrated his 75th birthday. V.I. Perel’
is a winner of the State Award, a full member of the
Russian Academy of Sciences (RAS), the head of the
department of the theory of optical and electrical phe-
nomena in semiconductors, and the editor-in-chief of
the journal Fizika i Tekhnika Poluprovodnikov. He has
worked for almost half a century at the Ioffe Physicote-
chnical Institute, RAS. His studies in the field of quan-
tum kinetics, plasma waves in metals, and spin polar-
ization and recombination phenomena in semiconduc-
tors are widely known and recognized in the scientific
community worldwide.

Perel’ has been teaching for about 30 years at the
St. Petersburg Electrotechnical University. His students
give lectures in Russia, USA, France, Israel, Germany,
Norway, and other countries. However, it is not only
those that have attended his brilliant lectures that con-
sider Perel’ to be a teacher. It is difficult to find a
researcher in the field of solid-state physics at the Ioffe
Physicotechnical Institute who would not ask Perel’ for
063-7826/03/3712- $24.00 © 21430
help or advice. His encyclopedic knowledge, brilliant
scientific intuition, extraordinary ability to understand
a new problem rapidly and well and suggest a way of
solving it, and his exceptional benevolence and sense of
humor make communication with Perel’ very pleasant
and memorable. One cannot help wishing to meet him
again and again.

His irreproachable reputation, high moral qualities,
and worldly wisdom has won Perel’ universal admira-
tion and respect.

We congratulate Perel’ on the occasion of his birth-
day and wish him happiness, good health, and the love
of all those who are dear to him.

Friends, colleagues, and students

Editorial Board of the journal
Fizika i Tekhnika Poluprovodnikov

Translated by A. Spitsyn
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