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Abstract—The full-potential linear muffin-tin orbital method is used to calculate the electronic structure and
cohesive energies for cubic silicon carbide doped with transition 3d metal impurities (Me = Ti, V, Cr, Mn, Fe,
Co, Ni), substituting Si or C at the corresponding sublattice of the atomic matrix. It is established that all
3d impurities mainly occupy silicon sites. For the Ti  Si substitution, dopant impurity levels are located in
the conduction band of SiC, whereas doping silicon carbide with other 3d impurities gives rise to additional
donor or acceptor levels in the band gap. For 3C-SiC the effect of impurities on the lattice parameter (with the
substitutions Me  Si) and on the impurity local magnetic moments (with the substitutions Me  Si, C)
is studied. © 2003 MAIK “Nauka/Interperiodica”.
Silicon carbide is a promising material for extremal
electronics. Using intentional doping with atoms of
3d metals (Me), one can appreciably vary the electrical,
magnetic, and mechanical properties of SiC [1–6]. For
example, the introduction of vanadium atoms compen-
sates for the uncontrollable presence of oxygen and
nitrogen atoms, resulting in improvement in the dielec-
tric performance of the material [1]. The introduction of
titanium and nickel atoms improves the SiC strength
characteristics [2, 3], whereas the iron and cobalt atoms
are the catalysts for the process of thin wire fabrication
from crystals of cubic silicon carbide [4]. The chrome
and manganese impurities are promising for producing
magnetic materials on the basis of doped silicon car-
bide [5, 6].

Information on the mechanism of the effect of
3d elements on the properties of a SiC:Me system can
be obtained by studying how the electronic spectrum of
the atomic matrix is modified by impurity states and
then how the impurity type (donor or acceptor) depends
on the possible impurity sites in the lattice. These stud-
ies are closely related to the problems of forecasting
changes in lattice and cohesive properties of the matrix:
the effects of structural relaxation, doping-induced
variation in the stability of the system, etc.

Recently, the solution of these problems for impu-
rity systems on the basis of cubic silicon carbide
(3C-SiC) doped with 3d metals has attracted consider-
able attention [7–13]. For example, the energy states of
isolated 3d impurities in the silicon sublattice in the
3C-SiC:Me (Me = Ti, V,…, Ni, Cu) system were calcu-
lated by using the method of linear muffin-tin orbitals
(LMTOs) and Green functions [7, 8]. It was concluded
that the system is minimally destabilized by the atoms
at the beginning and at the end of the 3d series [7]. Cal-
1063-7826/03/3711- $24.00 © 21243
culations of spin polarization by the full-potential aug-
mented plane wave method (APW) showed that, for the
states of an isolated Ti atom in 3C-SiC, the relaxation
phenomena play an important role in formation of the
parameters of hyperfine interactions; moreover, the
substitutional defect (Ti  Si) is stabler than the
interstitial defect [9]. The LMTO and tight binding cal-
culations were performed for SiC:Me systems, where
Me=Ti, V [10] and Me = Cr, Mn, Fe, Co [11]. Accord-
ing to [11], Cr, Fe, and Co predominantly replace car-
bon, whereas Mn atoms mainly occupy silicon sites.
For doping of SiC with Ti, V, and Ni, the effect of relax-
ation of carbon atoms was considered in [12]. It was
found that the substitution Me  Si is accompanied
by radial displacement of carbon atoms away from the
impurity center and that the substitution energy is pos-
itive; it is lowest for titanium and increases with the
atomic number of the impurity. The possibility of dou-
ble defects forming (Me and a lattice vacancy) in SiC
was also considered using theoretical calculations in
the context of the cluster model [13].

The aim of this study is to analyze the tendencies in
the variation of structural, electronic, and energy prop-
erties of cubic silicon carbide as a result of doping with
3d metals and to establish how these properties depend
on the type and position of the substitutional impurity.
The metals Me = Ti, V, Cr, Mn, Fe, Co, Ni were chosen
as impurities; they could be introduced to the sites in
both of Si and C sublattices.

The SiC:Me systems (of formal stoichiometry
Si0.875Me0.125C and SiC0.875Me0.125 with substitutions
Me  Si and Me  C, respectively) were simulated
by the 16-atom supercells MeSi7C8E8 and MSi8C7E8;
eight “empty” spheres (E) were introduced into each
cell to accomplish close packing. Such a choice of the
003 MAIK “Nauka/Interperiodica”
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cell is optimal, since it allows one to include the effects
of structural relaxation of the nearest atoms without
substantial increase in computing time. The use of the
supercell model implies the ordering of impurities in
the calculation, whereas in doped materials disorder
can affect the matrix properties. However, for low
impurity concentrations, impurity–impurity interaction
is weak, and the effect of disorder in impurity positions
on the electronic spectrum is negligible. The calcula-
tions were performed by the self-consistent spin-
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Fig. 1. Impurity-type dependence of the calculated lattice
parameters and ionic radii for the 3C-SiC:Me system [16].
The dashed line corresponds to the theoretical lattice
parameter for the 3C-SiC lattice.

Cohesion energy Ec , density of states at the Fermi level
N(EF), (energy band gap Eg), and 3d impurity magnetic
moment (MM)

3C-SiC : Me Ec , eV/atom N(EF), eV–1 MM

3C-SiC 7.39 (Eg = 2.4 eV) 0

Ti  Si 7.30 (Eg = 2.4 eV) 0

Ti  C 5.88 9.07 0

V  Si 7.19 4.17 0.9

V  C 6.07 4.84 0

Cr  Si 6.90 0.11 2.0

Cr  C 6.61 10.78 1.3

Mn  Si 6.95 4.05 1.1

Mn  C 6.66 7.87 1.0

Fe  Si 7.02 0.41 0

Fe  C 6.75 (Eg = 0.08 eV) 0

Co  Si 7.03 8.16 0

Co  C 6.63 3.23 0

Ni  Si 7.04 4.40 0

Ni  C 6.51 3.24 0

Note: Magnetic moments are expressed in Bohr magnetons µB.
unbounded scalar-relativistic full-potential method [14],
with an exchange–correlation potential of the form sug-
gested in [15].

We calculated the total and partial densities of elec-
tronic states, atomic magnetic moments (MM), total
energies (Et), and cohesion energies (Ec). The effects of
structural relaxation were evaluated using the equilib-
rium values of lattice parameters a; the latter were
obtained from the minimality condition on Et for the
optimized SiC:Me system, where the coordinates of the
atoms nearest to the impurity were varied without
breaking the total symmetry of the crystal (we described
the results on local relaxation in [12]). We drew our con-
clusions concerning the preferential position of the sub-
stitutional atom (Me  Si or Me  C) by comparing

the corresponding energies Ec(  and ) defined as
the difference of the total energy Et of SiC:Me and the
sum of the energies of the corresponding free atoms.

The results of the calculation are shown in Figs. 1
and 2 and in the table. The parameters of the electronic
spectrum, namely, the total density of states at the
Fermi level N(EF), the band gap Eg, Ec, and the MMs of
3d atoms in SiC:Me (see table), are found to be quite
different for different substitutions.

Since Ec (Me  Si) > Ec (Me  C) for all impu-
rity atoms (see table), the impurities considered must
predominantly replace silicon atoms. This is the basic
difference from [11], where it was concluded that, for
Cr, Fe, and Co, the most probable sites are those of car-
bon. For substitution of silicon atoms, the largest values

of  correspond to Ti and V impurities, for which the

energy ( ) is lowest. For these impurities, the prefer-

ence energy ∆E, defined as the difference between 

and , is highest. In contrast, ∆E is minimal for Cr,
Mn, and Fe. Therefore, under certain conditions, one
can expect the impurities Cr, Mn, and Fe to be located
at both Si and C sites; this, however, is improbable for
Ti and V atoms.

Analysis of the calculated effects of lattice relax-
ation [dependence of lattice parameter a on impurity
type at the Si site for SiC:Me systems (see Fig. 1)]
shows that the replacement of silicon by titanium, vana-
dium, and chrome must result in an increase in the lat-
tice parameter compared to undoped 3C-SiC and that
the replacement of Si by Fe, Co, and Ni should lead to
a slight decrease in the lattice parameter; this behavior
indicates a correlation with the ionic radii of Me. The
general tendency also manifests itself in the decrease in
a with increasing atomic number N of the impurity: at
the beginning of the series (Ti, V, and Cr atoms), the
slope of curve a/N is greater than at the end of the series
(Mn, Fe, Co, and Ni atoms).

Let us consider the changes in electronic structure
produced by substitution effects. For Ti, Cr, and Co
impurities, the electronic densities of state at the Fermi
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Fig. 2. Total (a) and partial (b) densities of 3d states for 3C-SiC:Me.
level, to a great extent, are determined by the substitu-
tion position, whereas for V, Mn, Fe, and Ni atoms, this
dependence is not so significant.

Figure 2 shows the total (a) and partial (b) densities
of 3d states in SiC:Me with Me impurities in the silicon
sublattice. It is well known (e.g., see [12]) that the spec-
trum of “pure” 3C-SiC has two filled bands of C2s, Si3s
and Si3s, Si3p, C2p states; these bands have widths of
about 5 eV and 8 eV, respectively, and are separated by
an energy gap of about 2 eV. The band gap between the
valence and conduction bands (formed by Si3s, Si3p,
Si3d, and antibonding C2p states) is about 2.4 eV, in
agreement with previous calculations [17–19]. In Fig. 2
we see that only the titanium impurity does not affect
the basic features of the spectrum of SiC: the Ti3d lev-
els are admixed to the edges of the valence and conduc-
tion bands; no new impurity bands appear in the band
gap of the matrix, and the gap remains practically
unchanged.

A different situation occurs for vanadium doping of
SiC. For the system under consideration, a band of
impurity V3d levels splits off from the bottom of the
conduction band by 0.1 eV and is found to be half-
filled. It follows that for SiC:V a filled donor state
ONDUCTORS      Vol. 37      No. 11      2003
appears nearly at midgap, whereas most of the empty
V3d states lie near the edge of the conduction band.
Partial filling of states (of type e with spin up) gives rise
to local magnetic moments of about 1µB at vanadium
atoms. The gap between the valence band and conduc-
tion bands decreases to about 1.42 eV.

The chrome and manganese impurities are also
magnetic. Since for the SiC:Cr system the states of
e type with spin up are completely filled and the states
with spin down lie about 1.2 eV higher and are empty,
it follows that the MM at chrome atoms is about 2µB.
The Fermi level lies in the pseudogap between the sub-
bands of types e and t2 with spin up, and N(EF) almost
vanishes. For SiC:Mn, e states with spin up are filled,
e states with spin down are half-filled, and t2 states are
empty. The magnetic moment of manganese is 1µB, and
the quantity N(EF) is close to that for SiC:V. The bind-
ing energy for impurity levels increases with impurity
atomic number; for Cr and Mn these states lie near the
midgap of the matrix.

Impurity Fe3d levels lie close to the edge of the
valence band. The iron impurity is nonmagnetic: all
e levels are filled and t2 levels are empty. The Fermi
level lies within the pseudogap between the e and t2 lev-
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els and N(EF) is small. The cobalt and nickel impurities
are also nonmagnetic. Their 3d levels are shifted into
the valence band: for example, the highest Ni3d peak
lies about 4 eV below the Fermi level. For the systems
considered, a number of acceptor levels near the edge
of the valence band appears. The gap increases from
1.1 eV for SiC:Fe to 1.7 eV for SiC:Ni.

Summarizing the results of the calculations, we can
draw the following conclusions.

(1) For doping of SiC with metals of 3d series under
equilibrium conditions, the impurity atoms mainly
occupy the sites in the Si sublattice of the matrix. For
Cr, Mn, and Fe one can expect that the C sublattice sites
are partially filled. The substitution of this type is least
probable for Ti and V. 

(2) A correlation exists between the variation in the
lattice parameter of SiC:Me and the Me impurity ionic
radius. 

(3) The vanadium magnetic state manifests itself
only if V atom is localized at silicon sites. The Cr and
Mn atoms are magnetic at both Si and C sites. For the
substitution Cr  Si, the chrome MM is two times
greater than that for the substitution Cr  C, whereas
the manganese MMs for both sublattice positions are
close to each other. The Ti, Fe, and Co atoms have no
localized MMs for any of the sites considered. 

(4) Depending on the type of the substitution posi-
tion (Si or C site), N(EF) for 3C-SiC:Me can change by
almost an order of magnitude (for Me = Cr) or remain
unchanged (for Me = V, Ni). For a Ti impurity substitut-
ing silicon, the band gap does not change. In other cases,
donor (at the beginning of the 3d series) or acceptor
(at end of the 3d series) states appear in the gap.
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Abstract—The optical and thermal properties of crystals of CuAlxIn1 – xTe2 solid solutions grown by the Bridg-
man–Stockbarger method were studied for the first time. From the transmission and reflection spectra in the
region of the intrinsic-absorption edge, the band gap (Eg) was determined for the CuInTe2 and CuAlTe2 com-
pounds and for their solid solutions; the concentration dependence of Eg was plotted. The Eg value was found
to vary nonlinearly with x and can be described by the quadratic dependence. Dilatometry was used to study
the thermal expansion of these solid solutions. The coefficient of thermal expansion (αL) was shown to have a
λ-shaped temperature dependence in the region of phase transitions. The isotherms are plotted for the concen-
tration dependence of αL. The thermal conductivity was investigated and its concentration dependence was plot-
ted. The dependence of the thermal conductivity on x was established to have a minimum in the region of
medium compositions. © 2003 MAIK “Nauka/Interperiodica”.
1. INTRODUCTION

The tellurides CuInTe2 and CuAlTe2 belong to a
large class of I–III–VI2 ternary compounds, which are

crystallized in the chalcopyrite structure (the –I42d
space group) [1]. These compounds are characterized
by direct band-to-band transitions and by an optical-
absorption coefficient > 104 cm–1, which makes them
promising materials for manufacturing solar cells and
devices of nonlinear optics and polarization electronics.
The properties of these compounds have by mow been
adequately studied [2–7]; at the same time, there are no
published data on the properties of solid solutions
based on CuInTe2 and CuAlTe2. In this paper, for the
first time we report the results of investigations of the
optical and thermal properties of CuAlxIn1 – xTe2 solid
solutions.

2. EXPERIMENTAL

CuAlTe2 and CuInTe2 ternary compounds and
CuAlxIn1 – xTe2 solid solutions were grown by the hori-
zontal Bridgman–Stockbarger method using the phase
diagram of the CuInTe2–CuAlTe2 system [8]. The metal
components (in a graphitized quartz boat) and tellurium
were placed in different sections of an evacuated quartz
cell. The cell was placed in a two-zone horizontal fur-
nace. The temperature of the zone with metal compo-
nents was maintained at 20–40 K above the melting
point of the compound or the liquidus temperature of
the corresponding solid solution. The temperature of
the zone with tellurium was increased at a rate of
~100 K/h up to 1000–1100 K and held for 3 h so that
the reaction between the metal components and tellu-
rium vapors could proceed. After the indicated time had

D2d
12
1063-7826/03/3711- $24.00 © 21247
elapsed, we performed the planar crystallization of the
melt, decreasing the temperature at a rate of ~2 K/h. To
ensure that the alloys obtained were homogeneous,
they were annealed at 950 K for 720 h. The ingots
obtained after annealing had a coarse-block structure,
and the average sizes of individual blocks were 5 × 4 ×
3 mm3.

The composition and homogeneity of the solid solu-
tions were determined by X-ray diffraction (a DRON-3M
diffractometer, CuKα radiation, nickel filter). In all the
diffraction patterns obtained, there was a system of
lines corresponding to the chalcopyrite structure in
which the original CuAlTe2 and CuInTe2 compounds
were crystallized. The resolution for large-angle lines
in the diffraction patterns indicated that the grown crys-
tals were homogeneous. The composition of solid solu-
tions was determined on the basis of validity of the Veg-
ard law in the CuInTe2–CuAlTe2 system with an accu-
racy of ±1 mol % [8].

3. RESULTS AND DISCUSSION

The CuAlTe2 and CuInTe2 crystals and CuAlxIn1 – xTe2
solid solution obtained were used to investigate the
transmission and reflection spectra in the region of the
intrinsic-absorption edge. The spectra were recorded by
a Beckman-5240 spectrophotometer in the wavelength
range 0.5–2.0 µm at 80 and 293 K. For the measure-
ments, we cut single crystal blocks, which were ground
and polished mechanically on both sides down to a
thickness of ~20 µm. Immediately before the measure-
ments, the samples were treated in the Br2 : C2H5OH =
1 : 3 etchant.

From the transmission (T) and reflection (R) spectra,
we calculated the absorption coefficient (α) from a for-
003 MAIK “Nauka/Interperiodica”
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Fig. 1. Spectral dependences of the absorption coefficient in
the form of the dependence of (α"ω)2 on "ω at (a) 80 and
(b) 293 K and the concentration dependences Eg(x) of the
band gap at (1) 80 and (2) 293 K for the CuAlxIn1 – xTe2
solid solutions.
mula that accounted for the multiple internal reflection
in a plane-parallel sample; i.e.,

(1)

where d is the sample thickness and the reflection coef-
ficient R is equal to 0.25–0.27 for various compositions.

It is well known that the I–III–VI2 compounds are
materials with direct band-to-band transitions; there-
fore, the band gap (Eg) was determined by extrapolating
the rectilinear portion of the dependence of (α"ω)2 on
the photon energy ("ω) to the intersection with the
abscissa axis both for ternary compounds and for their
solid solutions.

In Fig. 1, we show the indicated dependences at 80
and 293 K. They have pronounced rectilinear portions,
which (like the X-ray data) is indicative of the homoge-
neity and uniformity of the grown crystals. The ener-
gies Eg for the original compounds are equal to 0.97 ±
0.01 eV (293 K) and 1.00 ± 0.01 eV (80 K) for CuInTe2;
2.06 ± 0.01 eV (293 K) and 2.18 ± 0.01 eV (80 K) for
CuAlTe2. The band-gap temperature coefficients are
∂Eg/∂T = 1.4 × 10–4 eV/K for CuInTe2 and 5.6 ×
10−4 eV/K for CuAlTe2. In Fig. 1c, we show the con-
centration dependences of Eg for the CuAlxIn1 – xTe2
solid solution. As can be seen, Eg varies nonlinearly
with x, which is characteristic of solid solutions formed
by the I–III–VI2 ternary compoonds [9–12].

Nowadays, two approximations are used to explain
the deviations of Eg(x) from linearity: the dielectric
model and the pseudopotential model [13–15]. The
former model is based on the fact that the determining
role in the deviation of Eg from linearity in solid solu-
tions is played by the fluctuations of the crystal poten-
tial induced by the random arrangement of substituting
atoms. The latter model assumes that the deviation is a
consequence of the properties of the crystal field.

In order to describe Eg(x), we used a quadratic
dependence of the following form:

(2)

Here, Eg(1) and Eg(2) are the band gaps for CuInTe2 and
CuAlTe2, respectively, and c is the nonlinearity param-
eter characterizing the degree of deviation of Eg from
the linear dependence for x = 0.5, which can be deter-
mined from the expression

(3)

The values of the band gap for solid solutions calcu-
lated from expression (2) are shown in Fig. 1c by solid
lines. It can be seen that the calculated and experimen-
tal values are in good agreement.

α  = 1/d( ) 1 R–( )2/2T 1 R–( )2/2T[ ] 2
R2++

 
 
 

,ln

Eg x( ) Eg 1( ) Eg 2( ) Eg 1( )– c–[ ] x cx2.+ +=

c 2 Eg 1( ) Eg 2( )+[ ] 4Eg x 0.5=( ).–=
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The concentration dependences Eg(x) at 80 and
295 K for the CuAlxIn1 – xTe2 solid solutions are
described by the following functions:

(4)

The crystals of CuInTe2 and CuAlTe2 ternary com-
pounds and CuAlxIn1 – xTe2 solid solutions were used to
investigate the temperature dependences of the coeffi-
cients of thermal expansion αL. The investigations were
performed with a quartz dilatometer [16]. The temper-
ature dependence of relative extension (∆l/l) was mea-
sured for samples 3 × 3 × 8 mm3 in size. The coefficient
of thermal expansion αL was calculated using the for-
mula from [16]. The temperature was measured using a
Chromel–Alumel thermocouple. The error in the mea-
surements was less than 5%. To eliminate the sample
oxidation, the measurements were performed in an
inert-gas atmosphere. The heating rate was 3–5 K/min.

In Fig. 2, we show the temperature dependences of
the coefficients of thermal expansion αL for the
CuInTe2 and CuAlTe2 compounds and for the
CuAlxIn1 – xTe2 solid solutions. It can be seen that, both
for the ternary compounds and for the solid solutions
based on them, αL increases linearly in the range T =
80–290 K. Later, the dependence αL(T) levels of up to
the phase-transformation temperature. In the phase-
transformation region, a λ-shaped variation in the coef-
ficient of thermal expansion takes place.

Thus, according to the data of differential thermal
analysis [8] and from the experimental dependence
αL = f(T), we may conclude that the transitions
observed in the CuAlxIn1 – xTe2 (0 ≤ x ≤ 0.5) solid solu-
tions are the first-order phase transitions because they
are realized with thermal effects. However, in contrast
to typical first-order phase transitions, which occur at
a constant temperature, these transitions are close to
the second-order phase transitions because they pro-
ceed in the temperature interval with the λ-shaped
variation of αL.

At the same time, it is known that two types of phase
transformation are possible in the I–III–VI2 ternary
compounds [17]; these transformations are induced by
the cation–cation and cation–anion disorder. In [18],
high-temperature X-ray investigations showed that
these ternary compounds undergo a transition from the
chalcopyrite structure to the sphalerite structure as a
result of cation–cation disordering. By analogy with the
I–III–VI2 ternary compounds, the same transition can
be assumed also for the CuAlxIn1 – xTe2 (0 ≤ x ≤ 0.5)
solid solutions (the chalcopyrite–sphalerite structural
transition).

The physial essence of the solid-phase transitions
that take place in the materials under investigation can
be perceived as follows. Under the cation–cation disor-
dering that occurs in the temperature interval of 10–
30 K, the atoms in the cation sublattice exchange their

Eg
80 x( ) 1.00 0.74x 0.44x2,+ +=

Eg
295 x( ) 0.97 0.59x 0.50x2.+ +=
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sites. Until the probability of cations occurring at vari-
ous sites is the same, these sites remain inequivalent,
and the structure is unchanged and remains as before
(chalcopyrite). When these probabilities become iden-
tical and all the sites in the cation sublattice become
equivalent, the chalcopyrite structure transforms into a
sphalerite structure, and the crystal symmetry
increases. To verify this statement, we quenched the
crystals (by immersing in liquid nitrogen) of both the
CuInTe2 ternary compound and the CuAlxIn1 – xTe2
solid solutions, which were previously heated above the
temperature of the phase transitions corresponding to
the cation–cation disordering. We failed to find the
high-temperature modifications corresponding to the
sphalerite structure in any of these substances. This also
indicates that the phase transformations under study are
similar to second-order phase transitions, because the
existence of overheating and overcooling phenomena
are impossible for such transitions.

In Fig. 3, we show the isotherms of the concentra-
tion dependence of the coefficients of thermal expan-
sion. It can be seen that αL linearly increases with the
content of indium atoms in the solid solutions.

The obtained experimental values of melting points
(for compounds), liquidus temperatures (for solid solu-
tions), and coefficients of thermal expansion were used
to calculate the characteristic Debye temperatures (Θ)
and the root-mean-square dynamic displacements
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Fig. 2. Temperature dependences of the coefficient of ther-
mal expansion for the CuAlxIn1 – xTe2 solid solutions with
x = (1) 0.0, (2) 0.1, (3) 0.2, (4) 0.4, (5) 0.7, and (6) 1.0.



1250 BODNAR’
( ) of atoms (parameters characterizing the features
of atomic interaction) from the following relationships
[19, 20]:

(5)

(6)

(7)

Here,  and  are the Debye temperatures deter-
mined from the coefficient of thermal expansion and

u2

Θ
αL 14.3/α L

1/2A
1/2

V1/3,=

Θ
Tm 137Tm/A

1/2
V1/3,=

u2 4.3 10 14– D Θ/T( )/ Θ/T( ) 1/4+[ ] /AΘ.×=

Θ
αL Θ

Tm

0.8 0.6 0.4 0.2

8
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CuAlTe2 CuInTe2

3

2

1

x

Fig. 3. Concentration dependences of the coefficient of ther-
mal expansion for the CuAlxIn1 – xTe2 solid solutions at
(1) 80, (2) 300, and (3) 900 K.

Debye temperatures and the root-mean-square dynamic dis-
placements of atoms for the CuAlTe2 and CuInTe2 ternary
compounds and the CuAlxIn1 – xTe2 solid solutions

x , g V, cm3
, K , K , Å

1.0 86.43 16.37 204 200 0.190

0.7 93.02 16.69 191 188 0.197

0.5 97.10 17.04 181 179 0.202

0.4 99.61 17.22 176 176 0.205

0.2 104.00 17.48 169 170 0.208

0.1 106.20 17.66 166 166 0.212

0.0 108.39 17.81 163 165 0.214

A Θ
αL Θ

Tm
u2
the melting point,  is the averaged atomic mass, V is
the averaged atomic volume, Tm is the melting point,
and D(Θ/T) is the Debye function.

The results of calculations are listed in the table,
from which it can be seen that an increase in the
indium-atom content in solid solutions results in a
decrease in the Debye temperature, while the root-
mean-square dynamic displacements in the crystal lat-
tice increase. Such behavior of the indicated values
indicates that the chemical bonds in the CuAlxIn1 – xTe2
solid solutions are weakened as the indium-atom con-
centration increases.

The thermal conductivity (χ) of the indicated com-
pounds and their solid solutions was measured by an
absolute steady-state method [21] in the temperature
range T = 300–700 K using the samples, whose sizes
are listed above. THe accuracy of the measurements is
~6%. The temperature dependence of χ is shown in
Fig. 4a for the materials under investigation. The ther-
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Fig. 4. (a) Temperature and (b) concentration dependences
of the thermal conductivity for the CuAlxIn1 – xTe2 solid
solutions.
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mal conductivity of the ternary compounds varies pro-
portionally to T–1 in the range 300–400 K, which is
characteristic of three-phonon scattering processes.
The results obtained are consistent with the Peierls the-
ory, according to which χ must be inversely propor-
tional to temperature [22] above the Debye tempera-
ture. In this case, phonon–phonon scattering takes
place in the course of which the energy exchange
occurs between three phonons (the three-phonon pro-
cess). As a result of such processes, one phonon annihi-
lates and two new phonons appear, or two phonons
annihilate and the third phonon appears. At higher tem-
peratures, χ is described by an expression in the form of
χ ∝  T–n (0 < n < 1), which is indicative of the predomi-
nance of scattering processes at impurities and defects
of the crystal lattice at such temperatures. A conse-
quence of this circumstance is the weak temperature
dependence of χ. In solid solutions, we observed the
power-low dependence χ ∝  T–n for the thermal conduc-
tivity within the entire temperature range, which indi-
cated that the scattering by the crystal-lattice defects
was predominant.

In Fig. 4b, we show the concentration dependence
of the thermal conductivity for the CuAlxIn1 – xTe2 solid
solutions. It can be seen that the dependence of χ on x
has a minimum corresponding to the content, which is
almost equimolar. Such behavior of χ (a substantial
reduction in χ for the solid solutions as compared with
the original compounds) is related to the violation of
periodicity in the crystal lattice of solid solutions due to
the statistical distribution of atoms over the equivalent
sites.

It is known that, although the atoms occupy the cor-
rect sites in the solid-solution crystal lattice, no order in
the arrangement of various atoms is observed in this lat-
tice. As a result, the atomic masses and the force con-
stants vary randomly from site to site, which leads to
the phonon scattering. In this context, the solid solu-
tions can be considered as transition substances
between the crystal state (conservation of the crystal
lattice) and the amorphous state (due to the disordering
in the arrangement of atoms). For the solid solutions,
the highest disordering corresponds to medium compo-
sitions; therefore, the thermal conductivity is also low-
est for them.

4. CONCLUSION

The horizontal Bridgeman–Stockbarger method
was used to grow coarse-block crystals of CuInTe2 and
CuAlTe2 ternary compounds and CuAlxIn1 – xTe2 solid
solutions. From the transmission and reflection spectra
in the region of the intrinsic-absorption edge for these
compounds and their solid solutions, Eg was deter-
mined. It was established that Eg varies nonlinearly
SEMICONDUCTORS      Vol. 37      No. 11      2003
with the Al content x. The thermal expansion and the
thermal conductivity of the indicated materials were
investigated. It was found that the coefficient αL of ther-
mal expansion varied linearly, and the thermal conduc-
tivity had a minimum in the region of medium contents.
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Abstract—The effect of thermal annealing in nitrogen radicals obtained by the treatment of NH3 in a radio-
frequency discharge on the luminescence properties of GaN:Zn films grown by MOCVD/hydride epitaxy on
sapphire (0001) substrates is investigated. As the thermal treatment temperature was increased, a steady weak-
ening of the violet (2.88 eV) and near-edge (3.48 eV) photoluminescence bands was observed. As a result of
the thermal treatment in nitrogen radicals at 500–750°C, new bands that peaked at 3.27 and 3.42 eV were
detected; the intensities of these bands increased with increasing treatment temperature. The mechanism of for-
mation and the origin of all the bands are analyzed comprehensively. It is found that the luminescence bands at
2.88, 3.42, and 3.27 eV are characteristic of the GaN films obtained by practically each technology and are asso-
ciated with the simple structural defects. The participation of O in the formation of the band at 3.42 eV is proved
experimentally. © 2003 MAIK “Nauka/Interperiodica”.
1. INTRODUCTION

It is known that the electrical, and especially lumi-
nescence, properties of GaN films substantially depend
not only on the technological growth conditions but
also on the subsequent external treatments. The varia-
tion in technology parameters and, specifically, the
postepitaxial external effects allows one to control the
number and type of quasi-equilibrium defects in the
films in a wide range.

Thus, Nakamura et al. [1] managed to obtain low-
resistivity p-type GaN samples doped with Group II
elements. The method for reducing to a minimum the
effect of the self-compensation of acceptors by intrinsic
donor-type defects, which form as the reaction of the
material to the introduction of acceptors in the course of
doping, was chosen. The problem was solved by using
postepitaxial heating of semi-insulating GaN:Mn(Zn)
samples in nitrogen at the temperature Ta ≈ 700°C. In
turn, the investigation of the photoluminescence (PL)
allows one to establish the origin and mechanisms of
formation of such defects. The rapid high-temperature
thermal treatment of GaN in N2 was considered by
Zolper et al. [2]. However, such thermal treatment did
not lead to the improvement of the structural and opti-
cal characteristics of the film because of the surface
damage and evaporation of N from GaN. To increase
the efficiency of the incorporation of N into GaN, an
increase in the pressure of the more adsorptive and dif-
fusion-active atomic N rather than molecular N, as well
as a decrease in the thermal treatment temperature, is
required. Georgobiani et al. [3] investigated the effect
1063-7826/03/3711- $24.00 © 21252
of thermal treatment in atomic N, which was obtained
by the decomposition of N2 into individual excited
atoms (radicals) in the radio-frequency (rf) plasma, on
the PL of high-resistivity (semi-insulating) n-GaN:Zn
films with the electron density n0 = 5 × 1014 cm–3; these
films were grown on sapphire (0001) substrates by
molecular-beam epitaxy. It was found that the band at
2.88 eV initially slightly increases up to the thermal
treatment temperature Ta = 600°C. Then, with increas-
ing Ta, the intensity of the bands that peaked at hνm =
2.88 and 3.48 eV decreases, and a new band at hνm =
3.27 eV emerges. However, the kinetic efficiency of the
nitrogen radicals formed was insufficiently high
because of the low power of the rf discharge source.

It was interesting to investigate the spectral features
of the defect-related PL and the processes of defect for-
mation themselves after the thermal treatment in nitro-
gen radicals of low-resistivity p-GaN:Zn samples,
which are widely used in technical applications; the
majority-carrier density in these samples is close to
their density in the materials used for the fabrication of
commercially available emitters. Furthermore, in order
to establish a general pattern, it is reasonable to investi-
gate the formation of defects in the GaN films obtained
by the most widespread technological method of
MOCVD/hydride epitaxy (vapor-phase epitaxy from
metalloorganic compounds). It was also interesting to
use a more efficient method of obtaining the nitrogen
radicals from NH3, using a more powerful rf discharge
source, rather than from N2. This paper is devoted to
these issues.
003 MAIK “Nauka/Interperiodica”
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Fig. 1. Photoluminescence spectra of the GaN:Zn films prior to (1) and after thermal treatment in active nitrogen radicals obtained
from rf NH3 plasma with a pressure in the discharge chamber of 10–3 Torr and temperatures (2) 500 and (3) 750°C. The peak ener-
gies are given in eV.
2. EXPERIMENTAL

In this study, p-GaN:Zn films with the majority-car-
rier density p0 = 5 × 1017 cm–3 were investigated. The
films grown by MOCVD/hydride epitaxy on sapphire
substrates (0001) (Nichia Chemical Industries Ltd.)
were used. The films were thermally treated for 1–5 h
at Ta = 500–750°C in active nitrogen radicals, which
were obtained from NH3, in a flow-through system sim-
ilar to that described by Butkhuzi et al. [4]. As the acti-
vation source, the discharge of an rf oscillator with an
operating frequency of 40 MHz, whose power was con-
trolled within the range P = 1–2 kW, was used [5]. To
prevent damage to the surface of GaN, the ion compo-
nent was separated in a strong constant magnetic field.
The concentration of atomic gases (N, O, etc.) was
determined by the method of heating the catalytic sam-
ples, specifically, the platinum wire at which the
excited atoms of gases recombine with the subsequent
transformation of atoms into molecules. The highest
concentration of active gases close to the sample sur-
face determined in this way was 1018 cm–3. The concen-
tration of radicals of active gases in the discharge cham-
ber was varied by varying the power of the rf oscillator.
For example, at the pressure p = 10–3 Torr, the flow of
nitrogen radicals incident onto the sample surface var-
ied within the range 1015–1018 cm–2 s–1. The yield of
active nitrogen radicals under the conditions of our
experiment exceeded that in the method using the
plasma discharge in N2 by an order of magnitude.

For the PL excitation, an LGI-21 pulse nitrogen
laser with the wavelength λ = 337.1 nm and the pulse
duration ti ≤ 10 ns was used. The excitation intensity L
was varied using neutral gray filters in the range 1018–
5 × 1021 photon/cm2 s, which provided low and moder-
ate excitation levels (∆n = ∆p < (p0 + n0), where n0, p0,
∆n, and ∆p are the equilibrium and nonequilibrium
electron and hole densities, respectively). The PL spec-
tra were analyzed using a PC-controlled spectral com-
SEMICONDUCTORS      Vol. 37      No. 11      2003
plex based on an MDR monochromator [6]. The total
systematic and random error in determining the wave-
length with allowance made for the entire totality of
noninformative and destabilizing factors was no larger
than 0.052 nm. The PL spectra were measured using an
optical cryostat at the temperature of liquid nitrogen.

The results of the investigation of the PL spectra on
the scale of photon energies hν of the p-GaN:Zn films
treated in the activated gas medium are shown in Figs. 1
and 2 (thermal treatment in nitrogen radicals), as well
as in the table (thermal treatment in nitrogen and oxy-
gen radicals). The starting samples (Figs. 1, 2, curves 1)
feature a wide asymmetric band in the violet region of
the spectrum with the peak emission energy hνm =
2.88 eV and a narrow near-edge emission band with the
peak energy hνm = 3.48 eV. With increasing thermal-
treatment temperature in high-efficiency nitrogen radi-
cals, which were obtained from NH3 (Fig. 1), as well as
with increasing power of rf discharge (Fig. 2), the
intensities of these bands decrease steadily. Note the
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Fig. 2. Photoluminescence spectra of the GaN:Zn films
prior to (1) and after thermal treatment in active nitrogen
radicals obtained from rf NH3 plasma with a pressure in the
discharge chamber of 10–3 Torr, temperature 750°C, and
power of rf discharge (2) 1120 and (3) 1800 W.
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practically in-phase decrease in the intensity of these
starting PL bands with increasing Ta of the films, as
well as with increasing rf discharge power. However,
after these treatments, new bands peaked at hνm = 3.27
and 3.42 eV emerge in the spectra. The intensity of the
band at hνm = 3.27 eV increases drastically as both the
Ta and the intensity of the rf discharge increase (see
Figs. 1, 2). For the band at hνm = 3.42 eV, the intensity
increases only with increasing Ta (see Fig. 1). After the
thermal treatment of the films in active oxygen radicals,
the intensity I of the band at hνm = 3.42 eV increases
draastically (table).

For all the PL bands investigated, the power-law
dependence of intensity on the laser-excitation level
was observed: I ∞ Lα. For the bands at hνm = 2.88, 3.27,
and 3.42 eV, the exponent α was close to unity (α =
1.0–1.05), whereas for the near-edge PL band at hνm =
3.48 eV, it was close to two (α = 1.8).

3. DISCUSSION

The PL spectra are indicative of the variation in the
defect composition of the GaN films during their ther-
mal treatment in the rf discharge of the separated
plasma, which was obtained from NH3. Let us analyze
the results obtained for all the PL bands.

3.1. The Violet Band at hνm = 2.88 eV

This is a widely known PL band, which that charac-
teristic of most epitaxial technologies and is related to
the presence of nitrogen vacancies VN in starting GaN.
The presence of this band is indicative of the material
nonstoichiometry and poor crystalline quality of the
film grown. A band peaked at hνm = 2.88 eV was
observed in many studies [3, 7–9]. The generally
accepted opinion in the literature is that this band is
associated with the recombination of charge carriers
inside the donor–acceptor pair [3, 7], in which the
donor is the N vacancy and the acceptor is the substitu-
tional impurity. Zn at the Ga site ZnCa (the majority
acceptor) and other intrinsic defects dominating at tem-

The effect of thermal-treatment conditions in nitrogen radi-
cals and pure oxygen on the intensity of photoluminescence
bands of the GaN : Zn samples

PL band 
energy, 

eV

Intensity of PL bands, arb. units

thermal treatment in NH3
and residual oxygen

thermal 
treatment in 
pure oxygen

25°C 500°C 750°C 750°C

2.88 48.8 21.1 9.3 8.6

3.27 0 8.6 46.6 42.7

3.42 0 0 15.1 73.6

3.48 24.6 6.6 0 0
peratures T > 40 K are considered as the acceptors. As
the growth temperature of the films increases, the con-
centration of the donors as a rule also increases. The
diversity of the acceptor types in such donor–acceptor
pairs and the different distances between the compo-
nents of the donor–acceptor pairs (long-lived and short-
lived donor–acceptor pairs) associated with this cir-
cumstance lead to an inhomogeneous broadening of the
band with the formation of an overextended long-wave-
length wing [1, 3, 9]. The same transitions with the
emission of optical and acoustic phonons may also con-
tribute to broadening. Note that the position of the band
peak (hνm = 2.88 eV) can be easily controlled by vary-
ing the partial Zn pressure in the course of growing
(doping) the films. With changes in the thermal-treat-
ment conditions, this band behaves in various ways var-
iously. For example, after rapid thermal annealing of
GaN films in N2, its intensity increased drastically [2],
and after annealing in nitrogen radicals the I magnitude
initially increased up to Ta = 600°C and then dropped
abruptly [3, 7].

A steady decrease in the intensity of the band at
hνm = 2.88 eV with increasing Ta, as well as the rf dis-
charge power, in our case point to the fact that even
insignificant external perturbations (variations of the
temperature, pressure, and rf discharge frequency) lead
to the decomposition of the donor–acceptor pair of the
VN–ZnCa type. This is caused by a decrease in the
VN concentration due to their replacement by activated
N atoms from the N-containing medium surrounding
the sample.

The results obtained demonstrated that the thermal
annealing of low-resistivity p-GaN:Zn films in an acti-
vated N-containing medium, with NH3 and a high-
power rf discharge used as the source of radicals, exerts
a stronger effect on the composition of point defects
than does the same thermal annealing in vacuum, nitro-
gen vapors, or nitrogen radicals obtained using a less
powerful source of rf discharge. Over the entire range
of excitation levels investigated, the I(L) dependence

(I ∝   ∝  ND∆n, where  and  are the con-
centrations of the neutral donors and acceptors and ND
is the total concentration of donors) for the band at hνm =
2.88 eV was practically linear (α = 1.05).

3.2. The Near-Edge Band at hνm = 3.48 eV

Nekrasov et al. [10] attributed the peak with hνm =
3.48 eV ≈ Eg (Eg is the band gap) to the band-to-band
radiative recombination via two overlapping channels,
namely, the radiative recombination of the electron
bound by the shallow-level donor and the recombina-
tion of the electron and hole bound in the free-exciton
radiative complex. In our case, it is necessary to con-
sider both channels, as is indicated by the slope of the
I(L) dependence for this band (α ≈ 1.8) in the range L =
1020–5 × 1021 photon/cm2 s, which differs from the
purely quadratic law (α = 2). The latter is characteristic
of the radiative recombination of free electrons and

NA
0 ND

0 NA
0 ND

0
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holes. Note that the radiation, which is caused by vari-
ous bound excitons, is quenched even at temperatures
above 50 K; i.e., its contribution to the near-edge emis-
sion can be disregarded. A rapid temperature quenching
of the PL band that peaked at hνm = 3.48 eV with
increasing Ta and rf discharge power is apparently
caused by the emergence of a more effective channel of
the radiative (see below) and (or) nonradiative recom-
bination with the involvement of the aforementioned
shallow-level donor, as well as acceptors associated
with the excess interstitial N atoms. These last intercept
the recombination flux of the near-edge radiation.

Let us further discuss the behavior of the new PL
bands that emerge after the rf thermal treatment.

3.3. The Ultraviolet Band at hνm = 3.27 eV

In many studies [11–15], this band was related to the
recombination in donor–acceptor pairs. The absence of
this band in the spectra of the initial samples, as well as
a substantial increase in its intensity with increasing Ta
and rf discharge power in the NH3 plasma, are indica-
tive of the activation or, most likely, the release of a par-
ticular component of the donor–acceptor pair from
another complex. As the acceptor, the deep-level accep-
tor may be in this pair, and the shallow donor-type
defect with the depth Ed ≈ 30 meV can serve as the
other component of the pair [16]. In principle, this may
be the same donor that was involved in the formation of
the near-edge band at hνm = 3.48 eV prior to the treat-
ment. An increase in I = f(Ta, P) for the band at hνm =
3.27 eV is indicative of an abrupt increase in the con-
centration of the acceptor-type centers, which are most
likely associated with the loss of the stoichiometry in
the GaN films due to the excess of N formed during rf
treatment in the NH3 plasma. It is most likely that this
is the interstitial N. On the one hand, the large half-
width of the PL band suggests that the phonon replicas
of its zero-phonon line contributes to the formation of
the long-wavelength wing of this band [13]. On the
other hand, the transitions between the conduction band
and the ZnGa acceptor level (the ionization energy Ea ≈
0.34 eV, see, for example, [17]) or, most likely, intersti-
tial N contribute to the formation of the short-wave-
length wing of this band. The latter assumption is sup-
ported by the insignificant shift (~0.025 eV) of the peak
of the donor–acceptor pair band at hνm = 3.27 eV to
shorter wavelengths with increasing rf discharge power,
which leads to a superlinear growth of the concentra-
tion of acceptors of this type (see Fig. 2). The shape of
this band differs from the shape inherent in the donor–
acceptor pairs. However, the I(L) dependence is linear
(α ≈ 1) over the entire range of L investigated.

3.4. The Band at hνm = 3.42 eV

The origin of this peak, which is apparently a com-
mon feature of GaN films obtained by various methods
except, as a rule, molecular-beam and MOCVD/hydride
epitaxy, is the subject of active discussions.
SEMICONDUCTORS      Vol. 37      No. 11      2003
Fischer et al. [18] attributed this band to the exciton
bound by the structural defects along the crystallo-
graphic c axis in hexagonal GaN. However, the nature
of these defects was not considered. Middleton et al.
[19] and O’Donnell et al. [20] identified the position of
this band with the exciton bound at the structural
defects located at the interfaces between the cubic and
wurtzite phases. Furthermore, it was assumed that the
electron is located in the cubic phase, whereas the holes
are located in the wurtzite phase [20]. Ren et al. [21]
attributed the peak at hνm = 3.42 eV (at 100 K) to
donor–acceptor pairs, in which the residual carbon
(Ea ≈ 90 meV) or Ga vacancy served as the acceptor.
This band may also be related to residual oxygen in the
discharge chamber [22, 23]. Chung et al. [23] explained
the emergence of the new band that peaked at hνm =
3.42 eV by the recombination of free holes with the
electrons localized at the donor levels induced by oxy-
gen, whose concentration increased with the deteriora-
tion of vacuum.

In order to establish the origin of the band at hνm =
3.42 eV unambiguously and to choose a specific mech-
anism of the formation of donor–acceptor pairs, two
groups of experiments were carried out.

First, the dependence of the band intensity on the
pressure of residual gases (p) in the discharge chamber
during the thermal treatment of GaN films in nitrogen
radicals, obtained from NH3 plasma was investigated.
As the pressure increased from 10–3 to 10–1 Torr, the
intensity increased steadily by a factor of approxi-
mately 2.5; i.e., the relation between the random values
of I and p could be represented by a regression equation
in the form

where a0 and a1 are the regression coefficients, which
are determined by the least-squares method. The corre-
lation index, which indicates how close the dependence
between the measured I and p quantities is to the linear
dependence, was close to unity, which allows one to
conclude that the dependence I(p) is practically func-
tional and linear.

Since a deterioration of the vacuum at a practically
constant concentration of nitrogen radicals in this range
of quantity p is most likely associated with an increase
in the concentration of residual oxygen in the reaction
chamber, such behavior of quantity I can be supposedly
associated with the presence of active oxygen radicals
in the N-containing plasma.

Second, the components of all the gases of the sur-
rounding atmosphere, as well as the components of the
inner construction of the chamber, are also present in
the discharge chamber rather than the components of
NH3 only. Therefore, to establish the physical nature of
the band at hνm = 3.42 eV, the GaN:Zn samples, in
which this band already existed after thermal treatment
in the rf NH3 plasma and residual oxygen radicals, were
additionally thermally treated. This treatment was car-
ried out at Ta = 750°C and p = 10–3 Torr (see Fig. 1,

I p( ) a0 a1 p,+=
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curve 3) precisely in oxygen radicals that were obtained
from a pure oxygen medium (compare the third and
fourth columns of the table). The concentration of these
radicals was by four to six orders of magnitude higher
than the concentration of the radicals of residual oxy-
gen in the chamber.

Analysis of the data given in the table indicates that
the intensity of the band at hνm = 3.42 eV after thermal
treatment in oxygen radicals increases by a factor of
approximately 5 compared with the intensity observed
for the samples treated in radicals of residual oxygen.
Consequently, the PL band at hνm = 3.42 eV is caused
by the recombination of free holes with electrons bound
at the donor centers ON (O at the N site). The linear run
of the I(L) dependence (a ≈ 1), which is characteristic
of the band-to-impurity transitions, confirms this fact.
The results obtained by Grekov et al. [24] and Aleksan-
drov et al. [25] also indicate that O is an impurity that
is easily introduced in GaN. Thus, the contribution of O
to the formation of the band at hνm = 3.42 eV can be
considered as proved with a high degree of confidence.

A slight decrease in the intensities of the bands at
hν = 2.88 and 3.27 eV after thermal treatment in oxy-
gen radicals (see table) indicates that the donor proper-
ties of O are very complex. Oxygen and its associations
with other defects may also generate centers of nonra-
diative recombination, which lead to a decrease in the
effective lifetime of charge carriers. This in turn leads
to a drop in the intensities of all PL bands without
exception after destructuring treatments in O-contain-
ing media. Furthermore, an increase in the intensity of
the PL band at hν = 3.42 eV against the background of
the drop in I for all bands is associated with the gener-
ation (introduction) of additional centers of radiative
recombination. These centers provide the prerequisites
for the compensation of the drop in intensity caused by
introducing the centers of nonradiative recombination.

4. CONCLUSION

Thus, our experimental investigations indicate that
the luminescence bands at 2.88, 3.48, 3.27, and 3.42 eV
are not a specific feature caused by a particular technol-
ogy, but most likely a common property of GaN films
that are fabricated using practically all epitaxial tech-
nologies, including the thermal treatment of GaN films
in active nitrogen radicals obtained from rf NH3
plasma. The origin of these bands is associated with
simple defects of the GaN structure and their com-
plexes, which are formed during the epitaxial growth
and postepitaxial treatments and are common to all
methods (residual oxygen, C, vacancies and interstitial
atoms, etc.).
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Abstract—The reflection spectra of n-MnxHg1 – xTe single crystals and epitaxial layers were measured at
300 K. The effective electron mass was determined for the samples with x = 0.06–0.10 and an electron con-
centration N > 6 × 1016 cm–3. The calculated values of effective electron mass are close to experimental values.
© 2003 MAIK “Nauka/Interperiodica”.
MnxHg1 – xTe mercury–manganese telluride (MMT)
solid solutions exhibit stronger chemical bonds and,
accordingly, a higher stability of electrical properties
compared to those of mercury–cadmium telluride
(MCT), which is the most widely used material in infra-
red optoelectronics [1]. However, some of the basic
MMT parameters have been studied inadequately; in a
number of cases, only calculated values of these param-
eters are available and have not been verified experi-
mentally.

In this paper, we report the results of studying the
reflection spectra of n-type MMT samples with the aim
of determining the effective electron mass in relation to
the electron concentration and the content of manga-
nese telluride in the ternary compound.

The reflection spectra were measured at 300 K using
an IKS-21 spectrometer in the spectral range 20–
45 µm. The samples under investigation had a concen-
tration of uncompensated donors N = (6–60) × 1016 cm–3

and were grown by recrystallization of a two-phase
mixture with additional feeding and by liquid-phase
epitaxy from the tellurium melt.

The reflection spectra of some of the samples are
shown in the figure. Characteristic plasma minima in
the spectra were observed for the samples with N >
1017 cm–3; the positions of these minima λmin were used
to calculate the effective electron masses using the for-
mula

where the values of the relative optical permittivity
ε∞ = n2 (n is the refractive index) were taken from [2].

Theoretical values of effective electron masses were
calculated according to the Kane theory. If the condi-
tion Eg ! ∆ is satisfied (here, ∆ is the spin–orbit cou-

mn/m0 e2Nλmin
2( )/ πc2ε∞m0( ),=
1063-7826/03/3711- $24.00 © 21257
pling constant), the energy bands are spherically sym-
metrical, and the electron gas is degenerate, we obtain

This expression is identical to that derived previ-
ously [3]. The values of the band gap Eg and the Kane
matrix element P in relation to x and temperature T
were determined using empirical formulas [3]. The
electrical parameters of the samples, whose reflection
spectra are shown in the figure, and also the experimen-
tal and calculated values of effective electron masses
are listed in the table. The experimental data are in sat-
isfactory agreement with both the results of calcula-
tions and the theoretical values of effective masses
obtained by Bodnaruk et al. [4].

mn/m0 1 4/3P2m0( )/"2+{=

× Eg
2 8/3P2 3π2N( )2/3
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Reflection spectra of MnxHg1 – xTe samples at T = 300 K;

the electron concentration N = (1) 6 × 1016 cm–3, (2) 1.5 ×
1017 cm–3, and (3) 5.5 × 1017 cm–3; the mole fraction of
MnTe x = (1) 0.09, (2) 0.06, and (3) 0.10.
003 MAIK “Nauka/Interperiodica”



 

1258

        

NESMELOVA

                                         
Characteristics of the samples at T = 300 K and effective masses of electrons in MnxHg1 – xTe solid solutions

Mole fraction
of MnTex

N, 1017 cm–3 µ,
104 cm2 V–1 s–1 λmin, µm ε∞

mn/m0 mn/m0

Experiment Theory

0.09 0.6 8.0 – 13.68 – 0.0194

0.06 1.5 5.0 40.5 13.68 0.0162 0.0190

0.10 5.5 1.3 31.0 13.10 0.0360 0.0345

Note: N is the electron concentration, µ is the mobility, and λmin is the wavelength corresponding to the plasma minimum in the reflection
spectrum.
It is noteworthy that the effective electron masses in
an MMT solid solution are somewhat heavier than in an
MCT compound (see, for example, [5]) for comparable
values of N, x, and T. The differences increase with
increasing N. This fact is indicative of a higher density
of electronic states in the MnxHg1 – xTe samples.

I thank L.N. Checherina for performing the galvano-
magnetic measurements.
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Abstract—Microphotoluminescence spectroscopy and imaging were used to study the effect of grain bound-
aries on the properties of textured CdTe polycrystals with a single-crystal grain size of 1–2 mm grown under
nonequilibrium conditions. The technological procedure included low-temperature synthesis and purification
of the material via congruent sublimation, with subsequent deposition under conditions of gas-dynamic vapor
flow and high-rate low-temperature condensation. Microluminescence probing revealed that most of the grain
boundaries are decorated with local centers emitting in the 1.4-eV band of donor–acceptor recombination
involving shallow donors and A-center acceptors. The boundary regions are, to some extent, free of nonradiative
recombination centers active at room temperature. Gettering activity of the grain boundaries could be detected
at the distances up to 100 µm, which reflects the specific features of the nonequilibrium crystallization condi-
tions of the material under study. © 2003 MAIK “Nauka/Interperiodica”.
1. INTRODUCTION

In the previous study, we used microphotolumines-
cence spectroscopy and imaging to examine the emis-
sion spectra of cadmium telluride grown by nonequilib-
rium techniques under conditions of congruent subli-
mation and gas-dynamic vapor flow in a reactor [1]. In
addition to the identification of the radiative transitions,
we established that, in this material, there is a tendency
to aggregation of residual impurities and point defects
with the formation of about 100-µm-size regions char-
acterized by a high density of certain impurities. Grain
boundaries play an important role in the structure of the
samples investigated, which is textured with a single-
crystal grain size of 1–2 mm. It is known that the grain
boundaries in polycrystalline materials have a signifi-
cant (and, in some cases, predominant) influence on
their properties [2]. Due to high defect densities at the
grain boundaries, they often feature high concentra-
tions of efficient traps and charge-carrier recombination
and scattering centers. The effect of the grain bound-
aries on the impurity segregation is also well known;
this may result in the formation of heavily doped chan-
nels in the boundaries, which considerably affect the
charge-carrier transport in experimental polycrystalline
device structures. In this study, we used the microlumi-
nescence-probing technique to examine the effect of
the grain boundaries on the properties of coarse-
grained CdTe that crystallized under nonequilibrium
conditions.

2. EXPERIMENTAL

The material under study was obtained using low-
temperature synthesis and sublimation purification,
1063-7826/03/3711- $24.00 © 21259
yielding a compound of a composition corresponding
to the minimum-pressure point [3]. To enhance the
purification efficiency, in this study we used nonequi-
librium technological processes taking place under
conditions of congruent sublimation and gas-dynamic
vapor flow in the reactor [4]. In combination with a
deep prepurification of the source components (5–6N),
this makes it possible to use the method of free growth
to finally obtain polycrystalline ingots of CdTe (up to
70 mm in diameter) with the lowest possible deviation
from the stoichiometry and a concentration of main
residual impurities no higher than 1015 cm–3. The rate of
the vapor deposition, which took place at temperatures
around 600°C, was an order of magnitude higher than
the nearly equilibrium values typical of conventional
technologies and was as high as ~500 µm/h. The sam-
ples under study were [111] textured with the single-
crystal grain size of 1–2 mm. The sample surfaces (cut
either parallel or perpendicular to the growth axis) were
prepared by grinding, polishing, and etching in a bro-
momethanol solution. To reveal the grain boundaries
and the crystal-structure defects inside the grains, the
samples were treated with the selective etchant E-Ag-1.
The main structural defects revealed by chemical etch-
ing were grain boundaries, twin boundaries, and dislo-
cations, whose density inside a grain was lower than
103 cm–2 on average. At room temperature, according to
the Hall measurements, the samples possess p-type
conductivity and have a resistivity of 103–104 Ω cm.

After the measurements were carried out on as-
grown samples, they were subjected to a 70-h annealing
in an atmosphere of saturated Cd vapor at 700°C.

The measurements were carried out using an auto-
mated microphotoluminescence scanner, which makes
003 MAIK “Nauka/Interperiodica”
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it possible to record both luminescence spectra at a
given spot on the sample surface and luminescent
images of the surface at a given wavelength. The sam-
ples were mounted on a cold finger in a cryostat, with
the temperature variable from 100 to 300 K. The lumi-
nescence was excited by the radiation of a He–Ne laser
(λ = 632.8 nm) using a focusing optical system. The
power of excitation radiation on the sample surface was
2.5–3.0 mW, with the spot diameter of 8–10 µm (at a

C

A

B

Fig. 1. The structure of a 1.0 × 0.8 mm single-crystal grain;
the luminescence spectra presented in Fig. 2 were taken at
the points indicated by letters.
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Fig. 2. A representative selection of the microphotolumi-
nescence spectra of the material under study at 100 K,
recorded at spots A, B, and C indicated in Fig. 1.
0.1-maximum intensity level). The position of the exci-
tation spot on the sample surface was visually moni-
tored using a microscope-based “pointing system.” The
sample emission in the wavelength range up to 1 µm
was spectrally analyzed by an MDR-12 wide-aperture
grating monochromator and detected by a cooled
FEU-83 photomultiplier; the PMT signal was recorded
using the lock-in technique and processed on a com-
puter. The cryostat was mounted on a special table
whose motion was computer-controlled; scanning was
performed by translating the table along two mutually
perpendicular axes with respect to the laser beam,
whose spatial position was kept fixed. The step size
could be varied according to the requirements of the
experiment at hand; in this study, the step was set at
25 µm. In the course of a spatial scan at a given wave-
length, the data were output on the display using color
representation of the luminescence intensity.

3. RESULTS AND DISCUSSION

The measurements were carried out in a region
occupied by a typical single-crystal grain 1.0 × 0.8 mm
in size, which is shown in Fig. 1. In addition to the grain
boundaries, chemical etching revealed a certain cluster
of extended structural defects (presumably, disloca-
tions) at the center of the grain.

The results reported below were obtained for sample
temperatures of 100 and 300 K; in this case, apart from
intrinsic emission, radiative transitions involving rela-
tively deep-level impurity and defect centers become
important in the luminescence of CdTe.

Representative microphotoluminescence spectra,
recorded at the spots of the crystal under study indi-
cated in Fig. 1, are shown in Fig. 2. At 100 K, the edge-
emission band (1.578 eV) and the “self-activation”
impurity–defect band (1.48 eV) were predominant in
the spectra. The origin of these bands had been identi-
fied previously [1]: the first band is related to the exci-
ton, emission, and the second, to donor–acceptor pair
recombination involving shallow donors and A-center
acceptors (VCdD) [5–12]. As was shown in [1], the
unusually high peak energy of the self-activation band
is related to the fact that the excitation level is very high
(1022 photons/(cm2 s)) and the luminescence spectra are
measured locally at the spots where the density of
recombination centers increased considerably.

From the selection of locally probed spectra pre-
sented in Fig. 2, one can see that the intensity of the
exciton band is nearly the same over different spots of
the grain. At the same time, the intensity of the impu-
rity–defect emission around 1.4 eV is high only in some
regions of the sample. This conclusion is confirmed by
the results of a detailed monochromatic mapping of the
luminescence intensity carried out over a 1.25 ×
1.25 mm area of the sample that includes the single-
crystal grain shown in Fig. 1; the scan step was 25 µm.
Figure 3 represents a luminescent image of the as-
SEMICONDUCTORS      Vol. 37      No. 11      2003
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grown (unannealed) sample at 100 K at a wavelength of
840 nm. It is evident that the intensity of 1.4-eV impu-
rity and defect emission is high only in the regions adja-
cent to the grain boundaries and in the region of the
defect cluster at the center of the grain; moreover, the
intensity distribution along the grain boundary is not
uniform and a part of the boundary (the lower portion
of Fig. 3) is almost “invisible” at this wavelength. The
intensity of intrinsic (excitonic) luminescence at 100 K
is distributed relatively uniformly over the scanned area
(the contrast, i.e., the ratio of the maximum to the min-
imum value of the intensity over the image, was about
two). Thus, at this temperature, the variation in the life-
time of nonequilibrium charge carriers over the entire
grain, including the boundary regions, is fairly mod-
est—at least under conditions of the high level of exci-
tation characteristic of this experiment. Consequently,
notable variations in the intensity of luminescence of
impurity and defect centers emitting in the self-activa-
tion band at 1.48 eV can be related to a sufficient degree
of confidence in the variations in their local density.
Then, we conclude from the data presented above that
the density of impurity and defect centers responsible
for the 1.4-eV emission increases notably within an
area of 50–100 µm around the grain boundaries (the
contrast of the luminescent image in Fig. 3 amounts
to 37). Apparently, this decoration of the grain bound-
aries occurs due to gettering of residual impurities and
defects caused by them, and to the diffusion of impuri-
ties over the boundaries in the course of the growth pro-
cess (~600°C, 40–45 h) and the cooling of the material
down to room temperature.

Similarly to previous results [1], the luminescence
map in Fig. 3 contains some “bright” spots of sizes up
to 100 µm, which cannot be related to any specific fea-
tures of the crystal structure revealed by chemical etch-
ing. The detailed mechanism of their formation remains
unclear. According to the previous data [1], neither sin-
gle dislocations nor twin boundaries serve as their
nucleation centers. It can be noticed only that, mainly,
these bright spots are observed also in the relative vicin-
ity of the grain boundaries.

Finally, we can see in Fig. 3 a region of increased
density of “1.4-eV” centers, which stretches across the
entire grain through its middle. Taking into account that
these centers have a tendency to decorate extended
structural defects, we are able to suggest that this indi-
cates the presence of a pileup of dislocations in the mid-
dle of the grain, part of which are revealed by chemical
etching (see Fig. 1). Investigation of other grains in this
sample yielded similar results. Apparently, this means
that the formation of subgrain boundaries in the middle
region of single-crystal grains due to polygonization is
an inevitable consequence of the kinetics of nonequilib-
rium crystallization in the technological processes
employed.

To study the response of the impurity–defect ensem-
ble of the as-grown crystals to the thermal treatment,
SEMICONDUCTORS      Vol. 37      No. 11      2003
the samples were annealed for 70 h in saturated Cd
vapor at 700°C. After such a treatment, the intensity of
both excitonic and impurity–defect spectral bands
increased by 1.5–2 orders of magnitude at any spot of
the sample surface, apparently owing to a significant
decrease in the density of nonradiative recombination
centers. This is evidence of a considerable deviation
from equilibrium in the density (and, possibly, in the
composition) of the residual defects in the as-grown
crystals. In this respect, stoichiometry defects are the
most probable candidates, despite the material being
grown at low temperature under conditions of congru-
ent sublimation. In addition, it is not improbable that,
due to the difference in the condensation coefficients of
the elements of the crystal matrix (Cd and Te2), clusters
of intrinsic and impurity-related point defects in the
form of microprecipitates may appear around lattice
irregularities under nonequilibrium crystallization con-
ditions. It seems likely that, in general, the formation of
crystal structures characterized by weak association of
the residual defects is typical of the growth processes
involving high crystallization rates under conditions of
gas-dynamic vapor flow in the reactor [13].

Annealing also leads to certain changes in the fea-
tures of the luminescent image of the grain recorded at
840 nm, the wavelength of the impurity–defect emis-
sion (see Fig. 4). First, the image contrast is reduced
down to five, and this takes place because of a relatively
higher increase in the emission intensity inside the
grain in comparison to the boundary regions. Second,
all grain boundaries became clearly “visible” in the
image upon annealing, including those poorly revealed
by luminescent mapping of the as-grown material.
Since the distribution of the excitonic-emission inten-
sity over the surface of the sample at 100 K remained
relatively uniform upon annealing, a buildup of the
1.4-eV luminescence along the lower (in terms of
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Fig. 3. Microphotoluminescence map of the as-grown
(unannealed) sample at 100 K; a 1.25 × 1.25 mm2 area
including the single-crystal grain shown in Fig. 1 was
scanned at the wavelength of impurity–defect emission
(840 nm).
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Fig. 1) boundary of the grain should be also attributed
to an increase in the density of the corresponding impu-
rity–defect centers in this region. Most probably, this
process occurs due to the diffusion of residual impuri-
ties gettered at the grain boundary during crystalliza-
tion: the surrounding luminescence background in
Fig. 4 is at a typical level, and the value of the diffusion
coefficient needed (~10–10 cm2 s–1 at 700°C) agrees
fairly well with those for the main impurities in CdTe
[14]. Another contribution may be related to the disso-
ciation of microprecipitates containing residual impuri-
ties, taking place in the course of annealing [15].
Finally, it should be noted that the highest intensity of
the “self-activation” band (and, thus, the highest den-
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Fig. 4. Microphotoluminescence map of the sample
annealed for 70 h at 700°C in saturated Cd vapor. The scan
was taken at the wavelength of impurity–defect emission
(840 nm) and covers the area including the single-crystal
grain shown in Fig. 1; the sample temperature was 100 K.
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Fig. 5. Microphotoluminescence map of the annealed sam-
ple recorded at room temperature at the wavelength of
intrinsic emission (821 nm); the scan covers the area includ-
ing the single-crystal grain shown in Fig. 1.
sity of the corresponding local centers) was observed in
the boundary regions at the junction of several grains.

A reduction in the density of nonradiative recombi-
nation centers upon annealing enabled observation of
the crystal luminescence at room temperature. It was
possible to detect the edge-emission band that peaked
at 1.502 eV (821 nm), comprising the band-to-band and
exciton recombination radiation and its LO-phonon
replicas [16]. It has already been mentioned that, at
100 K, the distribution of the intrinsic (exciton) lumi-
nescence intensity over the surface of the sample is
rather uniform. However, from the map of the room-
temperature luminescence at the intrinsic-emission
wavelength (821 nm), shown in Fig. 5, it is evident that
in this case, the boundary regions of the grain exhibit
more intense emission than the inner regions. The dif-
ference between these two cases originates from the
fact that activation mechanisms of nonradiative recom-
bination, which are “frozen” at low temperatures, come
into play at room temperature. Thus, the map image
shown in Fig. 5 indicates that the regions adjacent to the
grain boundaries, up to distances of 100 µm, are to
some extent free of nonradiative recombination centers;
apparently, this results from the gettering ability of the
boundary. Probably, this also partially causes the above-
mentioned decrease in the contrast of the impurity–
defect map after annealing (Figs. 3, 4). It can be also seen
from Fig. 5 that similar effect is observed in the vicinity
of the subgrain boundary in the middle of the grain.

4. CONCLUSIONS

We showed in this study that microphotolumines-
cence may serve as an efficient tool for investigating the
impurity–defect composition and the structure of CdTe
grown by nonequilibrium technological processes that
include low-temperature synthesis from deeply purified
source components and subsequent purification of the
compound under conditions of congruent sublimation,
vapor flow in the gas-dynamic mode, and high-rate
low-temperature condensation. As a result of these fea-
tures of the crystallization process, the elements of both
equilibrium and nonequilibrium arrangements of the
impurity–defect structure are characteristic of the mate-
rial thus obtained. A need for local analysis of the sam-
ples was essential in this study. Despite the relatively
large grain size (1–2 mm), this material in general
exhibits properties typical of both single crystals and
polycrystals. The microluminescence probe revealed
that the impurity–defect compositions of the boundary
regions and the inner regions of single-crystal grains
differ considerably. Most of the grain boundaries are
decorated with impurity–defect centers emitting in the
1.4-eV band of donor–acceptor recombination involv-
ing shallow donors and A-center acceptors. In addition,
due to segregation at the grain and subgrain boundaries,
the boundary regions are, to some extent, free of nonra-
diative recombination centers that are active at room
temperature. Gettering activity of the grain boundaries
SEMICONDUCTORS      Vol. 37      No. 11      2003
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could be detected at the distances up to 100 µm inside
the grains.
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Abstract—GaN films with a thickness of 0.1 µm were grown by radical-beam gettering epitaxy on porous
GaAs(111) substrates. Excitonic luminescence bands are dominant in the photoluminescence spectra measured
at 4.2 K. The energy positions of excitonic-band peaks are analyzed; as a result, it is concluded that there are
stresses in the grown GaN films. © 2003 MAIK “Nauka/Interperiodica”.
The ultraviolet (UV) spectral region is used in many
optoelectronic devices [1]. The direct-gap semiconduc-
tor GaN, whose hexagonal modification has a band gap
of 3.39 eV [2], is most promising as the material for
light-emitting diodes (LEDs) that operate in this region
of the spectrum. GaN UV emission is caused by recom-
bination which involves the free and bound excitons
[3]. In order to increase the efficiency of GaN LEDs, it
is necessary to have GaN films of a high crystal quality.
These films are grown on various substrates, including
Si, GaAs, 3C-SiC, Al2O3, and 6H-SiC. The main prob-
lem is related to a reduction in the defect concentration
at the film–substrate interface; these defects are caused
by the lattice-constant mismatch between the film and
the substrate.

Mamutin et al. [4] used for the first time a porous
GaAs single crystal as a “soft” substrate for GaN films
grown by molecular-beam epitaxy (MBE). In this
study, we considered the possibility of forming GaN
films on porous GaAs substrates with (111) orientation
using radical-beam gettering epitaxy [5]. The main dif-
ference of this method from conventional epitaxy con-
sists in the fact that one of the components (atomic
nitrogen) is supplied from the gaseous phase, whereas
the second component (gallium) is gettered from the
bulk of the treated crystal. The second important spe-
cial feature of radical-beam gettering epitaxy is related
to the temperature distribution in the reactor. The
treated crystal is positioned in a narrow high-tempera-
ture zone of the reactor; this zone occupies a small frac-
tion of the total reactor volume, while the temperature of
the remaining part of the reactor is lower. Such a temper-
ature profile leads to the removal of impurities from the
growth zone to the low-temperature part of the reactor,
which ensures a high purity of the formed layers.

The n-GaAs(111) single crystals were treated in an
aqueous solution of HF. Studies of porous GaAs by
scanning electron microscopy showed that the pore
1063-7826/03/3711- $24.00 © 21264
diameter is on the order of 100 nm (for the specified
conditions of the electrochemical treatment). The thick-
ness of the porous GaAs layers is about 2 µm. An
annealing of porous GaAs for 2 h in nitrogen plasma
was performed in a setup for radical-beam gettering
epitaxy, which was described in detail previously [6].
Extrapure ammonium was used as the nitrogen source.
The distance between the plasma and the treated crystal
was controlled using a magnetic field; the optimal dis-
tance was d = 2 cm. The etching of the crystal occurs at
a smaller distance, whereas a drastic decrease in the
atomic-nitrogen flux is observed for larger distances.
The operating pressure in the atomic-nitrogen source
was 10–3 Torr. Studies of optical emission spectra of
high-frequency nitrogen discharge in the visible region
of the spectrum revealed the presence of bands that cor-
responded to excited molecular and atomic nitrogen; a
band that peaked at λ = 747 nm exhibited especially
high intensity and was related to excited atomic nitro-
gen. The above features of the nitrogen gas discharge
ensure the high efficiency of interaction of the gas
phase with the GaAs substrate, which results in the for-
mation of GaN.

In order to excite the photoluminescence (PL), we
used an ILGI-503 nitrogen laser with an emission
wavelength of 337.1 nm and a pulse duration of 10 ns.
The PL spectra were analyzed using a computer-con-
trolled MDR-12 monochromator. The samples were
mounted in a liquid-helium cryostat at T = 4.2 K.

Low-temperature PL spectra of 0.1-µm-thick GaN
films on porous GaAs substrates include a low-intensity
yellow-region band and a band in the blue region of the
spectrum; the latter band is related to radiative recom-
bination within a donor–acceptor pair [7]. The most
intense emission is observed in the spectral region that
corresponds to free excitons (FE) (the peaks denoted by
A, B, and C) and to bound excitons (BE) (see figure).
The PL spectrum of a 0.3-µm-thick intrinsic GaN film
003 MAIK “Nauka/Interperiodica”



        

ULTRAVIOLET LUMINESCENCE OF THIN GaN FILMS GROWN 1265

                                                                     
grown by MBE on bulk GaN single crystals is also
shown in the figure [8, 9].

A comparison of spectra 1 and 2 in the figure shows
that the peaks of excitonic bands of GaN films grown
on porous GaAs substrates are shifted to higher ener-
gies by 0.02 eV. This shift of PL spectra is attributed to
stresses in the films. Studies of angular dependence of
X-ray diffraction in the angle range 2θ = 25°–45° [10]
revealed a diffraction peak at 2θ = 34.6°, which corre-
sponded to reflection from the (0002) plane of the hex-
agonal GaN phase.

Thus, UV emission caused by recombination that
involved the free and bound excitons in the hexagonal
phase was observed in GaN films grown by gettering
radical-beam epitaxy on porous GaAs(100) substrates;
this emission suggests that the films are of high quality.

Photon energy, eV

PL intensity, arb. units

1

2

3

4

3.47 3.48 3.49 3.50 3.51

FE, A
FE, A

1

2

Photoluminescence spectra measured at 4.2 K for (1) an
0.3-µm-thick GaN film grown by molecular-beam epitaxy
on bulk GaN crystals and (2) an 0.1-µm-thick GaN film
grown by radical-beam gettering epitaxy on a porous GaAs
substrate.
SEMICONDUCTORS      Vol. 37      No. 11      2003
An insignificant shift of excitonic bands to higher ener-
gies in the spectrum indicates that there are stresses in
the GaN films; however, the magnitude of these stresses
is much smaller than those in GaN films grown by rad-
ical-beam gettering epitaxy on single-crystal GaAs
substrates, in which case excitonic emission was not
observed [11].
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ELECTRONIC AND OPTICAL PROPERTIES
OF SEMICONDUCTORS
Hopping Polarization Photoconductivity of Silicon 
with the Involvement of Impurity Pairs of Groups III and V
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Abstract—The long-wavelength bands of absorption by the impurity pairs and photoconductivity in the micro-
wave (8 mm) electric field with the impurity pulse photoexcitation are investigated for Si doped by B, Al, Ga,
In, P, As, and Sb in concentrations 1016–1018 cm–3. The correlation between the pair concentration and the emer-
gence of a slow component of photoconductivity relaxation is ascertained. This component is associated with
the polarization hopping photoconductivity that emerges due to the optical recharge of impurity states, namely,
the ionization of isolated impurities, impurities in pairs, and dipoles (pairs of the majority and compensating
impurity ions). The hopping transfer of ion charges during relaxation is analyzed. It is shown that the main con-
tribution to the polarization photoconductivity at relatively low impurity concentrations is made by hopping
transitions in impurity pairs; the contribution of hops with the involvement of isolated ions becomes dominant
with increasing concentration. © 2003 MAIK “Nauka/Interperiodica”.
1. INTRODUCTION
It was found [1, 2] that in Si doped by a series of

Group III and V impurities in concentrations N >
1016 cm–3 and at a temperature T < 20 K, the slow com-
ponent of the impurity photoresponse in an electric
microwave (MCW) field (8 mm, 36–40 GHz) UMCW
manifested itself [3]. The relaxation time, which was
estimated from the dependence of photoresponse UMCW
on the frequency of the periodic modulation of excita-
tion radiation f (100 Hz–10 MHz) was about 10–5 s at
5 K. The relaxation time of the photoresponse in the
constant electric field UDC for B, In, and As impurities
at 30 K did not exceed 10–7 s even for weakly compen-
sated Si samples, and it decreased by two to three
orders of magnitude with decreasing temperature and
increasing degree of compensation. Identical relaxation
times of the UMCW photoresponse and dependences on
the temperature and compensation were found for f >
1 MHz; i.e., in both cases the process was determined
by the cascade trapping of free charge carriers by ion-
ized impurity atoms [4]. At 5 K, the ratio of MCW
responses for the quasi-steady (f ≈ 1000 Hz) and radio-
frequency (f > 1 MHz) excitation was almost as large as
three orders of magnitude [2]. Thus, the slow relaxation
of the impurity photoresponse prevailed only in the
MCW electric field. Hence, it followed that this phe-
nomenon was associated with the hopping photocon-
ductivity. Here there is a complete analogy with [5],
where the hopping conductivity of doped Si is investi-
gated in the alternating electric field. The charge-carrier
hops between the neutral and ionized impurities, which
are induced by the alternating field, lead to variation in
the distances between the ions of the majority and com-
pensating impurity, i.e., to variation in the dipole
1063-7826/03/3711- $24.00 © 21266
moments. The conductivity itself is of polarization type
and even at low frequencies (as low as 1.6 × 104 Hz)
exceeds the percolation conductivity by several orders
of magnitude. A similar situation also occurs for the
MCW photoconductivity. It was also assumed that the
slow relaxation of MCW photoconductivity is associ-
ated with the accumulation of charge carriers in long-
lived excited 1s states of impurities with extended
orbitals, optical transitions from which are forbidden in
the dipole approximation. This was confirmed by the
fact that, in Bi- and Ga-doped Si with N < 3 × 1016 cm–3,
the slow relaxation of UMCW did not manifest itself
[1, 2]. The Bi, Ga, and Al impurities have high excited
states whose energies are close to the energies of opti-
cal phonons in Si [6]. Therefore, the captured charge
carrier from these higher states can relax rapidly with-
out the involvement of the excited 1s states.

A model of MCW polarization photoconductivity
with the involvement of long-live excited states devel-
oped by Pokrovskii et al. [7] is consistent with a num-
ber of experimental results [8]. However, certain exper-
iments fundamentally contradict the interpretation pro-
posed. For example, a decrease in the excitation
intensity leads to an increase in the relaxation time of
UMCW from 10 µs, which was measured in [1, 2], to
500 µs [8]. Such a profound effect of excitation condi-
tions on the intracenter relaxation has not been
explained. Further, it was found that the slow relaxation
of UMCW also manifested itself in Ga- and Al-doped Si
if N > 5 × 1016 cm–3. Finally, the estimations of proba-
bility of transitions with the emission of an acoustic
phonon demonstrated that the lifetimes of excited
1s states in Si are no longer than 10–10 s. For these rea-
003 MAIK “Nauka/Interperiodica”
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sons, we suggest a new approach to the problem of hop-
ping conduction in doped Si [9].

2. IMPURITY PAIRS

The approach is based on taking account of the role
of impurity pairs in hopping transitions in the MCW
field. In contrast to fast-diffusing impurities (Li, donors
of Group VI) that form close pairs, the impurities of
Groups III and V are distributed randomly at the sites of
the crystal lattice. In the latter case, there is no clear dis-
tinction between the pairs and isolated impurities.
However, it is possible to separate the group of impuri-
ties that might play the main role in the hopping polar-
ization photoconductivity. Let us explain the situation,
starting from the simplest analogue, specifically, the
system of two protons and two electrons. This known
pattern of single-electron terms of a hydrogen molecule
is illustrated in Fig. 1 [10]. Here, the differences in
energies between the dashed and solid lines correspond
to a decrease in the energies of ionization and excitation
of the electron to the 2s state compared with the ener-
gies of remote protons. It can be seen that the regions of
a noticeable decrease in these energies correspond to
relative distances between protons r/a = (2–5), where
a is the Bohr radius. Furthermore, the energy of both
neutral and ionized “molecules” is lower than that for
an isolated atom and a hydrogen ion. This apparent par-
adox is associated with the fact that this system is not
of single-electron type. A similar situation should also
occur in the case of impurity pairs in crystals [11], but on
different scales of distances and energies, which depend
on the magnitude of the Bohr radii of impurities a.

Figure 1 also shows the dependence of the contribu-
tion of charge carrier hops to the polarization conduc-
tivity dσMCW/d(r/a) on r/a; this dependence was calcu-
lated for the MCW electric field (λ = 8 mm) with a ran-
dom distribution of impurities [5]. In the calculation,
the activation factors, which depend on ∆E/2kT, are
omitted. This should not affect the subsequent estima-
tions, since large-scale potential fluctuations in doped
Si could not cause significant variation in the ∆E energy
for the hops over small distances in pairs. It can be seen
that the main contribution to the hopping MCW con-
ductivity is also made by impurity pairs that are local-
ized in the region r/a = (2–5).

Let us estimate the concentration of such pairs. The
probability that the impurity has no neighbors at a dis-
tance less than r0 is exp(–r0/rav)3, where rav = [(4/3)πN]–1/3

is the average distance between the impurities [12].
Hence, the concentration of impurities N2, which have a
single neighboring impurity at distances less than r0, is

(1)

where v 0 = (4/3)π . At v 0N ! 1, we have N2 ≈ v 0N2.
Such quadratic dependences, which are characteristic
of the concentration of pairs with a reduced ionization
energy, were found in Si for an In impurity [13] from

N2 = N 1 r0/rav–( )3exp–[ ]  = N 1 v– 0N( )exp–[ ] ,

r0
3
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the temperature dependence of the Hall coefficient and
for the P impurity [14] from the dependences of absorp-
tion coefficients k for the bands, which are shifted to
lower energies relative to the narrow excitation peaks of
isolated impurity atoms. Similar quadratic dependences
of k on N were found for a number of other impurities
of Groups III and V [15]. The broad adsorption spectra
for these bands (Fig. 2) are the superposition of the con-
tribution of pairs with different distances between
impurities. The structure of such bands is different both
for dissimilar impurities and for transitions to different
excited states but is independent of the impurity con-
centration N.

To compare the data of Pokrovskii et al. [15] with
expression (1), in the spectra in Fig. 2 the regions in
which the integrated absorption corresponds to the con-
centrations N2 of impurities localized at distances no
larger than r0 = 5a are marked out by hatching. The
Bohr radii of impurities a are assumed to be equal to
e2/2εEi, where ε = 12 is the relative permittivity and
Ei is the ionization energy. The width of the regions is
determined from the ratio of their areas to the areas
under the narrow absorption peaks with transitions to
similar excited states of the same impurities with
known low (N < 1015 cm–3) concentrations. Such sepa-
ration of the regions is associated with a certain arbi-
trariness due to the overlap of the bands during transi-
tions to various excited states. However, this is insignif-
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Fig. 1. Single-electron terms of the hydrogen molecule. The
differences between the solid and dashed lines correspond
to a decrease in energies of ionization and excitation E of
single isolated atoms (r/a = 8). The dotted curve is the con-
tribution of the electron transitions between the neutral and
ionized atoms to the conductivity σ caused by the MCW
electric field (λ = 8 mm) [5].
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The measurement temperature is 4.2 K.
icant for qualitative estimations. The dependences of
impurity concentration in the pairs (N2) on the concen-
tration of the doping impurity (N), which were obtained
based on expression (1) [15] and Fig. 2, are shown in
Fig. 3. The N dependence of N2 for an In impurity from
[13] and N2 values estimated from the photoconductiv-
ity spectrum [13] and from the absorption spectrum are
also shown. It can be seen that the values of N2, which
are determined from various experiments, are consis-
tent. The solid lines are calculated using expression (1)
and correspond to the B (a = 1.3 nm) and In (a =
0.38 nm) impurities. Long-wavelength absorption
starts to manifest itself at Nv 0 > 10–2. Thus, the stronger
the carrier localization in the ground state of the impu-
rity, the higher the concentrations at which the absorp-
tion by the impurity pairs is observed. Moreover, a slow
relaxation of UMCW is observed in the same regions of
concentrations of different impurities. This is an impor-
tant indication that impurity pairs are involved in the
MCW photoconductivity. Note that in Fig. 3 the values
of N2 for two samples doped with Sb with a concentra-
tion of N = 2.6 × 1016 cm–3 coincide. These samples
SEMICONDUCTORS      Vol. 37      No. 11      2003
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have different concentrations of compensating impuri-
ties Nc (1.5 × 1015 and 1016 cm–3). Hence, it follows that
the compensation does not noticeably reduce the con-
centration of neutral pairs even if N2 < Nc. This is in
agreement with Fig. 1, since the interaction between the
impurities leads to a decrease in the pair energy at any
value of r/a > 1.

3. OPTICAL RECHARGE OF IMPURITY STATES 
AND THE EXCITATION RELAXATION

Let us consider the situation in n-Si in thermody-
namic equilibrium at low temperatures.

When N @ Nc, the pairs of doping impurity are
mainly in a neutral state. Since the ions of the compen-
sating impurity are also distributed randomly, their con-
centration “within” the pairs should be equal to

if Nc ! N and N2 ! N. This is precisely the reason why
the compensation only slightly affects the absorption
by impurity pairs. However, the ions of the doping
impurity are not distributed randomly. They are local-
ized mainly at minimal distances from compensating
ions and form pairs of another type, specifically, the
dipoles with the N+– concentration. Thus, under the
conditions T = 5 K, N = 1016 cm–3, and Nc = 1014 cm–3,
the concentration of ions N+, which are not involved in
the dipoles, does not exceed 0.1Nc and decreases with
increasing N and Nc; i.e., N+– ≈ Nc [4]. At low tempera-
tures, the ions bound into dipoles cannot contribute to
the MCW conductivity, since electron hops from more
remote impurities to dipoles are possible only with
energy absorption.

The excitation causes the random ionization of the
majority impurity, whereas the capture of electrons
causes optical recharge. These phenomena decrease the

N+– and increase the N+ and  concentrations. The
electron hops between such ionized and neutral impuri-
ties contribute to the MCW photoconductivity. Let us
consider the situation of Si excitation by radiation
pulses with intensity I and duration ∆t; the latter is
much longer than the free-carrier lifetime τr, but much
shorter than the relaxation time of the UMCW photore-
sponse. In this case, for the time exceeding τr = 1/αNc,
the concentration of free carriers n ≈ ISN/αNc will be
attained, where S is the cross section of photoionization
and α is the trapping coefficient. In reality, the quantity
n can change during excitation, since the coefficients of
the carrier trapping by ions and dipoles are different [4].
However, this should not affect the subsequent qualita-
tive conclusions, and the recharge process can be
described by equations

(2)

NcN2v 0/2 ! Nc N2,,

N2
+

dN+–/dt ISN αnN+–, N+–– Nc N+
 ! N ,–= =

dN2
+/dt IS N2 N2

+–( ) αnN2
+;–=
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it then follows that

(3)

when N @ Nc, the amplitudes of UMCW, which are con-
trolled by the optical recharge of both isolated impuri-
ties and impurities in pairs, are proportional to Nc. It
also follows from relationships (3) that if more than Nc
ionization events occur for time t in the unit volume
(ISNt > Nc), the limiting optical concentration of impu-
rities is attained. Then, a nonequilibrium steady state
will be established in the crystal; i.e.,

(4)

A further increase in intensity should lead only to an
increase in the free carrier density rather than to a
noticeable variation in the ion concentrations. It can be
seen from relationships (4) that only a small fraction of
impurities in the pairs is ionized during recharge, and

 ! N+. Therefore, the contribution of electron hops
involving isolated impurity ions to the UMCW photore-
sponse should also be taken into account despite the

N+ N / 1 N /Nc+( ) 1 IS 1 N /Nc+( )t–( )exp–[ ] ,=

N2
+ N2/ 1 N /Nc+( ) 1 IS 1 N /Nc+( )t–( )exp–[ ] ,=

N+ Nc; N+– Nc
2/N  ! Nc;≈ ≈

N2
+ N2Nc/N≈ v 0NNc ! N2 N+, .=

N2
+

10171014
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10181016

N, cm–3
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1017
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N2, cm–3

Fig. 3. Dependences of impurity concentrations in the pairs
(N2) on the concentration of the majority impurity (N) in Si
doped with (1) B, (2) P, (3) Sb, (4) As, (5) Al, (6) Ga, and
(7) In obtained from the absorption [16] and photoconductiv-
ity [13] measurements, and (8) In from the Hall effect [13].
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fact that the hop probability is substantially lower than
in the pairs in this case.

Excitation relaxation is possible due to the hopping
transitions of charge carriers between the neutral and
ionized impurities. The ionized impurity in the pair can
be neutralized due to a single hopping transition with
energy release at each r/a > 1; the neutralization rate
should not substantially depend on temperature. How-
ever, the probability of the presence of a third impurity
at a small and even at a medium distance should
decrease with decreasing r/a. Therefore, the charge-
relaxation rate for “close” pairs should be substantially
slower than for “extended” pairs, and the UMCW relax-
ation should be nonexponential. A rough estimation of
the relaxation rate for the B impurity in the samples
investigated by us for the random impurity distribution
can be obtained from formula (13a) by Pollak and
Geballe [5]. For example, for the smallest possible dis-
tance to the nearest impurities r/a = 5, the relaxation
rate is about 107 s–1, whereas for r/a = 10 it is about
10 s–1; i.e., the relaxation time can encompass a range
of six orders of magnitude. However, the relaxation rate
should vary proportionally to Na3 and should weakly
depend on N2, since the impurities in the pair surround-
ings are mainly neutral.

The transitions of charge carriers with the involve-
ment of isolated impurity ions with r/a > 5 can contrib-
ute to the hopping MCW photoconductivity (Fig. 1)
until they are bound into dipoles. The localization
occurs due to the hopping drift of the charge of isolated
ions in the attraction electric field of point charges of
the compensating impurity. At N+ ≈ N–, the characteris-
tic time of the charge drift from the average distance R
to the nearest ion of the compensating impurity is τm =
εR3/3eµ = ε/4πeµN+, where µ is the hopping mobility of
the charge. Note that the quantity τm is in effect the
Maxwell relaxation time of the space charge τm =
ε/4πσ. This quantity is determined by the effective con-
ductivity of the medium eµN+. For the limiting optical
recharge, the time dependence of the concentration N+

can be described by the expression

(5)

The time τm itself depends on the concentration of iso-
lated ions N+. In order to compare with the experiment,
it is convenient to transform expression (5) into the
form

(6)

The characteristic manifestation of this component of
UMCW should be an increase in the relaxation rate both
with increasing Nc and with increasing N and T due to
an increase in the hopping mobility µ. It should be
expected that the hops with the involvement of the N+

ions will manifest themselves at relatively high concen-

N+ Nc t/τm–( ).exp=

t ε/4πeµNc( ) Nc/N
+( ) N+/Nc( ).ln–=
trations N. As for the lower concentrations, when the
relaxation time of the space charge is longer than the
period of the pulse excitation, a quasi-steady-state con-
centration N+ will be established, and this variable com-
ponent of UMCW will be undetectable. Thus, the effect of
the impurity concentration and temperature on the relax-
ation of the MCW photoconductivity with the involve-
ment of the pairs and isolated impurities should be sub-
stantially different. This allows one to clarify the condi-
tions under which each of these processes prevails.

To clarify this issue, the kinetics of the impurity
photoresponse was investigated. The samples of doped
Si were placed in the closed end of an 8-mm waveguide
[3] and were excited by the radiation pulses of a CO2
laser (10.6 µm, hν = 117 meV) with a repetition fre-
quency of about 200 Hz. The photoresponses in the
constant UDC and microwave UMCW electric fields were
detected by a boxcar integrator with time windows of
0.5 and 5 µs. The pulse duration ∆t ≈ 0.5 µs was much
longer than the free-carrier lifetime τr, but much shorter
than the relaxation time of UMCW. The pulse energy at
Nc ≤ 1014 cm–3 was usually no higher than 10–6 J and
was sufficient for the saturation of the slow component
of the MCW signal. A further increase in intensity
caused a rise in the fast component of UMCW only,
which repeated the UDC response and was caused by
free charge carriers. The fast and slow components of
UMCW were of identical polarity, which corresponded to
an increase in absorption of the MCW radiation due to
increasing sample conductivity with the excitation of
charge carriers. To achieve stability of the response and
a satisfactory signal-to-noise ratio, it was necessary to
tune the MCW system when replacing the samples.
Furthermore, the excitation efficiency ISN depended on
both the concentration and the type of impurities. For
these reasons, the amplitudes of UMCW responses for
various samples were not compared quantitatively, and
only the excitation relaxation was investigated.

In Fig. 4, the time dependences of the UMCW photo-
response for Si doped with a number of Group III and
V impurities are shown. It can be seen from Fig. 4 that
the response relaxation for all impurities is nonexpo-
nential. In addition, the initial relaxation time corre-
sponds to 10–50 µs and increases to 0.5–2.5 ms with
increasing detection delay. It should be especially noted
that the slow excitation relaxation in Si doped with Al
and Ga manifested itself if the concentration of these
impurities N > 5 × 1016 cm–3. As was noted above, the
Si samples with Ga and Bi in lower concentrations, at
which the slow relaxation was not observed, were
investigated previously [1, 2]. For In-doped Si, slow
UMCW relaxation also manifested itself with the excita-
tion by a CO2 laser. Photons with an energy of 117 meV
can ionize only the impurity pairs with energies of
interaction higher than 5 meV (the photoconductivity
edge is 112 meV [13]). This confirms the contribution
of the pairs of the majority impurity to the hopping pho-
SEMICONDUCTORS      Vol. 37      No. 11      2003
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toconductivity. However, the photoresponse with such
excitation was too weak, and it could not be investi-
gated reliably. Therefore, the time dependence of
response with excitation by a CO2 laser (hν = 250 meV)
is shown in Fig. 4 for In-doped Si. This dependence is
the same as for other impurities at low concentrations.
It can also be seen from Fig. 4 that the relaxation rate
depends on the impurity type. For example, at N = 6 ×
1016 cm–3, the relaxation rate for Si doped with P, Al,
and Ga decreases with increasing Bohr radii of these
impurities.

The relaxation time of UMCW also depends on the
concentration of the majority impurity N. Figure 5
shows the time dependences of UMCW for Si doped with
B in relatively low concentrations. It can be seen that
the initial relaxation time varies from 25 µs (N = 1.8 ×
1016 cm–3) to 10 µs (N = 4 × 1016 cm–3), and with the
detection delay of ~1 ms it varies from 1.2 to 0.5 ms,
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Fig. 4. Time dependences of the UMCW photoresponse for
Si doped with impurities with concentrations N = (1) 10
(In), (2) 2.6 (Sb), (3) 6 (Ga), (4) 2.4 (B), (5) 6 (Al), (6) 6 (P),
and (7) 18 (As) (1016 cm–3).
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i.e., decreases approximately as 1/N. However, at equal
N values, the time dependences of UMCW coincided
even if the concentrations Nc in the samples differed
severalfold. The photoresponse magnitude increases
with increasing Nc. This is in agreement with the data in
[2], where for a series of B-doped samples with N =
3.3 × 1016 cm–3, which were compensated by P, it was
found that at the modulation frequency of 800–1200 Hz
of an intense (20–50 mW) excitation, UMCW ∝  Nc. In
such conditions, the responses corresponded to the
onset of relaxation, i.e., were approximately propor-
tional to the signal amplitude.

Such simple dependences were observed only at
B concentrations N < 5 × 1016 cm–3. At higher concen-
trations, the slow relaxation component of UMCW man-
ifested itself again (Fig. 6). It can be seen from Fig. 6
that at 4.2 K the time dependences of UMCW at t >
0.5 ms are similar, although the N and Nc concentra-
tions in the samples differ greatly. However, when the
temperature was increased to 10.5 K, the relaxation rate
at N = 2.4 × 1016 cm–3 did not change, whereas at N =
5.5 × 1016 cm–3 it increased appreciably. It follows then
that, at relatively low B concentrations, the hopping
transitions between the close pairs of the majority
impurity make the main contribution to the polarization
photoconductivity (Fig. 5), whereas the slow relaxation
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Fig. 5. Time dependences of the UMCW photoresponse for
B-doped Si. Concentrations N = (1) 1.8, (2) 2.4, (3) 3.3, and
(4) 3.95 1016 cm–3. Nc = 1014 cm–3.
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of UMCW, which is associated with the contribution of
isolated ions to the photoconductivity, manifests itself
with increasing N. In this case, the time dependence of
UMCW ∝  N+ should be described by Eq. (6).

Figure 7 shows the time dependences of UMCW for
two samples. According to expression (6), these depen-
dences are given by

(7)

It can be seen that the experimental points fall well
on the straight lines according to formula (7). Hence, it
follows that the mobility µ is independent of time and
has the usual physical meaning. The slope of the
straight lines should correspond to the value of
ε/4πeµNc. It follows from Fig. 7 that, for the sample
with concentrations N = 5.5 × 1016 and Nc = 5 ×
1015 cm–3 at T = 4.2 K, σ(0) = 2.4 × 10–8 Ω–1 cm–1, and
σ(0) = 2 × 10–7 Ω–1 cm–1 at T = 10.5 K. Accordingly,
hopping mobilities µ are equal to 3 × 10–5 and 2 ×
10−4 cm2/(V s). For the sample with N = 1.15 × 1017 and
Nc = 1014 cm−3 at 4.2 K, σ(0) = 2 × 10–8 Ω–1 cm–1 and
µ = 1.25 × 10–3 cm2/(V s). These results confirm the
contribution of hopping transitions of isolated N+ ions

U 0( )/U t( )[ ] U t( )/U 0( )[ ]ln t.=
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Fig. 6. Time dependences of the UMCW photoresponse for
B- and P-doped Si. Concentrations N = (1, 2) 2.4, (3) 11.5 ×
1016 cm–3. Nc = (1–3) 0.1, (4), (5) 5 × 1015 cm–3. T = (1, 3, 4)
4.2; (2, 5) 10.5 K.
to the polarization photoconductivity. However, the
absolute values of hopping conductivity in a constant
electric field estimated by us were several orders of
magnitude larger than the typical values of doped Si in
thermodynamic equilibrium. Furthermore, the conduc-
tivity of the sample with N = 5.5 × 1016 cm–3 increases
with increasing temperature from 4.2 to 10.5 K only by
an order of magnitude, whereas with the activation
energy E3 = 4.3 meV, which corresponds to this concen-
tration, an increase in σ by a factor of approximately
250 should be expected (see [17, 18] and the references
therein). Such a discrepancy is to be expected for two
reasons. First, at low temperatures in the absence of
excitation, most ions of the majority impurity are bound
into dipoles [4], which do not contribute to the hopping
conductivity. Second, a drift of the charge of the major-
ity-impurity ions occurs due to several hops in the
quantum well over the states of impurities with the
energies decreasing as the ions of the compensating
impurity are approached. Such a charge transfer is not
of the activation type, and its rate might not depend on
temperature at all. It is possible that the temperature
dependence observed is associated with the thermal

0 0.5
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Fig. 7. Time dependences of the MCW photoresponse func-
tion (U0/U)ln(U/U0) for B- and P-doped Si. Concentrations
N = (1) 11.5, (2) 5.5, and (3) 5.5 × 1016 cm–3. Nc = (1) 0.1
and (2, 3) 5 × 1015 cm–3. T = (1, 2) 4.2 and (3) 10.5 K.
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ionization of dipoles at 10.5 K [4], which leads to an
increase in both the equilibrium concentration N+ and
the relaxation rate. This behavior undoubtedly takes
place for the heavily doped and lightly compensated
sample (N = 1.15 × 1017, Nc = 1014 cm–3), for which only
an initial fast decay of UMCW manifested itself at 10.5 K
and only a noise plateau was observed with increasing
delay. Thus, the hopping conductivity in a constant
electric field of the point charges, which determines the
relaxation rate of microwave photoconductivity, funda-
mentally differs from the percolation hopping conduc-
tivity in an external electric field. For the magnitudes of
conductivity determined from Fig. 7, the slow compo-
nent of photoconductivity relaxation in a constant elec-
tric field can be easily detected even at 4.2 K. However,
even at elevated temperatures and with a sufficiently
sensitive method of detection (a signal-to-noise ratio of
~103), we failed to separate such a component of UDC.
A detailed discussion of the temperature and concentra-
tion dependences of polarization photoconductivity
seems to be premature because of the lack of experi-
mental data.

4. CONCLUSION

A new explanation of the physical nature of polar-
ization hopping photoconductivity of doped Si in an
MCW electric field is suggested. This explanation is
based on consideration of the optical recharge of vari-
ous states of Group III and V impurities, namely, iso-
lated ions, pairs of the majority impurity atoms, and
impurity dipoles (pairs of the majority and compensat-
ing impurities). From the spectra of absorption bands,
the concentrations N2 of the impurity pairs in Si doped
with B, Al, Ga, In, P, As, and Sb in concentrations N =
1016–1018 cm–3 are estimated. It is found that these
bands manifest themselves if N2 > 10–2N. The smaller
the Bohr radius a of the ground state of impurities, the
higher the concentration at which the long-wavelength
absorption manifests itself. It is shown that the slow
relaxation of the MCW photoconductivity and the long-
wavelength absorption by the impurity pairs emerge in
the same concentration ranges. The kinetics of relax-
ation of MCW photoconductivity is investigated using
short-pulse excitation. It is found that the relaxation is
nonexponential, and its rate increases with increasing N
and a but depends only slightly on temperature. For B
impurity, it is shown that these trends are observed at N
< 5 × 1016 cm–3, whereas the slower relaxation of MCW
photoconductivity emerges again at higher concentra-
tions. The rate of this relaxation increases with increas-
ing temperature. Simple equations that allow one to
explain the main experimental results are suggested.

The photoexcitation of a semiconductor causes the
random ionization of impurities, and the capture of the
carriers causes the optical recharge of the impurity
states. The concentration of dipoles N+–, in which the
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ions of the majority and compensating impurity were
bound prior to excitation, decreases, whereas the con-
centration of ionized impurities in the N2 pairs and iso-
lated ions N+ increases. These ions are involved in hop-
ping transport and contribute to the MCW photocon-
ductivity. As the intensity of optical excitation
increases, the maximum optical recharge is attained, at
which the slow component of MCW photoconductivity
is saturated. Recharge relaxation occurs due to the hop-
ping transport of charge carriers. One hop is sufficient
to neutralize the ionized pairs, and this fast relaxation
of photoconductivity prevails at low N concentrations.
The isolated ions are involved in photoconductivity
until they are bound into the dipoles; the latter do not
contribute to photoconductivity, due to the hopping
charge drift in the attraction field of the ions of the com-
pensating impurity. The process rate in this case is
determined by the relaxation time of the charge, which
depends heavily on the concentrations of the majority
and compensating impurities. Thus, the MCW photo-
conductivity with the involvement of isolated ions man-
ifests itself at high N and a considerable degree of com-
pensation. Drift occurs in quantum wells that are gen-
erated by the ion of the compensating impurity and is
not associated with the percolation. The magnitudes of
conductivity that determine the drift velocity of ion
charges are estimated. These magnitudes are larger by
several orders of magnitude than those of the well-
understood percolation conductivity in Si with almost
the same impurity composition.
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Abstract—Mechanisms of the defect formation in PbTe thin films on BaF2 substrates under shock-wave action
are studied, and the kinetics of the annealing of the resulting nonequilibrium crystal defects at room temperature
is analyzed. The respective roles of the first- and second-order annealing reactions in settling of the equilibrium
state of the defects are estimated. The contributions of Frenkel pair annihilation in both sublattices and migra-
tion of interstitials to sinks to a change in the total concentration of nonequilibrium defects at different stages
of annealing are considered. © 2003 MAIK “Nauka/Interperiodica”.
INTRODUCTION

The interaction of laser radiation with semiconduc-
tor materials has aroused considerable interest due to
the opening of possibilities for the laser modification
and, in sight of this, laser control of the properties of
both monoatomic and more complex systems. One
effect induced in a solid subjected to pulsed laser radi-
ation is the generation of an intense compression pulse,
i.e., an acoustic wave, which may turn into a shock
wave under certain conditions [1, 2].

The influence of laser-induced shock waves (LSWs)
on the properties of different materials have been
widely investigated during the past two decades [2–8].
These studies are motivated by high technological effi-
ciency and convenience of handling LSWs and the pos-
sibility of wide-range variation of their parameters by
changing the characteristics of pulsed laser radiation.

By the example of HgCdTe solid solutions, we have
previously shown that the efficiency of the defect for-
mation under the action of LSWs grows with an
increase in the concentration of defects in the initial
sample [8]. The residual changes in the electrical prop-
erties of semiconductors turned out to be fairly small.
This fact may be attributed to either the low stability of
the LSW-induced primary defects or the low efficiency
of their production. In order to clarify this point, we
have carried out similar experiments with a binary IV–
VI compound PbTe in this study. Smaller self-diffusion
coefficients of host atoms in IV–VI compounds as com-
pared to those in II–VI materials allow us to trace the
dynamics of the LSW-induced defect formation [9] and
to reveal the general aspects of LSW action on different
types of semiconductors with a high concentration of
intrinsic point defects.
1063-7826/03/3711- $24.00 © 21275
EXPERIMENTAL

We used both n- and p-type PbTe samples grown by
flash evaporation and deposition on freshly cleaved
BaF2 (111) surfaces. The samples of n-type BaF2 were
grown from an undoped charge; the p-type samples
were obtained from a thallium-doped charge. The free-
carrier concentration at room temperature in n- and
p-type samples was about 7 × 1016 and 3.5 × 1017 cm–3,
respectively; their mobility was about 1 × 103 and
150 cm2 V–1 s–1, respectively.

The electrical properties of samples before and after
exposure to shock-wave action, as well as after the
annealing at room temperature, were estimated from
the measurements of the electric conductivity and the
Hall effect with the magnetic field varying in the range
0.1–1.6 T.

LSWs were produced at room temperature by a
GOS-1001 pulsed neodymium-glass laser with a LiF
Q-switch (1.06 µm wavelength and 30 ns pulse width).
To avoid the direct action of radiation on a semiconduc-
tor sample, we covered it with 100-µm-thick copper
foil. The treatment was performed in such a way as to
provide for the generation of a LSW in the foil and to
avoid its attenuation at the interfaces by matching the
shock impedances of the media according to the tech-
nique described in detail in [10]. A typical value of
pressure at the LSW front was 0.6 GPa.

RESULTS AND DISCUSSION

LSW treatment of both the n- and p-type film sam-
ples of PbTe changes the concentration of charge carri-
ers by the same value of ~2 × 1016 cm–3. For n-type
films, the carrier concentration increases; i.e., the non-
stoichiometry of the film composition grows. In con-
trast, the carrier concentration in p-type films decreases
003 MAIK “Nauka/Interperiodica”
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by the value specified above and the film composition
comes closer to stoichiometry.

The oppositely directed changes in the carrier con-
centration in n- and p-type PbTe films and the resulting
different character of changes in their composition lead
also to differences in the subsequent annealing of
LSW-induced crystal defects, which are responsible for
the presence of free carriers. As the n-type samples are
held in air at room temperature, the electron concentra-
tion decreases with time t towards the initial value but
does not reach it. This relaxation process is illustrated
by Fig. 1. However, in the p-type samples exposed to an
LSW, no relaxation of free carrier concentration is
observed. Note that the mobility of charge carriers in
both the n- and the p-type samples remained nearly
constant throughout the shock treatment.

It would appear reasonable to attribute the observed
variations in the free-carrier concentration with the
changes in the concentration of intrinsic point defects
in the crystal lattice of films subjected to the action of
an LSW. According to the modern concepts, vacancies
in the metal and halcogen sublattices are doubly
charged acceptors and doubly ionized donors, respec-
tively. Interstitial lead ions are singly or doubly charged
donors. Interstitial tellurium is, most likely, electrically
neutral [11]. Therefore, generation of Frenkel pairs
consisting of lead ions and vacancies must either cause
no change in the free-carrier concentration in PbTe or
increase the hole concentration, which was not
observed experimentally. In contrast, the appearance of
Frenkel pairs involving tellurium must increase the
free-electron concentration in PbTe, which correlates
with the observed changes in the carrier concentration
for both the n- and the p-type samples subjected to the
action of an LSW.

1
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0

0 10 20 30 40 50
t, days

N/N0

Fig. 1. Time dependence of the nonequilibrium electron
concentration in an n-PbTe sample annealed in air at 300 K.
Circles show the experimental data; curves are calculated in
terms of (1) the first- and (2) the second-order annealing
reactions and (3) the linear combination of both reactions.
In the general form, the kinetic equation for the
annealing of nonequilibrium defects can be written as
[12]

(1)

where N is the concentration of nonequilibrium defects,
t is time, K is a constant, and the parameter α is the so-
called order of reaction. The first-order annealing reac-
tion (α = 1) corresponds to capture of defects by differ-
ent traps, while the second-order reaction (α = 2)
describes the direct recombination of different ran-
domly distributed defects. In these two cases, the solu-
tion to Eq. (1) has the form

(2)

and

(3)

respectively, where N0 ≡ N(0).
Figure 1 shows the curves calculated by the least-

squares method to describe the kinetics of the first- and
the second-order annealing. It can be seen that neither
of the reactions taken separately describes adequately
the actual relaxation of nonequilibrium defects. Agree-
ment between the calculated and experimental depen-
dences N(t) can be significantly improved by using a
linear combination of the kinetic expressions for the
first- and the second-order annealing reactions:

(4)

For the case shown in Fig. 1, the closest correlation
between the calculated and the experimental data is
obtained for the following values: A1 = 0.058, A2 = 1.02,
K1 = 0.127 day–1, and K2 = 3.7 day–1 (Fig. 2, curve 3).
Curves 1 and 2 in Fig. 2 illustrate the partial contribu-
tions of the first- and the second-order reactions to the
total annealing with the above parameters.

As is evident from Fig. 2, the initial stages of
annealing are governed mainly by the exponential com-
ponent (Fig. 2, curve 1), which is related to the migra-
tion of interstitials to sinks. In particular, the film sur-
face or the film–substrate interface may serve as such
sinks. In the following stages, the role of the second-
order reaction increases: the mutual recombination of
point defects be comes noticeable.

In view of the above discussion, the recombination
of Frenkel pairs involving lead ions most likely has no
effect on the resulting concentration of free carriers;
otherwise, free-electron concentration should increase,
which lacks experimental support. Unlike this behav-
ior, the recombination of tellurium-containing pairs
decreases the donor concentration and, consequently,
the concentration of free electrons.

dN
dt
------- K Nα ,–=

N t( ) N0 K1t–( )exp=

N t( )
N0

1 N0K2t+
------------------------,=

N
N0
------ A1 K1t–( )exp

A2

1 K2t+
-----------------.+=
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Apparently, changes in the free-carrier concentra-
tion in the latest annealing stages results from the fact
that the interstitial lead emerges at the film surface,
which is equivalent to a decrease in the concentration of
donor centers in the bulk. Undoubtedly, the interstitial
tellurium also migrates to the surface; however, this
process does not change the concentration of electri-
cally active centers in the film bulk. Furthermore, the
coefficient of self-diffusion of tellurium is lower by
several orders of magnitude than that of lead (8 ×
10−19 cm2/s against 2 × 10–15 cm2/s at room temperature
[9]), which makes the migration of defects in the tellu-
rium sublattice unlikely.

CONCLUSION

As a result of the action of a laser-induced shock
wave on lead telluride, the generation of Frenkel pairs
occurs in both the metal and the halcogen sublattices.
Due to the specific features of the electrical activity of
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Fig. 2. Partial contributions of (1) the first- and (2) the sec-
ond-order reactions to the total annealing (curve (3)) of an
n-PbTe sample at 300 K Circles show the experimental data.
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point defects in PbTe, the concentration of free carriers
increases in n-type films and drops in p-type films.

The decrease in the excess concentration of free
electrons with time is controlled by the annihilation of
Frenkel pairs containing tellurium ions (this process
predominates in the initial stage of the annealing of
nonequilibrium defects at room temperature) and by
the migration of interstitial lead to the sinks (which pre-
vails in the later stage of annealing).
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Abstract—In HgSe and HgSe1 – xSx single crystals irradiated with electrons of 5 MeV energy at 270 K, resis-
tivity and the Hall effect have been studied in the temperature range 1.7–370 K in magnetic field up to 13.6 T.
Changes in the carrier density and mobility upon generation of radiation-induced defects and subsequent iso-
chronous annealings have been determined. The irradiation made it possible to reduce the electron density to a
greater extent than do conventional methods, as well as to restore the initial value by annealing. © 2003 MAIK
“Nauka/Interperiodica”.
1. INTRODUCTION

The introduction of atomic-size radiation-induced
defects into ordered crystals (radiation disordering)
represents one of the methods of studying the funda-
mental properties of the solid state [1]. The study of the
crystal response to this impact, in which the stoichio-
metric composition is retained, opens ways of revealing
specific features of the electron and phonon subsystems
defining the crystal properties, including those in the
initial ordered state [2–4]. An indubitable virtue of the
method is the possibility of introducing defects of dif-
ferent kinds, dependending on the irradiation type and
temperature, with smooth variation of the defect con-
centration. The annealing of irradiated samples pro-
vides complete reversibility of the process; i.e., it
allows multiple restoration of any intermediate state or
the initial state in one and the same sample.

The role of atomic disordering in the formation of
electron states in narrow-gap semiconductors was
investigated in [4, 5]. It has been shown that radiation
defects, which arise under irradiation with electrons
having an energy of 1–5 MeV, can induce the conduc-
tion conversion from n- to p-type. Irradiation with high-
energy particles usually results in the formation of deep
levels in the semiconductor energy gap or in the
allowed bands [4, 5]. The presence of these levels
accounts for the observed changes in the carrier density
and mobility, Hall sign reversal upon irradiation of
semiconductors with different doses [4] or annealing at
fixed dose [5], and semiconductor–metal transitions
occurring in these cases [4, 5].

Mercury selenide and HgSeS substitutional solid
solutions are semimetals (zero-gap semiconductors), in
which the high density of electrons is due to the over-
lapping of the conduction and valence bands [6–9].
However, the origin of the band responsible for “impu-
rity” electrons in HgSe, as well as in other mercury
1063-7826/03/3711- $24.00 © 1278
chalcogenides with sphalerite structure (HgTe, HgS),
still has no unambiguous explanation [7]. In fact, in the
majority of models, the overlapping of electron bands is
somehow associated with the crystal structure defects.
In ternary compounds, the content of the third compo-
nent is an additional parameter for the variation of the
semiconductor properties. In a HgSe–S system, the
substitution of S for Se enhances the semimetallic prop-
erties, since the band overlapping is enhanced [9].

Due to overlapping, conventional methods allow
only limited variation of the electron density. For exam-
ple, the annealing in mercury vapor for 500 h at 300°C
temperature raises the electron density to 3 × 1018 cm–3,
and annealing in Se vapor for 500 h at 220°C reduces it
to 4 × 1017 cm–3 [10]. However, attempts to reduce the
electron density below the minimum value of ~1017 cm–3

and obtain, e.g., p-HgSe by deviation from the stoichi-
ometry or even by doping, have failed [9, 10]. The elec-
tron density in cubic HgSe is never lower than
~1018 cm–3, either [9]. Since irradiation by high-energy
particles is the most efficient method of direct impact
on the defect structure in semiconductor crystals, the
present study is devoted to the effect of electron irradi-
ation on the electrical properties of ternary HgSeS crys-
tals, with the goal of investigating the possibility of effi-
ciently controlling the carrier parameters. Substitutions
in the anion and cation sublattices, hydrostatic pres-
sure, and electron irradiation are complementary meth-
ods for modifying the electronic structure.

2. SAMPLES AND EXPERIMENTAL METHODS
On the whole, the measurement procedure was the

same as in [5]. Galvanomagnetic effects in HgSe1 – xSx
single crystals (x = 0, 0.104, and 0.508) were measured
in the temperature range 1.7–380 K in a static magnetic
field up to 13.6 T. The composition of samples was
determined by X-ray fluorescence microanalysis on a
2003 MAIK “Nauka/Interperiodica”
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Superprobe-JCXA-733 instrument. Electrical contacts
no more than ~50 × 50 µm2 in size were fabricated by
ultrasonic soldering with an In–Ga eutectic. The Hall
factor was measured on samples ~1 × 2 × 0.2 mm3 in
size with four symmetrical contacts in the Montgomery
configuration [5]. The measurements were performed
on an Oxford Instruments device [5]. The samples were
irradiated in the accelerator channel with 5 MeV elec-
trons, under cooling with purified He gas to a tempera-
ture below 270 K. After irradiation, the samples were
transferred to the measurement chamber without warm-
ing to above 290 K. Isochronous annealing of samples
for 20 min at temperatures up to 390 K was performed
in a helium atmosphere, to avoid mercury loss. The irra-
diation and annealing modes were chosen in the same
way as in similar studies of the narrow-gap Bi2Te3
semiconductor [5].

3. RESULTS

Figures 1 and 2 show temperature dependences of
the Hall factor RH and resistivity ρ of the studied sam-
ples in the initial state after the irradiation and after sub-
sequent annealings. Before irradiation, only a weak
temperature dependence of RH measured in a magnetic
field of 12 T was observed for HgSe1 – xSx samples of all
the compositions. The temperature dependence of
resistivity was fairly well described by a second-order
polynomial. At a fixed temperature of T = 4.2 K, the
RH(B) curves for the initial samples exhibited weak
dependence on magnetic field B (Figs. 3 and 4), which
indicates the predominant contribution to the conduc-
tion made by electrons of a single band. Earlier [11],
the Shubnikov–de Haas oscillations were studied in the
same HgSeS crystals, and the density and mobility of
the conduction electrons were determined in terms of a
single-band model.

The irradiation of HgSe crystal with electrons raised
the resistivity (especially in the low-temperature range,
Fig. 1b), and a strong dependence on magnetic field B
appeared in the Hall factor (Fig. 3). In weak fields B at
T = 4.2 K, the Hall factor increased in magnitude; on
the contrary, in high fields, it decreased by nearly a fac-
tor of 2 (Fig. 3). The irradiation of HgSe0.9S0.1 sample
with the same dose gave opposite results: a decrease in
resistivity and increase in the magnitude of the Hall fac-
tor, both in weak and strong fields (Figs. 2b, 4). Usually,
a strong dependence of RH on magnetic filed indicates
a contribution from the second type of carriers to con-
duction. In the case in question, these carriers can be
called “heavy electrons,” since their mobility µ is con-
siderably lower than the electron mobility in the initial
crystals, as shown below. Weak dependences of RH on
magnetic field were observed in the HgSe0.5S0.5 sample
(not shown in the figure).

In annealings of an irradiated HgSe crystal, the
high-field Hall factor, which is defined by the total elec-
tron density, grows in magnitude with increasing
annealing temperature Tann and approaches its value in
SEMICONDUCTORS      Vol. 37      No. 11      2003
the initial sample (Fig. 1a). The resistivity increases
after annealing, as occurs under irradiation, and it
decreases only after annealing at a maximum tempera-
ture of Tann = 390 K (Fig. 1b). For the intermediate
annealing temperature, the Hall factor in weak mag-
netic field strongly increases in magnitude, which usu-
ally indicates the two-band conduction mode (Fig. 3).
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Fig. 1. Temperature dependences of (a) the Hall factor RH
and (b) resistivity ρ for HgSe samples: (1) initial; (2) irradi-
ated with electrons with fluence of 1019 cm–2, and further
annealed at the temperature Tann: (3) 330, (4) 360, and
(5) 390 K.
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For a HgSe0.9S0.1 crystal, the value and temperature
dependence of resistivity remain virtually unchanged
after annealing, and the Hall factor shows the same
behavior in weak and strong magnetic fields: with
increasing Tann, it first grows in magnitude and then, at
the maximum temperature Tann = 390 K, decreases, but
remains higher than the initial value (Figs. 2, 4). It may
be concluded that the contribution of heavy carriers to
conduction is not too large and irradiation only reduces
the electron density. In the HgSe0.5S0.5 sample, the
changes in similar temperature and field dependences
after irradiation and annealings were even smaller (not
shown in the figure). The irradiation slightly raised the
resistivity and electron density and reduced the electron
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Fig. 2. Temperature dependences of (a) the Hall factor RH
and (b) resistivity ρ for HgSe0.9S0.1 samples. Curve desig-
nations as in Fig. 1.
mobility. Annealing restored the initial properties. The
Hall factor corresponded to an electron density of n =
4 × 1018 cm–3 and was nearly independent of magnetic
field.

4. DISCUSSION

The obtained dependences of the Hall factor on
magnetic field (Figs. 3, 4) are adequately described in
terms of a two-band model. The carrier densities and
mobilities served as fitting parameters, and their values
are listed in Tables 1 and 2. The Hall factor for an iso-
tropic semiconductor can be presented in the following
form [12]:

(1)RH

RHσ2〈 〉

σ〈 〉 2 RHσ2〈 〉 B( )2
+
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Fig. 3. The Hall factor RH for HgSe samples vs the magnetic
induction B at T = 4.2 K. Curve designations as in Fig. 1.
Solid lines, calculation by relations (1)–(3).
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Fig. 4. The Hall factor RH for HgSe0.9S0.1 samples vs the
magnetic induction B at T = 4.2 K. Curve designations as in
Fig. 1. Solid lines, calculation by relations (1)–(3).
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Table 1.  Fitting parameters for RH(B) dependences for HgSe at T = 4.2 K

Fluence, 1019 cm–2 Annealing
temperature, °C n1, 1017 cm–3 µ1, 104 cm2 V–1 s–1 n2, 1017 cm–3 µ2, 104 cm2 V–1 s–1

0 – 4.7 4.8 – –

1 – 3.4 4.0 5.5 0.03

1 330 1.7 6.0 6.5 0.03

1 360 1.8 5.2 5.5 0.03

1 390 3.5 4.3 2.5 0.03

Table 2.  Fitting parameters for RH(B) dependences for HgSe0.9S0.1 at T = 4.2 K

Fluence, 1019 cm–2 Annealing
temperature, °C n1, 1017 cm–3 µ1, 104 cm2 V–1 s–1 n2, 1017 cm–3 µ2, 104 cm2 V–1 s–1

0 – 8.3 5.0 – –

1 – 6.5 8.8 1.1 0.03

1 330 5.7 12 1.3 0.03

1 360 5.2 5–10 0.6 0.03

1 390 5.6 10 0.7 0.02
where quantities in the angle brackets are defined by

(2)

Here, σi = 1/ρi and Ri are the conductivities and Hall
factors for individual bands [12]. For the case of two-
band conduction, relations (1), (2) are reduced to the
standard form discussed in [13]. The field dependence
of single-band parameters was taken into account by
using simple interpolation formulas describing the tran-
sition from weak to strong magnetic fields:

(3)

where µi is the mobility; Ri(0) and Ri(∞) are, respec-
tively, the Hall factors in the limits of small and high
magnetic fields [12]; aR = Ri(0)/Ri(∞); and b is a fitting
parameter.

Analysis of the experimental data has shown that
irradiation with 5-MeV electrons reduces the conduc-
tion of electrons in a HgSe crystal by reducing their
density (see Table 1). At the same time, the contribution
to conduction from heavy electrons, which is negligible
in the initial sample, increases. The minimum density
of electrons is obtained at annealing temperatures of
330–360 K; in this range they have the highest mobility.
The density of heavy electrons is at a maximum at these
annealing temperatures (see Table 1). The mobility of
heavy carriers, determined with low precision, was
assumed to remain unchanged upon irradiation and
annealing, which was confirmed also with calculations
by relations (1)–(3), where this parameter was a variable.
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In the HgSe0.9S0.1 sample, irradiation reduces the
density of electrons, but raises their mobility. No man-
ifestations of heavy carriers are actually observed
(Table 2). Annealings also reduce the density of elec-
trons, with their mobility remaining high. As a result,
the conductivity of the HgSe0.9S0.1 sample remains
nearly twice the initial value, in contrast to HgSe,
where it decreased irreversibly by a factor of 1.5. It is
noteworthy that even upon subjecting HgSeS samples
to a high pressure of 0.4–0.7 GPa, which causes a
reversible phase transition with a large volume effect of
~10%, the formed defects did not change the behavior
of the temperature and magnetic-field dependences of
resistivity, but only raised the values of ρ and reduced µ
[11, 14]. This fact demonstrates the decisive role of
intrinsic defects, which define the electrical properties
of such crystals.

Obviously, deep levels related to radiation defects
lie within the continuous energy spectrum of zero-gap
semiconductors HgSe and HgSeS. Relatively low elec-
tron density in the HgSe sample (Table 1) suggests a
high content of interstitial Se and Hg vacancies,
whereas in ternary compounds, in which the electron
density is higher (Table 2), the most probable defects
are interstitial Hg atoms [10]. Presumably, the different
natures of intrinsic defects is one of the reasons for the
different behaviors of crystals under irradiation and
annealing. According to calculations [15], the energy of
the Hg vacancy formation in HgSe, HgS, and HgSeS is
considerably lower than the energy for Se or S vacancy
formation. Therefore, the most probable radiation
defects are cation vacancies or associated complexes,
which, indeed, must reduce the electron density in
HgSe [10].
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Electron irradiation raises the density of states in
defect-related electron bands lying below the Fermi
level. The transition of electrons to the defect band
raises the density of heavy carriers in this band at the
expense of the conduction band filling, i.e., via a
decrease in the Fermi level. The behavior of the mobil-
ity in irradiation and annealing of samples (Tables 1, 2)
is adequately explained by the dependence of the effec-
tive electron mass in the conduction band on the elec-
tron density:

This dependence is typical of degenerate semiconduc-
tors with a nonquadratic dispersion law [6–8]. Here,

 is the effective mass at the bottom of the band, and
εg is the energy gap. At the same time, a strong change
in the defect concentration can also modify the mobil-
ity, since relaxation time τ is inversely proportional to
the electron density for the mechanisms of scattering
when there are charged and neutral impurities [12]. In
particular, the increase in mobility in the HgSe0.9S0.1
sample after irradiation can be related to the decrease in
total concentration of charged centers, i.e., vacancies
and interstitial atoms.

5. CONCLUSION
The irradiation made possible deeper reduction of

the electron density than is usually obtained by conven-
tional long-term high-temperature annealing in a
Se atmosphere [10]. Heavy carriers in the band of
defect states were revealed. In ternary compounds the
density is also reduced; however, since in these crystals,
under the electron energy of 5 MeV used, the concen-
tration of intrinsic defects is higher than that of radia-
tion-induced ones, the effect of irradiation is smaller.
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Abstract—Single crystals of the CdGa2S4 ternary compound were grown either from melt or by chemical-
vapor deposition. The crystal-lattice parameters and some physical properties of homogeneous crystals having

defect chalcopyrite structure with the point symmetry group I ( ) are determined. A number of photosensi-
tive structures—Schottky barriers, heterostructures, photoelectrochemical cells, and natural-protein–CdGa2S4
barriers—were formed for the first time on the basis of the single crystals under investigation. The photoelectric
properties of the structures obtained were studied using natural and linearly polarized light at T = 300 K. The
main parameters of these structures are determined, and it is concluded that they can be used in photodetectors.
© 2003 MAIK “Nauka/Interperiodica”.
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1. INTRODUCTION

Cadmium thiogallate CdGa2S4 belongs to a wide

class of AII  semiconductors (where AII = Zn,
Cd, Hg; BIII = Al, Ga, In; CVI = S, Se, Te), which
includes a large group of direct-gap materials with wide
band gap (up to ~4.0 eV). In principle, these semicon-
ductors make it possible to significantly expand the
range of materials used in optoelectronics in the highly
popular short-wavelength spectral range (the number of
these materials is far from sufficient) [1, 2]. Urgent
demands for semiconductor optoelectronics to advance
into the short-wavelength region imply, in particular,
expansion of technological and research studies of new
wide-gap semiconductors, including CdGa2S4 crystals.
This study, undertaken within this promising line, is
devoted to solving the problems of fabrication and
investigation of photosensitive structures of different
types based on CdGa2S4 single crystals.

2. CdGa2S4 SINGLE CRYSTALS

The photosensitive structures were formed using
CdGa2S4 single crystals grown both from melt and by
chemical-vapor deposition. In the former case, single
crystals were grown by the Bridgman–Stockbarger
method from previously synthesized single-phase poly-
crystalline ingots of this compound. Synthesis was per-
formed from binary components CdS and Ga2S3, which
were loaded into conical crucibles made of pyrolitic
boron nitride with an inner diameter of 16 mm and a
length of 90 mm. Then, the crucibles loaded with start-
ing components were placed into quartz cells. Each cell

B2
IIIC4

VI
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was equipped with a quartz rod to be installed on a
mechanical vibrator. An evacuated and sealed cell was
placed in a single-zone vertical furnace and heated at a
rate of 100 K/h to 1020–1050°C. The cell was kept at
this temperature for 3 h with continuous vibrational
mixing, after which the melt was cooled at a rate of
100 K/h to room temperature.

After synthesis, the cell was transferred into a verti-
cal two-zone furnace, in which single crystals were
grown. The temperatures of the melting and annealing
zones were set at ~1030°C and ~830°C, respectively.
The melt was kept under these conditions for 24 h, after
which the cell with the melt was lowered through the
crystallization zone at a rate of ~0.26 mm/h with a tem-
perature gradient of ~40°C/cm. After melt crystalliza-
tion, the crystals grown were generally subjected to
homogenizing annealing for 72 h. The single-crystal
ingots obtained by this method (16 mm in diameter,
40 mm long) were sufficiently transparent in transmit-
ted white light and had a uniform light-yellow color.

Along with crystallization from melt, the method of
gas-transport reactions in a closed volume, using iodine
as a carrier, was also employed. This made it possible
to obtain CdGa2S4 single crystals with a natural face-
ting typical of ternary compounds of this type [3]. The
average size of prisms was as high as 10 × 3 × 0.5 mm.

The (112) face was most developed, whereas the ( )
face was uneven. The faces of the [110] zone, including
the (001) face, were distinct, but poorly developed and

imperfect. In the pair ( )/( ), the ( ) face is
also of higher quality, whereas the (001) face is out-

112

112 112 112
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Photoelectric properties of structures formed on CdGa2S4 single crystals, measured at T = 300 K

Structure "ωm, eV δ, eV , V/W , %

In–CdGa2S4 2.70, 3.67 0.4 50 –

GaSe–CdGa2S4 2.8, 2.9 0.35–0.46 50 –90

H2O–CdGa2S4 3.67 0.2–0.3 300 50

Protein–CdGa2S4 ~3.7 – ~5 –

Su
m Pη

m

lined in the form of a fine line. The (100) face also
turned out to be rather developed.

On the basis of X-ray investigations, we found the
unit-cell parameters of the CdGa2S4 single crystals: a =
5.546 ± 0.001 Å and c = 10.165 ± 0.001 Å for the crys-
tals grown from melt and a = 5.5465 ± 0.0002 Å and c =
10.1646 ± 0.0005 Å for the crystals grown by chemical-
vapor deposition. The high quality of the single crystals
obtained allowed us to determine the unit-cell parame-
ters more accurately compared to the data of [2, 4]. As
can be seen, the CdGa2S4 crystals obtained by different
methods have similar values of a and c. However, with
regard to the data of [2, 4], we should mention a certain
spread of the parameters noted, which may be caused
by their possible dependence on the crystallization con-
ditions. With regard to this circumstance, we assign
CdGa2S4 to phases of variable composition [5]. In order
to clarify this issue, detailed investigation of the inter-
relation between the composition and properties of
CdGa2S4 crystals should be performed.

It is also noteworthy that rough estimation of the
intensities of a number of X-ray reflections reveals an
expected and repeatable difference between F2(hkl) and
F2(khl) for odd l. This difference manifests itself in the
fact that the nonequivalence of the hkl and khl reflec-

tions is typical of the I ( ) symmetry group (to which
the imperfect chalcopyrite structure belongs) and is

absent in the case of the I42m( ) symmetry charac-
teristic of the thiogallate structure. The crystals grown
by chemical-vapor deposition and the crystals grown
from melt had similar colors.

Nominally undoped CdGa2S4 single crystals
obtained by both of the above methods had n-type con-
ductivity and a resistivity of ρ ≈ 108–1010 Ω cm at
300 K; notably, the crystals with the highest resistivity
were grown by chemical-vapor deposition. The con-
centration and the electron Hall mobility evaluated for
the CdGa2S4 single crystals from the Hall measure-
ments are, respectively, n ≈ 108–109 cm–3 and µn ≈ 1–
10 cm2/(V s) at 300 K.

3. GaSe–CdGa2S4 HETEROSTRUCTURES

Since CdGa2S4 single crystals can be grown only
with n-type conductivity, we used the method of bring-
ing different semiconductors into optical contact with

4 S4
2

D2d
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each other [6, 7] to fabricate heterostructures. The sur-
face of a CdGa2S4 single crystal, polished mechanically
and chemically, polished was brought into contact with
the surface of a fresh natural cleavage of a layered
semiconductor GaSe with a hole density of ≈1014 cm–3

and a Hall mobility of ≈40 cm2/(V s) at T = 300 K. The
measurements of the steady-state current–voltage (I–V)
characteristics showed that such a contact demonstrates
distinct rectification characterized by the rectification
factor K . 10–15 at voltages U . 100 V. A positive bias
at the p-GaSe wafer generally corresponds to the con-
ducting direction in such heterostructures. Illumination
of the heterostructures gives rise to the photovoltaic
effect. Generally, the photosensitivity is higher when
the structures are exposed to light from the CdGa2S4
side. Irrespective of the photon energy and the geomet-
rical conditions of illumination, a CdGa2S4 crystal is
charged negatively, which corresponds to the rectifica-
tion polarity. The highest photovoltaic sensitivity of the

best heterostructures is  . 50 V/W at 300 K (see
table).

Figure 1 (curves 1, 2) shows the typical spectral
dependences of the relative quantum efficiency of pho-
toconversion η("ω) of the p-GaSe–n-CdGa2S4 hetero-
structures for the case of illumination by natural radia-
tion either on the CdGa2S4 or from the GaSe sides.
When light is incident on the CdGa2S4 side, the photo-
sensitivity spectrum, observed in a wide range from 1.0
to 4.0 eV, is characterized by the full width at half-max-
imum δ ≈ 0.4 eV (see table). Notably, the photosensi-
tivity is highest in the short-wavelength region, being
peaked at "ω . 2.75–2.90 eV for different heterostruc-
tures. The long-wavelength edge of photosensitivity is
controlled by the interband absorption in GaSe. When
the heterostructures are illuminated from the GaSe side,
an abrupt short-wavelength falloff appears in the spec-
tral dependence of η (Fig. 1, curve 2) at the energy
close to the width of the GaSe band gap (Eg ≈ 2.0 eV
[3, 8]). This phenomenon is caused by the fact that
absorption occurs mainly near the GaSe surface when
the active region in the structures is shifted at distances
exceeding the diffusion length of photoelectrons in
GaSe. As can be seen from Fig. 1 (curve 1), when the
GaSe–CdGa2S4 heterostructures are exposed to radia-
tion with the photon energy exceeding the band gap of
gallium selenide ("ω > Eg), an increase in the photosen-
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sitivity is observed. This increase can be characterized
by the ratio of the photosensitivity at "ωm to the photo-
sensitivity at the photon energy close to Eg. For the het-
erostructures fabricated, this ratio changes in a fairly
wide range: 5–100, which is related to changes in the
electrical properties of the phases in contact. The max-
imum of photosensitivity of the heterostructures is
located in the region "ωm @ Eg because the resistivity
of CdGa2S4 significantly exceeds that of GaSe, due to
which the active region in the heterostructures is
located mainly in CdGa2S4.

The optical absorption spectra α("ω) of the
CdGa2S4 single crystals on which heterostructures were
formed are shown in Fig. 1 (curves 3, 4). Comparison
of the spectra η("ω) and α("ω) shows that the short-
wavelength falloff of the photosensitivity of the hetero-

2 3

10

102

103

104

100

10

~~

3

2

2.0

1

2.81 meV

η, arb. units α, cm–1

"ω, eV

4

Fig. 1. Spectral dependences of the relative quantum effi-
ciency of photoconversion of the p-GaSe–n-CdGa2S4 het-
erostructures (sample 7; illumination (1) on the CdGa2S4
side and (2) on the GaSe side; the thicknesses of the
CdGa2S4 and CdSe wafers d = 0.5 and 0.18 mm, respec-
tively) and the coefficient of optical absorption of CdGa2S4
(sample 11K, d = (3) 0.15 and (4) 0.5 mm) at T = 300 K for
unpolarized radiation.
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structures corresponds to the abrupt increase in the
optical absorption of CdGa2S4. This circumstance sug-
gests that the short-wavelength falloff of η in the spec-
tra of the heterostructures, being controlled by the
effect of radiation absorption deep in the CdGa2S4
wafers, becomes for this reason weaker with decreasing
thickness of these wafers. At the same time, the fact that
the heterostructures obtained exhibit high photosensi-
tivity in the range between the gallium selenide band
gap and the energy at which the optical absorption in
CdGa2S4 begins to increase suggests that the method of
bringing semiconductors with different parameters and
lattice types into direct optical contact [3, 7] opens for
the first time the possibility of fabricating real struc-
tures with broadband spectral characteristic η("ω) on
the new semiconductor [2].

It can also be seen from Fig. 2 (curve 3') that, in the
(α"ω)1/2–"ω coordinates, the optical absorption spec-
tra contain a straight-line portion, which makes it pos-
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802.
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2.5 3.0
0

10

"ω, eV
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2.72

1

αhω cm 1 2⁄–,

Fig. 2. Spectral dependences of the coefficient of optical
absorption of CdGa2S4 single crystals ((1, 3, 3') sample
10K; sample 7B with the (100)-oriented wafers; the wafer
thickness d = (1, 3) 0.13 and (2, 4) 0.15 mm; the radiation
polarization (1, 2) E || c and (3, 4) E ⊥  c) and the relative
quantum efficiency of photoconversion for a p-GaSe–n-
CdGa2S4 heterostructure (sample 8, (5) unpolarized radia-
tion and radiation with polarizations (6) E || c and (7) E ⊥  c)
at T = 300 K.
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sible (according to [9]) to relate the absorption
observed with indirect interband transitions in CdGa2S4
crystals and to evaluate (using the extrapolation
(α"ω)1/2  0) the indirect energy gap in the elec-
tronic spectrum of this compound: Eg ≈ 2.72 eV at
300 K.

In order to study the polarization photosensitivity,
heterostructures were fabricated on n-CdGa2S4 single
crystals oriented in the (100) and (001) planes. The
main result of these investigations is that the hetero-
structures formed on (001) wafers, being illuminated at
a normal to the surface of the CdGa2S4 crystal, did not
show any dependence of the photosensitivity on the
direction of the electric-field vector E of light wave,
whereas in the structures formed on CdGa2S4(100)
wafers coplanar with the tetragonal c axis, a periodic
dependence of η on the spatial orientation of E is
observed [10]. This observation, being consistent with
the symmetry of the CdGa2S4 crystal [2, 3], makes it
possible to relate the polarization dependence of η to
the anisotropy of photoactive absorption in CdGa2S4.

The typical spectral dependences α("ω) for
CdGa2S4 crystals and η("ω) for the heterostructures
formed on these crystals, measured using linearly

2 3
0.5

0

100

50

~~

–100

0

100

P
η,

 %

P
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 %
P

T
, % 1 3

2
1 meV

"ω, eV

Fig. 3. Spectral dependences of the coefficients of the
(1) optical-transmittance pleochroism (curve 1, sample 6K,
d = 0.25 mm) and (2) absorption pleochroism (curve 2, sam-
ple 7B, d = 0.15 mm) of single-crystal CdGa2S4(100)
wafers and the spectral dependences of the coefficients of
natural photopleochroism of a p-GaSe–n-CdGa2S4 hetero-
structure (curve 3, sample 8, CdGa2S4-wafer thickness d =
0.15 mm, illumination on the CdGa2S4 side) at T = 300 K.
polarized radiation (LPR), are shown in Fig. 2. It can be
seen that the coefficient of optical absorption in the
LPR spectrum is split in such a way that α|| > α⊥ , due to
which the spectrum shifts parallel to the abscissa axis to
shorter wavelengths by ~80 meV when the polariza-
tion changes from E || c to E ⊥  c. This means that indi-
rect interband transitions are allowed mainly for the

polarization E || c, as in the case of uniaxial AIIBIV

crystals [11, 12]. The polarization photosensitivity
arises only in the heterostructures formed on
CdGa2S4(100) wafers. The long-wavelength edge of the
photosensitivity of heterostructures, governed by the
interband absorption in GaSe (when the latter is
exposed to radiation propagating along the isotropic
direction), as one should expect [10], is insensitive to
the radiation polarization. The polarization photosensi-
tivity, which arises only when the photon energy
exceeds the band gap of gallium selenide, may be
related to the anisotropy of photoactive absorption in
CdGa2S4 crystals. This anisotropy turns out to be rather
specific. When the radiation is polarized, the spectrum
η("ω) is split by ~80 meV (Fig. 2, curves 6, 7), as well
as the spectrum α("ω) of the wafer that the heterostruc-
ture is formed on. In this case, a photoisotropic point
("ωi ≈ 2.76 eV) is revealed in the spectrum η("ω), at
which η|| = η⊥ ; notably, below and above "ωi, η|| > η⊥

and η|| < η⊥ , respectively. Hence, the photosensitivity
anisotropy is consistent with the anisotropy of the opti-
cal-absorption coefficient only in the long-wavelength
region ("ω < "ωi) (Fig. 2), whereas at "ω > "ωi, the
sign of the photosensitivity anisotropy (η⊥  > η||)
becomes opposite to that of the dichroism of optical
absorption (α|| > α⊥ ). This difference may be due to the
following. In the spectral region "ω > "ωi, the photo-
sensitivity of the GaSe–CdGa2S4 heterostructures
begins to be controlled by the optical transmittance of
the CdGa2S4 wafer since the radiation with polarization
E ⊥  c, being weakly absorbed in CdGa2S4, still contrib-
utes to the photosensitivity of the heterostructure,
whereas the absorption depth of the radiation with
polarization E || c in CdGa2S4 turns out to be smaller
then the diffusion length of photoholes in this com-
pound.

Let us analyze the anisotropy of the optical proper-
ties of CdGa2S4 crystals and the polarization photosen-
sitivity of heterostructures based on them using gener-
ally accepted quantitative characteristics [10]. Figure 3
shows the spectra of the coefficients of transmittance
and absorption pleochroism (curves 1, 2) of CdGa2S4
single crystals, and of the coefficient of natural pho-
topleochroism (curve 3) of the GaSe–CdGa2S4 hetero-
structure. The coefficient of optical-transmittance pleo-
chroism is determined by the expression

(1)

C2
V

PT T || T ⊥–( )/ T || T ⊥+( )[ ] 100%,×=
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where T || and Τ⊥  are the optical transmittances for the
polarizations E || c and E ⊥  c, respectively. The coeffi-
cient of the optical-transmittance pleochroism for
CdGa2S4(100) wafers exhibits a noticeable increase in
amplitude and a negative sign at "ω > 2.7 eV, tending
to the limiting value (–100%) in the vicinity of "ω .
2.9 eV.

The coefficient of absorption pleochroism is deter-
mined by the ratio

(2)

where α|| and α⊥  are the absorption coefficients for the
corresponding polarizations of radiation with respect to
the tetragonal c axis of the crystal. It can be seen from
Fig. 3 that the coefficient of absorption pleochroism of
CdGa2S4 is positive and fairly high (~50%) in the spectral
region under study. In this region, the coefficient of natural
photopleochroism is determined by the expression

(3)

where η|| and η⊥  are the quantum photoconversion effi-
ciencies for the given polarizations. It can be seen from
Fig. 3 that the spectral behavior of natural photopleo-
chroism of the heterostructures under study is similar to
that of PT("ω). This circumstance is due to the features
of the heterostructure photosensitivity. Obviously, in
order to ensure correspondence between Pα and Pη, we
should exclude the absorption of radiation in the region
of CdGa2S4 adjacent to the active region of the hetero-
structures.

4. In–CdGa2S4 STRUCTURES

Preliminary investigations of the contacts of some
metals with the surface of CdGa2S4 showed rectifying
properties of the contact formed by a layer of pure
indium and a CdGa2S4 single crystal. The rectification
direction for the ln–CdGa2S4 structures obtained by
vacuum thermal evaporation of indium generally corre-
sponds to the positive bias on indium layers; the rectifi-
cation factor K ≈ 5 at U ≈ 10 V. The photosensitivity of
the best structures was found to be highest in the case
of illumination from the side of the In layer and compa-
rable to that typical of other structures fabricated by us
(see table). Under illumination, the indium layers are
charged positively, which is consistent with the rectifi-
cation direction for these structures.

The spectra η("ω), typical of the surface-barrier ln–
CdGa2S4 structures, are shown in Fig. 4. The photosen-
sitivity of these structures manifests itself in a wide
spectral range (1–4 eV); its spectrum is shifted to
shorter wavelengths ("ω > 2.7 eV) with respect to the
heterostructures (Fig. 1). The photosensitivity spectra
of the barrier structures are rather complex and contain
a large number of broad bands. The energy positions of
the band peaks and the value of η vary drastically from

Pα α|| α ⊥–( )/ α|| α ⊥+( )[ ] 100%,×=

Pη η|| η ⊥–( )/ η|| η⊥+( )[ ] 100%,×=
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sample to sample. The spectra of many barrier struc-
tures formed on the CdGa2S4 single crystals grown
from melt contain a peak at "ωm = 3.67 eV in the short-
wavelength region, which corresponds to direct inter-
band transitions in CdGa2S4 [2, 13, 14]. It should be
noted that some of the peaks and inflections present in
the long-wavelength part of the spectra η("ω) of the ln–
CdGa2S4 structures (indicated by arrows in Fig. 4) were
also observed in other studies [15–17], where the local
states of CdGa2S4 were considered. The origin of these
features has not been ascertained yet and requires find-
ing the relation of the spectra η("ω) with the specific
conditions of growth and subsequent thermal treatment
of CdGa2S4 single crystals. The variety of the spectra
η("ω) revealed (Fig. 4) suggests that investigation of
the spectra η("ω) of surface-barrier structures is highly
efficient in studying the energy spectrum and the struc-
tural quality of CdGa2S4 crystals. For example, as can
be seen from Fig. 4 (curve 5), the surface-barrier struc-
tures formed on CdGa2S4 single crystals grown by
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Fig. 4. Spectral dependences of the relative quantum effi-
ciency of photoconversion of the surface-barrier In–n-
CdGa2S4 structures, formed on CdGa2S4 single crystals
grown (1–4, 6, 7) from melt and (5) by vapor-phase deposi-
tion, exposed to natural light at T = 300 K (illumination on
the barrier side; samples (1, 7) 17K, (2) 19B, (3) 21SP,
(4) 34SP, (5, 6) 3SP). The dependences η1/2 – "ω are shown
in the inset.
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chemical-vapor deposition exhibit an abrupt short-
wavelength falloff of η at "ω > 2.8 eV, which makes
impossible to record a photoresponse in the region of
direct interband transitions. Along with this circum-
stance, the relative contribution of photoactive absorp-
tion to photosensitivity in the impurity region for the
structures formed on crystals grown by chemical-vapor
deposition was found to be significantly larger than for
the single crystals grown from melt.

The long-wavelength part of the spectra η("ω) of
the ln–CdGa2S4 structures is described by the Fowler
relationship (Fig. 4, curves 6, 7), which allows us to
relate this part to the photoemission of electrons into
the semiconductor. Hence, extrapolation of the long-
wavelength part of the photosensitivity spectra η1/2  0
yields the estimate for the energy-barrier height: ϕB .
1.2 eV.

5. PHOTOELECTROCHEMICAL CELLS

Investigations of photoelectrochemical cells (PECs)
are widely used in the fabrication of photosensitive
structures based on various ternary compounds [18, 19].
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Fig. 5. Spectral dependences of the relative quantum effi-
ciency of photoconversion of (1, 2) photoelectrochemical
cells H2O–n-CdGa2S4 and (3) In–n-CdGa2S4 structure at
T = 300 K for unpolarized light (illumination on the side of
H2O and In layers; samples (1) 18K, (2) 35K, (3) 16K).
Thus, along with the structures considered above, we
also attempted to fabricate such cells on the basis of
CdGa2S4 single crystals. As a result, it was shown that
H2O–CdGa2S4 structures, as well as solid-state struc-
tures, exhibit rectification and photovoltaic effect. The
rectification factor of the H2O–CdGa2S4 structures is as
high as K . 102 at U . 10 V. Illumination of these struc-
tures gives rise to a photovoltage. Among the structures
fabricated by us, the H2O–CdGa2S4 cells exhibited the
highest photosensitivity (see table). Notably, the photo-
electrode always has a negative potential, which is con-
sistent with the rectification direction.

The typical spectral dependences η("ω) for the
PECs and surface-barrier structures are shown in Fig. 5.
In both types of structures, photosensitivity is highest in
the region of direct interband transitions in CdGa2S4,
being peaked at "ωm . 3.67 eV at T = 300 K under illu-
mination from the barrier side. The long-wavelength
part of the spectra η("ω) of the PECs obtained is simi-
lar to that of the In–CdGa2S4 structures (Fig. 4). The
reason is that the long-wavelength part of the spectra is
due to the impurity and fundamental transitions in
CdGa2S4 crystals.
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Fig. 6. Spectral dependences of the relative quantum effi-
ciency of photoconversion ((1) E || c, (2) E ⊥  c) and (3) the
coefficient of natural photopleochroism of a photoelectro-
chemical cell H2O–n-CdGa2S4 at T = 300 K (illumination
on the electrolyte side, sample 39SP).
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It was ascertained [10, 12, 19] that PECs formed on
CdGa2S4(100) wafers are characterized by polarization
photosensitivity, which is typical of anisotropic semi-
conductors. The main results of this series of studies
(see Fig. 6) consist of the following. When a PEC is
illuminated on the electrolyte side normally to the (100)
plane of the photoelectrode, the long-wavelength edge
of photosensitivity in the region of indirect optical tran-
sitions exhibits the same polarization dependence as the
coefficient of optical absorption of CdGa2S4 (Fig. 2,
curves 1–4). This dependence manifests itself as a shift
of the long-wavelength part of the spectra η("ω) to
shorter wavelengths with polarization changing from
E || c to E ⊥  c. The shift is due to the fact that the ine-
quality η|| > η⊥  has now been satisfied. In the case of
GaSe–CdGa2S4 heterostructures, the short-wavelength
falloff of photosensitivity caused by the optical absorp-
tion in CdGa2S4 was found to be of opposite direction
as compared to what could be expected from the ine-
quality α|| > α⊥ . Only for PECs, where the effect of
absorption in CdGa2S4 on the photoconversion was
excluded, did we find the correspondence between the
anisotropies of α and η. In the case of correspondence
between the processes of absorption and photoconver-
sion in PECs, the inequality η|| > η⊥  is satisfied. The
shift of the spectra η("ω) by ≈70–80 meV with radia-
tion polarization changing from E || c to E ⊥  c (Fig. 6,
curves 1, 2) may be caused by the lift of degeneracy of
the empty band and its splitting due to the natural tet-
ragonal compression in CdGa2S4 crystals.

The coefficient of natural photopleochroism Pη was
found to be positive in the region of indirect interband
transitions in CdGa2S4. The largest value of Pη is ~50%
at a photon energy of ~2.7 eV (Fig. 6, curve 3), which
is close to the energy of indirect interband transitions in
CdGa2S4. With an increase in "ω above 2.9 eV (Fig. 6,
curve 3), the coefficient of natural photopleochroism
remains small (Pη . 0) up to 3.4 eV, which may be due
to the competition between the optical transitions with
opposite selection rules. The amplitude of the negative
photopleochroism coefficient increases to ~20% only
when the photon energy approaches the energy of direct
optical transitions This circumstance means that direct
interband transitions in CdGa2S4 are allowed mainly for
the polarization E ⊥  c. Unfortunately, detailed theoret-
ical calculations of the band structure of CdGa2S4 crys-
tals are lacking to date [2, 20–22]. Hence, the results we
obtained cannot be compared with theory.

6. NATURAL-PROTEIN–CdGa2S4 STRUCTURES

The structures formed by bringing into contact a
natural protein with the surface of CdGa2S4 wafers
were prepared in the same way as in [23]. Measure-
ments of such systems revealed broadband photosensi-
tivity with spectral features similar to those considered
above for PECs. The table lists the values of the highest
SEMICONDUCTORS      Vol. 37      No. 11      2003
photovoltaic sensitivity of the protein–CdGa2S4 struc-
tures illuminated on the protein side. The photosensitiv-
ity spectra of the structures under investigation also
have a peak at "ωm ~ 3.7 eV. The result obtained sug-
gests that a natural protein serves as an electrolyte in
such structures.

7. CONCLUSION

Thus, photosensitive structures of several types
were fabricated for the first time on the basis of single
crystals of the CdGa2S4 ternary compound. These are
heterostructures, surface-barrier structures, photoelec-
trochemical cells, and natural-protein–semiconductor
heterocontacts. The photoelectric properties of the
structures formed on CdGa2S4 single crystals were
studied using natural and linearly polarized light. It is
shown that the structures fabricated can be used as pho-
toconverters of natural and linearly polarized light.
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Abstract—Al-doped zinc-oxide (ZnO:Al) films are obtained by magnetron sputtering. Based on an investiga-
tion of electrical properties of the films, it is shown that the electron density in these films is as high as 5 ×
1020 cm–3 and is practically constant in the temperature range 77–300 K, which indicates high efficiency of dop-
ing ZnO with an Al impurity. It is found that the deposition of thin films (d ≈ 1 µm) on the p-Si(111) surface
leads to the formation of heterostructures with the highest photosensitivity of ~400 V/W at T = 300 K, which
oscillates in the spectral range 1.3–3.5 eV. With the oblique incidence of linearly polarized radiation, induced
pleochroism emerges in such heterostructures. The magnitude of pleochroism oscillates in the range 5–40%
(θ  ≈ 75°), which is associated with the interference phenomena in the ZnO films. The prospects of using the
heterostructures obtained as highly selective photosensors of natural and linearly polarized radiation are con-
sidered. © 2003 MAIK “Nauka/Interperiodica”.
High-conductivity transparent oxide films are find-
ing increasingly wide application in optoelectronics.
A substantial increase in the quantum efficiency of pho-
toconversion of solar energy is attained by introducing
an antireflection coating into a heterophotoconverter
[1, 2]. Among such oxides, Al-doped ZnO films
(ZnO:Al) occupy an important place [3–5]. This study
belongs to this promising area of research and is
devoted to the investigation of photoelectric processes
in ZnO:Al heterostructures exposed to natural and lin-
early polarized radiation. With the fabrication of such
structures, the effect of doping ZnO:Al films with an Er
impurity on their electrical and photoelectric properties
was also analyzed.

The heterostructures were obtained by the deposi-
tion of ZnO:Al films on the surface of polished wafers
of single-crystal Si(100) of KDB-10 grade (p-Si:B with
a resistivity of 10 Ω cm) with a thickness d ≈ 0.3 mm.
The ZnO:Al films were obtained by dc magnetron sput-
tering in Ar. In order to provide the necessary doping
level, a sintered target of ZnO powder with an Al con-
tent of ~2.4 at % was used. According to the published
data [3–5], the above process ensures the stoichiomet-
ric composition of the film. The Ar pressure during dep-
osition was kept at P = 0.5 Pa, whereas the temperature
of the substrate with the growing film was 40–50°C.
The ZnO:Al films were deposited both on the Si sub-
strates and on the polished substrates from fused
quartz, whereas the ZnO:(Al, Er)–p-Si heterostructures
were obtained by introducing a thin film of pure Er in
the sputtering zone. The films obtained adhered quite
well to the surfaces of Si and fused quartz. The process
of doping depending on the modes of deposition of the
ZnO:Al films was investigated by measuring the tem-
perature dependences of the Hall coefficient R(T) and
1063-7826/03/3711- $24.00 © 21291
conductivity σ(T) by a dc compensation method in
weak electric and magnetic fields in the temperature
range 77–300 K. In order to measure the kinetic coeffi-
cients, ZnO:Al films ~1 µm thick were deposited on
plates of fused quartz through a cross-shaped mask.
The ohmic contacts to the ZnO:Al films were formed
by soldering with pure In or by depositing Ag paste on
the corresponding areas of the film. The typical depen-
dence R(T) for one of the films, which was obtained in
the presence of Er, is shown in Fig. 1 (curve 1). The
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Fig. 1. Temperature dependences of (1) the Hall coefficient
and (2) the electron Hall mobility in the ZnO:(Al, Er) layer
(sample 1n).
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Hall coefficient and the calculated electron density in
the range 77–300 K are practically independent of tem-
perature; the electron density in the ZnO:Al films usu-
ally is in the range ((2.5–5) × 1020 cm–3 at T = 300 K and
is insensitive to the presence of Er in the sputtering
zone. The conductivity of the ZnO:Al films in the range
77–300 K does not depend on temperature and is equal
to 230–250 Ω–1 cm–1 for various samples. The Hall
electron mobility in such samples is µ ≈ 5–6 cm2/(V s),
which is characteristic of heavily doped ZnO. The
results of measurements of kinetic coefficients for the
ZnO:Al films suggest that a high doping level is
attained, which is necessary for their application in
developing various facilities and devices of semicon-
ductor electronics. In addition, we may assume that the
high film conductivity is determined mainly by the Al
impurity, whereas the presence of Er in the reaction
zone has practically no effect on the electrical proper-
ties of the ZnO:Al films obtained.

The measurements of the steady-state current–volt-
age (I–V) characteristics of the ZnO:Al–p-Si hetero-

100
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5 0 5
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Fig. 2. Steady-state current–voltage characteristic of the
ZnO:Al–p-Si heterostructure at T = 300 K. The conducting
direction corresponds to the negative polarity of the external
bias at the ZnO layer.
structures obtained showed that the process used
ensures the attainment of high degree of rectification,
which may be characterized by the factor K ≈ 103–104.
This factor is defined as the ratio of the forward current
to the reverse current at the bias voltages U ≤ 5 V. The
conducting direction for the heterostructures obtained
corresponds to the negative polarity of the external bias
at the ZnO:Al layer. The typical steady-state I–V char-
acteristic for one of the heterostructures obtained is
shown in Fig. 2. At voltages U ≥ 2 V, the forward por-
tion of the I–V characteristic follows the relationship

(1)

where the residual resistance R0 ≅  (4–8) × 104 Ω and the
cutoff voltage U0 ≅  0.6–1.4 V for various structures (see
table). It should be noted that the lowest R0 values were
characteristic of the heterostructures obtained by the
deposition of ZnO:Al films in the presence of Er. For
voltages U < 0.1 V, the forward current in the hetero-
structures obtained grew exponentially according to the
relationship

(2)

where the diode factor β > 10. The largest β values are
usually inherent in the heterostructures obtained by
deposition of the ZnO:Al films in the presence of Er.
Large values of β reflect the effect of high series resis-
tance on the charge transport in such structures, which
does not allow one to draw an definitive conclusion
about the nature of the forward current.

A photovoltaic effect in the ZnO:Al–p-Si structures
prevails when they are illuminated on the wide-gap
ZnO:Al oxide side. The highest voltaic photosensitivity
S ≈ 400 V/W at T = 300 K is usually found for the het-
erostructures containing ZnO:Al films that were depos-
ited without introducing Er into the reaction zone (see
table). The typical spectral dependences of the relative
quantum efficiency of photoconversion η in the pres-
ence of Er (curve 1) and in its absence in the reaction
zone (curve 2) are shown in Fig. 3. It can be seen that
the η spectra for the heterostructures obtained are sim-
ilar, and their specific features amount to the following.
The photosensitivity of the heterostructures obtained is
of the broad-band type and is observed in the range 1.1–
3.5 eV. The long-wavelength boundary of η is deter-
mined by the band-to-band absorption in the Si sub-
strate. Therefore, a sharp rise in the photosensitivity is
observed for the photon energies hω > 1.1 eV. The full
half-width of the photosensitivity spectra δ ≈ 1.7–

I U U0–( )/R0,=

I I0 eU/βkT( )exp 1–[ ] ,=
Photoelectric properties of ZnO–p-Si heterostructures at 300 K. The illumination is from the side of the ZnO films using non-
polarized radiation

Heterostructures R0, Ω U0, V δ, eV , V/W , mA/W "ωm, eV

ZnO:Al–p-Si 2.5 × 104 1.4 1.68 400 10 1.3, 1.62, 2.04, 2.55, 2.82, 3.15, 3.55

ZnO:Al, Er–p-Si 7 × 104 0.6 1.71 35 2 1.41, 1.85, 2.35, 2.76, 3.15

Su
m SI

m

SEMICONDUCTORS      Vol. 37      No. 11      2003



PHOTOELECTRIC PHENOMENA IN ZnO:Al–p-Si HETEROSTRUCTURES 1293
1.8 eV (see table). In addition, distinct and practically
equidistant maxima and minima of η in the region of
highest photosensitivity of these heterostructures are
observed. It is reasonable to relate the existence of these
specific features to the interference of the incident radi-
ation in the ZnO:Al films. The ratio of the peak effi-
ciency of photoconversion ∆ (ηmax) to the lowest effi-
ciency (ηmin) for the structures investigated is ∆ =
ηmax/ηmin ≈ 1.5–1.6. This rather large value of ∆ charac-
terizes the ZnO:Al layers obtained in the technological
process developed as rather homogeneous and of high
quality. It can be seen from the table and Fig. 3 (curves 1
and 2) that the spectral positions of the maxima and
minima in the η("ω) dependences for two different
structures are different. This circumstance may be
caused by differences in the thickness d of the ZnO:Al
films deposited. From the spectral dependences η("ω),
according to the formula for the refractive index n [6]

(3)

where λm is the wavelength at ηmax and m is the peak
number, using the n value known for ZnO:Al [7], the
film thickness was estimated to be d ≈ 0.7–0.9 µm.
These values are in satisfactory agreement with the data
obtained by measuring the thickness of the ZnO:Al
films.

The short-wavelength decay of η for the hetero-
structures obtained becomes substantial in the region of
photon energies "ω > 3.2 eV, which corresponds to the
onset of band-to-band absorption in ZnO:Al [7]. The
very fact that heterostructures with a pronounced inter-
ference pattern in the spectra of η are obtained may be
used in developing natural radiation sensors, whose
parameters are controlled by the deposition conditions
of the ZnO:Al films.

The investigations of the photosensitivity of hetero-
structures obtained in linearly polarized radiation dem-
onstrated that the polarization photosensitivity emerges
only under conditions of the oblique radiation inci-
dence on the outer mirror plane of the ZnO:Al film.
This, in turn, allows one to relate it to the induced pho-
topleochroism [8]. At incidence angles Θ > 0, the short-
circuit photocurrent begins to follow the periodic law
[8] depending on the azimuth angle ϕ between the vec-
tor of the electric wave E and the plane of incident radi-
ation(PIR):

(4)

Here, ip and is are the photocurrents of the heterostruc-
ture for p-polarized and s-polarized incident radiation,
i.e., for E || PIR and E ⊥  PIR, respectively. Typical
spectra of η for the region of high photosensitivity of
the ZnO:Al–Si heterostructures at Θ ≈ 75° are shown in
Fig. 3 (curves 3, 4 and 5, 6). A comparison of these
spectra clearly shows that the photosensitivity ηp rela-
tive to ηs varies in the antiphase. Moreover, the ηp max-

n λmλm 1– /2d λm λm 1––( ),=

i ip ϕcos
2

is ϕ .sin
2

+=
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imum corresponds to the ηs minimum, and vice versa.
As a result, it is possible to distinguish the photon ener-
gies at which the values of ηp and ηs diverge to the
greatest extent and then converge until they “touch”.
With increasing photon energy, these specific features
alternate in accordance with the photosensitivity oscilla-
tions associated with the interference-controlled photo-
active radiation absorption in the active region of the
heterostructures and the subsequent separation of pho-
togenerated carriers in the electric field. The ratio ∆ in
the photosensitivity spectra is larger for the s wave,
which is in agreement with the behavior of the induced
pleochroism established for other heterostructures [8].

Figure 4 shows examples of typical dependences of
photocurrents ip and is, as well as of the coefficient of
the induced photopleochroism PI, on the angle of inci-
dence Θ for two characteristic photon energies, which
correspond to the largest divergence (curves 1–3) and
convergence (curves 4–6) in the ηp and ηs spectra for
one of the heterostructures. From the point of view of
angular dependences of photocurrents, which are
shown in Fig. 4, these situations are basically different.
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Fig. 3. Spectral dependences of the relative quantum effi-
ciency of photoconversion for the ZnO–p-Si heterostruc-
tures (1, 3, and 4 correspond to the ZnO:(Al, Er) layer; 2, 5,
and 6 correspond to the ZnO:Al layer; θ = 0) exposed to nat-
ural and linearly polarized radiation (3 and 5 correspond to
p-polarization; 4 and 6 correspond to s-polarization; θ =
75°). 1 and 2 are normalized to the absolute maximum, and
3–6 are normalized to the maximum of η in the p-polariza-
tion. To exclude overlapping, the η spectra are shifted in
parallel to each other along the ordinate.
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In one of them, the angular dependences of photocur-
rents are conventional (Fig. 4, curves 1–3). In fact, due
to a reduction of the losses for the reflection of the wave
at Θ > 0, the photocurrent ip initially increases, passes
through the maximum, and finally decreases. At the
same time, the photocurrent is decreases steadily with
increasing Θ over the entire Θ range investigated,

0 90
0
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0 0

50

5 50

1

2

3

6
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ip, is, arb. units PI, %

θ, deg

~~~~

Fig. 4. Photocurrents and the coefficient of induced pleo-
chroism in relation to the angle of incidence of linearly
polarized radiation on the receiving ZnO:(Al, Er) plane of
the ZnO:Al, Er–p-Si heterostructure at T = 300 K ("ω =
(1–3) 1.24 eV; (4–6) 1.36 eV; radiation polarization: 1 and
4 correspond to p polarization; 2 and 5 correspond to s polar-
ization).
whereas the coefficient of the induced photopleochro-
ism follows the parabolic law [8]

(5)

and, for example, for Θ = 70° attains the value PI =
40%. This value of PI is in accordance with the theoret-
ical estimation [8], in which the refractive index for
ZnO:Al [7] was taken into account. For the region of
the closest convergence of the ηp and ηs spectra, the
angular dependences of photocurrents become similar
(Fig. 4, curves 4, 5). As a result, the PI magnitude drops
abruptly relative to the theoretical estimate for ZnO:Al,
which was made disregarding the interference (Fig. 4,
curve 6). The shape of the angular dependences for ip

and is (Fig. 4, curves 4, 5) allows one to assume that a
decrease in the reflection losses due to the interference
blooming of the receiving plane of the heterostructure
by the ZnO:Al film occurs both for the p wave and for
the s wave. The typical spectra of the induced-photople-
ochroism coefficient PI for the heterostructures, which
include the ZnO:Al films obtained in various techno-
logical processes and Si substrates, are shown in Fig. 5.
These spectra are similar, and from the point of view of
previous studies [8–11], there are grounds to believe

PI Θ2∝
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Fig. 5. Spectral dependences of the induced-photopleochro-
ism coefficient for the ZnO–p-Si heterostructures with an
oblique incidence of linearly polarized radiation on the ZnO
side at T = 300 K (1 corresponds to the n-ZnO:Al layer, θ =
75°; 2 corresponds to the ZnO:(Al, Er) layer, θ = 80°).
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that they result from interference of the linearly polar-
ized radiation in the ZnO:Al films. The distinctions
observed in the values of ∆ and the energy positions of
extrema in the η("ω) spectra may be a consequence of
the effect of fabrication conditions on the deposition of
ZnO:Al films.

The common specific feature of the induced pho-
topleochroism is the existence of oscillations of the PI
coefficient in the range from the highest to the lowest
value, when the induced photopleochroism practically
vanishes due to the convergence of ηp and ηs. Both of
these cases are of apparent practical interest. The
induced photopleochroism, which is close to the theo-
retical estimate, allows one, on the one hand, to use the
structures obtained as selective photoanalyzers of lin-
early polarized radiation. On the other hand, the fact
that the induced photopleochroism vanishes can be used
in monitoring the blooming of prepared photoconverters,
specifically, the spectral range and the detailed structure
of the spectra of the induced photopleochroism.

Thus, heavily doped ZnO:Al layers are obtained by
magnetron sputtering. Their deposition on the surface
of single-crystal Si allows one to obtain ZnO:Al–p-Si
heterostructures with the highest photosensitivity in the
range of 1.3–3.4 eV. It is found that the induced photople-
ochroism can be used in the development of selective
semiconductor sensors of linearly polarized radiation.
SEMICONDUCTORS      Vol. 37      No. 11      2003
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Abstract—Extended Ge–GaAs p–n heterojunctions were fabricated and studied. The thermoelectric power of
the heterojunction was measured as a function of the temperature difference at the structure ends, which was varied
from 10 to 180 K, while the average temperature was maintained constant at 300 K. It is found that experimental
data obtained at a large temperature gradient are consistent with theoretical predictions that take into account the
emergence of minority charge carriers due to thermal emission. © 2003 MAIK “Nauka/Interperiodica”.
The thermoelectric properties of p–n junctions and
heterojunctions have been studied previously [1–6]. It
was found that the thermoelectric power of heterostruc-
tures is contributed by the bulk thermoelectric power,
the Benedix voltage for the p- and n-type regions, and
the barrier thermoelectric power at the heteroboundary
αb itself. It was ascertained that at a small temperature

difference (such that Eg∆T ! k , where Eg is the band
gap of a narrow-gap semiconductor, ∆T is the tempera-
ture difference at the structure ends, T0 is the hetero-
junction (HJ) temperature, and k is the Boltzmann con-
stant), the calculated values of the HJ’s effective thermo-
electric power αeff were consistent with experimental
data.

In this paper, we report the results of studying ther-
moelectric power in a situation where the inequality

Eg∆T > k  is satisfied, i.e., where there is a large tem-
perature gradient.

In order to perform the experiment, we fabricated
extended Ge–GaAs p–n heterostructures in which the
sizes of the base regions (–A)(–d1) and (d2B) were much
larger than the width of the space-charge regions (–d10)
and (0d2); i.e., we had (–A)(–d1) @ (–d10) and (d2B) @
(0d2) (see Fig. 1).

Heterojunctions were formed using the method sug-
gested by Anderson [7]. Rectangular platelets with
dimensions of 0.1 × 1 × 3 mm3 were cut from n-GaAs
and p-Ge. After grinding and polishing, the platelets of
n-GaAs and p-Ge were superimposed on one another so
that the total length was 4 mm. The samples were then
transferred to a vacuum chamber; in the region of
superposition of platelets on one another, a large tem-
perature gradient was formed in an atmosphere of flow-
ing helium. As a result, the material with a higher melt-
ing point (gallium arsenide) was found to be on the
high-temperature side. As the temperature gradient

T0
2

T0
2

1063-7826/03/3711- $24.00 © 21296
increased and the germanium plane adjacent to gallium
arsenide began to melt, the heating was switched off
immediately; the molten layer then recrystallized and
the heterojunction was formed. X-ray diffraction anal-
ysis showed that the recrystallized interfacial region
between germanium and gallium arsenide is single-
crystalline and interfacial planes of gallium arsenide
and germanium are rotated by no more than 3° with
respect to each other.

∆Ev
n-GaAs

Ev

2

1

T0

∆Ec

p-Ge

–A –d1 B
x

–d20

EF

Ec

T

Fig. 1. The energy-band diagram of a Ge–GaAs p–n hetero-
junction in the absence of the temperature gradient and two
variants of the temperature distribution along the x axis: Ec
and Ev  are the conduction- and valence-band edges, ∆Ec
and ∆Ev  are the corresponding band offsets at the heter-
oboundary, and EF is the Fermi level; curve 1 corresponds
to the thermal-flux direction (+) and curve 2 corresponds to
the direction (–).
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The current–voltage (I–V) characteristic of the
above-described Ge–GaAs heterojunctions (Fig. 2) is
similar to that obtained by Anderson [7] at a heterojuc-
tion formed by epitaxy of germanium onto the gallium
arsenide surface [7]; this similarity indicates that the
heterojunctions are of high quality.

The heterojunctions formed by the above-described
method were transferred to a setup for measuring the
thermoelectric power at a large temperature gradient [8].

We measured the dependence of thermoelectric
power generated by the Ge–GaAs heterojunction on the
temperature gradient at the same average heterojunc-
tion temperature if the thermal flux is directed either (i)
from germanium to gallium arsenide or (ii) from gal-
lium arsenide to germanium.

It was shown by Balmush et al. [4] that, in contrast
to the barrier-layer photovoltage, the barrier thermo-
electric power αb can exhibit not only the conducting
(forward) direction (with the sign “+” at the p-type
region and a minus sign at the n-type region) but also
the blocking (reverse) direction, which depends on the
sign of the temperature gradients and on the physical
parameters of the p–n structure. In what follows, the
direction of the thermal flux from germanium to gal-
lium arsenide is denoted by sign “+” and the reverse
direction of this flux is denoted by “–”.

In Fig. 3, we show dependences of thermoelectric
power on the magnitude of the difference between tem-
peratures of the hot and cold ends of the HJ at the same
average temperature equal to 300 K. Curve 3 was
obtained at a thermal-flux direction (+), and curve 4
was obtained at a thermal-flux direction (–). Curve 1

represents the ∆T dependence of  averaged over
two thermal-flux directions.

The values of effective thermoelectric power calcu-
lated using the formula derived by Lidorenko et al. [3]
are also shown in Fig. 3 (curve 2); this formula is writ-
ten as

(1)

where T0 is the average temperature of an HJ, ∆T is the
temperature difference between the hot and cold HJ
ends, Eg1 is the band gap of the narrow-gap semicon-
ductor in the heteropair (Eg1 = 0.74 eV for germanium),
d1 is the width of the space-charge region in the narrow-
gap semiconductor, and Ln is the diffusion length of the
minority charge carriers.

Formula (1) is valid only if ∆T is large, in which
case the minority charge carriers are thermally gener-
ated in the semiconductor bulk. As mentioned above,
the temperature differences are recognized as large if

α eff
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the inequality Eg∆T > k  is satisfied. In the case under
consideration, this inequality is satisfied if ∆T > 80 K.
Therefore, the values of αeff calculated using formula (1)
are shown in Fig. 3 only for ∆T ≥ 80 K. As can be seen
from Fig. 3, the calculated values of αeff are close to
experimental data in the region where ∆T > 80 K. This
fact indicates that the situation where the determining
role in the HJ thermoelectric power is played by the
thermoelectric power of minority charge carriers gener-

T0
2

30

20

10

I, mA

–10

2040V, V 1 2 V, V

Fig. 2. The current–voltage I(V) characteristic of a
Ge−GaAs p–n heterostructure at 300 K.
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Fig. 3. Dependences of thermoelectric power for a
Ge−GaAs p–n heterojunction on the temperature difference
∆T at the heterostructure ends at an average temperature of

300 K: (1) average values of thermoelectric power ;

(2) the results of calculation of  based on formula (1)

for large temperature gradients; (3) αeff at the thermal flux (+);
and (4) αeff at the thermal flux (–).
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ated by the temperature gradient is realized only if this
gradient is large.

In the case of the aforementioned procedure for pro-
cessing the experimental data, the effective thermoelec-

tric power  primarily includes only the barrier ther-
moelectric power αb, since all the other components
(the bulk thermoelectric powers of the base regions and
the Benedix thermoelectric power for the p- and n-type
regions) cancel each other out in the course of averag-
ing as a consequence of the sign reversal of the above
components when the thermal-flux direction is
reversed. The sign of the barrier thermoelectric power
is also reversed. However, the values of αb differ for the
thermal fluxes (+) and (–) as a consequence of the fact
that the concentrations of the minority charge carriers
coming from p-Ge to n-GaAs and vice versa are dissim-
ilar for opposite directions of thermal fluxes; as a result,
the barrier thermoelectric powers αb, which are differ-
ent in magnitude and opposite in sign, appear in both
cases, so that we obtain nonzero average values αg of

.

On the basis of the results obtained, we may state
that the values of αeff calculated using formula (1) are

consistent with experimental data for  at large val-
ues of ∆T.

α eff
av

α eff
av

α eff
av
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Abstract—The spectra of low-frequency internal friction and the behavior of the effective shear modulus
Geff(T) in a Czochralski grown silicon single crystal were investigated after mechanical and chemical–mechan-
ical treatment of the surface and after natural aging at room temperature over a long period of time. The
mechanical treatment of the Si surface was shown to initiate unusual structural phase transitions accompanied
by an inverse hysteresis in the Geff(T) dependence. Such a behavior of Geff(T) is assumed to be associated with
the formation of incommensurate phases. It was also found that aging at room temperature for more than 10000 h
leads to the onset of decomposition of the supersaturated solid solution of oxygen in silicon and to the genera-
tion of substantial stresses that initiate structural phase transitions in the samples. © 2003 MAIK “Nauka/Inter-
periodica”.
It is well known that fabrication of the majority of
semiconductor devices on the basis of single-crystal sil-
icon is, one way or another, associated with the treat-
ment of its surface. The result of this treatment
(mechanical, chemical, thermal, etc.) is far from always
predictable and unambiguous. Many studies [1–4] were
concerned with investigating this complicated problem.
However, today many questions remain open to discus-
sion, in particular, regarding the state and structure of a
thin oxide layer that forms on the real silicon surface in
the course of technological operations [1–3], how this
treatment affects the structure of the regions adjoining
the surface, and many others [4].

In this study, we attempt to investigate the influence
of the state of a Si single-crystal real surface obtained
as a result of certain technological operations (polish-
ing, chemical–mechanical polishing, oxidation in air at
room temperature Troom, etc.) on the low-frequency
internal friction (LFIF) and the behavior of an effective
shear modulus Geff.

The internal friction (IF) was investigated using a
semiautomatic relaxometer of the inverse-torsion-pen-
dulum type at frequencies on the order of 1–3 Hz in a
pressure of ~103 Pa and for amplitudes of external
strains γ = (2.5–3) × 10–5. Simultaneously with the
investigation of elastic-energy absorption, we mea-
sured the squared frequency of natural torsion vibra-
tions (f 2), which is known to be proportional to the
effective shear modulus Geff.

We selected a Czochralski 〈111〉  silicon single crys-
tal as the object of study. The samples were cut in the
shape of 1.5 × 1.5 × (80–90)-mm3 parallelepipeds from
highly perfect silicon single crystals in the direction
perpendicular to the growth direction so that the faces
1063-7826/03/3711- $24.00 © 21299
parallel to the (111) plane lay along the long axis of the
sample. The single crystal was grown and all the tech-
nological operations associated with the fabrication of
the samples, apart from artificial oxidation at 200°C,
were performed under production conditions using
conventional technologies. In parallel with measuring
the IF, the aged samples–witnesses were used to study
their microhardness (Hµ). The microhardness Hµ was
measured using a PMT-3 microhardness meter at room
temperature according to the conventional procedure
with an indenter load P = 100 g. The results of measure-
ments were averaged over 10 runs (10–15 measure-
ments in various areas of the sample). The relative
errors were less than 1% in measuring the internal fric-
tion Q–1 and less than 0.1% for f 2.

Three groups of samples were investigated (three
samples in each group) after various types of treatment
of the silicon surface:

the first group included the samples after mechani-
cal treatment with an ASM-1/0 diamond paste when
fabricating “silicon straw,” i.e., parallelepipeds of 1.5 ×
1.5 × (80–90) mm3;

the second group included the samples after a com-
plete series of chemical–mechanical treatment under
the production conditions; and

the third group included the samples prepared in the
same way as the second group but after natural aging in
air at temperatures of Troom for more than 10000 h.

The typical temperature dependences of the internal
friction and the squared frequency f 2 are shown in
Figs. 1 and 2 for the first-group samples.

As can be seen, the mechanical treatment of the sin-
gle-crystal silicon in the course of fabricating the sam-
003 MAIK “Nauka/Interperiodica”



 

1300

        

OLEŒNICH-LYSYUK 

 

et al

 

.

                                                                                                                                      
ples leads to the initiation of an anomalous, nonrelax-
ational, IF within 20–200°C accompanied by a step-
wise modification of the Geff(T) temperature
dependence and by an “inverse” temperature hysteresis
of the modulus, which is unusual for structural phase
transformations (SPTs): the curves of heating pass
much lower and to the left of the curves of cooling. This
behavior of the modulus is almost completely revers-
ible. However, each subsequent cycle of heating in the
range 20–200°C leads to a certain reduction in the
absorption level and to a narrowing of the Geff(T) loop.
For example, the degree of loop unclosure (∆ f 2/ f 2)T
after two to three cycles decreases almost by half. It
should be noted that such temperature behavior of the
modulus is characteristic of polytype transformations
with the involvement of incommensurate structures
[5, 6]; this behavior is also affected by the relaxation of
stresses and the relaxation processes induced by
defects. These defects are generated as a result of the
mechanical treatment of the silicon surface, since the
general level of IF decreases during the thermocycling
and certain peaks disappear from the spectra of elastic-
energy absorption. However, the SPTs themselves
remain and do not disappear even after removing the
strained layer at a depth from 40 to 70 µm. In this case,
the IF level decreases by almost an order of magnitude,
and the absorption character is somewhat modified. The
series of peaks in the range 20–200°C transforms into a
single poorly discernible peak in the region of 20–
150°C. In this case, the dependence Geff(T) is modified
to a much lesser extent. The inverse hysteresis of the
modulus is retained when the loop is opened to a some-
what lesser degree (∆ f 2/ f 2)T as compared with the ini-
tial one (Fig. 3, curves 1, 2).

The aging of silicon in air at Troom for a long time
leads to an abrupt increase in the absorption level (by
almost a factor of 100) and to the appearance of a
region of two-lobe hysteresis at the Geff(T) curves:

Q–1, 104

50

10
100 200

T, °C

1
2

Fig. 1. Temperature dependences of a low-frequency inter-
nal friction for the first-group samples measured during (1)
heating and (2) cooling.
below 150°C, the hysteresis is conventional and charac-
teristic of the first-order phase transition; above 150°C,
the hysteresis is inverse. The Geff(T) behavior is virtu-
ally completely reversible in this case.

Such an anomalous increase in IF and the modifica-
tions in the shear-modulus behavior may be a conse-
quence of the initiation of substantial stresses arising
either in the samples during the aging at Troom, or as a
result of the decomposition of a supersaturated solid
solution (SSS) of oxygen in silicon, or due to oxidation
of the sample surface [1]. In order to clarify the possible
origin of these stresses, the third-group samples were
annealed at 400°C (over various periods of time) to pro-
mote the processes of oxygen release from the SSS.
After such a treatment, the LFIF of the samples
abruptly decreases (by more than a factor of 100), the
absorption peak is located in the region of 150°C, and
the two-lobe feature of the Geff(T) curves is retained
with the only difference that the degree of loop opening
decreases by almost an order of magnitude, while the
shape of the Geff(T) dependences becomes stepwise
(Fig. 3, curves 3, 4). It is likely that the aging at Troom
for a long time (more than 10000 h) initiated the oxy-
gen release from the supersaturated solid solution in the
third-group samples; we fixed the earliest stages of this
process (probably, the stage of formation of the
Guinier–Preston bands), which are known to be accom-
panied by the initiation of appreciable stresses in the
crystal [7]. The measurements of microhardness for the
control samples subjected to the treatment at 400°C
show that, if the treatment time increases, the value of
Hµ first slightly rises from 1150 ± 33 kg/mm2 to 1250 ±
35 kg/mm2 and, then, decreases down to (1000 ±
32) kg/mm2; this behavior agrees well with the data for
LFIF and corroborates our assumptions about the ori-
gin of the generated stresses. In fact, the treatment at
400°C, as follows from the data of [4], leads to the iso-
lation of SiOx intermediate phases, which are better

100 200
T, °C

4.2

4.0

f, s–1

1
2

Fig. 2. Temperature dependences of the squared frequency
f 2 of natural torsional vibrations for the first-group samples
measured during (1) heating and (2) cooling.
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known as quenched-in donors as thermodonors (TD-1),
thus decreasing the stresses associated with this pro-
cess. In our opinion, of more interest are the results of
the effect of the decomposition of the SSS of oxygen on
the SPTs, which apparently proceed both on the Si sur-
face and in its surface layers. In fact, Shmyt’ko et al. [8]
found that new Si modifications with a relatively high
stability were formed on the Si surface during the
deformation, which were attributed to polytype modifi-
cations. The mechanism of formation of polytypes in
the diamond structure of silicon during the plastic
deformation is believed to be based [8] on a correlated
motion of partial dislocations along the 〈112〉  direction
in the slip plane {111}. It is well known that this pro-
cess requires a sufficient quantity of dislocations; there-
fore, in a dislocation-free sample, the dislocations are
generated only at the surface, which leads to the
appearance of new phases only at the surface. However,
one of the dislocation sources that provide polytype
reconstructions may be the scratches that form on the
surface during a mechanical polishing or the disloca-
tion loops that appear in the Si structure in the course of
decomposition of a supersaturated solid solution of
oxygen. It should be recalled that the faceting of Si
crystals investigated previously [8] and the crystals
investigated in this study is virtually coincided and
favored the initiation of the slip predominantly in the
{111} planes. Therefore, the periodic shear deforma-
tion of the crystal that took place in the LFIF experi-
ments might well be the cause of the correlated motion
of the partial dislocations in these planes and the forma-
tion of polytype modifications. It should be noted that
the formation of polytypes proceeds more intensely in
samples subjected to the mechanical treatment; it pro-
ceeds less intensely in polished samples. The inverse
hysteresis in the Geff(T) dependence points to the fact
that the transition apparently involves incommensurate
phases because such behavior of elastic characteristics
was observed only in investigations of incommensurate
phases [5, 6]. Moreover, the temperature hysteresis in
the elastic characteristics observed previously [5, 6]
was also completely reversible and was also accompa-
nied by a “jump” in the characteristic values if heating
was changed to cooling, as in our case.

At the same time, the authors of [2] observed multi-
ple SPTs in the spectra of exoemission from a Si single
crystal and attributed these transformations to the struc-
tural transitions in a thin oxide layer (i.e., on the real sil-
icon surface itself). Therefore, we decided to clarify the
role of the oxide layer in the processes of elastic-energy
absorption and the behavior of the effective shear mod-
ulus. For this purpose, the third-group samples were
subjected to additional low-temperature oxidation.

The additional oxidation of samples at 200°C for 2 h
with restricted access of air (in the device with a resid-
ual air pressure of ~0.1 Pa) drastically suppressed the
general level of absorption (all the observed peaks of
absorption virtually disappeared) and transformed the
two-lobe hysteresis of the modulus into a hysteresis of
SEMICONDUCTORS      Vol. 37      No. 11      2003
the type characteristic of the first-order phase transition
(Fig. 3, curves 5, 6). In this case, the loop in the temper-
ature dependence of the shear modulus was again
totally closed, which is indicative of the complete
reversibility of the processes that occur in the sample.
The measurements of the microhardness showed that
values of Hµ for the samples after such a treatment were
virtually twice as small than those in the samples after
annealing at 400°C.

Thus, the features of the variations in LFIF behavior
and in the effective shear modulus after the additional
oxidation suggest that the incommensurate phases,
which induce the inverse temperature hysteresis of the
modulus, do arise in the surface layers of silicon itself.
It is possible that these phases appear as a result of the
previous mechanical treatment of the surface, whose
effect can be made more profound by additional
stresses on the interface between Si and SiO2 or by the
stresses arising during the decomposition of SSS of
oxygen in silicon at room temperature. It is likely that
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Fig. 3. Temperature dependences of effective shear modu-
lus for a Si single crystal after various treatments of the sur-
face: (1, 2) after chemical–mechanical polishing; (3, 4) after
additional aging at 400°C for 5 h; and (5, 6) after oxidation
at 200°C for 2 h. The curves with odd numbers correspond
to the processes of heating, and the curves with even num-
bers correspond to cooling.
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we succeeded in detecting experimentally also the
structural phase transitions that proceed in the thin
oxide layer, as indicated by the complicated two-lobe
shape of the Geff(T) curves and the temperature position
of certain observed anomalies in the elastic-energy
absorption (for example, the peaks at ~50 and 105°C).
However, in order to clarify this question and also to
separate the contributions from the structural transi-
tions in the thin oxide layer and in surface layers, spe-
cial (structural) investigations are required.

Thus, the main results of this study are as follows.

(i) The mechanical treatment of a surface of single-
crystal silicon was shown to initiate unusual polytype
transitions accompanied by an anomalous (reversible)
hysteresis in the temperature dependence Geff(T) of the
shear modulus.

(ii) The aging of a Si single crystal at room temper-
ature for a long time was found to lead to the onset of
decomposition of the supersaturated solid solution of
oxygen in silicon. The decomposition of the solution is
accompanied by an insignificant (~10%) increase in the
microhardness, a drastic (by two orders of magnitude)
increase in elastic-energy absorption, and the emer-
gence of two-lobe hysteresis in the Geff(T) dependence.
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Abstract—Starting from the data of deep-level transient spectroscopy, the charge fluctuations at the interface
between the top Si layer and buried insulator in Si-on-insulator structures are evaluated. The interface was pre-
pared by bonding Si with the thermally oxidized substrate. The magnitude of fluctuations at the interface is
found to be equal or exceed (1.5–2.0) × 1011 cm–2 against the charge background of ~5 × 1011 cm–2 at this inter-
face. It is shown that the fluctuations are most likely associated with the negative charge at the surface states rather
than with the fluctuations of the fixed positive charge within oxide. © 2003 MAIK “Nauka/Interperiodica”.
1. INTRODUCTION

It is known that the two main parameters that char-
acterize the Si/SiO2 interface are the charge within the
insulator and the density of states at the interface [1]. As
a rule, the positive charge is present in the thermally
grown oxide, whereas the sign of the charge captured at
the interface states is governed by the conductivity type
of Si. It is evident that the values of both parameters
mentioned can somewhat fluctuate over the Si/SiO2
interface. As a rule, these fluctuations are not very sig-
nificant and practically do not manifest themselves in
the investigation of interfaces or device structures.
According to the data in [2, 3], the standard deviation
of the potential distribution at the thermal Si/SiO2 inter-
face and at the interface between grains in polysilicon
does not exceed 0.05 eV. At present, a nontraditional
technique of formation of the Si/SiO2 boundaries has
appeared, specifically, bonding technology [4], which
is widely used for the fabrication of silicon-on-insula-
tor (SOI) structures [5, 6]. The Si/SiO2 interface formed
in such a manner substantially differs from the interface
formed by the thermal oxidation [7–9]. Specifically, on
the investigation of the mechanisms of the current flow
over a thin (8–11 nm) Si layer in an SOI structure,
where the bonding interface in the structures under
investigation was located between the top Si layer and
the buried insulator, oscillations of the current were
found at room temperature. These oscillations are
apparently associated with considerable fluctuations of
the fixed charge within the oxide or the charge at the
interface states [10].

The purpose of this study is to estimate the fluctua-
tions of the charge, namely, the fixed charge within the
oxide or the charge at the interface states, at the Si/SiO2
interface prepared by the bonding technique in an SOI
structure.
1063-7826/03/3711- $24.00 © 201303
2. EXPERIMENTAL

The electron densities in the top Si layer and in the
substrate of the SOI structures, which were determined
from the capacitance–voltage (C–V) characteristics,
were (3–10) × 1015 and 1.5 × 1015 cm–3, respectively.
The top Si layer in the structures was 0.5 µm thick,
whereas the buried insulator was 0.4 µm thick. In the
structures investigated, the interface between the top Si
layer and the buried oxide is the bonding interface,
whereas the interface between the substrate and the bur-
ied oxide is the interface between Si and the oxide ther-
mally grown on it.

In the study, we used the data obtained from the
measurements of the C–V characteristics at a frequency
of 1 MHz and by the method of deep-level transient
spectroscopy (DLTS) [8, 9]. From the available varia-
tions of the DLTS technique, the so-called charge
DLTS (Q-DLTS) [11] was used. This version of the
DLTS technique provides wider possibilities for the
investigation of interfaces in insulator–semiconductor
structures. All the measurements were carried using the
mesa structures. The contacts were formed by the dep-
osition of Al. The area of the mesa structures varied
within the range 0.5–1 mm2.

3. RESULTS AND DISCUSSION

The capacitance of the mesastructure without appli-
cation of a voltage is governed mainly by the capaci-
tance of the buried insulator. A decrease in the capaci-
tance in the voltage range of 10–16 V (see inset to
Fig. 1) corresponds to the formation of the space-
charge region (SCR) in the top Si layer. In this mode,
the substrate is enriched with charge carriers. For a
voltage higher than 16 V, an inversion layer is formed
in the top layer, the thickness of the SCR ceases to
increase, and the capacitance ceases to decrease. A sim-
03 MAIK “Nauka/Interperiodica”
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ilar region of capacitance modulation, which is associ-
ated with the formation of the SCR in the substrate, is
observed for the negative biases at the structure.

The DLTS data [9] for the SOI mesa structure that
are measured at the voltages when the top Si layer is in
a state of depletion, while the substrate is enriched with
carriers, are shown in Fig. 1. In this case, the recharge
of states at the interface between the top Si layer and the
oxide is observed. The E1 peak in the spectra corre-
sponds to a deep-level center in the top Si layer [9]. The
other part of the spectrum is associated with the
recharge of the states at the interface between the top Si
layer and the insulator.

The distribution of states in energy at the Si/SiO2
interface, according to DLTS data, can be calculated by
three different methods.
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Fig. 1. DLTS data obtained for the SOI mesa structure and
measured in the mode of the depleted top Si layer and the
enriched substrate. The amplitude of the filling pulse U1 =
–2 V; the bias applied to the structure during measurements
U2 = (1) 8, (2) 10, (3) 12, (4) 14, and (5) 16 V. E1 is the deep
level in the top Si layer [9]. The capacitance–voltage char-
acteristic of the structure is shown in the inset.
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Fig. 2. Energy distributions of states at the interface
between the top Si layer and the buried insulator layer of the
SOI structure obtained by method (i) (curve 1) and method
(ii) (curve 2).
(i) For the buildup of the distributions by the first
method, the method suggested by Hofmann and Schulz
[12] was used. The energy of the centers, which give the
main contribution to the DLTS signal at a given temper-
ature and in the time window, is determined by the
expression Ec – E = kTln(σvNcτ), where E is the level
energy, σ is the capture cross section at the level, Nc is
the density of states in the conduction band, and τ is the
magnitude of the time window in which the DLTS mea-
surements were carried out. This method calls for
knowledge of the capture cross section at the level,
which can be estimated from the DLTS data measured
at the relatively low amplitude of the filling pulse, when
the traps are recharged within a relatively narrow
energy range. The peaks obtained in such a manner can
be described approximately by the expressions for the
recharge of the centers with fixed energies and cross
sections. The estimations of the capture cross section
for the traps at the bonding interface yielded a value of
10–18 cm2 for the entire spectrum of the traps. We calcu-
lated the distribution of the states in energy using the
capture cross section for the levels and the DLTS data
obtained for the voltage across the structure U2, at
which the lowest capacitance is reached, and for the
amplitude of the pumping pulse, which is equal to the
width of the transition region in the C–V characteristic.
The density of states was determined as the product of
the bulk concentration of the center by the width of the
region probed. The results of the calculation are shows
in Fig. 2 (curve 1).

(ii) Figure 2 also shows the distribution of states in
energy, which is obtained from the approximation of
each spectrum, measured at the relatively low ampli-
tude of the filling pulse by the expressions for the
recharge of the centers with fixed energies and capture
cross sections.

(iii) The third method of the calculation of the distri-
bution of states in energy is as follows. For each voltage
and amplitude of the filling pulse used, it is possible to
calculate the magnitude of the band bending at the
bonding interface and to determine the range of ener-
gies of the traps, which should recharge under these
conditions.

Figure 3 illustrates the band bending for the top
layer of the SOI structures for the case when the top Si
layer is in a state of depletion, while the substrate is
enriched with carriers. Such an approach is conven-
tional for the calculation of the distribution of the traps
at the Si/SiO2 interface in metal–insulator–semicon-
ductor structures [13] and at the interface formed by the
thermal oxidation in the SOI structures [10] for the case
of a continuous spectrum of states. The band bending
for Si at the interface between the top Si layer and the
oxide φs1 was calculated as follows. In the case of a
grounded substrate, the voltage V applied to the struc-
ture can be written as [13]

(1)V φs1– φs2 Vox W12,+ + +=
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where Vox is the voltage drop across the insulator; φs1
and φs2 are the surface potentials at the interfaces
between the top Si layer and SiO2 and between the sub-
strate and SiO2, respectively; and W12 is the contact
potential difference between the film and the substrate.
If the substrate is enriched with carriers, we may disre-
gard the φs2 quantity compared with the φs1 quantity; in
addition, Vox = Q/Cox, where Cox is the oxide capaci-
tance, and the charge Q can be expressed as

(2)

Here indices 1 are related to the top Si layer, Qs is the
charge in the depletion region of the semiconductor, Qf
is the fixed charge in the oxide, and Qt is the charge cap-
tured by the traps at the interface.

We have 

where VFB is the flat-band voltage,

where Nss is the density of states at the Si/SiO2 inter-
face, and

For the calculations, the VFB, Nss, and Qf quantities,
which were obtained from the results of the C–V mea-
surements under the assumption that the traps are uni-
formly distributed in energy, were used. For example,
for the structure for which the DLTS data are shown in
Fig. 1, the following parameters were determined:
VFB = 7 V, Nss = 5 × 1011 cm–2 eV–1, and Qf = 3.6 ×
1011 cm–2. The φs1(U) dependence calculated from

Q Qs1 Qt1 Q f 1.+ +=

Q f VFB W12–( )Cox,–=

Qt qNssφs,=

Qs 2εaqND ϕ s kT /q–( ).=

Ec

F

Ev

V
Ess

φs1

SiO2

Si

Substrate

Fig. 3. Schematic representation of the band bending in the
top Si layer of SOI structures for the case when the top Si
layer is in a state of depletion and the substrate is enriched
with carriers.
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these data is shown in Fig. 4 (curve 2). Using the φs(U)
dependence, the range of the φs1 values, which corre-
sponds to the bias U applied to the structure and the bias
during the filling pulse U2 + U1, was determined for
each spectrum in Fig. 1. Thus, the obtained band bend-

ing φs1 and the ranges of trap energies , which
should be recharged during each measurement in the
context of a laterally uniform model, are given in the
table (see also Fig. 2).

The band bending for the semiconductor can be
obtained also by another simpler method, which does
not require knowledge of such parameters as the fixed
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Fig. 4. Calculation of the band bending φs1 in Si at the sub-
strate/oxide interface for the same structure as that for
which the data are given in Fig. 1, while the parameter Nss,
1011 is varied: (1) 1, (2) 5, (3) 6.5, and (4) 10 cm–2. The
parameters VFB = 7 V and Qf = 3.6 × 1011 cm–2 were
unchanged during the calculations.

Calculated (φs1, ) and experimental ( ) parameters of
the structures investigated

U1 + U2, V φs1, eV , eV , eV

16–14 0.58–0.43 0.80–0.65 0.3–0.35

14–12 0.43–0.28 0.65–0.48 0.26

12–10 0.28–0.14 0.48–0.36 0.21–0.24

10–8 0.14–0.04 0.36–0.2 0.2–0.23

8–6 0.04–0 0.2–0.15 0.17–0.21

Note: φs1 is the band bending at the interface between the top Si layer
and the buried insulator and corresponds to the voltages at

which the spectra shown in Fig. 1 were recorded;  is the

calculated range of energy levels of the traps, which should be
observed experimentally on the basis of the φs1 magnitude; and

 are the energy levels of the traps, which are really

recharged under these experimental conditions.
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charge in the oxide and the density of states at the inter-
face. The capacitance of the structure under the condi-
tions of a substrate enriched with carriers is determined
by two series-connected capacitances, namely, the
capacitance of the buried insulator and the capacitance
of the space-charge region of Si. This circumstance
allows one, knowing the insulator thickness and the
structure capacitance for the specific voltage, to calcu-
late the space-charge region thickness. Further, using
the known Schottky formula, we calculated the band
bending φs1 at the Si/SiO2 interface. These data coin-
cided with the results of calculation of the voltage drop
across the structure and served as the criterion of cor-
rectness of determining the parameters of the structure,
specifically Nss.

The energy levels of traps , which are actually
recharged in the structures under investigation, are
listed in the table. These energies were determined by
method (ii) from the experimental data shown in Fig. 1.
It can be seen that despite an increase in the band bend-
ing φs1, which was calculated in the laterally uniform
model of the structure, a recharge of the levels with rel-
atively low energies is observed in the spectra as before.
Thus, a discrepancy is found between the band bend-
ings at the interface with the oxide, which are calcu-
lated within the framework of the laterally uniform
model, and the energies of the traps, which recharge
during the DLTS measurements. It should be noted that
for the second Si/SiO2 interface (the interface with the
substrate), which is formed by thermal oxidation, all
three methods yield the distribution of states in energy,
which are in good agreement with each other.

What may cause such a discrepancy between the
band bendings at the interface with the oxide and the
energies of the traps recharged? During the DLTS mea-
surements, the process of carrier emission from the sur-
face states is fixed. In the case of quite large band bend-
ing and a relatively narrow energy range of the states
recharged, the trap recharge can be the result of fluctu-
ations of the surface potential. The data of the table per-
mit one to estimate the fluctuations of the surface
potential ∆φs1 = 0.30–0.35 eV for the various structures
measured; these fluctuations are necessary to bring into
coincidence the calculation and the experimental data.

The existence of fluctuations may be associated
with fluctuations in the built-in charge within the oxide,
with the charge at the surface states, and with the inho-
mogeneous impurity distribution. In the last case, a
lower surface potential can be obtained in local regions,
where the impurity concentration exceeds the average
concentration obtained from the C–V measurements.
The estimations demonstrated that such fluctuations of
the impurity concentration at local places should be no
less than three orders of magnitude larger than the aver-
age value. The existence of such high concentration
fluctuations is unlikely.

Ess
exp
It is known that at the traditional Si/SiO2 interface,
which is prepared by thermal oxidation, insignificant
fluctuations of the charge (the fixed charge and the
charge of the surface states) ∆φs ≤ 0.05 eV occur. The
existence of substantial charge fluctuations at the bond-
ing interface in certain regions of the mesa structure
may provide conditions for the recharge of relatively
shallow-lying states despite the relatively high average
surface potential. In this case, the fluctuating charge
should reduce the band bending in a semiconductor.
If the positive charge in the semiconductor fluctuates, it
should decrease substantially in certain local regions. If
the negative charge fluctuates, the centers giving rise to
this charge should form agglomerates at the Si/SiO2
interface. Only the positive fixed charge is found in the
buried insulator of SOI structures, whereas the surface
states at the Si/SiO2 interface with n-type silicon are
charged negatively. In our opinion, the existence of sig-
nificant fluctuations of the positive charge in an insula-
tor seems to be unlikely, since this is oxide formed by
the thermal oxidation. Most likely, considerable fluctu-
ations of the charge at the surface states exist precisely
at the bonding interface. The dependences of φs1 on the
voltage applied for various densities of states at the
Si/SiO2 interface, which are obtained in the approxima-
tion of the laterally uniform model, are shown in Fig. 4.
According to the calculations of ∆φs1 using Nss as the
parameter, potential fluctuations ∆φs1 = 0.30–0.35 eV
correspond to the fluctuations of the surface charge
∆Nss = (1.5–2.2) × 1011 cm–2.

We mentioned above the data for one of the SOI
structures investigated. Similar calculations carried out
for other structures yield similar results. The spread of
the ∆φs1 and ∆Nss values is given with allowance made
for the data obtained for all the structures investigated.
It should be noted that the estimations yield the mini-
mal fluctuations of the density of states at the interface,
which are necessary to explain the experimental results.
The actual amplitude of fluctuations may be larger.

The question arises as to the possible reasons for
such strong fluctuations of the density of states at the
bonding interface. It is known that the traps at the
Si/SiO2 interface formed by the thermal oxidation, as a
rule, are determined by the transition SiOx layer. At the
Si/SiO2 interface, which is prepared by bonding, such a
transition layer is practically absent [10]. However, the
Si and SiO2 lattices are significantly mismatched. Due
to the bonding of these materials, misfit dislocations
can emerge at the interface. However, electron micros-
copy reveals no dislocations in the SOI structures [14].
We assume that extended defects are formed in the
plane of the Si/SiO2 interface during bonding without
the transition layer. For example, these defects may
appear in regions where there is no close bonding. It is
possible that these are the defects that are responsible
for a certain patchiness of the top Si layer, which is
revealed by high-resolution X-ray diffraction [15].
These defects can be also responsible for the relatively
narrow spectrum of the states observed at the bonding
SEMICONDUCTORS      Vol. 37      No. 11      2003
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interface, which is close to the spectrum of the traps at
dislocations [16], and for other specific features of
these states, specifically, for their unusual behavior dur-
ing thermal treatment in hydrogen [17].

4. CONCLUSION
The existence of charge fluctuations is found at the

Si/SiO2 interface, which is obtained by bonding tech-
nology. These fluctuations lead to fluctuations of the
surface potential at the interface between the buried
insulator and the top Si layer; the latter fluctuations
have a magnitude of 0.30–0.35 eV. It is shown that the
fluctuations are most likely associated with the negative
charge of the surface states rather than with the fluctu-
ations of the positive charge within the oxide. These
fluctuations are, at least, according to the lower esti-
mate, (1.5–2.2) × 1011 cm–2 against the charge back-
ground of ~5 × 1011 cm–2.
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Abstract—Crystals of the compound In2S3 were grown by planar crystallization of the melt. The composition,
structure, and electrical characteristics of the crystals obtained were determined. Photosensitive structures
based on the grown In2S3 crystals were fabricated for the first time; spectral dependences of photoconversion
quantum efficiency for H2O/In2S3 cells were measured. The features of the band-to-band absorption are dis-
cussed; energies of the direct and indirect optical transitions for In2S3 crystals are estimated. It is stated that
In2S3 crystals can be used in wide-range (1.5–3.5 eV) photoconverters of nonpolarized radiation (in particular,
in solar cells). © 2003 MAIK “Nauka/Interperiodica”.
1. INTRODUCTION

Complex semiconducting phases formed at the
interfaces between the I2–VI and III2–VI3 compounds
are becoming the subject of rapidly expanding research
owing to the possibility of using these phases in semi-
conductor optoelectronics and photoelectronics [1, 2].
Theoretical studies of interactions in such systems sug-
gest that the latter can involve a number of stability
regions with formed positionally ordered phases, which
contain stoichiometric vacancies [3, 4]. The data on
III2–VI3 binary phases appearing in the quasi-binary
(I2–VI)–(III2–VI3) section are very scarce so far [2, 5, 6].
The expansion of investigation into the aforementioned
phases is becoming increasingly relevant because of the
need to analyze the interactions in the systems under
consideration.

In this paper, we report the results of studying the
physical properties of one of the aforementioned com-
pounds (In2S3); we were also concerned with the fabrica-
tion of photosensitive structures based on In2S3 crystals.

2. EXPERIMENT, RESULTS, AND DISCUSSION

Crystals of the binary compound In2S3 were grown
by planar crystallization of the melt (the horizontal
Bridgman–Stockbarger method). Metallic indium of
99.9999% purity (in a quartz boat) and sulfur of
99.99999% purity were loaded into different parts of an
evacuated quartz cell. The amount of sulfur was in
excess with respect to stoichiometry; this excess was
necessary to ensure a sulfur vapor pressure of 1.5–
2.0 atm above the formed melt. The cell was placed in
a two-zone horizontal furnace with independently con-
trolled temperatures in the zones. The temperature of
the zone with indium was kept within 1380–1400 K;
the temperature of the zone with sulfur was first
1063-7826/03/3711- $24.00 © 21308
increased to 700 K with a rate of 50 K/h and was then
maintained at 700 K for 2 h for the chemical reaction
between indium and sulfur to proceed. In order to
ensure that this reaction is close to completion, we
increased the temperature of the zone with sulfur to
~780 K with a rate of 50 K/h and then kept the temper-
ature at 780 K for 1 h. Thereafter, we carried out the
planar crystallization by lowering the melt temperature
to 1050 K with a rate of ~5 K/h; the substance formed
was then subjected to homogenizing annealing for 100 h
at 1050 K. The crystals obtained had a large-block
structure, with the dimensions of separate blocks being
(20–25) × 10 × 5 mm3. The composition of as-grown
crystals was determined from the results of a chemical
analysis using the methods suggested previously [7, 8].
The content of elements in the as-grown crystals, [In] :
[S] = 39.75 : 60.25 at %, was consistent with the spec-
ified composition of the charge in the growth cell, [In] :
[S] = 40.00 : 60.00 at %. According to the data
obtained, the composition of as-grown crystals corre-
sponded to the formula In2S3, i.e., [In] : [S] = 2 : 3.

The structural state of equilibrium of as-grown crys-
tals was determined from X-ray diffraction analysis
using a DRON-3M diffractometer equipped with a Ni
filter; CuKα radiation was employed. The analysis
showed that the In2S3 crystals obtained had a cubic
spinel-type structure with the unit-cell parameter a =
10.774 ± 0.005 Å at room temperature, which was con-
sistent with the data on the lattice constant reported pre-
viously [9, 10].

According to the thermoelectric-power sign, the
In2S3 crystals had the n-type conductivity; the resistiv-
ity was ρ ≈ 103–105 Ω cm at T = 300 K for the samples
cut from different parts of the ingot. In transmitted
light, the In2S3 wafers 2–4 mm thick were uniformly
dark-cherry-colored.
003 MAIK “Nauka/Interperiodica”
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Photoelectrochemical cells were fabricated on the
basis of In2S3 crystals; the structure of these cells is
shown schematically in the inset to Fig. 1. An In2S3
wafer with a thickness of ~(1–2) mm and an area of
~2 × 4 mm2 was provided with an ohmic contact 1,
which was formed by depositing the silver paste on one
of the sample faces. The ohmic contact with the corre-
sponding wire was covered with an insulating lacquer
(ρ ≈ 1010 Ω cm) in order to eliminate direct contact with
liquid electrolyte 2; the photoelectrode was then placed
in a quartz dish 3 filled with electrolyte 2. Counterelec-
trode 4 was immersed opposite the photoelectrode; this
counterelectrode was made of platinum wire with a
diameter of ~0.05 mm. Distilled water was commonly
used as the electrolyte in the aforementioned cell.

Studies of the steady-state current–voltage (I–V)
characteristics showed that the fabricated photoelectro-
chemical cells feature a rectifying characteristic; the
rectification factor for the I–V characteristic was typi-
cally as large as ~102 at a bias voltage of ~10 V. The
conducting direction for the cells under consideration is
always attained at the negative polarity of external bias
applied to the n-In2S3 photoelectrode.

When the photoelectrochemical cells are illumi-
nated on the counterelectrode side, a photovoltaic effect
arises; the sign of this effect is independent of either the
energy of incident photons or the location of the optical
beam (with a diameter of about 0.2–0.4 mm) on the
photodetecting surface of the cells. This fact suggests
that the photovoltaic effect is caused by separation of
photogenerated electron–hole pairs in a single active
region which is formed at the contact of liquid electro-
lyte with the free surface of the In2S3 wafer. It is also
noteworthy that an In2S3 crystal is always charged neg-
atively in the illuminated cells under consideration,
which correlates with the rectification direction. The
highest voltage photosensitivity in the photoelectro-

chemical cells amounts to  ≈ 3000–3500 V/W at
300 K and is well reproduced at photoelectrodes
formed of the In2S3 wafers cut from various parts of the
ingot. This circumstance is indicative of the adequate
homogeneity of In2S3 crystals. No degradation effects
were observed for the photoelectrochemical cells. It is
also worth noting that, according to the results of pre-
liminary studies, the solid-state structures obtained by
vacuum-evaporation deposition of thin indium layers
(with a thickness of ~0.1 µm) and by chemical deposi-
tion of copper and gold on the cleaved surface of In2S3
crystals also exhibit a photosensitivity; however, the

values of  in these structures are, as a rule, two to
three orders of magnitude smaller than in the case of
H2O/In2S3 photoelectrochemical cells.

In Fig. 1, we show the spectral dependence of rela-
tive quantum efficiency η(hν) for photoconversion in
an H2O/In2S3 cell in the photodetection geometry illus-
trated in the inset to Fig. 1. It can be seen that a broad-
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m
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m
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band photosensitivity is characteristic of these cells. An
exponential increase in the photosensitivity with pho-
ton energy η(hν) is observed for hν ranging from ≈ 1.2
to ≈ 1.5 eV. The increase in η is characterized by a fairly
steep slope S = δln(η)/δhν ≈ 18–20 eV–1. In the photon-
energy region of hν > 1.6 eV, the photosensitivity con-
tinues to increase up to a photon energy of ~3.5 eV. Fig-
ure 2 shows the results of analyzing the photosensitivity
spectrum on the basis of the theory of the band-to-band
absorption in semiconductors [11]. It can be seen that
the long-wavelength portion of the photosensitivity
spectrum (curve 1) is linearized in the coordinates
(ηhν)1/2 = f (hν). This circumstance makes it possible to
relate this portion of the spectrum to indirect band-to-
band transitions. The band gap for indirect band-to-
band transitions, which is obtained by extrapolation

(ηhν)1/2  0, can be estimated at  ≈ 1.40 eV at
300 K. It also follows from Fig. 2 that the short-wave-
length portion of the photosensitivity spectrum can be
linearized in the coordinates (ηhν)2 = f(hν); we can
then use the extrapolation (ηhν)2  0 to estimate the
band gap of In2S3 for direct band-to-band transitions at

 ≈ 2.54 eV at 300 K. It is noteworthy that our data
are not consistent with those reported in [2, 5, 6], which

Eg
in

Eg
dir

104

103

102

10
1.5 2.0 2.5 3.0 3.5

hν, eV

1 23

4

1 meV

hν

η, arb. units

Fig. 1. Spectral dependence of relative quantum efficiency
of photoconversion for an In2S3 structure at T = 300 K. The
structure was exposed to nonpolarized light. The inset illus-
trates the geometry of photodetection and the cell structure:
1 indicates the photoelectrode with an ohmic contact and cor-
responding coating of insulating lacquer; 2, the electrolyte; 3,
the quartz cell; and 4, the counterelectrode in the form of a
platinum grid. The modulation frequency was ~24 Hz.
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calls for additional research. It cannot be excluded that
the binary In2S3 compound belongs to the phases with
variable composition; consequently, a divergence in the
results of determining the value of Eg may be related
with precisely the nonstoichiometry of the phases
obtained.

3. CONCLUSION

We used planar crystallization of the melt to grow
crystals of the binary compound In2S3. We fabricated
for the first time photoelectrochemical cells based on
these crystals. The features of the band-to-band transi-

10

8

6

4

2

0

(ηhν)1/2, arb. units

1.5 2.0 2.5 3.0 3.5
hν, eV

1000

500

(ηhν)2, arb. units

1

2

1.40 2.54

Fig. 2. The data of Fig. 1 represented as the dependences
(1) (ηhν)1/2 = f(hν) and (2) (ηhν)2 = f(hν).
tions for In2S3 are discussed, and the energies of the
indirect and direct band-to-band transitions are esti-
mated. The structures obtained are of interest in relation
to using them in solar cells and broad-band photoelec-
tric converters of natural radiation.
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Abstract—A mathematical model of thermally stimulated heterovalent substitution of anions in the III–V sur-
face region in the course of chalcogenide passivation from the gaseous phase is substantiated and formulated.
This model is represented in the form of a nonlinear system of differential equations. It is shown that the initial
state of the surface (the initial surface concentration of anionic vacancies) profoundly affects the relevant kinetics.
© 2003 MAIK “Nauka/Interperiodica”.
Chalcogen-containing layers on III–V crystals are
used to passivate the surface and reduce the surface-
state density [1], to improve the surface morphology,
and, ultimately, to fabricate high-quality devices on
III−V substrates. In order to form thin layers of indium
and gallium sulfides or selenides, treatment in solutions
containing sulfur, selenium, their salts, and other com-
pounds is used or passivation from a gaseous chalco-
gen-containing phase is carried out [1]. Obviously, the
thermally stimulated interaction of the surface with sul-
fur or selenium vapors according to the technology
described in [2–6] eliminates the effect of collateral
substances while retaining the purposeful controlled
effect of Group-VI elements on a III–V surface.

An oxide layer with a thickness of several nanome-
ters is removed from the surface during the formation
of the passivating coating; this layer incorporates a
mixture of various phases of semiconductor-compo-
nent oxides. The surface becomes oxide-free and inter-
acts with the adsorbed layer, which is enriched with sul-
fur. If the GaAs surface is sulfurized using either vari-
ous solutions or a sulfur-containing gaseous phase at
temperatures close to 295 K, As–S bonds are preferen-
tially formed. However, at higher temperatures (280–
450°C), arsenic atoms are removed from the surface,
the As–S bonds are completely destroyed, and the total
amount of sulfur on the surface remains virtually con-
stant up to temperatures T > 580°C. Only the Ga–S
bonds remain at the surface. In this situation, two sul-
fide components can be recognized; one of these is
related to the sulfur that is incorporated into the near-
surface GaAs bulk and substitutes arsenic atoms, and
the other is related to the sulfur adsorbed on the surface.
Ga–Se bonds are stronger than Ga–S bonds; however, a
transfer of selenium from arsenic to gallium occurs at
higher temperatures of passivation in selenium-con-
taining media (T > 550°C) [1].
1063-7826/03/3711- $24.00 © 21311
Antyushin et al. [7] reported the results of studying
experimentally nucleation in the early stages of forma-
tion of (III2–VI3)–(III–V) heterosystems in an situation
where the III–V surface was heat-treated in an atmo-
sphere of selenium vapors; however, only a semiempir-
ical phenomenological equation was suggested for a
mathematical description of the nucleation process.
Therefore, in this study, we substantiated a detailed
model for the initial stage of thermally stimulated reac-
tion of heterovalent replacement of anions with Group-
VI chalcogenides and analyzed this model.

In previous experimental studies [2–6], (III2−VI3)–
(III–V) heterostructures were formed by isothermal
annealing of crystalline III–V substrates in chalcogen
vapors in a quasi-closed graphite reactor at a vapor
pressure of 0.133–1.33 Pa and at substrate temperatures
of 550–620°C for the GaAs substrate and at a pressure
of 10–2–102 Pa for the InAs substrate heated to 150–
350°C. For example, this method was used to obtain
Ga2Se3–GaAs [2], In2S3–InAs [3, 4], In2Se3–InAs
[5, 6], and other structures. Electron diffraction studies
[2–6] showed that the crystal lattices of III–V sub-
strates and single-crystal chalcogenide layers are iso-
type, with possible pseudomorphism of the surface
layer. Depending on the specific technological condi-
tions, a continuous layer of chalcogenides with the
structural–stoichiometric formula III2[ ]VI3 is formed
on the surface of a III–V crystal in a time t0 = 3–30 min.
This inference is confirmed by the Auger (Fig. 1) and
X-ray spectral measurements [3–7]. After the formation
of the covalence bonds and the relaxation of the coordi-
nation surroundings, the stoichiometrically excess cat-
ion is found at the stoichiometric vacancy in the cat-
ionic sublattice of chalcogenide. Due to the saturation
of bonds in the coordination environment of this cation,
the latter is bonded weakly to the crystal lattice. The
release of the cation as a result of the formation of a
structural and chemical chalcogenide unit (Ga2Se3,
003 MAIK “Nauka/Interperiodica”



 

1312

        

ANTYUSHIN 

 

et al

 

.

                                                                                              
Ga2S3, In2S3, In2Se3, and others) gives rise to the second
mechanism of the end-product synthesis as a result of
interaction with adsorbed chalcogen.

We may assume that the microscopic substitution
mechanism amounts to the adsorption of chalcogen on
the substrate surface, chalcogen dissociation, the ther-
mally stimulated destruction of low-energy bonds in
the substrate material with the resulting formation of
anionic vacancies after the anion evaporates into the
reaction volume, and the formation of energetically
more stable bonds between a III-Group element and a
chalcogen (S, Se) when vacancies are filled with atomic
chalcogen.

It is clear from the above reasoning that a physico-
chemical (and, correspondingly, mathematical) model of
thermally stimulated heterovalent substitution should
include a description of the kinetics for the generation of
anionic vacancies on the crystal surface, the kinetics of
the supply of chalcogen to the surface, and the kinetics of
the heterovalent-substitution reaction itself.

Disregarding the times needed for the formation of
valence bonds and the relaxation of coordination sur-
roundings after an anionic vacancy is filled with atomic
chalcogen, we can describe the kinetics of synthesis of the
surface chalcogenide layer by the following equation:

(1)

Here, Us, Vs, and Ss are the surface concentrations of the
structural–chemical units of chalcogenide, the anionic
vacancies in the III–V crystal lattice, and the atomic
chalcogen in the adsorbed layer, respectively (all these
concentrations are expressed in units of Us0, the surface
concentration of structural–chemical units of chalco-

dUs

dt
---------

3
2
---VsSs.=
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1

2

Fig. 1. Dependences of relative intensities I of main lines in
the Auger spectra of gallium, arsenic, and selenium on time
t0 in a Ga2Se3–GaAs heterostructure: line 1 corresponds to
ISe/IGa and line 2 corresponds to IAs/IGa.
genide in a situation where there is a continuous chal-
cogenide film on the surface); and t is the time
expressed in units of 1/Us0α, where α is the reaction-
rate constant with the dimension of [m2/s].

The generation kinetics for anionic vacancies can be
described by the following equation:

(2)

Here, δ is a dimensionless constant accounting for the
evaporation of anions from the III–V surface into the vol-
ume of the reaction chamber. The quantity (1 – Us – Vs)
represents the dimensionless surface concentration of
stoichiometric structural–chemical III–V units on the
crystal surface. The second term on the right-hand side
of Eq. (2) accounts for the recombination of anionic
vacancies and chalcogen.

The adsorption coefficients may differ for the III–V
and III2[ ]VI3 surfaces (the same may be true of the
reaction-rate constant for dissociation, which gives rise
to atomic chalcogen). Therefore, assuming that a quasi-
equilibrium is established and using the linear approxi-
mation in Us, we can express the surface concentration
of atomic chalcogen (in the same units as all the other
surface concentrations) as

(3)

where Ss0 and  are the concentrations of atomic chal-
cogen on the III–V and III2[ ]VI3 surfaces, respectively;
these concentrations are in equilibrium with the atmo-
sphere in a quasi-closed volume in the reaction chamber.

Equations (1)–(3) form a system of equations that
describe the synthesis kinetics for III2[ ]VI3 chalco-
genide on a III–V crystal surface.

The quantities δ, , and Ss0 are technology-depen-
dent; the same is true for the time scale. The initial con-
ditions of the process

(4)

and the asymptotic behavior

(5)

uniquely define the kinetics of increase in the surface
concentration of structural–chemical units for the com-
pound III2[ ]VI3 on the crystal surface.

Variations in  may account for changes in the ini-
tial state of the III–V crystal surface before switching
on the chalcogen-vapor source.

dVs

dt
--------- δ 1 Us– Vs–( )

dUs

dt
---------.–=

Ss Ss0 1
Ss

0 Ss0–
Ss0

-----------------Us+ 
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Us t 0= 0, Vs t 0= Vs
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0
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The nonlinearity of the system of equations under con-
sideration is related to Eqs. (1) and (3) and is insignificant
in the early stages of the process (when Us  0) and also

if (  – Ss0)/Ss0  0. Solutions to the linear system are
given by

(6)

and are shown in Fig. 2. The characteristic time delay
of the onset of the process and the profound effect of
the initial surface concentration of anionic vacancies
can be clearly recognized. Figure 3 illustrates a mani-
festation of nonlinearity in the system of equations at
the final stages of the process.

Since the equations under analysis fail to account
for the spatial redistribution of the reactants and the
reaction products over the crystal surface, these equa-
tions can be used to describe objects whose distribution
over the surface is only slightly nonuniform. For exam-
ple, if there are large-scale fluctuations in the surface
concentration of anionic vacancies before the onset of
the heterovalent-substitution process, the kinetics of the
chalcogenide formation at the fluctuation center will
differ from that at the periphery of the fluctuation
(Fig. 2). It is also clear that the surface is decorated with
a chalcogenide layer in the early stage of the process;
this layer reproduces the profile of the areas with
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increased initial concentration of anionic vacancies.
After the time delay has elapsed, the chalcogenide con-
centration becomes close to unity at the periphery of
fluctuations in the arsenic vacancies; as a result, the sur-
face is found to be covered with a continuous III2[ ]VI3
layer. This circumstance manifests itself in the reflec-
tion spectra of Ga2Se3–GaAs heterostructures [7]. In
the initial stage of heterovalent substitution, the reflec-
tion spectrum is of the Rayleigh type (light is scattered
by the microinhomogeneities of the surface). As time
passes, the reflection becomes specular.

In our opinion, the mathematical model we devel-
oped makes it possible to gain an insight into the kinet-
ics of the initial stage of interaction of chalcogen with
a III–V surface, to the point when a continuous chalco-
genide layer forms on the surface. We ascertained that
the surface concentration of vacancies of Group-V ele-
ments profoundly affects the kinetics of heterovalent
substitution, which, in turn, affects the crystal quality of
the layers formed.

The reasoning used in this study can be generalized
later on to the kinetics of planar growth of III2–VI3 lay-
ers on III–V substrates.
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Abstract—The effect of pulsed ruby laser radiation on Ge nanoclusters grown on a (100)-oriented Si substrate
is studied. The energy density of radiation corresponds to the melting threshold of the Si surface. Changes in
the structure of nanoclusters are analyzed by comparing the experimental Raman spectra to those calculated in
terms of Born–von Karman and Vol’kenstein models. It is established that the action of one pulse changes the
cluster size and partly relieves the compression. Still greater changes take place in a sample subjected to ten
pulses. The Ge nanoclusters transform into clusters of GexSi1 – x solid solution, presumably due to the stress-
and vacancy-aided diffusion. Laser-induced thermal processes in germanium nanoclusters in silicon are numer-
ically simulated. © 2003 MAIK “Nauka/Interperiodica”.
INTRODUCTION

Silicon is the basic material of microelectronics;
however, because of the indirect band gap and the
resulting low probability of radiative transitions, its
application in optoelectronics is very limited. One pos-
sibility of enhancing the probability of radiative transi-
tions is to make use of the effective “convolution” of a
wave vector in silicon-based nanometer-sized struc-
tures. The interest in the self-organization of Ge quan-
tum dots (QDs) in Si also stems from the promise
offered by such structures for fabrication of optoelec-
tronic devices operating by the optical transitions
between the energy levels of dimensional quantization
for holes [1]. An important point for obtaining a struc-
ture with the given properties is the opportunity to con-
trol the size and the density of germanium QDs. A wide
variety of methods to directly modify the size of Ge
nanoclusters during the crystal growth is presented in
[2]. These methods consist in are varying the growth
temperature and rate, changing the value of mechanical
stress at a heterojunction with the help of the buffer lay-
ers, introducing impurities that serve as nucleation cen-
ters for Ge islands, ion-beam stimulation of the island
growth [3], and oxidizing the ultrathin silicon layer
prior to germanium deposition [4, 5]. The aim of this
study is to find out whether it is possible to modify the
size, composition, and stresses in germanium QDs by
means of pulsed laser irradiation. The structural state of
Ge QDs was detected by a rapid, nondestructive, and
informative method of Raman spectroscopy with the
subsequent comparison of simulation results with
1063-7826/03/3711- $24.00 © 21315
experimental spectra. The latter procedure implies that,
similar to an electron spectrum, the phonon spectrum of
a QD as an artificial molecule is determined by the size,
shape, and composition of a nanocluster, as well as by
the properties of the surrounding material and the
stresses [6].

EXPERIMENTAL

A set of three initial experimental samples was fab-
ricated by molecular-beam epitaxy (MBE) on a
(100)-oriented Si substrate. At first, a 150-nm-thick
buffer silicon layer was grown on a KÉF-5 (n-Si:P, ρ =
5 Ω cm) substrate at 600°C. Then, the Ge layer with an
effective thickness of four, eight, and ten monolayers
(MLs) was grown at 300°C. The Ge nanoclusters were
covered with a 150-nm-thick silicon layer at a temper-
ature of 500°C. As the radiation source, we used a ruby
laser with a wavelength of λ = 694 nm and a pulse dura-
tion of τp = 80 ns. The optical scheme ensured a highly
uniform beam: energy variations within a spot 6 mm in
diameter were no greater than ±5%. The energy den-
sity W in a pulse was close to 1 J/cm2; i.e., it corre-
sponded to the melting threshold of single-crystal Si
[7]. The samples were subjected to one or ten pulses.
The resulting structural changes in Ge nanoclusters
were analyzed on the basis of the Raman spectra (RS)
obtained before and after the exposure of samples. The
spectra were measured at room temperature using a
computer-controlled setup based on a DFS-52 spec-
trometer (LOMO, St. Petersburg); an Ar laser (λ =
514.5 nm) was used as the pump for the Raman pro-
003 MAIK “Nauka/Interperiodica”
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cess. We used the quasi-backscattering geometry, the
incident radiation was polarized along 〈001〉  crystallo-
graphic direction, and the scattered light was detected
in 〈010〉  polarization. The chosen configuration is
allowed for the scattering by longitudinal optical (LO)
phonons in germanium and silicon and forbidden for the
two-phonon scattering by transverse acoustical (TA)
phonons in the silicon substrate. This circumstance
enabled us to avoid complexities encountered when
interpreting Raman spectra [8]. In order to investigate
the structural properties of Ge nanoislands, we numer-
ically calculated the eigenfrequencies and eigenvectors
of oscillations in the Born–von Karman approximation
with five coordination shells being taken into consider-
ation; then, the Raman spectra were calculated in terms
of the Vol’kenstein model of additive bond polarizabil-
ity [9] and compared to the experimental data.

RESULTS AND DISCUSSION

Figure 1 shows the RS of the initial samples. A peak
observed in a range from 300 to 312 cm–1 (depending
on the effective thickness of germanium) corresponds
to the scattering by the optical vibrations of Ge–Ge
bonds. In bulk germanium (in the absence of stresses),
the peak of scattering by longitudinal and transverse
optical phonons (LO and TO) falls at the Brillouin zone
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Fig. 1. Raman spectra of the initial samples containing Ge
nanoclusters.
center, at 302 cm–1. Due to the effect of optical phonon
localization, a decrease in the size of Ge QDs shifts the
peak to lower frequencies, whereas compressive
stresses shift it to the higher frequencies. All of the
peaks feature a low-frequency wing, which arises from
the contribution of higher order localized modes,
whose frequencies are lower because of the dispersion
of optical phonons. Another possible contribution to the
wings stems from fluctuations of the Ge layer thick-
ness, especially in the case of samples with eight and
ten Ge monolayers, where both the QDs and the wet-
ting layer contribute to the scattering process. Samples
with four Ge monolayers seem to contain no dots
higher than 1 nm; otherwise, the existing stresses would
shift the peak to the range from 310 to 318 cm–1, which
is indeed observed for samples with a thicker germa-
nium layer. Because of the compression stresses, the
RS peak in these samples is shifted to higher frequen-
cies from its position in bulk germanium. This shift
considerably exceeds the red shift arising from the opti-
cal phonon localization. Thus, the Raman spectroscopy
data obtained provide evidence of the formation of
stressed germanium QDs in the samples where the ger-
manium layer has an effective thickness of eight and ten
monolayers. Peaks observed in the range from 350 to
450 cm–1 correspond to Raman scattering by optical
vibrations of Ge–Si bonds. A similar doublet structure
of the Ge–Si peak was also observed previously
[10, 11]. The positions of peaks depend on the stresses
and stoichiometry. Since the peaks related to Ge–Si
have a low intensity, one may consider the heter-
oboundary to be fairly abrupt (as it must be if low-tem-
perature epitaxy is used), without intermediate layer of
germanium–silicon solid solution.

In order to estimate the Raman shift as a function of
the germanium layer thickness, the spectra were
numerically simulated. The eigenfrequencies and
eigenvectors of vibrations were calculated in terms of
the Born-von Karman model. The fitting procedure for
the force constants implied that the dispersions of the
phonon modes in bulk germanium and silicon could be
approximated by dependences derived from the analy-
sis of slow neutron scattering [12]. The force constants
for germanium and silicon differ by scale factor only,
which allowed us to construct a unit cell of a Ge–Si het-
erostructure on the basis of the mass-replacement prin-
ciple. With the values of eigenfrequencies and eigen-
vectors determined, we calculated the Raman spectra in
terms of the Vol’kenstein model of the additive polariz-
ability of bonds [9]. Some aspects of the calculation are
presented in [13, 14]. In view of the fact that the unit-
cell volume estimated for a typical Ge nanocluster size
includes more than ten of thousands of atoms, we used
a one-dimensional model with periodic boundary con-
ditions in order to save computing time. The effect of
stresses was disregarded in the calculation; however,
one can take this effect into consideration by shifting
each frequency by a value proportional to the stress.
SEMICONDUCTORS      Vol. 37      No. 11      2003
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The results of the calculation (Fig. 2) are indicative of
a blue shift of the RS peak corresponding to Ge–Ge
bonds with a decrease in the germanium thickness (the
aforementioned effect of optical phonon localization).
The analysis of eigenvectors suggests that LO vibra-
tions in germanium (LOGe) interact with the longitudi-
nal acoustic vibrations in silicon (LASi). As a conse-
quence of the periodic boundary conditions, this inter-
action gives rise to the folded modes LOGe–LASi.
However, since only a single germanium layer was
present in the studied samples, no experimental evi-
dence of such modes can be obtained. The phonon fre-
quency in the main Ge–Ge mode in a sample with ten
monolayers is only by 4 cm–1 lower than the phonon
frequency in bulk germanium. In Ge QDs, the effective
germanium thickness is still larger and the quantum-
dimensional shift is accordingly smaller. Therefore, the
blue shift due to stresses in the studied samples (Fig. 1)
does not exceed 12 cm–1, which indicates partial relax-
ation of the initial stress. For comparison, the shift in
completely strained structures is 17 cm–1 [15].

From comparison of the RS in the initial and the
laser-modified samples (Fig. 3), we may conclude that
the action of even a single pulse radically changes the
structure of germanium QDs; this change is especially
pronounced in samples with eight and ten germanium
monolayers. The RS peak corresponding to the vibra-
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Fig. 2. Calculated Raman spectra of samples containing pla-
nar Ge layers with a thickness of (1) 4, (2) 8, and (3) 10 ML.
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tions of Ge–Ge bond broadens and shifts to lower fre-
quencies. These changes are indicative of a decrease in
the size of pure germanium clusters (due to the forma-
tion of boundary Ge–Si layer) and an increase in their
size spread, and, likely, they suggest some relaxation of
compressive stress in them. Still more drastic changes
are observed in the samples exposed to ten laser pulses.
In this case, the RS analysis indicates that a Ge–Si solid
solution is formed in all of the samples. An increase in
the intensity and broadening of RS peaks correspond-
ing to the vibrations of Ge–Si bonds are observed; the
special features appearing in the range from 220 to
300 cm–1 are attributed to the scattering by local optical
vibrations of Ge–Ge bonds in the solid solution [10, 11].
The Raman spectroscopy data considered are indicative
of the laser-induced modification of both the size and the
composition of germanium QDs, as well as of the
stresses in the heterostructure; the extent of this modifi-
cation depends on the conditions of the laser irradiation.

The analysis of the temperature conditions of QD
treatment was aided by numerical simulation. Because
of the low volume content, the germanium nanoclusters
produce only a slight effect on the thermal properties of
the structures; this fact enabled us to disregard the pres-
ence of QDs and to consider only the interaction of
laser radiation with single-crystal Si. We also disre-
garded the contribution of nanoclusters to the absorp-
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Fig. 3. Raman spectra of samples modified by (1) one and
(2) ten laser pulses.
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tion of radiation. In the given experimental conditions,
the calculation may be restricted to the one-dimen-
sional case since the intensity of radiation is uniform
over the irradiated region and the spot size is consider-
ably larger than the thermal diffusion length even for a
time that exceeds the duration of the pulsed heating by
an order of magnitude. The one-dimensional nonlinear
heat conduction equation with the Stefan condition at
the phase interface was written as

where T is the temperature, T0 = 300 K, t is the time,
coordinate x is directed inward the sample, ρ is the den-
sity, c is the specific heat, k is the thermal conductivity,
L is the latent heat of melting, Tm is the melting point,
and δ(T) is the Dirac δ function. Function Q(x, t)

ρ x T,( ) c x T,( ) Lδ T Tm–( )+[ ] ∂T
∂t
------

=  
∂
∂x
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Fig. 4. Calculated (a) time and (b) depth distributions of
temperature for the energy density of (1) 0.6 (131 ns),
(2) 0.8 (128 ns), and (3) 0.9 (130 ns) J/cm2.
describes the amount of heat released during the
absorption of laser radiation; i.e.,

where α is the absorption coefficient, R is the reflec-
tion coefficient, q(t) is the pulse shape, and q(t) =
W/τpsin2(πt/2τp).

Our calculation involved the dependences of optical
and thermal parameters on the phase state and temper-
ature [16]. The heat conduction equation was solved in
terms of finite differences using the sweep method. An
implicit difference scheme was used. The problem was
actually solved for below-threshold conditions, and the
term containing the δ function was required only to
determine the onset of melting in single-crystal silicon.
From numerical simulation, we derived the time depen-
dences of the temperature on the surface and at a depth
of QDs (~0.15 µm) for different energy densities in the
laser pulse (Fig. 4a), as well as the depth distribution of
temperature at its maximum (Fig. 4b). For the energy
densities above 0.9 J/cm2, the surface temperature
becomes as high as the melting threshold (TmSi),
although the temperature at the position of nanoclusters
is lower. At W ≈ 0.8 J/cm2, Si remains crystalline and
Ge inclusions heat up nearly to the melting point of
bulk Ge (TmGe). Thus, the most interesting conditions
are those with energy densities ranging from 0.7 to
1 J/cm2.

From the data calculated, we also derive the nano-
cluster liquid-phase lifetime as a function of the pulse
energy density (Fig. 5). Assume that the melting point
of a nanocluster (TmN) is lower than that of the bulk ger-
manium (TmGe). Let the values of TmN be equal to 1000,
1100, or 1200 K. Let the melting point coincide with
the solidification point, which is not generally true
since, due to the interdiffusion and the formation of
QDs from Ge–Si solid solution, the solidification point
of a nanocluster, may be higher than the melting point;
as a result, the nanoclusters liquid-phase lifetimeis
reduced. As the energy density increases from 0.7 to
0.9 J/cm2, the nanocluster liquid-phase lifetime grows
from 50 to 170 ns under the assumption that TmN =
1000 K. Naturally, this time decreases when a higher
melting point is assumed. The results of calculation
suggest that, under the given experimental conditions,
nanoclusters remain melted for approximately 100 ns.

Assuming that the interdiffusion of Ge and Si takes
place in a solid phase and using the diffusion coeffi-
cients of germanium in bulk silicon (DSi[cm2/s] = 2 ×
103exp(–5 [eV]/kT)) and silicon in bulk germanium
(DGe[cm2/s] = 20exp(–3 [eV]/kT)) (see [17] and refer-
ences therein), we estimate the mean free path at ~1 Å.
For example, at 1600 K, the depths of penetration of Ge
into Si and Si into Ge achieved in 100 ns are 0.06 and
3 Å, respectively. As can be seen from the experimental
data (Fig. 3), a noticeable modification of QD compo-

Q x t,( ) α T( ) 1 R–( )q t( ) α T x'( )[ ] x'd

0

x

∫–
 
 
 

,exp=
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sition occurs even in the samples exposed to one laser
pulse. This fact suggests that the mechanism of interdif-
fusion differs from that in the “classical” case. Melting
of Ge QDs takes place, and the diffusion coefficient
increases by several orders of magnitude [18]. The
dependence of the melting point of semiconductor nan-
oclusters on their size, on the material of the environ-
ment, and on the stresses is not completely understood.
From both theoretical analysis [19] and the experimen-
tal data [20], it is known that the melting point of semi-
conductor free-boundary nanoclusters decreases with a
decrease in their sizes. The melting point of germanium
decreases in the case of extension and increases in the
case of compression, which may explain the lowering
of the melting point for free-boundary nanoclusters.
However, the melting point of nanoclusters embedded
in a host matrix may be higher or lower than that of the
bulk material depending on the material of the environ-
ment (see [19] and references therein). For example,
while remaining crystalline, the silicon matrix may
“keep” the embedded germanium nanoclusters from
melting. The smaller the germanium cluster, the
smaller the probability of a critical liquid-phase
nucleus appearing in it since the surrounding silicon
remains crystalline. Our experiments show that a sam-
ple incorporating a Ge layer with a thickness of four
monolayers (Fig. 3) is less liable to undergo laser-
assisted diffusion; in contrast, the Ge QDs are likely to
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Fig. 5. Ge nanocluster liquid-phase lifetime calculated as a
function of the pulse energy density with the melting point of
nanoclusters TmN set at (1) 1000, (2) 1100, and (3) 1200 K.
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melt in samples with eight and ten monolayers. In situ
measurements of QD optical properties by means of
ellipsometry with high time resolution during pulsed
heating [21] revealed no abrupt phase transition at a
certain temperature. It seems likely that the melting
point of QD depends on its size, which can be used for
the modification of QD sizes with the aim of reducing
both their size and the size spread. At the cooling stage
a strain-induced [22] or a defect-induced diffusion [23]
is possible. According to the data of the spectroscopy of
proton annihilation in epitaxial silicon layers grown at
a low temperature, the concentration of vacancy-con-
taining defect complexes may be as high as 1018 cm–3

[24]. Vacancy-defect-stimulated diffusion of germa-
nium into the layers of low-temperature-epitaxy silicon
results in the transformation of Ge nanoclusters into the
clusters of GexSi1 – x solid solution, which we actually
observed after the ten-pulse irradiation (Fig. 3). More-
over, the expansion of the melting material raises the
internal pressure, which increases the energy of germa-
nium atoms. This circumstance may facilitate the trans-
fer of germanium atom into the surrounding silicon
matrix, where vacancy-accelerated diffusion is realized.

CONCLUSION

It has been established that the action of even one
laser pulse changes the QD properties, modifies their
size and composition, and partially reduces the stresses.
Still more pronounced changes are observed in samples
subjected to ten laser pulses. In particular, the Ge clusters
transform into clusters of GexSi1 – x solid solution, pre-
sumably due to the diffusion mixing of the interface dur-
ing the melting of clusters and vacancy-aided diffusion.
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in the Matrix of a Langmuir–Blodgett Film

E. A. Bagaev*, K. S. Zhuravlev*^, L. L. Sveshnikova*, I. A. Badmaeva*, 
S. M. Repinskiœ*, and M. Voelskow**

*Institute of Semiconductor Physics, Siberian Division, Russian Academy of Sciences, Novosibirsk,630090 Russia
^e-mail: zhur@thermo.isp.nsc.ru

**Institute of Ion Beam Physics and Materials Research, Research Center Rossendorf, 01314 Dresden, Germany
Submitted February 13, 2003; accepted for publication February 17, 2003

Abstract—Photoluminescence (PL) from CdS nanoclusters formed in the matrix of a Langmuir–Blodgett film
and from the same clusters with the matrix removed has been studied. The PL spectrum of clusters in the matrix
has the form of a broad band (full width at half-maximum (FWHM) ~ 0.6 eV) peaked at 2.4 eV. After removing
the matrix with hexane, the PL spectrum consists of a high-energy band at 2.9 eV (FWHM ~ 0.2 eV) and two
low-energy bands at 2.4 and 2.0 eV (FWHM ~ 0.5 eV). The high-energy band is attributed to exciton recombina-
tion in the nanoclusters, and the bands at 2.4 and 2.0 eV, to recombination via levels related to defects in the bulk
of the matrix and at the nanocluster–matrix interface, respectively. © 2003 MAIK “Nauka/Interperiodica”.
1. INTRODUCTION

Semiconducting materials in the form of clusters
distributed in an organic or silicate matrix have aroused
keen interest of researchers working in the fields of
chemistry and physics of low-dimension systems and
nonlinear optics [1, 2]. Materials of this kind exhibit
unusual, as compared to bulk materials, optical and
electronic properties [3, 4]. Specific features of these
materials are determined both by individual properties
of nanoclusters and by their interaction with one
another and with the matrix. Nanosize semiconducting
materials are commonly obtained by a number of meth-
ods, such as molecular-beam epitaxy [5], sol-gel tech-
nology [6], and the Langmuir–Blodgett (LB) technique
[7–9]. Nanoclusters are synthesized in solutions [10],
glasses [11], and polymers [12]. The LB method is a
simple and inexpensive technique for obtaining multi-
molecular layered systems, which can be transformed
by modification into a system of nanoclusters distrib-
uted in a solid multimolecular matrix.

It is known that the state of the surface of nanoclus-
ters formed in glass and polymer matrices largely deter-
mines their optical and electronic properties [13]. The
present study is concerned with photoluminescence
(PL) from cadmium sulfide nanoclusters embedded in
the matrix of an LB film and those after removal of the
matrix.

2. SAMPLES AND EXPERIMENTAL PROCEDURE

Cadmium behenate films were obtained using the
LB method by transferring of monolayers from the sur-
face of a liquid subphase onto a solid substrate. Cad-
1063-7826/03/3711- $24.00 © 21321
mium chloride solution with a concentration of 3 ×
10−4 M and pH 6.0 served as the subphase. The mono-
layers were transferred under a surface pressure of
30 mN/m and a temperature of 22–23°C. As substrates,
polished single-crystal silicon wafers were used. Films
with 20–80 monolayers (MLs) (60–240 nm) were stud-
ied. Cadmium behenate films were sulfided at an H2S
vapor pressure of 100 Torr at 22°C; the time of sulfida-
tion was 1–3 h. The chemical reaction

yielded cadmium sulfide nanoclusters distributed in a
behenic acid matrix. The formation of CdS and com-
pleteness of cadmium behenate conversion into behenic
acid were monitored by IR spectroscopy. The prepara-
tion procedure and kinetics of sulfidation of cadmium
behenate films were described in detail in [14]. The
behenic acid matrix was removed in two ways: by treat-
ing a film containing nanoclusters with hexane or by
thermal desorption of behenic acid in a vacuum at
200°C over the course of 2 h. The samples obtained
were studied by the Rutherford backscattering tech-
nique, UV spectroscopy, and the PL method. Ruther-
ford backscattering spectra were recorded using a beam
of 1.2 MeV He2+ ions. The beam diameter was about
1 mm, and the beam current, 20 nA. Absorption spectra
in the UV and visible spectral ranges were recorded
with a Shimatzu spectrometer at wavelengths of 200–
700 nm. PL was excited with a pulsed nitrogen laser
(wavelength 337.1 nm, pulse duration 7 ns, average
excitation density 0.04 kW/cm2). PL spectra were mea-

CH3 CH2( )20COO[ ] 2Cd H2S+

=  2CH3 CH2( )20COOH CdS+
003 MAIK “Nauka/Interperiodica”
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sured with a spectrometer based on an SDL-1 double
monochromator equipped with a cooled FEU-79 photo-
multiplier operating in the single photon counting
mode.

3. EXPERIMENTAL RESULTS

Figure 1 shows a Rutherford backscattering spec-
trum of a film consisting of 40 MLs of cadmium behen-
ate on a silicon substrate after treatment with hydrogen
sulfide. The spectrum contains in its high-energy part
peaks corresponding to scattering of helium ions on
cadmium and sulfur atoms in the surface layer of the
film, which is about 10 nm thick. The low-energy part
of the spectrum shows a pronounced shoulder corre-
sponding to scattering on silicon atoms. A peak related
to carbon atoms is seen on the background of the shoul-
der. The relative contents of cadmium, sulfur, and car-
bon were determined by processing the spectrum with
RUMP standard software. For cadmium and sulfur, the
relative contents are the same and equal to about 3%.
This indicates that cadmium sulfide is formed in a sto-
ichiometric ratio.

Figure 2 shows optical absorption spectra of LB
films of cadmium behenate on quartz substrates before
and after treatment with hydrogen sulfide. The initial
film thickness was 80 MLs. It can be seen from the fig-
ure that the optical absorption of cadmium behenate
grows steadily with photon energy increasing from 2.5
to 4.5 eV. Sulfidation gives rise to a broad absorption
band at photon energies of 3.0 to 3.5 eV, which is due
to absorption in CdS. The optical absorption threshold,
found from the peak position in the second derivative of
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Fig. 1. Rutherford backscattering spectrum of a cadmium
behenate film (40 MLs) on asilicon substrate after treatment
with hydrogen sulfide. (1) Experimental spectrum and
(2) approximation of the spectrum with a theoretical curve
simulated by RUMP spectrum-processing software.
the absorption spectrum, lies at 2.9 eV. The shift of the
absorption threshold with respect to the bulk energy
gap of CdS (2.5 eV) is associated with quantum con-
finement of excitons in CdS nanoclusters. After treat-
ment of the initial film with hexane, the position of the
absorption threshold remains unchanged. At the same
time, annealing of the initial film shifts the absorption
threshold to lower energies, to 2.8 eV. The steady rise
in the optical absorption of the films with increasing
photon energy is probably due to absorption in the
quartz substrate. To resolve the absorption associated
with nanoclusters, the optical absorption spectrum of a
quartz substrate was subtracted from the spectrum of a
film with nanoclusters. The resulting difference optical
absorption spectrum is shown in the insert to Fig. 2. The
spectrum has the form of a band well approximated by
a Gaussian function with maximum at 3.2 eV and
fFWHM of 0.3 eV.

The size of nanoclusters is commonly found from
optical absorption data by approximating experimental
optical absorption spectra with theoretical functions
taking into account the absorption spectrum of a single
nanocluster and the influence of the cluster size vari-
ance [15, 16]. In this case, the width of the absorption
band of a separate nanocluster is a function of its size.
The nanocluster sizes were evaluated using the differ-
ence optical absorption spectrum in terms of a simpli-
fied model on the assumption that the width of the
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Fig. 2. Optical absorption spectra of LB films of cadmium
behenate on a quartz substrate before and after treatment
with hydrogen sulfide. Initial film thickness 80 MLs.
(1) Before treatment and (2) after treatment; after removal
of the matrix: (3) with hexane and (4) by annealing in vac-
uum at 200°C for 2 h. Insert: difference optical absorption
spectrum of an LB film with CdS nanoclusters, obtained by
subtraction of the spectrum of a quartz substrate from that
of a film with nanoclusters. Arrows in the figures show the
absorption edge associated with nanoclusters.
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absorption band of a separate nanocluster is indepen-
dent of its size and the size distribution of nanoclusters
is described by a Gaussian function. In this case, the
peak position of the absorption band determines the
average nanocluster size, and the FWHM of the band
characterizes the nanocluster size variance. With the
use of the dependence of the exciton energy on nano-
cluster size from [17], the average size and size vari-
ance of nanoclusters were found to be 1.5 and 0.1 nm,
respectively.

Figure 3 shows PL spectra of LB films on silicon
with a varied number of monolayers. A broad (FWHM
0.6 eV) asymmetric band appears in the PL spectrum of
a film with nanoclusters in the behenic acid matrix. The
peak position of this band corresponds to a photon
energy of "ω = 2.4 eV, which is lower than the energy
gap of bulk cadmium sulfide, equal to 2.5 eV. With an
increasing number of layers, the PL intensity grows, but
the shape of the spectrum is not significantly changed.
The same figure shows PL spectra of silicon, behenic
acid, and cadmium behenate. It can be seen that no PL
is recorded from these substances.

Figure 4 compares a PL spectrum of cadmium sul-
fide nanoclusters in a behenic acid matrix to that mea-
sured after removal of the matrix. The integral intensity
of PL from nanoclusters decreases by more than an
order of magnitude after removal of the matrix. The PL
spectrum of a sample treated with a hexane solution
comprises a high-energy band peaked at 2.9 eV and
bands at about 2.4 and 2.0 eV. The FWHM of the bands

Fig. 3. PL spectra of the following samples: (1) silicon sub-
strate; (2) film composed of 40 MLs of behenic acid;
(3) film composed of 40 MLs of cadmium behenate before
treatment with hydrogen sulfide; (4–6) cadmium behenate
films composed of, respectively, 30, 40, and 80 MLs after
treatment with hydrogen sulfide. The arrow shows the
energy gap of bulk CdS.
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is 0.2 eV for the high-energy band and 0.5 eV for the
other two. After annealing a sample at T = 200°C, the
PL spectrum consists of a band that peaked at 2.9 eV
(FWHM 0.2 eV) and that at 2.1 eV. The latter is well
approximated with two bands at 2.4 and 2.0 eV (both
with a FWHM of 0.5 eV). The dashed lines show Gaus-
sian curves with peaks at 2.9, 2.4, and 2.0 eV and a
FWHM of, respectively, 0.2, 0.5, and 0.5 eV, which
approximate the PL spectrum of nanoclusters in a
matrix.

Figure 5 shows PL spectra of a sample onto which
40 MLs of behenic acid were deposited after the sample
was treated with hexane. It can be seen that, after dep-
osition of the matrix, a new band that peaked at 2.1 eV
(FWHM 0.6 eV) appears in the spectrum and the high-
energy band at 2.9 eV disappears. The band at 2.1 eV is
approximated with a sum of two bands with different
intensities, which peaked at 2.4 and 2.0 eV (for both
bands, the FWHM is 0.5 eV).

4. DISCUSSION

It can be assumed that the PL band that peaked at
2.9 eV, which is present in the sample spectra after
removal of the matrix, is related to exciton recombina-
tion in CdS nanoclusters. The width of this band is in
good agreement with that of the optical absorption band
characterizing the nanocluster size variance. The peak
position of the emission associated with exciton recom-
bination in nanoclusters of various sizes must be deter-
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Fig. 4. PL spectra of cadmium sulfide nanoclusters in a
behenic acid matrix and after its removal: (1) nanoclusters in
a behenic acid matrix, (2) nanoclusters after removal of the
matrix with hexane, and (3) nanoclusters after removal of the
matrix by annealing at 200°C; (4) curve approximating the
spectrum of nanoclusters in a matrix with three Gaussian
curves. The Gaussian curves are shown by dashed lines.
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mined by the average size of nanoclusters (on the
assumption that the recombination probability is size-
independent). The peak position calculated on the basis
of the average size corresponds to a photon energy of
3.2 eV. The observed peak of the high-energy band is
shifted from the calculated value to lower energies, to
2.9 eV. The possible reason for the Stokes shift of the
peak is related to capture of excitons into surface states
of the nanoclusters.

The PL band peaked at 2.4 eV, which is observed
after sample treatment with hexane, is probably associ-
ated with recombination via levels related to defects
within the matrix bulk. This assumption is in agreement
with the fact that the PL intensity decreases after
removal of the matrix and that this band has an even
lower intensity after annealing of the sample, which
leads to more complete removal of the matrix.

The band that peaked at 2.0 eV, observed after
removal of the matrix, is probably associated with PL
via states situated at the nanocluster–matrix interface
[18, 19]. Possibly, the states at the nanocluster–matrix
interface are due, in the case under consideration, to the
presence of the matrix. The increase in the intensity of
the band that peaked at 2.0 eV and the decrease in the
intensity of the band at 2.9 eV after deposition of a
matrix onto the nanoclusters are due to an increase in
the density of these states and to capture of nonequilib-
rium carriers, or excitons formed in the nanoclusters,
by these states.
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Fig. 5. PL spectra of (1) a sample containing cadmium sul-
fide nanoclusters after removal of the matrix with hexane
and (2) the same sample after deposition of 40 MLs of
behenic acid.
The above analysis suggests that the broad asym-
metric PL band that peaked at 2.4 eV, observed for sam-
ples containing nanoclusters in a matrix, is a superposi-
tion of three bands: the band of exciton recombination
in nanoclusters, the band associated with recombina-
tion via defect levels in the matrix, and the band related
to states at the nanocluster–matrix interface. As seen
from Fig. 4, the PL spectrum of nanoclusters in a matrix
is indeed well approximated with three bands with peak
positions and an FWHM corresponding to the respec-
tive values for the bands observed after matrix removal.

5. CONCLUSION

The paper reports on a study of PL from cadmium
sulfide nanoclusters formed in the matrix of an LB film
and after its removal. The data obtained by the methods
of Rutherford backscattering and optical absorption
confirm the formation of cadmium sulfide nanoclusters
in the matrix of an LB film of behenic acid in the inter-
action of the cadmium behenate film with hydrogen
sulfide gas. A study of PL from CdS nanoclusters
revealed that the broad asymmetric band (at 2.4 eV) of
PL from nanoclusters in the matrix is associated with
recombination via levels related to defects in the matrix
bulk and traps at the nanocluster–matrix interface, as
well as with exciton recombination in nanoclusters.
The emission associated with defects in the matrix bulk
predominates, and that associated with exciton recom-
bination in nanoclusters can be clearly seen only after
removal of the matrix.
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Abstract—Optical properties of MBE-grown ultrathin GaAsN insertions in a GaAs matrix have been studied,
with the goal of deriving methods for the intentional formation of carrier localization regions in GaAsN layers.
In the case of a short-period GaAs/GaAsN superlattice, an additional long-wavelength line is observed in the
photoluminescence spectrum. Comparison of the optical data with the transmission electron microscopy data
shows that this line is related to the emission from the formed regions enriched with nitrogen (up to 8.5%). The
characteristic size of these nitrogen-enriched regions in upper layers of the superlattice is larger than in lower ones,
and it increases with the number of the deposited layers increasing. © 2003 MAIK “Nauka/Interperiodica”.
1. INTRODUCTION

Since the first GaAsN layers were obtained in 1992
[1], considerable attention is paid to this material,
owing to extraordinary strong reduction of the energy
gap with increasing nitrogen content. This property
makes it possible to fabricate InGaAsN structures with
emission in the IR-range covering the optical fiber
spectral windows of 1.3 and 1.55 µm, thus opening
prospects for the design of light emitters and detectors
for optical fiber communication lines. As compared to
currently widely used InGaAsP/InP heterostructures,
the main advantage of InGaAsN structures on GaAs
substrates are (i) higher temperature stability of the
laser characteristics, related to enhanced energy of the
carrier localization in the active region, and (ii) the pos-
sibility of fabricating surface-emitting lasers with
monolithic AlGaAs/GaAs Bragg reflectors.

Up to the present, GaAsN properties have been stud-
ied for the case of low nitrogen content (<10%) [2]. It
was shown that the recombination of excitons localized
on the fluctuations of the energy gap width is the pre-
dominant mechanism of radiative recombination at low
temperatures. The observed potential of localization
arises due to inhomogeneous distribution of nitrogen
atoms in the layer, the electronegativity of these atoms
strongly differing from that of arsenic. With increasing
nitrogen content, the photoluminescence (PL) intensity
IPL strongly decreases, owing to the formation of non-
radiative recombination channels. The point is that
rather low growth temperatures are commonly used
upon deposition of InGaAsN by MBE, which raises the
1063-7826/03/3711- $24.00 © 21326
impurity concentration in the growing layers. There-
fore, optical properties of structures are strongly depen-
dent on the cleanliness of the working volume of the
growth chamber and the purity of the starting materials.
Further, the low growth temperature favors the forma-
tion of defects, such as interstitial Ga atoms, incorpora-
tion of Ga atoms into the sublattice of Group V ele-
ments, etc., which serve as nonradiative recombination
centers. It was shown that the annealing of structures
improves their structural quality and raises the PL
intensity [3].

In the present study, we have investigated the possi-
bility of intentional creation of localization centers in
GaAsN-based structures by means of formation of
ultrathin GaAsN layers in GaAs matrix. As it was
shown previously [4, 5] for the InGaAs/GaAs system,
the deposition of ultrathin InGaAs layers in GaAs
matrix results in the formation of indium-enriched
regions (quantum dots, QDs), which enables a consid-
erable red shift of the emission line as compared with
InGaAs quantum wells (QWs). The present study
shows that this approach is applicable for the GaAsN
system. When GaAsN solid solution is replaced by a
GaAsN/GaAs superlattice with the same average com-
position, an additional line appears in the PL spectrum,
with its peak considerably shifted to lower photon ener-
gies. Comparison of the optical data with the results of
transmission electron microscopy (TEM) shows that
this line corresponds to the emission from nitrogen-
enriched nanoclusters formed in thin GaAsN layers.
003 MAIK “Nauka/Interperiodica”
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2. EXPERIMENTAL

We have studied GaAsN layers in a GaAs matrix,
deposited by different methods. The structures were
MBE-grown on [001] n+-GaAs substrates, under condi-
tions of As enrichment. An RF plasma source was used
to obtain atomic nitrogen. After the initial annealing, a
GaAs buffer layer was deposited onto the substrate; all
the structures had a 30-nm-thick GaAs capping layer.
In the reference sample (structure I), a GaAsN0.013 layer
0.1 µm thick was introduced into GaAs matrix. Struc-
ture II was produced by a 70-fold repetition of cycles
comprising the deposition of five GaAs monolayers
(MLs) with subsequent exposure of the surface to a
flow of atomic nitrogen during the time necessary for
growing one GaAs ML. Structure III was a 70-period
superlattice composed of GaAs/GaAsN0.05 layers of
4ML/1ML thickness. Thus, the thickness of nitrogen-
containing layers in structures II and III was 0.1 µm
also. The growth temperature was 520°C for GaAsN
layers and 600°C for GaAs.

The structure characterization was performed by
TEM and X-ray diffraction (XRD) analysis. The PL
was excited with Ar+ laser (incident power density up to
W = 5 kW cm–2). The PL excitation and transmission
spectra were recorded using an incandescent halogen
lamp. The PL was detected with a cooled Ge diode.
A closed-cycle helium cryostat was used for studies at
different temperatures.

3. RESULTS AND DISCUSSION

The average nitrogen content in the grown struc-
tures was determined from the XRD data recorded with
a double-crystal diffractometer, using Vegard’s law for
the case of an elastically strained layer. The maximum
nitrogen content (1.58%) was found in structure III,
grown using the layer-by-layer technique. For structure I,
the N content in the layer was 1.36%. The lowest N
content, 1.18%, was found in structure II fabricated
with nitrogen introduced using the substitution scheme.

Figure 1 shows the PL spectra of the structures
under study, recorded at a temperature of T = 20 K. The
spectra of all the samples studied demonstrate—along
with the emission band peaked at about 1.44 eV, which
are attributed to the recombination in the transition
layer (formed when the nitrogen source is turned on
during GaAs growth)—emission lines related to
recombination in the GaAsN region. The positions of
these lines for samples I and II virtually coincide (1.218
and 1.208 eV), and the spectrum of structure III exhib-
its, instead of one emission line, two bands peaked at
1.157 and 1.36 eV. At the same time, the integral inten-
sity of emission from sample III is considerably lower.
These results suggest that sample III is characterized by
the highest inhomogeneity of nitrogen incorporation
into GaAs.
SEMICONDUCTORS      Vol. 37      No. 11      2003
Cross-sectional TEM studies showed that the
GaAsN/GaAs superlattice is formed only in the case of
layer-by-layer deposition (structure III). Figure 2
shows the TEM data for this structure. At the same
time, a nitrogen-containing layer, without any pro-
nounced specific features, is formed in structure II, sim-
ilarly to structure I. The quantitative analysis of the
cross-sectional image of structure III, recorded by
means of high-resolution electron microscopy, shows
that the distribution of nitrogen in this sample is very
inhomogeneous. The formation of regions strongly
enriched with nitrogen (up to 8.5%) is observed in each
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Fig. 1. PL spectra of GaAsN/GaAs structures at 20 K. I, II,
and III are the numbers of the structures.
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Fig. 2. Bright-field (110) cross-sectional (004) TEM image
of structure III.
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Fig. 3. PL spectra of structures (a) I, (b) II at different tem-
peratures.
GaAsN layer. The typical lateral size of these regions is
5–10 nm.

Comparison of TEM data with the results of the
optical study leads to the conclusion that the long-
wavelength PL line is related to the recombination in
the regions of GaAsN/GaAs superlattice with high
nitrogen content, while the short-wavelength line is
attributed to the recombination in the regions where the
nitrogen content is low.

To study the effect of the GaAsN layer deposition
technique on the optical properties and to better under-
stand the details of the recombination processes, we
have investigated the PL temperature dependences.
Figure 3 shows PL spectra of samples I and II, recorded
at different temperatures. With rising temperature, the
behavior of the PL peak, which is typical of the system
of materials under study, is observed [6]. At low tem-
peratures, the radiative processes in the GaAsN layer
are governed by the recombination of excitons in the
formed centers of the carrier localization. With rising
temperature, thermal emission of carriers to shallow
centers becomes possible (in the temperature range 80–
140 K), which accounts for the blue shift of the peak.
A further increase in temperature leads to a red shift
resulting from the energy gap decreasing.

To determine the absorption edge in the layers, the
transmission spectra were recorded and the absorption
spectra were calculated from these data. The reflection
from the sample was disregarded in the calculations.
The obtained absorption edge energies in structures I
and II (Fig. 4) are in good agreement with the literature
data on the GaAsN layer energy gap [7]. In this context,
the following fact is noteworthy. The energy spacing
between the emission-line peak ( ) and the absorp-
tion edge in structure II is larger, in spite of the lower
nitrogen content in this structure than in sample I. In
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addition a rise in the temperature at which the short-
wavelength peak begins to predominate is observed.
These facts suggest that localization centers resulting
from inhomogeneous incorporation of nitrogen atoms
into GaAs are formed more effectively in structure II,
fabricated with the nitration technique applied for the
production of GaAsN layers.

In structure III, the PL temperature behavior (Fig. 5)
is different from that in samples I and II. As mentioned
above, at low temperatures the PL spectra of structure
III show two peaks, P1 and P2. The observed shoulder
of the P1 peak is attributed to the splitting of light and
heavy hole levels (the splitting energy is ~40 meV) in
strained GaAsN [8]. The intensity of P1 and P2 peaks
decreases with increasing temperature, and an addi-
tional line P3 appears in the spectrum, which predomi-
nates at high temperatures and high pumping levels (the
long-wavelength peak near 1 eV corresponds to defect-
related emission from GaAs substrate).

The obtained temperature dependences can be
explained on the basis of the TEM data, which indicate
a strong inhomogeneity of the nitrogen distribution in
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Fig. 5. PL spectra of structure III at different temperatures at
pumping densities of (solid lines) 500 W cm–2 and (dashed
lines) 5 kW cm–2. Inset: PL spectra at 80 K temperature at
excitation densities of (1) 5, (2) 50, and (3) 500 W cm–2.
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the formed ultrathin layers. This is also indicative, tak-
ing into account the fact that the bowing coefficient of
the dependence of the energy gap on nitrogen content
in GaAsN is 0.18 eV/%, of a strong variation in the
energy gap upon insignificant variations of the average
nitrogen content. In this case, the energy spectrum of
the structure is represented by a quasi-continuous set of
states distributed by a certain law. As follows from the
TEM data, the density of nitrogen-enriched regions is
high in sample III. Therefore, the transitions of carriers
between localized states corresponding to separate
islands are possible. The optical data indicate that some
features are observed in the energy spectrum of carriers
localized in the GaAsN layer at energies corresponding
to P1 and P2 optical transitions. With rising tempera-
ture, the population of less localized states becomes
possible owing to thermal emission of carriers, which is
manifested in the appearance of the P3 peak. In this sit-
uation, the thermal emission of carriers from the states
giving rise to the P2 PL line leads to “quenching” of
this emission line. The spectra obtained at a low pump-
ing density at 80 K (see the inset to Fig. 5) exhibit a
considerable broadening of the emission spectrum,
which confirms the conclusion that a broad spectrum of
energy states is formed.

These results are supported by the data on the PL
excitation spectra (Fig. 6), which demonstrate a peak,
denoted as A1, slightly shifted to a shorter wavelength
with respect to the P3 line of PL. This behavior is typi-
cal of the absorption by localized states, and it confirms
the conclusion that an additional peak exists in the den-
sity-of-states spectrum. One should note that the posi-
tion of this peak corresponds to the energy gap of
GaAsN solid solution with 1.5% nitrogen content,
which agrees with the XRD data.

To investigate processes of the formation of nitro-
gen-enriched regions in the growing of a multilayer
GaAsN/GaAs structure, we applied gradient etching

A1
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2

Photon energy, eV

IPL, arb. units

1.1 1.2 1.3 1.4 1.5

Fig. 6. (1) PL spectrum and (2) PL excitation spectrum for
structure III at 7 K. Edet is the energy of the excitation spec-
trum recording.
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and studied the PL spectra from different points of the
sample (Fig. 7). Blue shift of P1 line is observed with
increasing etching depth, whereas the position of P2
band remains virtually unchanged. Such a shift of the
P1 line indicates that either the size of islands or the
nitrogen content in them increases with an increasing
number of GaAsN deposition cycles. We believe that
this fact is related to the effect of elastic stress induced
in the structure by islands of the preceding layers. Sim-
ilar enlargement of the lateral size was observed in the
case of InAs QDs in GaAs [9], which resulted in a con-
siderable red shift of the emission line. At maximum
etching depth, the PL spectrum demonstrates only the
peaks related to emission from the GaAs substrate.
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Fig. 7. PL spectra of structure III recorded at 77 K from dif-
ferent points of the sample after the gradient etching.
4. CONCLUSION

Optical properties of GaAsN/GaAs heterostructures
grown in different deposition techniques have been
studied. The layer-by-layer growth mode ensures a con-
siderable increase in the emission wavelength as com-
pared with the emission from the layer of the same
average composition, since the recombination proceeds
in the formed nitrogen-enriched regions. The applica-
tion of the nitration technique to obtain GaAsN layers
enhances the formation of the carrier localization cen-
ters resulting from inhomogeneous incorporation of
nitrogen atoms into GaAs.
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LOW-DIMENSIONAL
SYSTEMS
Spontaneous Formation of the Periodic Composition-Modulated 
Nanostructure in CdxHg1 – xTe Films
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Abstract—Anomalous electrical properties have been observed in CdxHg1 – xTe films grown on GaAs sub-
strates by MBE at elevated temperature. The anomalies are manifested in the conductivity anisotropy, modifi-
cations of the transmission and photoconductivity spectra upon low-temperature annealing, and the existence
of a periodic undulatory surface microprofile. The temperature dependence of conductivity along and across
the microprofile waves has been studied. It is suggested that a CdxHg1 – xTe film with anomalous electrical prop-
erties is a spontaneously formed periodic structure in the form of vertical nanowalls of different compositions. Pos-
sible mechanisms for the formation of such a structure are discussed. © 2003 MAIK “Nauka/Interperiodica”.
1. INTRODUCTION

Semiconductor solid solutions based on CdxHg1 – xTe
(mercury cadmium telluride, MCT) represent the lead-
ing material in the production of IR photodetectors sen-
sitive in 1-20-µm wavelength range.

Electrical properties of MCT are strongly dependent
not only on electrically active point defects, but on the
composition and conduction microinhomogeneities,
which give rise to anomalous temperature and field
dependences [1]. In turn, the homogeneity and imper-
fection of a material are defined, to a great extent, by
the method of fabrication.

The method best suited for growing of large-area
MCT films is molecular beam epitaxy (MBE), which
allows the use of alternative substrates, such as GaAs or
Si. The growth temperature (180–200°C) in MBE is
lower than in other methods, and the formation of struc-
tural defects and the microprofile of the growing sur-
face depend intricately on the growth conditions, such
as the growth temperature and rate, Hg vapor pressure,
orientation and material of the substrate. The emer-
gence of a microprofile at early growth stages can give
rise to the formation of structural and conductivity
inhomogeneities in the bulk, which will strongly affect
the parameters of the structures grown.

Structural and conductivity inhomogeneities may
arise from the instability of the solid solution and from
elastic strains. As known from the literature, an undula-
tory surface and the composition modulation in the film
bulk have been observed in a large number of epitaxial
structures based on semiconductor solid solutions [2–7].
These phenomena may be linked to the fact that, in
some ranges of temperature and composition, homoge-
neous semiconductor solid solutions become unstable
1063-7826/03/3711- $24.00 © 21331
and dissociate into periodic structures with alternating
compositions. The first experimental studies related to
this subject were casual, since the main goal was to
obtain a stable homogeneous solid solution. The latest
studies of the instability in solid solutions suggest that
this phenomenon can be used to obtain nanohetero-
structures [2]. To describe the instability of multicom-
ponent solid solutions, the theory of spinodal decomposi-
tion, derived for metallic alloys, is frequently used [2–4].
For example, a characteristic photoluminescence (PL)
spectrum with two peaks has been observed [2] in films
of InGaAsP solid solution obtained in the instability
region on InP and GaAs substrates. The presence of two
peaks in PL spectra led to the suggestion that the epi-
taxial layer (epilayer) was heterogeneous, consisting of
two solid solutions of different compositions. The
transmission electron microscopy (TEM) of these
structures revealed the intensity modulation perpendic-
ular to the growth plane. The authors suggested that
these data were indicative of possible spinodal decom-
position and, consequently, composition modulation.

In [5], spontaneous formation of a structure called
the vertical superlattice by the authors was observed in
the growth of InxAl1 – xAs films by MOCVD at 565–
590°C. The formation of the structure was also attrib-
uted to phase separation in the solid solution. TEM and
transmission electron diffraction studies of these struc-
tures confirmed the existence of periodic vertical
regions differing in composition.

Spontaneous modulation of composition in AlGaN
layers on sapphire substrates was observed in [6]. How-
ever, in this case the composition was modulated in the
direction of the film growth.
003 MAIK “Nauka/Interperiodica”
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The effect of elastic strains on epilayer growth was
discussed in [7–9]. An undulatory surface profile was
observed in InGaAs films. It has been suggested that
the relationship between the surface energy, which acts
as a stabilizer in the formation of a small-period profile,
and the elastic strain energy, which destabilizes a sur-
face with a large-period profile, determines the surface
formation. As shown in [7], the possibility of composi-
tion modulation and morphological stability of the epil-
ayer is determined by the sign of the lattice-mismatch
parameter (i.e., depending on whether a film grows
under compressive or tensile stress). The composition
modulation in the bulk of a film can give rise to anisot-
ropy of transport and optical properties of heterostruc-
tures.

Our study of MCT films grown by MBE at elevated
(for this method) temperatures (210°C) revealed anom-
alous electrical properties, which manifested them-
selves simultaneously in the conductivity anisotropy, a
smooth transmission spectrum, and modifications of
the transmission and photoconductivity spectra after
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Fig. 1. (a) AFM image of a film free of periodic microprofile
and (b) the typical microprofile.
annealing. Furthermore, a periodic microprofile was
always observed on these films. The goal of the present
study is to investigate transport and optical processes in
MBE-grown MCT films with a periodic surface micro-
profile.

2. RESULTS AND DISCUSSION

MCT film grown by MBE on (013) GaAs substrates
of 50.8 mm in diameter were studied [10]. Substrates
had a (011) principal cut. A HgTe buffer layer 5–7 µm
thick was grown on the substrate, and further, n-type
MCT films with x = 0.21–0.24, 8–12 µm thick. Films
grown at elevated temperatures (~210°C) demonstrated
anomalously low carrier mobility (~1000 cm2/(V s)),
conductivity anisotropy, and features in the transmis-
sion spectrum.

A study of the film surface by atomic-force micros-
copy (AFM) revealed a microprofile on the surface of
films grown at 180–200°C (Fig. 1). As seen, the non-
uniformities have gentle slopes and are irregular. At a
higher growth temperature (up to 210°C), a system of
ordered waves appears on the surface in addition to
nonuniformities having a gentle slope, as seen in Fig. 2.
The characteristic period of this microprofile is 0.1–
0.2 µm, and the slope reaches 5°–7°. The direction of
waves in respect to the principal cut is the same over the
entire film area, with an angle of 30°–45° for different
films.

Anisotropy of the in-plane conductivity was
observed in MCT films grown at elevated temperatures
and exhibiting the periodic surface microprofile, with
an anisotropy coefficient of about 10 at a temperature of
77 K. We studied angular dependences of conductivity
and established that the conductivity is the lowest in the
direction across the surface microprofile waves [11].
The anisotropy is observed at any point of the wafer,
and it is not caused by the conductivity gradient over
the wafer area. No anisotropy was observed in MCT
films free of the periodic surface microprofile. Since the
film thickness (~10 µm) is significantly larger than the
height of the periodic microprofile (~4 nm), the micro-
profile itself cannot be the reason for the strong anisot-
ropy of conductivity.

Another specific property of films exhibiting the
conductivity anisotropy is weaker spectral dependence
of light transmittance near the fundamental absorption
edge as compared with that for films with the same
thickness and similar composition, but free of the con-
ductivity anisotropy [11]. The annealing of these films
at T = 220–240°C for several tens of hours results in
blue shift of the fundamental absorption edge and
steeper spectral dependence. This behavior of the trans-
mission spectrum can be related to the presence in the
film of microscopic regions of different composition,
which occupy a significant portion of the volume. In
this case, the transmission spectrum will be similar to
SEMICONDUCTORS      Vol. 37      No. 11      2003
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that for an equivalent structure with two layers differing
in composition and the slope of the spectral dependence
will be lower than for a homogeneous film of the same
thickness.

The whole set of the obtained experimental data
suggests that the structure of MCT films with anoma-
lous properties is a periodic system of nanowalls with
different compositions, arranged along the growth
direction, as shown in Fig. 3.

As follows from the literature data, the undulatory
profile and composition modulation in epilayers of
semiconductor solid solutions can be induced by spin-
odal decomposition and elastic strains. However, the
dependence of the MCT lattice parameter on composi-
tion is small. Maximum mismatch between CdTe and
HgTe is 0.3%; thus, the elastic strains between the
regions with different composition would be small.
Moreover, the critical temperature of spinodal decom-
position is only 80 K [12]. Thus, it may be suggested
that the observed surface morphology and composition
modulation stem not from spinodal decomposition or
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Fig. 2. (a) AFM image of a film with periodic microprofile
and the (b) typical microprofile across the waves.
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elastic strains, but from some other sources; one of
these may be the undulatory profile of the buffer layer.
The following mechanism of the wall formation may be
suggested. Since the composition of an MCT solid
solution can depend on the orientation of the subjacent
surface, walls differing in composition and, probably,
in carrier density will grow on the opposite slopes of the
microprofile waves.

In the presence of nanowalls with different compo-
sitions, the modification of spectrum after annealing
can be due to the composition equalization by diffu-
sion. We have calculated the thickness of walls that
could allow the diffusion equalization of composition
under the annealing modes used [11]. This value is
~0.1 µm, which is comparable to the microprofile period.

One should note that after the annealing at T =
240°C, the films become p-type and no conductivity
anisotropy is observed.

The presence of compositional microinhomogene-
ities and composition equalization after annealing is
also confirmed by the changes in the photoconductivity
spectrum. Figure 4 shows photoconductivity spectra of
sample 525 before and after annealing. As seen, the
long-wavelength edge of photoconductivity is shifted
by ~8 µm to shorter wavelengths after annealing. So
large a shift can be attributed only to variation of the com-
position. Estimates show that for this shift the composi-
tions in adjacent walls must be x = 0.195 and x = 0.270
before annealing and equalized to x = 0.233 after it.

Now we will discuss the possibility that the conduc-
tivity anisotropy arises from different conductivities of
walls. Our estimates show that, to obtain a ratio of con-
ductivities along and across the walls of ~10 (which has
been observed in experiment), it is necessary to have a
ratio of conductivities of ~40 in the adjacent walls with
different compositions. In this situation, the electron
density in the adjacent walls must differ by more than
an order of magnitude, since the electron mobility dif-
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Surface microprofile

x

Buffer layer CdTe

Substrate GaAs

Wall

Fig. 3. Schematic cross-section of a structure and the com-
position distribution across the microprofile waves.
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fers by no more than three times for compositions with
x = 0.2–0.3. This difference in electron densities in the
walls seems hardly probable, because in homogeneous
films with different compositions grown under similar
conditions, the carrier densities differ only slightly.

To determine the nature of the anisotropy, we stud-
ied temperature dependences of conductivity and the
Hall factor in the range from 77 to 300 K in the Hall-
configuration samples fabricated by photolithography
in the directions of maximum and minimum conductiv-
ity. Figure 5 shows temperature dependences of con-
ductivity. Solid lines are the calculated dependences for

1

2

6 8 10 12 14 16 18 20
Wavelength, µm

0

0.2

0.4

0.6

0.8

1.0
Photoconductivity, arb. units

Fig. 4. Photoconductivity spectrum of film 525: (1) before
annealing; (2) after annealing at 220°C for 75 h.
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Fig. 5. Temperature dependences of conductivity: (1, 2) cal-
culated for homogeneous materials with donor concentra-
tion Nd = 1014 and 1015 cm–3, respectively; (3, 4) experi-
ment for directions along and across the microprofile
waves, respectively.
a homogeneous n-type material. As seen, the experi-
mental data on conductivity along the microprofile
stripes coincide well with the dependence calculated
for a homogeneous material with an electron density of
1014 cm–3. The temperature dependence for conductiv-
ity across the microprofile waves exhibits a steeper
slope, and the conductivity value is several times
smaller. However, the character of the dependence
across the microprofile waves reproduces, on the
whole, that along the microprofile stripes.

Temperature dependences of the Hall factor in the
samples along and across the microprofile waves are
similar, and the Hall factors differ only slightly in the
temperature range from 77 to 300 K.

Since the adjacent walls have different composi-
tions, a potential barrier must appear, as in an n–n het-
erojunction. In this case, the conductivity must
decrease exponentially with decreasing temperature,
which is not observed in experiment. This can be due to
the large value of the Debye screening length (estimates
yield ~0.1 µm), which lowers the barriers between the
adjacent walls.

Thus, the anisotropy of conductivity in MCT films
under study is most likely due to the difference in the
carrier mobilities for carriers moving along and across
nanowalls with different compositions. This difference
is due to potential barriers between the walls.

3. CONCLUSION

Anomalous electrical properties have been observed
in MCT films grown on GaAs substrates by MBE at
elevated temperature. The anomalies are the conductiv-
ity anisotropy and modifications of the transmission
and photoconductivity spectra at low-temperature
annealing. All the films with anisotropic conductivity
exhibit a periodic undulatory surface microprofile, and
the lowest conductivity is observed in the direction
across the microprofile waves. It is suggested that an
MCT film with anomalous electrical properties repre-
sents a spontaneously formed periodic structure in the
form of vertical nanowalls differing in composition.
The observed specific features in the transmission spec-
tra and the modification of the transmission and photo-
conductivity spectra after annealing are attributed to the
difference in composition between the suggested walls,
and to diffusion equalization of the composition under
annealing. Most likely, the anisotropy of conductivity is
related to the difference in carrier mobility between carri-
ers moving along and across nanowalls with different
compositions, due to potential barriers between the walls.
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Abstract—The low-temperature photoluminescence and Raman scattering in CdSe/ZnSe nanostructures with
individual CdSe inserts of 1.5 and 3.0 monolayers in nominal thickness were studied. The energy position of
the photoluminescene band is governed by interdiffusion of Cd and Zn into the insert regions, whereas the shape
of this band is controlled by strong interaction of localized excitons with optical phonons in the Zn1 – xCdxSe
solid-solution insert. Multiphonon processes of excitonic relaxation with involvement of acoustic phonons at
the Brillouin zone edges are also important. The results obtained are interpreted in the context of a model for
the effective excitonic mobility edge. © 2003 MAIK “Nauka/Interperiodica”.
1. INTRODUCTION

Coherently strained CdSe/ZnSe heterostructures
have been intensively studied recently since these struc-
tures can be used with good results in fabrication of
optoelectronic devices for the visible region of the
spectrum. Based on the difference between band gaps
(~1 eV) and the mismatch of lattice parameters of the
components (~7%), a CdSe/ZnSe system is similar to
the well-studied InAs/GaAs heterostructure. Therefore,
it has been initially assumed that three-dimensional
islands are formed according to the Stranski–Krastanov
mechanism (similar to what occurs in an InAs/GaAs
system) if the thickness of the deposited CdSe epitaxial
layer (epilayer) is close to the critical thickness, which
amounts to 3.0–3.5 monolayers (MLs) [1–3]. However,
electron microscopy studies have shown that the nucle-
ation of nanoislands (predominantly, of two-dimen-
sional configuration) sets in at a much smaller thickness
of the epilayer (0.6–0.7 MLs) [4]. Therefore, structural
and compositional disorder can come into existence
with resulting random fluctuations of potential in the
region of a CdSe insert even at the aforementioned
small nominal thickness of the deposited layer. These
fluctuations can give rise to spatial localization of
energy levels.

The relaxation of localized excitons is typically
interpreted on the basis of a model of an exciton that
resides in the random potential [5]. The concept of the
“mobility edge” suggested by Mott and Anderson [6] is
used in the model under consideration; this edge corre-
sponds to the energy that separates the localized and
delocalized excitonic states. Two approaches based on
the Mott–Anderson model [5, 7] were used to interpret
the experimental data obtained for the mixed CdSxSe1 – x
1063-7826/03/3711- $24.00 © 21336
crystals [5]. This circumstance was related to the fact
that Cohen and Sturge [5] observed a gradual transition
(with a width of several millielectronvolts) between the
above localized and delocalized states instead of an
abrupt mobility edge, which is typically associated with
the microscopic nature of disordering. A possible origin
of this discrepancy may be related to the existence of
macroscopic inhomogeneities in an actual crystal. As a
result, the mobility edge can become significantly less
steep. In addition, the Mott–Anderson model implies
an infinite lifetime of excitations, whereas the lifetime
of excitons in direct-gap semiconductors is on the order
of 1 ns or shorter. Under conditions of selective excita-
tion, excitons are generated with a well-defined energy
and then diffuse over the spectrum. As a result, an
“effective” mobility edge (threshold) can arise; the
exciton motion for the times on the order of the exciton
lifetime becomes possible above this threshold. There-
fore, there are no reasons to expect that the correspon-
ing edge will be abrupt (unbroadened).

Excitonic states near the mobility edge affect the
efficiency of the transport of photoexcitations; there-
fore, it is important to gain insight into the origin of
these states. Only “hot” excitons are mobile and can be
involved in an efficient transport of excitations. If these
excitons are generated with an energy above the mobil-
ity threshold, they are in the delocalized state; however,
when found near the various-origin local fluctuations of
potential, these excitons are rapidly thermalized at the
aforementioned fluctuations with an accompanying
emission of a phonon. Localized excitons are more sta-
ble, their dynamics is governed by hopping transport,
and they dissociate with emission of a photon whose
energy is governed by local levels. Therefore, the lumi-
003 MAIK “Nauka/Interperiodica”



        

EXCITONIC RECOMBINATION NEAR THE MOBILITY EDGE 1337

                                            
nescence is observed at energies that are lower than the
mobility threshold; i.e., spectral diffusion occurs rather
rapidly. In contrast, if an exciton is generated with an
energy lower than the mobility threshold, this exciton
dissociates in the same state (and in the same spatial
region) in which it was generated. As a result, the fluo-
rescence line narrows, which is accompanied by a nar-
rowing of the LO-phonon replicas. Such a difference
between exciton–phonon interactions for the localized
and delocalized states is caused by the fact that a delo-
calized exciton does not remain at the same site for a
long enough time to “sense” the phonon-caused
changes in the lattice; as a result, a delocalized exciton
interacts more weakly with phonons than does a local-
ized exciton.

In this paper, we report the results of studying the
optical properties of CdSe/ZnSe nanostructures with
nominal thicknesses of CdSe inserts amounting to 1.5
and 3.0 MLs; these results indicate that local potential
fluctuations arise in the course of self-organized growth
of nanoislands and modulate spatially the band gap (Eg)
on a macroscopic scale comparable to the exciton’s dif-
fusion length. This observation may support the notion
that nanoislands have sizes that are close to the corre-
sponding excitonic Bohr radius.

2. EXPERIMENTAL

All the samples studied were grown by molecular-
beam epitaxy with enhanced migration of atoms on the
GaAs(001) substrate at a temperature of 280°C [8]. The
thicknesses of the buffer and protective ZnSe layers
were 80 and 20 nm, respectively. Individual CdSe
inserts were formed between these layers; the thick-
nesses of these inserts were 1.5 and 3.0 ML, respec-
tively, and were specified by the number of epitaxy runs
(0.3 ML in each run) for 135 s with interruption after
each run.

The photoluminescence (PL) and Raman spectra at
300 and 5 K were recorded using a DFS-24 double
spectrometer in the photon-counting mode. Discrete
lines of Ar+-laser radiation were used to excite the spec-
tra. Some of the PL spectra were excited using a Xe
lamp. A high precision of determining the spectral posi-
tion of recorded lines was ensured by simultaneous
detection of the plasma laser lines and was no worse
than 0.3 cm–1. The spectral resolution amounted to
0.12 meV when the low-temperature PL spectra were
recorded.

3. RESULTS AND DISCUSSION

In Fig. 1, we show the low-temperature (5 K) PL
spectrum (the dotted line) for an excitation-photon
energy of 2.882 eV and the PL-excitation spectrum
with detection at Edet = 2.547 eV for a nanostructure
with a nominal thickness of CdSe insert of 1.5 MLs.
The PL spectrum consists of a single inhomogeneously
broadened band which is peaked at 2.567 eV, has a half-
SEMICONDUCTORS      Vol. 37      No. 11      2003
width of ~25 meV, and features a low-energy wing.
This band corresponds to the excitonic emission from
the insert. The position of this band’s peak is consistent
with published data [9–11]. As for the PL excitation
spectra, the high-temperature peak closest to the PL
band (in the case under consideration, located at
~2.59 eV) was related previously [11, 12] to an exci-
tonic transition with involvement of a light hole (LH0)
by analogy with the situation for quantum dots (QDs)
in the III–V compounds [13]. In the latter case, it was
believed that the spectrum of the density of states in a
QD was similar to an atomic spectrum (it has a [Delta]-
like shape) and that there was no transport between
neighboring QDs. It is assumed in this interpretation
that the low-energy peak HH0 in the PL-excitation
spectrum is obscured by an intense PL. In this situation,
the magnitude of the HH0–LH0 splitting for the sample
under investigation should not exceed 23 meV (even in
the absence of the Stokes shift). However, based on the
latest data on the actual shape and size of islands in the
CdSe/ZnSe nanostructures obtained using the technol-
ogy employed in this study, we are inclined to attribute
the 2.59-eV peak to the HH0 transition. In fact, the stud-
ies by the method of transmission electron microscopy
showed that the shape of nanoislands is far from being
spherical and can be approximated by a flat disk with a
diameter to height ratio in the range from 5–10 to 1. In
this situation, the HH0–LH0 splitting is governed not
only by a difference in the quantization energies due to
dissimilar effective masses but also by the effect of
elastic stresses which give rise predominantly to uniax-
ial (rather than isotropic) strain in the islands. The cor-
responding estimation for the limiting case of homoge-
neous pseudomorphic Zn1 – xCdxSe quantum well yields
a splitting magnitude on the order of 100 meV for the

2.5 2.6 2.7 2.8 2.9
Energy, eV

PL intensity, arb. units

PL
HH0

LH0 ZnSe barrier

Fig. 1. The PL spectrum of a CdSe/ZnSe nanostructure with
a nominal 1.5-ML thickness of the CdSe insert under excita-
tion with a photon energy of 2.882 eV (dotted line) and the
luminescence-excitation spectrum at Edet = 2.547 eV. T = 5 K.
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Cd atomic fraction x = 0.3–0.4 in the solid solution; this
composition is found in the sample with a 1.5-ML thick
CdSe insert, as will be shown below. This estimate may
be slightly inflated for the actual shape of nanoislands;
however, in any case, the magnitude of splitting should
probably far exceed the aforementioned value of
23 meV. In this case, the latter value is related to the
Stokes shift, while the 2.662-eV band in the lumines-
cence-excitation spectrum should be interpreted as
originating from the LH0 transition. The broadening of
the LH0 band is caused by possible fluctuations in the
shape of islands and (or) by inhomogeneous stresses.

Two intense peaks at 2.803 and 2.82 eV are also
observed in the luminescence-excitation spectrum;
these peaks are related to the ZnSe barrier layers and
may correspond to excitonic transitions with involve-
ment of the light and heavy holes or to a transition from
the higher and lower barriers that differ in stresses. In any
case, the observed splitting (~17 meV) indicates that
there are appreciable elastic stresses in the barrier layers.
Two low-intensity features in the still higher energy por-
tion of the luminescence-excitation spectrum may corre-
spond to spin-related split-off excitonic transitions.

Previous studies of the dynamics of the emission
originating from selectively excited CdSe/ZnSe super-
lattices with a submonolayer-scale thickness of CdSe
insert showed [14] that the relaxation of electronic exci-
tations with involvement of LO phonons was dominant
in a time interval of 25–30 ps; a broadening of the emis-
sion band on the low-energy side and a shift of the band
peak to lower energies was observed at longer times.
This behavior was related to the spectral diffusion of
excitations with involvement of acoustic phonons. In
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Fig. 2. Photoluminescence spectra of a CdSe/ZnSe structure
with a nominal 1.5-ML thickness of the CdSe insert under
resonance excitation in the region of excitonic HH0 transi-
tion (Eexc = 2.602 eV, P ≤ 0.5 W/cm2) and under excitation in
the absorption region of the ZnSe matrix (Eexc = 2.882 eV)
(dashed line). T = 5 K. The spectral resolution is 0.12 meV.
The upper scale corresponds to the energy of long-wave-
length shift of curve 1 relative to the excitation-photon
energy.
the case of the steady-state measurements under con-
sideration, the PL spectrum depends heavily on the
excitation conditions.

Figure 2 (curve 1) shows the PL spectrum of a sam-
ple with a 1.5-ML thick CdSe insert at 5 K under the
resonance excitation of nanoislands by photons with an
energy of 2.602 eV, which exceeds somewhat the
energy of the peak in the luminescence-excitation spec-
trum; this peak corresponds to the HH0 excitonic tran-
sition. For the sake of comparison, the dashed line 2 in
Fig. 2 represents the PL spectrum for nonresonance
excitation (Eexc = 2.882 eV). It can be seen that, in the
case of resonance excitation, the emission peak is
shifted somewhat to higher energies; as a result, a rela-
tively narrow (~13 meV) distribution of excitons is
formed below the effective mobility edge, which is
located in the vicinity of ~2.67 eV in a structure with
the aforementioned thickness of CdSe insert [11]. The
PL intensity under resonance excitation is fairly high.
These features of the PL spectrum are related to the fact
that the intensity and shape of the emission band
depend heavily on the excitation-photon energy if this
energy is lower than the excitonic mobility edge. As
was mentioned above, this circumstance is caused by
the selective filling of localized excitonic states and by
the process of their rapid recombination with the pre-
dominant involvement of optical phonons without any
significant effect of spectral diffusion. The spectral fea-
tures observed in the case under consideration in the
vicinity of the PL peak consist of a group of relatively
narrow lines that are separated by 30.8, 29.3, 27.8, 25.8,
and 23.7 eV from the excitation-photon energy (these
lines are indicated by arrows in Fig. 2). The spectral
features are very sensitive to the temperature of mea-
surements and are virtually flattened at T ≥ 10 K. These
features may characterize the optical phonons that are
the most important for a specific sample; the rapid and
efficient (due to resonance conditions) radiative-recom-
bination channel is formed with the involvement of the
above phonons [14–16]. A certain broadening of the
emission-band pedestal in the PL spectrum under dis-
cussion may be indicative of an appreciable role of
multiphonon relaxation mechanisms, including also
those with the involvement of acoustic phonons from
the edges of the Brillouin zone [11, 17]. The fact that
the peak corresponding to the LO phonon of the ZnSe
matrix is not observed in the PL spectrum confirms the
dominant role of the ZnCdSe-insert phonons in exci-
tonic recombination and indicates that both the ground
and the excited states of the islands are localized mainly
within the insert.

Using the aforementioned optical-phonon energies,
we estimated the range of variations in the composition
of a Zn1 – xCdxSe solid solution in the insert regions.
Figure 3 shows the known composition dependence of
optical-phonon frequencies for a Zn1 – xCdxSe solid
solution [18, 19]; the energy range for the optical
phonons observed in the resonance PL is indicated. It
can be seen that the width of the LO–TO phonon sub-
SEMICONDUCTORS      Vol. 37      No. 11      2003
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band corresponds to the Cd content in the range x ≈ 22–
58%. The values of x obtained may be both overesti-
mated due to the effect of the dimensional confinement
and the contribution of interfacial vibrations and under-
estimated if the insert-compression effect is dominant.
In any case, the determined range of compositions is
consistent with the values of x estimated previously
[20, 21]; this fact substantiates once again the important
role of possible processes of interdiffusion and segrega-
tion of Cd and Zn in the course of the growth of the
structure. 

The PL spectrum for the sample with a nominally
3.0-ML-thick CdSe insert is shown in Fig. 4. As can be
seen, if the ZnSe-barrier region is excited (Eexc = 2.882 eV,
curve 1), a single PL band which is peaked at 2.306 eV
and has a half-width of ~41 meV is detected; this band
features an insignificant asymmetry on the low-energy
side (curve 1). The shift of this band to lower energies
compared to what is observed in the sample with a
1.5-ML-thick CdSe insert is mainly caused by an
increase in the Cd content in the insert. The simulta-
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Fig. 3. The composition dependence of the optical-phonon
frequency at the center of the Zn1 – xCdxSe Brillouin zone.
The solid lines represent the data reported by Alonso et al.
[18]. The vertical scale on the left corresponds to experi-
mental values within the energy range of optical phonons;
this range was obtained from the resonance PL spectra (see
Fig. 2). The hatched area corresponds to the correlation
between the experimental values of photon energies and the
Cd content in Zn1 – xCdxSe. T = 5 K.
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neous increase in the island density [20] brings about an
increase in the contribution of the islands to PL and
accounts for a decrease in the emission-band asymme-
try [9, 22, 23]. An appreciable increase in the half-
width of this band (41 meV, to be compared with
24 meV for the sample with a 1.5-ML-thick CdSe
insert) is consistent with the previously ascertained [20]
fact of an increase in the spread of the composition (sto-
ichiometric coefficients x) in the islands for larger nom-
inal thickness of the CdSe insert. It is worth noting that
the actual intensity of the recorded PL band decreases
approximately by a factor of 2 when we pass from the
sample with a 1.5-ML-thick CdSe insert to the sample
with a 3.0-ML-thick CdSe insert if the excitation power
remains unchanged. If we take into account the increase
in the island density, the above means that the emission
efficiency is much lower in a sample with a thicker
CdSe insert. This behavior may be caused by an appre-
ciable increase in the role of structural defects, in par-
ticular, by a high concentration of cationic vacancies
formed as a result of nonequilibrium conditions of
molecular-beam epitaxy [20].

A different situation arises when we realize the res-
onance conditions (Eexc = 2.41 eV), when the energy
spacing between the excitation photon and the position
of the PL band peak is close to the triple LO-phonon
energy in the insert (Fig. 4, curve 2). In this case, the
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wider low-energy PL band (2.306 eV) corresponds to
the emission of thermalized excitons, and the energy
position of this band coincides with that observed when
we have a high-energy nonresonance excitation (Fig. 4,
curve 1). An additional band that was peaked at
2.319 eV and had a comparable intensity appeared in
the high-energy portion of the spectrum. Kim et al. [9]
simulated the PL spectrum for a similar structure by
two Gaussian lines; the high-energy line was attributed
to the 2D-like excitons in the wetting layer, whereas the
low-energy line was attributed to the emission of 0D
excitons in the islands. The fact that, in the case under
consideration, the peak of the high-energy band is sep-
arated from the excitation-photon energy by the triple
energy of phonons in the insert suggests the following:
this band may be attributed to emission from localized
excitons in the region below the effective excitonic
mobility edge with the involvement of three LO
phonons (similarly to the case considered above for the
sample with a 1.5-ML-thick CdSe insert). The
LO-phonon energy in the insert corresponds to the
Zn1 – xCdxSe solid solution with x ≈ 0.38–0.40 [18, 19]
(disregarding the effect of stress; this effect becomes
more profound with increasing insert thickness and
leads to an underestimation of x).

The process of resonance Raman scattering also
manifested itself in the case of resonance excitation of
the sample with a 3.0-ML-thick CdSe insert. The
Raman spectrum is shown in Fig. 5 in detail. In this
spectrum, we can see that the LO- and 2LO-phonon
lines peaked at 251 and 500 cm–1, respectively, which
corresponds to the Zn1 – xCdxSe solid solution with x ≈
0.18–0.20 [18, 19]. According to the data reported in
[20], this value of x corresponds to the 2D layer of the
Zn1 – xCdxSe insert. The spectrum also includes a low-
intensity LO-phonon line of the GaAs substrate (ν ≈

500
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Fig. 5. The resonance Raman spectrum of a CdSe/ZnSe
nanostructure with a nominal 3.0-ML thickness of the CdSe
insert. T = 5 K. λexc = 514.5 nm.
293 cm–1). Furthermore, an additional Raman scatter-
ing is clearly detected in the region of 160–350 cm–1;
this scattering is caused by activation of the entire
phonon density of states in the Raman spectrum of the
Zn1 – xCdxSe insert. This effect is due to a violation in
the translational symmetry of the crystal structure and
is caused by nonuniformity in the insert composition.
Such an effect was also observed in the luminescence-
excitation spectra of similar structures [17].

Thus, two independent processes can be recognized
in the PL and resonance Raman spectra of the sample
with a 3.0-ML-thick CdSe insert exposed to the reso-
nance excitation. First, we have fast recombination of
excitons localized in the nanoisland regions enriched
with the cadmium. This recombination occurs with the
involvement of three LO phonons and gives rise to the
high-energy PL peak. Spectral diffusion to deeper
states in the band tails due to interaction with acoustic
phonons gives rise to the low-energy PL component,
similarly to the mechanism discussed previously [14].
Second, the Raman process takes place. For this pro-
cess, conditions for the output resonance with the high-
energy PL edge are fulfilled; this edge is defined by the
insert regions with the lowest Cd content (the 2D layer
[20, 21]).

Summarizing the above results, we may conclude
that the spectral shape of the band for the emission from
nanoislands in the CdSe/ZnSe nanostructure with a
1.5-ML-thick CdSe insert subjected to resonance exci-
tation in the region of the main excitonic transition dif-
fers from that in the case of nonresonance excitation.
The fairly small spectral width of the corresponding
emission band with a phonon-related structure and its
high efficiency are indicative of very fast relaxation
processes with the predominant interaction of localized
excitons with optical phonons. Energies of optical
phonons involved in the relaxation process corroborate
an appreciable compositional disordering of the CdSe
insert. The observed low-energy broadening of the
emission band at its pedestal is indicative of the impor-
tant role of multiphonon processes in exciton relax-
ation, including those with the involvement of acoustic
phonons at the Brillouin zone edges.

When the sample with the 3.0-ML-thick CdSe insert
was subjected to the resonance excitation, we observed
an emission band with an additional peak caused by the
interaction of localized excitons with three LO phonons
of nanoislands. The resonance Raman scattering was
controlled by the composition of the 2D layer in the
insert.

The above-reported experimental data can be inter-
preted in the context of a model that implies the pres-
ence of both weakly localized states in the vicinity of
the effective excitonic mobility edge (these states are
initiated by slight fluctuations and (or) stresses in the
2D layer) and more strongly localized deep tails of the
states caused by appreciable compositional disorder in
the nanoislands.
SEMICONDUCTORS      Vol. 37      No. 11      2003
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Abstract—Dose dependences of the concentration of paramagnetic centers with g = 2.0055 under irradiation
of silicon with Ge+, Ar+, and Ne+ ions have been studied in detail. It is shown that, in all cases, the dependences
are characterized by the previously unnoticed presence of maxima at doses corresponding to transition to com-
plete amorphization. This feature is explained in terms of a model assuming an additional contribution to elec-
tron spin resonance from dangling bonds at the interface between nanocrystals and the amorphous matrix.
© 2003 MAIK “Nauka/Interperiodica”.
1. INTRODUCTION

It is known that ion irradiation of silicon leads to
formation in its crystal lattice of defects whose electron
spin resonance (ESR) spectrum is characterized by a
g-factor of 2.0055 [1]. This type of defect is commonly
described as a center of vacancy nature (VV center) [2]
or as a dangling bond (D center) [1]. Accumulation of
defects of this kind leads to amorphization, with the
centers preserved in the amorphous phase.

Until now, there have been no published evidence
concerning any anomaly in the dose dependence of the
concentration of these centers in transition to the amor-
phous state: their concentration grows gradually, then
levels off [2, 3] and starts to decrease only at ultrahigh
doses under certain conditions (“high-dose effect”) [3].
However, the authors of the present study have found,
in a more detailed study of dose dependences, a system-
atic, previously unnoticed feature at doses correspond-
ing to transition to complete amorphization [4, 5].

In [4, 5], this phenomenon was discussed with the
aim of explaining the luminescent properties of silicon
in which a composite amorphous-nanocrystalline sys-
tem (a-Si:nc-Si) is formed under ion irradiation. Here,
the structural aspect of the problem is discussed and the
above feature is accounted for.

2. EXPERIMENTAL

As starting material we used (100)Si samples of
KDB Si (p-Si:B) with a resistivity of 2000 Ω cm. The
wafers were subjected to standard chemical–mechani-
cal treatment with subsequent etching off of the dis-
rupted layer (~20 µm). Irradiation was performed at
room temperature with 80 keV Ge+ ions at doses of
(2−50) × 1013 cm–2, 150 keV Ar+ ions at (4–500) ×
1063-7826/03/3711- $24.00 © 21342
1013 cm–2, and 150 keV Ne+ ions at (5–500) × 1014 cm–2.
The ion current density did not exceed 5 µA/cm2 in all
cases. The ESR was studied at liquid nitrogen tempera-
ture on an RE-1306 spectrometer. The concentration of
the centers with a g-factor of 2.0055 was determined by
double integration of differential curves. Reduction to
the common scale was done using Mn2+:MgO as a ref-
erence.

3. RESULTS AND DISCUSSION

Figure 1 shows dose dependences of the concentra-
tion of ESR centers with a g-factor of 2.0055 under irra-
diation of Si with ions with different masses. It can be
seen that, in all cases, the dependences pass through a
maximum. The positions of the peaks in the curves are
in satisfactory agreement with published data on amor-
phization doses [6, 7]. Since the amorphization doses
have not been determined precisely, it seems reasonable
to assume that such a behavior characterizes the dose
range immediately preceding the formation of a contin-
uous amorphous layer at depths close to that of the
maximum ion energy loss.

What is the reason for the appearance of peaks in the
dose curves? Amorphization under ion irradiation is not
an instantaneous event occurring in the entire irradiated
region. This is manifested the most clearly under irradi-
ation with heavy ions, when amorphization first occurs
in the regions of displacement cascades produced by
separate ions [8] and only merging of such local amor-
phous regions with increasing dose leads to formation
of a continuous amorphous layer. Therefore, there must
exist a certain intermediate range of doses in which the
structure of the irradiated layer is of composite nature,
i.e., having the form of a mixture of amorphous and
crystalline regions. This circumstance underlies the
003 MAIK “Nauka/Interperiodica”
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method first suggested by the authors for obtaining the
system a-Si:nc-Si [5, 9–12], exhibiting, in contrast to
single-crystal (c-Si) and amorphous (a-Si) silicon, room-
temperature luminescence related to Si nanocrystals in
the amorphous matrix (quantum-confinement effect).

Amorphous silicon is characterized by somewhat
longer interatomic distances (bond lengths) as com-
pared with c-Si [1]. Therefore, mechanical stresses
exist at interfaces between crystalline and amorphous
regions and a high concentration of dangling bonds
should be expected at these interfaces. Thus, in the tran-
sitional (to that corresponding to complete amorphiza-
tion) dose range in which crystalline inclusions are
present in the amorphous matrix, the total concentra-
tion of dangling bonds contributing to the ESR signal
with g = 2.0055 exceeds that at higher doses corre-
sponding to the existence of continuous amorphous

0.50.40.30.20.10

Ge+

543210

Ar+

50403020100

Ne+

Spin concentration, arb. units

Irradiation dose, 1015 cm–2

Fig. 1. Dose dependence of the concentration of ESR cen-
ters with g = 2.0055 for silicon samples irradiated with Ge+,
Ar+, and Ne+ ions.
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layer. In the latter case, the overwhelming majority of
dangling bonds are situated in the amorphous phase.

The adequacy of the above assumption concerning the
nature of peaks in the dose curves (Fig. 1) is confirmed by
the following estimate. According to calculations per-
formed using the Monte Carlo method [9, 10, 12], the
fraction of the volume occupied by Si nanocrystals in
the amorphous layer is ~10% for Ar+ ions (close in
mass to Ge+ ions) at a dose of 8 × 1013 cm–2, and the
average diameter of crystalline islands at the same dose
is ~10 nm. Hence, it follows that the average number of
Si atoms on the nanocrystal surface (assumed to be
spherical) is 3 × 103. If each atom of this kind had a sin-
gle broken bond with the surrounding amorphous
matrix, then, as readily obtained taking into account the
fraction of the crystalline phase, the concentration of
additional dangling bonds of silicon at the nc-Si/a-Si
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Fig. 2. Dose dependences of the ESR linewidth (g = 2.0055)
for silicon samples irradiated with Ge+, Ar+, and Ne+ ions.
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interfaces would be 6 × 1020 cm–3. The density of spins
with g = 2.0055 in Si amorphized by ion irradiation is
~1020 cm–3 [2, 3]. It may be assumed that the rise of the
curve peak over the plateau level in Fig. 1 is determined
by the relative amount of spins localized on the surface
of nanocrystals. Then, agreement between the calcula-
tion and the experimental data (averaged over three kinds
of ions) can be achieved if every 20th Si atom on the
nanocrystal surface has a broken bond with atoms of the
amorphous matrix. This value is quite reasonable.

The dose dependence of the ESR linewidth ∆Hpp
(Fig. 2) shows its decrease in the transition region,
which, on the whole, correlates with the dose depen-
dence of the signal amplitude. The decrease in line-
width can be attributed to exchange narrowing of the
absorption line with increasing concentration of para-
magnetic centers [2]. Since there is no reason to believe
that the spin density is increased in the transition dose
range for centers localized within amorphous regions, it
seems natural to relate the additional narrowing
observed in this range to centers localized just at inter-
faces, where the average distances between paramag-
netic centers are shorter than those within the amor-
phous phase.

4. CONCLUSION

Specific features have been revealed in the dose
dependences of the concentration of paramagnetic cen-
ters with g = 2.0055 and in the behavior of the linewidth
of the corresponding signal under ion irradiation of sil-
icon. These features are interpreted in terms of a model
assuming an additional contribution to electron spin
resonance from dangling bonds situated at the interface
between nanocrystals and the amorphous matrix. The
results indicate that a more detailed study is needed of
the structural and physical properties of Si in the dose
range transitional to one corresponding to amorphiza-
tion (and also in the intermediate range of depths,
between the amorphous a-Si layer and nc-Si). It is in
this range that specific features of scientific and practi-
cal interest would be expected to appear, which is also
indicated by photoluminescence [4, 5, 12] and electri-
cal conductivity data [9]. Detailed measurements of the
dose dependence of ESR can be used for detecting
nanocrystalline inclusions in the amorphized layer.
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Abstract—A method has been devised for MBE fabrication of p–i–n photodiodes for the spectral range of 1.3–
1.5 µm, based on multilayer Ge/Si heterostructures with Ge quantum dots (QDs) on a Si substrate. The sheet
density of QDs is 1.2 × 1012 cm–2, and their lateral size is ~8 nm. The lowest room-temperature dark current
reported hitherto for Ge/Si photodetectors is achieved (2 × 10–5 A/cm2 at 1 V reverse bias). A quantum effi-
ciency of 3% at 1.3 µm wavelength is obtained. © 2003 MAIK “Nauka/Interperiodica”.
1. INTRODUCTION

The efforts in the design of quantum dot (QD) pho-
todetectors began only in the late 1990s, based mainly
on InAs/GaAs and Ge/Si heterostructures, and all of
them have been concentrated as yet on the production
of high-efficiency single elements. QD photodetectors
are in a position to cover a significant section of the IR
range actual for multiple applications, from the near-IR
telecommunication wavelength range (1.3–1.5 µm) to
the far-IR spectral range (20–200 µm).

An additional restriction of the carrier motion in the
structure plane and discrete energy spectrum of carriers
offers a number of significant advantages of QD photo-
detectors over quantum well (QW) structures and bulk
layers [1]:

(i) optical transitions polarized in the photodetector
plane become allowed, which opens the possibility for
device operation at a normal incidence of light without
additional gratings or reflectors;

(ii) oscillator strength (and, consequently, the light
absorption coefficient) for intraband and exciton transi-
tions is high owing to localization of the carrier wave
function along all three spatial coordinates;

(iii) the lifetime of photoexcited carriers is long
(>10–11 s) [2], with the result that the photoelectric gain
is high owing to the low capture rate of carriers in a QD.
The capture rate is low either because of the absence of
allowed energy states between the level in QD and the
band of delocalized states or because of the suppression
of carrier scattering on optical phonons under the con-
ditions when the energy spacing between the quantum
confinement levels exceeds the optical phonon energy.

(iv) dark currents are small (and, consequently, the
operating temperature of the photodetector is high).
The latter circumstance is a consequence of nonin-
volvement of excited states in a QD in the processes of
thermal generation of carriers in allowed bands in the
1063-7826/03/3711- $24.00 © 21345
case when the energy spacings between the QD levels
are sufficiently large.

The most important disadvantages of photodetec-
tors with QD sheets are as follows:

(a) inevitable spread of QD sizes in the array, which
results in inhomogeneous broadening of the absorption
spectrum and a decrease in the absolute intensity of the
photoresponse [2];

(b) low sheet density of QDs (109–1010 cm–2), which
is usually by two to three orders of magnitude smaller
than the typical electron density in 2D subbands in QW
photodetectors (1011–1012 cm–2).

2. FORMULATION OF THE PROBLEM

The elaboration of optical fiber communication
lines and related photonic devices operating in the near-
IR atmospheric window (1.3–1.5 µm) is one of the most
important directions in the development of promising
methods for information transmission. It seems neces-
sary to fabricate in one and the same chip the entire set
of components of an optical fiber communication line:
modulators, demodulators, multiplexers, light emitters,
and, naturally, photodetectors. To reduce the cost of
such systems it is necessary that all the components be
integrated into modern VLSI silicon technology and
formed on Si substrates. However, silicon itself is trans-
parent to photons having a wavelength that exceeds
1.1 µm. Germanium photodetectors have a high sensi-
tivity at ~1.5 µm. This poses the problem of designing
Ge/Si heterostructures photosensitive in a range of
communication wavelengths of 1.3–1.5 µm at room
temperature.

At the first stage, the problem was resolved either by
depositing bulk dislocated Ge layers onto Si [3] or by
growing multilayer strained superlattices GexSi1 – x/Si
[4–6]. Standard performance criteria for these photode-
tectors are the quantum efficiency, and a dark current at
003 MAIK “Nauka/Interperiodica”
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a bias of 1 V or the saturation current in diode struc-
tures. Similar to the case of long-wavelength photode-
tectors, a low dark current is necessary to provide low
threshold power for the detector.

It was shown that for a photon wavelength of λ =
1.3 µm, the quantum efficiency of such devices is η =
1–4.2% under normal incidence of light onto the detec-
tor, and it can reach η = 11% if the end face of planar
waveguides formed on the same Si substrate is illumi-
nated. In the latter case, the transmission of light along
GeSi layers and multiple reflection from the waveguide
walls made it possible to obtain high η. In spite of the
relatively high quantum efficiency, the dark current in
bulk and multilayer GexSi1 – x/Si heterostructures
appeared to be too high. For example, typical dark cur-
rent densities under a bias of 1 V at room temperature
were 10–4–10–3 A/cm2, and the saturation current den-
sity was ~10–2 A/cm2, which strongly exceeded currents
in Si or Ge p–n diodes.

Ge dots
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Fig. 1. (a) Sketch of the cross-section of a silicon p–i–n pho-
todiode with Ge QDs; (b) the energy diagram of the diode
under zero bias.
The next step in the design of high-efficiency Ge/Si
photodetectors was the replacement of continuous GeSi
layers with sheets of Ge QDs. In view of the prospects
for incorporating these elements into Si VLSI circuits,
Ge/Si heterostructures with coherently introduced Ge
nanoclusters seem the most attractive, since there is the
possibility of overgrowing elastically strained Ge lay-
ers with structurally perfect Si layers on which other
components of a VLSI circuit can be then formed.

The production of waveguide structures based on Si
p–i–n diodes with sheets of Ge islands introduced into
the diode base was reported in [7, 8]. A quantum effi-
ciency of η = 2.3% was obtained for λ = 1.3 µm and a
dark current density of J = 4.2 × 10–4 A/cm2 under 1-V
reverse bias.1 The authors of [9] reported the produc-
tion of p–i–n diodes based on Si with Ge nanoclusters,
where a maximum quantum efficiency of 8% at a wave-
length of λ = 1.46 µm and a record-breaking low dark
current of J = 3 × 10–5 A/cm2 were reached. It is neces-
sary to note that, in the above-cited studies, the density
of Ge islands was ~109 cm–2 and the islands had a lat-
eral size of about 100 nm and a height of about 10 nm.
At so large a size, the splitting of energy levels in the
growth plane (~ 1 meV), caused by quantum confine-
ment, is much smaller than the room-temperature ther-
mal energy, and, therefore, all the advantages of QD
photodetectors over systems of higher dimensionality
(e.g., small dark currents) could not be actualized to the
fullest extent. It became evident that further improve-
ment of the device parameters demands reduction of
the QD size to less than 10 nm with a simultaneous
increase in the QD sheet density in order to make the
dark current as small as possible without impairing the
quantum efficiency of photoconversion.

The goal of the present study was to produce a Ge/Si
photodetector containing arrays of Ge QDs with a sheet
density at a level of 1012 cm–2 and a dot size of less than
10 nm, with small dark current and high sensitivity to
light at a wavelength of 1.3–1.5 µm.

3. THE TECHNOLOGY OF PHOTODETECTOR 
FABRICATION 

Photodetectors were Si p–i–n diodes, with 30 sheets
of Ge QDs, separated by Si spacers 20 nm thick, incor-
porated into the base (Fig. 1). To reduce the size and
increase the density of islands, they were formed on a
preliminarily oxidized Si surface.

The samples were MBE-grown on As-doped (001)
n+-Si substrates with a resistivity of 0.01 Ω cm. The
growth temperature was 500°C for both Si and Ge layers.
The growth rate was 0.3 nm s–1 for Si and 0.03 nm s–1 for
Ge. After a standard cleansing of the Si surface, Si
buffer layer 250 nm thick was grown. Then oxygen gas
was fed into the growth chamber, and Si surface was
oxidized for 10 min at an oxygen pressure of 10–4 Pa

1 Here and below the room-temperature parameters of photodetec-
tors are presented.
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and a substrate temperature of 500°C. In this process, a
SiOx layer of several angstroms in thickness was
formed (not shown in Fig. 1). Further, the chamber was
evacuated to a residual oxygen pressure of 10–7 Pa, a
0.5-nm-thick Ge layer was deposited, and germanium
was overgrown with a 20-nm-thick Si layer. The last
three procedures (oxidation, deposition of 0.5-nm Ge,
deposition of 20-nm Si) were repeated 30 times succes-
sively. The multilayer Ge/Si structure was covered with
220-nm Si. The background concentration of B impu-
rity in intentionally undoped Si was (7–8) × 1015 cm–3.
The fabrication of p–i–n diode was done by growth of
200-nm p+-Si (B concentration in the layer 2 × 1018 cm–3)
and 10-nm p++-Si (B concentration 1019 cm–3, not
shown in Fig. 1).

Aluminum films deposited in a high-vacuum cham-
ber were used to fabricate ohmic contacts to heavily
doped Si layers. Columnar diodes were formed by stan-
dard photolithography and reactive ion etching of the
structures to a depth of ~1.7 µm. The cross-sectional
area of mesa-structures varied from 150 × 150 to 700 ×
700 µm2. The dimensions of Al contact pads on the top
p+-Si layer were 80 × 80 µm2. The diode surface was
passivated by depositing a 0.5-µm-thick SiO2 film from
an oxygen–monosilane mixture in a special reactor.

The formation of Ge islands and the quality of Si
layers were monitored in situ by reflection high-energy
electron diffraction (RHEED) (see Fig. 2). After the Si
buffer layer growing, the diffraction pattern exhibits
reflections from (2 × 1) superstructure typical of atom-
ically clean (001) Si surface. Oxidation changes the dif-
fraction pattern significantly. All the superstructure-
related reflections disappear, the bulk reflections
become less pronounced, and the diffusion background
is more intense. This indicates the formation of a solid
SiOx film on the Si surface. After deposition of Ge onto
an oxidized surface, the diffraction pattern typical of
3D Ge islands is observed, with the islands having the
same crystallographic orientation as the silicon sub-
strate, indicative of epitaxial growth. Furthermore, it
was found that Ge islands are formed in this case after
deposition of one Ge monolayer (ML) without the for-
mation of the underlayer typical of the Stranski–Krast-
anow growth mechanism. Therefore, Ge nanoclusters
in this system are completely isolated from one the
other. This fact seems especially important, since the
presence of 2D states in the underlayer can significantly
accelerate capture of carriers in QDs [10, 11].

The mechanism of the formation of Ge islands in
Ge/SiOx/Si system has yet to be explained. The most
probable hypothesis is that, at the early stage of growth,
GeO and SiO molecules are formed in the reaction of
Ge adatoms with a SiO2 film; leaving the surface, these
molecules uncover Si areas on which Ge nanoclusters
are then nucleated [12].

Figure 3a shows an SEM image of a (001) Ge/Si
surface formed after deposition of a single Ge layer of
SEMICONDUCTORS      Vol. 37      No. 11      2003
0.5 nm in thickness. As seen, the surface represents an
array of islands, and Figure 3b shows their profile in the
direction marked by the line in Fig. 3a. Statistical pro-
cessing of the surface profiles yielded an average lateral
size of Ge islands of ~8 nm and a density of ~1.2 ×
1012 cm–2.

(a) (b)

(c)

Fig. 2. RHEED pattern from the sample surface at different
growth stages: (a) (001) Si (2 × 1) after growth of an Si
buffer layer; (b) (001) Si (1 × 1) after oxidation in O2 flow;
(c) 3D diffraction after deposition of 0.5-nm Ge.
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Fig. 3. (a) SEM image of the Si surface after deposition of
a 0.5-nm Ge layer. An image size of 100 × 100 nm2; (b) The
surface profile along the line is marked in Fig. 3a.
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4. DARK-CURRENT–VOLTAGE 
CHARACTERISTICS

Figure 4 shows the dark current density vs. voltage
(J–V characteristics) at room temperature for diodes
differing in area. The current density is virtually inde-
pendent of the diode area, which is indicative of small
surface leakage and predomination of bulk processes in
the charge transport. A ideality factor of n = 1.02 and a
saturation current density of JS = 6 × 10–6 A/cm2 were
determined from J–V characteristics. The ideality fac-
tor is close to unity, which indicates the absence of any
considerable contribution of tunneling and recombina-
tion currents related to possible deep centers in the diode
base. The saturation current density is one to two orders
of magnitude smaller than that in p– - and p–i–n diodes
(10–4–10–3 A/cm2) [13], which implies that the energy
gap in a QD Ge/Si heterostructure is wider than in bulk
Ge, to all appearances due to confinement-induced
quantization of the energy spectrum of holes in the Ge
valence band.

The dark current density at 1-V reverse bias was 2 ×
10–5 A/cm2. To our knowledge, this is the lowest value
achieved hitherto for Ge/Si photodetectors.

5. PHOTOELECTRIC PROPERTIES

Figure 5 shows typical current responsivity spectra
at different reverse biases under normal incidence of
light onto the photodetector surface. The measurements
were made at room temperature. The photocurrent in
the short-circuit mode (a bias of U = 0) was measured
directly with a Keithley electrometer. The photore-
sponse of reverse-biased photodiodes was measured
using a lock-in nanovoltmeter at a light-modulation fre-
quency of 560 Hz. The spectral characteristics of illu-
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Fig. 4. Dark J–V characteristics of photodiodes with cross-
sectional areas of (1) 700 × 700, (2) 500 × 500, (3) 300 × 300,
and (4) 150 × 150 µm2. Recorded at T = 300 K.
mination intensity were obtained using a cooled
CdHgTe photoresistor. As seen, the photosensitivity of
a QD Ge/Si p–i–n diode in near-IR range extends to
wavelengths of 1.6–1.7 µm.

Figure 6 shows the dependence of quantum effi-
ciency η at a wavelength of λ = 1.3 µm on the reverse
bias. The value of η was calculated from the known
relation between the sensitivity R, photon energy hν,
and elementary charge: R = (e/hν)η. With increasing
bias, the quantum efficiency increases and levels off at
|U| ≈ 2 V. Study of capacitance–voltage (C–V) charac-
teristics of diodes has shown that the device capaci-
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Fig. 5. Current responsivity spectra at varied reverse bias on
the photodiode |U|: (1) 0 (short-circuit mode), (2) 0.2, (3) 0.5,
and (4) 2 V. Recorded at room temperature.
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Fig. 6. The quantum efficiency of a photodiode at a wave-
length of 1.3 µm vs. reverse bias.
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tance remains unchanged within a 5% accuracy in the
reverse bias range |0–5| V. This means that the entire
i-layer lies within the space-charge region of ionized
residual boron impurities and QDs do not contain holes
(otherwise, the recharging of QDs with increasing |U|
would give rise to features in the C–V characteristics
[14]). Consequently, all 30 sheets of Ge QDs can be
involved in the band-to-band absorption of light even in
the unbiased state, and it might seem that further rise of
the reverse bias must not lead to any increase in η.

The increase in the quantum efficiency in electric
field can be explained as follows. It is known that the
Ge/Si heterojunction is of type II, since the lowest
energy state for electrons lies in the Si conduction band,
and the lowest state for holes, in the Ge conduction
band (Fig. 1b) [14]. The absorption of photons with
energy lower than the energy gap of Si gives rise to
electron transitions from the Ge valence band to the Si
conduction band. In this process, free electrons appear
in the Si conduction band, and holes, in Ge islands.
Since holes are localized in Ge QDs, electrons make the
major contribution to photocurrent at low electric field.
At high voltage, holes can effectively tunnel from local-
ized states in QDs to the Si valence band; thus, the pho-
tocurrent increases. Evidently, in a sufficiently strong
electric field, when all the photoholes can move away
from QDs, the photoresponse levels off.

Maximum quantum efficiency of detectors was 3%,
which is close to the values obtained for photodetectors
based on strained multilayer GexSi1 – x/Si superlattices.
Further increase in quantum efficiency can be reached
by designing a detector with a waveguide structure
which uses the effect of multiple internal reflection,
e.g., on a silicon-on-insulator substrate.

6. CONCLUSIONS
The main results of this study are as follows.
(1) A method has been devised for fabrication of sil-

icon p–i–n photodiodes for the near-IR (1.3–1.5 µm)
range with incorporated sheets of Ge QDs; with a sheet
density of QDs higher than 1012 cm–2, the dot size less
than 10 nm.

(2) The lowest reported dark current density, 2 ×
10−5 A/cm2 under reverse bias of 1 V at room tempera-
ture, has been achieved in these detectors.
SEMICONDUCTORS      Vol. 37      No. 11      2003
(3) Quantum efficiency under normal incidence of
light onto photodiode reaches 3%, which is close to the
values obtained for photodetectors based on strained
multilayer GexSi1 – x/Si superlattices.
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Abstract–Thermoelements with side heat exchange are studied. These thermoelements differ from conven-
tional thermoelements in the position of their arms: one pair of end sides is in ideal thermal and electrical con-
tact, whereas the other pair is in isothermal contact with a thermostat; thermal flux is incident on one of the side
faces, while the three other sides are adiabatically isolated from the environment. Thermoelectric power and
efficiency under steady-state conditions are investigated. The results obtained are analyzed, and possible appli-
cations are suggested. © 2003 MAIK “Nauka/Interperiodica”.
1. INTRODUCTION

In this paper, we report the results of studying ther-
moelements with side heat exchange (TSHEs), which
differ from conventional thermoelements in the
arrangement of their arms; specifically, the first and
second arms are brought into an ideal thermal and elec-
trical contact by one pair of ends, while the second pair
of ends of these arms are in isothermal contact with a
thermostat at a temperature T0. Steady-state thermal
flux with density q is incident on one of the side faces,
whereas the three remaining side faces are adiabatically
isolated from the environment.

We will consider the thermoelectric emf and current
mode of a TSHE under steady-state conditions. Since a
TSHE represents a zonally inhomogeneous medium
(ZIM), electrical isolation of its side faces gives rise to
Hirose currents in the bulk [1, 2]. We will calculate first
the thermoelectric emf caused by the above currents
and then the efficiency of a TSHE. Finally, we will ana-
lyze the results obtained.

2. THE HIROSE CURRENTS AND TRANSVERSE 
THERMOELECTRIC EMF 
IN A THERMOELEMENT 

WITH SIDE HEAT EXCHANGE

Complex thermoelectric processes are characteristic
of a ZIM. For example, closed thermoelectric currents
arise in a ZIM if there is a temperature gradient over the
boundary between contacting media 1 and 2 under the
condition that the side faces are electrically isolated
[1−5]. These currents were first referred to as eddy ther-
moelectric currents [2], and then, as bulk Seebeck cur-
rents or Hirose currents [3–5]. It was suggested that the
phenomenon of origination of Hirose currents be used
to determine the thickness of metal layers in bimetallic
structures [1] and that the thermal emf, which is trans-
verse to the temperature gradient, be used to reveal
1063-7826/03/3711- $24.00 © 21350
inhomogeneities in the contacting media [2]. It is also
known that a ZIM may be considered as the source of
emf [6, 7]. The emf of a short-circuited thermoelement
made of a ZIM has been calculated previously [8].

In this section, we substantiate analytically the pos-
sibility of fabricating a photoelement whose operation
is based on the phenomenon of the Hirose currents. The
zonally inhomogeneous medium consists of two isotro-
pic thermoelectric plates 1 and 2 (with temperature- and
coordinate-independent kinetic coefficients); these
plates are in an ideal thermal and electric contact (Fig. 1).

A uniform thermal flux with the density q is incident
on the upper surfaces of the plates, whereas the lower
surfaces are adiabatically isolated from the environ-
ment; the side faces (x = –c and x = a) are in isothermal
contact with a thermostat at a temperature T0. It is
assumed (as in [1, 2]) that the ZIM is electrically iso-
lated. In this case, the heat-conduction equation can be
written as

(1)
∂2Ti

∂x2
----------

∂2Ti

∂y2
----------+ 0,=

y

b q

1 2

I II
T0T0

–c 0 q = 0 a x

Fig. 1. Schematic representation of a thermoelement with
side heat exchange.
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where Ti = Ti(x, y) is the temperature of the point (x, y)
in the ith region (i = 1, 2). The boundary conditions

(2)

account for the adiabatic isolation of the lower ZIM
face; the relation

(3)

expresses isothermal contact of the side face with the
thermostat at a temperature T0; and expression

(4)

describes the density of thermal flux that is incident on
the face y = b. Continuity of the thermal flux and tem-
perature at the interface between regions 1 and 2 (x = 0)
can be represented as

(5)

(6)

where κ1 and κ2 are the thermal conductivities of mate-
rials in arms 1 and 2. It is noteworthy that the formu-
lated thermal part of the problem is approximate: in
Eq. (1), we disregarded the Joule heat generated by the
Hirose currents as a negligible quantity; in Eq. (5), we
disregarded the Peltier heat on the same grounds. This
approximation was substantiated and used as applied to
modern thermoelectric materials, e.g., in [3–6].

Equation (1) is solved by the Fourier method. The
solution is given by

where

and Ain and Bin are the integration constants, which can
be determined from boundary conditions (2)–(6). These
constants are expressed as

κ i

∂Ti x 0,( )
∂y

---------------------- 0=

T1 c– y,( ) T2 a y,( ) T0= =

q κ i

∂Ti x b,( )
∂y

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

κ1

∂T1 0 y,( )
∂x

----------------------- κ2

∂T2 0 y,( )
∂x

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

T1 0 y,( ) T2 0 y,( ),=

Ti x y,( ) T0 Di0
q

2κ ib
----------- Fn δny( )cos

n 1=

∞

∑ q
2κ i

-------x2–+ +=

+ Bi0x f in x( ) δny( ),cos
n 1=

∞

∑+

δn = nπ/b, f in x( ) = Ain δnx( )exp Bin δnx–( ),exp+

Di0
qac
2b

--------- c a+
cκ2 aκ1+
-----------------------, Fn 1–( )nb2/ nπ( )2,= =

Bi0
q

2bκ1
------------

c2k2 a2κ1–
cκ2 aκ1+

--------------------------,–=

Ain
q

2κ1b
------------Fn δnc( )exp– B1n 2δnc( ),exp–=
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Let us now formulate the electrical part of the prob-
lem. The density of the Hirose currents is described by
the following components:

(7)

Equations for the potential are written as

(8)

where ψi = (1/e)µi, e is the elementary charge, and µi is
the electrochemical potential. In Eqs. (7), σi is the elec-
trical conductivity and αi is the thermoelectric power.
We solve Eq. (8) by the Fourier method; as a result we
obtain

(9)

where

Ki0, Li0, Gin, and Hin are the integration constants, which
can be determined from the boundary conditions

(10)

(11)

A2n
q

2κ2b
------------Fn δna–( )exp– B2n 2δna–( ),exp–=

B1n
q

2b
------Fn=

×
1 δna–( )exp–[ ] 2 κ2/κ1( ) 1 δnc( )exp–[ ] 1 2δna–( )exp+[ ]–

C
-------------------------------------------------------------------------------------------------------------------------------

+
δnc( ) 1 2δna–( )exp–[ ]exp

C
------------------------------------------------------------------,

B2n
q

2b
------– Fn=

×
1 δna–( )exp–[ ] 2 κ1/κ2( ) 1 δnc( )exp–[ ] 1 2δna( )exp+[ ]–

C
-----------------------------------------------------------------------------------------------------------------------------

+
δ– nc( ) 1 2δna( )exp–[ ]exp

C
------------------------------------------------------------------,

C κ2 1 2δnc( )exp–[ ] 1 2δna–( )exp+[ ]=

– κ1 1 2δnc( )exp+[ ] 1 2δna–( )exp–[ ] .

j1
i( ) = σi

∂
∂x
------ ψi α iT i+( ), j2

i( )–  = σ1
∂
∂y
----- ψi α iT i+( ).–

∂2ψi

∂x2
----------

∂2ψi

∂y2
----------+ 0,=

ψi x y,( ) α iT i– ϕ i0 x( ) ϕ in x( ) δny,cos
n 1=

∞

∑+ +=

ϕ i0 x( ) Ki0x Li0,+=

ϕ in x( ) Gin δnx( )exp Hin δnx–( ), n 1;≥exp+=

∂ψi

∂y
--------

y 0=

0,=

∂ψi

∂y
--------

y b=

α i

κ i

-----q,–=
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(12)

(13)

(14)

The boundary conditions (10) and (11) signify that
the bottom and top ZIM faces are electrically isolated;
condition (12) signifies electrical isolation of the side
faces (x = –c and x = a); and conditions (13) and (14)
express the continuity of electric current and potential
at the x = 0 boundary. Using conditions (10)–(14), we
obtain expressions for the integration constants; i.e.,
K10 = K20 = 0, while L10 and L20 are related by the
expression

We also have

where

Consequently, the Hirose currents appear in a ZIM
under the above thermal and electrical boundary condi-
tions; the components of these currents are given by
expressions (7).

Let us now determine the potential difference
between points I and II (Fig. 1) ∆ψI, II = ε, which can be

∂
∂x
------ ψ1 α1T1+( )

x c–=
 = 0, ∂

∂x
------ ψ2 α2T2+( )

x a=
 = 0,

σ1
∂
∂x
------ ψ1 α1T1+( )

x 0=
σ2

∂
∂x
------ ψ2 α2T2+( )

x 0=
,=

ψ1 x 0= ψ2 x 0= .=

L10 L20 α1 α2–( ) T0 D10+( ).+=

G1n σ2∆n 2δna–( )exp 1–[ ] 2δnc( )/Pn,exp–=

G2n σ1∆n 2δnc( )exp 1–[ ] 2– δna( )/Pn,exp–=

H1n σ2∆n 2δna–( )exp 1–[ ] /Pn,–=

H2n σ1∆n 2δnc( )exp 1–[ ] /Pn,–=

Pn σ2 2δna–( )exp 1–[ ] 2δnc( )exp 1+[ ]=

– σ1 2δna–( )exp 1+[ ] 2δnc( )exp 1–[ ] ,

∆n α1 α2–( ) q
2κ1b
------------Fn f 1n 0( )+ .–=

I

T0

II

1

T0

q = 0

q

θ

y

0
a x

b

Fig. 2. Schematic representation of a thermoelement made
of a thermoelectrically anisotropic crystal. Line 1 represents
the crystal axis.
interpreted as the thermoelement’s emf. The expression
for ε is written as

(15)

where ∆α = α1 – α2.
If exp(δnc) @ 1 and exp(δna) @ 1, the sum in (15) is

a small quantity and can be disregarded. For example,
the second and third terms of the sum are smaller by a
factor on the order of 103 than the first term in (5) if
∆α = 500 µV/K, κ1 ≈ κ2 ≈ 10–2 W/(cm K), a = c = 3 cm,
b = 0.2 cm, and q = 1 W/cm2. In this case, the quantity
ε is given by

It can be seen that the emf is independent of the ther-
mostat temperature and electrical conductivities σ1 and
σ2; rather, the emf is controlled by differences in ther-
moelectric emfs, thermal conductivities κ1 and κ2, and
the density of the incident thermal flux, and it depends
on the dimensions a, b, and c of plates 1 and 2. The
numerical value of ε is equal to 1.15 V for the above
values of the other parameters.

Let us compare the calculated emf with the emf of
an anisotropic thermoelement that operates under iden-
tical thermal and electrical conditions. The potential
difference ∆ψI, II transverse with respect to the incident
thermal flux (Fig. 2) was calculated previously [6].
A thermoelectrically anisotropic material with constant
kinetic coefficients was chosen as the basis for an
anisotropic thermoelement. It is assumed that κ and σ
are isotropic quantities and the thermoelectric power
α12 = (α|| – α⊥ )/2 (i.e., θ = 45°), where α|| and α⊥  are the
longitudinal and transverse (with respect to the crystal
axis) components of thermoelectric power, which are
independent of the coordinates and temperature. The
potential difference between points I and II is equal to
∆ϕI, II = 0.05 V at α12 = 150 µV/K, κ ~ 10–2 W/(K cm),
a = 2 cm, b = 4 cm, and q = 1 W/cm2 (see [6]). Numer-
ical calculation yields ∆ϕI, II = 0.12 V for the same
material constants and for a = 3 cm and b = 0.2 cm.

Consequently, we may state that the transverse emf
of a zonally inhomogeneous medium (or a thermoele-
ment with side heat exchange) is much larger than the
emf of an anisotropic thermoelement. The scheme
under consideration also has the advantage over an

ε ∆αT0– L10 L20–+=

+ 2 ∆n

σ2 2δnc–( )exp 1–[ ] δnc( )exp
D

-----------------------------------------------------------------------




n 1=

∞

∑

–
σ1 2δnc( )exp 1–[ ] δnc–( )exp

D
-----------------------------------------------------------------------



 δnb

2
--------,cos

D σ2 2δna–( )exp 1–[ ] 2δnc( ) 1 ]+exp=

– σ1 δna–( )exp 1+[ ] δnc( )exp 1–[ ] ,

ε ∆αq
2b

----------- ac a c+( )
aκ1 cκ2+
-----------------------.=
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anisotropic thermoelement, which is subjected to a
thermal effect using two thermostats [3, 5].

To conclude this section, we note that the emf under
investigation is not passive; i.e., this emf cannot be used
to generate current: if an external circuit is connected to
points I and II (Fig. 1), the condition for electrical insu-
lation is violated and the above-derived expressions
become invalid.

3. THERMOELEMENTS WITH SIDE HEAT 
EXCHANGE IN THE MODE 

OF ELECTRICAL–ENERGY GENERATION 

The circuit design of a loaded TSHE differs from
that of a TSHE that operates in the mode of thermal emf
(Fig. 1) in that there is a current with density j along the
x axis. As an addition to the above-described design, we
mention that the size of the TSHE along the z axis is
denoted by h. The ends at x = –c and x = a are in ideal
thermal and electrical contact with a thermostat at a
temperature T0. The thermostat is made of a material
with high electrical and thermal conductivities (for
example, copper), so that the conditions for constancy
of both the temperature at the end faces and the electric
current are satisfied. The latter approximation was
used, for example, in [9, 10].

Under the aforementioned thermal conditions of
TSHE, both the thermal flux and the temperature distri-
bution are two-dimensional. Consequently, the problem
primarily consists in determining the temperature dis-
tribution.

3.1. The Temperature Distribution

The generalized heat-conduction equation is written as

(16)

Here, γi = ρi j2/κi, where ρi is the resistivity and j is the
current density.

The boundary conditions are given by

(17)

(18)

(19)

(20)

(21)

∂2Ti

∂x2
----------

∂2Ti

∂y2
---------- γi+ + 0.=

κ i

∂Ti x b,( )
∂y

---------------------- q,=

∂Ti x 0,( )
∂y

---------------------- 0,=

T1 c– y,( ) T0, T2 a y,( ) T0,= =

κ1

∂T1 0 y,( )
∂x

-----------------------– α1 jT1 0 y,( )+

=  κ2

∂T2 0 y,( )
∂x

-----------------------– α2 jT2 0 y,( ),+

T1 0 y,( ) T2 0 y,( ).=
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The solution to Eq. (16) is written as

(22)

where δn = nπ/b; and Ai, Bi, Ain, and Bin are the integra-
tion constants, which can be determined from condi-
tions (17)–(21). These constants are given by

where

Ti x y,( ) q
2κ1b
------------ x

2
y2–( )– Aix Bi

γix
2

2
---------–+ +=

+ Ain δnx( )exp Bin δnx–( )exp+[ ] δny,cos
n 1=

∞

∑
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1
c
---B1

1
c
---T0–

1
2
---γ1c–

q
2κ1cb
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1
a
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1
a
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1
2
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q
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κ2
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B2 B1

qD0

2κ1
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κ2 κ1–
κ2

----------------, D0+ 2/3( )b2,= =

B1

aκ1 cκ2+( )T0 1/2( ) ρ1c ρ2a+( ) j2ac+
aκ1 cκ2 ∆α jac–+

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

+
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

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–
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Consequently, there is a two-dimensional tempera-
ture distribution in the loaded TSHE under consider-
ation. This thermoelement can operate both in the mode
of electrical-energy generation (in which case, the
intensity of the current that flows through the external
resistance Reis equal to I = jbh) and in the mode of cool-
ing (in which case, I is the current intensity that is gen-
erated in the thermostat by an external source).

3.2. The Efficiency of a Thermoelement 
with Side Heat Exchange

The most important characteristic of a loaded TSHE
is the efficiency

where q(a + c)h is the heat supplied to the upper face of
the TSHE and Q0 is the heat released to the thermostat.
If the temperature distribution is known, we can calcu-
late Q0; i.e.,

where

Performing mathematical transformations, we
obtain

× 1 2δnc( )exp–[ ] q
2b
------Dn

1 δnc( )exp–
κ1

-------------------------------+

–
1 δna–( )exp–

κ2
----------------------------------- κ1δn 1 2δnc( )exp+[ ]{

+ ∆α j 1 2δnc( )exp–[ ] } ,

Ln κ2δn 1 δna–( )exp–[ ] 1 2δnc( )exp–[ ]–=

+ κ1δn 1 2δnc( )exp+[ ] ∆α j 1 2δnc( )exp–[ ]+{ }
× 1 2δnc–( )exp–[ ] ,

∆α α 1 α2, Dn– 1–( )n 1–[ ] 4b2/ πn( )2.= =

η
q a c+( )h Q0–

q a c+( )
-----------------------------------,=

Q0 h q1
1( ) c– y,( ) yd

0

b

∫– h q1
2( ) a y,( ) y,d

0

b

∫+=

q1
i( ) κ i

∂Ti x y,( )
∂x

----------------------– α iT i x y,( ) j.+=

Q0 q a c+( )h ∆α j
q

2κ1b
------------D0 B1+ 

  bh+=

+ ρ1c ρ2a+( ) j2bh ∆α jT0bh.–
We then use the expressions for Bi and η to obtain

here, we took into account that the current flows in the
negative direction of the x axis (Fig. 1). It can be seen
from the above expression that the value of η primarily
depends on the term q(a + c)/2b. Therefore, the TSHE
height should be small, whereas the value of q should
be large. Let us assume that the condition q(a + c)/2b @
∆αjT0 + (1/2)(ρ1c + ρ2a)j2 can be satisfied if the values
of j are sufficiently small. Then, assuming also that

we find that the efficiency is given by

The above conditions are satisfied if, for example,
a = c = 1 cm, b = 0.1 cm, κ1 = κ2 = 10–2 W/(cm K), ∆α =
10–4 V/K, ρ1 = ρ2 = 10–3 Ω cm, and q = 2 W/cm2. Here,
it should be taken into account that the value of j is lim-
ited by the TSHE internal resistance. Let us estimate
the largest attainable value of j. To this end, we write
the equation

(where µi is the electrochemical potential), which fol-
lows from Ohm’s law. Integrating this equation with
respect to x between –c and a and taking into account
that the voltage drop across the thermoelement is equal
to jRebh, we obtain

Notably, if the TSHE height b is small, we may
assume that ∆T = const. If Re = 0 (the short-circuit con-
ditions), the value of j is the largest; i.e.,

where the value of ∆T is controlled by the value of the
thermal-flux density q. For example, if ∆T = 20 K, we
have jmax = 5 A/cm2. We find that the highest efficiency
is equal to 6% for the aforementioned material and
dimensional constants.

η b
q a c+( )
--------------------=

×
∆α jac q a c+( )/2b[ ] ∆α jT0– 1/2( ) ρ1c ρ2a+( ) j2–

aκ1 cκ2 ∆α jac+ +( )
-------------------------------------------------------------------------------------------------------------------------





–
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--------------------------------------------------------------





,

∆α jac
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η 1
2
--- ∆α jac

aκ1 cκ2 ∆αac+ +
--------------------------------------------.=

ρi jdx d µi α iT i+( )=

j y( )
∆α T1 0 y,( ) T0–[ ]
ρ1c ρ2a R2bh+ +
--------------------------------------------

∆α∆T
ρ1c ρ2a Rebh+ +
------------------------------------------.= =

jmax
∆α∆T

ρ1c ρ2a+
-----------------------,=
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The loaded TSHE considered in this study can be
used as a sensor of thermal radiation or as a current gen-
erator.
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Abstract—Separate-confinement InGaAsP/InP heterostructures with highly strained quantum wells are grown
by metal–organic vapor-phase epitaxy (MOVPE). The properties of InGaAsP and InGaAs quantum wells are
studied, and the influence of the heterostructure parameters on the lasing wavelength is analyzed. The grown
structures are used for designing high-intensity multimode and single-mode mesa-stripe laser diodes operating
in the range λ = 1.7–1.8 µm. The maximum continuous-wave lasing power achieved at room temperature is
1.6 W and 150 mW for multimode and single-mode laser diodes, respectively. Single-mode lasing is retained
up to 100 mW. © 2003 MAIK “Nauka/Interperiodica”.
INTRODUCTION

The operating wavelength range of semiconductor
lasers available for commercial production is becoming
greater every year. This progress is caused by the rapid
development of techniques for epitaxial growth of solid
solutions. The interest in long-wavelength (λ = 1.7–
2.0 µm) diode lasers is due to the great number of their
possible applications. For example, high-power multi-
mode lasers emitting in the range 1.7–2.0 µm are
widely used in medicine and for pumping holmium-
doped crystals. Single-mode lasers operating in the
same spectral range are promising for communication
systems with ultra low optical loss [1], as well as for
ecological monitoring [2] and spectroscopic analysis of
industrial gases [3].

The design and fabrication of such lasers are in
progress in a number of laboratories where a high tech-
nological level of metal–organic vapor-phase epitaxy
(MOVPE) and molecular-beam epitaxy (MBE) is
achieved [4–9].

At present, there are several possible approaches to
producing laser diodes emitting in the medium infrared
range. In particular, solid-solution systems AlIn-
GaAsSb/GaSb [10, 11] and InGaAsP/InP [2, 12, 13]
can be used. For a number of reasons, the InGaAsP/InP
system is more convenient from a processing point of
view for the production of laser diodes with wave-
lengths up to 2 µm [14]. We investigated the optical
properties of highly strained In1 – xGaxAs/In0.53Ga0.47As
quantum wells grown on InP substrates [15–17]. The
maximum photoluminescence (PL) wavelength
obtained was 1.66 µm at 77 K (1.85 µm at room tem-
perature) [16]. Such structures are known to forma
1063-7826/03/3711- $24.00 © 21356
type-II heterojunction (wide-gap barrier layer–strained
quantum well) [17]; because of this fact, the lumines-
cence efficiency was low.

Emission from InAs quantum dots grown on InP
substrates also falls in the range 1.7–2.0 µm. Structures
with quantum dots were fabricated both by MOVPE
[17–19] and MBE [20–22]. However, the efficiency of
luminescence from InAs quantum dots still remained
low [19]. One of the reasons for this may be that the
electron–hole overlapping integral is small in such dots
[23]. The best result obtained was a lasing threshold of
11 A/cm2 at liquid-nitrogen temperature; however, at
200 K, the threshold value was as high as 2 kA/cm2

[24]. No lasing was observed at room temperature. No
advantages of quantum-dot structures over quantum-
well structures were revealed in the spectral range con-
sidered.

Another candidate for designing 1.7 to 2.0-µm
lasers is the InAsN solid solution [25, 26]. However,
studies in this area are still prospective and do not give
a clear idea of how promising systems based on this
solid solution are.

In this paper, we report on the fabrication and inves-
tigation of highly efficient 1.7–2.0 µm semiconductor
lasers grown by MOVPE technique in the system of
InGaAsP/InP solid solutions.

The structure of this paper is as follows: Section 2
contains analysis of the possibility of obtaining the
maximum lasing wavelength in heterostructures with
active regions based on InGaAsP/InP solid solutions.
Sections 3 and 4 contain the results of experimental
optimization of the composition of the active region in
003 MAIK “Nauka/Interperiodica”
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order to obtain the highest efficiency of lasing. Analysis
of these results is performed in Section 4.

OPTIMIZATION OF HETEROSTRUCTURES

With the aim of extending the operating range of
InGaAsP/InP heterolasers with strained quantum wells
(QWs) to long wavelengths as far as possible, we
searched for the optimal heterostructure parameters. In
the entire range of compositions, the band gap (Eg) of
ternary solid solutions In1 – xGaxAs is narrower than that
of quaternary solid solutions In1 – xGaxAsyP1 – y with the
same lattice constant a. Therefore, the use of InGaAs
quantum wells for active regions is preferable. Despite
this fact, the optimization was carried out both for the
structures based on In1 – xGaxAs and In1 – xGaxAsyP1 – y
quantum wells (the latter had a low phosphorous con-
tent: y = 0.93).

The lasing wavelength was calculated as a function
of the lattice mismatch (∆a/a), the QW width d, and the
composition of the wide-gap barrier layers enclosing
the QW. Figure 1 shows the wavelengths corresponding
to the peak of PL from QWs formed by quaternary
InGaAsP and ternary InGaAs solid solutions, calcu-
lated as functions of d for two values of ∆a/a (1% and
1.5%). In all cases, InGaAsP, which is isoperiodic with
InP, was chosen as a wide-gap barrier (Eg = 1 eV).
According to our calculation, the maximum wave-
length is obtained for the widest QWs subjected to
maximum compression. The maximum allowable
strain is related to the critical QW width dc. In QWs
whose width exceeds the critical value, misfit disloca-
tions appear and the PL intensity drops. One can deter-
mine the critical width both experimentally and theoret-
ically. This value depends on a number of factors, in
particular, the material of the QW and the wide-gap
barrier, the growth temperature, the substrate orienta-
tion, and the quality of the layers. Hence, the theoreti-
cally predicted value of dc may differ appreciably from
the QW width at which the PL efficiency drops in the
experiment. For a given mismatch in the lattice con-
stants of the materials in contact ac–ab (ac and ab are the
lattice constants of the active region and the wide-gap
barrier layer, respectively), the critical width of an
active region can be estimated as

where

(1)

This simplified expression, which is derived from
Matthew’s universal formula [27], yields an overesti-
mated value. For the structures under study, formula (1)
yields dc = 207 and 140 Å at a mismatch of 1% and
1.5%, respectively. The constants ac and ab are deter-
mined in (1) at the growth temperature (700 K).

As can be seen from Fig. 1, with a fixed lattice mis-
match, the lasing wavelength is larger for InGaAs quan-

dc b/ 2 f( ),=

f ac ab–( )/ac, b ac/ 2.= =
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tum wells. An increase in mismatch, which results in a
red shift of the PL-band peak, is due to the increasing
mole fraction of InAs in the ternary solid solution
InGaAs. However, an increase in the InAs mole frac-
tion leads to a decrease in the QW maximum width,
which is limited by the critical value dc. From below,
the QW width is limited by the requirement to provide
the threshold lasing conditions.

The calculation performed for the strained quantum
wells (Fig. 1) includes the following stages. First, we
determine the lattice constant ac that corresponds to the
compression εp = (ac – ab)/ac for a given ab of the wide-
gap barrier material. Then, using Vegard’s rule

(2)

for a solid solution with a known phosphorous content
y and a lattice constant that is different from that of InP,
we find the value of x and the band gap Eg [28]:

(3)

Here, aInP, aInAs, aGaP, and aGaAs are the lattice constants
of binary compounds.

The corresponding constants for the In1 − xGaxAsyP1 – y
solid solutions and, then, the value of the band gap for

the strained solid solution ( ) were calculated with the
use of linear approximation of the deformation potentials
and elastic moduli of binary compounds [29, 30].

In order to calculate the wavelength of emission
from a strained active region, one should determine the
effective band gap with regard to the electron and hole
quantum-confined levels in the QW (with the corre-

sponding depths ∆  and ∆ ). For this purpose, we

ac aInP 1 x–( ) 1 y–( ) aInAs 1 x–( )y+=

+ aGaP 1 y–( )x xyaGaAs,+

Eg 1.35 0.668x 1.17y– 0.758x2 0.18y2+ + +=

– 0.069xy 0.322x2y– 0.03xy2.+
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s
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Fig. 1. The calculated wavelengths of the peak of PL from
QWs formed by (2, 4) quaternary InGaAsP and (1, 3) ter-
nary InGaAs solid solutions vs. the QW depth for the lattice
mismatch ∆a/a = (1, 2) 1.5% and (3, 4) 1%. 
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first determined in terms of the model [31] the values of
band discontinuities characterizing the QW depths ∆Ec

and ∆Ev in an unstrained solid solution. It turned out
that, for unstrained solid solutions, the difference ∆Eg =

 – Eg (  and Eg are the band gaps of the barrier
layer and QW, respectively) is distributed nearly
equally between the conduction and valence bands; i.e.,
the value of ∆Ec amounts to approximately 50% of ∆Eg.
For strained solid solutions, ∆Ec was equal to 37% of
∆Eg; the QW depth ranged between 122 and 154 meV
for electrons and between 211 and 261 meV for holes.

Our calculations show that, with an increase in com-

pressive strain, the difference (  – Eg) increases, but

the absolute value of  diminishes due to a decrease
in Eg of solid solutions with larger lattice constant ac and
correspondingly longer emission wavelengths (Fig. 1).

Using InGaAsP with a narrower gap as a wide-gap
barrier layer makes the electron QW shallower and,
thus, increases the emission wavelength (Fig. 2). How-
ever, a considerable narrowing of the barrier band gap
(with the aim of maximizing the emission wavelength)
enhances the escape of electrons from the active region. In
this study, we chose an optimal barrier band gap of 1 eV.

When the QW material contains phosphorous, the
PL-band peak shifts to shorter waves. For example,
with a constant mismatch, the addition of 7% of phos-
phorous to a ternary solid solution forming a QW
decreases the PL-peak wavelength by 65 nm on average
(Fig. 1).

Furthermore, regardless of the composition of a
strained QW, an increase in its width from 50 to 100 Å
decreases the band gap by about 40 meV (~100 nm) due
to the shift of the quantum-confined levels.

Eg
b Eg

b

Eg
s

Eg
s

2.00

1.98

1.96

1.94

1.92

0.7 0.8 0.9 1.0 1.1 1.2

Wavelength, µm

Eg
w, eV

Fig. 2. The calculated wavelength of the peak of PL from an
80-Å-thick strained (∆a/a = 1.5%) InGaAs QW vs. the band
gap of InGaAsP barrier layers.
Our theoretical analysis suggests the following. The
maximum available emission wavelength (2 µm) can be
attained only with InGaAs quantum wells under the
condition that their width does not exceed 120 Å and
the lattice mismatch is within 1.5%. A quantum well
with a band gap corresponding to an emission wave-
length of 1.8 µm can be fabricated using either a ternary
solid solution InGaAs or a quaternary solid solution
InGaAsP as an active-region material. The latter variant
is less preferable from the viewpoint of maximizing the
emission wavelength, because its implementation
requires a larger mismatch between the lattice parame-
ters of a QW and a barrier.

EXPERIMENT: 
GROWTH OF STRAINED ACTIVE REGIONS 

As we demonstrated in the previous section, there
are two ways to implement a quantum well with a band
gap corresponding to an emission wavelength of
1.8 µm. For the experimental study of these two ways,
we fabricated a series of photoluminescence structures.
All the samples consisted of wide-gap undoped
InGaAsP barrier layers of the same composition and a
narrow-gap quantum well.

When elaborating the growth technique for struc-
tures with strained QWs 90 Å wide based on the qua-
ternary solid solution InGaAsP, we made an attempt to
increase the PL wavelength above 1.8 µm by reducing
the phosphine partial pressure by 20% at a constant par-
tial pressure of arsine with equal consumption of the
metalorganic material. As a result of this, the PL-band
peak completely vanished. This result evidently stems
from the fact that the considerable lattice mismatch
between the materials of a QW and a barrier leads to an
increase in the compressive strain above the critical
value, which results in an avalanche formation of dislo-
cations in the active region.

When strained QW structures with the PL-peak
wavelength exceeding 1.8 µm were based on the ter-
nary solid solution InGaAs, an increase in the indium
content to 20% did not increase the compressive strain
above the critical value; therefore, the PL band was
retained. However, in structures emitting at a wave-
length of 1.74 µm, an appreciable broadening of the PL
line was observed (Fig. 3), which, in our opinion, is
related to the deterioration of the quality of the
InGaAs/InGaAsP heterojunction as compared to that of
the InGaAsP/InGaAsP heterojunction.

For structures emitting at a wavelength of 1.8 µm,
with an active region formed of InGaAsP, the PL line
was narrower than that of the structures with an InGaAs
active region (the QWs had identical widths and band
gaps) (Figs. 3a, 3b).
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LASER HETEROSTRUCTURES: 
GROWTH AND PROPERTIES

Multimode Laser Diodes

Research into the PL properties of QW structures
based on InGaAsP and InGaAs solid solutions has
shown that both of them can be used to form active
regions in semiconductor heterolasers. In order to opti-
mize the composition of the active region, we fabri-
cated a number of QW separate-confinement hetero-
structures with an active region based on either
InGaAsP or InGaAs. The structures under study
included the following epitaxial layers: heavily doped
n-InP (Si, N = 6 × 1017 cm–3) and p-InP (Zn, P = 7.8 ×
1017 cm–3) emitters and a nominally undoped waveguide
based on a InGaAsP solid solution 0.5 µm thick (Eg =
1.03 eV) [31]. The active region was formed of either
two strained InGaAs QWs (a heterostructure of the
KR1274 type) or two strained InGaAsP QWs (a hetero-
structure of the KR1278 type). The QWs, both of which
were 90 Å thick, were separated by an InGaAsP
200-Å-thick barrier layer (Eg = 1.03 eV). Then, mesas-
tripes with a width of W = 100 µm were formed by pho-
tolithography in the insulating SiO2 layer. Then we
formed with Au/Te and Au/Zn ohmic contacts to the
structures. After that, each structure was divided into
laser diodes with a cavity length L = 500–4000 µm. By
magnetron deposition, the cavity edges were covered
with Si/SiO2 mirrors with the reflection coefficient R >
0.95 and antireflection coatings with R < 0.04. These
samples of laser diodes were mounted on copper heat
sinks using indium solder.

The current–power (I–P) characteristics of the sam-
ples were measured in continuous-wave (cw) mode
with a heatsink temperature of 20°C. These data were
used to determine the external differential quantum effi-
ciency ηd and the threshold current densities for lasers
based on the structures of both types with cavities of
different lengths. The inverse value of ηd versus the
cavity length L is plotted in Fig. 4. Using the well-
known formula relating ηd to the characteristic param-
eters of the heterostructure,

(4)

(here, ηi is the internal quantum yield of stimulated
emission, αi is the internal optical loss, and αext is the
optical loss at the output), we determined the values of
ηi and αi for the heterostructures of both types. They
turned out to be ηi = 58% and αi = 9.5 cm–1 (KR1274
series) and ηi = 50% and αi = 5.6 cm–1 (KR1278 series).
It can be seen that using InGaAsP as a material for the
active region allows us to considerably reduce the inter-
nal optical loss. This fact suggests that the internal loss
in these heterostructures is primarily governed by the
characteristics of the active region. One of the causes of
such a significant difference in the internal optical

ηd η i

α ext

α i α ext+( )
-------------------------=
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losses may be the deteriorated quality of the hetero-
junction between the quaternary solid solution of the
waveguide and the ternary solid solution of the active
region.

The internal quantum yield of stimulated emission
ηi remained low for both InGaAsP and InGaAs hetero-
structures. However, the value of ηi for InGaAsP hetor-
ostructures emitting in the range between 1.3 and
1.6 µm was close to 100% [32]. The decrease in ηi we
observed could have been caused by the higher thresh-
old density of free carriers in QWs, which is primarily
due to the high intensity of nonradiative Auger recom-
bination [33]. Another factor that increases the thresh-
old density is the ejection of electrons from QWs into
barrier layers [34].
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Fig. 3. PL spectra of (1) InGaAs and (2) InGaAsP QWs at
room temperature.
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Fig. 4. The experimental dependences of the inverse exter-
nal differential quantum efficiency 1/ηd on the cavity length
for (1) InGaAs/InGaAsP/InP laser diodes (KR1274 series)
and (2) InGaAsP/InGaAsP/InP laser dioder (KR1278
series).
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Figure 5 shows a typical I–P characteristic of lasers
based on KR1278 structures. The peak output power
attained in continuous-pumping mode at room temper-
ature was as high as 1.6 W. The corresponding external
differential quantum efficiency remained at a constant
level of 0.18 W/A until the drive current reached 4.5 A.
It should be noted that the output power of the laser
diodes with a cavity length of 1.4–2 mm tended to a
constant value at a drive current of 11–12 A, respec-
tively. In our opinion, this phenomenon is related to the
low internal quantum yield of stimulated emission, the
high internal optical loss, and the high effective differ-
ential resistance σs = 1.2 × 10–4 Ω cm2. There is no point
in increasing the cavity length above 2 mm, since a high
internal loss would result in the reduction of ηd in this
case.

0.5
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0 2 4 6 8 10 12
Drive current, A

Voltage, V CW output power, W
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1

2

Fig. 5. (1) Current–power and (2) current–voltage charac-
teristics of a laser diode based on a KR1278 structure with
W = 100 µm and cavity length L = 2 mm, coated with anti-
reflection (5%) and high-reflective(95%) dielectric layers.
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Fig. 6. Current–power characteristic of a laser diode based
on a KR1278 structure with cavity length L = 2 mm and
stripe width W = 4.5 µm, coated with antireflection (5%)
and high-reflective (95%) dielectric layers. Lasing in cw
mode with a heatsink temperature of 20°C.
The threshold current densities in four cleaved sam-
ples ranged between 300 and 350 A/cm2, which is twice
as high as that for lasers emitting at 1.3 µm [9, 35]. This
fact may be explained by the low efficiency of the inter-
nal quantum yield of stimulated emission [36].

We also studied the temperature dependences of the
threshold current density of the laser diodes under con-
sideration. An increase in the temperature of the active
region impairs their radiative characteristics [37]. One
of the reasons for such behavior is the increase in the
threshold concentration of charge carriers in a QW
[38], which primarily affects the threshold current. In
order to characterize the temperature sensitivity of the
threshold current, we measured the I–P characteristics
of laser diodes in pulsed mode at different heat sink
temperatures. Exponential approximation of the experi-
mental temperature dependences of the threshold current
Ith in the range 10–70°C by the empirical expression

yields the characteristic parameter T0 = 50–60 K for the
laser diodes with a cavity length of 1–2 mm. This value
of T0 is minimum for laser diodes based on
InGaAsP/InP heterostructures with an operational
range of 1.3–1.55 µm [39]. The increase in the temper-
ature sensitivity may be attributed to the fact that the
Auger recombination in the active region becomes
more intensive with increasing lasing wavelength. This
circumstance does not mean, however, that a further
increase in the QW depth is ineffective for improving
the temperature stability of the radiative characteristics
[38, 40]. For example, the use of the AlInGaAs/InP
solid-solution system with a deeper QW for laser
dioder emitting at 1.8 µm made it possible to increase
the characteristic parameter T0 by more than a factor of
1.5 [40, 41] compared to the conventional InGaAsP/InP
solid-solution system.

Single-Mode Laser Diodes

Single-mode laser diodes of mesastripe type were
fabricated on the basis of heterostructures with an
InGaAsP active region [39]. In the mesastripe construc-
tion, single-mode lasing is attained due to the step in the
effective refractive index in the plane parallel to the
p−n junction (∆nL). As we showed in [31], there are
many factors that affect the value of ∆nL. The most
important of them are the concentration of free charge
carriers and temperature. These factors are difficult to
take into consideration because both the concentration
of free carriers in the waveguide and in the active region
and the temperature of the layers vary with the drive
current.

With the aim of maximizing the power of single-
mode lasing, we calculated the parameters of the stud-
ied structure in terms of the passive-waveguide model
[42]. The parameters to be determined were the etching
depth and the stripe width, with the specified parame-

Ith T( ) Ith 300 K( ) T 300 K/T0–( )exp=
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ters of the grown heterostructure. When forming a
mesastripe of required height, a 70-Å-thick InGaAsP
stop layer was grown in the p-InP emitter to stop the
selective etching. Taking into account the results of cal-
culations, we applied the conventional postgrowth
treatment [39, 31] to the described structure to fabricate
mesastripe heterolasers with the stripe width W =
4.5 µm and different lengths of the Fabry–Perot cavity
L = 200–2000 µm. The diodes obtained were soldered
stripe down on copper heatsinks using indium solder.

177017601750 1780
Wavelength, nm

Intensity, arb. units

Fig. 7. Emission spectrum of a laser diode based on a
KR1278 structure with cavity length L = 2 mm and stripe
width W = 4.5 µm with a drive current of 1.5Ith.
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Fig. 8. The distribution of the intensity of far- field emission
in the plane parallel to the p–n junction at different values
of output optical power of a laser based on a KR1278 struc-
ture with cavity length L = 2-mm and stripe width W = 4.5 µm;
lasing in cw mode. Field width at half-maximum Θ||, deg:
(1) 10.5, (2) 10.6, (3) 10.9, (4) 10.7, (5) 11.1, (6) 10.6, and
(7) 10.1. Output power in cw mode, mW: (1) 5, (2) 20,
(3) 40, (4) 60, (5) 80, (6) 100, and (7) 120.
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The I–P characteristics of the fabricated devices
were measured in CW mode with a heatsink tempera-
ture of 20°C. Figure 6 shows a typical dependence of
the output power on the drive current for the laser
diodes with the cavity length L = 2000 µm and antire-
flection and reflective dielectric layers (the respective
power reflection coefficients are 5 and 95%) deposited
on the cavity edges. The peak output power of such
lasers attained 150 mW and was limited by the heating
of the active region.

Figure 7 shows the output spectrum of the single-
mode laser operating in cw mode with a drive current
of 1.5Ith. The separation between neighboring modes in
the spectrum corresponds to the distance between zero
longitudinal modes of a Fabry–Perot cavity. This obser-
vation confirms the fact that the laser diode operates in
the fundamental optical mode.

Our experimental data on the lasing wavelength ver-
sus the drive current in cw mode are indicative of a
smooth red shift of the emission spectrum with an
increase in the injection level. This shift occurs at a con-
stant rate of 0.375 Å/mA. This corroborates the fact that
the active region heats up under continuous pumping.

The distribution of the intensity of the far-field
emission of a laser diode in the plane parallel to the
p−n junction at different drive currents is shown in
Fig. 8. It can be seen that the width of the peak at half-
maximum is the same up to the drive current equal to
9Ith, which indicates single-mode lasing. A further
increase in the drive current results in a shift of the far-
field pattern (Fig. 8). In our opinion, this circumstance
is related to the beam steering effect [31]. The peak
power of single-mode cw lasing at maximum drive cur-
rent was as high as 100 mW, which is a record value for
single-mode lasers operating in the range λ = 1.7–
1.8 µm [13, 14, 43].

CONCLUSIONS

(1) We showed both experimentally and theoreti-
cally the possibility of obtaining with the use of
MOVPE InGaAsP/InP heterostructures with QWs
formed from highly strained InGaAs or InGaAsP epi-
taxial layers emitting at 1.7–1.8 µm.

(2) It is established that the quaternary solid solution
InGaAsP is preferable for use as an active region in sep-
arate-confinement InGaAsP/InP heterostructures: the
internal optical loss in such structures can be reduced to
5.6 cm–1.

(3) On the basis of the heterostructures developed,
we designed a multimode and a single-mode laser emit-
ting in cw mode at 1.76 µm with a peak power at room
temperature of 1.6 W and 150 mW, respectively.
Despite the enhanced effect of Auger recombination in
the fabricated diode lasers with highly strained active
regions, we managed to obtain the value T0 = 60 K.
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