R.N. RAHIMOV, D.H. ARASLY, A.A. KHALILOVA

PHONON SCATTERING IN (InSb)ag_z)—(InyGeTe),

SOLID SOLUTION

R.N. RAHIMOV, D.H. ARASLY, A.A. KHALILOVA

UDC 532

®2005

Institute of Physics, Nat. Acad. Sci. of Azerbaijan
(33, H.Javid Ave., Baku Az-11/3, Azerbaijan; e-mail: rashad@physics.ab.az)

The thermal conductivity of (InSb)y(;_z)—(In2GeTe), (with
0 < z < 0.1) solid solutions at temperatures between 80 and 300
K has been studied. Experimental data has been analyzed on the
basis of the existing theories of solid-state thermal conductivity.
The essential role of N processes in the phonon scattering in
(InSb)a(1—z)—(In2GeTe), solid solution has been established.
The observed dip in the temperature dependence of thermal
conductivity is explained by the phonon resonance scattering
by various complexes.

1. Introduction

(InSb)y(1—4)—(InyGeTe), solid solutions have defect
structure. In the In—Sb—Ge—Te system, Ge atoms
occupy places in both the anionic and cationic
sublattices owing to the varying valence. As a
consequence, they turned out to be in crystallographic
nonequilibrium positions. A change of the composition
heterogeneity degree of InyGeTe in (InSb)y;_z)—
(InyGeTe), solid solutions and a change in the anion
valence should affect the physical properties of the
solutions, especially the thermal ones.

In our previous works [1, 2], the electrical and optical
properties of (InSb)y(;_,)—(InyGeTe), solutions have
been studied, and it is shown that the quasilocal level
of a donor is formed by 0.21—0.19 eV above the bottom
of the conductivity band. In this case, this level is
displaced in the direction of the band gap with increasing
temperature and the In,GeTe-component content [2].

The present paper deals with the thermal
conductivity of (InSb)y_,)—(InyGeTe),depending on
the In,GeTe content and temperature.

2. Experimental Results and Discussion

(InSb)y(1—4)—(In2GeTe), solid solutions have been
obtained by the method of quick cooling of the InSb
and InyGeTe “ternary” compound and quenching from
a melt. The obtained samples then were annealed for 14
days [3]. The electron concentration is varied within of
n=(3+7) x10® cm~3.
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The thermal conductivity of (InSb)y1_z)—
(InyGeTe), (0 < z < 0.1) solid solution has been
measured by the absolute stationary method and flash
light method between 80 and 300 K.

The temperature dependence of the thermal
conductivity — of  (InSb)y_,)—(InaGeTe),  solid
solutions, K(T'), is shown in Fig. 1. As seen from
the figure, the value of K reduced with increasing the
In,GeTe content and the temperature dependence of
the thermal conductivity is weakened. About 100 K, the
anomalous dip in K(T') is observed.

The electron share of the thermal conductivity
computed in accordance with the Widemann—Franz
formula is 5% of Kexp. Therefore, changes in the thermal
conductivity are related to phonon processes in the
investigated range of temperatures.

The thermal conductivity can be reduced by the
phonon scattering by introduced lattice imperfections of
the InpGeTe component. In the case of solid solutions,
such point defects are substitutional atoms, vacancies,
and interstitial atoms. When larger numbers of foreign
atoms are added to the host lattice by melting,
the thermal conductivity decreases significantly.
Consequently, the analysis of the (InSb)y_p)—
(InyGeTe), thermal conductivity dependence on the
content of InyGeTe at room temperature has been
carried out by the well-known Klemens formula [4, 5]
taking into account the Umklapp three-phonon processes
and the phonon scattering by point defects:

K, =Ky <ﬂ> arctan (w—D> , (1)
9% ») Wo

where

wo. > _ hv?
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Here, K is the thermal conductivity of the lattice in
the absence of defects; wp is the maximum phonon

T
T 4qed’

(2)

F=z(1-=2) (3)

ISSN 0508-1265. Ukr. J. Phys. 2005. V. 50, N 6



PHONON SCATTERING

01,5 4 .
.-
- 0,71 T ]
) j"-..:_
E 05 As ]
S as] W T 1
B L
= = -'h.
E 0,44 .‘* L B & ]
-E 1,3 4 ™ . -.' 4
o ., . b il
0,2 Dtk B T Ty el
-l L -
g C il +1.¢-" 4 a g
0,14 - L5
0,0 T T T T 1
&0 [fEL 1] 2y 2:H) NN
Tempernture (K}

Fig. 1. Thermal conductivity of (InSb)y(;_z)(In2GeTe), solid

solutions versus temperature

frequency in the Debye model; wy is the frequency,
at which the relaxation rates due to the point-defect
scattering (7, = Aw*) and U-processes (7;," = Bw?T),
in which total momentum is changed by the reciprocal
lattice vector, are equal; V' is the atomic volume, v
is the phonon velocity; 6 is Debye temperature; I' is
the disorder parameter including local changes in the
density and elastic properties of the alloy, when one
atom is replaced with another, and M is determined as
M = 2(1 — x) Mnsp + 2 Min,GeTe. In general, e should be
regarded as a phenomenological adjustable parameter.
In the case of A®B® semiconductor compound, the
parameter € is determined from the relation between
elastic constants and atomic volume. The relation Aéd/9,
according to Abeles [6], may be substituted for Aa/a,
where a is the lattice constant. The parameters, which
are necessary for the computation, have been taken
from work [7] and are linearly extrapolated for solid
solutions. It should be noted that, in a solid solution,
the term related to a local change of the material
elastic properties makes its significant contribution to
the disorder parameter, I'.

The thermal conductivity —of (InSb)yq_gz)—
(InyGeTe), at room temperature versus the alloy
composition and the result of computations are
presented in Fig. 2. As seen from Fig. 2, the experimental
data are below the computed curve 1. It may be
supposed that a significant quantitative divergence
between the theoretical and experimental data is related
to that the normal three-phonon process was not taken
into consideration.
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Fig. 2. Thermal conductivity of (InSb)(; _,)—(In2GeTe), at room
temperature versus the alloy composition (dots ) and the result of
computations (curves 1, 2) with formulas (1), (4), respectively

It is known that heat is generally transported by
longitudinal phonons in solid solutions because of the
strong scattering of high-frequency phonons by point
defects. However, the interaction between longitudinal
phonons, with the conservation of the quasi-momentum,
may influence the lattice thermal conductivity at high
temperatures.

The influence of N-processes on thermal conductivity
at T > 6@ in alloys was considered in [6, 8]. Abeles
[6] proposed a phenomenological approach based on
the model presented in [9] for the lattice thermal
conductivity of disordered semiconductor alloys at
high temperatures. He considered three kinds of the
relaxation (normal three-phonon processes, Tﬁl =
BNnw?T, Umklapp three-phonon processes, ;' =
Byw?T, and the phonon scattering by point defects,
" = Vwil'/4mv®) and obtained the following formula
for the lattice thermal conductivity:

1 arctany
K=K
0 <1+50/9> [ y

(1 — arctany/y) )
(1+C)/C)(y*/5) = (y*/3) + 1 —arctany/y |’

+

where
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— WD/Y0) o By /By
1+5C/9° ~/Bu;

C being the adjustable parameter indicating how many
times N-processes are stronger than the U-processes.
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Fig. 3. Comparison of the experimental data on thermal
conductivity versus temperature and the result of computations
by formula (5) (curves 1, 2, 3) for (InSb)y(;_,)(In2GeTe), alloys
with x = 0.003, 0.01, and 0.02, respectively

The results of computations have been plotted in
Fig. 2. Curve 2 calculated with formula (4) with the
adjustable parameter C' = 1.6 fits well our experimental
data. It shows the essential role of N-processes in
the phonon scattering in (InSb)y(;_)—(InyGeTe),, solid
solution.

The dip observed in the temperature dependence of
the thermal conductivity near T = 100 K (Fig. 1) is
of great interest. The observed features in the narrow
interval of temperatures evidently indicate a realization
of the resonance phonon scattering. A similar K(T)
behavior was also observed for pure A®B® compounds
at a temperature below 50 K [10—13], and we consider
that it is related to the resonance phonon scattering.
However, the nature of the resonance phonon scattering
center is not clear yet.

In In;_,Ga,As [14] and GaSb—GayTe;z [15] solid
solutions, a dip in K (T) is also observed and is connected
with the resonance phonon scattering by impurity-
vacancy complexes.

The resonance phonons scattering is observed at
a comparatively “high” temperature near 7' = 100 K
in A3B® alloys in contrast to binary compounds. The
analysis of the temperature dependence of thermal
conductivity is carried out in the framework of the
well-known Callaway—Klemens’ model by the following
formula:

3 2
e (57) |0+ 2. (5)

T 27w 3
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The combined relaxation time 7. includes phonon-
scattering processes, crystal boundary scattering, normal
three-phonon process, Umklapp three-phonon process,
Rayleigh scattering by point defects, and phonon
resonance scattering:

7.t = v/L+ Av' + (By + Bu)w®T® + 77, (6)

where L is the sample length. For the relaxation rate
of phonon resonance scattering, the following expression
given in [16] should be used:

RwW>T?
2

-1 _
Tp =

27
(w? —w%)

where wg is the resonance frequency.

For the comparison of the calculated data with
experiments, we have used the method of least squares.
In Fig. 3, the experimental data and the curves
computed by formula (5) for three of (InSb)yq_z)—
(InoGeTe), alloys (with z = 0.003, 0.01, and 0.02)
are plotted. As seen from Fig. 3, the introduction
of the relaxation time of the resonance phonon
scattering in the combined relaxation time enables
one to describe qualitatively the dip observed in the
temperature dependence of the thermal conductivity.
Values of the approximation coefficients are given in
Table.

It should be noted that the adjustable parameter, A,
is considerably different from the computed parameter
of alloy-disorder scattering determined by formula (2).
Probably, this is connected with the presence of the
other defects. It is assumed that the nonequivalence of
the nearest environment of the same atom in a solid
solution can result in the formation of various complexes,
whose presence brings about the features of phonon
scattering.

3. Summary

The investigation of thermal conductivity of
(InSb)2(1—¢)—(In2GeTe), solid solution indicates that
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Parameters used in the computation of the phonon thermal conductivity of (InSb)z(1_g)—(In2GeTe). alloys with

x = 0.003, 0.01, and 0.02

z Aexp x 1042 Acale X 1044 By x 1024 By /By R x 1026 wo x 10712 v/L x 1076
(s%) (s%) (sK™?) (sK~?) ) (s
0.003 4.7 0.41 2.03 1.6 4.28 5.8 1.23
0.01 9 1.37 2.03 1.6 4.28 5.8 2.05
0.02 11.4 2.72 2.32 1.6 4.28 5.8 2.51

the normal processes play the essential role in the
phonon scattering by point defects together with
Umklapp processes. In the temperature dependence of
the thermal conductivity at about 100 K, we have
observed the dip. This dip is qualitatively described by
the Klemens—Callaway formula, when the relaxation
time of the resonance phonon scattering is included
in the combined relaxation time. It is assumed that
complexes can be centers of resonance phonon scattering
in the solid solutions.
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PO3CIAHHA ®OHOHIB ¥V TBEP/JIOMY PO3YUMHI
(InSb)Z(l,I)f(InzGeTe)m

P.H. Pazimos, /I.I. Apacau, A.A. Xanirosa
Pesmowme

Hocnimkeno remronposipuicts Tepaux posuuuis (InSb)y;_g)—
(InoGeTe), B inrepBani Temmeparyp 80—300 K. Exkcmepmmen-
TaJdbHI pe3yJbTaTH I[IPOAHATI30BAHO HA OCHOBI CydYacHOI Te-
opil Tepmiumoi mposigHocTi TBepaux Tin. BcranoBmeHo cyTTeBy
ponb N-mporecis y poacismaa doronis y cnmasi (InSb)y;_,)—
(InpGeTe), . Bussnene 3arnubienns Ha Kpusiil TemnepaTypHOi 3a-
JIEXKHOCTI TEeIJIONPOBITHOCTI MOSICHEHO PE30HAHCHUM PO3CISHHSAM
GdoHOHIB Ha PI3HEX KOMIIJIEKCAX.
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