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It is shown in the present work that the change in the slope of K-vs-T curve, which occurs
in CdS and CdTe at a temperature beyond the conductivity maximum, can be explained by con-
sidering the separate contributions of longitudinal phonons and transverse phonons. The values
of the limits of the different conductivity integrals for the different acoustic branches are taken
from the theoretical work of Nusimovici and Birman for CdS and from Hayes’s work for CdTe.
The present work also establishes that transverse phonons make a major contribution towards

phonon conductivity.

I. INTRODUCTION
It is now well established that in several semi-
conductors there occurs a change in the slope of
K-vs-T curve in the high-temperature region and

that this cannot be explained by one conductivity
integral as given in Callaway’s! theory of phonon
conductivity. The well-known examples are Si and
Ge. ? Holland? explained the high-temperature re-
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sults in the semiconductors on the basis of two-
mode conduction. The distinction between longi-
tudinal phonons and transverse phonons as carriers
of thermal energy leads to different conductivity
integrals, and hence there is a possibility of ex-
plaining the phonon-conductivity results consistently
both in the high-temperature as well as in low-tem-
perature regions. The temperature dependence of
phonon conductivity of II-VI semiconductors (Cds
and CdTe) is also similar to what is observed in

Si or Ge. Both in CdS and CdTe, ? there occurs a
change in the slope of K-vs-T curve, which

cannot be explained on the basis of Callaway’s
theory based on Debye’s approximation.

Recently, Moore and Klein* have studied the
phonon conductivity of pure and doped CdS and
arrived at certain conclusions regarding the scat-
tering of phonons by impurity and by themselves.
Since the experimental results are confined to the
temperature range 1.4-80 °K and they have not
made any attempt to explain the earlier results of
Holland, * who studied the phonon conductivity of
CdS in the temperature range 1.3-300 °K, their
conclusions regarding phonon-phonon scattering
are not valid for the entire temperature range.
Holland® also could not explain his experimental
results in CdS and CdTe in the entire temperature
range on the basis of Callaway’s theory.

Recently Hamilton and Parrott® have shown that
the thermal transport in Ge in the temperature
range 1-400 °K is mostly due to transverse phonons.
Transverse phonons thus deserve special consider-
ation. It has been shown in the present work that
the previously unexplained phonon-conductivity re-
sults of CdS and CdTe can be accounted for quite
successfully in the entire temperature range if
one considers the separate contributions of trans-
verse phonons and longitudinal phonons. The
values of the phase velocity and the limits of the
conductivity integrals for the different acoustic
branches for CdS are taken from the theoretical
work of Nusimovici and Birman. ® Similarly for
CdTe, we have relied on the results of Hayes.’

II. PHONON CONDUCTIVITY

The phonon conductivity, according to Holland, 2
can be expressed as

K=%Ky +%(K1'1+"1'z) ’

where
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Here kjp is the Boltzmann constant and v, and v,
are transverse and longitudinal phonon velocities.
©,, ©;, and O, are given by

wl(%qmu) T,)=kp0,/k,

W (@max Ta) =kp02/7,
and

w3(Gmax, La) =kgOs/i.

We have relied on the theoretical values of w,, w,,
and wy as we could not come across any experi-
mental data in both cases of CdS and CdTe, al-
though the values of phonon frequencies near the
zone boundary have been estimated from infrared
spectra by some workers, 81°

The relaxation rate due to the boundary scatter-
ing of phonons is given by the expression 7;! = C/L,
where C is the average phonon velocity as given by

1/C=3(1/v, +2/vy) .

L is the effective scattering length and, according
to Casimir, ! is given by L=1.12V5, where S is
the area of the rectangular cross section of the
crystal. The value of 73 is further corrected by
a factor F, which, according to Ziman, > measures
the effect of finite sample length.

The relaxation rate due to the scattering of
phonons by point defects is

7t =Aw' = (VI /410%)w*
= (V°/41|"U3) |Z‘f| (1 - mi/%)ziw‘ .
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FIG. 1. Comparison of the theoretical values of the
phonon conductivity of CdS with the experimentally ob-
tained values in the temperature range 1-300 °K. Theo-
retical values are represented by solid lines and experi-
mental values by circles.
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TABLE I. Phonon frequencies at zone boundary and at

3 Imax*
Substance Ty L, Ty at 3 quay
(cm™!) cm™) (em™)
Cds 42 175 32
CdTe 50 122 32

Here V, is the atomic volume, f; is the relative
abundance of the ith isotope of m,, and m is the
average mass of the species.

The relaxation rates due to phonon-phonon scat-
tering for the transverse acoustic phonons are
given by

3-phonon, T,
'r}‘vl =BpiwT 4 ,

O<w< Wy
3-phonon, T,

"';:‘ = (Bran)wZT ’
Wy <w< (OF}
3-phonon, T)

Ty = (Broyw’T,

(OF) <w< (OF)

so that
TR+ 7 (Ta, 0y <0 <wy) = [ (Bpg)y + Bra)ylw?T
= anzT,
and for longitudinal acoustic phonons!?
|73+ 75| v 0cw cog = BLo®T* .
Thus, the conductivity integrals take the form
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TABLE III. Values of 7g and A obtained theoretically
and also by adjustment for the best fit between experiment
and theory.

Sub- Tg(theor)  T7glexpt) Aftheor) A(expt)
stance (107%sec) (10~%sec) (10"*sec’) (107*sec?)
Cds 1.6 1.0 6.21 10.2
CdTe 2,32 2.78 9.8 22,5
3
py = l?_ng keTY 1
2r R (Ura)w1<w<wz

e xi(ef-1)2dx

63/T
X _[ i Alkg/B)*T *x* + By, (kg /HPT %
1

Here Br,, Br, and By are treated as adjustable
parameters, which can be evaluated from the best
fit between the theoretical and experimental values
of phonon conductivity in the entire temperature
range.

III. RESULTS AND DISCUSSION

The values of the various parameters in the
analysis of phonon-conductivity results in CdS and
CdTe in the temperature range 1-300 °K are given
in Tables I-IV. Table I gives the values of the
phonon frequencies at the zone boundary of CdS
and CdTe, respectively. CdS exists in two struc-
tures: wurtzite and sphalerite. For thesetwo
structures of CdS, the values of gp,, for the first
Brillouin zone are different in the required direc-
tion. However, if one considers Jones zone, the
value of g,,, in the required direction is the same
for both structures. Comparing the dispersion
curves in the [111] direction of sphalerite and the
[0001] direction of wurtzite, Nusimovici and Birman
found that (i) there is complete degeneracy in
transverse branches and (ii) a little nondegeneracy
in case of the longitudinal phonons (see Fig. 10 of
Ref. 6). So for convenience of the calculations,
we have taken the average value of zone-boundary
phonon frequency in the case of longitudinal phonons.
For CdTe, we have taken the values of w at the
Brillouin-zone boundary, as it exists only in one
dominant zinc-blende structure. The values theo-
retically calculated by Hayes” and by Mani'* are
approximately the same, so we have taken the

values given by Hayes. In Table I the values of

TABLE II. Values of phonon velocities and limits of the conductivity integrals.

Sub- vy iz Vo (SH 6, O3 F?
stance (10%cm/sec) (105cm/sec) (105cm/sec) (°K): °K) K)

Cds 4,42° 2,68 0.84 45,9 60.3 250. 4 0.84
CdTe 2.97°¢ 2,32 1.30 45,9 72,0 175.6 0.80

2Reference 12.
PFrom A. R. Hutson, J. Appl. Phys. 32, 2287 (1961).

°See D. G. Thomas, J. Appl. Phys, 32, 2298 (1961).



388 SOOD, SINGH, AND VERMA 3

TABLE IV, Values of adjustable parameters.

Substance By, Br, B,
[°K)™) [sec CK)"']  [sec (°K)*¥]
cds 8.2 x10"1! 1.76x10"1® 2,6 x10°%8
CdTe 6.3x10"1 5.22x10"®  1,86%107%

the phonon frequencies at 3¢, are also given.
The values of transverse phonon velocities in the
two regions have been evaluated by the ratio of
the slopes of the dispersion curve in the two re-
gions.

iV. CONCLUSION

It may be seen from Figs. 1 and 2 that the pres-
ent approach explains the temperature dependence
of the phonon conductivity of CdS and CdTe in the
entire range 1-300 °K. The present approach con-
sists in the consideration of separate contributions
of longitudinal and transverse phonons towards
thermal conductivity as outlined by Holland for Si
and Ge. The present calculations, which are
based on the relaxation-time approach, further
establish that transverse phonons make a major
contribution towards phonon conductivity of II-VI
semiconductors such as CdS and CdTe. This con-
clusion is in agreement with the result of Hamil-
ton and Parrott in Ge, obtained on the basis of
variation treatment. The change in the slope of
K-vs-T curve for CdS and CdTe is explained very
well on the basis of two-mode conduction. How-
ever, K-vs-T curves show slight dips just after
the conductivity maximum, which are due to the
resonance scattering of phonons due to impurities.

10}
8 L K=K 4+ Kri+ Kra
o} ——— THEORETICAL
8 ® EXPERIMENTAL
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FIG. 2. Comparison of the theoretical values of the
phonon conductivity of CdTe with the experimentally ob-
tained values in the temperature range 1-300 °K. Theo-
retical values are represented by solid lines and experi-
mental values by circles.

No attempt has been made in the present work to
explain these dips in the phonon-conductivity curves.
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