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Abstract
Callaway formula is used to invesfigate the lattice thermal conductivity for nine compounds from the

ternary group I-II-VI2 semicanductors at the temperature range from 5 to 300K. The maximum
conductivities are found to be inthe tenrperature range 5-15K.The effects of the Debye temperature on
lattice thermal conductivity as weil as maximum conductivity are invesfigated in some details. Many
imperical formula are found to relate these compounds with their lattice thermal conductivities. The

effects of carrier impurities (N) on this type of conductivity for the compound CuInSe2 are investigated

and the N^ dependence is fcrund.

KeyWOfdSl- Lattice thermal conductivity, ternary compounds , semicon<luctors . impurity effects.

Introduction
Thermal properties of semiconductors

have recently attracted a lot of attention of
researchersll,2,37. That, first, because of
the continuous scaling down of the feature
sizes in microelectronic devices and
circuits, rvhich leads to an increase in the
power dissipation per unit area of the
semiconductor chip. So the size effect
influence on the thermal conduction
becomes extremely irnportant for the
design and reliability of the device[4]. A
second factor is a rebirth of the field of
thermoelectric materials, which has been
brought about by the emergence of the
large number of new artifieially
slmthesized nnaterials, including those
structured on an atomic scale[S].

Erbil ,

Sulaimani,

Ternary I-trtr-VI2 glotlp semiconducting
compounds are legardecl as a valence
analogs to the II-VI cornpoundsf6]. They
crystallize in the chalcopyrite structure
which is closely related to that of the zinc-
biende[7].The space lattice for
chalcoplr:ite structure is a body-central
tetragonal and the reciprocal lattice is a

face*central tetragonalfS].
In this work, an application of the

current understanding of the theoretical
frame *,ork of the lattice thermal
conductivity of some compountls of the
ternary group I-[I-VI2 semiconductors
w-ill be investigated.

Methods of calculation
The Callaway model is used to

calculate the lattice themlal conductivity
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for several temary chalcopyrite semi-
conducting compounds from the group
I-[-VI2. This model was used
successfully to calculate this phenomenon
for lementary and multinary compound
semiconductors at temperahres ranging
from low up to near their Debye
temperatures ( 6, ). The mathematical

model which has been proved by
Callaway is[9];

ts kB (kr\' *
^= zrfuV )' '
..... ....(1)

n\ilx=_ tS tne
ku T

as follows :The relaxation tirne

imp-urity scattering T o is given

form 111l;

-1 t4T D-Aw ....(4)

Where A i, the impurity skength

meter,lil is the angular frequency.

due to

by the

paru-

Ai,
enlT 4 x-r Xe

lr ---^-dxi' € -1)'
Where

reduced phonon energy

*
parameter, /? is the Dirac constant, w is

the phonon flequency, k u i, the

Boltzmann constant and T is the
interested absolute temperature. The

speed of sound I calt be calculated from
the relationf10];

, _!np{L),,, (z)n o7T

where E is the atornic unite volume. Tc

is the combined relaxation time which is

the additive combinations due to

impurities 7r, phonon-phonon T pt , and

the boundary scattering processes T B, ds

follows [9]:

-i -l -r -rTc =TD *Ton *Ta ..(3)

These scattering processes can be verified

(s)

, =4f,rr-#)'
M =Z f, u,

i

a sum of at least two terms {4r"*4,*5,

where the former is due to the scattering

by distributions of isotopes of the

elements in the compound and that can be

given by the form [12] :

V
Airo: , l I

+7r v

Where I is a parameter given by :

fu{ - ,M t,t + yM sq + zM 
sa1

Where:

ful i, the average atomic mass, .fi *d

IVIi arethe fraction and atornic weight of

the ith isotope rerrpoctively. While Ai-o is

regardecl as the scattering caused by
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impurities, which is given byf11]:

A, =tmp

.........(6)

3 {/ S,'
lx v3

lr]Y t*o

Where ,S, is the scattering factor

which usually has a value of nearly to

unity f 13 j, and Ni*p ts the concentration

of impurities.

The phonon-phonon scattering

relaxation time is assumed to be due to

the Umklapp processes u'hich is given

by[la] :

,u-'= Bu w'f ,-# .,.....(T)

Where B u is the Umklapp parameter

strength and is given by:

Bu =
t y'

M- v' 0,,

Here, T it th" anharmonicity parameter

called Gruneisen constant , for these

ternary compounds it is assumed to be

equal to(l .7) U), b is a fitting parameter

which can be deduced experimentaliy,

and it is related to the type and structure

of materials and the value 2 was used in

this work. However, it has been repofied

that the value of b is in the range of l-5

111,15"161.

Fina1ly, the relaxation time rr-l for the

boundary scattering process is given by

l17l:

-1 Yr , -' = ,r: ." ."".. .".(8)

Where F is the experimental fitting factor
and usually suggested tn be equal to unity

for the diffusely conduction's , L"is the

Casimir length which is equal to 117,181:

L" = r.12 4L, L2

rvhere Lrrlrare the dirnensions of the

cubie samples. By substituting eqs.(4). (7)

and (8) into eq.(3), a new equation can be

obtained in the form as :

tr-'= A wo +B,w'T e+ ++ '. . -"' - (9)
L.

Using x = one gets:

,r-' =:rfo.a + Exz +1) ........(10)

where

D = !-- ,t 1!nL1,

By inserting eq.(10) in to eq.(1), a

cornplete formula will be obtained for the

lattice thermal conductivity which is

called the Calla.Nay expression as :

hw
T*T

a,
E=!-r.tfl,T t n-T-r'
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...........(11)

This is the relation which is used for the

intermediate range of temperatures.

Results and analysis

Calculated lattice thermal conductivity

for nine compound semiconductors from

the group I-ru-VIz are represents in

Fig.(1).

The data used for this calculation are

reported in Table(l). In these calculations

isotops are used as they have the effects

of impurities. That is because isotops are

considered to be one of the major types in

which have a scattering similar to that of
the impurities. Their influences on the

crystal will result from the difference in

their masses as well as the interatomic

force constant compared to that of the

host atomsfl5]. The more concentration is

for the isotopic impurity the less will be

the conductivity maximum, as can be seen

in Fig.(2).

where it is found to be changes according

to the relation ;

K.,"**(A16o):67 .22(,,;'0'4802

This could be attributed from the fact that

impurities are destroy the perfect perio-

dicity of the lattices and consequently,

scatters the phonons which lead to a

thermal resistance[l1]. It has been sugg-

ested that the state of the best purity of the

specimens may be limited by scattenng
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from isotops[19]. However, at 1ow temp-

eratures, the resistivity due to isotops will

alrnost be the most pronounoed effect

ivhich can be used as a guide to determine

the high of the conduotivity maximum as

indicateel in Fig.(3).

An imperical relation for the temperature

dependence K6x1(Ai5o) fo. these ternary

cornpounds will be obtained from this

figure as :

K.u*(Airo):6'0187 e 
0 165r

The Debye temperature dependence of

ternperature for the r(*ur(Airo) was also

evaluated in this I'ork as indicated in

Fig.(a).

The increase in the Debye temperature

will produce a cofl:esponding increase in

T[K*,*(Aiuo)] according to the relation ;

Fig.( 4 )Vari3t,oo ol tenperaturein v&ich tho @ndudlvily
@lmum du€to A& 15osuffi veBslhg Dob\atampsBtoE

L--

T[K*u,(Ai,o)]: 10.223 L*{0o1 - 4l.092

Experimental results have been indicated

that for temperature T ) O.t 0r, the

lattice thermal conductivity will mainly

be cr:ntrolled by the U-process[20]. In this

range of temperature, it has been found

that, the conductivity was expressed by

_oo
( K*. e br 

). Hence, a higher thermal

conductivity should be resulted for

materiais which have higher 0p as shown

in Fig.(5).

However, a cun'e titing for this figure

will give equations for K for the three

compounds AgGaS2 , CulnSe2 atrd

CuInTe2 respectivily as followes:

LnK:0.5283 0DlT -- 0.87

LnK=0.466 qult - 0.819

11
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The examination of the impurity

dependence of lattice thermal

conductivity at the conductivity maximum

and for temperature below and above that,

are shown in Fig.(7).

Then, the impurity dependence of conduc-

tivity can be obtained and found to

change according to N;60* [13],where x is

found to be equal (-0.6837),(-0.587) and

(-0.39a5)for conductivity maximum,

below and above that respectively.

However, for a strong scattering process

and for a wide range of impunty

concentration, x is found to be in the

ranse (-0.75) to (-0.5s) 1211.

LnK-0.441 qorc _ a.VS

The impurity effects on the lattice thermal

conductivity is investigated in the ternary

compound CuInSez (L":0.274 and N;n,o

from reference[22] the data used for this

calculation are reported in Ttable{Z},

which the results are drawn in Fig.(6).
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Conclusion

Thermal conductivities are calcuiated

theoretically for nine compounds ftom

I-il-VIz ternary semiconductors. Max-

imum values is found for CuInSz at i5 K

while the minirnum is for AgInTe2 at 5 K.

A rnathematical relation is fonnulated f,or

the Debye temperature dependence of

K*u*(Airo). Thermal conductivity depe-

ndence on carrier impurities Ni*p*

indicates a strong scattering processof

phonons. Then, the impurity depende nce

CuAITer

CuInS2

AgGaSz

CuInSer

CuGaTer

CuInTez

AgInSe;

AgGaTe2

AgInTe2

1

1

3

4

5

l6
i

7

8

I

of conduc- tivity can be obtained and

found to change according to Nin p*

[l3],where x is f'ound to be equal

(-0. 6 8 3 7),(-0. 5 8 7)and(-0. 3 945 ) for

conductivity maximum, below and above

that respectivily. Hcwever, for a strong

sca-ttering process and for a rvide range

of imp-urity concentration, x is found to

be in the range (-0.75) to (-0.55) 1211.

62"9

1,21.4

93.5

42.6

30.6

31.55

28

20.5

18.2

Tfite(l): parameters relcted ta calculatio*s af lattice tlzerntal conduetivity for nine

compounds in the ternary graup l-tril-Ylzsetniconductors.All compaunds suggested to have c cubic

shape with dimensions of 5 mm.

o

U

eD

(K)

Ai,o : isotop strength param€ier calculated by using equ.(S).

K,,** :maximum conductivity at a maxi.mum temperature T**.

Y *lot

(cm/sec)

2.65

1.88

1.99

2.s9

3.29

4.09

6.22

7.51

8.3
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15

l5

t5

t0
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5
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259

207

177

lso

138

1r,

113

2.47 i 60.6

2.44 I ro.4

?.a2 I 84.0s

1.8 I 97.18

1.63 I 108.4

1.s I 9s.13

136 I 108.3

1.28 I 119.5

7.62

2,125

,1

2.46

114

3.01

117

3.63

3.86

1.23

0.327

0.55

2.67

5.09

5.7

7.04

l3

13.5
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Table(2):Calculated parameters related to the lattice thermal condwctivity und the

conductivity maximumforfour samples of the compound CuInSe2.
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Samples N6p*I0"

("nt')
Aro *I0*

(sec3)

A1*p*10*

(sec3)

A*10*

(se"l

R"*10""

(seclK)

r_*
(Wcm.K)

T

(K)

41 2.67 7,67 2.59 33,52 t5

42 0.84 2.67 58.9 61.57 2.59 4.61 15

43 1.5 2"67 105.2 107.87 2.59 3,14 l5
44 4.',i z,o I 3295 332.17 2.59 7.424 15
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