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Abstract

The callaway model is used to calculate lattice thermal conductivity for the doped CuGe2Pr

semiconductor between 1 and 300K. Generally, the effects of doping with S, Se, Zn, are increase this

phenomena exoept for that af Ln-Zt:t doped which is reduces thermal conductivity from that of the

undoped samples. The lughest values of r( is found for the 7-n-doped sample to be 0.57Wcm.K while the

lowest is found far I*Zn doped to be 0.15 Wcm.K. The effects of the impurity concentrations N at K**

is changes according to N0'622 and the r(,* for all concentrations does not affected by the temperature.

Results are analysed according to; first, the Rayleih scattering process with the longe wave length

effect as well as the resonance scattering process and, second is the dependence on the chemical

formation of the compound.

Keywardsilattice thermal conductivity, Semieonductors, CuGe2P3, Ternary

compounds.

Introduction
The ternary semiconducting

compound CuGezP: has increasingly an

attraiting attentir:n beginning from 1950th

of the last century[l]. That's due to the
limitation of the research activities on this
compound in which it gives a good chance
for achieving many imporlant research
works regarding the technological as well
as academic point of vierv. The crystal
structure for this compound is a zinc-tlend
diamond like tlpe with Cu and Ge are

randomly distributed on the cation lattice
while P is occupy the anion lattice[2]. The
study of semiconducting properties lbr
CuGezP: will also provides a foundation
for the study of many other compounds
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from its temary $oup I-IVzV: as *'ell
as many other similar compounds such as

CuzGeS: and CuzGeSe3[3].
This compound has been first

prepared as a polycristalline by
Gor,vunova[4], then as a single crystals it
was prepared by using a modification
achieved on the Bridgman technique for
crystal growth by Omar[S]. In regards of
the crystallographical point of view, a

high quality thin films have been prepared

by using a direct evaporation technique
with that of the annealing processf2]. The
elastic behaviourf6], the solid solution
with other semiconductors[7], its Lattice
thennal expansionl6,8,9], the heat
capacity and the Deby temperatureflOl,
thermoelectric powerfl 1], the infrared
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reflectivity[12], optical
propertiesl13], electrical and DTA, as
well as many other physical properties
have been investigated for this
compoundfl4].

ln recent years, thermal properties of
semiconductors have attracted a lot of
attentions[15], this is due to continuos
scaling down of the feature sizes in
microelectronic device and circuits, which
is leads to an increase in power dissipation
per unit area of the semiconductor chip.
Another resion is the rebirth of the field of
thermoelectric materials in such away
that, engineer material parameters or
material geometry will be quite important
for thermal conductivity in a particular
direction[15]. A rnicrostructure limit of
lattice thermal conductivity limited by
umklapp, impurity as well as boundary
scattering effects has interested due to the
increase in the application in the highly
advanced integrated circuits[16]. Thermal
management is also important in device
design as well as photonic devices such
as vertical cavity surface emitting
lasers[17].

Electrically active impurity atoms
provides an attractive defects in
semiconductors, in which can be shrdied
by thermal conductivity
measurementsf18]. The purity and
structure perfection of the host lattice and
the ease rvith which definite amounts of
known impurities can be addsd over a
wide range of concentrations.However,
many artieles have been reportedf19,20],
describing thermal conductivity
measurements and analysis for both
elementary and multinary semiconducting
compounds and. insulators.

kr this work, Lattice therrnal
conductivity for the compound CuGezPl
will be calculated by using the Callaway
formula and the results will be analyzed in

regarcls of the temperature and the doping
effects.

Methods of calculation
The Calaway model was used to

calculate the Lattice thermal conductivity
1'or several doped semiconducting
cornpound samples of CuGe2P3. This
model is suitable to calculate this
phenomenon for this tlpe of compounds
at ternperatures from very low up to near
their Deby temperature 0p[21]. The
mathematieal model which has been
proved by Callaway is;

K= 
=ku, 

(4f"|' 'r'r*o ;,nr n*-*,,Ztr'u'h' i @r-l)'- '-

where *: !*=, is the reduced phonon
krT'

energy patameter,lt is the Dirac constant,
w is the phonon frequency, ftr is the
Boltzmann constant and T is the interested
absolute temperature. y is the speed of
sound and can be calculated from the
following relation[22] ;

k,o^.v ,,::?(=)u --_12)n o/T'
hence, 6o is the Deby temperature and it is
equal to 429K for CuGe2P:[6], Z is the
average atomic unit volume. The unit-cell
lattice parameter for this compound is
5.3678Ao in which give V to be equal to
1.933 x 10-2e m3. Equation 2 wtl.l give the
value of v to be equal to 816455(cmls).
The phonon scattering r., which is the
most important parameter in this work,
wil1be given by the relation;

r.-1: Aw4 + (B,+BN)w2T'+ v lL ----(3)
The parameters in this equation are

represents the contributions to the
scattering rate from the point imperfection
(Aw*), Umclapp and Normal process as

well as the boundaries respectively. The
parameter A is the sum for the isotope
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(Am) and the imperfection (Ai*p)
scattering processes. For the compound
CuGezP: the former wiil be given bylz3l:
Ai.o:

J-t,A."r rGil + (?! :z)' 
I-(Ge) + qlL!!')rg)1

41I), M /L,t M

---- (4)

(\,t.--M )
f(cu) =Lf --=Y ----(s)

i ; M"u

M 
"u =Trf,lt,,Mc,=\frM, and

ij

M , =\foru o ---- (6)
k

U=U*+2Mo,+3Mn ---- (7)

and if fr is the fractional concentration of
the itl, isotope of mass M1241, then
calculations through equ.(4) will give Ai,o
ta be equal to 4.96 x 1o-a2 sec3. The
pararneter Ai6p con tre calculated by the
relation[25]:

art2 2

At.np : 4 u,*o ---- (8)
7Tn-

where s is the scattering fbctor which is
usually has the value near unity and hence
s:1123], Nirp is the concentration of
imperfections and it is regarded as the
carrier concentration of the sample which
is taken from referencef2], vaiues of v and
V as indicated earlier are used, then values
of A,,,1p will be calcuiated for all
investigated samples in this rvork. The
total scattering is

A: Aiuo + di-p ---* (9)
However, calculated values for A have
been always comparable with that found
by the experimental method with the
exceptions for that concerning the
uncertainties in the values of s and vl26l.

The parameter B which is the surn of
B, and Bn is given by:

y'k|

hence y is the Gruneisen parameter and is
equat to I.2 for the compound
CuGe2P3[27] then, rn ith the values
catrculated above, this parameter will be

equal to 1.15 x 10-22 sec d"g-'. In the third
part of equation 3, L is the characteristic
length for the investigated samples, which
is calculated by the Casmir's formula[28]
as; L:1.12 (LrLr)t''
rnhen LtLz regards the sample cross
section.

To make this effect unchanged for
different doping sarnples, which are

interested in this work, a fixecl value for L
as 0.137 cm is used for calculations.
Figure(1) shows the calculated lattice
thermal conductivity versus temperature
for five different doped samples of
CuGezP:.

Discussion
In the limit of long wave length, the

scattering by a point defect can be
described as an elastic scattering of the
plane wave (w, g, ) in to another plane
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wave (w, q, )rvith a phonon relaxation
rate proportional to wa as indicated in
Eq.(3). If mass defect scattering alone or
the isotope effect is considered, the
perturbation is simply will be given by the
kinetic energy of the excess mass, this
process is called the Rayleigh scattering
strength[18]. This is ideally the only effect
for the point defects on thermal
conductivity at the temperature range 10-
40K, were it will be in the form of the
resonance scattering of phonons" For
temperatures below that, the Rayleigh
scattering will only be caused by the mass
difference which, could be controlled by
impurities[29]. Hence, because the long
wave length phonons are very weakly
scattered by impurities, the conductivity
will become infinite, and therefore the
integral in which it expresses the heat
flows diverges at k:0 limit (k is the wave
vector of scattered phonons)[30]. The
change in A in Eq.(3) is also will be due
to the effects of the rnass difference
between the impurity atoms and that of
the host ones. However, in reality,
Rayleigh scattering could also be arise due
to the change in the force constant
between the impurity atoms and the host
crystal. A proper incorporation of this
force-constant scattering wouid lowers the
theoretical values for the impurity
concentrationfl8]. Generally in
semiconductors, the scattering of phonons
due to point defects as well as isotopes is
the most important scattering mechanisms
at temperatures near the maximum
conductivity [31]. If the impurity
dependence of thermal conductivity is
examined from figure(i) at the
conductivity maximum and for
temperatures above that, then figure(2)
will be obtained. This gives K to be
changes according to N-*, where N is the

impurity concentration and X is the
impurify strength parameter which is for
the conductivity maximum equal to 0.622.
I{owever this value for X are represents
the limitation of a strong scattering
process. Others found this dependence to
be as N-0751321 and x{3';:31 for a
wide range of concentrations which they
have been carried out under a strong
impurity scattering conditions. It is clear
that for temperatures lower than 50K, a
weak impurity scattering condition will be
controlling the process as discussed in the
f,rrst paragraph.

For temperatures above K*u*, the resonant
scattering will has a pronounced effect of
thermal conductivityi34l. As the
temperature is raised the proportional of
phonons with energy is exceeding the
threshold increase and they participate in
the resonant scattering. However, the
periodic lattice distortion is due to the
crystal fie1d modulations by phonons,
which in turn causes transitions among
different spin sub-levels[34]. There fore
the thermal conductivities at temperatures
above T(K-u*) will be
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Fig.(2): Yari}ffd;o''1"'l) maximum
conductivity as il function of
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redueed with increasing temperature, and
that's in contrast to ordinary impurity
scatters which is roughly ternperature
independent. Hence from {igure(l) and for
this range of temperature the higher the
concentration is, the lower the slop will be
for thermal conductivity. This can be
represented by the scattering strength
parameter X as a temperature dependent
shown in frgure(3) which is changes
according to the relation:-

X : -0.0906Ln(T)+0.8707

In regard of the dependence of the
impurify type and its concentration for
thermal conductivity the conclusions
below maybe helpful;

A second phase of the binary CuPz

has been reported in the as grown samples
of CuGezP3 semiconductorflZ]. This will
creates a case of a high impurity
concentration which is consequently
causes to reduce the lattice thermal
conductivity compared to that, if there are

intrinsic samples[23]. The as grown
samples of CuGezP3 doped with Zn, will
give this element to have the probability
of taking the positions of the cation sites
which is formerly occupied by Cu and
Gel2l.

t
0 100

If there are some extra P atoms during the
growth, which is always the case for the
high volatile materials, then the
proba'oility of having a short range solid
solutions in the form of CuZnGelP5 will
be possible and tha.t consequently effects
to create a certain degree of an ordered
lattice structure. However, the latter will
reduces the degree of the amount of the
CuP2 phases as well as the extra P atoms
in the samplef5l. These three
phenomenous will reduce the impurity
and that consequently with the effects of
Lattice ordering are reduces the phonon
scattering. The effects of impurity on the
lattice thennal conductivity at K*r* is
shown in figure(2) and it is found to be
changes according to the relation.

K*u* : 1.3702N;,rp-o'622

When In atoms are used in doping
during the growth, an extra second phase

of inP will be formed. Holvever,
possibilities of a solid solution between
CuGezPr and InP has not been found[2].
Atoms of Zn, Cu as well as the binary InP
are possible to be found in between the
CuGezP: crystal iattices and these
consequently increases the impurity
concentrations. 'Ihe latter will produce a

higher lattice scattering process which
means a lower thennal conductivity. Solid
solutions between CuGezP: and that of
CuzGeSe: and CuzGeSl have been
reported in the form of superlattice
structures, in which they have a partial
solid solutions for the first and a complete
one for the sesond[35,36]. Both results
will effect to redrice the concentrations of
impurities, this is due to the breaking of
the Cu-P bonding which is consequently
release the atomic bonds to form an

ordered structure for the composition in
the range CuGezP:-Cu2GeS3[6]. The latter
will reduce the phonon scattering due to
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Fig.(3): Temperature dependence of the
scattering strength X for CuGezPr.
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the reduce of both the impurities as

weil as lattice imperfections and that
consequently increases the Lattice themral
conductivity for both types of the doping.
But, the possibilities of forming CuGe2P3

with a more ordered lattice with the
excess of S is a more probable than that of
Se[7]. Then a higher impurity
concentration for Se is a more probable
which consequently gives a higher phonon
scattering. The iarger size for Se atoms
will also give a higher lattice scattering,
which is with the former effects are both
produces a less thermai conductivity fbr
Se doped samples compared to that of the
S doped"

Conclusions
From the theoretical calculations of

the lattice thermal conductivity for
CuGe2P3 semiconductor, the following
conclusions have indicated;

Callaway's formulation, which is
based on both of the Deby'es
approximation of the phonon spectrum
and the use of the relaxation time for
phono-phonon scattering which is valid
for iongitudinal phonons will give a good
thermal conductivity curves for the
temperature range 1 -3 00K.

The effects of impurity scattering on
the maximum lattice thermal conductivity
are decreases with increasing its
concentrations according to the relation.

K*r,, : 1.3702N*p-o'622

The conductivity maximum
temperature does not affects by the doping
elements as well as their concentrations.
At the region of the K*u*, the Rayleih
scattering mechanism is controlling the
conductivity by the process of the long
wavelength scattering below the K**
temperature while above that by the
resonance scattering.
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+16or aS Zn *+-9bS u"*f tS+tS9ll-h, ofa+l-jjr K et rf-.ij-/+ .g6ogL'S{' ff*l ani-Cll 4,r JdJ..ljil &l5o.t

. 0.15 Wlcm.K +iSo"r a.S In-Zn a+ rr-rS ,s**+ csa.jgel:!+ osaibjjc-1+ .r-Fr p\ta 0.57 Wcm.K
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