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The room-temperature thermal conductivity of semiconductor alloys is analyzed using a simplified
model of the alloy-disorder scattering. Good agreement is achieved between the present model and
published experimental data on various group-IV and III—V semiconductor alloys. A complete set
of alloy-disorder parameters are estimated, which makes it possible to calculate the lattice thermal
conductivity for optional composition of III—V semiconductor alloys, including III—N alloys. An
ordering effect is also examined for the explanation of some intermetallic and semiconductor
compounds like CuAu and SiC. © 2007 American Institute of Physics. [DOI: 10.1063/1.2779259]

I. INTRODUCTION

Knowledge of the thermal conductivity of semiconduc-
tors forms an important part in the design of power-
dissipating devices, such as diodes, transistors, and optoelec-
tronic devices (lasers, light-emitting diodes, etc.). The
thermal conductivity is also necessary in calculating the fig-
ure of merit for thermoelectric devices (Seebeck and Peltier
devices).

Abeles' proposed a phenomenological model to analyze
the lattice thermal conductivity of semiconductor alloys at
high temperatures. He analyzed the experimental data of sev-
eral semiconductor alloys in a satisfactory manner in terms
of the three-phonon and point-defect scatterings. Abeles’s
model, however, requires various material parameters and
adjustable constants to achieve the best fit between calcula-
tion and experiment. Therefore, Adachi? simplified his model
and used to estimate the lattice thermal conductivity as a
function of alloy composition for Ga,In;_,P,As,_, lattice
matched to InP. Abeles’s model has also been extended by
Nakwaski.”

The purpose of this article is to further study the room-
temperature lattice thermal conductivity of semiconductor al-
loys, including III—N alloys. After the publication of
Adachi,2 there have been an accumulation of the experimen-
tal data on various semiconductor alloys. Despite of study,
only recently has III—N semiconductors changed from a re-
search curiosity to commercially very important semicon-
ductors. No III—N semiconductors were discussed in the
previous article.” In this article, a complete set of alloy-
disorder parameters will be determined for the calculation of
the lattice thermal conductivity of III—V semiconductor al-
loys, including III—N ternary and quaternary alloys, with
optional compositions.

Il. FUNDAMENTAL ASPECT

An exact calculation of the lattice thermal conductivity
K is possible, in principle, but lack of knowledge of various
materials (e.g., anharmonic forces and lattice vibration spec-
tra) and the difficulty of obtaining exact solution of phonon-
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phonon interactions are formidable barriers. In the case of
semiconductor alloys, an additional contribution, which is
the result of a random distribution of constituent atoms in
sublattice sites, should be taken into consideration. A phe-
nomenological model of the lattice thermal conductivity for
semiconductor alloys was first proposed by Abeles.! He did
calculations using an analysis of the lattice thermal conduc-
tivity that was reasonably successful for semiconductor al-
loys. His model starts from three kinds of relaxation times:
7y =B’ (three-phonon normal process), 7/ =B,w? (three-
phonon Umklapp process), and 7, =AT'@? (strain and mass
point defects), where w is the phonon frequency, B, B,, and
A are constants independent of w, and I is the disorder pa-
rameter depending on the masses and radii of the constituent
atoms.

Abele’s model was used by Adachi® and Nakwaski’® for
several III—V semiconductor alloys. Adachi® showed that for
A,B,_,C alloy the simple expression

W(.X)ZXWAc+(l—.X)Wgc+x(l—.x)CA_B (1)

is essentially the same as Eq. (22) in Ref. 1, where W, and
Wy are the binary thermal resistivities and C,_g is a contri-
bution arising from the lattice disorder (I") due to the random
distribution of A and B atoms in the cation (or anion) sublat-
tice sites. Equation (1) is known as Norbury’s rule*® and can
be readily converted to the lattice thermal conductivity K,

1
W(x) - .xWAc+ (1 —X)WBc+.x(1 _X)CA—B '

K(x) = (2)

In an A,B,_,C,D,_, quaternary alloy, not only should the
A-B disorder due to the random distribution of the A and B
atoms in the cation sublattice and the C—D disorder due to
the random distribution of the C and D atoms in the anionic
sublattice be taken into consideration, but also the fact that
both the cation and anion sublattices are disordered as well.>
Neglecting the cation-anion interaction effect, we obtain
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K(x,y) =

In doped semiconductors, the total thermal conductivity
can be given by the sum of the lattice and electronic contri-
butions. In a metal, the electronic thermal conductivity K and
electrical conductivity o at temperature 7 are related by the
Wiedemann—Franz law

K=LTo, (4)
or, equivalently
p=LTW, (5)

where L is the Lorenz number and p is the electrical resis-
tivity.

Cu-Au alloy is among the best studied of all metallic
alloy systems. The most interesting feature of this alloy is
that CuAu (x=0.5) and CuzAu (x=0.75) can be obtained in
either ordered or disordered form. Let us show in Fig. 1 the
electrical (p) and thermal resistivities (W) as a function of
composition x for Cu,Au,_, alloy. The solid circles represent
the experimental data obtained from ordered alloys (CuAu
and CuzAu), while the open circles represent the data ob-
tained from disordered alloys. These data were gathered
from various sources (see, e.g., Ref. 6). The dashed lines are
calculated from Eq. (1) with (a) Ccyay,=60 ) cm and (b)
Ccuan=8.15 cm K/W. It is evident from Fig. 1 that the val-
ues of p and W for the intermetallic compounds CuAu and
CusAu are extremely smaller than those estimated from Eq.
(1). It is, thus, concluded that the ordering in metallic alloy
decreases the electrical and thermal resistivities, irrespective
of crystal structure (CuAu=L1, or CuzAu=L1,).

In semiconductor alloys, the phenomenon of spontane-
ous ordering has been observed to occur spontaneously dur-
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FIG. 1. (a) Electrical p and (b) thermal resistivities W as a function of alloy
composition x for Cu,Au,_,. The experimental data are gathered from vari-
ous sources. The solid circles represent the experimental data obtained from
ordered alloys (CuAu and CusAu), while the open circles represent the data
taken from disordered alloys. The dashed lines in (a) and (b) are calculated
from Eq. (1) with Cgupa,=60 pwQecm and Ceyy,=8.15 cm K/W,
respectively.

Wx,y)  xyWye+x(1=y)Wap+ (1 =x)yWpe+ (1 =x)(1 = y)Wpp+x(1 =x)Cy_p+y(1 =y)Ce_p’

(3)

ing epitaxial growth of certain semiconductor alloys.7 Kuan
et al® first observed an ordered phase (CuAu-I type) in
III—V semiconductor alloy which was an AlGaAs epilayer
grown on GaAs (100) substrate at 600—800 °C by metalor-
ganic chemical vapor deposition (MOCVD). Since the first
finding of CuPt-type ordering in SiGe alloy,9 this type of
ordering (CuPt-B) has also been reported for many 11—V
semiconductors, such as AlInP, GalnP, AllnAs, and GalnAs.’
New types of ordering, CuPt-A and TP-A, have also been
observed in AlInP and AllnAs alloys.

Figure 2 shows the inverse hole mobility w;, and ther-
mal resistivity W against composition x for Al,Ga,_,As ter-
nary alloy. The hole mobility data plotted are gathered from
many sources, while the thermal resistivities are taken from
Afromowitz'® and Pichardo et al.'' It should be noted that
the hole mobility u;, is related to the electrical resistivity p
by the relation p=(epuh)~!, where e is the elementally
charge and p is the hole concentration. The dashed lines in
Figs. 2(a) and 2(b) are calculated from Eq. (1) with Cayg,
=0.013 V s/cm? and Cy;.,=32 cm K/W, respectively.

The electrons in metallic and semiconductor alloys see
potential fluctuations as a result of the compositional disor-
der. This effect produces a peculiar scattering mechanism,
namely, alloy scattering. The alloy-scattering or alloy-
di?(z)rder term C,_g determined in Fig. 2(a) can be expressed
as

1

C _ \”;T €ﬁ4Nd1
A-B — 3 (kT)l/Z(mh)S/Z(A Uh)z ’

(6)

where Ny is the density of alloy sites, m, is the hole effective
mass, and AU, is the alloy scattering potential. Because of
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FIG. 2. (a) Inverse hole mobility ;' and (b) thermal resistivity W as a
function of alloy composition x for Al,Ga,_,As ternary. The hole mobility
data are gathered from many sources, while the thermal resistivities are
taken from Afromowitz'" and Pichardo er al.'' The open circles in (b) rep-
resent the experimental data of the end point materials listed in Table 1. The
dashed lines in (a) and (b) are calculated from Eq. (1) with Cpg,
=0.013 V s/cm? and Crg,=32 cm K/W, respectively.



063502-3 Sadao Adachi

25
20 |-
15 |-
10 |-

K (W/em K)

o
o)

[ Y N - TR |

W (cm K/W)

s ~
! N
1k 3C-SiC \\—’
0 (I’ ] ] 1 TR ®— 1 i -
0 0.2 04 0.6 0.8 1.0
(b) x

FIG. 3. (a) Thermal conductivity K and (b) resistivity W vs composition x
for C,Si;_, binary alloy. The experimental data of C (diamond), Si, and
3C-SiC (x=0.5) are taken from Adachi (see also Table I)."* The solid lines
are calculated from Egs. (1) and (2) without taking into account the alloy-
disorder contribution (Cc.g;=0 c¢cm K/W), while the dashed lines are calcu-
lated with assuming Cc.g;=15 cm K/W.

the only strong disorder effect seen in Fig. 2, we consider
this effect, but not an ordering effect, in the present analysis
except for C,Si;_, (SiC).

lll. ANALYSIS
A. Group-lV semiconductor alloy

There has been no experimental or theoretical work on
the thermal conductivity of C,Si,_, alloy. This is because of
the low solubility of C into Si (~6X107%). A few atomic
percent of C incorporated into substitutional lattice sites of Si
has been achieved only using growth techniques far from
thermodynamic equilibrium (e.g., molecular beam epitaxy
and MOCVD)." In Fig. 3, we therefore plot only the experi-
mentally available K and W values of 3C-SiC (x=0.5),14
together with those of the end point constituents C (diamond)
and Si. Note that C and Si crystallize in the diamond struc-
ture, while 3C-SiC crystallizes in the zinc blende structure. It
is, therefore, recognized that 3C-SiC is an ordered form of
C,Si,_, alloy (x=0.5), or more straightly, it is a compound,
not an alloy.

The solid lines in Fig. 3 are calculated from Egs. (1) and
(2) without taking into account the alloy-disorder contribu-
tion (Cc5i=0 cm K/W), while the dashed lines are calcu-
lated with assuming Cc.g;=15 ¢cm K/W. The C and Si val-
ues used in the calculation are listed in Table 1. It is
understood from Fig. 3 that the thermal conductivity and
resistivity of 3C-SiC are well interpreted by the linear inter-
polation scheme between the end point constituents (C4_g
=0 cm K/W). It is also expected from Fig. 3 that substitu-
tion of C (Si) atoms into Si (C) lattice sites greatly decreases
its K value due to increased disorder scattering. Similarly,
not only a large decrease in doped Si,'>!® but also an in-
crease in isotopically enriched C (Refs. 17 and 19) and Si
(Refs. 16 and 20) have been reported.
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TABLE I. Thermal conductivity K and resistivity W for some group-IV
elemental and III—V binary semiconductors (Ref. 14), together with the
disorder-scattering parameter C,_g.

Material K w Cop
(W/cm K) (cm K/W) (cm K/W)
C (diamond) 22 0.045 Csige=50

Si 1.56 0.64 Crrca=32

Ge 0.6 1.67 Carn=15*
AIN 3.19 031 Coan=T12
AIP 0.90 L1 Crp=36"
AlAs 091 1.10 Cypa=12
AlSb 0.57 175 Crspy=10"°
GaN 1.95 0.51 Cpi=25
GaP 0.77 1.30 Crgp=16"
GaAs 0.45 222 Cresp=91
GaSb 0.36 2.78

InN 0.45 2.22

InP 0.68 1.47

InAs 0.30 33

InSb 0.175 5.71

“Estimated from Eq. (11).

Systematic work on thermal conductivity of Si,Ge;_, bi-
nary alloy was performed by Dismukes et al*' We plot in
Fig. 4 their obtained K and W versus x for Si,Ge,_, alloy.
The solid lines represent the calculated results of Egs. (1)
and (2) with Cgi.g.=50 cm K/W. The experimental data
show that the thermal resistivity markedly increases with al-
loying. The W value at x~0.5 is about 20 and 8 times as
large as those of Si and Ge. Such a feature was motivated by
desire to obtain increased performance for thermoelectric
power conversion since the figure of merit for such device
applications varies proportionally to W. One method of
achieving high W value is by the use of the fine grain SiGe
technique, in which a thermal conductivity decrease of up to
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FIG. 4. (a) Thermal conductivity K and (b) resistivity W vs composition x
for Si,Ge,_, alloy. The experimental data are taken from Dismukes et al”!
The open circles represent the experimental data of the end point materials
listed in Table I. The solid lines are obtained from Egs. (1) and (2) with
Csige=50 cm K/W.
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FIG. 5. Thermal conductivity K vs composition x for (Al, Ga)-based III—V
ternary alloys: (a) Al,Ga,;_N and (b) Al,Ga,_,As. The experimental data in
(a) are taken from Daly ef al.** and Liu and Balandin®* and those in (b) are
from Afromowitz'® and Pichardo er al.'' The open circles represent the
experimental data of the end point binary materials listed in Table I. The
solid lines are obtained from Eq. (2) with Cy;.,=32 cm K/W.

50% was attained by increasing grain boundary scattering of
phonons.22 It is clear from Fig. 4 that the present model [Egs.
(1) and (2)] shows an excellent agreement with the experi-
mental data.

B. llI-V ternary alloy

Figure 5 shows the thermal conductivity K versus com-
position x for (Al, Ga)-based III—V ternary alloys: (a)
Al,Ga,_N and (b) Al,Ga,_,As. The experimental data are
taken for Al,Ga;_ N from Daly et al® and Liu and
Balandin®* and for Al,Ga;_,As from Afromowitz'® and Pi-
chardo et al."' The solid lines represent the calculated results
of Eq. (2). The III—V binary data used in the calculation are
taken from Table I. The reduction in K from the binary value
is much larger in the Al,Ga;_,N alloy than in the Al,Ga;_ As
alloy. However, these (Al, Ga)-based ternary alloys have the
same disorder parameter value Cpjg,=32 cm K/W (solid
lines). It is also reported23 that the polycrystalline GaN has a
thermal conductivity K, which is more than an order of mag-
nitude lower than that of the bulk GaN.

It should be noted that the thermal conductivity K (or
thermal resistivity W=K"") is a quantity given by a second-
rank symmetric tensor.'* The wurtzite-type III—N semicon-
ductors, AIN, GaN, and InN, thus have two tensor compo-
nents, K, and K|. However, the difference between K, and
KU usually appears to be lggs than the experimental uncer-
tainty at room temperature.

Figure 6 shows the thermal conductivity K versus com-
position x for (Ga, In)-based III—-V ternary alloys: (a)
Ga,In;_,As and (b) Ga/Jn,_,Sb. The experimental data are
taken for Ga,In;_,As from Abrahams et al.*® and Arasly et
al.*” and for Ga,In;_,Sb from Magomedov et al.®® The solid
lines represent the calculated results of Eq. (2) with Cg,pn
=72 cm K/W.

It is well known that dilute alloying of GaAs with InAs
is a very effective technique for reducing the dislocation den-
sity of semi-insulating crystals grown by the liquid-
encapsulated Czochralski method. Ohmer et al. % studied the

J. Appl. Phys. 102, 063502 (2007)
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FIG. 6. Thermal conductivity K vs composition x for (Ga, In)-based III-V
ternary alloys: (a) GaJIn;_,As and (b) Ga,In;_,Sb. The experimental data in
(a) are taken from Abrahams et al”® and Arasly et al.*’ and those in (b) are
from Magomedov et al.®® The open circles represent the experimental data
of the end point binary materials listed in Table I. The solid lines are ob-
tained from Eq. (2) with Cg,1,=72 cm K/W.

effect of small addition of InAs on the thermal properties of
GaAs. They obtained that for x=0.005 the thermal conduc-
tivity is reduced to 50% of the GaAs value. This region is in
accordance with theory if the size difference is considered
and combined coherently with the mass difference.”

The thermal conductivity K and resistivity W versus
composition x for AlAs,Sb;_, ternary alloy are shown in
Figs. 7(a) and 7(b), respectively. The experimental data are
taken from Borca-Tasciuc et al.”' The solid lines are calcu-
lated from Egs. (1) and (2) with Cy,,=91 cm K/W. The
agreement between the calculation and experiment is found
to be very good.

The lattice thermal conductivity K versus x plots for (P,
As)-based III—-V ternary alloys GaP,As;_, and InP,As,_, are
shown in Figs. 8(a) and 8(b), respectively. The experimental
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FIG. 7. (a) Thermal conductivity K and (b) resistivity W vs composition x
for AlAs,Sb,_, ternary alloy. The experimental data are taken from Borca-
Tasciuc et al.’' The open circles represent the experimental data of the end
point binary materials listed in Table I. The solid lines are obtained from
Egs. (1) and (2) with Cag,=91 cm K/W.
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FIG. 8. Thermal conductivity K vs composition x for (P, As)-based III—V
ternary alloys: (a) GaP,As,_, and (b) InP,As,_,. The experimental data in (a)

are taken from Carlson et al.’? and Maycock33 and those in (b) are from

Maycock33 and Bowers et al.>* The open circles represent the experimental
data of the end point binary materials listed in Table I. The solid lines are
obtained from Eq. (2) with Cp_,=25 cm K/W.

data are taken for GaP,As,_, from Carlson et al.¥? and
Maycock33 and for InP As;_, from Maycock3 3 and Bowers ef
al.** The solid lines represent the calculated results of Eq. (2)
with Cp =25 cm K/W. The fit-determined disorder pa-
rameter is Cp.a,=25 cm K/W, which is comparable to
Calga=32 cm K/W but much smaller than Cg,,
=72 cm K/W and Cyg5,=91 cm K/W.

C. lliI-V quaternary alloy

After the publication of Adachi,? some authors reported
the experimental thermal conductivity of III—V semiconduc-
tor quaternary alloys. We show in Fig. 9 the results of these
measurements. The experimental data are taken for (a)
Al,Ga;_As Sbl , lattice matched to GaSb from Borca-
Tasciuc ef al.®' and Both et al.,* for (b) Ga,In,_ PyAs;_,
lattice matched to InP from Both et al, % and for (c)
Ga,In;_,As,Sb,_, lattice matched to GaSb from Both ef al. »

The theoretlcal curves in Fig. 9 are obtained from Eq. (3)
with (a) Ca1.ga=32 cm K/W and Cj =91 cm K/W, (b)
Coam=72 cm K/W and Cp =25 cmK/W, and (c¢)

J. Appl. Phys. 102, 063502 (2007)

Cgam=72 cm K/W and Cy4g,=91 cm K/W. All these dis-
order parameters C,_g’s are determined from the analysis of
the III—V ternary data. The lattice-matching relations be-
tween the compositions x and y can be expressed as

0.0396x
y=————————— =(.084x
0.4426 + 0.0315x
0=x=1.0,0=y=0.084), (7)

for Al,Ga,_,As,Sb,_,/GaSb,

_ 0.1893-0.1893y
~0.4050 +0.0132y

(0=x=047, 0=y =1.0), (8)

=0.47-0.47y

for GaIn;_,P As,_,/InP, and

0.3834 — 0.3834x
y= " =091 -091x
0.4211 + 0.0216x

0=x=1.0,0=y=091), 9)

for Ga,In;_,As,Sb,_,/GaSb.

The agreement between the experimental data and our
calculation in Figs. 9(a) and 9(b) is very good and represents
the successful explanation of the compositional variation of
the lattice thermal conductivity in the alloys. It should be
noted, however, that our calculation in Fig. 9(c) produces
considerably lower K value than the experimental one. The
input of very small C,_g values into Eq. (3) improves the fit
of the quaternary data very well; however, the end point
ternary K value (InAsgg;Sbgog, x=0) becomes very large
and the binary K value (GaSb, x=1.0) very small, compared
with the generally accepted values. The dashed line in Fig.
9(c) represents an example of this calculation. Putting
CGamn=10 cm K/W and Cjyg,=20 cm K/W into Eq. (3),
we obtain K=0.30 W/cm K for x=0 (InAsj¢;Sbg o) and
0.25 W/cm K for x=1.0 (GaSb), which are far from the gen-
erally accepted values.

0‘7 T T 1T 1T T 71 T T 0‘7 1T T 1T T T T T 7T 0 0‘7 1T T T T T 1T T 7T
o6k AlXGal_*AsySbl_)/GaSb_ 0.6k GaxInl,XPyAslvy/InP 0.6 GaAInl_,AsySbl_}/GaSb |
0.5 — 0.5F- B 0.5F
o
£ 04 4 o4 04|
L
g 03 03 03
N
0.2] 0.2 0.2
0.1 b 0.1 0.1
® [

(a)

obL L1 11111
0 02 04 06 08 1.0

X

1} | S D N I I N N |
0 02 04 0.6 08 1.0
b) y

ol L LT T T 11 1 1
0 02 04 06 08 1.0
°)

x

FIG. 9. Thermal conductivity K vs composition x or y for III—V quaternary alloys: (a) Al,Ga;_,As,Sb;_ ‘/GaSb (b) Ga,In,_,P As;_,/InP, and (c)

Ga,In;_,As,Sb;_ ‘/ GaSb. The experimental data are taken for Al Gdl As,Sby_,
® and for Ga ,In_,As,Sb;_,/GaSb from Both ez al. 3 The open circles represent the experimental data of the end point binary materials listed

from Both et al

/GaSb from Borca-Tasciuc et al.”!

and Both et al., K for Ga,In,_,PyAs,_,/InP

in Table I (GaSb and InP). The solid lines are calculated from Eq. (3) with (a) Cy.g,=32 c¢cm K/W and Cp g,=91 cm K/W, (b) Cg,;n=72 cm K/W and
Cp.as=25 cm K/W, and (¢) Cgo;n=72 cm K/W and Cp,5,=91 cm K/W. The dashed line in (c) represents the calculated result of Eq. (3) by introducing the
very small disorder parameters Cg,,=10 cm K/W and Cy,.g,=20 cm K/W.
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FIG. 10. C,_g vs I" determined for some group-IV binary and III—V ternary
alloys and metallic Cu-Au alloy. The solid line represents the least-squares
fit of the III—V ternary data using Eq. (11).

IV. ESTIMATION OF K VALUE

If the end point K values and C,_g’s are available, one
can easily calculate from Eq. (2) or Eq. (3) the lattice thermal
conductivity and its dependence on alloy composition. In the
limit of weak scattering, the disorder parameter I" in Ref. 1
can be simply written as

_\2
M, - M
o4

M

(10)

where ¢; is the fractional concentration of the ith species, M;

is the atomic mass of the ith species, and M is the average
atomic mass.

We plot in Fig. 10 our obtained C,_g versus I'. It is
found that C,_g decreases with increasing I'. The solid line
represents the least-squares fit of the III—V ternary values
given by (C,_g in cm K/W),

T -0.90
Ca—ﬁ= ﬁ .

Using this expression, we can estimate the unknown C,_g
value. For example, I' of the cationic disorder system i
=(Al,In) is 0.384. Introducing this I" value into Eq. (11), we
obtain Cpy,=15 cm K/W.

Figure 11 shows the lattice thermal conductivity as a

(11)

J. Appl. Phys. 102, 063502 (2007)

available for these alloys. The solid lines are calculated from
Eq. (2) with Cga1,=72 ¢cm K/W [(a) and (b)] and Caqgp
=95 cm K/W (c). As expected, the calculated K values
markedly decrease with alloying and exhibit a maximum at
x~0.5. It should be noted that the value of Wy
=2.22 c¢cm K/W used in the calculation of Fig. 11(a) corre-
sponds to that for InN ceramics, not the bulk crystalline
value. The dashed line in Fig. 11(a) shows the calculated
result of Eq. (2) using a properly chosen value of Wy
=0.5 cm K/W, instead of the ceramics value Wy
=2.22 ¢cm K/W (solid line). The small Wy, effect is re-
markable only in the limited region x<<0.2.

In an A,B,C.D (AB,C,D,) quaternary alloy, the lattice
thermal conductivity K can be written as

K(x,y,2)
1
- W(x,y,2)
1
T xWap+ YWpp + 2Wep + Capxy + Cacxz + Cocvz’
(12)

with

x+y+z=1or z=1-x-y. (13)

Since the thermal conductivity or resistivity in Eq. (12)
is specified in terms of the alloy compositions x, y, and z
only, we can easily calculate K or W of quaternary alloy with
arbitrary composition. For example, the thermal conductivity
of Al,Ga,In,_,_,N can be estimated from (K in W/cm K),

—Xx—y

K A1GamN(X,Y,2)

1
" 3.19x+ 1.95y + 0.45z + 32xy + 15xz + 72yz

(14)

Similarly, can estimate the K values of
Al Ga,In,_,_,P lattice-matched to GaAs and
Al Ga,lIn;_,_,As lattice-matched to InP, as shown in Fig. 12.
The disorder parameters C,_g used are taken from Table I
The lattice-matching relations between x and y for these qua-
ternary alloys are

we

y=0.5158-0.9696x (0=x=0.53,0=<y=0.52),

. . (15)
function of alloy composition x for (a) Ga,n;_,N, (b)
Ga,In,_,P, and (c) GaAs,Sb,_,. No experimental data are for Al,Ga,In;_,_,P/GaAs, and
2‘5 T T T T T T 1T 1771 1‘0 T T T T T 1T 17T 0‘5 T T T T T 1T 1T
Galn N GaIn P GaAs Sb 4
500 Lx osl Lx 1 oal * | FIG. 11. Thermal conductivity K vs composition x for
’ * ’ 1 ’ J some III—V ternary alloys: (a) GaJn,_ N, (b)
[ Ga,In,_,P, and (c) GaAs,Sb,_,. These estimated values
215k 4 06} g 0.3} E are calculated from Eq. (2) with Cgap,=72 ¢cm K/W
E [(a) and (b)] and Cysg,=95 cm K/W (c) (solid lines).
B Lok i 04 02 The dashed line in (a) is also calculated from Eq. (2)
M ' ’ with a properly chosen value of Wyx=0.5 cm K/W
(open circle), instead of the ceramics value Wy
0.5¢ 0.2 0.1 e =2.22 ¢cm K/W (solid line). The solid circles represent
\ the experimental data of the end point binary materials
0 \I 1 0 | N N N A TN A N B | 0 | TN N N [N A I B | liSted in Table l"
0 02 04 06 08 10 0 02 04 06 08 10 0 02 04 06 08 1.0
(a) x (b) x (c) x
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FIG. 12. Thermal conductivity K vs composition x for some III—V quater-
nary alloys: (a) Al,Ga,In,__,P/GaAs and (b) Al,Ga,In;_,_ As/InP. These
estimated values are calculated from Eq. (12) with Cy.5,=32 cm K/W,
Cam=15 cm K/W, and Cg,1,=72 cm K/W.

y=0.4674-0.9800x (0 =x=0.48,0=y=0.47),
(16)
for Al,Ga,In;_,_,As/InP.

V. CONCLUSIONS

We analyzed the room-temperature thermal conductivity
of group-IV and III—V semiconductor alloys using a simpli-
fied model of the alloy scattering. The present model requires
one disorder parameter (C,._g) for group-IV binary and III-V
ternary alloys and two disorder parameters for III-V quater-
nary alloys, arising from the effects of alloy scattering. Good
agreement is achieved between the present model and pub-
lished experimental data on various group-IV and II-V
semiconductor alloys. Using these analysis results, we obtain
an expression, C,_p=(I'/7.7)7"% which enables us to esti-
mate the disorder parameter C,_g with optional alloy with
the dimensionless scattering strength I' defined by the differ-
ence between the mass of the substitutional atom (« or B)
and the average atomic mass. For example, we obtain
Carm=15 cm K/W used for estimating the lattice thermal
conductivity of
(Al, In)-based alloys, such as AlIn;_,N, Al In;_,As Sb;_,,
and Al,Ga,In;_,_\N. An ordering effect is also discussed for
the explanation of some intermetallic and semiconductor
compounds. The thermal conductivity of 3C-SiC is ad-
equately described by recognizing this material as a perfectly
ordered material of C,Si;_, alloy.
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