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The thermoelectric properties of Ill-nitride materials are of interest due to their potential use for
high temperature power generation applications and the increasing commercial importance of the
material system; however, the very large parameter space of different alloy compositions, carrier
densities, and range of operating temperatures makes a complete experimental exploration of this
material system difficult. In order to predict thermoelectric performances and identify the most
promising compositions and carrier densities, the thermoelectric properties of In,Ga; N,
In,Al; 4N, and Al,Ga; 4N are modeled. The Boltzmann transport equation is used to calculate the
Seebeck coefficient, electrical conductivity, and the electron component of thermal conductivity.
Scattering mechanisms considered for electronic properties include ionized impurity, alloy
potential, polar optical phonon, deformation potential, piezoelectric, and charged dislocation
scattering. The Callaway model is used to calculate the phonon component of thermal conductivity
with Normal, Umklapp, mass defect, and dislocation scattering mechanisms included. Thermal and
electrical results are combined to calculate ZT values. In,Ga;_,N is identified as the most
promising of the three ternary alloys investigated, with a calculated ZT of 0.85 at 1200K for
Ing 1GagoN at an optimized carrier density. Al,Ga; N is predicted to have a ZT of 0.57 at 1200 K
under optimized composition and carrier density. In,Al; N is predicted to have a ZT of 0.33 at
1200K at optimized composition and carrier density. Calculated Seebeck coefficients, electrical
conductivities, thermal conductivities, and ZTs are compared with experimental data where such
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data are available. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4804174]

. INTRODUCTION

Gallium nitride based materials are increasingly used in
a wide variety of applications including light emitting
diodes, laser diodes, power amplifiers, and solar cells, with a
wide variety of commercial products already available.'” In
addition to these applications, their potential suitability as a
high temperature thermoelectric material has been suggested
by a number of authors.>™
Thermoelectrics are capable of converting heat into
electricity and have recently received significant attention
for waste heat recovery applications.®” The major limiting
factors in their commercial deployment are high cost and rel-
atively low efficiency. In order to improve efficiencies, new
materials with higher thermoelectric figures of merit, ZT,
must be developed. ZT is directly related to the maximum
theoretical efficiency of a thermoelectric device and is given
by
2
L S — (1)

Klattice T Kelectron

where S is the Seebeck coefficient, ¢ is the electrical conduc-
tivity, x is the thermal conductivity due to both the lattice
and electron conduction, and T is the temperature.
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The importance of improving ZT, the need for higher
temperature thermoelectrics for waste heat recovery, and the
need for non-toxic thermoelectrics make it necessary to
explore a wide range of potential materials. The family of
IMI-nitrides, including GaN, InN, AIN, and their alloys has both
the requisite large band gaps and thermal stabilities to operate
at elevated temperatures and are thus an important prospective
high temperature thermoelectric material system. Additionally,
GaN is non-toxic, an important consideration for distributed
applications such as automobile waste heat recovery.®

The potential of III-nitride materials for thermoelectric
applications has motivated increasing research on the experi-
mental properties of GaN,”'* InGaN,>>!"1? InAIN,"*~'% and
AlInGaN'®"" as well as Ill-nitride based thermoelectric
devices.'® There have also been a few attempts to calculate
and predict the properties of these materials, most notably
the thermoelectric properties of GaN 4 AlGaN,*" and
InGaN.'""?® These studies all use the Boltzmann transport
equation (BTE) with the relaxation time approximation
(RTA) to calculate the electrical transport properties and the
Callaway model along with the virtual crystal approximation
for phonon transport. There is some limited agreement in
these works between calculated thermal conductivity and
experimentally reported values; however, the electrical prop-
erties show significant deviation from reported experimental
values. In particular, electrical conductivity is overestimated
and Seebeck coefficient is underestimated. This problem
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becomes more acute as carrier concentration increases. More
accurate modeling of thermoelectric properties in the
[I-nitride system would allow a rapid optimization of ther-
moelectric properties over a wide parameter space. In addi-
tion, modeling can predict the properties of materials that for
practical reasons are currently extremely difficult to fabricate
and measure experimentally.

The current work significantly improves upon the previ-
ous work and calculates electrical conductivities, Seebeck
coefficients, and thermal conductivities with greatly improved
accuracy. In addition, the calculations are extended to include
InAIN. The validity of the current model is demonstrated
through comparison of each individual calculated parameter
with experimental data where available. Some of the added
considerations as compared to previous works include the
treatment of both degenerate and non-degenerate carrier con-
centrations for ionized impurity scattering, the consideration
of non-parabolic bands, and the inclusion of the alloy scatter-
ing mechanism for electrical properties.

Il. ELECTRON TRANSPORT MODEL

Using the BTE and the assumption that local deviations
from equilibrium are small, one can determine expressions
for a material’s electrical conductivity, Seebeck coefficient,
and electron component of thermal conductivity. The deriva-
tion of these properties from the BTE is not shown here as
they are available from Refs. 7, 21, and 22. The use of the
BTE and relaxation time approximation for thermoelectric
calculations has been validated by extensive agreement
between calculations and experimental results in material
systems including InGaAlAs, SiGe, and PbTe.?'**** The
electrical conductivity, g, Seebeck coefficient, S, and elec-
tron thermal conductivity, x,, are given by

o= Jad(E)dE (2)

1 JUd(E)(E—EF>dE
§=— 7 )
et Jad(E)dE

(J oa(E)(E — EF)dE)2

Jad(E)dE

b

Jad (E)(E — Ep)*dE—

“)

where e is the elementary charge, E is the electron energy,
Er is the Fermi level referenced to the conduction band min-
ima, and gy is the differential conductivity

() = EE Epoos(®) (- 00) )

The differential conductivity defines the contribution of elec-
trons at energy level E to the electrical conductivity. t(E),
V(E), ppos(E), and fo(E) are, respectively, the energy de-
pendent scattering rate, electron velocity, electron density of

J. Appl. Phys. 113, 183707 (2013)

states, and Fermi-Dirac distribution. This work only consid-
ers electrons in the conduction band as most III-nitride mate-
rials are n-type and band gaps are wide enough that there is
no significant thermal excitation and thus no significant con-
centration of holes. In a very small subset of experimental
conditions near InN at high temperatures, this assumption is
no longer valid and will be specifically pointed out when
applicable.

In this work, the electron energy is defined using the
Kane model and takes into account band non-parabolicity
through the dispersion ratio®'**

k2

(6)

where o is the non-parabolicity parameter, 7 is Planck’s con-
stant, k is the electron wave vector, and m* is the effective
mass. Band non-parabolicity is important to take into
account when the carrier density is high and the bands can
be filled to higher energies where the parabolic band model
is no longer valid. These effects are stronger for materials
with smaller band gaps, which tend to yield larger non-
parabolicity parameters.

Use of the Kane model leads to the following definitions
for density of states and electron velocity>'**

21/2(m*)3/2
2y
2 E(1 E
3m* (1 4 24E)

ppos(E) = (E+aE?)' (1 +20E), (7)

@®)

The Fermi level is determined numerically from the
expression for carrier density

n= J ppos(E)fo(E)dE, 9
0

which accurately takes into account non-parabolic bands and
both degenerate and non-degenerate carrier statistics. The
carrier concentration is assumed to be equal to the number of
dopant atoms, since silicon, the most common n-type dopant
for this material system, has been shown to be a shallow do-
nor with an ionization ratio near unity at 300 K.

The energy dependent electron relaxation time is defined
using the RTA*

o (E) =) 1 \(B), (10)

where each index, i, represents an individual scattering term.
In this work, the scattering mechanisms considered are ion-
ized impurity scattering, alloy scattering, polar optical phonon
scattering, piezoelectric scattering, deformation potential scat-
tering, and charged dislocation scattering. These terms are
shown in previous work to represent the dominant scattering
mechanisms in I-nitride materials.***° It is important to
note that the RTA is valid only for elastic and isotropic scat-
tering. In particular, of the scattering mechanisms used in this
work, polar optical phonon scattering violates this assumption.
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If this mechanism becomes the dominant scattering mecha-
nism, then this approximation is no longer valid and either an
iterative approach®® or a full Monte Carlo approach®=2° must
be used. This is fortunately not the case in this work as ther-
moelectric materials tend to be highly doped and are often ter-
nary or quaternary alloys, making ionized impurity and alloy
scattering the dominant scattering mechanisms.

The relaxation time for ionized impurity scattering in
terms of the dispersion ratio y(E) and density of states

Ppos(E) is given by>!

2,4 3 * 2
_1 _ mZ7e’Nyh 8m™y(E)L},
T = 328?”1*2",)2(E) pDOS(E) |:10g( hz +1

1
1+ h2/8m*L%)y(E)} (b

where Ny, is the number of ionized impurities, & is the static
dielectric constant, Z is the ionization number (unity for sili-
con donors), and Ly, is the screening length. Since thermoelec-
tric materials often have high carrier concentrations and can
be either degenerate or non-degenerate, it is important to use
the exact screening length as given by Fermi-Dirac statistics

1 [ &
LDZE m7 (12)

Oon - 1 dfo
O, JPDOS(E) (E)dE 13)
0

The next scattering mechanism considered is alloy scat-
tering. This is a very important scattering mechanism for ter-
nary Ill-nitride materials and is given by'?'?

~1 3n (m*)3/2

A dy(E)
Alloy 8\/§ h4

(1 - x) (M) [ (E)) 2= s,

(14)

where Q is the primitive cell volume, x is the alloy composi-
tion, AU is the alloy scattering potential, and s is a parameter
which describes the effect of ordering in the alloy. For this
work, the alloy elements are assumed to be randomly distrib-
uted and s is set to one. There are a variety of different meth-
ods used to calculate the alloy scattering potential based on
conduction band offsets,l’zg’3 3 electron affinity differen-
ces,"*!? or electronegativity theory,'*®**3* but there is
very little agreement across different works and material sys-
tems and thus alloy scattering potential is typically used as
fitting parameter to experimental data. In this work, the alloy
scattering potential is obtained by fitting to experimental
data when literature values are not available.
Polar optical phonon scattering is given by

) _e—z 2w\ 1ot [n(w)
POP ™ Anp h Eso &g

folE+ho) (he\'* . [ E\"?
APEE (F) () -0

4,35
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where o is the optical phonon frequency, n(w) is the phonon
occupation as given by Bose-FEinstein statistics, and &, is the
high frequency dielectric constant.

Piezoelectric scattering is given by>'

252
1 merK kT ppos(E) 5,0,
= I“(K',K)H(E 16
Tpe degm* y(E) (. A (E), {10
where
n? 8m* Ly (E
HE)=1- > 10g< n 2/( >+1)
dm* Ly (E) h

1
_|_
Sm*L3y(E)h2 + 1

A7)

and K2, is the average electromechanical coupling coeffi-
cient as calculated according to Ridley er al.*® and I?(K', k)
is a factor which represents the wave function overlap inte-
gral over the unit cell before and after scattering, which is
taken to be unity.”’
Deformation potential scattering, sometimes known as
acoustic phonon scattering, is given by>'
. D2 k,T

Taof = (K k) ppos(E), (18)

hCL

where D . is the deformation potential and ¢z, is the average
elastic constant for longitudinal modes which can be calcu-
lated from the elastic stiffness coefficients c;;

2
L =cpy +§(6‘12+26‘44—C11)~ (19)

The last scattering mechanism is charged dislocation scatter-
ing, where the relaxation time is given by*>°

N s * 4 L4
Tz;zllv: dzme > 327 (20)
P2 (1 +4L3k%)%

where ¢ is the lattice constant along the (0001) direction,
Ngis is the number of dislocation lines perpendicular to the
(0001) plane, and k, is the component of the wave vector
perpendicular to the dislocation direction. Crystallographic
directions are chosen assuming c-plane growth and in-plane
thermoelectric measurements to match available experimen-
tal data. For all calculations in this work, the dislocation den-
sity is set to 1x 10°cm 2, which is high, but a typical
dislocation density for GaN on sapphire.®’

lll. PHONON TRANSPORT MODEL

The lattice component of thermal conductivity is calcu-
lated following the model first proposed by Callaway,*® with
the virtual crystal extension later developed by Abeles.””
The virtual crystal model accounts for the alloying of two
separate constituent materials, which in this case are two bi-
nary alloys that combine to create a ternary alloy. These
models have been extensively used and verified through
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comparison to experiment for a variety of material systems

including both group IV and alloyed III-V materials.****
Following these works, the lattice thermal conductivity

of a material can be represented by*’

Klattice = K1 + K2, (21)
sy i 4
kT J xte"
K| = Tc(x) —dx, 22
" o el )(e" 1) 22
0
0T 2
J te(x)  xte s
s () (er — 1)
o kpT> | o 23)
2T 2B 0T ’
e (%) xte

) v (X)TR(X) (e¥ — 1)? dx

where v is the averaged sound velocity as calculated in Liu
et al.,** 0 is the Debye temperature, 7y is the phonon scatter-
ing time due normal scattering, Tz is the combined scattering
time due to all resistive processes, and t¢ is the combined
phonon relaxation time due to both normal and resistive
processes. Whether a scattering mechanism is normal or
resistive will be indicated below. The relaxation time
approximation is once again used to combine relaxation
times as described in Eq. (10). The variable of integration x
is related to the phonon frequency, @, and is defined by

hw
x= WT (24)

The virtual crystal model is used to apply the Callaway
model to random alloys. The virtual crystal model replaces
the random alloy with an ordered virtual crystal whose attrib-
utes are a mixture of the constituent materials. Deviations
from this virtual crystal then cause scattering of pho-
nons.>>*? The virtual atomic weight, M, is the average of the
alloy components

M:XAMA+(1 —XA)MB, (25)

where x, is the mass fraction of alloy constituent A, and M,
and Mp are the atomic masses of constituents A and B,
respectively. In this work, A and B represent GaN, InN, and
AIN depending on which ternary material is being modeled.
The virtual atomic volume is assumed to follow Vegard’s
Law and is given by

5ZXA5A —|—(1 —XA)53, (26)

where ¢ is the cube root of the virtual atomic volume.

The scattering times are split into normal scattering and
resistive scattering processes. The normal scattering term
describes phonon-phonon scattering events where momen-
tum is conserved and is given by*'

_ B2V (k)
T (%) = M”—h205 (%) KT8, 27)
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where 7 is the Griineisen parameter, V' is the volume per
atom, and M is the virtual atomic mass. Since phonon mo-
mentum is conserved in normal scattering, it does not directly
limit thermal conductivity, but it does affect the phonon distri-
bution in momentum and energy space. This modification of
phonon distribution has an indirect impact on thermal conduc-
tivity and must be included.*' The resistive processes do not
conserve phonon momentum and thus contribute directly to
thermal conductivity. The resistive processes considered in
this work are Umklapp scattering, mass defect scattering,
boundary scattering, and dislocation scattering. Umklapp scat-
tering describes phonon-phonon scattering events where mo-
mentum is not conserved and is given by*!

2
1, (x) =By (%) ¥*Texp[—0/3T], (28)

where By is given by

hy?

By = .
U Mu2o

(29)

Mass defect scattering is a very important scattering term in
these heavily doped and alloyed systems and describes the
scattering of phonons due to impurity atoms in the lattice.
The treatment of mass defect scattering, also known as point
defect scattering, follows the approach of Liu et al.**

ST
1;41 ~ am? (30)
where
2 2
rzzl:xi [M’A;M} +8F’g‘1 31

and 7 represents each type of atomic mass defect from the
virtual crystal. x; is the atomic fraction of sites occupied by

TABLE 1. Material parameters used in the calculation of thermoelectric
properties.

Parameter® GaN InN AIN
Static dielectric constant, & 9.5 & 153 ¢ 9.14 ¢
High frequency dielectric constant, ., 5.35¢ 8.4 & 4.6 ¢
Effective mass, m* 0.27 mg 0.115 m 0.35 mg
Nonparabolicity parameter, o (V") 0.189° 1.43° 0.044°
Optical phonon energy, hw, o (meV) 91.2 89.0 99.2
Debye temperature, ® (K) 600 660 1150
Griineisen parameter, 7 0.5¢ 0.3¢ 0.5¢
a(A) 3.16 3.54 3.11
c(A) 5.17 5.76 4.98
Tonic radius group II1, R; (1&) 0.93 1.06 0.85
Cy; (GPa) 390 223 410
C» (GPa) 145 115 149
Cy4 (GPa) 105 48 125
Deformation potential, D, (eV) 8.3 7.1 9.5

“Unless otherwise noted all parameters are taken from Ref. 1.
"Ref. 29.

“Ref. 4.

9Fitted to experimental data.

“Ref. 47.
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TABLE II. Alloy scattering potentials used in the calculation of alloy scat-
tering times.

Parameter InGaN AlGaN InAIN

Alloy scattering potential, Uyp (€V) 1.2% 1.8° 2.8%

*No literature value available, used as fitting parameter to experiment within
range provided in Ref. 1.
"Ref. 48.

defect i, M; is the atomic mass of element i, J; is the atomic
radius of element i, and ¢ is a parameter which accounts for
the strain present in the lattice due to atomic radius differen-
ces. The value of ¢ is set equal to 39 following the assump-
tions made by Liu et al.** For this work, each of the two
group III elements present in the ternary alloy along with the
silicon dopant atoms are considered.

Separate scattering times are calculated for scattering
due to dislocation cores and the elastic fields due to screw,
edge, and mixed dislocations

-1 _ -1 —1 -1 -1
Tpis = Tcore + TEdge + TScrew + TMixed- (32)

The specific details of the treatment for each of these dislo-
cation types in the gallium nitride system are described in
detail by Zou ez al.”’

(a) T

Scattering Time (s)

Scattering Time (s)

hw/ka

FIG. 1. (a) Electron scattering times versus composition for In,Ga; N at
300K and 1 x 10" cm™ carrier concentration. (b) Phonon scattering times
versus i /k,T at Ing ;GagoN, 300K and 1 x 10" cm ™ carrier concentration.
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The material parameters and constants used in this work
are given in Tables I and II. For alloy compositions, all val-
ues were extrapolated linearly between the two binary mate-
rials,"?° except where specific composition dependence
relationships are available, as is the case for Debye tempera-
ture*® and the elastic constants.*

IV. RESULTS AND DISCUSSION
A. InGaN

Figure 1(a) shows example electron scattering times ver-
sus composition as calculated for In,Ga; N at 300K with a
carrier density of 1x 10" cm ™. Scattering times such as
these form the core of the electrical modeling in this work
and are used to calculate the transport parameters as defined
in Egs. (2)—(4). It can be seen from Figure 1(a) that either
ionized impurity or alloy scattering is dominant depending
on indium composition. This is true for all alloys and experi-
mental conditions presented in this work, with ionized impu-
rity scattering dominant near the binary compositions and
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FIG. 2. Modeled (a) Seebeck coefficient, (b) electrical conductivity, (c) ther-
mal conductivity, and (d) ZT at various temperatures versus carrier concen-
tration for Ing;GagoN. Square experimental data points are literature
measurements for Iny 0oGag o, N at 300K.°
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FIG. 3. Modeled (a) Seebeck coefficient, (b) electrical conductivity, (c) ther-
mal conductivity, and (d) ZT at various temperatures versus composition for
In,Ga, N at carrier density 1 x 10" cm >, Square data points represent lit-
erature measurements for In,Ga,_ N at 300K and carrier concentration
1.1 x 10" cm ™% Triangular data points are measured values for uninten-
tionally doped In,Ga;_,N samples at 300 K.>°

alloy scattering away from the binary compositions. Figure
1(b) shows the scattering times calculated for phonons versus
Tiw [kpT. Under typical experimental conditions for a ternary
[I-nitride material alloy, mass defect scattering is the domi-
nant scattering mechanism. It is important to keep in mind
that the normal scattering term shown here is not a resistive
process and thus only indirectly affects thermal conductivity,
as described in Sec. III. Mass defect scattering includes the
effects of both silicon dopant atoms and alloy elements.
While the mass defect scattering lowers thermal conductivity
to acceptable thermoelectric values, these same impurity
atoms lower electron mobility, thus creating a tradeoff
between electrical and thermal properties.

Figure 2 shows the Seebeck coefficient, electrical con-
ductivity, thermal conductivity, and ZT calculated for
Ing1GagoN at 300K, 600K, and 900K versus carrier den-
sity. Also shown are literature experimental data points for
Ing 09Gago1N at 300K.> The Seebeck coefficient decreases

J. Appl. Phys. 113, 183707 (2013)
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FIG. 4. Modeled (a) Seebeck coefficient, (b) electrical conductivity, (c) ther-
mal conductivity, and (d) ZT for various compositions versus temperature at
carrier density 1 x 10" cm 2. Square data points represent literature data for
Ing 17Gag g3N at room temperature carrier density 1.1 x 10 cem 37

and electrical conductivity increases with increasing carrier
concentration while thermal conductivity remains relatively
constant. An optimum carrier density at which ZT is maxi-
mized exists for each temperature and increases from
1x10”em™ at 300K to 3 x10"em™ at 900K. These
results are all in excellent agreement with available experi-
mental data, providing an important validation for the calcu-
lations presented in this work.

The thermoelectric properties of In,Ga; N with a
carrier density of 1 x 10" cm ™ are shown in Figure 3 at
300 K, 600K, and 900K. Room temperature literature
measurements for In,Ga;_,N at carrier concentration
1.1 x 10" em ™ and In,Ga, N with unintentional doping
(UID) are included for comparison.5 29 Seebeck coefficient,
electrical conductivity, and thermal conductivity are all seen
to decrease near the center of the composition range. The
electrical and thermal conductivities are reduced due to the
additional alloy atoms scattering electrons and phonons at
compositions away from the binary endpoints. The Seebeck
coefficient is reduced as alloy scattering becomes dominant



183707-7 Sztein et al.

107"° . r . .

—_
oI
T
\
=l
<]
'l

Scattering Time (s)

Scattering Time (s)

h(,U/ka

FIG. 5. (a) Electron scattering times versus composition for IncAl; N
at 300K and 4 x 10'°cm ™ carrier concentration. (b) Phonon scattering
times versus 7iw/k,T at Ing;3AlpgoN, 300K, and 4 x 10" em ™ carrier
concentration.

due to the less favorable energy dependence of alloy scatter-
ing as compared to ionized impurity scattering. It has been
shown previously that increased scattering of low energy
electrons leads to higher Seebeck coefficients, an effect
which is also known as carrier energy filtering.” The calcu-
lated ZT displays peak values near Ing;GagoN and
Ing 0gGag poN. Good agreement with literature values is seen
in Figures 3(a) and 3(b).

Although the agreement between calculated and experi-
mental values for InGaN is excellent for electrical properties
over a wide range of carrier densities and compositions, cal-
culated room temperature thermal conductivities are higher
than experimentally reported values, as can be seen in Figure
3(c). Potential causes for this discrepancy include boundary
scattering in experimental thin film samples, the presence of
strain and higher than expected defect levels from heteroepi-
taxy, uncertainty of materials constants such as the
Gruneisen parameter, and experimental error. At intermedi-
ate indium compositions nanometer-scale compositional
inhomogeneities have also been proposed as a potential
source of this discrepancy.?® In order to gauge the potential
impact of these factors, additional calculations were per-
formed which include boundary scattering following the
work of Holland.*® The inclusion of this additional scattering

J. Appl. Phys. 113, 183707 (2013)
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FIG. 6. Modeled (a) Seebeck coefficient, (b) electrical conductivity, (c) ther-
mal conductivity, and (d) ZT at various temperatures versus carrier concen-
tration for Ing;3AlpgN at 300 K. Square experimental data points are for
Ing.19Alp g N at room temperature.13

mechanism was seen to greatly improve the fit to experimen-
tal data. Although better agreement was observed with the
inclusion of boundary scattering, this scattering mechanism
is not included in the presented results to avoid complica-
tions due to sample geometry. Boundary scattering is highly
dependent on sample size and an interfacial fitting parame-
ter. Any error caused by the omission of this scattering
mechanism would be greatly reduced for the larger sample
dimensions typical of thermoelectric devices.

The highest ZT values for In,Ga; N are seen for com-
positions near InN; however, as compositions approach InN,
the thermal stability and band gap decrease significantly,
calling into question the suitability of these materials at high
temperatures. The relative thermal stability of materials can
be compared using the difference between their melting
points. InN has a melting point of 1373 K, while GaN has a
melting point of 2773 K, indicating that compositions near
InN will thermally degrade well before compositions near
GaN.! In addition, the band gap of InN is 0.77eV which,
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FIG. 7. Modeled (a) Seebeck coefficient, (b) electrical conductivity, (c) ther-
mal conductivity, and (d) ZT at various temperatures versus composition for
In,Al; N at carrier density 4 x 10" cm . Square experimental data points
are for Iny,Al, N at room temperature carrier density of 6.4 x 10" cm 313

when using the ~10kzT minimum band gap rule of thumb as
given by Sofo et al., results in a maximum operating temper-
ature of ~900 K which is insufficient for many high tempera-
ture applications.** This maximum operating temperature is
not visible in the current work because the model described
above does not take into account thermal excitation of intrin-
sic carriers across the band gap, resulting in an overestima-
tion of Seebeck coefficient and electrical conductivity at
high temperatures when compositions approach InN. This is
not a concern for compositions near GaN or AIN since both
have significantly larger band gaps of 3.42eV and 6.2¢V,
respectively.' Given these limitations intrinsic to indium rich
materials, the current work focuses on compositions near
GaN and AIN, where thermal stability and band gap remain
favorable for high temperature applications. As a point of
reference, silicon germanium (SipgGeg,) is a typical high
temperature thermoelectric material and has a melting point
of ~1550K, a band gap of ~1eV, and a maximum ZT of 0.9
near 1200 K.>%
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Temperature dependent properties of InGaN at various
compositions with carrier density 1x 10"”cm > are dis-
played in Figure 4. The Seebeck coefficient increases while
electrical conductivity and thermal conductivity decrease
with increasing temperature. ZT increases with temperature
and reaches 0.85 at 1200K for Iny ;GagoN. Also shown are
experimental data points for Ing 7Gag g3N at a carrier density
of 1.1 x 10" em % Seebeck coefficient and electrical con-
ductivity are seen to match experimental values well while
thermal conductivities at low temperatures are higher than ex-
perimental values, likely for the same reasons described
above. Good thermal conductivity agreement is obtained at
moderate to high temperatures as the relative importance of
Umklapp scattering increases. The detailed comparison of cal-
culated results with experimental values provides a crucial
validation of this model and its ability to predict thermoelec-
tric properties for not only InGaN but also InAIN and AlGaN.

B. InAIN

Figure 5(a) shows electron scattering times for
In,Al;_,N. Ionized impurity and alloy scattering are the two
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FIG. 9. (a) Electron scattering times versus composition for Al,Ga; N, 300K,
and 4 x 10" cm ™ carrier concentration. (b) Phonon scattering times versus
niw kT for Alg15GaggsN, 300K, and 4 x 10" em ™2 carrier concentration.

dominant scattering mechanisms for the entire range of com-
positions and temperatures in this study. It is worth noting
here that, despite the large dislocation density, scattering due
to dislocations is effectively screened by the high charge
densities at which power factors are optimized. Figure 5(b)
shows phonon relaxation times, with mass defect scattering
as the dominant phonon scattering mechanism.

The Seebeck coefficient, electrical conductivity, thermal
conductivity, and ZT are calculated for Ing 3Alyg,N versus
carrier concentration at 300 K, 600 K, and 900K and are pre-
sented in Figure 6. The optimum carrier density increases
with temperature and ranges from 9 x 10"®cm™ for 300K
to 4x10”cm ™ for 900K. Some discrepancy is seen
between calculated and literature values. This error could be
due to experimental error, which is particularly high for
InAIN as a result of complicating interfacial effects.'? The
material constants for InAIN are another potential source of
error given the small body of literature available on this ma-
terial. Similar to InGaN, calculated thermal conductivities
are higher than those measured on thin film samples.
Potential reasons for this include boundary scattering, strain,
and higher than expected dislocation densities in experimen-
tal samples as well as experimental error and uncertainty in
material constants.

Figure 7 shows calculated thermoelectric properties ver-
sus composition for In,Al; _,N at 300K, 600K, and 900 K.

J. Appl. Phys. 113, 183707 (2013)
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FIG. 10. Modeled (a) Seebeck coefficient, (b) electrical conductivity, (c)
thermal conductivity, and (d) ZT at various temperatures versus carrier con-
centration for Al 15Gag gsN at 300 K.

Carrier concentration is set to 4 x 10'"?cm ™. The Seebeck
coefficient, electrical conductivity, and thermal conductivity
all decrease as the alloy composition moves away from the
binary endpoints. Maximum ZT values are very close to both
binary endpoints due to alloy scattering rapidly reducing the
electrical conductivity.

Temperature dependent properties of Ingg;AlgooN,
Ing18AlpgoN, and Ing3Alp;N at a carrier density of
4 % 10" cm™ are shown in Figure 8. The Seebeck coeffi-
cient increases while electrical and thermal conductivities
decrease at high temperature for all compositions. ZT
increases with temperature and reaches 0.33 at 1200K for
Ing g1Alg99N. ZT values for In,Al; _ N are lower than those
seen for In,Ga, N due primarily to its very high alloy scat-
tering potential, which results in lower electrical conductiv-
ity. The high alloy scattering in this material is not surprising
given the vastly different binary constituents of AIN
(Eg=63eV) and InN (Eg=0.77¢V).! Similar to
In,Ga,; N, the agreement between calculated thermal con-
ductivity and literature values is greatly improved at high
temperatures as Umklapp scattering gains importance.
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tion for Al,Ga; N at carrier density 4 x 10'” cm . Square and triangular
data points represent literature measurements for unintentionally doped
AlGa; N at 300K.*>*

The calculated results for Ing ;3Al g,N are of particular
interest since this composition is lattice matched to GaN,
making the growth of thick films on GaN templates possible,
which could be of interest for the integration of thermoelec-
trics with existing GaN based devices. Compositions near
InN are less interesting due to the thermal stability and small
band gap limitations described above.

C. AlGaN

Scattering times for Al,Ga;_ N are shown in Figure
9(a). Just as for In,Ga; 4N and In,Al; N, alloy scattering
and ionized impurity scattering are the two dominant scatter-
ing mechanisms. Figure 9(b) shows phonon scattering times
versus i /kpT for Alg 15Gag gsN at 300K and 4 x 10 cm ™3
carrier concentration. Mass defect scattering is found to be
the dominant scattering mechanism.

Figure 10 shows the calculated carrier density dependent
thermoelectric properties for Aly ;5GaggsN at 300K, 600K,
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FIG. 12. Modeled (a) Seebeck coefficient, (b) electrical conductivity, (c)
thermal conductivity, and (d) ZT at various compositions versus temperature
for Aly.15Gag gsN at carrier density 4 x 10" em 2.

and 900K. The Seebeck coefficient decreases with increas-
ing carrier concentration while electrical conductivity
increases and thermal conductivity remains relatively con-
stant. Optimum carrier density varies from 7 x 10"® cm ™ at
300K to 4 x 10" cm ™ at 900 K.

The Seebeck coefficient, electrical conductivity, thermal
conductivity, and ZT for Al,Ga, N at 300K, 600K, and
900K and a room temperature carrier density 4 x 10" cm ™
are plotted in Figure 11. Although it can be seen that the cal-
culated thermal conductivities fall within the range of avail-
able experimental values, a meaningful comparison is
difficult due to the large spread in measured thermal conduc-
tivities, which is likely caused by significant variations in
impurities, dislocations, and differing measurement techni-
ques.‘u’46 The Seebeck coefficient, electrical conductivity,
and thermal conductivity are all seen to be highest at the two
binary alloys. The interplay of these trends results in two
maximum ZT values at 0% AIN and at approximately
Alg.97Gag o3N.

Figure 12 shows the temperature dependent properties
of various AlGaN compositions at a room temperature car-

rier density of 4x10”cm ™. The Seebeck coefficient
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increases while electrical and thermal conductivities
decrease with increasing temperature. ZT increases with
temperature for all compositions and reaches 0.57 for
Aly01GaggoN at 1200 K.

The thermoelectric properties of Al,Ga,_,N are not as
promising as those of In,Ga; (N due to both higher thermal
conductivity and lower electrical conductivity. The lower
thermal conductivities seen in In,Ga;_,N and In,Al,_,N are
driven primarily by the large indium atoms since phonon
mass defect scattering is a function of both atomic weight
squared and atomic radius squared, as can be seen in Egs.
(30) and (31). The relatively small aluminum atoms provide
less mass defect scattering and thus less reduction of thermal
conductivity than the larger indium atoms. Additionally,
the Al,Ga;_,N material system does not provide a corre-
sponding improvement in electrical properties due to its high
alloy scattering potential, resulting in lower ZT values than
calculated In,Ga,_,N.

V. CONCLUSIONS

Thermoelectric properties for n-type Il-nitride alloys are
calculated in the current work using the Boltzmann transport
equation with the relaxation time approximation for electron
transport and the Callaway model for phonon transport. The ac-
curacy of calculated values is confirmed through comparison to
experimental data. Ionized impurity and alloy scattering are
identified as the dominant electron scattering mechanisms
across the range of carrier densities, compositions, and tempera-
tures relevant for thermoelectric applications. Mass defect scat-
tering is similarly identified as the dominant scattering
mechanism for phonons at conditions appropriate for thermo-
electric applications. In,Ga; N shows the most promising ZT
values reaching 0.85 at 1200 K, which approaches the commer-
cially favored n-type SiGe ZT of ~0.9 at a similar temperature.®
Al,Ga;_4N and In,Al,_N have lower ZT values due to their
high lattice thermal conductivity and low electron mobilities.
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