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Thermoelectric �TE� properties of InxGa1−xN alloys grown by metal organic chemical vapor
deposition have been investigated. It was found that as indium concentration increases, the thermal
conductivity decreases and power factor increases, which leads to an increase in the TE figure of
merit �ZT�. The value of ZT was found to be 0.08 at 300 K and reached 0.23 at 450 K for
In0.36Ga0.64N alloy, which is comparable to those of SiGe based alloys. The results indicate that
InGaN alloys could be potentially important TE materials for many applications, especially for
prolonged TE device operation at high temperatures, such as for recovery of waste heat from
automobile, aircrafts, and power plants due to their superior physical properties, including the
ability of operating at high temperature/high power conditions, high mechanical strength and
stability, and radiation hardness. © 2008 American Institute of Physics. �DOI: 10.1063/1.2839309�

Thermoelectric �TE� devices convert heat energy di-
rectly into electrical energy without any moving parts. These
devices are environmentally friendly because they produce
no ozone-depleting gases and emit no radioactive radiation.1

The best TE materials for room temperature application are
Bi2Te3 based materials and structures,2,3 but their applica-
tions are limited because tellurium is scarce, volatile, and
toxic. Furthermore, the operational range of these materials
is limited to temperatures lower than �100 °C. Therefore,
the search of materials for TE applications beyond the tellu-
rium based compounds is necessary. Some of the outstanding
features of III-nitrides that are highly attractive for TE appli-
cations include the ability for high power and high tempera-
ture operation, high mechanical strength and stability, and
radiation hardness. Additionally, III-nitrides potentially offer
tremendous scope for the enhancement of the TE figure of
merit �ZT� via alloying, bandgap engineering and nanostruc-
ture incorporation with great ease. However, only a few re-
ports concerning the thermal and TE properties of III-nitrides
have been documented.4–7 Here, we report on the experimen-
tal investigation of InGaN alloys as TE materials. It was
observed that the thermal conductivity of InxGa1−xN alloys
substantially decreases with an increase of In-content. It was
found that both the power factor and ZT systematically in-
crease with an increase of the indium content. More impor-
tantly, ZT values of In0.36Ga0.64N are comparable to those of
SiGe alloys,8 which is the current prime choice of TE mate-
rials for thermopower generation in high temperature envi-
ronment. The initial results indicate that InxGa1−xN alloys
could be potentially very important TE materials.

The performance of TE materials is characterized by the
TE figure of merit ZT �=S2�T /�, where S=Seebeck coeffi-
cient, �=electrical conductivity, �=thermal conductivity,
and T=absolute temperature�. While there is no fundamental
upper limit to ZT, progress has been extremely hard to
come by, mainly due to the coupling between S, �, and
�—changing one parameter would alter the others. There has

been much attention drawn to finding TE materials suitable
for solid-state refrigeration and power conversion. In particu-
lar, thin film TE materials are of great interest because they
offer the potential for direct integration of microcoolers/
power generators with various photonic and electronic de-
vices.

Since the thermal conductivities of binary III-nitride
crystals such as InN, GaN, and AlN are so high
��100 W /m K� �Refs. 9–11� that their prospects for TE de-
vice applications are limited. The current research in thin
film TE materials without tellurium is concentrating on ma-
terials such as Si /Ge, SiGe /Si, and ErAs: InGaAs / InGaAlAs
supperlattices and SiGe alloys.12–16 It has been observed that
alloying significantly reduces � in solids with a very little
deterioration of electrical properties3–9,12–16 and making al-
loys a good candidate as TE materials. Here, we investigate
the TE properties of InxGa1−xN alloys grown by metal or-
ganic chemical vapor deposition.

InxGa1−xN alloys ��110 nm in thickness� were grown
on GaN/sapphire �0001� templates �reference sample�. The
indium concentrations were determined by � /2� scans of the
�0002� reflection using x-ray diffraction. Thermal conductiv-
ity and Seebeck coefficients measurements were performed
by the differential 3� and thermal gradient methods.16–20 The
material structures and heater/sensor geometry employed for
the thermal conductivity measurements are schematically il-
lustrated in Fig. 1�a�. Since both InxGa1−xN samples and
GaN/sapphire templates �reference samples� are electrically
conductive, we deposited 150 nm SiO2 on the surfaces of
both structures prior to the deposition of line heater/sensor.
This layer provides the electrical insulation required for the
3� measurements. Then, heaters/sensors of identical geom-
etry, composed of Ni �20 nm� /Au �130 nm� with the wire
width and length of 12 and 1000 �m, respectively, were pat-
terned on the top of the SiO2 layer of both structures using
optical photolithography followed by metal deposition and
lift-off techniques. A digital lock-in amplifier was used to
feed the sinusoidal current into the specimen at an angular
frequency � and collect the voltage at a frequency 3� acrossa�Electronic mail: jiang@phys.ksu.edu.
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the metal heater/sensor. Our detection system was calibrated
by measuring � values of sapphire and SiO2 with measured �
values being 27.7 and 1.16 W /m K respectively, which
agree well with literature values.7,21,22

Figure 1�b� shows the temperature oscillation �T in the
line heater/sensor patterned on one of the InxGa1−xN thin
films �an actual sample� and its reference sample �GaN/
sapphire template� as a function of frequency of the driving
current measured at 300 and 450 K. The temperature drop
across the film �Tf was calculated by subtracting �T of a
reference sample from �T of the actual sample. The mean
value of �Tf in the entire frequency range was used to cal-
culate �. Standard deviations in measured �Tf were less than
3%. At 300 K, the measured � of InxGa1−xN alloys are 8.1,
5.4, 2.7, and 1.05 W /m K for x=0.16, 0.22, 0.28, and 0.36,
respectively. Figure 2 shows the variation of � with x, for
InxGa1−xN alloys measured at 300 K. Results for AlxGa1−xN
�Ref. 4� and InxAl1−xN �Ref. 5� alloys are also included for
comparison. A significant reduction in � of InxGa1−xN alloys
with increasing x is observed, which is mainly attributed to
the scattering of phonons due to the alloy disorder.7,9,23,24

The � values of InxGa1−xN alloys are comparable to those of
other nitride systems, such as InxAl1−xN and AlxGa1−xN.4–6

In order to evaluate the TE figure of merit �ZT�, Seebeck
coefficients �S�, and electrical conductivities ��� of
InxGa1−xN alloys were measured by a temperature gradient
method16 and van der Pauw Hall-effect measurement25 in the
in-plane direction. Figure 3�a� shows the measured S and �
of InxGa1−xN alloys as functions of In content �0�x

�0.36�. S decreases while � increases with an increase of x.
The reason for this trade-off relationship between S and � is
due to the increased background electron concentration with
an increase of x in InxGa1−xN alloys. In Fig. 3�b�, we plot the
power factor �P=S2�� and ZT as functions of In content.
Both P and ZT are observed to increase with x. At 300 K,
ZT=0.08 is obtained in the In0.36Ga0.72N alloy, which is
much larger than those in AlInN �Ref. 5� and AlGaN �Ref. 7�
alloys in which ZT is around �or even smaller than� 0.001 at
300 K. This may be due to the fact that phonons are more
easily scattered in InxGa1−xN alloys than in the other two
ternary alloy systems, attributing to a more pronounced local
strain-scattering effect because In atoms are larger than Ga
and Al.24 Furthermore, for materials with comparable free
carrier concentrations, InGaN has a higher electron mobility
than AlGaN or AlInN. The issue of high background electron
concentration in InGaN alloys with relatively high In con-
tents is currently under intensive investigation26,27 and sig-
nificant improvements in InGaN material quality and con-
ductivity control are anticipated, which will lead to further
enhancement in ZT and P in InGaN alloys with larger In
contents.

The temperature dependent TE properties of InxGa1−xN
alloys were also measured in the temperature range from
300 to 450 K. Figure 4 shows ZT of In0.36Ga0.72N alloy as a
function of temperature. Data for SiGe alloys8 are also in-

FIG. 1. �Color online� �a� Schematic illustration of cross sections and opti-
cal photograph of the top surface of a fabricated sample for 3� measure-
ments. �b� In-phase components of the temperature oscillation ��T� of the
heater/sensor as a function of frequency of the driving current measured at
300 and 450 K for the reference �GaN/sapphire template� and an actual
sample �In0.28Ga0.72N epilayer grown on GaN/sapphire template�.

FIG. 2. Thermal conductivity ��� of InxGa1−xN alloys as a function of In
content �x� at 300 K. Data points for AlGaN and InAlN �from Refs. 4 and 5�
are included for comparison.

FIG. 3. �a� Seebeck coefficient �S� and electrical conductivity ��� of
InxGa1−xN alloys as functions of In content �x�. �b� Power factor �P=S2��
and figure of merit �ZT� of InxGa1−xN alloys as functions of In content �x�
measured at 300 K.

FIG. 4. Measured ZT values of In0.36Ga0.64N alloy from 300 to 450 K. Data
for SiGe alloys from Ref. 8 are included for comparison.
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cluded for comparison. The ZT values of In0.36Ga0.64N alloy
in the measured temperature range are comparable to those
of the SiGe alloys, which is the current prime choice of TE
materials for thermopower generation in high temperature
environment such as in radio-isotope thermoelectric genera-
tors. We observe that ZT increases linearly with temperature
and reaches a value of 0.23 at 450 K. The results suggest that
InxGa1−xN alloys may replace SiGe alloys for applications of
prolonged TE device operation at high temperatures, such as
for recovery of waste heat from automobile, aircrafts, and
power plants due to their superior physical properties over
those of SiGe, including the ability of operating at high
temperature/high power conditions and high mechanical
strength and stability.

Significant enhancement in the TE figure of merit of
InGaN is anticipated due to the fact that III-nitrides poten-
tially offer tremendous scope for the enhancement of ZT val-
ues via the bandgap engineering and nanoscale structuring,
which were shown in other material systems to allow one to
either use quantum confinement of carriers or spectrally de-
pendent scattering of phonons to manipulate S, �, and � in
ways that can increase ZT beyond the bulk values.3,28 Fur-
thermore, III-nitride planar processing is now well developed
for photonic/electronic devices and sensors, which can facili-
tate relatively low cost fabrication by the use of existing
semiconductor processing equipment. Finally, future com-
munication platforms will employ highly sophisticated
micro-nanoscale sensor systems in which III-nitride based
devices will play increasingly important roles because of
their superior material properties and the development of III-
nitride based TE devices may open up the possibility for
monolithic integration of TE power generator/cooler mod-
ules onto remote micro-nanoscale sensor networks.
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