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We report on the experimental investigation of the potential of InGaN alloys
as thermoelectric (TE) materials. We have grown undoped and Si-doped
Ing 3Gag 7N alloys by metalorganic chemical vapor deposition and measured
the Seebeck coefficient and electrical conductivity of the grown films with the
aim of maximizing the power factor (P). It was found that P decreases as
electron concentration (n) increases. The maximum value for P was found to
be 7.3 x 107* W/m K? at 750 K in an undoped sample with corresponding
values of Seebeck coefficient and electrical conductivity of 280 uV/K and
93 (Q cm) !, respectively. Further enhancement in P is expected by improving
the InGaN material quality and conductivity control by reducing background
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electron concentration.
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INTRODUCTION

Thermoelectric (TE) devices convert heat energy
directly into electrical energy without any moving
parts. These devices produce no ozone-depleting
gases and emit no radioactive radiation.! Recently,
there has been much attention drawn to finding TE
materials suitable for solid-state refrigeration and
power conversion. The best TE materials for room-
temperature apglication are BiyTes-based materials
and structures,®® but their applications are limited
because tellurium is scarce, volatile, and toxic.
Furthermore, the operational range of these mate-
rials is limited to temperatures less than ~100°C.
Therefore, the search of materials for TE applica-
tions beyond the tellurium-based compounds is
necessary. Current research in thin-film TE mate-
rials without tellurium is concentrating on materi-
als such as Si/Ge, SiGe/Si, and ErAs:InGaAs/
InGaAlAs supperlattices and SiGe alloys and trace
of nitride alloys.*!! Thin-film TE materials are of
great interest because they offer the potential for
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direct integration of microcoolers/power generators
with various photonic and electronic devices. The
performance of TE devices is characterized by the
material’'s TE figure of merit, Z (Z = P/, and
P = 8%5), where P, S, o, and « are the power factor,
Seebeck coefficient, electrical conductivity, and
thermal conductivity, respectively. The power factor
(P) measures the electrical power generation capa-
bility, which is often used to assess the potential of
the material for TE application. Since S and ¢ are
interdependent, optimization of the product S2%s is
extremely important to obtain a high value of Z.
Although III-nitride materials have been exten-
sively studied for visible and ultraviolet light emit-
ters, detectors, and high-power transistors during
the past decade, very little work has been done with
respect to their thermoelectric properties.® ! Some
of the outstanding features of III-nitrides that are
highly attractive for TE applications include the
ability for high-power and high-temperature oper-
ation, high mechanical strength, stability, and
radiation hardness. Our recent study shows that
high-In-content InGaN alloys could be potentially
important TE materials.'® The present work
explores the potential of InGaN alloys as TE materials.
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The variations of power factor with electron con-
centration and temperature have been measured.

EXPERIMENTAL PROCEDURES

Undoped and Si-doped Ing3Gag;N alloys, of
thickness ~110 nm, were grown on ~1-um GaN/
sapphire (0001) templates by metalorganic chemical
vapor deposition (MOCVD). Ammonia (NHj), trim-
ethylgallium (TMGa), trimethylindium (TMIn), and
silane were used as precursors and dopants. The
thickness of the films was estimated from in situ
interference measurements during the epigrowth.
The indium concentration was determined from the
peak value of the x-ray diffraction (XRD) spectra of
the (002) reflection in 6-260 scan mode and applying
Vegard’s law.

Seebeck coefficient and electrical conductivity
measurements were performed by temperature
gradient and van der Pauw Hall-effect measure-
ment methods in the in-plane direction. Since
InGaN was grown on a GaN/sapphire template, we
performed two identical measurements in GalN/
sapphire template (reference) and InGalN/GaN/sap-
phire sample (sample). The following two equations
Evlerellslsed to extract the properties of the top InGaN
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where o, S, and ¢ stand for electrical conductivity,
Seebeck coefficient, and layer thickness, respec-
tively, and the suffixes f, s, and r stands for film,
sample, and reference, respectively. A schematic
illustration of the experimental setup for Seebeck
coefficient measurement is shown in Fig. 1a. The
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sample to be measured was cut into a rectangular
shape (~5 mm x 20 mm). One end of the sample
was placed on the sink while on the other end a
heater was attached. On the surface of the sample,
two thermocouples separated by ~8 mm were
attached. An in-plane temperature gradient was
created along the sample by the heater. The Seebeck
voltage and temperature gradients were measured
by thermocouples. Temperature-dependent mea-
surements were performed in a cryostat with a
temperature range from 300 K to 750 K.

RESULTS AND DISCUSSION

Figure 1b shows the measured Seebeck voltage
(Vg) of the samples with different electron concen-
trations (n) at different temperature gradients. The
slope of the linear fit of the data is the measure of
the Seebeck coefficients (S). Electrical conductivity
(6) and S of the top InGaN layer were extracted
using Eqgs. 1 and 2, respectively. Figure 2a shows ¢
and S of Ing 3Gag 7N alloys as a function of n. The
usual tradeoff behavior of ¢ and S is observed.
S decreases while ¢ increases as n increases, as
described by the following equations,’*

o = nej, 3)
s:’i<r+§+1n%), @)
e 2 n

where e, u, r, N, and n are electronic charge, Hall
mobility, scattering factor, effective density of states
in conduction band, and electron concentration,
respectively.

The variation of P with n is plotted in Fig. 2b. The
plot shows that P increases as n decreases. The
maximum value of P was found in an undoped
sample (n ~ 7 x 10'® cm™® measured at 300 K):
which is ~2.8 x 10~* W/m K? at 300 K. The peak
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Fig. 1. (a) Schematic illustration of Seebeck coefficient (Vs) measurement method. (b) Measured Vs of Ing 3Gag 7N/GaN/sapphire samples of
different electron concentrations (n) at different temperature gradients (AT). n in the plot is electron concentration of the top Ing3Gag 7N layer

measured by Hall-effect method.
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Fig. 2. (a) Electrical conductivity (¢) and Seebeck coefficient (S) as a function of electron concentration (n) of In 5 3Gag 7N alloys and (b) power

factor (S%¢) as a function of n.

value of P has yet to be found because further
decreasing the carrier concentration is limited by
the presence of a high background concentration of
electrons, which arises from native defects such as
oxygen and hydrogen impurities and nitrogen
vacancies.'® Recently, our group has demonstrated
the mechanism for suppression of electron back-
ground concentrations and improving the quality of
InN by using an AIN template and higher growth
temperature.'® The issue of high background con-
centration of electrons in InGaN alloys with rela-
tively high In content is currently under intensive
investigation,'”!® and significant improvements in
InGaN material quality and conductivity control are
expected, which will lead to further enhancement in
P in InGaN alloys with larger In content.
Temperature-dependent TE properties of Ings.
Gag 7N alloys were measured in the temperature
range from 300 K to 750 K. Figure 3a shows S and o
of Ing3GagsN alloy as a function of absolute

temperature (7). It was found that S increases as T'
increases, whereas ¢ remains almost unchanged.
The increase in S (regardless of no change in o)
could be due to the electron hopping conductance at
higher temperatures as described by Yamaguchi
et al.’” in InAIN and AlInGaN alloys. The maxi-
mum Seebeck coefficient was 280 uV/K at 750 K.
Temperature-dependent P is plotted in Fig. 3b,
which shows that P increases as T increases. The
maximum measured value of P was 7.3 x 10°*
W/m K? at 750 K. This value is about two times
higher than that in Al 35Ing 5N and more than one
order of magnitude higher as compared with that in
Alg 26Gag 44Ing 50N.1° The results suggest that
In,Ga;_,N alloys are better candidates for thermo-
electric applications than other AllnGaN alloy sys-
tems. Our previous results also revealed that the
dimensionless thermoelectric figure of merit (ZT') of
InGaN alloys are much higher than the reported
values for other nitride materials.®!%12
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Fig. 3. (a) Electrical conductivity (¢) and Seebeck coefficients (S) as a function of temperature (T) of Ing 3Gag 7N alloy with electron concentration
~7 x 10" cm~2 and (b) power factor (S2¢) as a function of T.
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CONCLUSION

In summary, we have measured the thermoelec-
tric properties of MOCVD-grown undoped and
Si-doped Ing3Gag ;N alloys. The power factor was
observed to be maximum in an undoped sample.
Further increases in power factor can be expected
by reducing the background electron concentration
and improving the material quality, which is the
prime issue of recent investigation of InGaN alloys.
It was found that the power factor increases as
temperature increases with a maximum value of
7.3 x 107* W/m K? at 750 K.
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