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In this paper, room temperature thermoelectric (TE) proper-
ties of wide bandgap thin film GaN and bulk ZnO are studied.
Bulk GaN is also incorporated with epitaxy films to make
comparison. GaN and ZnO materials have superior electrical
performance and chemical stability at high temperatures and
are currently found in many commercial applications, such as,
photovoltaic, solid-state lighting, and gas sensors. Since there
are not many semiconductor materials that can operate effec-
tively at high temperatures, wide bandgap materials like GaN
and ZnO would be a promising solution for high temperatures
thermoelectric power generation. In order to understand their
TE properties, we systematically compared and characterized
TE behaviour of GaN and ZnO thin films with a function of

1 Introduction Thermoelectric (TE) energy can directly
produce electrical power from waste heat harvesting due to
Seebeck effect. This phenomenon, a temperature gradient
across a solid produce an electromotive force between the
hot and cold end, discovered in 1821 by Thomas Johann
Seebeck [1-7]. Therefore, a wide variety of TE application
for waste heat harvesting can be found in automobiles
(heat seat and gas exhaust), woodstove, spacecraft by gen-
eration of energy using of radioisotope thermoelectric gen-
erators (RTGs), solar cells, and computer chips [1-9]. Al-
though the efficiency of TE devices is lower than that of
conventional energy sources as electric generators and/or
refrigerators, for last two decades researches have shown
that using new state-of-the-art TE materials high efficiency
TE devices could be achieved [1-18] and replaced by cur-
rent technology. The widely used TE materials for power
generation are Bi,Te;, PbTe, and Si;Ge, for room and
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doping concentrations. The common trend of a decrease in
Seebeck coefficients with the increase of carrier concentration
for thin film and bulk GaN is observed, however, reverse TE
trend for bulk ZnO, were observed. The most commonly ob-
served TE trend is attributed to Mott-Jones relation to simple
transport models while inverse trend could be suggested as
hopping conductance. Moreover, the Seebeck coefficients of
ZnO samples are found to be larger than those of thin film and
bulk GaN samples in the similar carrier density. Highest
power factors, 2.6x10* W/mK? and 0.65x10™* W/mK>, and
Seebeck coefficients, 478 pV/K and 481 pV/K were measured
for thin film GaN and bulk ZnO, respectively.
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high temperature applications [4, 7-11], however the com-
mercial application of these materials are limited due to
their volatility, toxicity (Te based element), and poor sta-
bility at high temperatures [12-14]. Therefore, recent re-
search effort have mostly been focusing on developing
new TE materials, which are non-toxic, easily reproducible,
and more importantly have superior thermal stability at
high temperature ranges.

Wide bandgap materials are promising candidate for high
temperature TE materials because they are thermally and
chemically stable at these temperatures, while maintaining
good electrical performance. Recently, wide bad gap mate-
rials; GaN and its alloys and ZnO especially Al doped ZnO
have demonstrated promising results as high efficiency TE
materials [13-18, 20, 22-24]. GaN-and ZnO-based wide
bandgap materials have shown superior electrical and me-
chanical performance at high temperatures, high density-
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of-states (DOS)-mobility products, which lead to high
power factors. Therefore, these materials are widely used
in commercial applications including solid-state lighting,
solar cells, transistors, laser diodes, and gas sensors [14-17,
20-24].

In previous studies numerous groups have studied TE
properties of III-Nitrides and its alloys and ZnO materials
(ceramic and powder) [1-18, 20-24]. However, in the pre-
sent study, as a first group, we investigated the detail work
of comprising the TE properties bulk ZnO with HVPE
grown bulk GaN and MOCVD grown thin film GaN. The
current study also extends and improves upon our previous
work [13] by including TE properties of bulk ZnO.

2 Interrelationships between TE coefficients and
TE materials

2.1 Conversion efficiency and figure of merit, ZT
The conversion efficiency of a TE devices is found by the
Carnot efficiency and the figure of merit, ZT as shown;

— T;w/ - T;‘o[d
T

where the Carnot efficiency is the temperature differences
of hot and cold sides over temperature at hot side, and Ty,
is the mean temperature [3,4]. The TE figure of merit,
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where S is the Seebeck coefficient, ¢ is the electrical con-
ductivity, « is the thermal conductivity, and T is the abso-
lute temperature [6, 13-16]. A good TE material requires a
high Seebeck coefficient, high electrical conductivity, and
a low thermal conductivity. Improving ZT for mature TE
materials is challenging due to the interdependence of the
properties contributing to Z, i.e. S, o, and k. For instance,
For example, the thermal conductivity k, is the sum of two
contributions, the electronic thermal conductivity «, (due to
electron and hole transport) and the lattice thermal conduc-
tivity « (due to phonon transport). The Wiedemann-Franz
Law (k. = LoT, where L is Lorenz constant) shows that the
electrical conductivity (o) increases linearly with the elec-
tronic thermal conductivity (k.), whereas the lattice ther-
mal conductivity (kxp) is independent of the electronic
properties. Thus, improving TE performance in a semicon-
ductor mostly focus on either degrading lattice thermal
conductivity or increasing Seebeck coefficient as seen in
Eq. (3) and (4). It can be seen from Mott-Jones relation to
simple transport models [12,18],
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where N., n, r, k, m*, and / are the effective density of
states (DOS) at the Fermi level, carrier concentration, and
a factor related to scattering mechanism, boltzman constant,
DOS effective mass, and planck constant respectively.
Thus, above equations pointed out that figure of merit, ZT
is not only determined by doping alone but also have in-
corporation with m” without degenerating mobility (i) [4].

2.2 New TE materials Several researches have been fo-
cused and studied in detail with using bulk materials, such
as, skutterudites, clathrate, half-Heusler alloys, and com-
plex chalcogenides [7-12]. Recently, new TE materials as
oxides, nitrides in both nanocomposites, and thin film have
been proposed and became play a crucial role to enhance
high ZT value of TE materials [7-18]. A new concept was
first proposed by Slack et al. for TE material to achieve
high ZT value (low conductivity (c) and low thermal con-
ductivity (x)) “phonon glass electron crystal” (PGEC) [19].
At low temperatures narrow bandgap materials may be
used, which have inherently high electrical conductivity
and low thermal conductivity. However, because of their
narrow bad gap, they have limited thermal stability. The
semiconductors with badgap (E,) > 10kgT make good TEs
for high temperature operations, where kg is the Boltzmann
constant and T is the absolute temperature, to prevent the
excitation of minority carriers and the loss of the n- or p-
type character of the material [4,8]. As a result, oxides and
nitrides have recently begun to attract more attention as
promising high temperature TE materials. Since Ohtaki et
al. first demonstrated sintered AljpZngeO and showed
quite promising TE behaviours of oxide TE materials [6],
many studies has started to focus on TE of oxide based
structures and devices including n- and p-type oxides, and
ZnO [1-7].

3 Experimental The samples studied here were thin film
GaN, bulk GaN and ZnO samples. Thin GaN samples with
various doping concentrations were grown on c-axis 2 in.
sapphire wafer by metal organic vapour deposition method
(MOCVD). The “bulk” GaN samples were around 400-
um- thick materials grown by high-vapor-pressure (HVPE)
epitaxy on sapphire, with the substrate lapped off by Kay-
ma Inc. Zn face of (0001) bulk ZnO samples were pro-
vided from Cermet Inc. The thicknesses of thin film GaN
and bulk ZnO samples were around 2 um and 400 pum, re-
spectively. The standard Seebeck measurement, thermal
gradient method was used to determine Seebeck coeffi-
cients by placing the sample across two commercial ther-
moelectric modules which one module was heating one
end of the sample while other one, on the other end of the
sample, was held at constant temperature during measure-
ments. The detail procedure and sample preparations can
be found in detail in elsewhere [13]. The electrical charac-
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terizations were performed by Van der Pauw Hall-effect
measurement methods in the in-plane direction. Moreover,
errors in Vander Pauw Hall and Seebeck measurements are
estimated at + 10% and are induced by error in thermocou-
ple temperature measurements and probe Seebeck voltage.
Additionally +5% error is estimated for film thickness
measurements [15].

4 Results and discussion

4.1 Seebeck and electrical properties of thin film
GaN, bulk GaN Figures 1(a) and 1(b) show Seebeck co-
efficient (S) and power factor (S”c) of thin film and bulk
GaN and ZnO as a function of carrier concentration (n) at
room temperature, respectively. As n increases both thin
film and bulk GaN show decreasing trend with respect to S,
which is the normal TE behaviour according to Eq. (3) and
(4). All the thin film GaN samples showed negative See-
beck coefficient indicating n-type conduction as a conse-
quence of Si doping of GaN (The absolute value of S is
shown in all graphs for clear representation.) The GaN thin
film and bulk samples also exhibit linear dependence of S
while n increases. As shown, high S value does not com-
pensate low electrical conductivity at lower doping con-
centration. The dependence of power factor on carrier den-
sity is illustrated in Fig. 1(b). As n increases power factor
of thin film first increases and then decreases except one
point which is at 1.6x10'® cm™. The reason of peak power
factor point at 1.6x10'® cm™ can be attributed to major
trade-off between Seebeck coefficient and electrical con-
ductivity and Seebeck coefficient’s dominant role on de-
termining power factor, which is depicted as “S*¢™. The
observed trends in Fig. 1(a) and (b) for thin film and bulk
GaN are in agreement with previous experimental and
theoretical studies of nitride based semiconductors [15, 16,
22]. At high carrier density (above 10" cm™) Seebeck co-
efficient of the n-type GaN samples lowers significantly
(Fig. 1(a)), which results in low power factor (Fig. 1(b)).
Moreover, the highest power factor was found 2.6 X
10* W/mK” at 1.6 x 10" cm™ and ~0.35 x 10™* W/mK” at
2.4 x 10" em™ for thin film GaN and bulk GaN, respec-
tively. Additionally, the highest absolute Seebeck coeffi-
cient, 478 uV/K, was measured at around 4.2 x 10" cm™
for thin film GaN whereas 313 pV/K was found at same
order of magnitude carrier density for bulk GaN. We atten-
tively attribute this to different dislocation densities of
MOCVD grown thin films and HVPE grown bulk GaN. In
this study, the dislocation densities of the bulk and thin
film GaN samples are around 10* and 10" cm™, respec-
tively. Since MOCVD thin film GaN samples were grown
on sapphire substrate, the high dislocation density induced
by large lattice mismatch and strain between GaN and sap-
phire result in enhanced scattering related factor (r) and
lead to high S values according to Eq. (3). The details
about dislocation calculation and its effect on S of thin film
and bulk GaN can be found in our previous study [13].
This mechanism also has an influence over electrical
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Figure 1 (a) Seebeck coefficient vs. carrier concentration at
room temperature (300 K): thin film GaN, bulk ZnO, and bulk
GaN. (b) Power factor as a function of carrier concentration at
room temperature (300 K): thin film GaN, bulk ZnO, and bulk
GaN. Dashed lines are guided to the eye.

properties of thin GaN as seen in Figs. 2(a) and (b). Fig-
ures 2(a) and 2(b) depict behaviour of mobility u and con-
ductivity o as a function of n. For thin film and bulk GaN p
decreases and ¢ increases as n increases. In Fig. 2(a) for thin
film GaN samples, limitation of mobility drop at around low
carrier densities, 10'°-10"7 cm™ could be attributed to ion-
ized impurity scattering, which does not play a major role on
bulk GaN. Additionally, in Fig. 2(a) in the range of 10'® cm™,
the mobility gap between thin film GaN and bulk GaN was
high. This could be attributed to the impact of scattering,
which simultaneously lowers p while enhances S.

4.2 Seebeck and electrical properties of bulk ZnO
S and S bulk ZnO with respect to n is shown in Fig. 1(a)
and 1(b). Unlike the trend observed in GaN, bulk ZnO
shows inverse TE behaviour of that S increases as n in-
creases. The abnormal S behaviour can be attributed to
hopping conductance [1, 12, 17] because hopping conduc-
tance surpasses the o and S does not decrease [12] and it
may be noted here that higher effective masses usually
brings out higher DOS, lower p, and higher S [16]. More-
over, enhance relaxation time of carriers due to the better
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Figure 2 Mobility vs. carrier concentration at room temperature
(300 K): thin film GaN, bulk ZnO, and bulk GaN. (b) Conductiv-
ity a function of carrier concentration at room temperature (300
K): thin film GaN, bulk ZnO, and bulk GaN. Dashed lines are
guided to the eye as.

crystal quality can be attributed to have larger Seebeck coef-
ficient with increasing carrier concentration [17]. Mobility
so that conductivity of bulk ZnO is lower than thin film and
bulk GaN at carrier density at 10'” cm™ (excluding one sam-
ple) as seen from Figs. 2(a) and (b). This could be attributed
to possess slightly difference of bond lengths, 1.95 and 1.97
A for Ga-N and Zn-O atoms, respectively, and also effective
masses 0.2m, and 0.23m, for GaN and ZnO, respectively
[20, 21]. Larger bond length leads to lattice strain and en-
hances native defects. Since mobility strongly relies on the
density of defects and effective mass this may result in low
electron mobility and thus conductivity [14, 21].

5 Conclusion In summary, TE properties of thin film
and bulk GaN and bulk ZnO were examined. The highest
Seebeck coefficients were found 481 pV/K and 478 pV/K
for bulk ZnO and thin film GaN at carrier density of
10'° cm™, respectively. Additionally, highest power factors
were measured as 0.65 x 10* W/mK? and 2.6 x 10 W/mKZ,
for bulk ZnO and thin film GaN, respectively. The value of
power factor of both materials exceeded that of SiGe at
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same temperature. III-nitrides and oxides materials will
play important role as a promising TE materials and de-
vices in near future.
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