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Thermoelectric Properties of Hot-Pressed GaN and InN
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An attempt was made to obtain bulk I1I-nitride semiconductors such as InN, GaN and In,Ga, N
alloy using hot-press method in order to test their high temperature thermoelectric properties.
The Seebeck coefficient and the resistivity were —10uV/K and 1.8x10° Qm for InN, and -50uV/K and
1.9x10™* Qm for GaN at 300K, respectively. Thermal conductivity determined by laser flash method with
porosity correction was 17W/mK for InN and 2.6W/mK for GaN. For InN the Seebeck coefficient and the
resistivity increased monotonously with increasing temperature, which indicates that InN is metal or
degenerated semiconductor. The power factor and the figure of merit were 2.1 x 10"* W/mK?* and 1.5x10"

5K for InN and 6.9 x 10”° W/mK? and 2.6x107° X! for GaN at 650K, respectively.
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1. INTRODUCTION

Thermoelectric power generation is a unique
technology, which converts thermal energy into
electrical energy directly using a monolithic
semiconductor device. Functional materials used
in the device for this purpose is called as
thermoelectric materials and should possess large
electrical conductivity and Seebeck coefficient,
and very low thermal conductivity like a glass at
the same time in order to maximize the thermal-
to-electrical conversion efficiency. The best
thermoelectric materials have been found in metal
chalcogenides system such as Bi,Te; [1] and
PbTe[2] and metal pnictides systems, such as
Z1n45bs3 [3], CoSb; [4,5] and Ce(Fe;_,Co0,)4Sby, [6],
where the heavy metal elements play a important
role to suppress the lattice thermal conductivity.
On of the most important subjects in this research
field is to find out a new potential thermoelectric
material without using such a toxic elements since
the energy applications, in which vast amount of
materials are used, dose not accept any expensive
and harmful components. Findings of oxide
thermoelectric ~ materials [71 are good
demonstration of _environment-conscious
materials development.

Currently, Ill-nitrides semiconductors (GaN,
AIN, InN, and their alloys) have high prospects
for applications in opt-electronics such as light-
emitting devices. The electrical transport and
microscopic parameters such as effective mass,
band gap and Hall nobilities have been deeply
investigated[8], however, very limited number of
research has been conducted to evaluate the
thermoelectric properties of IIl-nitride. The
system has advantages for such target mainly
since they are composed of Al, Ga, In and N,
which do not stress the environment.

Among them, Yamaguchi et al. reported
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thermoelectric properties of InN based ternary alloy film
[9] and related UI-oxynitride thin film [10] prepared by
reactive magnetron sputtering. The resistivity and the
Seebeck coefficient of AlgssIngssN in the report are
2mQcm and ~70uV/K at 900K, which are comparable
with those of oxide materials being currently under
development. Therefore further investigation on this
system is desired not only for thin films but also for bulk
materials.

In this study we made an attempt to prepare bulk
Hl-nitrides compounds using hot-press method to
evaluate the thermoelectric transport properties of InN
and GaN at elevated temperature.

2. EXPERIMENTAL

InN and AIN (Toshima Chem. Co. Ltd) and
GaN(Furuuchi Chem. Co. Ltd) fine powders prepared on
the route of pyrolysis reaction of ammonium fluoride
compound of metals were used as starting materials in
this study. Fig.1 shows electron microscopy pictures of
the GaN and the InN powder and the particle sizes are
estimated of the order of micrometers for the InN and
much finer for the GaN from the picture. These nitride
compound powders were examined by a powder X-ray
diffraction and confirmed that both of them belonged to
Wurtzite crystal structures. A small peak corresponds to
In metal was detected in the InN powder pattern,
whereas a trace of contamination phase was found in the
GaN powder. The powders were charged in a 15mm¢
graphite die cavity, and sealed with two graphite spacers
and 2mm thick PBN powder surrounding the target
powder. After an evacuation of the chamber down to 10
Pa and a purge with Ar gas, hot- pressing were carried
our in a Ar gas flow under the condition of 100MPa
uniaxial pressure, 773-973K x 120min for InN, Ing3Gag ,,
IngsAlg2 and 1273K x 120min. for GaN, respectively.

Compacted bulk pellets were examined with X-ray
diffraction and the density was determined with the
volume and the weight. The pellets were cut into
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(a) GaN powder

~ (b) InN powder

Fig.1 SEM pictures of GaN powder (2) and InN (b)

PBN powder

GaN, InN powder

Graphite spacers

hite die
Grap Graphite punches

Fig.2 Schematic drawing of hot-press dies setup

1x1x15mm rectangular shaped samples, then resistivity
and Seebeck coefficient measurement were carried out
using ZEM-1 (ULVAC-RIKO Co. Ltd.) for temperature
range from 310K to 650K. Thermal conductivity was
determined from room temperature up to 673K with
Imm thick, 10mm¢ small pellet by using laser flash
apparatus, TC-7000 (ULVAC-RIKO Co.Ltd.)

3. RESULTS

From preliminary tests to tune the hot-pressing
temperature for InN, it was found that temperature
below 823K is too low for necking formation, and 973K
is too high, which leads rapid decomposition of InN into
nitrogen and metal In. The optimized hot-pressing
temperature to maximize the density of InN sample in
this study was supposed to be in the vicinity of 873K
and the density was 466g/cm which was 68% of
theoretical density of 6.81g/cm®. Decomposition of In
took place even at 873K, and this was confirmed by X-
ray diffraction as shown in Fig.3. As seen in the peak
pattern in Fig.3 (a), relative peak height of metal In is

increased than that of starting powder. Estimated volume
fraction of metal In was less than 20%.

For samples of nominal alloy composmon InggAly. 2N
and InggGag ;N, we obtained 4.16 g/cm and 4.20 glom?,
corresponding to 69% and 62% of the theoretical density,
respectively. From X-ray diffraction data, it was
revealed that there is no shift in the lattice constant and
InN and GaN did not form isomorphous alloy under this
process conditions. Separate distribution of GaN and
InN was clearly observed by optical microscope in these
samples.

The GaN samples prepared at 1273K was not fully
dense, rather porous, and the estimated relative density
was about 48% of the theoretical value, however the
sample had a enough mechanical strength to be handled
in post cufting process.

Fig.4, 5 show temperature dependences of electrical
resistivity and Seebeck coefficient of all samples. InN
and its composite with GaN and AIN show relatlvely
low resistivity as a semiconductor, of the order of 10
Qm. The resistivity and absolute value of Seebeck
coefficient monotonously increase together with
increasing temperature, which means the samples are
metallic or degenerated semiconductors with high carrier
concentration. On the other hand, GaN has two orders
higher resistivity than that of InN, and the value
decreases with increasing temperature. But the slope is
not fitted to Arrhenius plot, and the decrease of the
resistivity is supposed to be a complex reflection of its
semiconducting nature and macroscopic changes of the
texture in its porous structure. The absolute value of
Seebeck coefficient increased monotonously from
50uV/K to 100pV/K in measured temperature range.

Fig. 6 shows the power factor value, PF=S%p,
calculated from Fig.4 and Fig.5. A maximum power
factor value of 1.2uW/cmK? is observed in InN sample
at 650K. There observed a tendency that an addition of
GaN and AIN to InN decreases the power factor.

Fig.7 and Fig.8 show temperature dependences of
heat capacity and thermal conductivity. In laser flash
method, thermal conductivity is given as a product of
measured density D), thermal diffusivity o and heat
capacity C,, where the @ and (, are determined
simultaneously analyzing thermal responses of the
pellet-like sample. In general the error in thermal
conductivity determined in this method mainly attributed
to error of heat capacity. In this study, the measured heat
capacity of InN showed a good agreement with the
literature value[11] as plotted in Fig.7. The thermal
conductivity decreases with increasing temperature
accompanying a sharp drop at 400K for InN and InN
based composition. As mentioned earlier, In metal phase
was detected from InN sample by X-ray diffraction, and
the drop in thermal conductivity is possibly related to
metal In. All of the thermal conductivity data are
temperature independent above 400K.

The figure of merit Z, a measure of performance of
the thermoelectric material defined as Z=S*/(px), was
calculated using data plotted in Fig.2, Fig.3 and F1g 8.
At room tem mperature, we obtained Z=3.4 x 10° X! and
5.6 x 10° K for InN and GaN; respectively. The figure
of merit increases with increasing temperature and
showed maximum Z of 1.5 x 10° K™ and 2.6 x 10° K!
at 650K in this study.
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Fig. 4 Temperature dependence of electrical
resistivity of InN, InggAly,N, Ing3Gag,N and GaN.
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Fig. 8 Temperature dependence of thermal
conductivity of InN, InggAly,N, InggGay,N and GaN.

4. DISCUSSIONS

The density of the sample was 68% for InN and 48%
for GaN in this study. In order to estimate the
thermoelectric transport properties of a fully dense
material, we made a correction in the resistivity and the
thermal conductivity depending on the density using
Maxwell’s equation[12]. For the case of porous media,
the equation is expressed as

g = 2te .

" l-e) 7
where e, x, and & are porosity, conductivity of
media, and effective conductivity, respectively.
Seebeck coefficient doesn’t change by volume
fraction of macroscopic pore. The corrected data
at 300K are summarized in Table I. We should
note that the power factor of InN is consistent
with that reported for InN based thin film.

The estimated thermal conductivity is 16.7
W/mK for InN and 2.6W/mK for GaN at 300K,
and theses are much smaller than reported values,
45W/mK[13] and 130W/mK[141, respectively.

The reason of the discrepancy may be partially
due to difference in grain size of the samples. The
smaller grain size is known to be effective to
scatter propagating phonon and to reduce the
thermal conductivity. The hot-pressed samples in
this study have a size of several micrometers and
that is probably the main reason of low thermal
conductivity. The value of GaN is doubly checked
by steady state relative method at room
temperature, and the result supports very low
thermal conductivity around 1W/mK. It seems
that there is other microscopic phonon scattering
mechanism in addition to grain size effect, and
this remains as an open question in this study.

5. CONCLUSIONS

In this study we made an attempt to obtain bulk III-
nitride semiconductors such as InN, GaN and In,Ga; N
alloy using hot-press method in order to test their high
temperature thermoelectric properties. The Seebeck
coefficient and the resistivity were —10uV/K and

Table | Summary of thermoelectric properties of fully
dense II-nitrides estimated with density cotrection.

Sample Relative | Seebeck Thetmal Resistivity | Figure of Fignre of

density coeft, conductivity med-m Merit £ Merit Z

pV/K W 1K1 300Ky (650K)

Kt K+t

N 68% -10 16.7 176 3.4x10%) 15x10%
GaN 48% -50 2.6 190| S5.6x10¢} 2.6x10°
Iny Ga, N 62% -10 7.1 3.53] 4.0x10¢] 1.4x10%
Inygaly ,N 69% -10 12.7 2.01| 3.9x10¢| 1.4x10%

1.76x10°° Qm for InN, and ~50uV/K and 1.9x10™
Qm for GaN at 300K, respectively. Thermal
conductivity determined by laser flash method
with porosity correction was 17W/mK for InN and
2.6W/mK for GaN. For InN the Seebeck
coefficient and the resistivity increased
monotonously with increasing temperature, which
indicates that InN is metal or degenerated
semiconductor. The maximum power factor and
figure of merit within the measured temperature
range were 2 x 107 W/mK? and 1.5x10° K at
650K, respectively. ‘
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