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The thermoelectric figure of merit is measured and theoretically analyzed for n-type Si-doped InGaAlAs
III-V quaternary alloys at high temperatures. The Seebeck coefficient, electrical conductivity, and thermal
conductivity of a Si-doped �In0.53Ga0.47As�0.8�In0.52Al0.48As�0.2 of 2 �m thickness lattice matched to InP
substrate grown by molecular-beam epitaxy are measured up to 800 K. The measurement results are analyzed
using the Boltzmann transport theory based on the relaxation-time approximation and the theoretical calcula-
tion is extended to find optimal carrier densities that maximize the figure of merit at various temperatures. The
figure of merit of 0.9 at 800 K is measured at a doping level of 1.9�1018 cm−3 and the theoretical prediction
shows that the figure of merit can reach 1.3 at 1000 K at a doping level of 1.5�1018 cm−3.
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I. INTRODUCTION

Seeking a better thermoelectric material for efficient
thermal-to-electrical energy conversion has become more
important as energy efficiency becomes an increasing critical
issue.1 The efficiency of a thermoelectric material is directly
linked to the dimensionless thermoelectric figure of merit,
ZT=S2�T /�, where S, �, T, and � are, respectively, the See-
beck coefficient, electrical conductivity, temperature, and
thermal conductivity. III-V compound semiconductors are
promising thermoelectric materials because they offer sev-
eral advantages such as high mobility, reduced thermal con-
ductivity by alloying, and established pathways toward com-
posing low-dimensional structures and nanocomposites.2–6

In early research on III-V semiconductors for thermoelec-
tric applications, narrow band-gap materials with light elec-
tron effective masses such as InAs and InSb were studied
because of their relatively high ZT’s with high electron
mobility.7,8 Recently Mingo calculated the figure of merits of
various nanowires �NWs� made of III-V semiconductors
based on the exact solution of the Boltzmann transport equa-
tion and predicted that ZT can be much higher than unity at
room temperature for ultrathin NWs such as InSb NWs thin-
ner than 15 nm and InAs NWs thinner than 5 nm in
diameter.9 The InSb and InAs nanowires have been success-
fully grown by vapor-liquid-solid process,2,3 and as uniform
arrays by chemical-beam epitaxy,4 respectively. Wide band-
gap III-V semiconductors such as GaN and InGaN have also
attracted increased attention recently for thermoelectric
power generation as candidates to substitute SiGe in high-
temperature applications because they are nontoxic, very
stable at high temperatures, and can be easily integrated with
the devices made of GaN or related materials.10,11

Recently it has been reported that ErAs nanoparticles of
2−3 nm in diameter can be epitaxially embedded within
III-V semiconductors during the growth by molecular-beam
epitaxy.5,6 Kim et al.12 showed that the ErAs:InGaAs

semimetal/semiconductor nanocomposites could effectively
reduce the thermal conductivity further below the alloy limit.
Zebarjadi et al.13 also showed that the ErAs nanoparticles
could enhance the thermoelectric power factor �S2�� as well
in the semiconductor matrix of InGaAlAs through an energy-
dependent electron scattering in specific conditions. For a
detailed investigation on the nanostructured material, how-
ever, it is essential to first fully understand the electron and
thermoelectric transport behavior in the semiconductor ma-
trix without nanoparticles. Mobility calculations for the ter-
nary and quaternary alloys have been performed in previous
papers.14–16 However, those results showed the data only at
room temperature or lower temperatures.

In this paper, we present an experimental and theoretical
investigation on the thermoelectric figure of merit of the Si-
doped �In0.53Ga0.47As�0.8�In0.52Al0.48As�0.2 quaternary alloy
based on the high-temperature measurements of electrical
conductivity, Seebeck coefficient, and thermal conductivity
performed up to 800 K. Temperature-dependent Hall effect
measurements are also performed on the material to find the
Hall mobility from 40 to 400 K. The Hall mobility data is
fitted with theoretical calculation by solving the Boltzmann
transport equation in the relaxation-time approximation. The
calculated mobility is then used to estimate the electrical
conductivity and Seebeck coefficient for comparison with the
experimental results. The electronic thermal conductivity is
also calculated using the electron-transport characteristics.
The lattice thermal conductivity, which is independent of the
doping level, is extracted by subtracting the electronic com-
ponent from the total thermal conductivity measured. The
optimal carrier density that maximizes the ZT at a given
temperature is calculated using the developed theoretical
model at various temperatures up to 1000 K.

II. ELECTRON TRANSPORT IN III-V
SEMICONDUCTOR ALLOYS

In the III-V semiconductor alloys, the conduction-band
minimum is located at the � valley with spherical constant
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energy surface. We assume a single band model in this paper
as the minimum of the second lowest L valley is located
much higher than the Fermi level of our interest. The disper-
sion relation is described by the Kane model,17

E�1 + �E� =
�2k2

2m�
, �1�

where � is nonparabolicity and m� is the effective mass at
the conduction-band minimum.

Electron transport and thermoelectric properties can be
derived from the Boltzmann transport equation with the
relaxation-time approximation. They are all integral func-
tions of the differential conductivity,18,19

�d�E� = e2��E�v2�E�	DOS�E��−
� f0

�E
� , �2�

where ��E� is the total electron relaxation time, v�E� is the
electron velocity in one direction, 	DOS�E� is the density of
states, and f0�E� is the Fermi-Dirac distribution.

The total electron relaxation time is determined by rel-
evant electron-scattering mechanisms. Dominant scattering
mechanisms in III-V semiconductor alloys are polar optical-
phonon �POP� scattering, ionized impurity �II� scattering, al-
loy scattering, and acoustic-phonon deformation-potential
scattering.15–17 The acoustic-phonon deformation-potential
scattering is usually weak but becomes strong at high tem-
peratures. Thus, the total relaxation time for III-V semicon-
ductor alloys is given by

1

��E�
=

1

�POP�E�
+

1

�II�E�
+

1

�AL�E�
+

1

�AC�E�
, �3�

where �POP�E�, �II�E�, �AL�E�, and �AC�E� are, respectively,
the polar optical-phonon scattering time,17 the ionized impu-
rity scattering time,20 the alloy scattering time,21 and the
acoustic-phonon deformation-potential scattering time.17 The
ionized impurity scattering time is inversely proportional to
carrier concentration.

The electrical conductivity � is simply an integral of the
differential conductivity over energy, and the mobility � is
related to the electrical conductivity by �=ne�, where n is
the carrier concentration,

� = F0�EF� , �4�

� =
1

e

F0�EF�

�
0




	DOS�E�f0�E�dE

, �5�

where EF is the Fermi level relative to the conduction-band
minimum, and

Fm�EF� = �
0




�d�E��E − EF�mdE .

The Seebeck coefficient is given by22

S =
1

eT

F1�EF�
F0�EF�

. �6�

If the carrier concentration is increased, the mobility is re-
duced by the increased ionized impurity scattering. However,
increased carrier concentration outweighs decreased mobility
so that the electrical conductivity always increases with in-
creasing carrier concentration. On the other hand, the See-
beck coefficient is decreased by increasing carrier concentra-
tion.

The electronic component of thermal conductivity is
given by22

�e =
1

e2T
�F2�EF� −

�F1�EF��2

F0�EF� 	 . �7�

It is convenient to describe the electronic component of ther-
mal conductivity with the Lorenz number defined as L
=�e / ��T�. From Eqs. �4� and �7�, the Lorenz number is de-
rived as

L =
1

e2T2�F2�EF�
F0�EF�

−
�F1�EF��2

�F0�EF��2	 . �8�

The Lorenz number is a constant, L0= ��kB�2 /3e2
2.44
�10−8 W � K−2, for metals or in the degenerate limit
�EF
0� according to the Wiedemann-Franz law.23 In semi-
conductors, however, the Lorenz number is reduced from L0,
and results in a reduction of the electronic contribution to
thermal conductivity.

III. EXPERIMENTS

The 1.9�1018 cm−3 Si-doped �In0.53Ga0.47As�0.8
�In0.52Al0.48As�0.2 thin films of 2 �m thickness were grown
on 2 in. lattice-matched InP substrate wafers using digital
alloy growth technique by molecular-beam epitaxy at a
growth temperature of 490 °C. The InP substrate that the
epitaxial film was grown on was doped by deep level Fe
dopants to compensate the intrinsic carriers and thus is semi-
insulating at room temperature. However, the thermal exci-
tation of free carriers in the substrate increases exponentially
with temperature and affects the electrical measurements of
the thin film at high temperatures above 600 K. To eliminate
the substrate effect, we bonded the III-V thin film onto an
insulating sapphire substrate using an oxide bonding tech-
nique, and the original InP substrate was then removed by
selective wet etching, leaving only the thin film on the
sapphire.24

A cloverleaf-shaped van der Pauw pattern was fabricated
on the transferred thin film on a sapphire substrate for elec-
trical conductivity and Hall effect measurements25 with sub-
sequent surface passivation using multiple layer deposition
of the plasma-enhanced chemical-vapor deposition SiNx and
SiO2 on the thin film to prevent the epitaxial layer from
decomposing at temperatures higher than the growth tem-
perature. The same sample was used for Seebeck measure-
ments by measuring voltage across the two metal contacts in
a diagonal direction with temperature gradient. For compari-
son, another sample on the original InP substrate cleaved

BAHK et al. PHYSICAL REVIEW B 81, 235209 �2010�

235209-2



from the same wafer was also processed following the same
processing steps except the substrate removal and oxide
bonding.

Thermal conductivity was measured using the 3�
method.12 The substrate was not removed for the thermal-
conductivity measurements because the thermal conductivity
contrast between the substrate and the epitaxial film is suffi-
ciently large in the measurement temperature range so that
they can be easily separated.

IV. RESULTS AND DISCUSSION

Figure 1 shows the measurement results of the electrical
conductivity and Seebeck coefficient of the thin-film Si-
doped �In0.53Ga0.47As�0.8�In0.52Al0.48As�0.2. Both the electri-
cal conductivities measured on the original InP substrate and
on the sapphire substrate after the InP substrate removal are
shown in Fig. 1 for comparison. The former shows a sudden
increase above 650 K, while the latter shows no such an
increase, but a steady decrease in electrical conductivity,
which is a clear evidence that the substrate conduction
through the InP substrate showed up in the original sample
above 650 K, but has been removed in the substrate-removed
sample. The small discrepancy in electrical conductivity be-
tween the two samples below 650 K can be due to the strain
effect induced on the thin films by the different degree of
thermal-expansion mismatch with the two dissimilar sub-
strates or slight difference in doping density between the two
samples originating from doping nonuniformity on the wafer.
The Seebeck coefficient measured for the substrate-removed
sample is also shown in Fig. 1 and good agreement with the
theoretical calculation is observed.

The electrical conductivity measured for the thin film on
the sapphire substrate was fitted theoretically in Fig. 1 using
the four scattering mechanisms in the III-V alloys. Table I
shows the material properties used to calculate the scattering
rates and transport properties of the �In0.53Ga0.47As�0.8
�In0.52Al0.48As�0.2 lattice matched to the InP substrate. Two
fitting parameters were used for the fitting of the total mo-

bility, one of which is the alloy scattering potential and the
other is the carrier compensation ratio defined as the ratio of
the density of ionized impurities to the actual carrier density.
The alloy scattering potential used for the final fitting is
0.32�0.01 eV, which is close to the electron negativity dif-
ference, 0.33 eV, calculated for the quaternary compound
using the formulas given in Ref. 30. The compensation ratio
was determined to be 1.22, which is reasonably low com-
pared to 1.67 used in Ref. 15. Figure 2 shows the Hall mo-
bility fitting with the four relevant scattering mechanisms.
The mobility of each scattering mechanism in Fig. 2, which
shows the relative strength of each scattering, was calculated
by plugging the relaxation time of the specific scattering
mechanism into Eq. �5� instead of the total relaxation time.
The carrier density was measured by the Hall effect measure-
ment and was almost constant, 1.9�1018 cm−3, from 40 to
400 K, and is expected to remain almost the same up to 1000
K with the fact that intrinsic carrier density is still suffi-
ciently low below 1017 cm−3 in the temperature range.

Figure 3 shows both the lattice component and the elec-
tronic component of thermal conductivity along with the
measured total thermal conductivity. The calculation of lat-
tice thermal conductivity is beyond this work. Instead, it was
extracted from the measurement data of the total thermal

FIG. 1. �Color online� Electrical conductivity and Seebeck co-
efficient vs temperature for the Si-doped �In0.53Ga0.47As�0.8

�In0.52Al0.48As�0.2. Electrical conductivity measured on both the
original InP substrate �squares� and a sapphire substrate �triangles�.
Seebeck coefficients measured on a sapphire substrate �circles�. The
solid and dotted lines are theoretical calculations for electrical con-
ductivity and Seebeck coefficient, respectively.

TABLE I. Material properties used in the transport calculation
for �InGaAs�0.8�InAlAs�0.2 lattice matched to InP. The last two pa-
rameters were used as adjustable parameters for fitting the Hall
mobility data.

Electron effective mass 0.0478m0 �Ref. 26�
Nonparabolicity 1.102 �1/eV� �Ref. 26�
Static dielectric constant 13.6 �Ref. 16�
High-frequency dielectric constant 11.5 �Ref. 16�
Optical-phonon energy 0.032 �eV� �Ref. 27�
Acoustic deformation potential 5.92 �eV� �Ref. 28�
Elastic constant 1.02�1011 �N /m2� �Ref. 29�
Alloy scattering potential 0.32 �eV�
Carrier compensation ratio 1.22

FIG. 2. �Color online� Mobility fitting for the Si-doped
�In0.53Ga0.47As�0.8�In0.52Al0.48As�0.2. Alloy, POP, II, and acoustic-
phonon scatterings are included. Experimental data measured from
40 to 400 K is designated by open circles.
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conductivity by subtracting the calculated electronic thermal
conductivity. The electronic thermal conductivity steadily in-
creases with temperature, but the increase is slower as tem-
perature goes up, and finally it saturates above 700 K be-
cause both the electrical conductivity and the Lorenz number
keep decreasing with temperature. The Lorenz number and
the Fermi level are shown as a function of temperature in
Fig. 4. As the Fermi level decreases with increasing tempera-
ture, the semiconductor deviates further from the
Wiedemann-Franz law, which results in the reduction in the
Lorenz number.23 The saturated electronic thermal conduc-
tivity at high temperatures is another advantage of this ma-
terial for keeping the total thermal conductivity low and the
figure of merit high. The lattice thermal conductivity is also
reduced in the high-temperature region mainly due to the
umklapp scattering.12 The low lattice thermal conductivity
can also be attributed partly to the digital alloy growth in
which the periodic interfaces in monolayer scale can still
scatter phonons to reduce lattice thermal conductivity.

Figure 5 shows the measured power factor and the figure
of merit along with their theoretical calculations as functions

of temperature for the material at a doping level of 1.9
�1018 cm−3. The figure of merit was measured to be 0.9 at
800 K and is expected to keep increasing with temperature to
reach 1.3 at 1000 K according to the theoretical calculation.
Figure 6 shows doping density dependence of the thermo-
electric properties calculated based on the measured data at a
doping level of 1.9�1018 cm−3 at 800 K. As doping density
increases, the electrical conductivity increases while the See-
beck coefficient decreases, and their trade-off relation makes
a peak in power factor in the middle of the doping density
around 3�1018 cm−3. However, the thermal conductivity
also increases with increasing doping density because its
electronic component increases with doping density almost
linearly and becomes a dominant factor over the lattice com-
ponent at high doping levels. For example, the increasing
rate of electronic thermal conductivity is calculated to be
around 0.4 W /m K per 1�1018 cm−3 increase in doping
density at 800 K. The lattice thermal conductivity is kept
constant with varying doping density. Because of the in-
creased thermal conductivity, the ZT drops more quickly
than the power factor as the doping density increases, so
that ZT has a peak at a slightly lower doping of 1.3
�1018 cm−3.

FIG. 3. �Color online� Thermal conductivity vs temperature for
the Si-doped �In0.53Ga0.47As�0.8�In0.52Al0.48As�0.2. The measured
thermal conductivity is shown in open circles with a quadratic poly-
nomial fitting in a solid line. The electronic component of thermal
conductivity �the bottom curve� is calculated from the electron scat-
tering characteristics, and the lattice thermal conductivity curve
shown in the middle is the difference between the fitting curve of
the measured data and the electronic thermal conductivity.

FIG. 4. �Color online� Calculated Lorenz number �L� and Fermi
level �EF� vs temperature for the Si-doped
�In0.53Ga0.47As�0.8�In0.52Al0.48As�0.2.

FIG. 5. �Color online� Power factor �S2��, and the figure of
merit, ZT, of the 1.9�1018 cm−3 Si-doped �In0.53Ga0.47As�0.8

�In0.52Al0.48As�0.2 as a function of temperature, in which the experi-
mental results are shown as open triangles and squares, respectively.
The solid curves are theoretical calculations.

FIG. 6. �Color online� Theoretical calculations of the power
factor �S2��, thermal conductivity ���, and the figure of merit, ZT,
of the Si-doped �In0.53Ga0.47As�0.8�In0.52Al0.48As�0.2 as functions of
doping density at 800 K. The measured values at a doping density
of 1.9�1018 cm−3 are also shown as a triangle, a circle, and a
square, respectively.
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In Fig. 7, the theory has been extended to calculate the
thermoelectric properties at 1000 K as functions of doping
density. The ZT has a peak at around 1.5�1018 cm−3, and
the maximum ZT is found to be 1.3 at 1000 K. The ZT
enhancement from 800 to 1000 K is mainly due to the tem-
perature increase and the slight enhancement of power factor.
As shown in Fig. 8, the optimal doping density that maxi-
mizes the figure of merit at a given temperature does not
change much with temperature, ranging between 1�1018

−1.5�1018 cm−3, slightly increasing with temperature. The
corresponding maximum figure of merit, however, rapidly
increases with temperature due to the enhanced power factor
and reduced thermal conductivity along with the multiplica-
tion of the increased temperature. Beyond 1000 K, the intrin-
sic carriers by thermal excitation may not be negligible in the
carrier transport so that the increase in the figure of merit can
be suppressed.

V. CONCLUSIONS

We have experimentally measured the figure of merit of
Si-doped �In0.53Ga0.47As�0.8�In0.52Al0.48As�0.2 lattice matched

to the InP substrate grown by molecular-beam epitaxy from
room temperature and fit the measurement results using the
solution of the Boltzmann transport equation in the
relaxation-time approximation. The ZT of 0.9 at 800 K was
measured for this material. By extracting the adjustable pa-
rameters from the fitting of the measurements, we have ex-
tended the theory to predict the thermoelectric properties of
the material at various doping levels and temperatures higher
than the measurement limit. It has been predicted that the ZT
can be 1.3 at 1000 K at a doping level of 1.5�1018 cm−3.
The power factor steadily increases with temperature in this
temperature range and the saturated electronic thermal con-
ductivity helps to maintain the ZT high at high temperatures.
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