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We report room temperature electronic and thermoelectric properties of Si-doped In0.52Ga0.48 BiyAs1y
with varying Bi concentrations. These films were grown epitaxially on a semi-insulating InP
substrate by molecular beam epitaxy. We show that low Bi concentrations are optimal in
improving the conductivity, Seebeck coefficient, and thermoelectric power factor, possibly due to
the surfactant effects of bismuth. We observed a reduction in thermal conductivity with increasing
Bi concentration, which is expected because of alloy scattering. We report a peak ZT of 0.23 at
C 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4761996]
300 K. V
I. INTRODUCTION

Thermoelectric power generation (TPG) has become an
increasingly popular technology for waste heat recovery in the
last few years. The efficiency of TPG is essential in determining how practical this technology is in real world applications.
For TPG, the efficiency is calculated using the dimensionless
figure of merit, ZT, which equals to ZT ¼ S2rT/j, where S is
the Seebeck coefficient, r is the electrical conductivity, T is
the absolute temperature, and j is the thermal conductivity. A
higher ZT leads to a higher efficiency, but increasing ZT in
bulk semiconductors (ZT  1) has proven to be difficult
because of the variables’ interdependence; a reduction in thermal conductivity typically leads to a reduction in electrical
conductivity. Similarly, the Seebeck coefficient has an inverse
relationship with electrical conductivity.
There have been several reports of increases in ZT using
different techniques: incorporation of nanoparticles1 and
electron filtering.2–7 When nanoparticles are embedded epitaxially into thin-films, the thermal conductivity is reduced
past the “alloy limit” due to the increased phonon scattering.
In the electron filtering technique, the Seebeck coefficient
was increased (while electrical conductivity remaining relatively unchanged) by exclusively allowing high energy majority carriers (n-type: electrons) to contribute to conduction,
while the low energy majority carriers are “filtered”. Similarly, Heremans et al. were able to increase the Seebeck
coefficient in PbTe by doping the films with thallium; doping
with thallium caused a distortion in the density of states due
to the formation of resonant energy levels.8 In addition, it
has been demonstrated that superlattices9 can enhance the
ZT relative to their bulk material due to effectively reducing
the lattice thermal conductivity, especially at low temperatures. For bulk materials, ZT  1.5 has been reported at
700 K in AgPb18SbTe20 due to the presence of “nanodots.”10
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Finally, Shi et al. demonstrated that double-filled skutterudites (n-BaxYbyCo4Sb12) had a reduced thermal conductivity
because of the effective phonon scattering from Ba and Yb,
which led to a peak ZT of 1.36 at 800 K.11 More detail about
the effects of nanostructures on thermoelectric properties can
be found elsewhere.12
Dilute bismuthides (InxGa1xBiyAs1y) are relatively
new and promising materials for thermoelectrics because of
the expected decrease in thermal conductivity due to alloying
and bismuth being a heavy atom (better phonon scattering).
In addition, since InGaAs has moderately high thermoelectric power factor (TPF), a similar TPF in dilute bismuthides
should be achievable because of an InGaAs-like conduction
band. There have been many reports on GaBiAs,13–19 but relatively few on InGaBiAs. Petropoulos et al. discussed the
optical and electronic properties of undoped dilute bismuthides.20 Devenson et al. also investigated the structural and
optical properties of undoped InGaBiAs that contained up to
7% Bi.21 Zhong et al. discussed the optimum growth conditions required for Bi incorporation.22 While most of the
focus has been on undoped dilute bismuthides, the electronic
and thermoelectric properties of doped (n-type) dilute bismuthides have yet to be published. In this paper, we present the
room temperature electronic and thermoelectric properties of
n-InGaBiAs, along with the corresponding thermoelectric
figure of merit. Additionally, we report on heavily doped
samples, for which extremely high carrier concentrations and
electrical conductivity were achieved.
II. GROWTH AND SAMPLE CHARACTERIZATION

All samples mentioned in this paper were grown using a
OSEMI NextGen molecular beam epitaxy (MBE) system on
(001) InP:Fe substrates. A more detailed description of the
growth conditions can be found elsewhere.22 The sample
structure consists of 70 nm In0.53Ga0.47As followed by
300 nm Si:In0.52Ga0.48BixAs1x. All samples were grown at
a growth temperature of 300  C, under an As overpressure
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(As beam equivalent pressure or BEP ¼ 2  106); growth
temperature is monitored by band-edge thermometry. The Bi
flux (Bi BEP ¼ 1  108, corresponding to1.6% Bi) is held
constant for each set of samples, while the silicon cell temperature varies from 1100  C to 1390  C. We also grew samples with higher Bi concentrations (Bi BEP ¼ 1.5  108,
2.0  108, which corresponds to 2.6% Bi and 4.4% Bi,
respectively) with a silicon cell temperature of 1200  C,
1215  C, and 1245  C.
The carrier concentration, mobility, and conductivity for
each sample were obtained by a custom-built Hall Effect system using Van der Pauw geometry. Each sample was cleaved
to 1 cm  1 cm square with indium contacts deposited on
each corner.
We also measured the Seebeck coefficient of each sample. Each sample was cleaved to a 6 mm  15 mm bar with a
strip of indium deposited (via soldering iron) on each end
(thickness  1 mm) for contacts. The sample bar is then thermally pasted onto two Peltier modules that are 1 cm apart;
one module is heated and the other is cooled. Type K thermocouples are placed on each end (on top of indium contacts) to
measure DT, along with two copper probes to measure voltage. The temperature difference was varied by controlling the
power applied to the Peltier modules. The Seebeck coefficient
is the slope of the resulting V vs. DT curve, which is linear.
We measure the thermal conductivity of the various
bismuthide samples with time domain thermoreflectance
(TDTR).23 In short, TDTR is a pump-probe technique in which
laser pulses emanate from a Ti:sapphire oscillator. We delay
the time in which the probe pulses reach the sample with
respect to the pump pulses with a mechanical delay stage that
gives 6 ns of probe delay. For this study, we modulate the
pump path at 11 MHz with a linearly amplified sinusoid and
monitor the ratio of the in-phase to out-of-phase signal of the
probe beam with a lock-in amplifier. Prior to TDTR
measurements, we coat the samples with a thin Al or Pt film
transducer. To determine the thermal conductivity of the bismuthide samples, we fit the TDTR data to a multi-layer thermal model that has been detailed by several groups
elsewhere.24–26 We assume literature values for the heat
capacities of the metal transducer and the substrate.27–29 We
calculate the heat capacity of the samples by averaging the
heat capacity of In0.55Ga0.45As30 and Bi.27 The thermal conductivity of the Al or Pt transducers is approximated from electrical resistivity measurements, although over the time delay
during our TDTR measurements, we are relatively insensitive
to the thermal conductivity of the metal transducer. We fit the
TDTR model to the data by varying the thermal conductivity
of the bismuthide films. We also slightly adjust the thermal
boundary conductance between the metal and the bismuthide
samples, but due to the relatively low values of thermal conductivity of the samples, we are much more sensitive to small
changes in the values of thermal conductivity than the thermal
boundary conductance, thereby reducing the uncertainty in
determining the thermal conductivity of the alloy films. Due to
the thickness of the samples and their relatively low thermal
conductivity compared to the thermal penetration depth of our
laser at 11 MHz, we are insensitive to the thermal boundary
conductance between the bismuthide and the substrate.
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III. RESULTS AND DISCUSSION

A plot of electrical conductivity versus carrier concentration is shown in Fig. 1(a). The highest electrical

FIG. 1. (a) Electrical conductivity and (b) mobility of Si:InGaAs (circle),
Si:In0.52Ga0.48Bi.016As.984 (square), Si:InGaBi.026As.974 (triangle), and Si:InGaBi.044As.956 vs carrier concentration. (c) Carrier concentration of previously mentioned films vs Si temperature (  C). The solid line represents an
exponential fit of Si:In0.52Ga0.48Bi.016As.984 from 1100  C to 1300  C. There
is some uncertainty in the Hall measurements due to the ratio between the
diameter of the indium contact to the length of the sample side.
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FIG. 2. (a) Seebeck coefficient and (b) TPF of Si:InGaAs (circle), Si:In0.52Ga0.48Bi.016As.984 (square), Si:InGaBi.026As.974 (triangle), and Si:InGaBi.044As.956
vs carrier concentration.

conductivity we recorded was 4850 S/cm, which is quite
high for a semiconductor material. A few samples with high
carrier concentration have relatively low conductivity due to
reduced mobility, presumably due to lower material quality.
Mobility versus carrier concentration is shown in Fig. 1(b).
Incorporating of small concentrations of Bi into Si:InGaAs
does not significantly reduce mobility. Finally, Fig. 1(c)
shows a plot of carrier concentration as a function of silicon
cell temperature. The highest carrier concentration measured
was 6.4  1019 cm3. At 1.6%Bi, the carrier concentration
increases (compared to Si:InGaAs); at higher Bi concentrations, the carrier concentrations drop slightly below Si:InGaAs. This seems to suggest that there is an optimum Bi
concentration (0 < y < .026) in which the maximum carrier
concentration can be achieved for Si: In0.52Ga0.48BiyAs1y.
A possible explanation for this observation is that bismuth is
known to be a surfactant, which helps improve the overall
film quality, but it may also create a large density of step
edges, allowing easier silicon adsorption.16 As a result, at
low concentrations, more silicon can be incorporated into the
InGaBiAs matrix. At higher concentrations, bismuth may
hinder silicon incorporation, explaining the small reduction
in carrier concentration in samples with more bismuth.
Figure 2 shows the Seebeck coefficient (a) and TPF (b)
vs carrier concentration. At 1.6% Bi, there is an improvement in Seebeck coefficient and TPF, relative to Si:InGaAs,
especially at low to moderate carrier concentrations of nInGaBiAs. For example, at a carrier concentration of
1.4  1018 cm3, we see a 49.6% improvement in TPF
from Si:InGaAs (1.37  103 Wm1 K1) to Si:In0.52Ga0.48Bi.016As.984 (2.05  103 Wm1 K1). The improvement
results from a larger Seebeck coefficient, which could result
from a more complex conduction band profile in these materials. This is an unexpected result, as the conduction band
was not believed to differ significantly from InGaAs in these
materials. At 2.6% Bi, there is negligible improvement in
both the Seebeck coefficient and TPF, and at 4.4% Bi, the
thermoelectric properties are slightly worse.
There is some error in Seebeck measurements albeit
small. The temperature measurement, which is the largest
source of error, is estimated to be 61 K. This error is due to

the thermal contact between the sample and the indium
metal. The Seebeck coefficient was obtained by measuring
the slope of five different (DT, V) points; the R2 for the linear fit was 1. Also, there is negligible contribution in conduction between the film and substrate.
Thermal conductivity measurements were performed on
a variety of samples with varying Bi concentration, including
some of the previously stated Si:InGaBiAs, which were all
grown under similar growth conditions as mentioned previously. The measurements are plotted as a function of %Bi in
Figure 3. There is a general downward trend in thermal conductivity with increasing Bi concentration, which is expected
from alloy scattering. For Si:InGaAs, one sample had a relatively high thermal conductivity. Using Wiedemann-Franz
Law, we determined that roughly 40% of the total thermal
conductivity was from electronic contribution; if we neglect
the electronic contribution, the thermal conductivity of that
sample would fall within the range of the other samples. The
electronic contribution from the other Si:InGaAs samples is

FIG. 3. Thermal conductivity vs %Bi for InxGa1xBiyAs1y and
Si:InxGa1xBiyAs1y. All Al coated samples (circle) were InxGa1xBiyAs1y.
The Pt coated samples were mostly Si:InxGa1xBiyAs1y (square) and some
InxGa1xBiyAs1y (diamond, Bi% ¼ 0, 4.96, 5).
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these results, dilute bismuthides remain promising for thermoelectric power generation at moderate temperature.
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FIG. 4. Effective bandgap (due to band filling) vs carrier concentration of
Si:In0.52Ga0.48Bi.016As.984. The model was based on the calculation of the
Fermi-Dirac integral for an InGaAs conduction band.

significantly smaller. The error bars represent the uncertainty
calculated due to the metal film thickness and the standard
deviation about the mean of the various measurements on
each sample.
A Burstein-Moss shift31,32 was also observed in Si:InGaBiAs. A plot of the effective bandgap vs carrier concentration can be seen in Figure 4. The model is based on the
Fermi-Dirac integral for InGaAs, assuming multiple parabolic conduction bandgap (C-valley and L-valley) and a flat
valence band. Comparing the model to our measured
bandgap values, we see that the conduction band of Si:InGaBiAs is reasonably similar to that of InGaAs. The differences
might be explained by a change in the conduction band from
that of InGaBiAs.
IV. SUMMARY AND CONCLUSIONS

In summary, incorporating low concentrations of bismuth into Si:InGaAs has proven to be beneficial from an
electric/thermoelectric point of view. Compared to silicon
doped InGaAs, it has shown to improve conductivity and
Seebeck coefficient while maintaining a relatively high mobility, which leads to an improvement in TPF. We also
observe remarkably high conductivity and carrier concentration in heavily-doped samples. However, a higher bismuth
concentration (>2.4% Bi) can become somewhat detrimental
to the electronic and thermoelectric properties of the material.
As expected, we see a reduction in thermal conductivity with
increasing bismuth concentrations. We achieved a peak ZT
of 0.23, which, though unexceptional, is encouraging; this is
a large value for III-V materials, and we expect a higher ZT
at higher temperatures because increasing temperatures yield
a higher power factor, lower thermal conductivity, and a
larger T. Since the electrical properties of these films are isotropic, the cross-plane electrical conductivity or Seebeck
coefficient is not necessary in the calculation of ZT. Based on
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