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Highly textured FeSb2 films were produced on quartz wafers by a sputtering method. Their
resistivity and Seebeck coefficient �S� were measured and a maximum absolute value of S
�160 �V K−1 at 50 K was obtained. Hall measurements were employed to study the charge carrier
concentrations and Hall mobilities of the FeSb2 films. By comparing with the transport properties of
FeSb2 single crystals and an extrinsically doped FeSb1.98Te0.02 single crystal, the thermoelectric
properties of the FeSb2 films are demonstrated to be dominated by the intrinsic properties of FeSb2

at a high charge carrier concentration. © 2009 American Institute of Physics.
�DOI: 10.1063/1.3155800�

I. INTRODUCTION

Due to their promising applications for both solid state
power generators and cooling devices, thermoelectric mate-
rials �TMs� have stimulated worldwide interest for many
years.1–3 The efficiency of TMs is evaluated using the dimen-
sionless figure of merit, i.e., ZT=S2T /��, where S, T, �, and
� are the Seebeck coefficient, absolute temperature, resistiv-
ity, and thermal conductivity, respectively. To make a ther-
moelectric device commercially competitive, TMs with ZT
values significantly higher than one are required. However,
TMs with ZT�1 are still relatively few, especially for the
TMs working below 200 K. Although there is a need for
thermoelectric refrigeration, e.g., for refrigeration of super-
conductors in power cables, only few useful TMs working at
low temperature have been found in the past 40 years.4–6

The strongly correlated semiconductor FeSb2 is a prom-
ising TM.7,8 Polycrystalline FeSb2, FeSb2−xSnx, and
FeSb2−xTex have been explored and shown to have moderate
thermoelectric performance.9–11 In our previous work, we re-
ported that single crystals of FeSb2 exhibit colossal Seebeck
coefficients ��45 000 �V /K� and record high power factors
�P=S2 /�� of �2300 �W K−2 cm−1 at 12 K,12 which is 65
times larger than that of the state-of-the-art Bi2Te3-based
TMs.13 This emphasizes the potential of FeSb2 for thermo-
electric cooling at cryogenic temperature. It is the large lat-
tice thermal conductivity ��L� of bulk FeSb2 that restricts its
thermoelectric performance. In the past decade, reduction in
�L has been demonstrated as the most important and effec-
tive strategy to improve ZT of TMs in both complex bulk
materials14–16 and low-dimensional materials systems.17–21

The calculated mean free path of the dominant phonons of
FeSb2 at 12 K is �100 �m.12 Therefore, it can be expected
that FeSb2 thin films may have a much lower �L than the

bulk material due to surface and grain-boundary scattering of
phonons and thus a remarkably enhanced ZT at low tempera-
ture. Here, we report the thermoelectric properties of FeSb2

films grown by direct-current �dc� magnetron sputtering.
Polycrystalline highly �101�-textured FeSb2 films were
grown to a thickness of �600 nm on quartz substrates. The
transport properties of these FeSb2 films have been studied
together with the properties of FeSb1.98Te0.02 and FeSb2

single crystals.

II. EXPERIMENTAL MEASUREMENTS

In this work, FeSb2 films were grown on quartz �0001�
wafers �14�14 mm2� by sputtering a specifically prepared
compound target. The target �diameter: 25.4 mm; thickness:
3.2 mm� was made by heating 99.99% Fe chips and
99.9999% Sb powder in stoichiometric ratios of 1:2 in a
corundum crucible for a reaction and subsequent annealing
in an induction furnace with �1 MPa Ar atmosphere for 3 h.
X-ray powder diffraction �XRD� analysis showed that the
target mainly consisted of FeSb2 with trace amounts of FeSb,
Fe, and Sb. The sputtering system was equipped with a mag-
netron �power-control mode at a dc power of 10 W, AJA
International� that was placed at a distance of 100 mm from
the substrate along its normal. The base pressure of the
chamber was approximately 1�10−5 Pa. The sputtering gas
was Ar �99.9996%�. Optimized growth conditions for nearly
phase-pure FeSb2 films were found to be a substrate tem-
perature of �350 °C, Ar pressure of �0.6 Pa, and growth
time of 3 h. The reproducibility of the deposition process for
FeSb2 films was demonstrated by producing tens of samples
using several compound targets. The as-deposited samples
were characterized and analyzed by scanning electron mi-
croscopy �SEM, Nova600 NanoLab, FEI� with energy dis-
persive x-ray �EDX� analysis, XRD �D8 Discover, Bruker
AXS� in �-2� geometry with Cu K� radiation, and Ruther-
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ford backscattering spectroscopy �RBS, using 2 MeV 4He+

and a scattering angle of 161°�. The RBS spectra were simu-
lated using the SIMNRA software.22

The transport properties of the films were measured us-
ing a Quantum Design physical property measurement sys-
tem �PPMS�. Resistivity and Seebeck coefficient were mea-
sured simultaneously in the thermal transport option using a
standard four-point setup. Wires were mounted on the
sample using conducting silver epoxy. Steady state measure-
ments were used at temperatures below 80 K, while the
quasi-steady-state approach used in the PPMS was applied
above this temperature. The Hall resistivity ��H� was mea-
sured as function of the magnetic field �B� in the ac transport
option. Wires were mounted on the film using conducting
silver paste. At each magnetic field, �H was measured in two
opposite directions of magnetic field in order to eliminate
resistive contribution. Hall coefficient �RH� was determined
from �H=RHB.

For comparison, thermoelectric properties of
FeSb1.98Te0.02 single crystals were also measured on the
PPMS. The FeSb1.98Te0.02 single crystals were synthesized
by a self-flux method using 99.9999% Sb, 99.999% Te, and
99.98% Fe. The elements were mixed in a 8:92 molar ratio,
i.e., Fe8�Sb /Te�92, and heated to 1000 °C, cooled at
60 °C h−1 to 750 °C, and subsequently cooled at a rate of
1 °C h−1 to 550 °C. The remaining flux was removed by
centrifuging at 680 °C and subsequent immersion into con-
centrated hydrochloric acid.

III. RESULTS

Figure 1 presents representative cross-section and top
view SEM images of FeSb2 films grown at 350 °C for 3 h.
The images show that the films are dense, uniform, and con-
tinuous. The lateral crystallite sizes of the films are 400–600
nm. The film thickness is �600 nm. EDX results showed
that Fe and Sb were the only two elements present in the film
�within the detection limit, shown in the supplemental
material23�. Quantitative EDX analysis revealed that the
Fe:Sb atomic ratio in the films is about 1:2 and very close to
the reference EDX results from an FeSb2 single crystal

sample studied in Ref. 12. The film compositions were fur-
ther verified by RBS, which also gave an Fe:Sb ratio of
approximately 1:2.

Figure 2 shows a �-2� XRD pattern of an FeSb2 film.
The FeSb2 �101� and �202� peaks dominate the whole XRD
pattern, showing that the FeSb2 films are highly oriented
along the �101� direction. A very weak peak located at 28.8°
presented in the enlarged XRD pattern �the upper right inset
of Fig. 2� comes from elemental Sb, indicating the existence
of trace amounts of Sb inside the film. The possible effects of
this Sb impurity on the properties of FeSb2 films will be
discussed below.

The XRD, SEM, and EDX results show that the as-
deposited films are nearly phase-pure and highly
�101�-textured. Thermoelectric transport properties of such
an FeSb2 film are presented in Fig. 3. Properties of an FeSb2

bulk single crystal12 and an FeSb1.98Te0.02 single crystal
along the a-axis are also presented for comparison. At T
�165 K, S of the FeSb2 film presents negative values indi-
cating an n-type conductivity, and the maximum absolute
value of S�160 �V K−1 occurs at �50 K. At T�165 K, S
changes to positive values and increases with T to
�34 �V K−1 at room temperature �RT�. This S value of the
FeSb2 film at RT is consistent with the results for FeSb2

FIG. 1. �a� Cross-section and �b� top view SEM images of an FeSb2 film
produced at 350 °C for 3 h. The scale bar applies to both SEM images.
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FIG. 2. XRD pattern from the film sample grown at 350 °C for 3 h. The
FeSb2 �101� and �202� peaks dominate the whole XRD pattern. The inset
shows the enlarged XRD pattern around 2�=30°. A weak peak from el-
emental Sb located at 2�=28.8° is identified.

FIG. 3. �a� Seebeck coefficient �S� and �b� resistivity ��� of an FeSb2 film as
function of temperature �T�. For comparison, ��T� and S�T� of an FeSb2

single crystal �Ref. 12� and an FeSb1.98Te0.02 crystal along the a-axis are also
presented. The inset of �a� shows the full range of S�T� of the FeSb2 single
crystal along the a-axis.
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polycrystalline and single crystals in the literature, where S
was reported to be �31–34 �V K−1 at 300 K.9–12 The mea-
sured S�T� of the FeSb1.98Te0.02 crystal along the a-axis is
very similar to that of the FeSb2 film: the maximum absolute
value of S�120 �V K−1 occurs at �80 K; S changes to
positive values at T�210 K and increases with T to
�32 �V K−1 at RT. Note that although the maximum abso-
lute value of S of the FeSb2 film is much lower than that of
the FeSb2 single crystals �the inset of Fig. 3�a��, their tem-
perature dependence is quite similar. The similar behaviors
of S�T� of the FeSb2 film, the FeSb2 single crystal, and the
FeSb1.98Te0.02 single crystal imply that the thermoelectric
properties of the film are dominated by the intrinsic proper-
ties of FeSb2 rather than some impurity phase such as el-
emental Sb.

��T� of the FeSb2 film measured simultaneously with the
Seebeck coefficient is shown in Fig. 3�b�. At RT, the mea-
sured resistivity of the FeSb2 film is about 1.2 m	 cm, simi-
lar to the values obtained from the FeSb2 single crystal
��0.85 m	 cm� and the FeSb1.98Te0.02 crystal
��1.8 m	 cm�. It is notable that the temperature depen-
dence of the resistivity of these three samples presents much
difference. ��T� of both the film and the FeSb2 single crystal
decreases with increasing T. However, the ratio of ��2 K� to
��300 K� for the film is �5, which is much smaller than that
of the FeSb2 single crystal ��10 000�. In contrast, ��T� of
the FeSb1.98Te0.02 single crystal increases with temperature
of up to �160 K after which it decreases. Based on the
Arrhenius plot, i.e., ln � as a function of reciprocal tempera-
ture �shown in the supplemental material23�, the activation
energy of the FeSb2 film below 3 K is calculated as
�0.01 meV, which is probably due to extrinsic impurity
states. At T�100 K, the Arrhenius plot leads to an activa-
tion energy of �9.65 meV, which is lower than previously
published values on polycrystalline and single crystals of
FeSb2.9,12

In order to further explore the thermoelectric transport
properties of the FeSb2 films, Hall measurements were per-
formed on the FeSb2 film and the FeSb1.98Te0.02 single crys-
tal. Figure 4�a� shows the calculated charged carrier concen-
trations �n� of the FeSb2 film and the FeSb1.98Te0.02 single
crystal by applying a single parabolic band model. The ob-
tained n of the FeSb2 film �4–10�1020 cm−3 at 10–50 K�
and the FeSb1.98Te0.02 single crystal ��2�1021 cm−3 at
10–50 K� is much higher than that of the FeSb2 single crystal
��1015 cm−3 at 10 K�.24 These results are consistent with the
resistivity measurements of these three samples at low tem-
perature shown in Fig. 3�b�. The much reduced maximum
absolute value of S of the FeSb2 film is most likely due to its
very high carrier concentration.

The Hall carrier mobilities of the FeSb2 film and the
FeSb1.98Te0.02 single crystal are presented in Fig. 4�b�. FeSb2

single crystals have been reported to have carrier mobilities
of up to �105 cm2 V−1 s−1, suggesting application of FeSb2

in high-speed electronic devices.25 However, the Hall carrier
mobility of the FeSb2 films in this work never exceeds
10 cm2 V−1 s−1. This difference can mainly be attributed to
the increase in n since the mobility is of comparable magni-
tude to the value observed at similar n in the FeSb1.98Te0.02

single crystal. In addition, charge carrier scattering due to
grain boundaries, structural defects, and impurities in the
FeSb2 film could also play an important role.

The XRD results reveal trace amount of elemental Sb in
the FeSb2 films �the inset of Fig. 2�. As a metal, Sb could
stay in the crystal boundaries and together with other defects
and impurities lead to a very high carrier concentration of the
FeSb2 films. The resistivity of Sb films was reported to in-
crease with increasing temperature between 10 and 250 K,26

whereas the resistivity of the FeSb2 film in this work de-
creases with increasing temperature �Fig. 3�b��. This implies
that although the Sb impurity could be an important reason
for the reduced resistivity and thermopower in the films at
low temperature, the thermoelectric transport properties of
the FeSb2 films are still dominated by the intrinsic properties
of FeSb2.

Experiments to reduce the carrier concentration and in-
crease the crystallite sizes of FeSb2 films and to ultimately
grow single crystalline films clearly merit further study. Such
single crystalline FeSb2 films are expected to have a colossal
Seebeck coefficient and a giant carrier mobility as observed
in FeSb2 single crystals but a much reduced thermal conduc-
tivity, thus providing a promising TM for solid state cooling
devices as well as an excellent material for high-speed elec-
tronics.

IV. CONCLUSION

In summary, highly �101�-textured FeSb2 films were pro-
duced by magnetron sputtering. Their thermoelectric trans-
port properties were studied by comparing the properties of
FeSb1.98Te0.02 and FeSb2 single crystals. It is revealed that
the intrinsic properties of FeSb2 dominate the thermoelectric
properties of the FeSb2 films. However, the large carrier con-
centration of the FeSb2 films leads to a maximum absolute

FIG. 4. �a� The calculated carrier concentrations and �b� Hall carrier mo-
bilities of the FeSb2 film and the FeSb1.98Te0.02 crystal by applying a single
parabolic band model.
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value of S�160 �V /K at 50 K. These results improve the
understanding of the extraordinary thermoelectric properties
of FeSb2, and they suggest that it may indeed be possible to
exploit FeSb2 in thin film devices.
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