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ABSTRACT

Mg;Bi,-based compounds are of great interest for thermoelectric applications near room temperature. Here, undoped p-type Mg;Sb,Bi,_,
thin films were synthesized using magnetron sputtering (three elemental targets in Ar atmosphere) with a growth temperature of 200 °C on
three different substrates, namely, Si as well as ¢- and r-sapphire. The elemental composition was measured with energy-dispersive x-ray
spectroscopy and the structure by x-ray diffraction. The electrical resistivity and the Seebeck coefficient were determined under He atmo-
sphere from room temperature to the growth temperature. All samples are crystalline exhibiting the La,Os-type crystal structure (space
group P-3m1). The observed thermoelectric response is consistent with a semiconductive behavior. With increasing x, the samples become
more electrically resistive due to the increasing bandgap. High Bi content (x<1) is thus beneficial due to lower resistivity and a higher
power factor near room temperature. Thermoelectric thin films synthesized at low temperatures may provide novel pathways to enable flexi-
ble devices on polymeric and other heat-sensitive substrates.
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. INTRODUCTION Room temperature (RT) thermoelectric materials are less
explored than those operating at elevated temperatures. The bipolar
effect is a known limiting factor for many thermoelectric materials.

. . 1 . . While larger bandgaps of high temperature thermoelectrics have a
thermoelectric properties compared to bulk  with their low dimen- . . o .
suppressing effect on it, the room temperature applications require

sionality yielding beneficial effects such as quantum confinement” small bandgaps close to 0.26 eV.” Most middle-temperature ther-
and additional phonon scattering.3 The thermoelectric-based moelectric materials exhibit a bandgap of at least 0.5eV, which

Thermoelectric thin films are suitable for energy generation
and cooling microdevices, with the potential to have improved

devices can be used for localized cooling of high heat-flux areas,  vyields a good performance at high temperatures but hinders room
self-powered sensors, as well as Internet of things devices." temperature applications.” Inorganic bismuth telluride compounds
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are well-established thermoelectric materials for applications near
RT," but their brittleness, as well as scarcity and high cost of Te
limit their large-scale applications.” An alternative to Bi,Te; with
better thermal stability is MgAsSb, but a complicated synthesis
process and a relatively high electrical resistivity are limiting its
current use.””” Cu,Se is an unusual high temperature thermoelectric
material that undergoes phase transition around 410 °C and pos-
sesses a high Seebeck coefficient below the transition,” but its
chemical stability is the main challenge. AgSbTe, is a system with a
high Seebeck coefficient above 125°C'” and low electrical resistiv-
ity, but again its stability requires improvements. Ag,Se is another
promising RT material without Te.'' Clearly, there are many chal-
lenges for RT thermoelectric systems. As inorganic thermoelectric
materials are often inherently rigid, there is a growing interest in
combining the flexibility of organic materials with the thermoelec-
tric properties of inorganic materials. One approach is to synthesize
an inorganic thin film on a flexible substrate.” Most polymeric sub-
strates cannot withstand high temperatures'’—low temperature
synthesis is thus necessary.

The Zintl phase Mg;SbiBi, x alloys with an La,Os-type
crystal structure (space group P-3ml)'>'* are promising thermo-
electric materials for applications at temperatures below 450 °C,
which is the thermal stability limit of the material partly due to the
high saturated vapor pressure of Mg.'” The constituent elements
are relatively abundant and nontoxic. In 2016, it was shown'® that
a slight excess in the Mg content and Te-doping can change
Mg;,5Sb; sBig4oTego; from the p-type to n-type material with
an improved thermoelectric figure of merit (ZT) of ~1.5 around
445°C. For Mg;Bi,-based materials, n-type counterparts have
better thermoelectric properties than p-type due to band structure
modulations.'® It has been reported'” that n-type Mg;Sbo ¢Bi; 4
possesses a ZT value superior to that of Bi,Te; for temperatures
between 125 and 225 °C, and that Mgs, sSb,Bi,_x can have compa-
rable thermoelectric properties between 50 and 250 °C, making
Mg;Bi,-based materials rather promising substitutes at RT."
Recently, Bi-/Ge-rich Janus nanoprecipitates from local co-melting
of Bi and Ge during sintering have been found to enable low lattice
thermal conductivity near room temperature for MgsSb, sBigs."”

For Mg;Bi,-based materials, the compositions close to
Mg;Sb; sBigs appear to be optimized to yield high ZT below
450°C."” Studies on p-type bulk materials have shown that alloying
Mg;Sb, and Mg;Bi, reduces their thermal conductivity—the value
for MgsBi, at RT has been reported to be over three times higher
and increasing in a linear fashion with temperature compared to
almost temperature independent Mg;SbBi.” The increased Bi
content decreases the bandgap, shifting the optimal thermoelectric
temperature to lower values but also increasing the bipolar effect.”’
Semiconductors with narrow bandgaps are more prone to having a
current composed of both holes and electrons (minority and
majority carriers) at temperatures sufficient for thermal excitation,
which diminishes the total Seebeck coefficient.”” Based on the liter-
ature for the n-type material, for applications around room temper-
ature compositions between Mg;SbBi and Mg;Sby 5Bi; 5 may be of
interest,'® while for temperatures close to 175°C, the predicted
optimal range changes to the composition between Mg;SbBi and
Mg;Sby sBi; , and Mg;SbBi at 330 °C. With Cu and Te doping, as
well as reduced grain boundary thermal resistance, Mgs;Sbg sBi; 5
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achieved an average ZT above 1 in the temperature range between
50 and 150 °C.”’

The deposition process of thin films can offer a greater degree
of control over the composition, structure, and strain of the mate-
rial compared to bulk synthesis. Bulk Mg;Sb,Bi,_, has been a focus
of many studies, and there is a growing interest in thermoelectric
properties of Mg;Bi, (Ref. 24) and Mg;Sb, (Refs. 25-27) thin films.
Investigating the structure evolution of undoped p-type
Mg;SbyBi, 4 is important for a better understanding of fundamen-
tal physical properties of this system and can be useful in improv-
ing the n-type material. Thermoelectric thin films synthesized at
low temperatures also provide novel pathways to enable flexible
devices on polymeric and other heat-sensitive substrates.””

Il. EXPERIMENT

Mg;Sb,Bi,_ thin films with x from 0 to 1.19 were deposited
without doping using direct current (dc) magnetron sputtering in a
vacuum chamber (base pressure < 4 x 107°Pa). A detailed descrip-
tion of the deposition system is available elsewhere.”” Mg (99.99%,
MaTeck), Sb (99.999%, Plasmaterials), and Bi (99.99%,
Plasmaterials) circular elemental targets (50.8 mm in diameter)
were driven by dc-power supplies. The Mg target power was fixed
to 90 W, Sb target power was altered from 0 to 12 W, and Bi target
power ranged from 15 to 6 W. The Ar gas flow rate was fixed to
80 SCCM corresponding to a working pressure of 0.5Pa
(3.75 mTorr). The heater was maintained at constant temperature
and the substrate holder rotated at 15 rpm, with the substrates elec-
trically floating. The heater temperature was calibrated to corre-
spond to approximately 200 °C on the substrate. The deposition
time was 15 min, yielding a thickness above 400 nm for all the thin
films, as estimated based on target power, and the thickness of
Mg;Bi, and Mg;Sb, films measured from cross sections using scan-
ning electron microscopy (SEM). The films deposited on Si(100),
r-sapphire, and c-sapphire 10 x 10 mm? substrates were used for
structural characterization by x-ray diffraction (XRD) in a 6/26
setup with a spinner stage and a minimal step size 26: 0.001 and ¢:
0.1° for in-plane rotation. The substrates were cleaned sequentially
with acetone and ethanol in an ultrasonic bath for 10 min and,
finally, blow-dried with nitrogen gas before deposition. The native
oxides on Si substrates were not removed. An anode made of Cu
and a Ni-filter was used. Elemental composition was determined
by energy-dispersive x-ray spectroscopy (EDS) in a scanning elec-
tron microscope (SEM, Oxford Instruments X-Max, 20 keV). The
electrical resistivity p, the Seebeck coefficient S, and the power
factor $%/p of films on ¢- and r-sapphire were measured by a com-
mercial system (CTA-3) under a low-pressure helium atmosphere
from RT to 200 °C (growth temperature).

lll. RESULTS AND DISCUSSION

The EDS data were averaged from three separate areas for
each sample, as measured on Si. The autofit function was used to
label the peaks from the raw data, with oxygen peaks being
excluded (possible contamination after exposure to air). As all the
substrates were used for synthesis simultaneously, the composition
on sapphire substrates is expected to be the same. To determine the
thickness dependence on x, a growth rate of a sample with 38 at. %
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of Sb synthesized at room temperature was obtained. Hence, with
the growth rate data, the thickness was estimated for all samples.

The growth temperature of 200 °C was chosen to obtain epi-
taxial growth for Mg;Bi,, as investigated in our previous study, and
to avoid loss of Mg observed already occurring with a substrate
temperature of 300 °C.”* The relatively low growth temperature can
be wuseful for depositing on polymers and other flexible,
temperature-sensitive samples. From the EDS data (Table I), it can
be deduced that the Mg content is slightly over 60at. % (3> 0).
Te-doped Mg;Sb,Bi,_, (x=0.5, 1, 1.5) samples were reported to
have good thermal stability at 300 °C during a 50h annealing exper-
iment,” sufficient for low-temperature applications. Hence, the
compositional range of interest is systematically explored in the
current work. For simplicity, 8 is omitted henceforth. It should be
noted that since the samples were exposed to atmosphere, a slight
color change of the films due to oxidation of the surfaces of the
samples was observed when the samples were visually inspected
four weeks later. It has been reported that for long term stability,
an additional surface layer and Mg-vapor annealing’' might be
necessary.

Figure 1 contains the XRD patterns of Mg;SbBi,_, films
deposited on c¢- and r-sapphire as well as Si(100) for various Sb
contents. On ¢-sapphire, the Mg;Bi, sample (x =0) is highly 0001
oriented. The orientation of the film with relation to the c-sapphire
substrate is  (0001) Mg;Bi,||(0001) ALO; and [1120]
Mg;Bi,||[1120] ALO;, as determined previously using pole figures
and confirmed by the density functional theory.”* Addition of Sb
(x>0) clearly modifies the crystalline structure. The reported
lattice constant a of Mg;Bi, is 4.675 A and ¢ is 7.416 A,’* while the
lattice constants of Mg;Sb, are 4.584 and 7.274 A, respectively.”
Since the linear coefficients of thermal expansion for Al,O;
(15.7 ppm/K)34 and Mg;(Sb,Bi), (22.3 ppm/K)35 are quite similar,
it is not expected to have significant thermal stresses for the
samples grown at 200 °C. Hence, the lattice parameters should not
be affected by the thermal stress state to a high extent. Based on
the fitting of high-intensity XRD peaks (1120 and 0003), the a and
¢ lattice parameters decrease from 4.673 and 7.399 A at x=0 to
4.634 and 7.356 A at x=0.43 and to 4.584 and 7.069 A at x=0.81,
respectively. This trend supports the notion of Sb incorporation in
the lattice and is consistent with the literature.”” Furthermore,
point defects may also affect the estimated lattice parameters.

TABLE 1. Composition of the Mgs . sSb,Bio_ samples obtained from EDS experi-
ments, where & represents extra Mg, the total content of Sb and Bi is set to 2, and
x is the ratio of alloying Sb over the sum of Sb and Bi. The error is represented by
standard deviation between the results from the three investigated areas on each
sample. The thickness was estimated based on Mg;Bi, and MgsSb, samples, as
measured by cross section of the films measured in SEM.

Estimated
thickness (nm)

2.00+£0.00 407
1.57+£0.01 425
1.19£0.01 444
1.00 £0.01 453
0.81+0.01 463

Sample ) X 2—x

0.04 +£0.01
0.05+0.01
0.03+£0.01
0.04 £0.01
0.04 £0.01

0.00 £ 0.00
0.43+0.01
0.81 £0.01
1.00 £0.01
1.19+0.01

G W N -
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The increase of the Sb content results in a slight decrease of
the lattice parameter, which can be observed as peaks move toward
higher angles. With the rise of Sb content, the intensity of 0001
peaks decreases while other peaks (1010, 2020, 1122, and 1233)
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FIG. 1. X-ray diffraction patterns of MgsSb,Bi,_, with different Sb/Bi ratios
grown at 200 °C on (a) c-sapphire, (b) r-sapphire, and (c) Si(100) substrate.
The highlighted region indicates the range in which the precipitation of Sb can
occur. Thermoelectric properties of the MgsBi, sample were investigated
(Ref. 24) in a previous study.
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FIG. 2. (a) and (b) Resistivity, (c) and (d) the Seebeck coefficient, (e) and (f) power factor of MgsSbyBi>_x» grown on c-sapphire and r-sapphire as a function of

associated

temperature.

with the solid solution of Mg;Sb, Bi, appear as the

films become increasingly polycrystalline. A similar pattern has

been also

observed for films grown on Si(100) and r-sapphire sub-

strates (Fig. 1). Observing the crystal structure of Mg;Sb,Bi,

grown on

Si substrates provides information on how a substrate

induces structural and microstructural modulations, which may be
of significance for future experiments. The 1012 Sb peak appears

for Sb-rich compositions (the highlighted peak in Fig. 1). The
appearance of a similar Sb peak has been reported for Mg;Sb, syn-
thesized without excess of Mg to offset Mg loss due to a high syn-
thesis temperature (800°C).”° This might imply that there is a
minute deficiency of Mg in our Sb-rich samples, despite EDS mea-
surements showing the content to be slightly over 60at. %.
Considering all the data in Fig. 1 regarding the phase purity (no
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metallic Sb precipitations), only the samples with x <1 are further
analyzed in terms of the transport properties.

Figure 2 presents temperature-dependent electrical resistivity,
the Seebeck coefficient, and the power factor of Mg;Sb,Bi,_, films
for x < 1. Due to the variations in the estimated thickness of the
films, the actual resistivity for x>0 may be up to 10% lower than
the presented data. The thermoelectric properties of films grown
on Si substrates are not measured, since the Si substrate dominates
any such measurements, which are not representative of the films.
For thermoelectric property measurements, films synthesized on an
insulating substrate are required. It can be observed that the lower
Sb content yields lower electrical resistivity [Figs. 2(a) and 2(b)].
This can be understood by considering the semimetallic nature of
Mg;Bi, and the semiconductor nature of Mg3Sb2.2“ Mg;Sb,Bi,
(x>0) is a semiconductor with higher Sb content expected to
increase the electrical resistivity by enlarging the bandgap,”’ as
observed herein. The Bi-rich samples may be limited by the high
bipolar effect,'® which would increase with temperature. This expla-
nation corresponds to the decrease in S at higher temperatures
as observed in Figs. 2(c) and 2(d). As can be seen in Figs. 2(e)
and 2(f), the two most Bi-rich samples (low value of x) in this
study have the highest power factor, decreasing with temperature,
with Mg;Bi, having almost twice as large power factor as
Mg;Sby 43Bi; 57 at RT. MgsSbg g1Bij 19 has relatively high electrical
resistivity combined with the low Seebeck coefficient, similar to the
Mg;Bi, sample, despite its much lower Bi content, resulting in the
lowest power factor of all samples. Similar trends are observed for
the films grown on both c-sapphire (Fig. 2, left panel) and
r-sapphire (Fig. 2, right panel), adding more certainty to the obser-
vations. Slight difference in the microstructures of the films grown
on different substrates may result in a minute variation in the elec-
trical properties. The differences are interesting but exploring them
in more detail is beyond the scope of the current work.

Comparing the resistivity values for Mg;Bi, thin film and bulk
at RT, the values for thin films in the present study are considerably
higher than the literature values for bulk materials*’—at room tem-
perature, p-type bulk Mg;Bi, was reported to have electrical resis-
tivity of 54Qm, and the value of ~10uQm was claimed for
Mg;Sby 3Bi; ;. For comparison, an undoped n-type bulk Bi,Te;
exhibits electrical resistivity of 6 uQ m and the Seebeck coefficient
of =105 1V/K at room temperature.””” A synthesis method can sig-
nificantly affect the microstructure and change the populations and
type of defects and impurities, which may be used to explain the
difference, but this is beyond the scope of the current study.

IV. SUMMARY AND CONCLUSIONS

In conclusion, we investigated thermoelectric properties of the
undoped p-type Mg;Sb,Bi,_, thin films deposited by magnetron
sputtering on c-sapphire and r-sapphire substrates in a temperature
range between RT and 200°C. At x>1, Sb precipitates, limiting
the exploration of the transport properties to the thin film samples
with x <1. While the Mg;Bi, sample is semimetallic, adding Sb
content shifts the nature of the sample to a semiconductor, increas-
ing the electrical resistivity and the Seebeck coefficient. High Bi
content is favorable for applications near room temperature. This

ARTICLE avs.scitation.org/journalljva

work has prospects for synthesis and further study of Mg;Bi, , Sby
thermoelectric thin films for applications below 200 °C.
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