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ABSTRACT: Mg3Bi; has recently emerged as a promising environmentally-friendly alternative to bismuth tellurides for near-room-
temperature thermoelectrics. Here, we report on the fabrication of Mg;Bi, thin films under Mg-rich and Mg-poor conditions via
vacuum thermal co-evaporation. We demonstrate that under Mg-deficient conditions, thin films show a p-type conduction behavior
with a maximum power factor exceeding 300 pW/(m-K?) and a thermoelectric figure of merit ZT of 0.11 at 200 °C. Increasing the
amount of Mg enables the formation of Mg-rich Mg3;Bi thin films with n-type conduction. These films exhibit a maximum power
factor and ZT at lower temperatures around 130-140 °C. Moreover, the maximum Z7 is increased to 0.19 owing to the ultra-low

thermal conductivity of the n-type Mg3Bi,.

INTRODUCTION

Thermoelectrics (TE) represents one of the main potential
sources of renewable energy for the near future. Indeed, “waste”
heat is produced ubiquitously from industrial processes to the
human body. Thus, taking advantage of this energy source to
produce usable electrical power is of great interest.
Thermoelectric generators (TEGs) make use of p- and n-type
semiconductors that translate a temperature difference into an
electrical potential difference (voltage) through the well-known
Seebeck effect. A TEG works by combining several “legs” of
n- and p-type TE materials placed thermally in parallel between
a hot and cold source and electrically in series.! In order to
maximize the potential power output of a TEG, the TE materials
must maximize their dimensionless figure of merit ZT" which is
defined as follows:

ZT = (6S*x)T
where o, S, k, and T are the electrical conductivity, the

Seebeck coefficient, the thermal conductivity, and the absolute
temperature, respectively.

One of the proposed applications of TE is the self-powering
of small, lightweight and flexible electronic devices such as
wearable sensors.>* However, in order to be able to implement
TEGs in such applications, the TE materials must be processed
as thin films, without toxic elements and with relevant ZT
values around room temperature (RT).*% Most TE materials
reported so far fail to meet these criteria as they: (i) use scarce
and toxic elements such as tellurium and/or toxic heavy metals,
and/or (ii) have maximum Z7 values achieved at high
temperatures (e.g., 783 K for SnSe which holds the current
record value of Z7=3.1),” and/or (iii) are synthesized in the form
of bulk millimetric crystals or pellets limiting their integration
into miniaturized thin film technologies.®

The field of (flexible) thin film thermoelectric materials for
RT applications is not new. For example, Ao et al. demonstrated
the fabrication of a flexible Sb,Tes/Bi,Te; thin film TEG with a
power density of 1.42 mW cm at a temperature difference of
60 K°, while Wei et al. reached a power density of >280 pW
cm 2 at a temperature difference of 20 K with a TEG composed
of (SbyTes)(Te)1s and BirTes.!” Although showing promising
results, these materials are based on scarce and toxic tellurium
which limit their application in wearable self-powered devices.

Mg;Bi, and related Zintl materials, such as Mgs;Sb,, have
recently been reported as promising TE candidates for near RT
applications.!'"" Initial studies show that their TE properties are
comparable to that of bismuth tellurides when operated near
RT.'"16 Mg3Bi, has been reported as a p-type semimetal, whose
electrical conduction is governed by the presence of Mg
vacancies.!! As a result, increasing the Mg content has been
shown to lead to an important change in electrical properties,
with Mg-rich compositions showing n-type behavior. The
highest ZT that was recorded for undoped p-type Mg;Bi; is
around 0.1 across a temperature range of 300 — 825 K.!7 Other
reports!® have achieved a ZT of ~0.25 with a composition
labelled as Mgs+3Bi>; however this composition also contains
some  tellurium as  the  full  composition s
Mgs:+5Biig9Teoo1:Mngoi. Addition of extrinsic dopants has
proven to be a useful way to increase the thermoelectric
properties of Mg;Bi, and related compounds.!*?° The (partial)
substitution of Bi with Sb and doping with S, Se, or Te led to
an increase of the charge carrier concentration as well as to
lower thermal conductivities (due to phonon scattering)
providing a promising way of tuning the TE properties.?' >
However, additional extrinsic dopants add complexity to the
process and, in case of elements such as tellurium, raise
concerns on toxicity and scarcity. Other efforts to improve the
thermoelectric properties of Mgs;Bi,-based compounds include
tuning the ratio of Mg and Bi.?*?® Increasing the Mg content in



Mgs+xSbi.5Bio49Teo 01 beyond the nominal amount compensates
for Mg vacancies in the crystal structure and allows for a
significantly higher charge carrier concentration.?*

A well-established preparation method of this class of TE
materials involves the mechanical alloying of the constituents
until the desired composition is formed, after which the
resulting powder is turned into a mm-sized pellet using hot
pressing.'”?1?2 These pellets have only recently been
successfully introduced in a TEG module by Ying et. al,
reaching a conversion efficiency of ~7.0% at a temperature
difference of around 250 K.?’ Despite the promising
developments and relatively high conversion efficiency for near
RT applications, these bulk thermoelectric modules lack the
flexibility and scalability for wearable applications.

Recent work by Sadowski et al. has demonstrated the
fabrication of Mg3Bi, thin films via sputtering, enabling their
use in the field of flexible wearables and related applications.?
The authors reported a maximum power factor (PF) of 200
pW-m!-K-! near room temperature on p-type Mg;Bi, thin films
grown at a substrate temperature of 200 °C. However, the
thermal conductivity is not measured and hence no ZT value can
be derived from this work. In another work Fang et al.
demonstrated that varying the substrate temperature during the
sputtering process induces a phase transition in the Mg3;Bi,, with
a maximum PF of 110 pW-m-K™! at 393 K.?° Tani et al.
explored the formation of Mg;Bi, thin films by post-annealing
Mg/Bi bilayers prepared by magnetron sputtering.>® Although
the authors obtained a homogeneous composition, the PF of
their Mg;Bi, film was limited to 89 puW-m™-K™! at 565 K. The
existing literature on MgBi, thin films lack thermal
conductivity measurements, limiting the understanding of
MgsBi, and hinders the assessment of its potential as
thermoelectric material in TEGs. These studies also mention
that thermal vacuum deposition of Mg;Bi, thin films is
challenging due to the high vapor pressure of Mg and that
therefore sputtering is the preferred deposition method for these
alloys.?® However, already in 1979 Long et. al. reported on the
thermal co-evaporation of Mg and Bi and the formation of a
two-component alloy in which the compositional variations
were below 0.5%.°! The reliability of thermal evaporation of
Mg is supported by other studies focusing on the co-evaporation
of Mg and B to form MgB thin films.*>* These considerations
make thermal co-evaporation of said constituents a promising
technique to fabricate Mg,Bi, thin films.

In this work we have deposited MgsBi, thin films
(thicknesses around 350 nm) without extrinsic dopants (such as
scarce and toxic Te) by thermal vacuum co-deposition of
elemental Mg and Bi. Morphological, elemental, and structural
characterization is carried out by Scanning Electron
Microscopy (SEM), Energy-Dispersive X-ray Spectroscopy
(EDS), and X-Ray Diffraction (XRD) to prove the successful
formation of these materials as thin films. Furthermore, we
investigate the effect of the material stoichiometry on the
thermoelectric properties. We find that depending on the
stoichiometry both p- or n-type materials can be obtained with
ZT values in excess of 0.1 near room temperature. This
represents, to the best of our knowledge, the highest reported
ZT on tellurium-free Mg:Bi, materials and the first full
thermoelectric characterization of these alloys in the form of
thin films. Compared to previous results reported on films
deposited by magnetron sputtering,?® it is important to highlight
that our method based on thermal evaporation does not use
substrate heating during deposition, allows for tunable p- and n-

type films, and yields higher power factors up to 300 uW-m-K-
! making it a promising approach for flexible miniaturized
TEGs.

In short, Mg:Bi, thin films are prepared by thermal co-
evaporation of Mg and Bi in a vacuum chamber (see Supporting
Information for the experimental details). Typically, a film of
approximately 350 nm is grown in about 35 min. The
evaporation rate of Bi is fixed to 1.00 A/s (source temperature
= 560 °C) while the evaporation rate of Mg is set either to
0.98 A/s (source temperature = 330 °C) or 1.11 A/s (source
temperature = 340 °C) to prepare Mg-poor or Mg-rich
compositions, respectively. Elemental analysis by EDS yields a
composition of Mg;,Bi, and Mgs;sBi, in these conditions,
respectively (see Figure S1). This confirms that the increased
evaporation rate leads to an increase of Mg incorporated in the
thin film. The film grown with an Mg evaporation rate of 0.98
A/s shows a p-type electrical conductivity and a secondary Bi
phase which are signs of the expected Mg-deficiency. We will
refer to these samples as Mg-poor and Mg-rich Mg;Bi, rather
than by the stoichiometry extracted from the EDS analysis.

As can be seen in Figure 1, X-ray diffraction reveals a rather
amorphous character of the two types of deposited films after
deposition. However, when annealed at 200 — 300 °C the
diffraction peaks corresponding to the expected hexagonal

Mg;3Bi; phase are clearly visible.
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Figure 1. X-ray diffraction of (a) Mg-poor and (b) Mg-rich Mg3Biz
thin films on room temperature substrates and after annealing at
different temperatures. The red line corresponds to the ICSD
pattern 659569 of Mg3Bia. See Figures S2 and S3 as well as Table
S1 for a more detailed XRD analysis.

Whole-pattern deconvolutions (Figures S2 and S3 and Table
S1) reveal the crystallization of Mg3:Bi, in space group P-3ml
with very similar lattice parameters (a=b=4.64 A and c=7.37 A
for the Mg-poor sample and a=b=4.63 A and ¢=7.37 A for the
Mg-rich one, both annealed at 300 °C), close to the reported
values of a=b=4.67 A and ¢=7.40 A (ICSD reference 659569).
In the case of the Mg-poor deposition, a clear signal for
elemental bismuth is observed at 26=27.2° (see the diffraction
peak with the star symbol in Figure 1a). This is consistent with
a potential Mg-deficiency, as noted by others (we have taken
this into account in the fit presented in Figure S2).28%° It is
interesting to note that this bismuth phase vanishes when the
Mg evaporation rate is increased (Figure 1b). The Mg-rich-
deposited film requires a higher annealing temperature to
crystallize than the Mg-poor film and remains less crystalline
(broader diffraction peaks translating smaller crystallites) even
at 300 °C.



Scanning electron microscopy images of both films can be
found in Figure 2. They show small grains in all cases. The Mg-
rich sample contains some domains of elevation due to the
deposition, whereas the Mg-poor film is smooth. Elemental
mapping (see Figure S4) of the Mg-rich film surface reveals that
these domains are Mg-rich and could even represent elemental
Mg clusters. Given that they are nanometric and relatively
scarce on the surface their presence remains undetected by our

Figure 2. SEM images of (a) Mg-poor and (b) Mg-rich Mg3Biz
taken at 50,000x magnification.

XRD equipment.

Given the successful deposition of Mg;Bi, thin films with the
correct crystalline phase, we investigated their thermoelectric
properties from 30 to 200 °C. Figure 3a shows the relevant TE
parameters (o, S, k, and ZT) obtained at different temperatures
from the Mg-poor thin film. Before the measurement, the Mg-
poor and Mg-rich Mg;Bi, films were annealed at 200 °C for 1
hour.

The positive Seebeck and Hall coefficients indicate that the
Mg-poor MgsBi, thin film has a p-type conductivity, as
expected from literature for Mg-deficient compositions. 11734
The low thermal conductivity (x) around 1 W/(m-K) at RT is
comparable to other related Mg;Bi-based compounds'*?2,
although, to the best of our knowledge, an analogous value has
not been reported so far for undoped Mg;Bi,. Regarding the
electrical conductivity (o), we find a value of ~80 X 10 S/m,
which is higher than the electrical conductivity of Mgs;Bi, thin
films deposited with magnetron sputtering.?®3° The Seebeck
coefficient across the selected temperature range has
comparable values (40-60 pV/K) as found for the above-
mentioned magnetron sputtered films and increases linearly
with temperature. Such a linear increase of S with constant o
has also been observed in other inorganic semiconductor thin
films.® This has been attributed to the shift of the Fermi level
away from the valence band in heavily doped (degenerated)
semiconductors or semimetals. !

Another key parameter which is often used to describe the
quality of a thermoelectric material is the so-called power factor
(PF):%

PF=¢-5°

We display the PF in Figure S5, with values ranging from
136 to 302 uW/(m-K?) going from 30 to 200 °C. The PF of our
Mg;3Bi; is superior to the typical values found in literature for
Mg;Bi,.20 The thermoelectric figure of merit Z7T is around
0.04 at RT which increases to 0.11 at 200 °C. This is the first
report of ZT values for undoped Mg3Bi; thin films, as previous
literature did not report on the thermal conductivity.

Furthermore, Hall effect measurements (Figure 3b) on the
Mg-poor Mg3Bi, thin film allow us to disentangle the charge

carrier concentration (CCC) and mobility contributions to the
electrical conductivity. Interestingly, these three parameters
remain rather stable over the selected temperature range. The
semi metallic behavior of Mg3;Bi, becomes apparent by the high
carrier concentration of approximately 450 x 10'® cm™. It is
important to note that the mobility is not affected by
temperature, as one could expect from phonon scattering.
Indeed, the hole mobility remains around 11 cm?/(V's) over the
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Figure 3. Temperature dependance of (a) the thermal
conductivity (x, red triangles), electrical conductivity (o, black
dots), Seebeck coefficient (S, green x’s), thermoelectric figure of
merit (Z7, blue diamonds), and (b) of the charge carrier
concentration (CCC, red triangles), Hall coefficient (black dots),
and hole mobility (green x’s) of the Mg-poor Mg3Bi> film. The

error bars come from the deviation of the equipment.

temperature range from 30 to 200 °C.

When moving to films with a Mg-rich condition (Figure 4),
the TE properties are changed drastically. For these films, the
negative Seebeck coefficient is indicative of an n-type character
which is in line with literature reports on bulk samples.?*?¢ This
highlights the versatility of thermal co-evaporation to tune the
TE properties of Mg;Bi, thin films. Moreover, despite a
decrease in electrical conductivity with regards to the Mg-poor
film, as the absolute Seebeck coefficient is increased and
thermal conductivity becomes ultralow, the overall ZT is
increased reaching 0.19 at 140 °C. It is important to note that,
contrary to the Mg-poor sample, the electrical conductivity of
the Mg-rich sample versus temperature is not monotonous,
reaching a maximum around 140 °C — 170 °C. As o is
proportional to the product of the CCC and electron mobility.
We can elucidate the trend of the conductivity by examining
these two parameters in Figure 4b. The mobility has a maximum
at 110 °C. In general, the charge mobility at lower temperatures
is limited by impurity scattering, whereas at higher
temperatures lattice scattering events become the dominant
factor.’”*® Further insights from theoretical calculations could
assist in elucidating the exact scattering mechanisms at play and
determining the density of state effective mass.* Since the CCC



gradually increases until a plateau is reached, o reaches a
maximum at a temperature slightly above that of the maximum
mobility. Moreover, as the Seebeck coefficient is inversely
proportional to the charge carrier concentration, it starts to
decline as the CCC increases at 90 °C as can be seen in Figure
4a. Regarding the power factor (Figure S5) we observe a
maximum of 193 pW/(m-K?) around 130 °C which is lower
than the Mg-poor analogue. The trend of the PF is mainly
driven by the behavior of the electrical conductivity at higher
temperature.

Hence, the thermoelectric properties of the Mg-rich Mg;Bi,
thin films are more complex than those of the Mg-poor Mg;Bi,
thin films caused primarily by a maximum in the charge carrier
mobility. This is particularly the case in the temperature range
of 80 — 110 °C (Figure 4). This can be attributed to competing
impurity and lattice phonon scattering processes, dominant at
lower and higher temperatures, respectively.***! We should also
remark that the measurements of the TE properties were
conducted on Mg;Bi, samples annealed at 200 °C, which is
below the crystallization temperature (300 °C, see Figure 1b) of
Mg-rich Mg;Bi,. Hence, the difference in TE performance
could also be related to the difference in crystallinity between
the Mg-poor and Mg-rich sample. This effect was demonstrated
by others for GeSbTe thin films.*? A follow-up study is required
to elucidate how crystallinity affects the thermoelectric
properties of Mg3Bi; thin films.
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Figure 4. Temperature dependance of (a) the thermal
conductivity (x, red triangles), electrical conductivity (o, black
dots), Seebeck coefficient (S, green x’s), thermoelectric figure of
merit (Z7, blue diamonds), and (b) of the charge carrier
concentration (CCC, red triangles), Hall coefficient (black dots),
and hole mobility (green x’s) of the Mg-rich Mg3Biz film. The
error bars come from the deviation of the equipment.

In conclusion, we demonstrate that thermal vacuum co-
deposition of Mg;Bi, thin films enables the fine tuning of the
stoichiometry. We determine the thermoelectric properties of
two types of Mg3;Bi, thin films, one with a deficiency of Mg and

one with an excess of Mg (the exact determination of thin films’
stoichiometry in these cases remains a challenge that should be
further investigated in future work). XRD analysis reveals the
formation of the Mg;Bi, phase in both cases upon annealing to
200 °C and 300 °C, respectively. The Mg-poor Mg;Bi, films
show a p-type behavior with a maximum Z7 of 0.11 and a power
factor of 302 pwW/(m-K?) at 200 °C. Through the incorporation
of additional Mg during the thermal vacuum co-sublimation, a
Mg-rich Mg;Bi, film is obtained. The electrical behavior of
these Mg-rich Mg;Bi; thin films is changed from p- to n-type.
The maximum Z7 of 0.19 is obtained at 140 °C, and a power
factor of 193 pW/(m-K?) is observed at 130 °C. Due to the
complex nature of the thermoelectric properties of the Mg-rich
film, further studies into dominating carrier scattering
mechanisms at different temperatures should be undertaken,
possibly including theoretical calculations. We demonstrate
that the stoichiometry of Mg;Bi,-based materials governs the
nature of the electrical behavior, which can be tuned according
to the deposition rate in a thermal co-deposition process. This
can be utilized to fabricate thin film thermoelectric generators
consisting of both p- and n-type Mg;Bi, “legs”.
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This material is available free of charge via the Internet at
http://pubs.acs.org.

Detailed experimental procedures, EDS spectra, XRD fits, Le Bail
fit results, SEM EDS images, and the power factor plot of Mg-poor
and Mg-rich Mg3Bia.
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