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ABSTRACT

Mechanically flexible thermoelectric materials are of importance for energy harvesting and powering portable and wearable devices. Stress is
often disregarded in investigations of thermoelectric properties, despite the fact that it is increasingly important for flexible devices, given the
known but often overlooked correlations between stress and physical properties. To investigate the effects of stress on the thermoelectric
properties of Mg;Bi,, we synthesized thin films between ambient temperature and 190°C using magnetron sputtering. Polymeric and
ceramic substrates with a wide range of thermal expansion coefficients were used to grow thin films with varied thermal stress. The crystal
structure, morphology, and transport properties of the films were explored. The results indicate that low to moderate stress is beneficial for
the power factor, ranging from 0.2 to 152 W m ' K2 at zero thermal stress and 46 MPa, respectively. This highlights the importance of
stating stress with the thermoelectric results and could help explain the extensive scatter of literature values reported for the same
thermoelectric systems.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0280888

Mechanically flexible thermoelectrics provide a convenient power
source for wearable devices." * Wearable electronics can be embedded
in accessories and clothes, or even directly attached to the skin.” They
are essential for personalized healthcare and communication.’
Currently, wearable devices are mostly powered by batteries, which are
required to be small, light, mechanically flexible, and have a long life-
time. The last requirement is not only crucial for medical applications
but also necessary to keep the economic and environmental costs low."
However, these requirements pose a major challenge for batteries,
since they are required to be periodically recharged, replaced, or other-
wise maintained.”” Thermoelectric thin films can potentially substitute
batteries, providing uninterrupted power by converting the heat energy
from human skin into electricity. They are reliable and silent since
there are no moving parts, and they do not require maintenance.
Synthesizing thermoelectric materials in the form of thin films can
confer them flexibility and is also convenient for the production of
microdevices.” Furthermore, the synthesis process for thin films allows
for high control over the residual stress.

Despite studies showing the potential benefits of controlling stress
in various materials,”” it is often ignored or overlooked in conjunc-
tion with thermoelectric properties. At the same time, excessive stress
in the thin film can cause cracks, buckling, and even delamination.*
The synthesis of thin films can result in non-equilibrium structures,
with atoms displaced from their equilibrium positions inducing intrin-
sic stress. Additionally, the energetic metal ions present in plasma
during physical vapor deposition may further cause stress to build up
in the film, as can the lattice mismatch between the film and substrate.
The difference in thermal expansion coefficients can induce thermal
stress,'” whereby the residual stress of the film is the sum of all
these factors. Controlling stress can help improve desired properties.
However, correlations between stress and thermoelectric properties are
often unknown.

Mg;Bi, is a promising system for flexible thermoelectric devices.
It is a semimetal with topological surface states,''* a layered Zintl
compound with a trigonal anti--La,O5 type structure (space group
P-3m1).” The low price and high elemental abundance, combined
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with good thermoelectric properties close to room temperature, make
it promising for wearable thermoelectrics.”’ Bulk single crystal Mg;Bi,
has been reported to exhibit high malleability, which is surprising since
Mg-rich compounds are usually brittle, as well as good thermoelectric
figure of merit compared to both organic and Bi,Tes-based flexible
devices operating near room temperature.'”*' Furthermore, polycrys-
talline Mg;Bi, films have also been reported to be flexible.”” Although
there are many studies on the thermoelectric properties of Mg;Bi,-
based thin films, most neither report nor discuss stress,”"?> % leaving
important questions unanswered.

In this work, we investigate the effect of stress on the transport
properties of Mg;Bi, thin films, devising a strategy to vary stress states
over a wide range. With various growth temperatures and using sub-
strates with different thermal expansion coefficients compared to
Mg;Bi,, diverse stress states in the films are obtained. Elemental com-
position, crystal structure, and transport properties are investigated
and discussed with respect to the estimated stress.

Mg;Bi, thin films were deposited using direct current (dc) mag-
netron sputtering in a vacuum chamber (base pressure <2
x 107°Pa). A detailed description of the deposition system is available
elsewhere.”” The power density was fixed at 0.57 W cm > for Bi
(99.99%, MaTeck) and varied between 2.46 and 3.78 W c¢m ™ for Mg
(99.95%, MaTeck) targets with a diameter of 50.8 mm. The Ar gas flow
rate was kept constant at 80 sccm, corresponding to a working pressure
of 0.5Pa (3.5 mTorr). The substrate holder was maintained at temper-
atures between ambient temperature (no intentional heating) and
190°C, rotated at 15rpm, and kept electrically floating. Some sub-
strates were not used above 100°C growth temperature due to their
lower thermal stability. The deposition time was 15 min, correspond-
ing to a thickness of approximately 720 nm. The temperature was line-
arly interpolated from a calibration curve done at and above 200°C to
the ambient temperature. To avoid discrepancies and variations
between the substrates, the films were deposited simultaneously on all
different substrates at each growth temperature and considered to
have the same thickness and composition.

The substrates (10 x 10 x 0.5 mm°), thermoplastic and ceramic
(crystalline), were selected to have a wide range of thermal expansion
coefficients (Table I). The electrical resistivity p was measured at room
temperature in a home-made van der Pauw setup with a Keithley 2400
source unit and a Keithley 2001 digital multimeter. The Seebeck coeffi-
cient S at room temperature was measured with a two-point probe
method. The power factor S%/p was calculated from these values.
A more detailed method section is available in the supplementary
material.

TABLE 1. The thermal expansion coefficients of the substrates and Mg;Bi,.

Linear thermal expansion

Material coefficient (107° K1)
Polycrystalline ALO;”' 7
MgO(001)** 10
Mg;Bi,”’ 22
Kapton™ 34
Polyetherimide (PEI)*” 56
Polyetheretherketone (PEEK)*® 78

ARTICLE pubs.aip.org/aip/apl

TABLE II. The growth temperature and the corresponding elemental composition
and thickness of the studied thin films, as measured on Si (reference system). The
elemental content is averaged from three separate areas on each sample, with a
standard deviation given as an error.

Deposition

temperature (°C) Mg (at. %) Bi (at. %) Thickness (nm)
Ambient 60.7 0.2 39.3%0.2 720

70 61.0+0.7 39.0 0.7 680

100 63.4*0.1 36.6 £0.1 750

170 63.3*04 36.7 04 750

190 61.8*+0.2 38.2*0.2 750

Table IT contains the elemental composition and thickness of thin
films grown on Si at various temperatures, as determined with EDS
and SEM, respectively. Mg;Bi,-based samples are often characterized
by excess Mg, yielding an n-type semiconductor.”” This is partially
done intentionally to increase long-term stability since Mg loss occurs
due to prolonged air exposure even at room temperature.”® A slight
excess of Mg has been shown to have a small effect on the thermoelec-
tric properties of bulk samples.” The synthesis of thin films with the
ideal composition is further complicated by the loss of Mg at higher
growth temperatures due to its high vapor pressure, which has to be
compensated by increasing the power for the Mg magnetron. Due to
the sensitivity of this process, the elemental composition fluctuated
slightly, as can be seen in Table II. Nevertheless, all samples are nearly
stoichiometric (especially those below 100 °C), being close to the ideal
composition of 60 at. % Mg and 40at. % Bi. Furthermore, no impuri-
ties were detected. The thin films with higher Mg content became
slightly thicker as a result (Table II). The thickness of the thin film
grown at 70 °C is lower than expected, which could signify some varia-
tions in the uniformity of the thickness of each specimen, or simply a
slight misalignment of the sample during the measurement of the cross
section.

The set of XRD peaks from the film is the same regardless of the
substrate, corresponding to the trigonal crystal structure of Mg;Bi,,
with the clearly distinct 001, 010, 101, and 012 planes, with a similar
shape and intensity. The presence of the 001 peaks becomes more pro-
nounced starting at 100 °C, implying that the films are increasingly
textured. We have obtained a good phase purity for Mg;Bi, on ceramic
substrates and PEI at 100 °C, and on all substrates above that growth
temperature. This can be observed by the absence of XRD peaks attrib-
uted to pure bismuth (shaded peaks on Figs. 1 and 2), which are sharp
and intense below 100°C on all substrates. At 100°C, these XRD
peaks are greatly diminished for films deposited on PEEK and Kapton
[Figs. 1(a) and 1(c)], and absent on films deposited on the other sub-
strates [Figs. 1(b) and 2]. This could be explained by partial phase seg-
regation at lower temperatures. A previous study has reported Mg;Bi,
thin films (bilayer Mg-Bi) to exhibit a sharp Bi-attributed peak when
annealed at 150°C for 1 h.”* Further annealing above the melting
point of Bi yielded almost phase-pure samples. This is consistent with
our results since the reported composition in the previous work
was 64.7at. % Mg and 35.3at. % Bi.”* We have detected a higher
Mg content in samples with the pure Mg;Bi, phase. Since the phase-
pure Mg;Bi, films are expected”’ to have more favorable transport
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FIG. 1. X-ray diffraction patterns of MgsBi, thin films deposited on thermoplastic
substrates: (a) PEEK, (b) PEI, and (c) Kapton at different growth temperatures, with
the pattern of each substrate at the bottom of each panel. The shaded lines indicate
the positions of pure Bi peaks.

properties, even at the same stress state, we have highlighted these
samples in a different color when discussing thermoelectric properties.

Figure 3 displays the SEM images of the surface morphology of
films grown on Si(001) between ambient temperature and 190 °C. The
changes due to temperature can be observed as the morphology
changes from highly granular [Fig. 3(a)] at ambient temperature to
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FIG. 2. X-ray diffraction patterns of Mg;Bi, thin films deposited on ceramic sub-
strates: (a) MgO(111) and (b) polycrystalline Al,O5 at different growth temperatures,
with the pattern of each substrate at the bottom of each panel. The shaded lines
indicate the positions of pure Bi peaks.

progressively more faceted with increasing temperature, starting at
70°C [Fig. 3(b)]. At 100°C, particle-like features appear on the surface
of the thin films [Fig. 3(c)] only to become sparse and disappear at
even higher temperatures [Fig. 3(d)]. Furthermore, the film grown on
Si at 190 °C appears to buckle, as it can be seen from the cross section
SEM image [Fig. 3(e)]. This is an indication of stress. The fact that the
films can withstand thermal stresses without fracturing is an indication
of the flexibility of the films.

As stated earlier, residual (total) stress in thin films consists of
two components: thermal stress, caused by differences in thermal
expansion between the film and substrate, and intrinsic stress, related
to the growth process. The thermal component can be estimated using
the difference in thermal expansion coefficients,

O thermal=Ej (o — %) AT, (1)

where Eyis the elastic modulus of the film, of and o are linear thermal
expansion coefficients of the film and the substrate, respectively, and
AT is the difference between the growth temperature and ambient
temperature.”” On the other hand, the residual stress is challenging to
quantify accurately. This is because key assumptions of the Stoney
equation (curvature analysis) are not met in this work," ™"’ including
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FIG. 3. Surface SEM images of films grown on Si(001) at (a) ambient (no inten-
tional heating), (b) 70 °C, (c) 100 °C, (d) 190°C, and (e) cross section image of the
film grown on Si(001) at 190 °C.

that there is no measurement of the substrate’s initial curvature
(especially problematic for flexible polymeric substrates due to
mounting and handling issues), and the fact that film deformations are
neither infinitesimal nor purely spherical, and stress is not uniform
throughout the film (for profilometric data, see Figs. S1-S4 in the
supplementary material). Due to these limitations, the residual stress
values are only approximate. Therefore, stress dependence on the
transport properties is introduced as a temperature dependence, which
primarily reflects the thermal stress component and serves as an indi-
cator of stress evolution in thin films. This is further supported by the
fact that the structural evolution is similar for various substrates (see
Figs. 1 and 2). As the growth temperature increases, the thermal stress
component increases according to Eq. (1), but due to relaxation effects
(defects, buckling, and crack formation), the residual stress should
decrease at some point. Hence, based on the SEM data (morphological
changes in Fig. 3), phase purity (presence of Bi), and composition
(Table I), 100 °C is taken as an inflection point.

Figure 4 shows how the thermoelectric properties of films grown
on crystalline (left panel) and thermoplastic (right panel) substrates
are affected by thermal stress expressed through growth temperature.
The samples with pure Mg;Bi, phase are highlighted in orange, while
the samples with Bi excess are marked with a yellow region instead,

ARTICLE pubs.aip.org/aip/apl

which aligns with the inflection point at 100 °C, as argued earlier. For
the samples grown on ceramic substrates, the power factor increases
up to 100°C, followed by a sharp decline [Fig. 4(a)]. This is mirrored
by the behavior of the Seebeck coefficient [Fig. 4(c)]. A similar, if
less pronounced trend, emerges for the power factor of the thin
films on PEI and PEEK [Fig. 4(d)]. The Seebeck coefficients behave
similarly to the samples grown on crystalline substrates, with two
exceptions. First, the transport properties of the samples grown on
Kapton peak already at ambient temperature and then decrease
thereafter in an almost linear fashion. Second, the large compressive
thermal stresses resulted in the Seebeck coefficient changing from
p-type into n-type, as highlighted in blue in Fig. 4(e). Resistivity
decreases until thermal stress corresponding to 70 °C, then it slowly
increases. The samples grown on ceramic substrates exhibit lower
resistivity [Figs. 4(c) and 4(f)].

The mean biaxial stress in the film, caused by cooling from the ele-
vated growth temperature to ambient temperature, was modeled using
the finite element method, see Fig. 5. The modeled stress is consistent
with the stress obtained using Eq. (1). Figure S5 in the supplementary
material shows the transport properties plotted as a function of thermal
stress. Due to the aforementioned differences in the thermal expansion
coefficients between the substrates (larger variation for thermoplastic
substrates), the estimated thermal stress should vary between samples
grown at the same growth temperature. The choice of substrate affects
the properties of the film even when the thermal stress is virtually non-
existent (the non-intentional heating is expected to be negligible, and
the temperature gradient during Seebeck measurement was kept below
3°C), as can be observed from samples synthesized at the ambient tem-
perature (Fig. S6). This is expected, as the crystal structure and surface
morphology of the sputtered films can be strongly affected by the sub-
strate.”’ For completeness, we also show the correlation between the
average measured stress and the estimated thermal stress (Fig. S7), and
the corresponding transport properties in Fig. S8.

Stress can affect the Fermi level and therefore the Seebeck coeffi-
cient of a material.” '’ The value of the Seebeck coefficient depends on
the energy difference between the Fermi level and the band edge—in
semiconductors, it can be understood as a measure of the Fermi
level. > The persistent p-type nature of some stoichiometric Zintl
phases has been attributed to an intrinsic defect pinning the Fermi
level inside the valence band and preventing its shift into the conduc-
tion band.***” According to the literature, the stoichiometric Mg;Bi, is
a p-type semiconductor, while a small excess of Mg is enough to turn
it into n—type.% In our earlier work, we have observed the persistent
p-type nature of Mg;Bi, with larger Mg excess, implying that the actual
composition required for the transition into n-type seems to be heavily
dependent on the synthesis process.”” Here, we observed that three
samples with large compressive stress changed their nature from
p-type into n-type, as can be seen in Fig. 4(e). Other samples with
essentially identical compositions remained p-type. This highlights the
importance of reporting stress when investigating transport properties
of a material."**’

There is a wide variation in the power factor values of thin films
with similar crystal structure due to stress. Since the structure of the
films is similar, the other factor to consider is the composition. There
is a study showing that changing the Bi content from the stoichiomet-
ric composition by 2% can significantly decrease the power factor of
n-type MgsBi, thin films.”” This implies that the changes due to stress
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FIG. 4. The thermoelectric properties as a function of stress expressed as growth temperature for MgsBi, thin films: (a) and (b) power factor, (c) and (d) Seebeck coefficient,
and (e) and (f) resistivity of the films deposited on crystalline (tensile thermal stress) and thermoplastic (compressive thermal stress) substrates, respectively. The arrows indi-

cate the proposed trends.

might have been even more noticeable if the composition of the films
was identical. Films grown on each substrate have a clear local maxi-
mum power factor, as indicated by the green arrows in Fig. 4(a),
highlighting the trend for films grown on ceramic substrates. It is our
assumption that at higher stresses, the relaxation mechanisms cause

deformation or even cracks to appear, leading to decrease in the
Seebeck coefficient and therefore the power factor. That trend is harder
to perceive for thermoplastic substrates [Fig. 4(d)] due to a larger vari-
ation in thermal expansion coefficients, which shifts the optimal stress
to lower growth temperatures. The estimated tensile stresses resulting
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FIG. 5. The mean (in-plane) biaxial stress in the films as a function of growth temperature and substrate, simulated using finite elements.

in the optimal transport properties are close to twice the value of the
corresponding compressive stresses. The negative effects of high stress
can also be observed in Fig. 4, as the power factor falls below 6 yW
m ! K2 at the highest stresses. The lowest power factor is 0.2, while
the highest one is 152 gW m ™" K 2. The stress could help explain the
wide scatter (between 80 and 200 gW m ™" K~?) of the reportedzo’22 8
power factor values at room temperature for Mg;Bi, thin films.

In conclusion, we have investigated how the thermoelectric
properties of Mg;Bi, thin films are affected by stress. Through select-
ing different combinations of growth temperature and substrates
with specific thermal expansion coefficients, we control the thermal
stress. The power factor peaks for moderate stress values for samples
on both crystalline and thermoplastic substrates, while excessive
stress results in a steep decrease. We suggest that a relaxation mecha-
nism occurs, introducing defects to reduce residual stress. Films with
similar crystal structure exhibit power factors between 0.2 and
152 W m~ ' K2 due to variations in stress. The variation of the
power factor by four orders of magnitude can easily yield a large
scatter in measured literature data as well as affect the performance
of wearable devices.

See the supplementary material for a more detailed description of
the methods used, the curvature measurements of the samples ana-
lyzed using the Stoney equation, as well as discussion on stress based
on these measurements.
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