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High performance semiconducting thin films enable the implementation of thermoelectric generators as energy
harvesters for wearable applications. The optimization of material properties is critical in such applications, as
restrictions introduced by the substrates on deposition temperature and active layer size, impose fundamental
limitations on performance. Here we present the optimization of sputtered bismuth telluride, BiTe, and
germanium telluride, GeTe, annealed at 300 °C allowing comfortable development on polyimide substrates. The
crystal structure and material composition of the films, before and after annealing, were measured by X-ray
diffraction and X-ray photoelectron spectroscopy to reveal the changes in the material that enhanced the per-
formance. The power factor of the BiTe films increased post-anneal up to 2.2 pW/cmK?, whilst the GeTe
increased over 5 orders of magnitude to 7.6 pW/cmK?. A flexible thermoelectric generator was fabricated with
pairs of alternating annealed BiTe and GeTe strips, reaching 7 nW per pair of output power at a temperature
difference of 20 °C. Using this micro-fabrication process of thin films, compatible to roll-to-roll technologies, the
physical dimensions of the generators can be tuned to deliver the required power, for providing storage energy

for on-demand devices such as periodic sensing.

1. Introduction

F texiBLE thermoelectric generators (f-TEGs) using thin film materials
have the ability to generate uninterrupted green power from waste body
heat, on flexible substrates, replacing bulky rigid energy platforms,
revolutionizing the wearable and health monitoring sector [1]. They are
most suited as energy harvesters for low-power devices such as sensors
including temperature monitors, pressure sensors, or low-power light-
ing, and can be incorporated into clothing or sports equipment. However
f-TEGs are held back from commercialization due to limited efficiencies
of thin film materials, incompatibility with large-area high-throughput
processing and a lack of module thermal and electronic management
[2].

High thermoelectric performance of thin films can be achieved by
lowering the thermal conductivity and electrical resistivity whilst
increasing the Seebeck coefficient. Techniques such as nano-structuring
or using atomically-thin films have been used to produce low thermal
conductivities, although these processes are often incompatible with
large-area fabrication techniques, such as roll-to-roll [3,4], commonly
used for flexible electronics manufacturing. An alternate route to
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increasing efficiencies is to tune the power factor (PF), defined by the
material’s electrical conductivity and Seebeck coefficient, and the film
geometry to achieve the best overall performance, compatible with
flexible substrates [5]. Using the effective industrial thin film deposition
technique, sputtering, the stoichiometry, crystallinity and geometry can
be accurately controlled, resulting in materials with optimized PFs
[6-9]. An additional step used widely throughout the electronics in-
dustry to decrease electrical resistivity is a post-deposition anneal.
However, temperature limitations imposed by flexible substrates can
create an additional challenge in improving the thermoelectric perfor-
mance of thin films.

This work investigates the optimization of thermoelectric thin films,
by annealing at a high temperature employing the robustness of a
commonly used flexible substrate in the electronics industry; polyimide
[10]. Unlike other polymers such as polyethylene terephthalate,
commonly known as PET, polyimide can withstand 300 °C, allowing the
crystallinity, stoichiometry and thermoelectric properties of thin films,
to be tuned, without compromising on flexibility and bendability.
Sputtering and post-deposition anneals are commonly used in
micro-fabrication processing, and as such, can be used in an array of
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geometries and module designs, allowing easy thermal management for
compatibility with a variety of end-user applications.

Germanium telluride, GeTe, a p-type thermoelectric material, has
shown great promise in terms of high thermoelectric performance [6,11,
12], offering similar high-performance thermoelectric properties to the
commonly used n-type material, bismuth telluride, BiTe. The perfor-
mance matching of both n-type and p-type materials, both of which are
needed for a thermoelectric generator, is important to gain maximum
efficiency at a cell level [13]. We will therefore look at both p-GeTe and
n-BiTe for this work.

In this work, GeTe and BiTe thin films are directly sputtered by radio
frequency (RF) magnetron co-sputtering that provides excellent control
of the stoichiometry, followed by a post-deposition anneal compatible
with polyimide. We investigate the effect of the anneal step on the thin
films via material characterization using X-ray diffraction and energy
dispersive X-ray spectroscopy. Hall-effect measurements and Seebeck
measurements were conducted to investigate the annealing effects on
the enhancement of power factor (1)

PF = ¢§* (@)

where ¢ is the electrical conductivity and S is the Seebeck coefficient [5].
Finally, the effects of annealing were investigated in a generator
configuration, with 8 strips of BiTe and GeTe connected electrically in
series and thermally in parallel.

2. Experimental

BiTe and GeTe thin films were deposited on flexible polyimide sub-
strates (Kapton® 500HN 127 um thick) at room temperature via RF
sputtering (AJA International Ltd Orion sputtering system). Before
deposition, the polyimide substrates were cleaned in methanol in an
ultrasonic bath for 5 min, followed by a methanol rinse and dried using a
nitrogen gun. The substrates were then left overnight in a 90 °C atmo-
spheric oven. Three commercial targets (3 inch in diameter with
99.999% purity) of bismuth, tellurium and germanium were used for co-
sputtering the films. For the BiTe films, the deposition parameters used
were 25 W RF for the Bi target and 30 W RF for the Te target, at a
pressure of 0.13 Pa with an Ar flow of 20 sccm. For the GeTe films, the
deposition parameters used were 80 W RF for the Ge target and 30 W RF
for the Te target, at a pressure of 0.13 Pa with an Ar flow of 20 sccm. The
BiTe films were 150 4+ 5 nm thick and the GeTe films were 165 + 5 nm,
measured using a KLA-Tencor stylus profiler.

Following BiTe and GeTe deposition, Ti/Au contacts were deposited
for electrical measurements using the same sputtering system. The
contact deposition started with an Ar etch (2 min, 20 sccm Ar, 0.13 Pa,
30 W bias), to improve the adhesion of the contacts to the thermoelectric
material but also to remove any surface oxide formed through exposure
to atmosphere. 50 nm of titanium was then deposited as an adhesion
layer (300 W DC, 0.27 Pa, 20 sccm Ar), followed by 150 nm of gold (300
W DC, 0.27 Pa, 20 sccm Ar). For the thermoelectric generators shadow
masks laser cut from polyimide (using a Hobarts Universal PLS6MW
Platform) were used to define the geometrical features. The shadow
masque features are 4 cm long and 2 mm wide GeTe/BiTe strips, with 2
mm spacing between. The distance between the inner edge of the elec-
trical contacts is 3.6 cm in length and therefore this is the effective
length of the GeTe/BiTe strips. The final deposition stage was a 40 nm
SiO4 capping layer over the thin films and generators, using a SiOg
target, with 150 W RF, 20 sccm Ar at 0.27 Pa. SiOs is used as a capping
layer to prevent exposure of the films to atmosphere, limiting oxidation.

The anneals of the thin films and generators were performed in the
sputtering system chamber, under vacuum, with a silicon wafer placed
over the films to ensure the flexible substrates had a uniform and
repeatable heat transfer with the chuck. The anneals were performed in
20 sccm Ar, 0.13 Pa and for 1 hour at 300 °C. The samples were left in
the chamber until the system returned to room temperature to avoid
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oxidation when exposed to atmosphere.

The thin films were characterized in terms of crystallinity and
chemical composition. The crystallinity of the films was measured by X-
ray diffraction (XRD) in grazing incident (6i=1°) on a Rigaku SmartLab
X-ray diffractometer with 9 kW (45 kV, 200 mA) Cu-Ka source. X-ray
photoelectron spectroscopy (XPS) data was obtained using a Thermo
Scientific™ Theta Probe System with Al- Ka radiation (photon energy =
1486.6 eV). After the samples were loaded, the tool reached a base
pressure of 2.4e-7 Pa. Ar gas was differentially pumped in for charge
neutralisation through a flood gun and etching through an ion gun. This
resulted in a working pressure of 2e-4 Pa. To etch through the SiOy
capping layer, we used the ion gun at 3kV and 1 uA and raster scanned a
2 mm x 2 mm area for 80 s. For the analysis of the results, we used
adventitious carbon at 284.8 eV and the measurements were shift cor-
rected based on that. Peak fitting was performed using Thermo Scien-
tific™ Avantage software, using the Al Scof library for the sensitivity
factors. To fit the core levels a Shirley background was chosen in all
cases. The shape of the peaks used was a Lorentzian/Gaussian mix
allowed to fit but fixed between doublets. Nominal peak area ratios were
used for doublets. Spin-orbit splits were advised by the software library.
The stoichiometry of the BiTe and GeTe thin films were obtained from
the etch step where the Si2p peak has reduced to noise level, indicating
the capping layer was fully etched, ensuring the XPS is measuring the
thin film below. Electrical conductivities were extracted using a Nano-
metrics HL5550 LN2 Hall system. The Seebeck coefficient of the films
were measured using an in-house Seebeck coefficient setup as described
in [6], with a B1500A Keysight Semiconductor Analyser used to measure
output voltage and current. In this setup, the temperature gradient is
created by using Peltier modules to generate the hot and cold surfaces, a
common technique used in literature, simulating the hot Peltier as the
human skin, and cold Peltier as the surrounding air [14]. In real-life
applications, thermal design can enhance the temperature gradient,
for example by integrating an f-TEG into a jacket leading to higher
temperatures inside, whilst also reducing the thermal transport between
the inside and outside of the jacket.

3. Results and discussion
3.1. Material characterization of thin films

Fig. 1 shows the XPS spectra of Bi, Ge and Te for the four thin films on
polyimide. The atomic% of the four thin films were extracted from fitted
XPS spectra and shown in Table 1. For the as-deposited BiTe film, bis-
muth is bound to tellurium in the ratio of 1:1, and a small amount of
bismuth is bound to oxygen at a low percentage (< 4 at%), as demon-
strated by the additional shoulder Bi4f; , peak seen at 158.7 eV in Fig. 1
(a). The annealed BiTe film has a larger Bi4f; /5 shoulder peak at a higher
energy of 161.3 €V seen in Fig. 1(c), attributed to a larger oxygen con-
tent bound to bismuth (10 at%), with a bismuth to tellurium ratio of
1:1.6. This higher oxygen content suggests that oxygen, perhaps from
the SiO, capping layer intended to limit reaction with oxygen from the
atmosphere, has reacted with BiTe upon anneal. The as-deposited GeTe
film and the annealed GeTe film have similar oxygen content of 37 and
38 at% respectively, with the Ge2p3,, shoulder peak identified at 1219.0
and 1219.2 eV in Fig. 1(e) and (g), respectively. The germanium to
tellurium ratio is 1:1 and 1:1.1 for as-deposited and annealed, respec-
tively. The compositions can be written as Big gTez ¢O¢.2, Biz.0Tes.200.6,
and GejTe; 0012, GejgTe; 1013 for as-deposited and annealed,
respectively.

XRD patterns of BiTe and GeTe thin films deposited at room tem-
perature, with and without a post-deposition anneal, were investigated,
as shown in Fig. 2. A reference sample of 40 nm SiOy/polyimide was also
measured and can be seen to produce a background signal with peaks
below 20=30°. This is similar to XRD data seen for polyimide in litera-
ture [15-17]. Both BiTe samples show similar polycrystalline patterns,
with and without a post-deposition anneal. These peaks are identified as
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Fig. 1. XPS spectra bismuth telluride and germanium telluride films with and
without a 300 °C anneal. Top row is as-deposited bismuth telluride and the
second row is annealed bismuth telluride, with (a) and (c) showing the bismuth
peak, and (b) and (d) the telluride peak. The third row is as-deposited germa-
nium telluride and the last row is annealed germanium telluride, with (e) and
(g) showing the germanium peak, and with (f) and (h) showing the tellu-
ride peak.

Table 1
Atomic% of BiTe and GeTe samples deposited at room temperature and
annealed, extracted from XPS spectra.

BiTe as- BiTe GeTe as- GeTe
deposited annealed deposited annealed
Te% 48 56 31 32
Bi% 49 35 - -
Bi-0% 4 10 - -
Ge% - - 32 30
Ge-O - - 37 38
%
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the BiTe Rhombohedral diffraction pattern, R-3m (JCPDS 002-0524).
The GeTe as-deposited samples (no anneal) are lacking in defined
peaks indicating highly amorphous thin films when deposited at room
temperature. The annealed GeTe thin films demonstrate patterns of
Rhombohedral GeTe, R-3m (JCPDS 047-1079). This indicates that the
post-deposition anneal transforms amorphous as-deposited thin films
into polycrystalline GeTe films. This is in agreement with rhombohedral
GeTe (r-GeTe) reported in literature, described by a 6-fold coordination
of Ge, with Te having three shorter and three longer bonds [18].
Cubic-GeTe (c-GeTe) is also reported in literature, seen at temperatures
above 700 K, and is often thought as favourable for thermoelectric
performance [18]. However, the small improvement in performance,
recorded in literature as a 5% increase in figure of merit, ZT, can be seen
to be outweighed by increased production costs originating from higher
processing temperatures and a need for more expensive
high-temperature substrates, such as ultrathin flexible glass.

Despite the lower power used for the Bi target (30 W RF) compared to
the Ge target (80 W RF), with sputtering power on the individual
elemental targets assisting crystallization, the BiTe films had a higher
degree of crystallinity as-deposited than the GeTe films. This shows that
BiTe requires less energy for crystallization than GeTe, matching the
trend seen with melting temperature Tp,, where BiTe’s Ty, is 580 °C
compared to GeTe’s higher Ty, of 725 °C [19].

3.2. Thermoelectric properties of thin films

The post-annealing effects on the thermoelectric properties of the
thin films are assessed, with room temperature Seebeck coefficient and
electrical resistivities shown in Table 2 along with the subsequent power
factors. The BiTe films demonstrated a negative Seebeck coefficient

Table 2

Thermoelectric properties of BiTe and GeTe thin films with and without a post-
deposition anneal. The error bars represent the uncertainty of measurements for
resistivity and Seebeck Coefficient.

Thin Post- Electrical Results
Film deposition Electrical Semiconductor Seebeck Power
anneal (Y/ resistivity, type Coefficient, Factor,
N) p [mQ-cm] S [uV/K] PF
[nw/
cm-K?]
BiTe N 0.77 + N -320+02 133+
0.05 0.1
BiTe Y 0.41 + N —-30.2+0.3 2.24 +
0.05 0.2
GeTe N 2.77 + P 858.0 + 2.66 +
0.05x10° 16.0 0.1x
104
GeTe Y 0.61 + P 67.9 £ 0.8 7.58 +
0.05 0.8
3500 = T T T
S — SiO, on polyimide
3000 -

—— GeTe no anneal
—— GeTe anneal

Intensity (arb. units)

0 T
20 40 60 80

100

Fig. 2. XRD patterns of BiTe (left) and GeTe (right) with and without a post-deposition anneal. Reference samples of silica on polyimide are included. The labelled

peaks are for BiTe (left) and GeTe (right).
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indicating n-type, whilst the GeTe films demonstrated a positive Seebeck
coefficient, indicating p-type behaviour. The electrical resistivity is
given by

P:@ (2)

where n is the carrier concentration, e is the electron charge and p is the
carrier mobility [20]. The Seebeck coefficient of a semiconductor can be
expressed as,

2KTm 1N (3
5= (5) 2T &)

where kg is the Boltzmann constant, h is the reduced Plank constant, e is
the electron charge, y is the scattering factor, m* is the effective mass
and n is the carrier concentration [20].

The annealed BiTe film shows an increased conductivity when
compared to the unannealed film. The stability of the Seebeck coeffi-
cient within the measurement error, combined with an unchanged
crystal structure as show by the XRD results of Fig. 2, indicate no sig-
nificant change in transport characteristics. The change in conductivity
could more likely be attributed to an improvement in contact resistance,
occurring when annealed by alloying of the contact interface.

The thermoelectric effects of GeTe thin films have the same trends as
seen for BiTe, but with significantly larger changes in resistivity and
Seebeck coefficients. For the GeTe thin films, an increase of four orders
of magnitude in resistivity is seen when annealed. This sizable change in
resistivity could be attributed to the significant change in the micro-
structure of the films as verified by XRD. The change from amorphous to
rhombohedral GeTe results in grain growth which can lead to a signif-
icant increase in carrier mobility by facilitating current flow along large
grains, therefore decreasing electrical resistivity, as demonstrated by
Eq. (2) [21-23]. The GeTe thin films Seebeck coefficient significantly
decreased upon annealing, dropping by an order of magnitude. This can
be attributed to the growth of crystals and associated boundaries,
leading to a smaller scattering factor, thus reducing the Seebeck coef-
ficient, as seen in Eq. (3). There could also a contributing factor from an
increase in carrier concertation, seen by a slightly higher Te concen-
tration from XPS upon annealing.

When looking at the power factor, the slight reduction in Seebeck
coefficient for the annealed BiTe thin films is compensated by the
reduction in electrical resistivity, leading to a power factor nearly twice
as large, compared to the as-deposited BiTe thin films. This shows that
an anneal performed at the maximum temperature budget of the flexible
substrate can be used to optimize the thermoelectric performance of
BiTe films. The power factor obtained by the annealed BiTe thin films
are similar to those reported for sputtered BiTe films annealed at 300C
4.0 pW/cm-Kz) and BiTe films sputtered at 250 °C (5.1 pW/cm-Kz) [6,
23], whilst the Seebeck coefficients are within the typical range from
—10 uV/K up to —250 uV/K, reported for other sputtered bismuth
telluride films in literature [24-26]. For the GeTe films, the four orders
of magnitude decrease in electrical resistivity outweighs the decrease in
Seebeck coefficient, leading to a Power Factor enhancement of four
orders of magnitude. This highlights the ability to use a flexible substrate
compatible anneal to optimize the thermoelectric performance of GeTe
films. This power factor is within the experimental error of the GeTe thin
films sputtered at 250 °C in [6].

3.3. Thermoelectric properties of generators

In the previous section, the anneal step was shown to improve the
power factor of thin films. These thin films can be used in the form of a
thermoelectric generator, which when connected to an external circuit,
acts as an energy harvester. Two important output parameters that need
to be considered for powering an external circuit are the generator
output voltage and power. Whilst the power factor of the thin films is a
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good indicator allowing the effect of anneals on a singular material to be
seen, the output performance of a generator that consists of two different
materials is also dependent on material property relations (the differ-
ence in n-type and p-type performance), module geometry, heat design
and connected load power requirements. The conversion efficiency of a
generator is linked to the thermoelectric material properties and the
geometric cross-sectional areas of the p and n-type legs. The optimum
geometry is met when the ratio of the cross-sectional areas of the p-type
(Ap) and n-type (Ay) is given by

A
o [P @
Ay PpKn

where p is the electrical resistivity of n and p, and « is the thermal
conductivity of n and p. Therefore, we have evaluated the thin film
performance in a planar generator format, measuring the output voltage
and power, with and without an anneal step. The planar design is
commonly used with thin film thermoelectric generators, as it allows for
easy manipulation of the geometry (via thickness and length alteration
of thermocouple arms) using highly controllable thin film deposition
techniques [27]. In a planar design, the heat flow direction is along the
“length” of the thermoelectric strips of material, allowing for easier
integration into wearables, whereby the heat gradient can be main-
tained due to longer lengths separating the hot and cold side.

The output performance of the two generators, with and without an
anneal, is shown in Fig. 3. The output voltage and therefore Seebeck of
the generator is reduced when an anneal is performed, compared to the
as-deposited generator, in agreement with the trend seen for the indi-
vidual thin films. The output power shows a significant increase when an
anneal is performed, increasing over four orders of magnitude. Whilst an
increase output voltage may seem advantageous, the limited output
power, originating from the high resistivity of the unannealed thin films,
leads to a significant challenge when using the films in a flexible
generator as thickness restrictions will result in high resistance making
load matching challenging. For AT=13 K, the temperature gradient
typically available in wearable applications, the output voltage and
power of the annealed four pair device is 3 mV and 0.2 nW [27]. The
output power can be scaled up according to the needs of specific
application by parallel/series arrangement of BiTe/GeTe pairs. This can
also be mitigated by design optimization of the geometry of the
harvester to accommodate for size restrictions.

These results show that careful material engineering in combination
with component optimisation in the device and system level is para-
mount for applications that cannot accommodate bulky energy har-
vesters. Flexible thermoelectric generators have benefited from
materials such as polyimide that allow for thermal tuning of the mate-
rials. The trade-off is the limited thickness of the semiconductors that

0.30 T T T T T 1E-4
h__' O as-deposited Voltage
| A 300 °C Voltage F1E-5
0.25 - l_. -01- as-deposited Power
!——. -A\- 300 °C Power r1E-6
20.20 F1E-7 <
[ L
()] 1E-8 =
© [
*= 0.15 F1E9 ©
g 1E-10 %
50107 71E-11n-
% 1E-12
O 0.05+ P
F1E-13
0.00 1E-14

0 10 20 30 40 50 60
Temperature difference (K)

Fig. 3. Thermoelectric generator output parameters with four BiTe/GeTe p-n
pairs, on polyimide, with and without an anneal. A linear fit of the voltage data
signifies the Seebeck Coefficient. Inset shows photograph of the
annealed device.
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can withstand bending. We have found experimentally that for BiTe and
GeTe this limit is close to 5 um for moderate bending, beyond that
thickness any bending results in cracking of the films. This significantly
restricts the geometry tuning when compared to the bulk counterparts.
Different harvester circuits have different cold start voltage and current
requirements and since the thickness of the material is restricted prop-
erty tailoring using annealing offers a significant advantage. For
example, analog Device’s LTC3108 can power up with just 20 mV and 3
mA to start charging in contrast e-peas AEM20940 requires 60 mV and
2.5 mA whereas AEM10941 requires 380 mV and 8 uA. As it can be seen
there is not only a vast range of start-up power requirements but also a
wide range of voltages and current requirements. This can be accom-
modated at the material optimisation. For example, a system that re-
quires frequent cold start-ups at high voltages could benefit from a lower
anneal temperature material. Although this might seem originally that it
will affect the output power, harvester chips present much higher effi-
ciencies at higher input voltages. The material performance parameters
presented in this work can therefore be used to optimise a thermoelectric
harvester system within the restricted parameter space imposed by
wearable and flexible applications.

4. Conclusions

This study investigated the annealing effects on thermoelectric
properties of bismuth telluride and germanium telluride films thin films,
at the higher temperature budget polyimide can withstand, a commonly
used flexible substrate for the electronics industry. The films were
annealed at 100 °C under Ar for 1 h, and the crystallinity and stoichi-
ometry were measured. The microstructure of the bismuth telluride
films was similar with and without an anneal, exhibiting Rh-3m poly-
crystalline structures and a small reduction in electrical conductivity
and Seebeck coefficient. Despite this Seebeck coefficient reduction, the
anneal resulted in an improvement in power factor up to 2.2 yW/cm-K2.
The microstructure of the germanium telluride films changed signifi-
cantly upon annealing, amorphous with no anneal and R-3m with an
anneal, linking to significant changes in electrical resistivity and thus
increasing the power factor from 0.3 nW/cm-K? to 7.6 pW/cm-K2.

A fabrication of a BiTe and GeTe cell was demonstrated, with the
annealed cell giving an output voltage of 3 mV and 0.2 nW of power at a
temperature difference of 13 °C.

Data availability

All data supporting this study are openly available from the Uni-
versity of Southampton repository at https://doi.org/10.5258/SOTON/
D1713.
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