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Abstract: Over the past few years, thermoelectrics have gained interest with regard to thermoelectric-
ity interconversion. The improvement in the efficiency of the thermoelectric material at an ambient
temperature is the main problem of research. In this work, silicon-germanium (SiGe) thin films,
owing to superior properties such as nontoxicity, high stability, and their integrability with silicon
technologies, were studied for thermoelectric applications. P-type SiGe thin films were deposited on
quartz substrates by DC/RF magnetron sputtering and annealed at three different temperatures for
1 hour. Significant enhancement in the Seebeck coefficient was achieved for the sample annealed at
670 °C. A high power factor of 4.1 uWem ~'K~2 was obtained at room temperature.
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1. Introduction

Over the last few years, thermoelectric materials have been compelling ample consid-
eration among the scientific community for use in generating electricity from heat, thus
establishing a sustainable and clean energy source [1]. Thermoelectrics based on power
generation is paving the way towards new mute technology in electric appliances, as these
materials are foreseen to replace the conventional materials. Being a stationary setup, it also
aids to the sustainability of devices with a higher output power compared to conventional
designs. The concept of self-powered devices, utilizing the exchange of body heat into
electrical power through a thermoelectric (TE) power generator, is implemented for wear-
able, portable electronic devices, such as medical sensors, mobiles, and smart watches [2,3].
TE generators are also used as a heat recovery tool in the automotive industry and as
power generators in space exploration missions [4]. Nevertheless, a primary hurdle in
implementing the application of these devices still exists due to the poor efficiency of
thermoelectric materials compared to conventional heat and thermodynamical systems
and poor heat exchanger system design.

There are three physical phenomena that explain the underlying mechanism of the
production of electricity through heat energy, named the Seebeck effect, the Peltier effect,
and the Thomson effect. All of these are different manifestations of the same thermodynam-
ical effect in which differences in temperature produce differences in voltages. The Seebeck
effect is the generation of potential gradient due to a difference in temperature between two
dissimilar semiconductors, while the Peltier effect deals with the presence of heat at the
electrified junction of two dissimilar semiconductors. The Thomson effect illustrates the
exchangeable phenomenon of heating or cooling in a homogeneous semiconductor material
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subjected to an electric current flow and temperature gradient [5]. Electrical conductivity
(0) and thermal conductivity (k) are significant factors for an energy conversion assessment
of these particular materials at a given temperature (T), along with the thermoelectric
power (S) and the power factor (PF) to correlate all of them to define a dimensionless
quantity known as the figure of merit (ZT), represented by following equation:

ZT = S%0T/k = PF/x 1)

The right side power factor (PF) is explicitly introduced for thin films, whose ther-
mal conductivity (k) estimations are difficult to measure. As it can be deduced from
Equation (1), in order to attain the ZT exceeding a unit value, it is imperative to scale
down the values of electrical resistivity, as well as thermal conductivity in parallel, to raise
thermoelectric power. This is a guiding aim for all thermoelectric materials to achieve
and to be considered as thermoharvesters in comparison to typical electric power sources.
Nanoscale heterostructure-based devices are anticipated to have a potential boost in their
figure of merit, in line with the theoretically reported values. In addition, the thermoelectric
efficiency of tellurium-based materials has also demonstrated the highest peaks in the liter-
ature through these nano-engineering techniques [6]. The simplistic design structure, low
synthetic costs, and planar integration of thin film proves as a potential design structure for
device applications. Through this nanostructuring technique, a large area can be treated.
Thin films are a step forward towards the commercial application of thermoelectric devices,
as both p and n-type material can be availed [7].

The alloying effect of silicon and germanium materials has been established excep-
tionally in the field of thermoelectrics at higher operational temperatures [8-10]. Be-
yond this, the optimization to achieve higher thermoelectric efficiency is experimentally
proven through the Si-Ge nanocomposite approach in comparison to their bulk counterpart.
Metal/semiconductor nanocomposites are ideal to achieve a high power factor, as reported
in the case of Au-doped SiGe thin films [9,11]. Even the output power of heavily doped
metal /semiconductor compositions is far more reaching than that of the heteroepitaxially
grown supper lattices of p-type and n-type tellurides and titanates composites [1,6,12]. In
this work, the thermoelectric properties of polycrystalline p-type SiGe thin films were stud-
ied. The SiGe thin films were deposited on quartz substrates using magnetron sputtering.
The effect of the annealing temperature on the crystallization and transport properties of
the SiGe alloy films was investigated based on the hypothesis: the crystallinity is crucial
for exploiting high electrical conductivity, contributing to an increase in the thermoelectric
power factor. Enhancement in the thermoelectric performance of these films was observed
and compared to previously reported results. In particular, the high value of the Seebeck
coefficient was obtained.

2. Experimental Details

The p-type SiGe films were deposited on a pre-cleaned quartz substrates using single-
crystal heavily doped p-type Si (99.9999% pure and p = 0.005-0.020 ().cm), and single-
crystal n-type Ge (99.999% pure and p > 0.1 Q).cm) targets by DC/RF Magnetron Sputter-
NanoPVD (Model: S10A, Moorfield, UK). Figure 1 shows the schematic diagram of the
deposition process of the SiGe films by co-sputtering of Si and Ge. The chamber was
evacuated to the base pressure of 4.73 x 10~7 mbar. The highly doped p-type silicon (Si)
target was used as a DC source and the low doped n-type germanium (Ge) was used as
the RF source. Argon (Ar) was used as the sputter gas with a flow rate of 9.6 sccm. The
deposition was carried out at room temperature with a rotating substrate (rotation speed
of 2 rpm). Pre-sputtering was carried out to clean the surface of the targets with closed
shutters to avoid any contamination of the deposited film. The deposition time was 4 h.
Details of the growth parameters are given in Table 1.
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Figure 1. Schematic diagram of co-sputtering by physical vapor deposition (nano-PVD).

Table 1. Parameters for deposition of SiGe thin film.

RF Power DC Power Base P Argon Flow . Wide Range
RF Source  DCSource  , ~ _oow p . _ssow (mbar) (sccm) Dep. Time (h) P (mbar)
n-type Ge p-type Si 10% 20% 4.73 x 1077 9.6 4 9.67 x 1073

The thickness of the SiGe film was estimated by a cross-sectional scanning electron
microscopy (SEM) image of the deposited film and was found to be ~950 nm with a
deposition rate of 3.96 nm-min~!. The deposited films were annealed at 670, 800, and
900 °C, under a nitrogen flow of 2.6 NL/min for 1 h in a tube furnace (Model: small blue
tube furnace, temperature range: 25-1200 °C). The crystallographic parameters of the SiGe
films were measured using thin film X-ray diffraction (Model: AXS D8 Discover, Bruker,
Billerica, MA, USA) with a CuK« radiation source of 0.154 nm wavelength, a step size
of 0.01°, and a scan speed 0.1 s per step. The surface morphology and composition of
the deposited films were observed by a scanning electron microscope SEM/EDS (Model:
IT-300, JEOL, Tokyo, Japan), with an accelerating voltage of 20 kV. A Raman spectrometer
(Model: MN STEX-PRI 100, Photon Systems, Bruker, Billerica, MA, USA) with a laser
wavelength of 632.8 nm was used to obtain the Raman spectra of the SiGe thin films. The
in-plane Seebeck coefficient (S) measurements were performed at room temperature by
a home-made setup. A temperature gradient was developed between the two opposite
ends of the sample by heating one end using a heater and placing the other end on a cooler.
The temperature difference AT between the two ends of the sample was measured using
two thermocouples placed at both ends, and the Seebeck voltage AV was measured using
the two probes across the ends. Figure 2 shows the schematic diagram of the Seebeck
measurement setup. The Seebeck voltage was recorded at the temperature difference AT
(°C)of 2,4, 6,8, 10 and 12, and the value of the Seebeck coefficient S was obtained from the
slope of the AT-AV curve, as S is the ratio between the Seebeck voltage and the negative
of the temperature difference [13]. The electrical conductivity (o) measurements were
carried out by a four-probe setup (Model: KM3-AR, Jandel, Leighton Buzzard, UK). All the
characterizations were performed at room temperature.
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Figure 2. Schematic diagram of homemade setup for Seebeck coefficient measurement.

3. Results and Discussion
3.1. XRD

The XRD patterns of the as-deposited, 670, 800, and 900 °C annealed thin films of
the SiGe alloy over the quartz substrates are shown in Figure 3. The XRD pattern of the
as-deposited SiGe film demonstrated an amorphous nature. However, a peak marked as (*)
belonged to an aluminum sample stage (JCPDS#: 00-004-0787). The XRD patterns from
the samples annealed at 670, 800, and 900 °C showed that the SiGe alloy peaks at ~28°,
46°, and 55.3° related to (11 1), (22 0) and (3 1 1) planes of the SiGe alloy, respectively.
The (11 1) peak was of a relatively high intensity and the presence of higher order peaks
showed that the annealed SiGe films were crystalline in nature. A decrease in the intensity
of all the peaks was observed from measurement to measurement, which occurred due
to the apparatus artifact. The relative increase in the intensity of the (1 1 1) peak with an
increasing annealing temperature showed improvement in the crystallinity of the SiGe
thin films. The crystallite sizes of the annealed films were estimated with respect to the
dominant peak (1 1 1) using Scherrer’s formula, given by the following Equation (2):

D = KA/B cos 6 )

where (3 is the full width at half the maximum FWHM of the peak, K is the shape factor ~0.96,
A is the wavelength of the X-rays, and 6 is the Bragg’s angle. The change in the crystallite size
of the annealed films with an increase in the annealing temperature is displayed in Figure 4.
It was observed that from 670 to 800 °C, the crystallite size changed from 17 nm to 8 nm; then,
at 900 °C, it increased again to 12 nm. The reason for the decrease in the crystallite size at
800 °C may be associated with structural changes in the film, as explained earlier in the XRD
pattern. The broadness of the (1 1 1) peak at 800 °C (in Figure 3) strengthens our assumption.

3.2. Raman Spectroscopy

For more insight into the effect of the annealing temperature on the alloying process,
Raman spectroscopy was performed. Figure 5 shows the Raman spectra of p-type SiGe thin
films annealed at different temperatures. For reference, the Raman scan of the as-deposited
SiGe film was also included. The scan from the as-deposited sample showed peaks near 284,
363, and 462 cm ™!, related to the Ge-Ge, Si-Ge, and Si-Si TO (transverse optic) vibrational
modes, respectively [14,15]. The peak from the Si-Ge vibrational mode confirmed the
formation of the SiGe alloy. Furthermore, the Raman scans from the annealed samples
revealed a blue-shift of the Si-Si and Si-Ge peaks to a higher wavenumber and a red-shift
of the Ge-Ge peak to a lower wavenumber. There are two possible causes for these shifts in
peaks: (i) changes in Si and Ge concentration in the SiGe thin films; and (ii) strain relaxation
at higher annealing temperatures [16,17]. The shift in the Si-Ge peak with an annealing
temperature is shown by the inset in Figure 4.
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Figure 3. XRD patterns of SiGe/quartz thin films. The peak marked as (*) belongs to sample stage.
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Figure 4. Influence of annealing temperature on crystalline size of SiGe thin films.
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Figure 5. Raman scans of as-deposited and 670, 800, and 900 °C annealed SiGe/quartz thin films.
The inset displays shift in Si-Ge peak with annealing temperature.
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The strain € and the Ge content x in the SiGe thin films were calculated by the following
pair of equations [18]:
wsi—si = 520.0 — 68x — 830¢ (©)]

Wsi_Ge = 400.5 + 14.2x — 575¢ @)

As obtained, x and ¢ are depicted in Table 2. These values exhibited the increase in the
Ge concentration and ¢ with an increasing annealing temperature in the SiGe thin films.
These findings are understandable as the causes of the shifts in the Raman peaks.

Table 2. Germanium content and strain in as-deposited and annealed SiGe thin films.

Annealing Temperature Ge Content (x) Strain (¢)
900 °C 0.29 0.03312
800 °C 0.27 0.03513
670 °C 0.16 0.03999
As-deposited 0.05 0.06561
3.3. SEM

The SEM images of the as-deposited and annealed p-type SiGe thin films are pre-
sented in Figure 6; the average grain size in each image was estimated with the help of
Image] (ver. 1.52a) software. There was small increase in the grain size of the thin films
annealed at 670 °C. However, at a higher annealing temperature, the decrease in grain size
occurred, as depicted in Table 3. The general trend of the grain size is consistent with the
XRD measurements.

as-deposited

Figure 6. The SEM images of as-deposited, 670, 800, and 900 °C annealed p-type SiGe/ quartz thin
films. The inset shows cross-sectional view of as-deposited thin film.

Table 3. Average grain size of as-deposited and annealed SiGe thin films.

Annealing Temperature (°C) Average Grain Size (nm)
As-deposited 64.00
670 64.14
800 69.50
900 57.53

3.4. Thermoelectric Properties

Figure 7 shows the temperature difference dependent on the Seebeck voltage (AV)
of 670, 800, and 900 °C annealed p-type SiGe/quartz thin films for 1 h under a nitrogen
flow. The data corresponding to the as-deposited SiGe thin film were also included for
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reference. The measurements carried out at room temperature show that the Seebeck
voltage increased with an increase in temperature difference. The value of the Seebeck
voltage for the 670 °C annealed sample was greater than the as-deposited SiGe thin film.
The values of AV decreased with a further increase in the annealing temperature. The
sign of the Seebeck voltage was positive, indicating that the thin films were p-type. It is
worthwhile to mention here that the source of the p-type SiGe thin film was a highly doped
Si target, used in the deposition chamber.

359 | —a— as-deposited
—e— 670 °C
3.04 | —a—3go0°C
- 1 —¥—900 °C
> 2,54
E ]
S 2.0-
S ]
(]
> 1.54
X
5 ]
2 1.04
[
$ ]
0.5 1
0.0

4 6 8 10 12

N -

Temperature difference (°C)

Figure 7. Graph displaying Seebeck voltage and temperature difference of as-deposited and annealed
p-type SiGe thin films.

The variation in the value of the Seebeck coefficient and the electrical conductivity,
measured at room temperature with an annealing temperature, is presented in Figure 8.
The value of S is highest for the 670 °C annealed p-type SiGe thin film and is equal to
195 wVK~!, which is greater than the typical bulk p-type SiGe alloy (121 wVK~1) [19]. For
the 800 °C annealed sample, S decreased to ~114 pVK ™! and slightly increased for the
900 °C annealed sample, in accordance with the Seebeck voltage. This behavior can be
attributed to the increase in carrier concentration with a change in the Ge content in the
SiGe thin films at a higher annealing temperature, as S has an inverse relation with the
carrier concentration [20,21]. In other words, at 670 °C, the structure of the SiGe thin film
transformed from amorphous to crystalline, which resulted in the enhancement of the
Seebeck coefficient. With a further increase in the annealing temperature, the increase in
the Ge content caused an increase in carrier concentration, which decreased the Seebeck
coefficient value. The Seebeck coefficient value of all the annealed SiGe thin films was
greater than the as-deposited samples. The sign of S was positive, indicating that the
dominant charge carriers for the deposited thin films were holes.

The electrical conductivity of all the annealed SiGe thin-films was higher than the
electrical conductivity of the as-deposited thin film (92.3 S-em™1) and increased with
the increasing annealing temperature up to 126 S-cm~! for the 900 °C annealed sample.
The enhancement in the electrical conductivity is accredited to an increase in the carrier
concentration caused by annealing the SiGe thin films at a high temperature, as conductivity
increases with increasing the carrier concentration.

Figure 9 shows the power factor (S?0) of the as-deposited and annealed films at 670,
800, and 900 °C SiGe thin films. The power factor (PF) value reached its maximum for the
SiGe film annealed at 670 °C, and for higher annealing temperatures, the thin films had a
low PF value. This decrease in the PF value was attributed to the low Seebeck coefficient at
800 and 900 °C. The results show that the optimal annealing temperature for the p-type
SiGe alloy thin films was around 670 °C. The maximum value of the PF attained for our
samples was equal to 4.1 utWem K2, which is greater than that previously reported other
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p-type thermoelectric thin films at room temperatures. For instance, Lal et al. reported
p-type BiSbTe thin films with a PF of 2.4 uWem 'K ~2, le Febvrier et al. reported p-type
Cro.96Alp.04N7 17 thin film with a PF of 0.5 pWem~1K~2, and C. Yang et al. reported p-type
Cul thin films with a PF of 3.75 uWem 1K ~2 [19,22,23].
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Figure 8. Effect of annealing temperature on Seebeck coefficient (left) and electrical conductivity
(right) of SiGe thin films.
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Figure 9. Annealing temperature dependent power factor (PF) of SiGe thin films.

4. Conclusions

In this work, p-type SiGe thin films were deposited on quartz substrate by DC/RF
magnetron sputtering. The deposited SiGe films that annealed at 670, 800, and 900 °C were
polycrystalline with an average grain size of 35-120 nm. An increase in the Ge content was
observed in the thin films with an increasing annealing temperature by the Raman analysis.
The conductivity of the deposited thin films enhanced with an increase in the annealing
temperature. The maximum Seebeck coefficient obtained was equal to 195 uVK~!, with
a maximum power factor of 4.1 uWem ™K~ for the same sample. The obtained power
factor value was high compared to that of other reported p-type materials [19,22,23]. The
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results showed that the optimal annealing temperature for the sputtered SiGe thin films
was around 670 °C.
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