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Post-Annealing Treatment on Hydrothermally Grown
Antimony Sulfoselenide Thin Films for Efficient Solar Cells
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Briana Dokken, Anna Ellingson, Ernesto Flores, Sandip S. Bista, Dipendra Pokhrel,
Sabin Neupane, Richard E. Irving, Adam B. Phillips, Katherine Jungjohann,
Chun-Sheng Jiang, Mowafak Al-Jassim, Randy J. Ellingson, Zhaoning Song,*

and Yanfa Yan*

Herein, antimony sulfoselenide (Sb,(S, Se);) thin-film solar cells are fabricated by
a hydrothermal method followed by a post-deposition annealing process at
different temperatures and the impact of the annealing temperature on the
morphological, structural, optoelectronic, and defect properties of the hydro-
thermally grown Sb,(S, Se); films is investigated. It is found that a proper
annealing temperature leads to high-quality Sb,(S, Se); films with large crystal
grains, high crystallinity, preferred crystal orientation, smooth and uniform
morphology, and reduced defect density. These results show that suppressing
deep-level defects is crucial to enhance solar cell performance. After optimizing
the annealing process, Sb,(S, Se); solar cells with an improved power conversion

efficiency 2.04 to 8.48% are obtained.

1. Introduction

Metal chalcogenide thin-film photovoltaics (PV) have experienced
significant improvements in power conversion efficiencies (PCEs)
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and module production over the past
decade. The commercial thinfilm PV
technologies based on cadmium telluride
(CdTe) and copper indium gallium selenide
(Cu(In, Ga)Se, or CIGS) achieved PCE
records of 22.1%" and 23.4%,” respec-
tively. The global annual production of
thin-film PV modules was approaching
8GW in 2020.°! With an increasing
demand for thin-film PV to realize net-zero
carbon emissions in the near future, con-
cerns have been raised regarding the scar-
city of rare elements like Te, In, and Ga,
and the toxicity of heavy metals like Cd.!*
Recently, antimony chalcogenides, includ-
ing antimony selenide (Sb,Se;), antimony
sulfur (Sb,S;), and their alloy compounds,
antimony sulfoselenide (Sb,(S, Se)s), have come out as promising
alternatives for thin-film PV absorber materials, thanks to their
appealing features, such as environmental friendliness, low toxic-
ity, earth abundance, and ease of synthesis."”’ This family of mate-
rials has a unique stibnite crystal structure featuring oriented 1D
ribbon-type grains, electrically benign grain boundaries, and
anisotropic optical and electrical properties.[®”) Additionally,
Sb,(S, Se); possesses a tunable bandgap of 1.03-1.8eV by
adjusting the S to Se ratio, outstanding absorption coefficients
(=10°cm™"), and robust material stability.®!

The performance of heterojunction antimony chalcogenide
thin-film solar cells strongly depends on the quality of the
absorber material. The desired properties of a high-quality
thin-film absorber layer include high crystallinity, large grain
size, uniform morphology, low defect density, suitable bandgap,
long charge carrier lifetime, and fast charge carrier transport.
The deposition method and post-deposition treatments largely
determine the quality of the absorber layer. Antimony chalcogen-
ide films can be fabricated by different routes, including spin
coating,”” physical vapor deposition (PVD),'” sputtering,™"!
chemical bath deposition (CBD),[*? hydrothermal approach,®***!
and closed space sublimation (CSS).*' Among various
methods, hydrothermal growth is a facile approach to deposit
high-quality antimony selenide films with uniform morphology
and homogeneous stoichiometry at low fabrication costs.
However, the hydrothermal approach is fundamentally limited
by the low thermal budget during the film growth, resulting
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in low crystallinity and high defect density in the absorber layer.
The as-deposited films typically suffer from high nonradiative
recombination in bulk and at the interfaces, leading to poor
PV performance. Despite these drawbacks, hydrothermally
grown Sb,(S, Se)s solar cells have shown a promising PCE of
10.7% after tuning the absorber composition and employing
post-deposition annealing.!"  Particularly, post-deposition
annealing is found to be effective in improving Sb,Se; and
Sb,S3 solar cells.[®*13®141% Annealing provides a thermody-
namic driving force to promote grain growth, reduce internal
defects, release the internal stress of the film, and promote com-
pactness and crystallization.'”! The impact of post-annealing
treatments on the performance of Sby(S, Se); thin-film solar cells
has been studied previously. Wang et al. studied the post-seleni-
zation effect on Sby(S, Se)s solar cells fabricated by a hydrother-
mal method.["*® Tang et al. realized a PCE of 10% for Sby(S, Se);
solar cells by optimizing the S/Se ratio and post-annealing tem-
perature.® Further, Zhao et al. studied the effect of an alkaline
metal fluoride treatment on Sb,(S, Se); films and an annealing
process to regulate energy band alignment, enhancing the PCE
of Sby(S, Se); solar cells to 10.7%.!"! However, much of the pre-
vious research is descriptive in nature, providing incomplete
information on the effect of post-annealing conditions on the
physical properties, particularly defect properties of Sb,(S, Se)s
films.

In this work, we demonstrate a facile hydrothermal method to
prepare Sb,(S, Se); thin films and investigate the impact of
post-annealing temperature on the morphological, structural,
optoelectronic, and defect properties of the Sby(S, Se); films.
We find that Sby(S, Se)s thin films annealed at 350 °C exhibit uni-
form surface morphology, larger crystal grains, preferred crystal
orientation, and reduced defects, leading to a champion PCE of
8.48% in superstrate Sb,(S, Se); solar cells. This device fabrica-
tion procedure is highly reproducible, allowing our undergradu-
ate and high school student researchers to reproduce efficient
thin-film solar cells.

www.solar-rrl.com

2. Results and Discussions

Figure 1 shows the scanning electron microscopic (SEM) surface
images of the ~1.48 eV Sb,(S, Se); thin films deposited by a
hydrothermal method, followed by post-annealing in a tube fur-
nace at different temperatures ranging from 300 to 400 °C for
10 min. The detailed fabrication procedure is provided in the
Experimental Section and shown in Figure S1, Supporting
Information. The hydrothermally grown Sb,(S, Se); film consists
of small and rounded grains with an average visual grain size of
~300 nm (Figure 1a). After annealing the Sb,(S, Se); films at ele-
vated temperatures, the grains are coalesced and grown into large
crystalline domains with obvious crystal facets and edges
(Figure 1b—f). Despite increased grain sizes, increasing the
annealing temperature leads to nonuniform morphology and
microcracks and voids at the grain boundaries of the crystalline
domains (Figure S2, Supporting Information), likely due to the
evaporation of S and Se from the films and releasing
stresses during thermal ramping. These microcracks with off-
stoichiometric S/Se-poor compositions and structural defects
are likely acting as recombination centers and shunting paths
in solar cells due to a high density of dangling bonds and under-
coordinated surface atoms, which eventually lower the device
performance. The optical transmittance and absorbance spectra
of the films annealed at different temperatures from 300 to
400 °C exhibit insignificant changes in the bandgap, whereas
the unannealed film shows a much higher bandgap with a
reduced absorption coefficient (Figure S3, Supporting
Information). The results indicate a conversion from the as-
deposited precursor phase to Sb,(S, Se); after annealing.
Among all samples, the Sby(S, Se)s film annealed at 350 °C shows
the best film quality in terms of the crystalline domain size, pin-
hole-free and crack-less morphology, and high optical absorption.

To study the influence of the annealing temperature on the
crystal phase and structural properties of Sby(S, Se)s thin films,
we measured the X-ray diffraction (XRD) patterns of the films

Figure 1. Top-view scanning electron microscopic (SEM) images of Sb,(S, Se); thin films: a) without annealing and annealed at different temperatures:

b) 300°C, ) 325°C, d) 350°C, €) 375°C, and f) 400 °C.
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(Figure 2). The XRD pattern of the hydrothermally grown
Sby(S, Se); film is amorphous in nature (Figure 2a). After
annealing, the Sb,(S, Se); films are converted from amorphous
to the stibnite crystal structure phase (space group: Pbnm).
The total peak intensity of the characteristic peaks indexed
to Sby(S, Se); phase increases with increasing annealing
temperature. The characteristic XRD peak locations show
insignificant changes with annealing temperature (Table S1,
Supporting Information), indicating negligible differences in
the S:Se ratio, consistent with the unchanged optical bandgap
(Figure S3, Supporting Information). Sb,(S, Se); films annealed
at 400 °C exhibit the highest XRD peak intensity among all tested
samples, indicating the highest crystallinity. The crystallite size
of the Sb,(S, Se); was estimated by using the Debye—Scherrer
equation!'®

K2
" pcosd

1)

where D is the crystallite size, K=0.9 is the shape
factor, 4= 0.154 nm is the wavelength of the X-ray, f is the full
width at half maximum (FWHM), and 6 is the Bragg’s diffraction
angle. The average crystallite size is found to be 17.3, 18.6, 22.3,
27.1, and 40.9 nm for the Sby(S, Se); films annealed at 300, 325,
350, 375, and 400°C, respectively (Figure S4, Supporting
Information). The trend of increasing crystallite size with
increasing the annealing temperature agrees with the micro-
structural changes observed in the SEM images (Figure 1).

We further analyze the crystal orientation of the Sb,(S, Se)s
films annealed at different temperatures by comparing the rela-
tive intensity of various characteristic XRD peaks with the most
intense (120) peak. Figure 2b shows that the Sb,(S, Se); film
annealed at 350 °C has more crystalline grains in the preferred
[hkl, 1+ 0] orientations (i.e., [211] and [221]) compared with films
annealed at lower or higher temperatures. The vertically oriented
grains are beneficial for charge carrier transport and extraction.
For the film annealed at 400 °C, although it has higher crystal-
linity and larger grain size than the 350 °C annealed film, it suf-
fers from inferior charge transport and extraction properties due
to the undesired horizontal [hk0] grain orientations.

To evaluate the impact of annealing temperature on the perfor-
mance of PV devices, we fabricated a series of Sb,(S, Se)s solar cells
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in a superstrate configuration following the procedure illustrated in
Figure S1, Supporting Information. Figure S5, Supporting
Information, shows a cross-sectional SEM image of an
Sb,(S, Se)s solar cell, which consists of a thin-film stack fabri-
cated on a fluorine-doped tin oxide (FTO) coated glass super-
strate, including a CdS emitter, an Sb,(S, Se)s; absorber, a
2,2',7,7'-Tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9’-spirobi-
fluorene (spiro-OMeTAD) hole-transport layer, and an Au back
contact. Figure 3a,b compares the current density—voltage (J-V)
and the external quantum efficiency (EQE) curves of the cham-
pion Sb,(S, Se)s solar cells annealed at different temperatures.
The corresponding PV parameters are summarized in Table 1.
The best PCE of 8.48% was obtained in the cell annealed at
350°C. The values of short-circuit current density (Jsc),
open-circuit voltage (Voc), fill factor (FF), series resistance
(Rs), and shunt resistance (Rsy) are 20.44 mA cm %, 670 mV,
62.06%, 3.72Q cm? and 642 Q cm?, respectively. Figure 3c—f
shows the statistical distribution of PV parameters of devices
prepared at different temperatures. The cells annealed at the
optical temperature of 350°C show significantly higher PV
parameters than the devices annealed at other temperatures.
The EQE value of the device annealed at 350 °C is higher in
all wavelength ranges than that of others. The enhanced PV per-
formance is mainly attributed to the improved film quality with
better crystallinity, crystal orientation, and morphology, as veri-
fied by the XRD and SEM analyses. The inferior performance of
the devices annealed at lower temperatures (300 and 325 °C) is
likely caused by lower crystallinity, undesired grain orientation,
and higher recombination compared with the target device
annealed at 350°C. The EQE curves of the low-temperature
annealed devices (300 and 325 °C) exhibit an overall downward
slope at wavelengths longer than 400 nm (Figure 3b), indicating
very poor crystallinity and low diffusion length of the absorber
layer. In contrast to the low temperature (<350 °C) annealed
samples, the devices annealed at a high temperature (400 °C)
show a higher Jsc, but suffer from more severe recombination
and shunting, likely caused by the microcracks, pinholes, and
undesired crystal orientation.

Annealing time is also a critical factor that dictates the PV
performance of hydrothermally grown Sb,(S, Se)s; solar cells.
We fabricated a series of devices with different annealing tem-
peratures (300, 350, 400 °C) and times (5-15 min), their results
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Figure 2. a) X-Ray diffraction (XRD) patterns of Sb,(S, Se); thin films without annealing and annealed at different temperatures. b) Crystal orientation
analysis for various characteristic XRD peaks of Sb,(S, Se); films annealed at different temperatures.
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Figure 3. a) J-V and b) external quantum efficiency (EQE) curves of champion Sb,(S, Se); solar cells annealed at different temperatures. Statistical
distributions of: ¢) Voc, d) Jsc, €) fill factor (FF), and f) power conversion efficiency (PCE) of Sby(S, Se); solar cells prepared at different annealing

temperatures.

Table 1. J-V parameters of champion Sb,(S, Se); solar cells annealed at
different temperatures.

Annealing temperature Voc Jsc FF PCE Rs Rsn
q mV] [mAcm 3 [%] [%] [Qcm? [Qcm?
300 466 6.57 393 120 314 229.5
325 569 1236 455 320 141 281.2
350 670 20.44 621 848 3.7 642.8
375 633 18.66  56.5 6.67 8.7 4282
400 468 16.95 484 384 172 171.9

are summarized in Figure S6 and Table S2, Supporting
Information. When Sb,(S, Se); was annealed at a low tempera-
ture of 300 °C, a longer annealing time (15 min) resulted in better
device performance, likely due to improved crystallinity and sup-
pressed defects. In contrast, when Sb,(S, Se); was annealed at a

Sol. RRL 2023, 7, 2201009 2201009 (4 of 7)

high temperature of 400°C, a shorter annealing time (5 min)
resulted in better device performance, likely due to less decom-
position and shunting. For the optimal annealing temperature
(350°C), a mediate annealing time of 10min led to the best
PV performance. It is also worth noting that the Sby(S, Se);
prepared by the facile hydrothermal method and annealed at
the target temperature shows a narrow statistical distribution
in PV performance. Our undergraduate and high school student
researchers can reproduce efficient Sby(S, Se); thin-film solar
cells following the same fabrication procedures (Figure S7,
Supporting Information).

To better understand the origins of device performance enhance-
ment by optimizing the annealing temperature, we selected three
representative devices prepared at low (300°C), target (350°C),
and high (400 °C) temperatures (refer to as Samples A, B, C, respec-
tively, thereafter) for a detailed study. The defect properties of the
Sby,(S, Se)s solar cells were studied by using temperature-dependent

© 2022 The Authors. Solar RRL published by Wiley-VCH GmbH
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Figure 4. Temperature-dependent admittance spectra of Sb,(S, Se); solar cells annealed at different temperatures: a) 300, b) 350, and c) 400 °C.
d) Arrhenius plot for defect energy calculation. e) Calculated density of defect states for the devices. f) Schematic diagram of defect energy levels
in Sb, (S, Se); annealed at different temperatures. Images are flattened by a zero-order process to show the best contrast. g-I) Kelvin probe force micros-
copy (KPFM) analysis of the Sb,(S, Se); films annealed at different temperatures: g) 300 °C, h) 350 °C, and i) 400 °C. j-I) Corresponding height profile and

surface potential of the films at different temperatures.

admittance spectroscopy (TAS) in a temperature range from
150 to 300K. Figure 4a—c shows the temperature-dependent
capacitance—frequency (c—f) spectra of the devices. The thermal
activation energy is calculated by using the following equation

E
wo = AgT?exp |:]€B_?T:| )

where wj is the characteristic transition frequency, T'is the absolute
temperature, kg is the Boltzmann constant, A, is a pre-exponential
factor independent of temperature, and E, is the activation
energy of a signature defect seen in admittance spectroscopy.

Sol. RRL 2023, 7, 2201009 2201009 (5 of 7)

The characteristic transition frequency at each temperature is
identified by analyzing the derivative of capacitance with respect
to frequency (Figure S8, Supporting Information). By fitting the
Arrhenius plots in Figure 4d, we obtain two activation energies,
Eal(A) = 0.304 £ 0.013 eV and Ea2(A) = 1.033 £ 0.052 eV for the
sample annealed at 300°C and Eal(C)=0.235+0.014€V,
Ea2(C) =0.663 £ 0.051 eV for the sample annealed at 400°C.
In contrast, there is only one activaion energy
Ea2(B) = 0.421 £+ 0.007 eV for the samples annealed at 350°C.
Figure 4e plots the density of states for each defect level calculated
based on the TAS curves. We also perform capacitance-voltage
(C-V) measurement and Mott—Schottky analysis on three

© 2022 The Authors. Solar RRL published by Wiley-VCH GmbH
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representative devices. Among them, the target device annealed at
350 °C shows the lowest apparent carrier density and longest deple-
tion width (Figure S9, Supporting Information). The capacitance
measurement results reveal that annealing an Sby(S, Se); film at
the target temperature of 350 °C can suppress defect formation,
likely ascribed to the increased crystallinity combined with more
preferred crystal orientations. Yet, the relatively deep defect level
(=0.4eV) and a high defect density on the order of ~10" cm >
still limit the Vc-deficit of Sb,(S, Se)s solar cells to ~670 mV, cor-
responding to a high open-circuit voltage deficit of ~0.8 V.

Since the antimony atom requires a much higher temperature
than chalcogenide to reach the same partial vapor pressure (e.g.,
Sb at 807 K vs S/Se at 375/500 K for 1 Pa), the Sb,(S, Se); films
annealed at an elevated temperature (>573 K) are expected to
show an Sb-rich and (S, Se)-poor stoichiometry and slightly
n-type doping. The energy-dispersive spectroscopy (EDS) measure-
ments confirm the Sb-rich and (S, Se)-poor stoichiometry for all
annealed Sb,(S, Se); films (Figure S10 and Table S3,
Supporting Information). As a result, these calculated defect acti-
vation energies can be tentatively assigned as antimony antisites
(Sbse and Sbs) and chalcogenide vacancies (Vs and V) and allo-
cated to their corresponding energy levels in the band diagram
(Figure 4f). However, it is intricate to distinguish these defects
due to the complexity of the defect physics of Sby(S, Se)s.
Nonetheless, the defects with deeper activation energies have more
chances to act as nonradiative recombination centers. The sample
annealed at the target temperature of 350 °C has a relatively shal-
lower activation energy level than the samples annealed at higher or
lower temperatures, indicating that some of the deeper defects are
completely or partially passivated or become shallower. The lower
defect activation energy of the target sample annealed at 350 °C
enables a higher device performance than others.

To further analyze the impact of defect levels on the Fermi
energy of Sby(S, Se); films annealed at different temperatures,
we performed Kelvin probe force microscopy (KPFM) measure-
ments (Figure 4g-1). The average surface potential of Sb,(S, Se)s
films annealed at 300, 350, and 400 °C are found to be around
0.99, 1.14, and 0.79V, respectively. The film annealed at
350 °C shows a higher surface potential than films annealed at
higher or lower temperatures, corresponding to a shallower
Fermi energy (closer to the vacuum level) and higher n-type dop-
ing at the surface. The Fermi energy levels of the Sby(S, Se);
films annealed at different temperatures are in agreement with
the defect levels shown in Figure 4f. The shallower Fermi energy
in the 350 °C annealed film could be attributed to higher densi-
ties of antimony antisites and chalcogenide vacancies, as revealed
by the TAS measurement (Figure 4e). The more pronounced
chalcogenide deficiency in the 350°C annealed film is likely
responsible for the higher n-type doping at the surface. The shal-
lower work function of Sb,(S, Se)s is beneficial for achieving
quasi-Fermi energy of electrons closer to the conduction band,
enabling a higher Vo of a solar cell.

3. Conclusions

In conclusion, we investigated the impact of post-annealing
temperature on the PV performance of hydrothermally grown
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Sby,(S, Se); solar cells. We found that the annealing temperature
of 350 °C was beneficial to increasing the grain size, crystallinity,
crystal orientation, and compactness of the films. After optimizing
the annealing process, we obtained Sb,(S, Se); solar cells with an
improved PCE from 1.20 to 8.48% and investigated the interplay
between defects and solar cell performance. Our results show that
hydrothermal growth followed by proper annealing is a promising
approach to fabricating efficient Sby(S, Se); thin-film solar cells.

4. Experimental Section

Device Fabrication: The Sby(S, Se); thin films were deposited onto the
CdS-coated FTO glass substrates by a hydrothermal method. The CdS
layer was first deposited by a CBD approach, following the previously
reported method.'"! Afterward, the obtained CdS film was annealed in
ambient air at 400 °C for 10 min. For the Sb,(S, Se); deposition, potassium
antimony tartrate (CgH4K;04,Sb,-3H,0), sodium thiosulfate pentahy-
drate (Na,S,05-5H,0), and selenourea (CH4N,Se) were used as Sb, S,
and Se sources, respectively. 20 mm of CgH4K,04,Sb,-3H,0, 40 mm of
Na,S;03-5H,0, and 35mg of CH4N,Se were mixed in 50 mL of DI
water.'*® The mixed solution was stirred until it turned clear and homog-
enous faint yellowish. Then, the solution was transferred into the cleaned
inner Teflon tank of an autoclave. During the synthesis, the substrate was
placed in such a way that the CdS layer faced downward. Finally, the tight
autoclave with the solution was kept in an oven heated at 130 °C for 3 h.

The autoclave was taken out of the oven and allowed to cool to room
temperature. The films were then taken out from the autoclave and dried
by blowing N, gas. Afterward, the films were loaded inside the tube furnace
on the graphite plate, and the tube was vacuumed till we got a pressure of
3 mT. Then, we annealed the samples in two-step processes. First, we heated
the graphite plate, which holds the samples, at 100 °C using the IR heater
from the top and bottom sides for one minute. This first step of heating is
done to remove the water or any other solvent remaining on the film. Then
finally, we filled the tube with 10 Torr of N, gas and heated the films at dif-
ferent temperatures from 300 to 400 °C for 10 min. After 10 min of heating,
the films were allowed to cool down to room temperature.

Finally, we prepared a device in a superstrate configuration: FTO/CdS/
Sb,(S, Se);/Spiro-OMeTAD/Au. We used Tec-12D FTO glass substrate
from Pilkington North America Inc. The Spiro-OMeTAD was used as a hole
transport layer (HTL). HTL solution was made by a Spiro-OMeTAD
(Lumtec)/chlorobenzene (91 mg/1 mL) solution with an additive of 21 pL
of Li-bis(trifluoromethanesulfonyl) imide (Li-TFSI)/acetonitrile (540 mg/
1mL), 35pL of 4-tert-butylpyridine (TBP) and 9 pL of tris(2-(1H-pyrazol-
1-yl)-4-tert-butylpyridine)-cobalt(l11)  tris(bis(trifluoromethylsulfonyl)imide
(FK 209)/acetonitrile (376 mg/1 mL). After that, a spiro-OMeTAD film
was spin-coated on the Sb,(S, Se); film at a speed of 2500 rpm for 30s
then the film was left overnight to get oxidized. Finally, Au was deposited
on the top of Spiro as a back contact electrode using a thermal evaporator
under a pressure of 5 x 10~ ® Torr. The active area of each cell is 0.08 cm?.

Device Characterization: Sb,(S,Se); film morphology was characterized
by using high-resolution field emission scanning electron microscopy
(FE-SEM, Hitachi S-4800) equipped with X-ray energy dispersive spectros-
copy (EDS). X-ray diffraction (XRD, Rigaku Ultima Ill, Cu Ko radiation
under operation conditions of 40kV and 44 mA) was used to study the
crystal properties of the Sb,(S,Se); films. The performance of the
Sb, (S, Se); solar cells was measured using J-V curves under AM1.5G
illumination using a LED solar simulator (Newport) and a source meter
(Keithley 2400) at a scanning speed of 1.17 versus QE system
(PV Measurements) was used to measure the EQE spectra. Home-built
KPFM was used to measure the KPFM which is based on the D3100
atomic force microscope (AFM). Pt—Ir-coated silicon probes (Nano sensor
PPP-EFM) were used in the KPFM measurement. The scan size was
5x 5pm* that contained 1024 x 256 pixels. Modulab potentiostat
equipped with a frequency response analyzer (Ametek Inc.) was used
for the C-V and TAS measurements. Modulab system was used to set
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up, run experiments, and obtain the results with the help of inbuilt XM-stu-
dio software. A constant AC modulation voltage of 45 mV,,,s was used for
C-V and TAS measurements. The C—V measurements were performed in
the dark with a 10 kHz AC signal superimposed on a DC bias voltage varying
from —2 to 0.8 V. For the TAS measurements, there was a frequency sweep-
ing from 1.0 MHz to 0.1 Hz. To carry out all the temperature-dependent
measurements, a liquid-nitrogen-cooled cryogenic system (Janis VPF-100)
was used. The temperature was controlled using a temperature controller
(Lakeshore 330). A temperature sensor was mounted directly on the top of
the device to get the actual temperature of the samples.
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