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Synthesis and characterization of barium silicide
(BaSi,) nanowire arrays for potential solar

Ankit Pokhrel, Leith Samad, Fei Meng and Song Jin*

In order to utilize nanostructured materials for potential solar and other energy-harvesting applications,
scalable synthetic techniques for these materials must be developed. Herein we use a vapor phase con-
version approach to synthesize nanowire (NW) arrays of semiconducting barium silicide (BaSi,) in high
yield for the first time for potential solar applications. Dense arrays of silicon NWs obtained by metal-

assisted chemical etching were converted to single-crystalline BaSi, NW arrays by reacting with Ba vapor
at about 930 °C. Structural characterization by X-ray diffraction and high-resolution transmission electron
microscopy confirm that the converted NWs are single-crystalline BaSi,. The optimal conversion reaction
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Introduction

BaSi, is an earth-abundant semiconductor possessing several
key physical properties that make it an ideal material for solar
cell applications. It has direct and indirect bandgaps of about
1.1 and 1.3 eV, respectively, a high light absorption coefficient
reaching 10° ecm™, a high carrier mobility (1000 cm* V™' s71),
and a long carrier lifetime."™ Besides these attractive physical
properties, Si and Ba are the 2"¢ and 14™ most abundant
elements in Earth’s crust, respectively, which makes BaSi, a
promising material for low-cost solar cells. Despite such attrac-
tive attributes, there are only limited studies of BaSi, as a
potential solar material partially due to its reactivity with
moisture, which makes it inconvenient for these studies.*™
Moreover, thin film morphology allows facile integration of the
material into a practical solar device and can potentially
reduce fabrication issues related with the material. Thin films
of BaSi, have been synthesized using processes such as mole-
cular beam epitaxy (MBE) and other expensive growth tech-
niques that have higher manufacturing cost,"* making the
development of alternative and facile synthesis routes desir-
able for practical applications. In addition to the thin films,
nanowires (NWs) of BaSi, can potentially enhance solar per-
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conditions allow the phase-pure synthesis of BaSi, NWs that maintain the original NW morphology, and
tuning the reaction parameters led to a controllable synthesis of BaSi, films on silicon substrates. The
optical bandgap and electrochemical measurements of these BaSi, NWs reveal a bandgap and carrier
concentrations comparable to previously reported values for BaSi, thin films.

formance by effectively absorbing incident sunlight along the
long axial direction and efficiently separating the photogene-
rated carriers in the short radial direction.®” Moreover, NW
arrays directly synthesized on an underlying substrate can
potentially take advantage of both the improved performance
due to their nanoscale morphology and the reduced fabrica-
tion costs due to their thin film-like morphology. Additionally,
individual single-crystalline NWs can also serve as an attractive
platform to study key physical properties that are crucial for
potentially using this material for solar applications.®’
However, there has been no report on the synthesis of BaSi,
NWs. The rational synthesis of BaSi, NWs can be difficult due
to their complex phase behavior. Five different thermo-
dynamically stable phases (Ba,Si, BasSi;, BaSi, Ba;Si,, and
BaSi,) are present in the Ba-Si binary phase diagram,'® and
selectively synthesizing BaSi, phase can be challenging.
Several techniques have been developed for the direct growth
of a variety of free-standing silicide NWs,"" including FeSi,"
CoSi,"”'  Fe,_,Co,Si,">'® MnSi,'”"*®* MnSi;g,"° o-MnsSis,™®
B-Mn;Si;,*® Mn;Si,*® CrSi,,*° Ni,Si,>* and Ni;Si** NWs. Out of
the various approaches, silicidation of Si NW provides a rela-
tively simple route to synthesize silicide nanostructures in
reasonable yield. This approach was first reported in the Ni-Si
system, where a Si NW was covered with a thermally evapo-
rated Ni thin film and subsequently annealed to produce
single-crystalline NiSi NWs via a solid-state reaction.*® This
approach has been used to synthesize other Ni-Si phases** ™’
and extended to other metals, such as Fe to form FeSi, a-FeSi,,
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and p-FeSi, NWs;*® Pt resulting in PtSi NWs;***' Co to form
CoSi, NWs;**> and Mn to produce MnsSi; NWs** and MnSi
NWs.**** However, the NWs produced in this way are not
always single crystalline.

Silicidation of Si NWs has usually been considered a low-
throughput method for the production of silicide NWs, but
recent silicidation work on NW array conversion shows that
the silicidation approach can be a facile way to produce high-
density silicide NW arrays.*>**° Moreover, this technique also
allows direct integration of the NWs to the underlying film on
silicon substrates, therefore making them easier to integrate
into thin-film devices. In this scheme, dense Si NW arrays,
usually prepared by electrochemical etching of Si wafer, are
used as the initial nanostructures for the conversion, and the
metal source is then introduced, followed by high-temperature
annealing to form silicide NW arrays.***® Compared with the
silicidation of individual NWs, this method can form wires in
higher density, and controlling the concentration of the pre-
cursor allows for the tuning of the phase and structure of the
converted silicide nanostructures. Moreover, as an alkaline
earth metal, Ba is the most reactive metal among the metals
involved in metal silicide NWs reported so far, and its reactiv-
ity and high vapor pressure could be directly utilized in the
silicidation approach to form high-density BaSi, NW arrays.
Therefore, by using a different precursor introduction
approach as compared to previous works®’™*° and taking
advantage of the high reactivity of Ba, we have extended the
vapor phase conversion approach initially developed to syn-
thesize higher manganese silicide (HMS) NWs, to convert
silicon NW arrays into single-crystalline BaSi, NW arrays in
high yield for the first time. Furthermore, by tuning the reac-
tion parameters away from the ideal NW synthesis conditions,
we can controllably synthesize BaSi, films on silicon sub-
strates. The NWs converted under optimized conditions were
confirmed to be single-crystalline BaSi, by various structural
characterization techniques, and their properties were studied
by optical and electrochemical techniques. The optical
bandgap measurements show that the NWs have direct and
indirect bandgaps of 1.06 and 1.27 eV, respectively, and the
electrochemical measurements suggest that the converted

NWs are n-type with a carrier concentration of 1 x 10™ em™.

Experimental section

All chemicals and reagents were purchased from Sigma-
Aldrich unless otherwise noted.

Preparation of Si nanowire arrays

The Si NW arrays were prepared using a metal-assisted chemi-
cal etching method reported previously.*! Briefly, degenerately
doped Si (100) substrates, roughly 1 cm by 3 cm in size, were
sonicated at 100% power in ethanol, isopropyl alcohol, and
acetone for 5 min each to remove any surface residues. The
chip was then rinsed with deionized water and dried with N,
gas. After the native oxide layer on the Si surface was etched
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away using buffered HF (buffered HF improved, Transene
Inc.), the Si chip was placed into an etching solution of 4.8 M
HF and 0.02 M AgNO; in a polyethylene beaker and placed in
an oven at 50 °C for 1 h. The etched chip was then soaked in
8 M HNO; solution for 1 h to remove the Ag residue, vigorously
rinsed with deionized water, and dried with N,.

Vapor phase conversion synthesis of BaSi, nanowire arrays and
thin films

Successful vapor phase conversion synthesis of BaSi, NWs and
thin films was carried out inside a home-built CVD setup
using a Lindberg Blue tube furnace, as shown in Fig. 1. In a
typical NW conversion reaction, ~58 mg of Ba beads
(0.5-2.0 mm particle size, 99% trace metals basis) was weighed
out in a 1 mL alumina boat (CoorsTek) inside a nitrogen-filled
glovebox. The boat was then sealed in a 15 mL glass vial, taken
out of the glovebox, and quickly transferred to the center of
the CVD tube furnace in which the Si NWs were already placed
approximately 4.5 cm downstream from the center of the
furnace. The tube was then quickly sealed, evacuated to base
pressure, pressurized to 700 Torr with 10 sccm He gas flow,
heated to 1000 °C, and held for 2 h. Various substrates were
located at different positions along the tube furnace, but the

Exhaust

Fig. 1 The conversion reaction set-up and the morphology of the start-
ing and converted NWs and thin films. (a) A schematic showing the reac-
tion setup; SEM micrographs (b—c) with a 30-degree tilt showing the
morphology of (b) typical Si NW arrays before the conversion (inset
shows an individual NW) and (c) the converted BaSi, NW arrays (inset
shows an individual NW); (d—g) cross section SEMs showing the mor-
phology of (d) Si NW arrays and (e) BaSi, NW arrays (inset shows the
presence of BaSi; film between the NW and Si substrate); (f) top-down
view and (g) cross-section SEM images of the converted BaSi, film on
the Si chip.
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optimal conversion was carried out when the Si NW was at
approximately 930 °C and Ba beads were at 1000 °C at the
center of the furnace. After reaction completion, the tube
furnace was naturally cooled to room temperature under the
flow of He gas, and the products were collected from the
furnace for further characterization. The same synthesis pro-
cedure was used for the synthesis of BaSi, films, except the
initial planar Si substrate was placed directly above the boat
containing Ba beads at the center of the furnace, and the
approximate temperature of both the beads and the chip was
about 1000 °C.

Structural characterization of BaSi, NW arrays and thin films

As-converted NWs and thin films were mounted onto metallic
pucks using double-sided carbon tape and imaged with a LEO
Supra 55 VP field emission scanning electron microscope
(SEM). Powder X-ray diffraction (PXRD) data were acquired on
the as-converted arrays using a Bruker D8 ADVANCE powder
diffractometer using Cu Ko radiation with a step size of 0.02
degrees. To perform energy dispersive spectroscopy (EDS) and
transmission electron microscopy (TEM) on individual NWs,
the converted NWs were scraped off the chip and dispersed in
ethanol by sonication for ~30 min at 100% power. The suspen-
sion was drop-casted onto TEM grids (Ted Pella, lacey carbon
type-A on 300 mesh copper grids) and dried with N,. EDS
characterization was completed using a LEO30 SEM with a SiLi
X-ray detector. High-resolution TEM (HRTEM) was carried out
using a FEI TITAN aberration-corrected scanning transmission
electron microscope (STEM) operated at 200 kV.

Optical and electrochemical measurements

Optical bandgap measurements of the as-converted NWs were
taken in reflectance mode using a Jasco V-570 UV-vis near-
infrared (NIR) spectrometer with an integrating sphere. A base-
line was collected using the bare silicon substrate and sub-
sequently subtracted from the collected reflectance data to
remove any signal from the underlying Si substrate. In order to
perform electrochemical measurements, electrodes were fabri-
cated using the as-converted NWs on silicon substrate by back-
contacting copper wire with Ga-In eutectic (>99.99%) to the
underlying degenerately-doped Si substrate and then coating
with silver paint (Ted Pella). The electrodes were then electri-
cally isolated with an insulating epoxy and cured overnight.
J-V measurements were taken in a two-electrode configuration
using a platinum mesh counter electrode and an electrolyte
consisting of 0.5 M KI and 0.05 M I, in anhydrous ethylene
glycol. Electrochemical impedance spectroscopy (EIS) and
Mott-Schottky measurements were performed in a solution of
0.1 M tetrabutylammonium perchlorate (TBAP) in anhydrous
acetonitrile (>99.0%) in a three-electrode configuration using
a platinum mesh counter electrode and a Ag/AgCl reference
electrode over the frequency range of 1 Hz to 5 MHz. All
electrochemical measurements were performed using a
Bio-Logic SP-200 potentiostat.
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Results and discussion

Synthesis and characterization of BaSi, nanowire arrays and
thin films

Successful vapor phase conversion of the Si NW arrays was per-
formed inside a home-built CVD setup described pre-
viously'”'® and shown in Fig. 1a. The major challenges in
these conversion reactions include: (i) providing sufficient
kinetics for the conversion while preserving the nanoscale
morphology and (ii) controllably forming the BaSi, phase
among the various Ba silicide phases (Ba,Si, BasSis;, BaSi,
BasSi, and BaSi,). We used electrochemically etched dense
and well-ordered Si NW arrays still attached to the Si substrate
(Fig. 1b) with lengths of approximately 5 pm (Fig. 1d) and
average diameters of 123 + 34 nm (estimated from SEM images
of 20 examined NWs) as the initial nanostructures. These NWs
can be produced in reasonable yield. We have previously
shown that using the Si substrate as a continuous source of Si
in excess is crucial in the formation of the most silicon-rich
metal silicide phase without other phase impurities.*® As for
the choice of precursor, we chose Ba beads because Ba has a
relatively high vapor pressure of approximately 3.69 Torr at
1000 °C, which greatly facilitates the conversion reaction. We
purposefully limited the amount of precursor in the system
because our previous work®® demonstrated that limiting the
metal precursor in the reaction system also favors the for-
mation of the silicon-rich silicide. Moreover, by simply using a
Si chip instead of Si NWs as the initial nanostructure, we can
controllably form BaSi, films on the silicon substrate. There-
fore, by carefully controlling the reaction conditions in the
optimized reactions described herein, we show that single-crys-
talline BaSi, NW arrays and thin films can be successfully
obtained by converting Si NW arrays and Si chips, respectively.

The morphology of the as-converted NW arrays and films
were examined using SEM (Fig. 1c, e, f and g). The converted
NWs (Fig. 1c) appeared very similar to the initial nano-
structures with lengths of approximately 5 um (Fig. 1e) and an
average diameter of 130 + 52 nm (estimated from SEM images
of 20 examined NWs). Some bundling of the nanostructures
was observed in the final product, but for the most part, the
converted nanostructures appeared vertical and separated. The
converted films are approximately 10 pm thick (Fig. 1g) and
created a uniform layer covering the entire silicon substrate.
Successful vapor phase conversion also requires the formation
of the BaSi, phase without other major phase impurities. The
PXRD patterns of the as-converted NW substrate and thin film
(Fig. 2a) clearly show that most diffraction peaks can be suc-
cessfully indexed to the BaSi, phase (PDF #71-2327) with very
minor BazSi, and SiO, impurity phases. We also analyzed the
elemental composition of individual NWs using EDS by scan-
ning individual NWs for their elemental composition. A total
of five NWs were analyzed, and for each NW, a spectrum scan
was performed on multiple locations along the length of the
NW. A typical EDS spectrum (Fig. 2b) on one of the analyzed
NWs (shown in Fig. 2b inset) revealed the presence of Ba, Si,
Al, Cu, O, and C. The C, Al, and Cu signals arise from the TEM

This journal is © The Royal Society of Chemistry 2015
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Fig. 2 PXRD and EDS of the as-converted NWs and thin films. (a) PXRD
of the as-converted film and NWs in comparison with the reference
pattern for BaSi, (PDF# 71-2327), with minor BasSis and SiO, indicated
by * and +, respectively; (b) EDS spectrum of a typical NW with quantifi-
cation of the atomic percentage (shown in the inset) demonstrating the
presence of Ba and Si and confirming the ratio of Ba: Si = 1: 2 within the
error of the EDS analysis.

grid and sample holder and were subtracted for the compo-
sitional calculations. The calculations showed that the elemen-
tal Ba:Si in the
approximately 1 : 2, very close to that of the BaSi, phase.

ratio converted nanostructures was

High-resolution transmission electron microscopy

The crystal structure of the converted NWs was further studied
using TEM. We performed a thorough analysis of three NWs
synthesized under the optimal conditions along their entire
lengths and found that two of them were entirely single crystal-
line, and one NW demonstrated partial conversion, forming a
Si/BaSi, heterostructure (Fig. S1t). The completely converted
NWs were analyzed at multiple locations along the length of
the wire, and the crystallinity was verified by obtaining
HRTEM micrographs on several spots. A low-magnification
TEM image (Fig. 3a) shows a representative BaSi, NW syn-
thesized under the optimal conditions with a diameter of
approximately 200 nm, and the inset electron diffraction
pattern taken from the entire NW demonstrated only the [331]
zone axis, therefore confirming the converted NW to be single
crystalline. The HRTEM image (Fig. 3b) shows lattice fringes

This journal is © The Royal Society of Chemistry 2015
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Fig. 3 TEM micrographs of a representative BaSi, NW synthesized
under the optimal conditions. (a) Low-resolution TEM micrograph of a
typical NW with inset showing the electron diffraction pattern taken
over the entire NW, which confirms the single-crystalline nature of the
NW:; (b) lattice-resolved HRTEM micrograph along the [331] zone axis
and (c) the corresponding indexed FFT pattern.

along the [331] zone axis, confirming the single-crystalline
nature of the NW. The two-dimensional fast Fourier transform
(FFT) of the lattice-resolved image (Fig. 3c) shows the recipro-
cal lattice peaks, which can be indexed to the orthorhombic
BaSi, lattice (space group Pnma, with a lattice constant of a =
8.92 A, h=6.75 Aand ¢ = 11.57 A).

Nanostructure control and temperature-independent synthesis
of BaSi, NW arrays

As mentioned previously, one of the major challenges in con-
version reactions is to successfully perform the conversion
while preserving the morphology of the initial nanostructures.
It is therefore desirable to carry out the conversion at the
lowest possible temperature to prevent severe loss of nanoscale
morphology. However, in our previous HMS conversion
work,*® we have seen that higher temperature favors the for-
mation of the silicon-rich silicide and lowers the reaction
temperature-introduced phase impurities in the products.
Therefore, finding the optimal reaction conditions to syn-
thesize the BaSi, NWs described herein required a balance
between these requirements. We performed the conversion
reaction by placing the initial Si nanostructures at different
distances from the center of the furnace and thus different
reaction temperatures. We performed separate conversion reac-
tions by placing the Si NWs at 2.2, 3.5 and 4.5 cm downstream
from the center of the tube furnace where the alumina boat
containing Ba was located (approximate temperatures of 980,
965 and 930 °C, respectively) and analyzed the morphology
and phase of the final products after 2 h. The chip placed
2.2 cm downstream (closest to the center of the furnace)
showed two distinct regions. The region closer to the center of
the furnace looked like a dense film (Fig. 4a), and the region
farther away looked like thicker bundles of NWs (Fig. 4b),
which clearly showed severe loss of morphology from the
initial nanostructures. PXRD patterns of these two regions,
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Fig. 4 Role of the substrate position and reaction temperature on the morphology and phase of the converted nanostructures. SEM images of the
final products formed at (a—b) 2.2 cm, (c) 3.5 cm, and (d) 4.5 cm downstream from the center of the furnace (which was set to 1000 °C) and their
respective PXRD patterns (e—h), in comparison with the reference diffractogram for BaSi, (PDF# 71-2327). The minor BasSis and SiO, impurities are

marked by * and +, respectively.

however, did not reveal any significant differences and indi-
cated that both structures were entirely BaSi, phase without
any phase impurities (Fig. 4e and f). The products formed at
3.5 cm and 4.5 cm from the center of the furnace retained the
initial NW morphology well, as compared to the products at
2.2 cm. In these products, however, some phase impurities in
the form of Ba,;Si, and SiO, were detectable by PXRD, as
shown in Fig. 4g and h. However, these impurities are very
minor compared to the major BaSi, phase. Additionally, as the
temperature decreased, we observed a decrease in the extent of
bundling of the NWs, which resulted in a denser array of
thinner individual NWs. Based on the morphology of the final
product that was at about 930 °C, we take the reaction per-
formed with the chip placed at 4.5 cm downstream from the
furnace as the optimized conversion reaction to synthesize
BaSi, NWs.

It is interesting to note that the substrates placed closer to
the center of the furnace showed significant loss of nanoscale
morphology as compared to those placed further away from
the center. We speculate that the Si NWs placed at higher
temperatures (closer to the center) could have a very rapid flux
of Ba depositing onto the substrate, which results in the for-
mation of film-like structure. At lower temperatures (further
away from the center of the furnace), Ba does not deposit as
rapidly but can easily diffuse into the Si NWs, and the nano-
morphology is still retained in these structures. It is also worth
noting that significant phase impurities arise in the products
placed farther away from the center of the furnace (even lower
temperatures). This is similar to the HMS conversion work,
where several phase impurities were observed at lower reaction
temperatures.®® Furthermore, performing the BaSi, conversion
reaction for shorter amounts of time at higher temperatures
(such as 1000 °C) also gave rise to several impurity phases in
the final products (Fig. S27). These observations suggest that
the formation of BaSi, could be a phase transformation
process where several silicide phases are initially nucleated.

17454 | Nanoscale, 2015, 7, 17450-17456

However, at longer reaction times and higher temperatures,
due to the higher mobility of Si, the most silicon-rich silicide,
i.e. BaSi,, forms as the eventual product in this system.

Optical bandgap and electrochemical measurements

We observed two absorption onsets of ~1 eV and ~1.2 eV in
the absorbance spectrum of BaSi, NWs (Fig. 5a). Fitting the
absorbance spectrum to Tauc plots corresponding to direct
and indirect bandgap transitions and further extrapolating the
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Fig. 5 Optical and electrochemical properties of the BaSi, NW arrays.
(@) Absorbance spectrum of the BaSi, NW arrays and (b) the corres-
ponding Tauc plots confirming a direct bandgap transition of 1.06 eV
and an indirect bandgap transition of 1.27 eV. (c) Photoresponse of BaSi,
NW arrays under intermittent 1 sun (100 mW cm™2) illumination with
0.3 V applied voltage showing a photocurrent of ~0.3 mA cm™2.
(d) Mott-Schottky analysis of the same NW array showing an n-type
carrier concentration of 1 x 10%° cm™>.
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linear regions of the fittings, we were able to determine a
direct bandgap of 1.06 eV and an indirect bandgap of 1.27 eV
for the BaSi, NW arrays (Fig. 5b). These observed bandgaps are
very close to previously calculated and reported values for
BaSi, thin films"**>*? (although there are slight variations on
the reported values in the literature). The difference in the
morphology (NW vs. thin film) and the fabrication methods
could cause slight variations between the reported bandgap
values. To further study the electrical properties of the NW
arrays, we performed electrochemical measurements of the
BaSi, NW arrays in the non-aqueous electrolyte ethylene glycol
with a KI (0.5 M)/I, (0.05 M) redox couple; the corresponding
J-V curves (Fig. S31) did not show any measureable photo-
voltage, although the NWs do show a photocurrent response
(Fig. 5c¢), where 1 sun illumination resulted in an increased
current of approximately 0.3 mA ¢cm > at an applied voltage of
0.3 V. This observation is very similar to previous reports by
several groups of a measurable photocurrent for BaSi,
film*>** in solid-state junction devices. It is also worth men-
tioning that some previous photocurrent measurements of
BaSi, film on Si substrate reported that even when photo-
excited carriers are generated in the BaSi, layer, the recombi-
nation at the BaSi,/Si interface reduces the overall measured
photocurrent.****> Therefore, it could also be possible that
there was some electrical loss at the interface between the
BaSi, NWs and the underlying Si substrate. Further studies
with careful control and tuning of the BaSi,/Si interface should
be performed to systematically study these interfacial effects on
the measurements. To further understand the observed conduc-
tivity and to determine the major carrier type of the NW arrays,
we performed a Mott-Schottky analysis on the BaSi, nano-
structures in a solution of 0.1 M TBAP in anhydrous acetonitrile
in a three-electrode configuration over the frequency range of
1 Hz to 5 MHz. The resulting Mott-Schottky plot (Fig. 5d) was
then generated automatically as the inverse square of the space
charge capacitance (1/Cs”) as a function of the applied potential
(V) using the accompanying Bio-Logic EC-Lab V10.40 software
following the classical Mott-Schottky equation:

1 2

= (V

CSZ a ecegNp

_EFB)

The constants of the Mott-Schottky equation are as follows:
electron charge (e), the dielectric constant (&), permittivity of
free space (&), and flat-band potential (Eg). Fitting the slope
of the Mott-Schottky plot revealed the BaSi, NWs to be n-type
with a carrier concentration of 1 x 10'° em™. The observed
majority carrier type in our NW array is in agreement with pre-
vious reports on BaSi, films; however, the reported carrier con-
centration is approximately 2-3 orders of magnitude larger as
compared to previous reports."""** We speculate that the
difference in carrier concentration could be caused by differ-
ences in our sample resulting from the different synthesis
methods that yield high surface area nanostructures and the
specific precursors that could introduce potential dopants or
defects.

This journal is © The Royal Society of Chemistry 2015
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Conclusion

We have used the vapor phase conversion approach to selec-
tively synthesize BaSi, NW arrays for the first time by reacting
arrays of Si NWs in a CVD tube furnace at 930 °C. We have con-
clusively characterized the structures, preliminarily examined
their optical and electrochemical properties, and provided
insights to the conversion mechanism. The NW morphology of
the final products can be maintained with optimized reaction
conditions, and by changing reaction parameters, BaSi, thin
films can also be formed. Optical bandgap measurements
show that the NWs have direct and indirect bandgap of 1.06
and 1.27 eV, respectively, and preliminary electrochemical
measurements suggest that the converted NWs are n-type with
a carrier concentration of 1 x 10" ecm™>. These properties are
very similar to values previously reported for BaSi, thin film
samples. These novel semiconducting BaSi, NWs could be
potentially explored for solar energy applications.
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