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ABSTRACT

Crystalline silicon solar cells have become the leading technology in solar cell manufacturing. However, conventional solar cell
manufacturing methods are energy-intensive and inefficient. We previously developed an electrodeposition method that improved
crystalline Si film production but faced limitations in grain size, which is crucial for minimizing recombination losses in polycrystalline Si
solar cells. In this study, the co-deposition of Si and Zn on a graphite substrate is investigated to obtain large grain-sized Si films.
Electrochemical measurements and electrolysis are conducted at 923K in molten KF-KCI-K,SiFg—ZnCl, systems. Reduction currents
corresponding to the reduction of Zn(Il) and Si(1V) ions are observed at approximately -2.6 V vs. Cl,/Cl” and -3.1V, respectively in the cyclic
voltammogram on a glassy carbon electrode. The optimal conditions for obtaining highly crystalline Si films are investigated by varying the
ZnCl, concentration and current density. During co-deposition, a Si—Zn liquid alloy is deposited. Post-electrodeposition cross-sectional
images reveal a Si layer on the graphite substrate with a Zn layer on top. After Zn removal, the Si films exhibit larger crystal sizes than those

obtained without ZnCl,, indicating deposition through liquid alloying with Zn.
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1. Introduction

In recent years, crystalline Si solar cells have dominated solar cell
manufacturing, accounting for approximately 97 % of total produc-
tion.! Since the early 2000s, their production has been increasing
every year, and their demand is expected to grow in the future.
However, conventional manufacturing methods for solar cells are
multi-step processes, including the Siemens method. This method
has limitations due to high energy costs and low-yield processes.’

To address these issues, we had earlier developed a direct
crystalline Si film formation method by electrodeposition.>® Using
this method, researchers successfully electrodeposited crystalline Si
from various high-temperature molten salts.>=3 Among the high-
temperature molten salts studied, we found KF-KCI molten salts
have promising potential owing to their high fluoride content, which
promotes dense and smooth crystalline Si films.>? KF and KCI are
highly water-soluble and can thus be easily removed by rinsing 3+
In addition, this method supports closed-cycle operation through
chlorine generation at the counter electrode. In our previous study,
we obtained Si films with a purity of 4N in this molten salt and
confirmed the formation of Si films with p- and n-type semi-
conductor properties.’

However, one of the limitations of this method has been the small
grain size of Si films. We confirmed that the grain size of Si in
electrodeposited films increased with increasing melt temperature,
reaching approximately 50nm at 923K and 20pum at 1073K.°
Polycrystalline Si solar cells require millimeter-sized grains to
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minimize recombination losses at grain boundaries, which can
reduce conversion efficiency; however, we have not been able to
achieve such sizes in our previous studies.

To address this, we used liquid metal as the electrode for Si
deposition. As an initial study, we conducted electrodeposition using
a liquid metal electrode held in a small crucible and obtained Si
crystals of more than 1mm, even at 923 K. Solid Si was
deposited on the boundary surface between the liquid metal and
solid crucible, and not inside the liquid metal electrode. If the liquid
metal is maintained in film form on the substrates, a Si film with a
large crystal size can be obtained. However, retaining the liquid
metal on the substrate in a film form during electrolysis is difficult.

Therefore, we propose a method involving the co-deposition of
Si and Zn for Si film deposition, focusing on supplying liquid metal
to the substrate via electrolytic reduction rather than using a liquid-
metal electrode. A schematic of the proposed electrodeposition
method is shown in Fig. 1. The co-deposition of Si and Zn occurs
via the simultaneous reduction of Si(IV) and Zn(Il) ions in the KF-
KCl melt. Consequently, a Si—Zn liquid alloy is formed, and solid Si
is deposited from the liquid alloy onto the substrate as electrolysis
proceeds. Solid Si with a large grain size, deposited via liquid alloys,
eventually forms a film on the substrate. Si films with large grain
sizes are obtained by removing the residual Si—Zn liquid alloy from
the surface in a post-processing step. When electrodeposition is
performed above the melting point of Zn (693 K), a Si—Zn liquid
alloy forms, as shown in the Si—Zn binary phase diagram in Fig. 2,3
further supporting the formation of Si—Zn liquid alloys during co-
deposition.

In this study, the method involving the co-deposition of Si and Zn
was investigated. Initially, cyclic voltammetry was performed to
study the behavior of Si(IV) and Zn(Il) ions in molten KF-KCIl-
K,SiF¢—ZnCl,. Galvanostatic electrolysis was then conducted, and
Si deposition on the substrate via liquid Si—Zn alloy was confirmed
by analyzing the surface and cross-sectional morphologies. The
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Figure 1. Schematic of the proposed mechanism of Si deposition
via co-deposition of Si and Zn.
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Figure 2. Si-Zn binary phase diagram.*®

electrolytic conditions for electrodeposition of highly crystalline Si
films were optimized by varying the concentration of ZnCl, and
current density.

2. Experimental

Figure 3 presents a schematic of the experimental apparatus.
Reagent-grade KF (FUJIFILM Wako Pure Chemical Corp.,
purity > 99.0 %) and KCI (FUJIFILM Wako Pure Chemical Corp.,
purity > 99.5 %) were mixed in a eutectic composition (KF : KCl =
45 : 55mol%, melting point = 873 K, weight = 400 ¢g) and loaded
into a graphite crucible (SANKO Co., Ltd., IG-110 grade, o.d.
100mm x i.d. 90 mm x height = 120 mm). The mixture was dried
under vacuum at 453 and 773 K for 72 and 24 h, respectively. The
dried mixture in the crucible was then placed at the bottom of a
stainless-steel vessel in an airtight Kanthal container. Electrochem-
ical measurements were performed at 923 K in a glove box (Yamato,
Co., Ltd., pure box system with an electric furnace, ZYS 16-0057)
under an Ar atmosphere, maintaining O, and H,O levels below
1 ppm. After blank measurements in KF-KCI, K,SiFs (Junsei
Chemical Co., Ltd., purity > 99.0 %) was added to the melt to
achieve concentrations of 0.1 or 2.0 mol%, and ZnCl, (FUJIFILM
Wako Pure Chemical Corp., purity > 98.0 %) was added to the melt
to achieve concentrations of 0.1, 0.5, 1.0, or 2.0 mol%. K,SiFg salt
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(A) I (C)
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Figure 3. Schematic drawing of the experimental apparatus for
the electrochemical measurements: (A) Pt wire electrode (QRE), (B)
glassy carbon electrodes (CE), (C) graphite plate electrode (WE),
(D) glassy carbon electrode (WE). QRE: quasi reference electrode,
CE: counter electrode, WE: working electrode.

was dried in a graphite crucible at 453 K for 10h, 573K for 10h,
and 673 K for 10 h before use. Moreover, ZnCl, salt was dried in an
alumina crucible at 453K for 72h and 523K for 24 h before use.

Electrochemical measurements and galvanostatic electrolysis
were performed using a three-electrode system equipped with an
electrochemical measurement system (Hokuto Denko Corp., HZ-
7000). The working electrodes comprised a glassy carbon (GC) rod
(Tokai Carbon Co., Ltd., >99.9998 %, diameter = 3.0 mm) and a
graphite plate (Toyo Tanso Co., Ltd., IG-15, width: 10.0 mm,
thickness: 1.0 mm). GC rods were used as the counter electrodes. A
platinum wire (Tanaka Kikinzoku Kogyo Co., Ltd., >99.98 % purity,
diameter = 1.0 mm) was used as the quasi-reference electrode. The
potential of the quasi-reference electrode was calibrated considering
the dynamic Cl,/Cl~ potential measured on the GC rod.

Prior to each instrumental analysis, any salt adhering to the
surface of samples after electrodeposition was removed by washing
with distilled water. The samples were then immersed in distilled
water at 303K for 30 min. Subsequently, the surface was washed
with distilled water at 303 K. Finally, ethanol was poured over the
samples, which were then dried under cold air.

Surfaces and cross sections of the prepared samples were
observed using scanning electron microscopy (SEM; Thermo Fisher
Scientific Inc., Phenom Pro Generation 5). The deposits were also
characterized using energy-dispersive X-ray spectroscopy (EDX;
Thermo Fisher Scientific Inc., SE1200-8001) and X-ray diffraction
(XRD; Rigaku Corp., Ultima IV, Cu-Ko line) analysis. For the cross-
sectional SEM observation, the samples were embedded in resin
(Nisshin ES Co., Ltd., room temperature curing epoxy resin NER-
814, medium) and then polished using emery paper (#320, #600),
abrasives (SANKEI Co., Ltd., polycrystalline diamond suspension
(diameter =9 and 3um), and high-purity alumina (diame-
ter = 0.05 um)) using a rotary polishing machine (Buehler, Ecomet
III). After polishing, the samples were coated with Au using an ion
sputtering apparatus (Hitachi, Ltd., E-101) to ensure conductivity. To
analyze the surface morphology of Si film, any residual Zn on the
deposit was dissolved in 50 mL of HCI solution (20 wt%).

3. Results and Discussions
3.1 Electrochemical behavior of Si(IV) and Zn(ll) ions

Cyclic voltammetry was performed to study the reduction
behavior of Si(IV) and Zn(Il) ions. Figure 4 shows a cyclic
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Figure 4. Cyclic voltammogram at a glassy carbon electrode in
molten KF-KCI-K,SiF¢ (0.1 mol%)-ZnCl, (0.1 mol%) at 923 K.
Scan rate: 0.10 Vs~

voltammogram of a GC electrode in molten KF-KCl at 923 K with
0.1 mol% K,SiFg and ZnCl,. IR correction was performed with a
feedback rate of 80 %. When the potential was scanned from the rest
potential toward the negative side, the cathodic current peaks (a)
and (b) were observed around —2.6V vs. Cl,/CI~ and —3.1V,
respectively. In our previous study using liquid Zn electrodes, we
reported that the rest potential of liquid Zn electrodes was more
positive than the Si—Zn liquid alloy formation potential 3! Therefore,
the cathodic current peak around —2.6V is attributed to the
reduction of Zn(II) ions, as expressed in reaction (1).

Zn(Il) 4+ 2e~ — liquid Zn (1)

The cathodic current peak around —3.1V is attributed to the Si—Zn
liquid alloy formation, as expressed in reaction (2).

Si(IV) + liquid Zn + 4e~ — liquid Si—Zn 2)

As shown in Fig. 2, only 1at% of Si dissolves in liquid Zn at
923 K.3¢ Although Si can supersaturate in liquid Zn during the short
period of CV measurement, the solid Si formation expressed in
reaction (3) is considered to progress simultancously with the
reaction described in reaction (2).

Si(IV) 4 4e~ — Si(s) 3)

When the potential was reversed and scanned, the oxidation currents
(a’) and (b’) corresponding to (a) and (b), respectively, were
observed. These currents result from the reverse reactions, as
described in reactions (1)-(3). The above results indicated the
reduction of Si(IV) ions during electrolysis at a current exceeding
the diffusion-limiting current of the Zn(Il) ions, signifying the
feasibility of co-deposition of Si and Zn.

3.2 Si deposition via Si—Zn liquid alloy during co-deposition

To confirm Si deposition via Si—Zn liquid alloy during co-
deposition, we performed galvanostatic electrolysis on a graphite
substrate in molten KF-KCI-K,SiF¢ (2.0 mol%)-ZnCl, (1.0 mol%)
at a current density of 150mAcm™2 and a charge density of
90 C cm~2. During electrolysis, the potential was more negative than
—3.0V vs. Cl,/CI7, indicating the occurrence of co-deposition. As
shown in the optical image in Fig. Sa, the obtained sample exhibits a
metallic luster across the entire surface, indicating that the Si-Zn
alloy formed a film covering the electrode surface. Further detailed
observations using SEM (Fig. 5b) and EDX analysis confirmed that
the surface is covered with Zn. EDX mapping and spectrum
(Fig. S1) showed that the entire surface was covered with Zn and
only Zn and Si were detected.

Electrodeposition was performed in molten KF-KCI-ZnCl,
(1.0mol%) without Si(IV) ions, using a graphite substrate as the
electrode at a current density of 150mA cm~2 and a charge density

(a)

Figure 5. (a) Photograph and (b) surface SEM image of sample
obtained by galvanostatic electrolysis of graphite plate electrode at
150 mA cm~2 for 90 C cm™2 in molten KF—KCI-K,SiFg (2.0 mol%)—
ZnCl, (1.0mol%) at 923 K.

Figure 6. (a) Photograph and (b) surface SEM image of sample
obtained by galvanostatic electrolysis of a graphite plate elec-
trode at 150mAcm™2 for 90Ccm 2 in molten KF-KCI-ZnCl,
(1.0 mol%) at 923 K.

of 90Ccm™2. The weight change was extremely small, and no
metallic luster was observed in the optical image (Fig. 6a). The
SEM image shown in Fig. 6b and the EDX analysis results show
that Zn was electrodeposited in a spherical morphology on the
substrate. These observations confirmed that the reduction of Zn(II)
ions alone did not produce a uniform Zn film on the graphite
substrate. As liquid Zn did not wet graphite well, only a part of Zn
remained on the surface, and the shape was spherical. Unlike the
electrodeposits in a bath containing only the Zn(Il) ions, the Si—Zn
liquid alloy remained nearly entirely on the surface of electro-
deposits, attributable to the presence of Si. The good bonding
between Si and graphite enabled the Si—Zn liquid alloys to remain
on the substrate.

This finding indirectly indicated that Si—Zn was deposited. To
verify the above observation, we observed cross-sectional SEM
images and performed EDX mapping. Figures 7a and 7b show the
cross-sectional SEM images and EDX mapping of the sample,
respectively. Two-layered electrodeposits were observed on the
substrate in the SEM images. EDX mapping confirmed that the layer
closest to the substrate was Si and the layer on the molten salt side
was Zn. The Si layer was assumed to be deposited from the Si—Zn
liquid alloy during electrolysis, confirming that Si was deposited via
the Si—Zn liquid alloy during co-deposition.

To confirm that the deposits were crystalline Si, XRD analysis
was conducted. Figure 8 shows the XRD pattern of the sample
shown in Fig. 5 after removing Zn via HCI treatment. The diffraction
peaks except for those of the graphite substrate were attributed to Si.

3.3 Electrolysis conditions for highly crystalline Si films
To investigate the conditions for obtaining highly crystalline Si

3
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Figure 7. (a) Cross-sectional scanning electron microscopy
(SEM) images and (b) energy-dispersive X-ray spectroscopy
(EDX) mappings of samples obtained by galvanostatic electrolysis
of graphite plate electrode for 90 C cm™2 in molten KF-KCI-K,SiF
(2.0mol%)-ZnCl, (1.0mol%) at 923 K. Current density was
150 mA cm™.
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Figure 8. XRD pattern of the sample shown in Fig. 5 after
removing Zn via HCI treatment.

films via co-deposition, we performed electrolysis using different
ZnCl, concentrations and current densities. Initially, electrodeposi-
tion was performed on graphite substrates in molten KF-KCl-
K,SiFg (2.0mol%)-ZnCl, (0.5 mol%) at a current density of 100—
200mAcm™2 and a charge density of 90Ccm™2. Under these
conditions, Zn deposit was granular and did not cover the entire
surface. Cross-sectional SEM images and EDX mappings of the
sample after electrodeposition, particularly where Zn is present on
the surface, are shown in Fig. 9. Under the conditions of (a) 100 and
(b) 150 mA cm™2, distinct Si and Zn layers were formed with the Si
layer closest to the substrate. Despite the incomplete surface
coverage by Zn, solid Si was deposited on the graphite substrate
from the Si—Zn liquid alloy. Conversely, at a current density of (c)
200 mA cm 2, the deposit on the substrate was not divided into two
layers of Si and Zn. The finding could be attributed to the large
reduction in the amount of Si(IV) ion compared to that of the Zn(II)
ion reduction, resulting in rapid deposition of solid Si from the
liquid alloy. Furthermore, deposition occurred on top of the
protruding deposits, resulting in a dendrite-like shape.

Next, electrodeposition was carried out on graphite substrates in
molten KF-KCI-K;SiF¢ (2.0 mol%)-ZnCl, (1.0 mol%) at a current
density of 100-200 mA cm™2 and a charge density of 90 C cm™2. At
this ZnCl, concentration, Zn uniformly covered the entire surface of
the deposit. Cross-sectional SEM images and EDX mappings of the
samples after electrodeposition are shown in Fig. 10. At current
densities of (a) 100 and (b) 150 mA cm~2, the Si and Zn layers on
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Figure 9. Cross-sectional SEM images and EDX mappings of the
samples obtained by galvanostatic electrolysis of graphite plate
electrode for 90Ccm™2 in molten KF-KCI-K,SiF¢ (2.0 mol%)—
ZnCl, (0.5 mol%) at 923 K. Current densities were (a) 100 mA cm™2,
(b) 150mA cm2, and (c) 200 mA cm™.
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Figure 10. Cross-sectional SEM images and EDX mappings of
the samples obtained by galvanostatic electrolysis of graphite plate
electrode for 90Ccm™ in molten KF—KCI-K,SiFs (2.0 mol%)-
ZnCl, (1.0 mol%) at 923 K. Current densities were (a) 100 mA cm™2,
(b) 150mA cm~2, and (c) 200 mA cm™2.

the graphite substrate were observed in sequence from the substrate.
At a current density of (c) 200mA cm™2, a Si layer was deposited on
the substrate; however, Si lumps were found in the Zn layer above it,
likely representing cross-sectional observations of dendrite-like Si
deposits. These results suggest that the appropriate current density
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Figure 11. Cross-sectional SEM images and EDX mappings of
the samples obtained by galvanostatic electrolysis of a graphite plate
electrode for 90Ccem™2 in molten KF-KCI-K,SiFs (2.0 mol%)—
ZnCl, (2.0 mol%) at 923 K. Current densities were (a) 200 mA cm ™2,
(b) 250 mA cm™2, and (c) 300 mA cm™2.

for electrolysis at a ZnCl, concentration of 1.0 mol% was (a) 100 or
(b) 150 mA cm™2,

Furthermore, electrodeposition was carried out on graphite
substrates in  molten KF-KCI-K,SiFg (2.0 mol%)-ZnCl,
(2.0mol%) at current densities in the range 200-300 mA cm~2 and
a charge density of 90 C cm™2. At this ZnCl, concentration, the entire
surface of the deposit was covered with Zn. Cross-sectional SEM
images and EDX mappings of the samples after electrodeposition are
shown in Fig. 11. At all values of current densities, the amount of Si
relative to the overall thickness of the deposit was less than that for a
ZnCl, concentration of 1.0 mol%. This result was attributed to the
larger amount of reduced Zn, and smaller amount of reduced Si
compared to those obtained in the melt with 1.0 mol% of ZnCl,.

A comparison of the cross-sectional morphology of the electro-
deposits obtained in the above three melts enabled us to construe
a relationship between the ZnCl, concentration and the morphology
of electrodeposits. In the melt containing 0.5mol% ZnCl,, Zn did
not cover the entire surface of the electrode owing to the low
concentration of Zn(Il) ions present in the melt. Consequently, only
a small amount of Zn was reduced compared to that required to
cover the entire electrode surface. In the melt containing 2.0 mol%
ZnCl,, Zn covered the entire electrode surface. However, the amount
of reduced Si was small, raising concerns regarding the decrease in
the current efficiency of the target product of the Si film. The melt
containing 1.0mol% ZnCl, offered better conditions than the melt
containing 0.5 mol% ZnCl, because Zn covered the entire substrate
surface of the deposit. Furthermore, considering the current
efficiency for the target Si film, this melt is superior to the melt
containing 2.0 mol% ZnCl,. Based on the cross-sectional morphol-
ogy results described above, electrolysis at a current density of 100
or 150mA cm™2 in a melt with a ZnCl, concentration of 1.0 mol%
was considered to be an optimal condition.

The morphology of the electrodeposited Si was observed after
removing Zn via HCI treatment. The SEM images of the electrode
surfaces after electrolysis and HCI treatment under the respective

Figure 12. Surface SEM images of samples obtained by galvano-
static electrolysis of a graphite plate electrode for 90Ccm™ in
molten KF-KCI-K,SiF¢—ZnCl, at 923 K. K,SiF¢ concentration was
2.0mol%. ZnCl, concentrations were (a) 0.5, (b) 1.0, and (c)
2.0mol%. (a) Current densities were (a-1) 100mAcm™2, (a-2)
150mA cm™2, and (a-3) 200mA cm™2. (b) Current densities were
(b-1) 100mA cm™2, (b-2) 150mAcm~2, and (b-3) 200 mA cm™2.
(c) Current densities were (c-1) 200 mA cm™2, (c-2) 250 mA cm™2,
and (c-3) 300 mA cm 2.

electrolysis conditions are shown in Fig. 12. In Figs. 12a-3, 12c-1,
and 12c¢-3, the crystal size of the electrodeposited Si is small, so the
electrolysis conditions are unfavorable. In the samples obtained
under electrolytic conditions excluding these three, crystals with a
size of 20 pm or more were observed. These values were clearly
larger than the 50 nm crystal size that was obtained in our previous
study on Si electrodeposition at a solid Ag electrode in KF-KCI-
K,SiFg at 923 K.° The surface morphology demonstrated the effect
of Si deposition via the Si—Zn liquid alloy on the grain size of the
Si crystals in the film, as expected from our previous report.’!
The electrodeposits obtained under the aforementioned conditions,
shown in Figs. 12b-1 and 12b-2, which yield a good cross-sectional
morphology, exhibit a good surface morphology because of their
large grain sizes. Based on the aforementioned results, the optimal
current density conditions for achieving the desired results were
considered to be approximately in the range 100-150 mA cm™2.

4. Conclusions

The co-deposition of Si and Zn resulted in the formation of
highly crystalline Si films on graphite substrates in molten KF-KCl
at 923 K. Cyclic voltammetry revealed the reduction of Si(IV) and
Zn(Il) ions, with Si deposited via a Si—Zn liquid alloy during co-
deposition. In the electrodeposits obtained by co-deposition, a Si
layer was observed on the graphite substrate with a Zn layer on top.
By varying the concentration of ZnCl, and current density, optimal
conditions for obtaining superior Si films were identified. The Si
films obtained through co-deposition exhibited larger crystal sizes
than those obtained via electrodeposition without ZnCl,, confirming
deposition via Si—Zn liquid alloying.
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