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Supplementary Figure 3 | Schematic of the fabricated graphite anode (rod or plate)

for the high purity silicon film deposition.
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Periodical electrodeposition of high purity silicon film.
The electrodeposition process needs to be controlled at
potential < -2.6 V. The system can actually keeps at 850
“C for ~10 days or even longer time. The current density
for the electrodeposition process needs to be controlled
at ~10-20 mA cm?. To obtain large crystals, the
deposition process can start with small current density

Periodical pre-electrolysis for ~120 (~5 mA cm? for ~ 5 min) and then increases to ~15
Cacl, h to completely purify the molten mA cm? for several hours or several tens hours.
dried in salt system. Commonly, pre- Periodical electrodeposition is beneficial for the
vacuum electrolysis for ~ 10 h at 2.5-2.8 V, dissolution process to reach a stable and homogenous
at 400- then take out the electrode and level. Pulse electrodeposition process is also beneficial
600 °C keep the system at 850 ‘C for 14 h, to the film formation. The deposition needs to be strictly
for ~48 repeat the pre-electrolysis to fully controlled at potential < -2.6 V to ensure there has no
h. purify the molten salt system. calcium and carbon formation.
| 14 h (14 h 14h; 14 h 14 h: 14 h 14 h {14 h;
-———r B — — AR — — i — — e ——" e e e >
i - 10h 10h 10h 10h' 10h' ' 10h 10h 10h i
agh agh “120h Caen DONGEEOREEE
e o —bj ————————————————————————— >
Molten Add high-  Note: The deposited silicon films can be
CaCl,/ purity  Si0, cleaned and / or polished to form mirror-
Ca0/ and dopant liked surface and then for the second/third
Si0, system compounds deposition processes. Multi-step deposition
keeps and then process can get thicker silicon films with
at 850 'C keeps at 850 large crystals. The purity of the deposited
for 24-48 h. °C for 24-48 h  silicon films becomes higher and higher with
(Dissolution) dissolution. time increasing.

85
86  Supplementary Figure 5 | Schematic showing the complete time-related process for

87  the electrodeposition of high purity silicon films.
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94  Supplementary Figure 6 | Schematic of the simple strategy for the molten salt
95 electrodeposition (MSED) of crystalline silicon films from silicon dioxide in molten
96 calcium chloride. a, The cyclic reaction route showing the reaction mechanism. b, The
97  possible promising design for a sustainable silicon solar cells production process.
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Supplementary Figure 7 | Cyclic voltammetry (CV) analysis. CV curve of the molten
calcium chloride dissolved with silicon dioxide and calcium oxide at 850 °C with the

addition of n-type dopant compounds for the electrodeposition of n-type silicon films

(scan rate is 50 mV s ).
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121 Supplementary Figure 8 | Typical current/potential-time curves of the pulse
122 electrodeposition, constant potential/current density electrodeposition processes for

123 crystalline silicon films at 850 °C.
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Supplementary Figure 9 | Typical photos and scanning electron microscopy (SEM)
images of the silicon deposited at different current densities at 850 °C. 15 to 20 mA
cm ? is the optimum current density for the formation of dense silicon film, and lower
current density (lower than 8 mA cm?) generally leads to the formation of silicon
nanowires, high current density (higher than 25 mA cm?) commonly leads to the

formation of silicon powders.
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135  Supplementary Figure 10 | Photos of the silicon films deposited at 15 to 20 mA cm™
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136  The small amount of silicon powders on the surface of films can be easily washed
137  through water.
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Supplementary Figure 11 | Typical photos of the electrodeposited silicon films
showing the two-period electrodeposition process for the deposition of p-n junction
silicon films. The surface morphology of the deposited crystalline silicon film can be
controlled to form smooth surface, which can be directly used for the deposition of n-type

silicon film without polishing.
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156  Supplementary Figure 12 | Photos and SEM images of the crystalline silicon films

157  deposited on graphite substrate. a and b, Photos of the graphite substrate before and
158  after being deposited with crystalline silicon film. ¢ and d, Surface’s morphology of the
159  deposited crystalline silicon film.
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Supplementary Figure 13 | The impurity elements of a typical deposited silicon films
determined by glow discharge mass spectrometry (GDMS) analysis. Ca and Cl
elements come from the residual calcium chloride, which can be further removed through
procedure optimization. C, H, and O are not determined, C element is hard to be
accurately analyzed because of the substrate is also graphite; impurities not listed are

below detection limit.
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Supplementary Figure 14 | Characterization of the deposited crystalline silicon films.
a, X-ray diffraction (XRD) patterns of the silicon films obtained from different deposition
times at 850 °C. b, SEM image of the surface of the silicon film deposited for 8 h. ¢, SEM

image of the surface of the silicon film deposited for 2 h.
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Supplementary Figure 15 | a-h, SEM images of the cross sections of the p-type
silicon films with different thicknesses. These films were deposited on graphite

substrate at 850 °C with current density of 15 to 20 mA cm .
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Supplementary Figure 16 | a-h, SEM images of the surfaces of the p-type silicon
films with different morphologies. These films were deposited on graphite substrate at
850 °C with current density of 15 to 20 mA cm . Obviously, the small silicon crystallites
gradually grow up to form large crystallites. It should be noted that the morphology of the
surface of silicon films can be controlled by adjusting current density, etc. Dense silicon
films with relatively smooth surfaces can be obtained through molten salt

electrodeposition.
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Supplementary Figure 17 | SEM images and energy dispersive spectroscopy (EDS)
map of the p-n junction silicon films. a-e, SEM images of the cross sections of the p-n
junction silicon films with different thicknesses. f, EDS map of the p-n junction silicon
film. These films were deposited on graphite substrate at 850 °C with current density of

15 to 20 mA cm .
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Supplementary Figure 18 | a-h, SEM images of the surfaces of the p-n junction
silicon films with different surface morphologies. These films were deposited on
graphite substrate at 850 °C with current density of 15 to 20 mA cm °. Generally, the

small silicon crystallites gradually grow up to form large crystallites.
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Supplementary Figure 19 | EDS maps of the crystalline silicon films. a and b, EDS
maps of the p-type and n-type silicon films deposited on graphite substrate. ¢ and d, EDS
maps of the free standing silicon films detached from graphite substrate. Free standing
silicon films can be easily obtained by oxidation of the graphite substrate in air at 600 to

650 °C.
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Supplementary Figure 21 | Comparison of the photoelectrochemical (PEC) result of
p-type silicon wafer and the electrodeposited high purity silicon film without any
dopant. The silicon film without any dopant was electrodeposited by using high purity
quartz crucible, and periodical pre-electrolysis process was firstly carried out to remove
the possible impurity before electrodeposition of high purity silicon film without any

dopant.
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280  Supplementary Figure 22 | PEC characterization of the p-type silicon films. a-c,
281  Typical PEC results of the p-type silicon films deposited from SiO,/CaO/CaCl,
282 electrolyte compared with p-type silicon wafer. a, Silicon film with small crystallites (5 to
283 8 um). b, Silicon film with medium-size crystallites (10 to 15 pum). ¢, Silicon film with
284  large crystallites (20 to 25 um). d, PEC results of the deposited p-type silicon films with
285  different thicknesses.
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Supplementary Figure 23 | Typical PEC results of the p-type silicon films. a-c,

Typical PEC results of the p-type silicon films deposited from different precursors. a,

Silicon film deposited from Ca,Si04/CaSiOs.

b, Silicon film deposited from

CaSi03/Ca0/Si0,. ¢, Silicon film deposited from Ca,;Si104/CaSiO3/Ca0/SiO,. The

calcium silicates Ca,;Si04 and CaSiO; were synthesized from CaO and SiO,. Generally,

these silicon films show good photoresponse, the photocurrent densities of these silicon

films are about 50% that of the commercial p-type silicon wafer.
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Supplementary Figure 24 | Typical PEC results of the n-type silicon films. a-c,
Typical PEC results of the n-type silicon films deposited from SiO,/CaO/CaCl,
electrolyte compared with n-type silicon wafer. a, Silicon film with small crystallites (5 to
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large crystallites (20 to 25 um). d, PEC results of the deposited n-type silicon films with
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Supplementary Table 1 | Summary of the different electrodeposition conditions used for

the production of crystalline silicon films in this work.*

Current
Electrolyte . Thickness (pm) Dopant
o density . Silicon type
composition . (Time: 1 to 15 h) (compounds)
(mA cm™)
p-Si, n-Si, p-n
Si0,/Ca0/CaCl, 15 to 20 5 to 60 junction Si
Al (A1203) or
films
B (B203) for
CaSiO;3/CaCl, 151020 5to 30 p-Si, n-Si films p-Si films;
Si0,/CaSi0/Ca0/CaCl, 10t020 5 to more than 60  p-Si films Sb (Sb,0,) or
P (Ca;(POs),)
CaSi03/Ca,Si04/CaCl, 1510 20 510 40 p-Si films for n-Si films

Si0,/CaSi0;/Ca,Si0,/Ca0/CaCl, 10 to 20 5 to more than 60  p-Si films

*Note: For comparison, we also tried to synthesize calcium silicates (Ca,Si0,/CaSiO3) from CaO and
Si0, and then used as precursors for the electrodeposition of crystalline silicon films in molten salts,
which suggests that the reaction route is generally from SiO,/CaO to calcium silicates (ions) and then

to crystalline silicon films.
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Supplementary Table 2 | The possible reactions occurred during the electrochemical

deposition-doping processes for crystalline silicon films in molten calcium chloride

1-7 %

Compounding reactions

Dissolution reactions

I: Electrochemical deposition process

Electrodeposition reactions

XSi0, + yCaO — CaySi,0py)

Si0, + Ca0 — CaSiO;

$i0, +2Ca0 — Ca,SiO,

28i0, + 3Ca0 — CaySi,0;

CaSiO; + Ca0 — Ca,SiO,

CaSiO; + 2Ca0 + 8i0, — Ca;Si,0;
Ca,Si0, + Ca0 + Si0; — Ca;8i,0;

Ca25i04 + CaSlO3 - Cagsi207

CaySiXO(2X+y) — yCa2+ + Six0(2x+y)2y7

CaSiO; — Ca*" + Si0y>
Ca,Si04 — 2Ca*" + Si0,*
Ca3Si,0, — 3Ca%" + 8i,0,*
Ca0 — Ca*" + 0%

Si0, + 0> — Si0s>

Si0, +20% — Si04*

Si0;* + 0% - Si0,*

Si,Oxey ™ + 4xe” — XSi + (2x+y)0™
Si0;* + 4e” — Si +30*
SiOf +4e — Si+40%

Si,0,% + 8¢~ — 2Si + 70*"

Compounding reactions

II: Electrochemical doping process

Dissolution reactions

Electrodeposition reactions

Sb203 + xCaO — Cabe20(3+x)
A1203 +xCaO — CaXA12O(3+X)

B203 + Ca0 — CaBZO4

Ca;(POy), — 3Ca*" + 2P0O,>

CaXSb20(3+X) - XCaZ+ + Sb20(3+x)2)<7

CaXA120(3+X) s XCa2+ + A120(3+X)ZX7

CaB,0, — Ca*" + B,0,>

PO/ +5¢” — P+ 40>
SbyO™ + 66 — 2Sb + (3+X) 0%
ALO:™ + 66 — 2A1 + (3+X)0™

B,0.% + 6¢” — 2B + 40>

*Note: We note that the reactions summarized in Supplementary Table 2 are the typical possible

reactions, which can only be considered as general guidelines for understanding the electrodeposition

process, more detailed reaction mechanisms need further investigation, which are currently being

studied. Generally, calcium silicates include CaSiO;, Ca,SiO4, CasSi,O;, CaszSiOs, etc’. Calcium

aluminates include CaAl,O4, CaAl;O;, Ca;2014033, etc’. Calcium-antimony compounds include

Ca,Sb,05, CaSb,0y4, etc’. Calcium borates mainly include CaB,0y, etc’,
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Supplementary Table 3 | Comparison of molten salt electrodeposition process and

traditional Siemens process for silicon photovoltaic.

Temperature X
Process Steps Materials
O
Molten salt electrodeposition One-step: .
. 850 Si0,, Ca0, CaCl,
technology Electrodeposition
Step I: .
) About 1700 SiO,, carbon
Carbon reduction
Step II:
o 300 HC1
Hydrochlorination
Traditional technolo Step I11:
. &Yy . P 1100 H,
(Siemens process) Siemens CVD
Step IV:
1500 —
Crystal growth
Step V: 20 Diamond wire / Waste
Wire sawing about 40% of Si
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Supplementary Note 1 | The solubility of calcium oxide in molten calcium chloride at
850 °C is approximately 20 mol. %' The solubility of silicon dioxide in molten calcium
chloride depends on the concentration of calcium oxide, the dissolution process generally
through the reactions, i.e., SiO, + CaO — CaSiOs; CaSiO; — Ca*" + SiOs*; and SiO, +
0> — Si0;”, etc. It was reported that the solubility of calcium silicate (CaSiO;) in
molten calcium chloride electrolyte at 850 °C is about 1.56 wt. % (within 9 h)'. In this
work, the solubility of silicon dioxide in molten calcium chloride-calcium oxide
electrolyte (CaCl,- about 2 wt. % CaO) was determined to be around 1.5 wt. % (i.e.,
CaSi0O; about 3.0 wt. %) within approximately 48 hours. The detailed reactions between

silicon dioxide and calcium oxide/oxygen ions are listed in Supplementary Table 2.
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Supplementary Note 2 | The cost analysis in this work is based on a bottom-up model’"",
by breaking down the total module price into three components, including solar grade
silicon (SoG-Si) wafer preparation (polysilicon ingot and wafer slicing), cell fabrication
and module assembling. We assume the electrodeposited silicon films are compatible
with current technology for cell fabrication and module assembling. So the cost
breakdown data for these two steps are obtained directly from publicly available
resources. For SoG-Si wafer preparation, the production process is modeled based on
aluminum electrolysis, due to the similar reaction mechanism and manufacturing
processes. A total cost of ownership model includes the costs associated with materials,

labor wages, utilities, facilities, maintenance and depreciation.

The plant locations are chosen all within United States. Labor fees, utility costs, building
costs, maintenance costs are all obtained from online resources, assuming an average

value for United States.

The module itself is assumed to be 1.96 mz, with 72 cells in each module, with cell

thickness of 100 pum.

Comparison (temperature, materials, and steps) of molten salt electrodeposition process
and traditional Siemens process for silicon photovoltaic is listed in Supplementary Table
3.

More detailed data that support this cost analysis are available from the corresponding
author upon reasonable request.
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