
1 
 

Supplementary Information 1 

 2 

Electrodeposition of crystalline silicon films from silicon 3 

dioxide for low-cost photovoltaic applications  4 

 5 
Zou et al. 6 

 7 

 8 

 9 

 10 

 11 

 12 

 13 

 14 

 15 

 16 

 17 

 18 

 19 

 20 

 21 

 22 

 23 

 24 

 25 

 26 

 27 

 28 



2 
 

 29 

 30 

Supplementary Figure 1 | Schematic of experimental setup. 31 
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 39 

Supplementary Figure 2 | Schematic of the electrolytic cell proposed for the molten 40 

salt electrodeposition of crystalline silicon films. 41 
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 55 
Supplementary Figure 3 | Schematic of the fabricated graphite anode (rod or plate) 56 

for the high purity silicon film deposition. 57 
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 73 

Supplementary Figure 4 | Schematic of the fabricated cathode graphite substrate for 74 

the high purity silicon film deposition. 75 
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 85 

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

the electrodeposition of high purity silicon films. 87 
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 93 

Supplementary Figure 6 | Schematic of the simple strategy for the molten salt 94 

electrodeposition (MSED) of crystalline silicon films from silicon dioxide in molten 95 

calcium chloride. a, The cyclic reaction route showing the reaction mechanism. b, The 96 

possible promising design for a sustainable silicon solar cells production process. 97 
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 104 

Supplementary Figure 7 | Cyclic voltammetry (CV) analysis. CV curve of the molten 105 

calcium chloride dissolved with silicon dioxide and calcium oxide at 850 ºC with the 106 

addition of n-type dopant compounds for the electrodeposition of n-type silicon films 107 

(scan rate is 50 mV s–1). 108 
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Supplementary Figure 8 | Typical current/potential-time curves of the pulse 121 

electrodeposition, constant potential/current density electrodeposition processes for 122 

crystalline silicon films at 850 ºC. 123 
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 125 

Supplementary Figure 9 | Typical photos and scanning electron microscopy (SEM) 126 

images of the silicon deposited at different current densities at 850 ºC. 15 to 20 mA 127 

cm–2 is the optimum current density for the formation of dense silicon film, and lower 128 

current density (lower than 8 mA cm–2) generally leads to the formation of silicon 129 

nanowires, high current density (higher than 25 mA cm–2) commonly leads to the 130 

formation of silicon powders.  131 
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 134 

Supplementary Figure 10 | Photos of the silicon films deposited at 15 to 20 mA cm–2. 135 

The small amount of silicon powders on the surface of films can be easily washed 136 

through water. 137 
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 142 

Supplementary Figure 11 | Typical photos of the electrodeposited silicon films 143 

showing the two-period electrodeposition process for the deposition of p-n junction 144 

silicon films. The surface morphology of the deposited crystalline silicon film can be 145 

controlled to form smooth surface, which can be directly used for the deposition of n-type 146 

silicon film without polishing. 147 
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 155 

Supplementary Figure 12 | Photos and SEM images of the crystalline silicon films 156 

deposited on graphite substrate. a and b, Photos of the graphite substrate before and 157 

after being deposited with crystalline silicon film. c and d, Surface’s morphology of the 158 

deposited crystalline silicon film. 159 
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 170 

Supplementary Figure 13 | The impurity elements of a typical deposited silicon films 171 

determined by glow discharge mass spectrometry (GDMS) analysis. Ca and Cl 172 

elements come from the residual calcium chloride, which can be further removed through 173 

procedure optimization. C, H, and O are not determined, C element is hard to be 174 

accurately analyzed because of the substrate is also graphite; impurities not listed are 175 

below detection limit. 176 
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 183 

Supplementary Figure 14 | Characterization of the deposited crystalline silicon films. 184 

a, X-ray diffraction (XRD) patterns of the silicon films obtained from different deposition 185 

times at 850 ºC. b, SEM image of the surface of the silicon film deposited for 8 h. c, SEM 186 

image of the surface of the silicon film deposited for 2 h. 187 
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 196 

Supplementary Figure 15 | a-h, SEM images of the cross sections of the p-type 197 

silicon films with different thicknesses. These films were deposited on graphite 198 

substrate at 850 ºC with current density of 15 to 20 mA cm–2. 199 
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 209 

Supplementary Figure 16 | a-h, SEM images of the surfaces of the p-type silicon 210 

films with different morphologies. These films were deposited on graphite substrate at 211 

850 ºC with current density of 15 to 20 mA cm–2. Obviously, the small silicon crystallites 212 

gradually grow up to form large crystallites. It should be noted that the morphology of the 213 

surface of silicon films can be controlled by adjusting current density, etc. Dense silicon 214 

films with relatively smooth surfaces can be obtained through molten salt 215 

electrodeposition. 216 
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 219 

Supplementary Figure 17 | SEM images and energy dispersive spectroscopy (EDS) 220 

map of the p-n junction silicon films. a-e, SEM images of the cross sections of the p-n 221 

junction silicon films with different thicknesses. f, EDS map of the p-n junction silicon 222 

film. These films were deposited on graphite substrate at 850 ºC with current density of 223 

15 to 20 mA cm–2. 224 
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 229 

Supplementary Figure 18 | a-h, SEM images of the surfaces of the p-n junction 230 

silicon films with different surface morphologies. These films were deposited on 231 

graphite substrate at 850 ºC with current density of 15 to 20 mA cm–2. Generally, the 232 

small silicon crystallites gradually grow up to form large crystallites. 233 

 234 

 235 

 236 

 237 

 238 

 239 



20 
 

 240 

Supplementary Figure 19 | EDS maps of the crystalline silicon films. a and b, EDS 241 

maps of the p-type and n-type silicon films deposited on graphite substrate. c and d, EDS 242 

maps of the free standing silicon films detached from graphite substrate. Free standing 243 

silicon films can be easily obtained by oxidation of the graphite substrate in air at 600 to 244 

650 °C. 245 
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 251 
Supplementary Figure 20 | Relationship plot of the thickness of silicon film with 252 
electrodeposition time. 253 
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 264 

Supplementary Figure 21 | Comparison of the photoelectrochemical (PEC) result of 265 

p-type silicon wafer and the electrodeposited high purity silicon film without any 266 

dopant. The silicon film without any dopant was electrodeposited by using high purity 267 

quartz crucible, and periodical pre-electrolysis process was firstly carried out to remove 268 

the possible impurity before electrodeposition of high purity silicon film without any 269 

dopant.  270 
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  279 

Supplementary Figure 22 | PEC characterization of the p-type silicon films. a-c, 280 

Typical PEC results of the p-type silicon films deposited from SiO2/CaO/CaCl2 281 

electrolyte compared with p-type silicon wafer. a, Silicon film with small crystallites (5 to 282 

8 µm). b, Silicon film with medium-size crystallites (10 to 15 µm). c, Silicon film with 283 

large crystallites (20 to 25 µm). d, PEC results of the deposited p-type silicon films with 284 

different thicknesses. 285 
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 291 

Supplementary Figure 23 | Typical PEC results of the p-type silicon films. a-c, 292 

Typical PEC results of the p-type silicon films deposited from different precursors. a, 293 

Silicon film deposited from Ca2SiO4/CaSiO3. b, Silicon film deposited from 294 

CaSiO3/CaO/SiO2. c, Silicon film deposited from Ca2SiO4/CaSiO3/CaO/SiO2. The 295 

calcium silicates Ca2SiO4 and CaSiO3 were synthesized from CaO and SiO2. Generally, 296 

these silicon films show good photoresponse, the photocurrent densities of these silicon 297 

films are about 50% that of the commercial p-type silicon wafer. 298 
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 307 

 308 

Supplementary Figure 24 | Typical PEC results of the n-type silicon films. a-c, 309 

Typical PEC results of the n-type silicon films deposited from SiO2/CaO/CaCl2 310 

electrolyte compared with n-type silicon wafer. a, Silicon film with small crystallites (5 to 311 

8 µm). b, Silicon film with medium-size crystallites (10 to 15 µm). c, Silicon film with 312 

large crystallites (20 to 25 µm). d, PEC results of the deposited n-type silicon films with 313 

different thicknesses.  314 
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 316 
Supplementary Figure 25 | Typical PEC of the p-type silicon film after 6 months and 317 
compare to its initial PEC behavior. 318 
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 331 

Supplementary Figure 26 | SEM images of typical silicon films showing the 332 

optimization process. 333 
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Supplementary Table 1 | Summary of the different electrodeposition conditions used for 352 

the production of crystalline silicon films in this work.* 353 

Electrolyte 

composition 

Current 

density  

(mA cm–2) 

Thickness (μm) 

(Time: 1 to 15 h) 
Silicon type 

Dopant 

(compounds) 

SiO2/CaO/CaCl2 15 to 20 5 to 60 

p-Si, n-Si, p-n 

junction Si 

films 
Al (Al2O3) or 

B (B2O3) for 

p-Si films; 

Sb (Sb2O3) or 

P (Ca3(PO4)2) 

for n-Si films 

CaSiO3/CaCl2 15 to 20 5 to 30 p-Si, n-Si films 

SiO2/CaSiO3/CaO/CaCl2 10 to 20 5 to more than 60 p-Si films 

CaSiO3/Ca2SiO4/CaCl2 15 to 20 5 to 40 p-Si films 

SiO2/CaSiO3/Ca2SiO4/CaO/CaCl2 10 to 20 5 to more than 60 p-Si films 

*Note: For comparison, we also tried to synthesize calcium silicates (Ca2SiO4/CaSiO3) from CaO and 354 

SiO2 and then used as precursors for the electrodeposition of crystalline silicon films in molten salts, 355 

which suggests that the reaction route is generally from SiO2/CaO to calcium silicates (ions) and then 356 

to crystalline silicon films. 357 
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Supplementary Table 2 | The possible reactions occurred during the electrochemical 371 

deposition-doping processes for crystalline silicon films in molten calcium chloride1–7.* 372 

I: Electrochemical deposition process 

Compounding reactions Dissolution reactions Electrodeposition reactions 

xSiO2 + yCaO → CaySixO(2x+y)  

SiO2 + CaO → CaSiO3 

SiO2 + 2CaO → Ca2SiO4 

2SiO2 + 3CaO → Ca3Si2O7 

CaSiO3 + CaO → Ca2SiO4 

CaSiO3 + 2CaO + SiO2 → Ca3Si2O7 

Ca2SiO4 + CaO + SiO2 → Ca3Si2O7 

Ca2SiO4 + CaSiO3 → Ca3Si2O7 

CaySixO(2x+y) → yCa2+ + SixO(2x+y)
2y– 

CaSiO3 → Ca2+ + SiO3
2– 

Ca2SiO4 → 2Ca2+ + SiO4
4– 

Ca3Si2O7 → 3Ca2+ + Si2O7
6– 

CaO → Ca2+ + O2– 

SiO2 + O2– → SiO3
2– 

SiO2 + 2O2– → SiO4
4– 

SiO3
2– + O2– → SiO4

4– 

SixO(2x+y)
2y– + 4xe– → xSi + (2x+y)O2– 

SiO3
2– + 4e– → Si + 3O2– 

SiO4
4– + 4e– → Si + 4O2– 

Si2O7
6– + 8e– → 2Si + 7O2– 

 

II: Electrochemical doping process 

Compounding reactions Dissolution reactions Electrodeposition reactions 

––– 

Sb2O3 + xCaO → CaxSb2O(3+x) 

Al2O3 + xCaO → CaxAl2O(3+x) 

B2O3 + CaO → CaB2O4 

Ca3(PO4)2 → 3Ca2+ + 2PO4
3– 

CaxSb2O(3+x) → xCa2+ + Sb2O(3+x)
2x– 

CaxAl2O(3+x) → xCa2+ + Al2O(3+x)
2x– 

CaB2O4 → Ca2+ + B2O4
2– 

PO4
3– + 5e– → P + 4O2– 

Sb2O(3+x)
2x– + 6e– → 2Sb + (3+x)O2– 

Al2O(3+x)
2x– + 6e– → 2Al + (3+x)O2– 

B2O4
2– + 6e– → 2B + 4O2– 

*Note: We note that the reactions summarized in Supplementary Table 2 are the typical possible 373 

reactions, which can only be considered as general guidelines for understanding the electrodeposition 374 

process, more detailed reaction mechanisms need further investigation, which are currently being 375 

studied. Generally, calcium silicates include CaSiO3, Ca2SiO4, Ca3Si2O7, Ca3SiO5, etc2. Calcium 376 

aluminates include CaAl2O4, CaAl4O7, Ca12O14O33, etc7. Calcium-antimony compounds include 377 

Ca2Sb2O5, CaSb2O4, etc5. Calcium borates mainly include CaB2O4, etc8.  378 

 379 
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Supplementary Table 3 | Comparison of molten salt electrodeposition process and 381 

traditional Siemens process for silicon photovoltaic.  382 

Process Steps 
Temperature 

(◦C) 
Materials 

Molten salt electrodeposition 

technology 

One-step: 

Electrodeposition 
850 SiO2, CaO, CaCl2 

Traditional technology 

(Siemens process) 

Step I: 

Carbon reduction 
About 1700 SiO2, carbon 

Step II: 

Hydrochlorination 
300 HCl 

Step III: 

Siemens CVD 
1100 H2 

Step IV: 

Crystal growth 
1500 –– 

Step V: 

Wire sawing 
20 

Diamond wire / Waste 

about 40% of Si 

 383 
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Supplementary Note 1 | The solubility of calcium oxide in molten calcium chloride at 395 

850 ºC is approximately 20 mol. %1,2. The solubility of silicon dioxide in molten calcium 396 

chloride depends on the concentration of calcium oxide, the dissolution process generally 397 

through the reactions, i.e., SiO2 + CaO → CaSiO3; CaSiO3 → Ca2+ + SiO3
2–; and SiO2 + 398 

O2– → SiO3
2–, etc. It was reported that the solubility of calcium silicate (CaSiO3) in 399 

molten calcium chloride electrolyte at 850 ºC is about 1.56 wt. % (within 9 h)1. In this 400 

work, the solubility of silicon dioxide in molten calcium chloride-calcium oxide 401 

electrolyte (CaCl2- about 2 wt. % CaO) was determined to be around 1.5 wt. % (i.e., 402 

CaSiO3 about 3.0 wt. %) within approximately 48 hours. The detailed reactions between 403 

silicon dioxide and calcium oxide/oxygen ions are listed in Supplementary Table 2. 404 
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Supplementary Note 2 | The cost analysis in this work is based on a bottom-up model9-11, 418 

by breaking down the total module price into three components, including solar grade 419 

silicon (SoG-Si) wafer preparation (polysilicon ingot and wafer slicing), cell fabrication 420 

and module assembling. We assume the electrodeposited silicon films are compatible 421 

with current technology for cell fabrication and module assembling. So the cost 422 

breakdown data for these two steps are obtained directly from publicly available 423 

resources. For SoG-Si wafer preparation, the production process is modeled based on 424 

aluminum electrolysis, due to the similar reaction mechanism and manufacturing 425 

processes. A total cost of ownership model includes the costs associated with materials, 426 

labor wages, utilities, facilities, maintenance and depreciation.  427 

 428 

The plant locations are chosen all within United States. Labor fees, utility costs, building 429 

costs, maintenance costs are all obtained from online resources, assuming an average 430 

value for United States.  431 

   432 

The module itself is assumed to be 1.96 m2, with 72 cells in each module, with cell 433 

thickness of 100 μm.  434 

 435 

Comparison (temperature, materials, and steps) of molten salt electrodeposition process 436 
and traditional Siemens process for silicon photovoltaic is listed in Supplementary Table 437 
3.  438 

 439 

More detailed data that support this cost analysis are available from the corresponding 440 
author upon reasonable request. 441 
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