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Supplementary Material 2 - Silicon

Unknown, but silicon is the 2nd 
most abundant element in the 
earth's crust.

Reduction of quartz silica by a 
carbon compound in a high-
temperature electric arc furnace 
(>1700°C)). A medium sized EAF 
has a crucible diameter of 7 m, 
graphite electrodes each 15 m 
tall, weighing 20 tons each.

SiO2 + 2 C → Si + 2 CO

Extraction of silicate minerals 
(quartz)

Mining sites (incomplete)
PCC Bakkisilicon (Poland)
Ferroglobe (Spain, U.S.A., 
Canada, South Africa)
Elkem (Spain, Norway)
Imerys (France, Sweden)
Sibelco (U.S.A.)

80% of the world's polysilicon 
is produced using the 
Siemens process developed in 
the 1950’s but it tends to 
change today.

Reserves of silicon Carboreduction
Treatment of impurities 
by oxidation

Purification

Ferrosilicon (mainly used for steelmaking)

Extraction

MG Si is converted into 
trichlorosilane (SiHCl3) through 
hydrochlorination (reaction 
between silicon and hydrogen 
chloride HCl). The reaction takes 
place in a fluidised bed at around 
300°C, in the presence of a 
catalyst.

Si + 3 HCl ⟶ SiHCl3 + H2

SiHCl3 (which has a low boiling 
point = 31.8°C) is purified by 
fractional distillation. After 
purification, the content of 
electrically active impurities is 
less than 1 atomic ppb.

The trichlorosilane or silane can 
then be decomposed, in the 
presence of H2, at 1000-1100°C, 
using the Siemens CVD 
(Chemical Vapour Deposition) 
process, on the surface of an 
electronic-grade silicon filament.

H2 + SiHCl3 → 3 HCl + Si
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A similar reaction can be carried 
out with dihydrogen to give silane 
(SiH4).

Si + 2 H2 ⟶ SiH4

The fluidised bed reactor process 
(FBR), involves reducing 
trichlorosilane or silane on 
electronic-grade silicon grains 
suspended in the gas phase. The 
silicon formed is deposited on the 
grains in suspension, which then 
grow.

SiH4 ⟶ Si + 2 H2

Trichlorosilane (SiHCl3) 
process Fractional distillation Chemical Vapour Deposition Output

Semiconductor 
applications

Solar 
applications

Silane (SiH4) process Fluidised Bed Reactor

Moulding ingots of 
metallurgical silicon

Silicon metal (98 to 
99% grade)

Moulding Output

Process inputs for MG Si

Silica (2.7 kg)
Energy (17.42 kWh)
Coke (0.5 kg)
Coal (0.17 kg)
Graphite (0.1 kg)
Oxygen (0.02 kg)
Woodchips (0.54976 kg)

For each ton of Metallurgical 
Silicon (MG Si) 17,5 MWh of 
electricity, 2.7 ton of quartz, 
0,55 ton of wood chips, 0,17 
ton of bituminous coal, 0,5 ton 
of petroleum coke are 
consumed.

Production (estimated)
China: 3,000,000 t (70%)
Brazil: 200,000 t (5%)
Norway: 140,000 t (4%)
U.S.A.: 135,000 t (4%)

Production capability (2021)
Hoshine Silicon (China): 800,000 t
Ferroglobe (Spain, France, U.S.A., 
Canada): 296,000 t
Elkem (Norway, Iceland): 215,000 t
Dow (U.S.A.): 207,000 t
Rima (Brazil): 96,000 t
Rusal (Russia): 69,000 t
Liasa (Brazil): 60,000 t
Wacker (Germany): 53,000 t
Simcoa (Australia): 52,000 t
PCC (Iceland): 32,000 t

Process outputs

Metallurgical Silicon (1 kg) (MG Si)

Aluminum (1.55×10-2 kg), HF (5.00×10-4 kg), Antimony (7.85×10-5 kg) 
H2S (5.00×10-4 kg), Arsenic (9.42×10-5 kg), Iron (3.88×10-2 kg), Boron 
(2.79×10-3 kg), Lead (3.44×10-3 kg), Cadmium (3.14×10-6 kg), Mercury 
(7.85×10-5 kg), Calcium (7.75×10-3 kg), NOx (9.74×10-3 kg), CO2 (5.19 
kg), NMVOC (9.60×10-5 kg), CO (1.38×10-3 kg), PM > 10 m (3.44×10-3 
kg), Chlorine (7.85×10-4 kg), Potassium (6.20×10-2 kg), Chromium 
(7.85×10-5 kg), Silicon (7.51×10-3 kg), Cyanide (6.87×10-2 kg), Sodium 
(7.75×10-3 kg), Fluorine (3.88×10-4 kg) 
SO2 (1.22×10-2 kg)

Solid Waste (7.85×10-5)
Slag (2.50×10-2)

Production capability (2020)
Tongwei (China): 96,000 t
GCL (China): 90,000 t
Wacker (Germany): 84,000 t
Daqo (China): 80,000 t
Xinte/TBEA (China): 80,000 t
East Hope (China): 80,000 t
OCI (South Korea): 36,000 t
Hemlock (U.S.A.): 36,000 t

Shipment (2023)
12,602 million square inches
32,009 million square cm

Main producers
Shin-Etsu Chemical (Japan)
SUMCO (Japan)
GlobalWafers (Taiwan)
Siltronic AG (Germany)
SK Siltron (South Korea)
Wafer Works (Taiwan)
Soitec (France)
Okmetic (Finland)
Episil (Taiwan)
Zhonghuan Advanced (China)

Silicon metal production process (MG Si) SiO2 → Si

Polysilicon production process Si → Si (99,999 999 9 %)
For each ton of polysilicon, 161 
MWh of energy, 2,1 ton of MG 
Si, 1,6 ton of hydrochloric acid, 
0,05 ton of hydrogen, 0,3 ton of 
sodium hydroxide are 
consumed.

Process inputs (CVD) 
for Polysilicon

Metallurgical Silicon 
(2.13 kg)
Energy (581 MJ)
Hydrochloric Acid 
(1.6017 kg)
Hydrogen (0.0514 kg)
Sodium Hydroxide 
(0.3342 kg)

Process outputs

Polysilicon (1 kg) (Si (99,999 999 9%))

Water Emissions
AOX (1.26×10-1 kg)
BOD (2.05×10-4 kg)
Chloride (3.60×10-2 kg)
COD (2.02×10-3 kg)
Copper (1.02×10-3 kg
DOC (9.10×10-4 kg)
Iron (5.61×10-2 kg
Nitrogen (2.08×10-4 kg)
Sodium (3.38×10-2 kg)
OCD (9.10×10-4 kg)
Zinc (1.96×10-3 kg)
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Silicon wafer production process (single-crystal silicon, electronic grade (EG Si))

The Czochralski method is used in 
an argon atmosphere furnace at 
1450°C. A single-crystal Si seed is 
immersed in liquid polysilicon, held in 
a silica crucible and then pulled 
slowly (from 0.4 to 3 mm/min). During 
the pulling process, the crucible and 
the crystal, which is in the process of 
forming, are rotated in opposite 
directions. The operation takes 
around 30 hours to produce cylinders 
(ingots) weighing between 30 and 
100 kg and up to 2 m high, with 
diameters ranging from 200 mm to 
300 mm.

Before getting the ingot ready for 
slicing, top and tail ends are 
removed. Orientation of the crystal 
lattice is determined by x-ray 
diffraction. A wire saw then takes 
several hours to cut through a 
crystal ingot, but makes several 
hundred parallel saw cuts 
simultaneously, wafering the entire 
ingot in one operation.

This step produces a rounded 
wafer edge that is tougher and 
more resistant to chipping during 
handling. It also minimizes edge 
surface roughness and depth of 
damage on edge.

Water lapping removes saw 
damage and produce a flat wafer.

Chemical mechanical polishing 
(CMP) uses colloidal silica slurry 
in a basic aqueous solution to 
create a combination of chemical 
reaction and mechanical 
abrasion to produce a damage-
free, smooth surface.

Etching further improve the surface 
to almost atomically smooth.

A polished wafer undergoes high-
temperature annealing in an 
atmosphere of hydrogen or argon. 
As this process removes oxygen 
near the wafer surface, the 
resulting wafer has improved 
crystal perfection.

After a layer for embedding 
integrated circuits is formed on the 
surface, another layer is formed on 
top of it by epitaxial growth.

An oxide layer is formed for one or 
both of the handle wafer and the 
active wafer on which 
semiconductor devices will be built. 
The two wafers are then bonded 
together by annealing. Next the 
active wafer is ground and 
polished to the desired thickness.

Polished wafers are heated to 
around 1200°C in an epitaxial 
furnace. Vaporized silicon 
tetrachloride (SiCl4) and 
trichlorosilane (SiHCl3) are 
circulated in the furnace, causing 
vapor phase (epitaxial) growth of a 
monocrystalline silicon film on the 
wafer surface.

Czochralski method (CZ)

Float Zone method (FZ)

Wafer slicing Edge profiling

Lapping

Polishing

Etching Annealing process Junction Isolation

Silicon-On-Insulator process

Epitaxial deposition

Si → Si (99,999 999 999+ %)

The next process 
depends on the 

customer's 
requirements and 

specifications.

Electronic 
inspection

Process inputs for EG Si

Metallurgical Silicon (1.1748 kg)
Energy (369.56 MJ)
Water (4.4778 m3)
Acetic Acid (0.0108 kg)
Sodium Hydroxide (0.0415 kg)
Acetone (0.05 kg)
Argon (5.7944 kg)
Ceramics (0.3365 kg)
Lime (0.1910 kg)
Hydrogen Fluoride (0.05 kg)
Nitric Acid (0.0947 kg)

For each ton of single-crystal 
silicon 103 MWh of energy, 1,2 
ton of MG Si, 4,500 m3 of 
water, 0,01 ton of acetic acid, 
0,04 ton of sodium hydroxide, 
and many others, are 
consumed.

Process outputs

Single-Crystal Silicon (1 kg) 
(Si 99,999 999 999+%)

Water Emissions
Acetic Acid (5.40×10-2 kg)
BOD (1.30×10-1 kg)
DOC (1.30×10-1 kg)
Doc (4.05×10-2 kg)
Fluoride (2.37×10-3 kg)
Hydrocarbons (2.28×10-2 kg)
Hydroxide (7.42×10-3 kg)
Nitrogen (9.10×10-3 kg)
OCD (4.05×10-2 kg)
Water (3.25 m3)

Solid Waste
Inorganic waste (3.66 kg)

Sources : Fisher, G., Seacrist, M. R., & Standley, R. W. (2012). Silicon crystal growth and wafer technologies. Proceedings of the IEEE, 100(Special Centennial Issue), 1454-1474 ; Schmidt, M., Hottenroth, H., Schottler, M., Fetzer, G., 
& Schlüter, B. (2012). Life cycle assessment of silicon wafer processing for microelectronic chips and solar cells. The international journal of life cycle assessment, 17, 126-144 ; Chalamala, Babu. Manufacturing of Silicon 
Materials for Microelectronics and PV. United States ; Pupin, P. C., Perazzini, M. T. B., Grillo Renó, M. L., Perazzini, H., Haddad, J., & Yamachita, R. A. (2023). Life cycle assessment for producing monocrystalline photovoltaic 
panels: a case study of Brazil. Energy Sources, Part A: Recovery, Utilization, and Environmental Effects, 45(4), 12924-12937 ; BRGM ; L'élémentarium, fiche Silicium ; STMicroelectronics  
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