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Semiconductor silicon – “hot” material of 
21st century

Factors:
- Solar  energy - demand already very high 

- Power electronics – significant growth of demand “around 
the corner”

Huge growth of energy needs in:

- China

- India

- Russia

- Brazil

………..
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Problems of silicon supply

1. Decrease of production  
cost

2. Improving of material 
quality

3. Reduction of environmental 
load of production
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What CODATA  can do 

Modeling of silicon technology processes as a way to:

- Shorten period of technology development

- Reduce cost of 
production

- Utilize dangerous waste products

20th CODATA conference Beijing  
24th  October 2006



Siemens process

Simplified processing

1. Synthesis of main reagent trichlorosilane

Si+HCl SiHCl3

2. Obtaining of poly silicon

SiHCl3 + H2 Si+ +   3HCl

3. Growing of silicon single crystals
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Main steps of Siemens process
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The  Si-H-Cl system
Gas species(21): 

Si, Si2, Si3, H, H2, Cl, Cl2, HCl, SiCl, SiCl2, SiCl3, SiCl4, Si2Cl6, SiHCl, 

SiHCl3, SiH2Cl2, SiH3Cl, SiH, SiH2, SiH3, SiH4.

18 or 19 independent chemical reactions.

Thermodynamic functions for species:

∆fH0, S0, Cp = f(T); 

T = 25 - 1500O C

P = 0.5 - 10 atm
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 Gas phase in 
equilibrium 
(condensed phase can 
be obtained only from 
gas phase) 

Condensed phase 
always presents 

Energy stimulated 
reaction (condensed 
phase can be obtained 
only from gas phase) 

1 H2=2H H2=2H  H2=2H 
2 SiCl4=SiCl3+Cl SiCl4=SiCl3+Cl SiCl4=SiCl3+Cl 
3 2Cl=Cl2 2Cl=Cl2 2Cl=Cl2 
4 H+Cl=HCl H+Cl=HCl H+Cl=HCl 
5 SiCl4=SiCl2+Cl2 SiCl4=SiCl2+Cl2 SiCl4=SiCl2+Cl2 
6 SiCl3=SiCl+Cl2 SiCl3=SiCl+Cl2 SiCl3=SiCl+Cl2 
7 SiCl=Si+Cl SiCl=Si+Cl SiCl=Si+Cl 
8 Si+H=SiH Si+H=SiH Si+H=SiH 
9 Si+H2=SiH2 Si+H2=SiH2 Si+H2=SiH2 

10 SiH+H2=SiH3 SiH+H2=SiH3 SiH+H2=SiH3 
11 SiH2+H2=SiH4 SiH2+H2=SiH4 SiH2+H2=SiH4 
12 SiH+Cl=SiHCl SiH+CL=SiHCl SiH+CL=SiHCl 
13 SiHCl+H2=SiH3Cl SiHCl+H2=SiH3Cl SiHCl+H2=SiH3Cl 
14 SiH2+Cl2=SiH2Cl2 SiH2+Cl2=SiH2Cl2 SiH2+Cl2=SiH2Cl2 
15 SiHCl+Cl2=SiHCl3 SiHCl+Cl2=SiHCl3 SiHCl+Cl2=SiHCl3 
16 2Si=Si2 2Si=Si2 2Si=Si2 
17 3Si=Si3 3Si=Si3 3Si=Si3 
18 2SiCl3=Si2Cl6 2SiCl3=Si2Cl6 2SiCl3=Si2Cl6 
19 Psi

*=RTΣαI,Sin/V= 
=ΣαI,Sin*PI 

Si=Si(cr) PSi=exp( 0/ SiSinE µ−∂∂ ) 

20 PH
*=αI,H*PI PH

*=αI,H*PI PH
*=αI,H*PI 

21 PCl
*=ΣαI,Cl*PI PCl

*=ΣαI,Cl*PI PCl
*=ΣαI,Cl*PI 

 



Values obtained by calculation

1. Partial pressures of gas species Pi

2. Relative solubility of silicon

YSi=nSi/ncl=Σ kSiPi /Σ kclPi

3. Yeald of silicon
(Ysi)in-(Ysi)eq

(Ysi)in
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nSi
nCl

YSi =
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x n SiCl вх
n HCl вх

=
( , )
( , )

4

P
5 атм
3 атм
1 атм
0.5 атм

t = 320О С

n SiCl вых
n SiCl вх
( , )
( , )

4
4

0.00 0.40 0.80 1.20 1.60 2 .00

0.70

0.80

0.90

1.00

1.10

1.20

1.30

1.40

1.50

1.60

1.70

Conversion of SiCl4 in reactor for Si(Me) etching

Dissolving of metallurgical silicon

n(SiCl4)eq
n(SiCl4)in

n(SiCl4)in
n(HCl)inX=

20th CODATA conference Beijing  
24th  October 2006



n SiHCl вых
n HCl вх n SiCl вх
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µ(Si, gas) < µ(Si, cr)

µ(Si, gas) = µ(Si, crystal)
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The low-temperature energy-stimulated processes of SiCl4  conversion 
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SiCl4 + H2

SiHCl3 + HCl + H2
SiCl4+SiH2Cl2+SiH3Cl+SiH4
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E-beam
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Used and potential processes for poly 
silicon production
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8. 
Конверсия

SiCL4

3. Восстановление 
кварцитов

1 Подача 
кварца

4. Расттворение
Si-M

5. Разделение смеси
хлорсиланов

2 Подача 
«графита

Металлургический 
Кремний – Si-M

Подача HCL

Смесь
хлорсиланов

Поликреминий

SiHCL3

SiH4

7. Рост монокристаллов6. Получение 
поликремния

        SiCl4        SiCl4

SiHCL3
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2. Фторирование 
кварцитов

1 Подача 
кварца

SiF4
Поликреминий

5. Рост монокристаллов

Фтор F2

3. Электролиз  из солевого
расплава

4. Переплавка кремнияF2

Перен
ос 

электр
оли

тичес
кого 

кремн
ия
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Production of monosilane with use of LiH
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Supply 
of LiH

To 
pump

Rotation 
of reactor

Cold traps

Scheme of a set up 
for receiving of SiH4

by interaction of 
Li4Si with water 

vapor



Production of monosilane with use of LiH

SiH4 + LiClSiCl4 + LiH

SiO2 + LiH
840oC

Li4Si + H2Osolid

Li4Si + LixSiy + H2O

SiH4 +Li2O + Li2SiO3 +LiOH

Advantages of the proposed method are:

•Outcome of monosilane can rich 80%
•Carbon impurity content can be reduced
•Overall purity of monosilane can be enhanced
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Production of monosilane with use of LiH
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SiO2 + LiH 840oC Li4Si + LixSiy + H2O
Interaction of lithium silicides with ice

Li4Si + H2Os SiH4 +Li2O + Li2SiO3 +LiOH

Yield of monoclines is 50 % or more

In case of interaction of Li4Si with 10% HCl at 
temperature  - 74.7oC monosilane yield reaches 80%



Cz Silicon of KMCCCz Silicon of KMCC
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Conclusions 
 

1. Semiconductor silicon is and for a long time will be 
one of most critical materials of technical progress. 

 
2. Demands for silicon contentiously grow, technical 

requirements become more severe. So, silicon 
technology is an example of science intensive 
processing 

 
 
3.  Modeling in silicon technology with use of reliable 

data is a way to meet growing demands for quantity 
and quality of silicon for different applications. 
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Institute of semiconductor physics SB RAS

FZ silicon
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Planned production capacity 
of constructions 1.2-2.0 
thousand tons
Project – institute 
GIREDMET, technology 
scheme and optimal regimes 
developed at active 
participation of NIICh SB 
RAS

Semiconductor silicon plant
Zheleznogorsk city, Siberia
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Zheleznogorsk city
Was started in 1950. Received officially its 

name in 1994. Population 100 000, 
territory 17.1 sq.km



Krasnoyarsk – 26
View of 
tunnel

Enisei
river
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Workspace inside mountains 
Water supply for cooling of reactors
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Model of RT-2
Construction site of RT-2

Special rail road car
Spent fuel storage

RT-2, 
Zheleznogorsk

Assamblies in water starage



Krasnoyarsk – 26

Reactor and turbines control halls

Neutrino research laboratoryTurbines and generators hall
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Krasnoyarsk – 26

Conversion production

Semiconductor 
silicon

High purity 
tellurium

Model of silicon plant

High purity 
gallium

Thermoelectric module 20th CODATA conference Beijing  
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Institute of automation and electrometry SB RAS 
and “Krasmash” factory

Silicon 
crystal 

puller and 
controls 

panel
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Institute of automation and electrometry SB RAS 
and “Krasmash” factory

Test run of 
the silicon 

crystal 
puller
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Seversk, Siberian Chemical Combine

Tomsk – 7
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Seversk, Siberian Chemical Combine
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Tomsk – 7
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Seversk, Siberian Chemical Combine Tomsk – 7
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Seversk, Siberian Chemical Combine
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Raw material

Metallurgical silicon

Chlorosilanes

Poli-silicon

Single crystalline 
Si

Study of new types of raw materials

New processes of SiO2 reduction

Direct hydration of M-Silicon

Different ways of SiCl4 conversion

Optimizing of reduction process 
and recycling of products

Perfection of single crystals growing

Utilization of byproducts

SiH4

SiF4

New processes in technology of ICs
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SiO2 SiHCl3 Si Poly+ SiCl4 Si mono Si пластины Si приборы Si системы

SiCl4 +LiH SiH4 Si* Poly Si *mono Si *пластины Si* приборы Si системы

SiO2 +LiH SiH4 Si* Poly Si *mono Si *пластины Si* приборы Si системы

Нынешняя схема КГХК

Нынешняя схема НЗХК

Альтернативная схема НЗХК

Considered schemes of Si productionConsidered schemes of Si production



Joint-stock company the Novosibirsk 
chemical concentrates factory - one of the 

largest enterprises of Russia, producing 
nuclear fuel for the atomic power stations

and research reactors, lithium and its 
compounds . The basic directions of 

activity of the enterprise are: Uranium 
manufacture; ВВЭР-1000; ВВЭР-440; Li
manufacture; Manufacture of products of 

physical chemistry. 
Novosibirsk chemical 
concentrates factory
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Use of LiH in materials synthesis

High pure rare earth  
metals, Y, Sc

Metal hydrates of 
type LnNi5-x MxHy

as electronic materials

LiSi4 for 
Production of SiH4
and then Si

Intermetallic
compounds as ligatures

Magnetic materials
Nd-Fe-B

Abrasive materials

LiH
Patent RF № 2173297
Patent RF № 2194009
Patent RF № 2194010

Patent RF № 2013460,
2158712 Patent RF № 2113400, 2228296

Patent RF № 2123975
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SiO2 + LiH

SiH4, H2

SiH4

Cryogenic purification
SiH4

SiH4
Commercial product

LiCl
Commercial productH2

Water treatment 
for removing

LiCl
Treatment by diluted  

HCl

Production of concentrate
(~50% Li4Si, Li2Si  and 

other);
~50% Li2O. T=8000C

Scheme  of LiH technology for production 
of monosilane from quartzite

SiO2, Si

High purity silicon
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Почему мультикремний?
•Значительно более низкая 
стоимость получения слитка 
мультикремния по сравнению с 
монокристаллом

•Небольшая разница в 
эффективности солнечных 
элементов на основе 
мультикремия и монокристалла-

14,5% МКК и 16% МК (комерч)

22,7% МКК и  24% МК (лабор)

•Гораздо меньшие отходы при 
изготовлении пластин
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Физико-химические основы технологии 
получения мультикремния
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Эксперимент
• Февраль 1999: получение высокочистого кремния на одной из 25 

МVА печей ЗАО «Кремний»
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Silicon of KMCCSilicon of KMCC
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Silicon of Institute of 
Physics SB RAS

Silicon of Institute of 
Physics SB RAS
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Some joint material science and technology 
projects with FAAE enterprises



Raw material

Metallurgical silicon

Chlorosilanes

Poli-silicon

Single crystalline 
Si

Study of new types of raw materials

New processes of SiO2 reduction

Direct hydration of M-Silicon

Different ways of SiCl4 conversion

Optimizing of reduction process 
and recycling of products

Perfection of single crystals growing

Utilization of byproducts

New processes in technology of ICs

SiH4
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SiCl4 + H2

SiHCl3 + HCl + H2
SiCl4+SiH2Cl2+SiH3Cl+SiH4
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SiHCl3 conversion
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Optimization of Si technology
E-beam conversion of tetrachloride

Optimization of Si technology
E-beam conversion of tetrachloride
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LI-Si technology LI-Si technology 
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Fluorine processing
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           SiCl4 
 

 

 

 

 

The yield of process (~35%) is near theoretical. 

The alternative ways for catalytic conversion: 

 

 

 
 

Hydrogen 
reduction of 

SiHCl3 

Etching of 
silicon by 

gaseous HCl 

 
 

Rectification and 
refinement of SiHCl3 

 
Conversion of SiCl4 to 

SiHCl3 (on catalyst) 

Conversion of SiCl4 in reactor 

of etching 

The low-temperature energy-

stimulated processes  

of SiCl4  conversion  

SiHCl3 
 

SiCl4 

SiHCl3 
 

SiCl4 

Poly silicon
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