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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
guality

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
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Siemens process

Simplified processing

1. Synthesis of main reagent trichlorosilane
Si+HCI — SiHCI3

2. Obtaining of poly silicon
SiIHCI3 + H2 — Si++ 3HCI

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, S1,, Si,, H, H,, Cl, ClL,, HC], SiCl, SiCl,, SiCl,, SiCl,, Si,Cl,, SiHCI,
SiHCl,, SiH,Cl,, SiH,Cl, SiH, SiH,, SiH,;, SiH,,.
18 or 19 independent chemical reactions.
Thermodynamic functions for species:

AHO, S° Cp = f(T);

T=25-1500°C
P=0.5-10atm
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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)

H2:2H H2:2H H2:2H
SiCl,=S1Cl5+Cl SiCl,=Si1Cl5+Cl SiCl,=Si1Cl;+Cl
2CI=Cl, 2CI=Cl, 2CI=Cl,
H+CIl=HCl H+CIl=HCl H+CIl=HCl

SiCl=SiCl,+Cl,

SiCl=Si1Cl,+Cl,

SiCl=SiCl,+Cl,

SiCL5=SiCl+Cl,

SiCL5=SiCl+Cl,

SiCL5,=SiCl+Cl,

SiCl=Si+Cl SiCI=Si+Cl SiCl=Si+Cl
Si+H=SiH Si+H=SiH Si+H=S1H
Si+H2:SiH2 Si+H2:SiH2 Si+H2:SiH2

SiH+H2:SiH3

SiH+H2:SiH3

SiH+H2:SiH3

SiH2+H2:SiH4

SiH2+H2:SiH4

SiH2+H2:SiH4

SiH+CI=S1HCl

SiH+CL=SiHCI

SiH+CL=SiHCI

SiHCI+H,=SiH;Cl

SiHCI+H,=SiH;Cl

SiHC1+H,=SiH;Cl

SiH2+C12:SiH2C12

SiH2+C12:SiH2C12

SiH2+C12:SiH2C12

SiHCI+Cl,=SiHCl;

SiHCI+Cl,=SiHCl;

SiHCI+Cl,=SiHCl;

2Si1=S1,

2S1=S1,

2S1=S1,

el L Ll Ll Bl Rl Rt e Rl
Olo|lgdlann|Blwo—|o|C|RXON || (LI —

3S1=S1; 3S1=S1; 3S1=S1;
281C132812C16 2SIC13:SIQC16 ZSIC13:SIQC16
Py =RTZousn/V= | Si=Si(cr) Psi=exp( 0L/ ong — pi5;)
:ZOCI,Sil’I*P,

20 PH*=oc,, P, PH*=oc,, P, PH*=oc,, P,

21 | Pq Zoucrp, Po TP Po Zau P
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Values obtained by calculation

1. Partial pressures of gas species Pi

2. Relative solubility of silicon

YSi:nS/ncZZZ ksiPi /2 kP
3. Yeald of silicon

(Ysi)in—(YSi)eq
(Ysi)in
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! YSi = 0.333(H,+SiHCl,) SI Mg
03 © Q = n_Cl
in . Ny

YSi = 0.25(H,+SiCl,)

Values of Q:
1-0,001; 6- 0,032
2 - 0,002; 7-0,064
3-0,004 8-0,128
4 -0,008 9 —0,256
5-0,016 10 — 0,512

900 1100 1300
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(nsi)sol Reduction of SiHCI3

N(SiHCI3)in

T=1000°C

\ 10
N 8 P,amm
5
] 2
\ \ \ \ |
n(H2)in
Pressure dependence of silicon yield n(SiHCI3)in
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Dissolving of metallurgical silicon

n(siCl4)eq
n(SiCl4)in
1.70 —/ (SIC )
1.60 —
1.50 —] t =3200C
1.40 —
1.30 /]
P
1.20 —] 5 atm
3 atm
1.10 = 1 arm
1.00 — 0.5 atm
0.90 —]
_———
0.70 —
0.00 | 0_4|0 | 0.|8O | 1_|20 | 1.%0 | 2.0|0 .
X n(SiCl4)in
n(HC1)in

Conversion of SiCl, in reactor for Sive) etching
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Dissolving of metallurgical silicon

n(SiHCI3) eq |
n(HCL)in+n(SiCl4)in
| t=320°C
| P=5amm
0.30 — P =3 arm
P=1amm
| P=05
0-20 ' ! ' ! ' ! ' ! ' iTM
. n(SiCl4)in
~ n(HC)in

Productivity of reactor for synthesis of SiHCI3
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Grows of SiHCI3 yield under forced increasing of pu(Si, gas)

The low-temperature energy-stimulated processes of SiCl, conversion

N

LL(Si, gas) = u(Si, crystal)
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Conversion of SiCl4 under

electron beam
SiCl+H, —>SiHC{+HCL..AH° =16,5Kxa monw

SiCl, — SiCl +(l,.............. AH° =111Kkan monw A
H, > H+ H,.....couecueune... AH® =105Kkan monw
Content of different hydrochlorides in reaction SiCl, + H, tc%* -{ S\LCI% +‘LH‘+L +t1
products as a function of irradiation dose. et TN
(10 M rad= 4,1 Kcal/mol) icerl)_f ’iee_aihai oLl
707
60
solll = el dad bad dnl
20l O SiCl4 SiCl , + SiHCI | + SiCl | +
30l ® SiHCI3 SiHCI © + SiCl T + SiH ,CI,
204 E:':;g:z HCl + H" + H + me” +ho
1
104 = SiH4 lelolelolelolel
0_.
20 60 320 SiHCI3 + HCI + H2

Mpan SiCl,+SiH,C1,+SiH,CI+SiH,
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Used and potential processes for poly
silicon production
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Fluoride process

\/
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Production of monosilane with use of LIH

Scheme of a set up
for recerving of SiH,
by interaction of
L1,S1 with water
vapor

-Tloacraska k

pEaKTOpPY

SiH,4

ST TIpn xuak. N»
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Production of monosilane with use of LIH

SiCl, + LiH — SiH, + LiCl

Si0, + LiH = Li,Si + Li,Si, + H,0

Advantages of the proposed method are:

eQutcome of monosilane can rich 80%
eCarbon impurity content can be reduced
eOverall purity of monosilane can be enhanced
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Production of monosilane with use of LIH

. . 84OOC . . . .
SiO, + LiH » Li,Si + Li,Si, + H,0l
Interaction of lithium silicides with ice
Li,Si + H,0,—— SiH, +Li,O + Li,SiO, +LiOH
Yield of monoclines i1s 50 % or more
In case of interaction of Li4SiI with 10% HCI at

temperature - 74.70C monosilane yield reaches 80¥%
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|Cz Silicon of KMCC |
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Conclusions

1. Semiconductor silicon 1s 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 1s an example of science intensive
processing

3. Modeling in silicon technology with use of reliable
data 1s 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
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Semiconductor silicon plant
Zheleznogorsk city, Siberia

* Planned production capacity
of constructions 1.2-2.0
thousand tons

X Project — institute
GIREDMET, technology
scheme and optimal regimes
developed at active

participation of NIICh SB
RAS
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Zheleznogorsk city

Was started in 1950. Received officially its
name in 1994. Population 100 000,
territory 17.1 sq.km

24th October 2006



“ Krasnoyarsk — 26

View of
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Spent fuel storage

RT-2,
Zheleznogorsk
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Krasnoyarsk — 26

Turbines and generators hall Neutrino research laboratory
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“ Krasnoyarsk — 26 “

Conversion production

Semiconductor
silicon

High purity

Model of silicon plant
tellurium

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
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Seversk, Siberian Chemical Combine
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Seversk, Siberian Chemical Combine
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Contribution to Silicon processing

‘ \
Raw material L ] Study of new types of
l - . | New processes of SiO:2reduction

K H Metallurgical silicon H
\ Direct hydration of M-Silicon

SiH, @
_ Different ways of SiCl4 conversion
\ Chlorosilanes H
‘| Optimizing of reduction process
| Poli-silicon \ and recycling of products
l \ Perfection of single crystals growing

Single crystalline
Si Utilization of byproducts
New processes in technology of ICs
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H Considered schemes of Si production H

Houinemuasa cxema KI'XK

SIOZ e SIHC13 ==> Si P01y+ SlCl4 =D S1 mono% S1 rmacnzmr;# S1 npn6op1>1~ Si CHUCTEMBI

Hiuinemusaa cxema H3XK

SiCl, +LiHe=>SiH == Si* poly == | Si* S emmd  Si* e Si*

m)> Si

phL

AN

AuabTepHnatuBHas cxema H3XK

===>Si

Si02 +LiH~$4~ Si* Poly #Si *mon0~ Si *HHaCTwSi*

CHUCTEMBbI

IprOOPHI CHCTEMBI



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; BBOP-1000; BBOP-440; L1

INOORT LS EIETIbE L manufacture; Manufacture of products of
concentrates factory . .
physical chemistry.
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Use of LiH in materials synthesis

Higthlpu;e ;are earth Metal hydrates of
metals, Y, Sc .
type LnNi;, M H/
as electronic materials
Patent RF Ne 2013460,
2158712 Patent RF Ne 2113400, 2228296
LiSi4 for
Production of SiH, Intermetallic
— ° / o

and then Si LlH compounds as ligatures

Patent RF Ne 2173297

Patent RF Ne 2194009

Patent RF Ne 2194010

Magnetic materials

Nd-Fe-B

Abrasive materials

Patent RF Ne 2123975
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Scheme of LiH technology for production
of monosilane from quartzite

Si0, + LiH

¥

Production of concentrate
(~50% Li,Si, Li,Si and
other);
~50% Li,0. T=800°C

}

LiCl

Commercial product

Cryogenic purification
SiH,

\ SiH4 . High purity silicon
Commercial product

H,
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IloueMy MYJbTUKPEMHUH ?

*3Ha4YnUTENbHO DoNnee HM3Kas
CTOMMOCTb NOJTYYEHNSA CNUTKA
MYNbTUKPEMHUS NO CPABHEHUIO C
MOHOKPUCTanNom

. *Hebonbliasa pasHvua B

P8 | 9P EKTUBHOCTM COMHEYHbIX

\\\ W8 &l anemeHTOB Ha OCHOBe

WSS MynNbTUKPEeMUst 1 MOHOKpUCTanna-

14,5% MKK n 16% MK (komepu)
) 22,7% MKK 1 24% MK (na6op)

~ <['opasfgo MeHbLUMe OTXOAbI MpK

20t copatShRLRLIGHN NNacTWH
24th October 2006




POU3NKO-XUMHUYECKHE OCHOBBI TEXHOJIOIUH

IOJYIYCHUNA MYJIbTHKPCMHUA
__ :







DKCIIEPUMEHT

¢ CDCBpaJIB 1999: NOJIYYEHUE BbICOKOUUCMO20 KDEMHUSL HaA 0OHOU U3 25
MVA neueu 340 «Kpemnuiiy




Silicon.of KMCC |
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CMBMNPCKOE OTAOEJIEHMME PAH

MuyuHmcrepcTEBO NOo aTtomMmHoOom saHeprmm Pd

MapKu KpeMHUA, BbipalBaemMble MeToaoM Yoxpanbckoro Ha KpacHosIpcCKOM ropHO-XMMU4YeCKOM KOMOUHaTe
(obwmin obbem npogax 6onee 300 kr/mec.)

Tun maTtepurana

YpenbHoe anekTpoconpoTueneHune, Om*cm
BpeMs Kn3HW H.H.3., MKC

HAunametp, Mm

KOB-0,01; KOB-12; K3® - 4,5; "ConHe4YHbIn KpeMHMiA"
0,01 -0,02;12;45;5-20

48,40, > 20

150 - 200, 150, 150, 125 -150



CNBMNMPCKOE OTAEJIEHUWE PAH

POCT MOHOKPUCTANOB KPEMHUA METO4OM BECTUIENIbHOWU 30HHOMN NJIABKU

Mapku KpeMHus, BblpallMBaeMbie MeTO40M 6ecTUrernisHOW 30HHOM NMaBKK
B NP CO PAH (o6wmin o6em npogax - 250 kr/roa)

OuameTp CriMTKOB, MM 40-125

Y3C nocne BblpawmeaHng, Om*cm 1000 - 100 000
Y3C nocne HelTpoHHoOro nermposaHus, Om*cm 25-320
Bpems XXW3HW H.H.3., MKC 50 -4 000

OcHoeHble nompebumenu

OAO “Mckpa” (YnbsiHoecK); OAO “GnekTpoebinpaMmuTtens” (r. CapaHck);

3A0 “NMpotoH-anekTpoTekc” (r. Open); OAO “AHrcTpem” (r. 3eneHorpag);

MO “UHTterpan’” (benopyccus); OAO “Cunoeas snekTpoHuka Cubupn” (Hosocnbupck).

. ,_,m- @mu"‘ﬁldl*l\ 0::,1‘” :
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i1 s3eealrsat S3eeess

(l:a&;tee)aﬂl’is_
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 S3avs

MHAYKUMOHHLIN Nepenrae NoJIMKpeMHUA Kpuctann guametpom 125 MM, BbipalleHHbIA Ha ycTaHoBKe FZ-20
M pocT KpucTanna auametpom 100 mm
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5@EMHCTMWT ®U3MKU NONYNPOBOAHWKOB

BbIPALLUBAHUE
MOHOKPUCTAITMYECKOIO
KPEMHUA METOOOM
BECTUTEJIbHOW

30HHOW MNABKMU
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UHCTUTYT ®U3NKK NOIYNPOBOAHUKOB

Peakuuu ToyeuHbiX aecgeKToB B BbICOKOCOBepPLEHHbIX Kpuctannax b3lN-kpemHus

MeTacTabunbHble KOH(Urypauum MexanoysenbHbIX
aToMOB B sifpe gucrnokauun ®paHka BKpUcTanne KpeMmHus

FYFYFEFEREY RN R R - =)
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sed
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e.eug». aven

et nnraa
subesssarhant
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- MocnepoBatenbHble cTagun
CkonneHue BakaHCUW NO NMOCKOCTU cbopmuposaﬂuﬂ BakaHCMOHHO-

(113) B kpucTanne B3M-kpemHus MeX/10y3eSIbHOro Knactepa B KpeMHUH

J1.U. ®eduHa, A.Jl. Acees
B kH: HaHomexHonozuu 8 nonynpogodHUKO80L 3MeKMpOHUKe,
u30. CO PAH, Hosocubupck, 2004, § 3.2, c. 279-201

Ha ocHoBe in situ akcnepyMmMeHTOB No o6ny4YeHUIo
nonlxn OBOAHMKOBLIX KPUCTANNOB 3M1eKTPOHaAMU
3

BB uccrnepoBaHbl peakun B2ammoaencTBus
ToYe4YHbIX geceKToB Mexay coboi, c aTomamu
npuMecen, NOBEPXHOCTLH U AWCNOKALUAMMN.
YcTaHOBNEHO, YTO 0CO6EeHHOCTU 3TUX peakLUmn
onpenensalTCcA MeTacTabUNbHbLIMKU KOH(UrypaLmuamMu
ToYe4HbIx AeceKToB B anmMasonogobHou
KPUCTanin4eckon peLietke
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WHCTUTYT ®U3UKK NONYNPOBOAHNKOB CO PAH
INSTITUTE FOR ELECTROHEAT, UNIVERSITY OF HANOVER

PapuancHoe pacnpefeneHne KOHUeHTpaluuu
Pac4eTHble AaHHbIE ANA NOTOKOB B pacgnaBe W 3NeKTPOCONPOTUBNIEHUE CIUTKOB Ret ViR it R o e
BAONb (PppoHTa KpUCTanM3aunm npu GecTUrenbHON 30HHON NNABKe KPeMHMS B nnacTuHax B3M-kpeMHms

107"%,cm3
KoHueHTpauus

i A i I i i i i
0 10 20 30 40 50 0 10 20 30 40 50 B
radius, mm radius, mm 0,41

R R S Y P

OcuurnsLMmY 3NEKTPOCONPOTUBREHNS! CpenHee 3HaYeHWE 3IEKTPOCONPOTUBIIEHNS e
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Some joint material science and technology
projects with FAAE enterprises
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Contribution to Silicon processing

‘ \
Raw material _ voS ypes of

- . | New processes of SiO:2reduction

/ ‘ Metallurgical silicon \
\ Direct hydration of M-Silicon

_ Different ways of SiCl4 conversion
Chlorosilanes H
‘| Optimizing of reduction process
‘ Poli-silicon \ and recycling of products
l \ Perfection of single crystals growing
Single crystalline
Si Utilization of byproducts

New processes in technology of ICs
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E-beam initiated SiCl4 to
SIHCI3 conversion

SiCl + H, - SiHC! + HC,,..AH® =165Kxai Mo
SiCl, = SiC; +(,........ weeee AH® =111KK a1/ MOIB A
H, > H+H,...... eeveanes «.AH® =105K«kan/ mosp
. Vbl
SiCl, + H, SiCIY +SiCly + H* + H

| Cl” +ne +hw

ol dollaol -l

7017

60|

504 = : Vel dsd Ll Ll

ol O SiCl4 SiCl, + SiHCI | + SiCl | +

30l W SIHCI3 SiHCI § + SiCl ; + SiH ,CI,
.

0 BSHEOE y Ce o
104 ' belolelolelolel
m SiH4

o_l
20 60 320 SiHCI3 + HCI + H2

Mpag SiCl,+SiH,Cl,+SiH,CI+SiH,
20th CODATA conference Beijing

24th October 2006



Optimization of Si technology
E-beam conversion of tetrachloride

n(SiHCI,, Brix)/n(SiCl,, BX)

1.00 —

\A . — .
o \ (S, ras) = p(Si, T8) n(H, 5x)

Si, ra3) < u(Si, TB)

20
10
5
2

0.00 200.00 400.00 600.00 800.00

TO,C
Pocr Bbixona SiHCI; npu npunyaurensHom ypeandyenun p (Si,ras)

20th CODATA conference Beijing
24th October 2006



H LI-Si technology H

ToBapHbIM NpogYKT
ANA CONHEeYHOro KPpemMHUA

MiopupoBaHue
98% SiH, + 2% SiH,.CI, .
T=295-300C

KpuorexnHan .

OYHCTKa

AnekTponus
S ®

ToBapHbIW NPOAYKT Li-pacnnae

anA
BLICOKOYMCTONO KpeMHUWA

Cxema rup,pu.q-numennﬁ TeXHONOrMn Nnponi3BoacTea
BbICOKO4YMCTOro MOHOCHUIiaHa U3 TeTpaxnopuaa KpeMHWUA
(MHX CO PAH, H3XK)
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Etching of Hydrogen
silicon by reduction of
gaseous HCl Rectification and SiHCl;
refinement of SIHCI; .
SiHCls sic, ‘
> < SiCl
SiCly il
SiCly Poly silicon
4

Conversion of SiCl, to
S1HCl; (on catalyst)

The yield of process (~35%) 1s near theoretical.

The alternative ways for catalytic conversion:

Conversion of SiCly in reactor

of etching

The low-temperature energy-

stimulated processes

of SiCly conversion

24th October 2006
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