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bIM 00pa3oM BIIHMSET Ha HX
MMHYCCKHE CBOMCTBA, a CJIEJI0-
BaTENbHO, HA BOZMOKHOCTH TIPUMEHECHHUS
B Pa3MUYHBIX OTPACIAX COBPEMEHHOU
npoMeinuieHHOCTH.  [lociennne  romsl
BHUMaHHE HCCIEIOBaTeNel COCPenoTo-
YeHO Ha CO3JaHNU KPEMHHEBLIX HAaHOMa-
TEpUaJIOB, KOTOPBIC OTKPHIBAIOT HOBEIC
BO3MOXXKHOCTH TIOBBIIICHHUS 3 (HEKTHB-

G>a303ap0)|(,ne|-me KpPpeMHHU
Ha CcTeKknoyrnepoae B pacnsjase
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T -0,005 go -0,03 B
B YCNOBMSAX OQHOrO 3K-

eHWS 3apofbILLeN KPEMHUS.
MPU NPOYMX PaBHBIX YCIOBUAX
0e 3HaueHWe MOTeHLMana OTHOCUTENbHO

, TO KOJMYECTBO C(HhOPMMPOBABLUNXCS 3apo-

HOCTH  JINTHMH-MOHHBIX  XHMHYECKUX
HCTOYHUKOB TOKA U (DOTOITEKTPUIECKHIX
asieMeHTOB. OCHOBHBIM CIIOCOOOM TIOMY-
YEHHS KPEMHUSI BBICOKOW YUCTOTHI W Ha-
HOMaTEepHAIIOB Ha €r0 OCHOBE SIBIISCTCS
ocaxkJieHre u3 ra3oBoii (assl. [Iporecch
ra3o(asHOro CHHTE3a PHEPrOeMKH, Tpe-
OyIOT HCIIOJB30BAHUS JIOPOTOCTOSIINAX
peareHToB U CIOKHOTO 000py/TOBaHHMSL.
AJIBTEpHATHBHBIM METOJIOM TOJydYe-
HUSl KPEMHHUSI U HAHOMAaTEpUAJIOB Ha €ro
OCHOBE SIBJISIETCS DIICKTPOJIN3 KPEMHHI-
conmepkamux pacruiaBoB comeit [1, 2].
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DNEeKTPOXUMUYECKUIA METOJ] TI03BOJIIET
CPaBHUTENBGHO JIETKO KOHTPOJIMPOBATh
CTPYKTYPY DIEKTPOIUTHICCKUX OCAIKOB
Si. DJIEeKTPONIM30M PACIUIABOB COJICH MO-
TYT OBITH OJTyYCHBI KaK CIUIOIIHBIC KPEM-
HUEBBIC TIOKPBITHS, TaK U Si-HAHOCTPYK-
TYpbL: HAHOIIOPOIIKH ¥ HAHOBOJIOKHA.
s 1eneHanpaBIeHHOTO TTOTYYCHUS
0CaJIKOB KPEeMHHUS 331aHHOH (hOpMBI HE0O-
XOIMMO TIOHIMaHHUE MEXaHHM3Ma 3aporK/ie-
HISL ¥ HAYQJIBHOTO POCTa KPUCTAIIIOB Si.
TeopeTnueckne peaCTaBICHIUS O Me-
XaHU3ME 3apOXKICHUS U POCTa KPUCTAI-
JIOB METAJUIOB B MPOIECCE AICKTPOITH3A
Xopolro pa3paboransl [3, 4]. OnHako 10
OCOOCHHOCTSM (Pa303apOXKICHUS TIOTY-
MIPOBOITHUKOBEIX MaTEpHaNIOB, B YAaCTHO-
CTH KPEMHHSI, TIPU NEKTPOOCAKICHUH U3
pacIuIaBoB coJel B TUTEPATYPE MMEIQTCSI
JIMITH OTPHIBOYHBIC CBEACHHUS.
Bieber A. L. u ap. uccnenoBaiu

TIPOBOIMITA
METpUHU B

TOTOBUJIN U3 WHIAWBUIAY-
‘HF, KCI, K SiF, 1o

a B TPEXDJIEKTPOAHOU SIUEHKe
€CTBE KOHTEHHepa IS pacIuia-
Ba COJIEH MCIOIb30BAIU CTEKIIOYIIIEPOI-
HBI TUTEITb.

PabounM »neKTpomoM CITyXXuia Iuia-
ctuHa W3 crekioymiepoaa (CY-2000).
B xauecTBe NpOTHBOZIEKTpOJA U IEK-
TPOAA CpaBHEHMs MCIIONb30BAIM ILIA-
CTUHBI M3 MOHOKPUCTAJJIOB KpPEMHUS

noxke B pacmiaBe NaF-KF-Na SiF, B
naTepBane temmeparyp ot 850 qo 900 °C
U CJICTIANTH BEIBOJI O TOM, UTO 3aPOJK/ICHHE
KPEMHUS TIPOTEKAaeT B MTHOBEHHOM [T (-
(by3uoHHOM pekuMme [5].
HccnenoBanme (azo3apo
KPEMHHUSI METOIOM XPOHOAMIICPOM

SIBJISICTCS
(hazozapo-

MEPOMETPUH HA CTe-
eKTpOJie U3 paciuiaBa
WHEPTHOU atMocdepe

BBICOKOM YHCTOTHI (yA. CONPOTHBIICHHE
0,01 oM cm).

[lepen mHagamoM SKCHEpHUMEHTa IIPO-
BOJVJIM OYHMCTHOM DJIEKTPONN3 HA BCIIO-
MOTaTeIFHOM TPaUTOBOM DIIEKTPOJIC.
[Tocne ouncTHOTO BIEKTpONIN3a TPAPHUTO-
BBIW JIEKTPOJ] U3BJICKAIH U3 SYCUKH Ue-
pe3 IUTI030BOE YCTPOWCTBO U MEHSIIH Ha
CTEKJIOYIJIEPOIHBIA PaboUHii AIEKTPOI.

XpOoHOAMITCPOMETPHUECKUE H3Mepe-
HUSI TIPOM3BOAMIIA TPU ITOMOIIY ITOTCH-
muocrara/ranpanocrara AUTOLAB ¢
HCTIONTF30BaHUEM ITPOTPAMMHOTI0 obecre-
yenust Nova 1.5. 3apoxxaenue KpemHUs
Ha CTEKJIOYIJICPOIHOM ITOUIOKKE BEIH B
MOTCHIINOCTATHICCKOM PEKUME.

MuxpodororpadupoBanue 00pas3oB
MIPOBOJIMIIN HAa CKAHUPYIOIIEM 3JIEKTPOH-
HOM MHKpockonie JMS-5900LV.
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Pesynbrathl n 06cyxpeHune

Ha HayampHBIX ydYacTKax XpOHOAM-
MIEPOMETPHUCCKUX KPHUBBIX OBIT 3aperuc-
TPHUPOBAH MUK, OTHOCSIINHCS K 3apsKe
JIBOMHOTO JIEKTPHUECKOro cJiost (puc. 1).
DTOT UK craiai 3a KOPOTKoe Bpemsi (0T
10 1o 1073 ¢).

3aTeM Ha XPOHOAMIIEPOMETPUIECKUX
KPHBBIX (POPMHUPOBAJICS BTOPOH MUK TOKA
B nHTEpBaje Bpemen ot 1-107! mo 5-107"¢.

[ToxydeHHBIE XpOHOAMITEPOMETPUYIC-
ckue 3aBucuMoctH B paciiae KF-KCI-
K,SiF npu T'= 675 °C B 3aBUCHMOCTH OT
MPUJIOKCHHBIX OTCHIINAIIOB HHTEPBAIEe
ot —0,05 1o —0,15 B oTHOCHTENHHO KpEM-
HHEBOTO OJIEKTPOJa CpPaBHECHUS TMpea-
CTaBJICHBI HA pHUC. 2.

Y4acToKk XpOHOAMIIEPOTPAMMBI 10
BTOPOTO MaKCHMyMa KpPHBOH CBSI3aH C
nporeccoM (azozapoxaerns. [loc
IOMINH YIaCTOK CHIDKEHHS TOKa 00ycC
JieH o0eTHEHUEM TIPUAJICKT

(hazozapoxaeHus. B ciaydae
3D-3apopiieobpa-

CTICHHON (DYHKIIMHM X PaBHO
porpeccupyromiero — 3/2 [5].
AHanu3 NEepBUYHBIX JaHHBIX, MOJY-
YEHHBIX TPH MOTEHIHAIIE, TPUI0KEHHOM
K pabouemy 3JIEKTPOAY M3 CTEKIJIOyIUie-
pona, paBaomy 3Hauenuio —0,05 B otHO-
CHTEIIbHO KPEMHHEBOTO 3JIEKTPOJIa CpaB-
HEeHWs1, B KoopauHarax [ — 2, mokasa,
YTO IKCHEPHMEHTAIIbHBIE TOYKHU XOPOILIO

JIoXKarcs Ha JMHEWHYI0 3aBUCUMOCTb
(puc. 3).

OTcrona MOXKHO CJ€JaTh BBIBOJ, YTO
PSXUM 00pa30BaHUS 3apOIBIIICH
HHSl Ha CTEKJIOYIJIEPOJHOM TMOMJIE
YCJIOBUSIX HAIllUX OIIBITOB
TPECCUPYIOMINIA XapakTep.

Puc. 1. TunnvnbIil HAYATBEHBIA yYaCTOK

XPOHOAMITEPOMETPUYECKOH 3aBUCIMOCTH

(cTeknoyrneponHsbii anekrpoa, 7= 655 °C,
pacmias KF-KCI-K,SiF ,

¢, = 5,7-107 mome/c™?, S| = 0,35 cm?)

LA | '675%C

01 F -3

032 F

04

-0.15B

05 -3

08 - 3

1 1 1 1
u} 05 1 15

Kad
[

Puc. 2. Tunnunsie
XPOHOAMIIEPOMETPUYECKHE 3aBUCHMOCTH
(CTEeKIIOYTIIEPOAHBIH IEKTPOI, PACILIAB
KF-KCI-K,SiF,, ¢, = 5,7-10"* monb/c™’,
T=675°C,S =0,6cm?)

47



Da3o3apoxeHve KpeMHus
Ha ctexnoyrnepoge 8 pacnnase KF-KCI-K SiF,

Ne 1| 2015
Chimica Techno Acta

JKICHHUS PACTSHYT BO BPEMEHH, ITOITOMY
3apOJIBIIIH KPEMHHSI, BO3HHUKIIHIE IIEPBHI-
MU, UMEIOT OOJIBIINE pa3Mephl B MPOIIEeC-
ce pocCTa, 10 CPABHEHHUIO C 3apOAbIIIaMU
Si, oOpa3oBaBIIMMHCS C HEKOTOPOH 3a-
JIEPKKOU BO BPEMEHHU.

3apokaeHne KpeMHUS Ha CTEKIIOYTIIe-
POIHON TIOIIOKKE TPOBENEHO TIPH pas-
HBIX TIPIIOKEHHBIX K paboueMy IeKTpo-
ny noreHnuanax (or —0.005 mo —0.03 B)
U Pa3HBIX BPEMEHaX IIPOIecca AIIEKTPO-
ma3a (ot 0,001 mo 1 ¢). Ha mukpodoro-
rpadusx (puc. 4—6) BHJIHO, YTO pa3Mephl
3apOJIBIIICH KPEMHHS B KaJKIOM dKCIICPH-
MEHTE Pa3NIaloTcs MEXIy coOOi B He-
CKOJIBKO pa3.

OTO MOATBEP)KIAET paHEe CICITaHHBIH
BBIBOJI O TIPOTPECCUPYIONIEM TIpoIiecce
(ha3z03apoKICHUS KPEMHHS B YCIOBHSIX
HAIITNX SKCIICPIMEHTOB.

OreHKy BIUSHHS MOTEHIHANA 3
KIICHHS Ha KOJTMYECTBO 3aPOZL
BOIWJIM TIPU ITOMOIIH &
METOJIOM CKaHUPYIO
MHUKPOCKOTIAH TTOIO

pocororpadust
POMBIIICH KPEMHHUS,
MTOJIY4YEHHBIX B PACIUIaBe
KF-KCI-K,SiF, ¢, = 5,7-10*
Mosie/em?®, T= 675 °C Ha
CTEKJIOYTJICPOIHOM BJICKTPOJIC
MIPY TIPUIIOKEHHOM 3HAYCHU U
norennuana —0,05 B B Teuenue
lc

Puc. 5. Mukpodotorpadus
(SEM) 3apozplieil KpeMHUs,
MOJTyYeHHBIX B pacruraBe KF—
KCI-K,SiF, T= 675 °C na
CTEKJIOYTJIEPOITHOM IIEKTPOJIE
MIPY TIPUIIOKEHHOM 3HAYCHUH
norenmuana —0,03 B Teuenue
0,01 ¢

[TokazaHo, 4YTo Korma K pabouemy
AIEKTPOJY IIPU MPOYUX PABHBIX YCJIOBHU-
SIX TPHUKIAJbIBACTCS 0o0Jee OTpUaTesb-
HOE 3HAYCHHE MOTEHI[MAjla OTHOCHTEIb-
HO KPEMHHEBOTO JJIEKTPOJa CPaBHE
TO KOJMYECTBO C(HOpMHUpOBaBII
ponbliieii Ha IOBEPXHOCTH  AICKERO
pacTter.

0106 1 T
-0.102 4

-0.088

0. 0.18 0.22 0.26 0.3

WHENHas 3aBUCUMOCTE [ — (£272),

nosfyuenHHas B paciiase KF-KCl-

K SiF,, ¢, = 5,7-10* moms/cm?®, T'= 675 °C
Ha CTEKJIOYIJIEPOIHOM JIEKTPOJIE IIPH
MIPUIOKEHHOM 3HAYCHUH TIOTCHIHAIA

-0,05B

Puc. 6. Muxpodotorpadus
(SEM) 3apoppiiieii KpeMHUs,
MOTyYSHHBIX B pacIliaBe
KF-KCI-K SiF, ¢, = 5,7-10"*
Mmoas/cM?, T= 675 °C Ha
CTEKIIOYTJICPOAHOM DIIEKTPOJIC
MPH TIPUIIOKCHHOM 3HAYCHUHU
norennuaia —0,005B B TeueHue
0,001 ¢
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BbiBoab!

[lo maHHBIM XPOHOAMIICPOMETPHUH
MOKa3aHo, 4YTO Tporecc (hazo3apoxie-
HUSI KDEMHUS Ha CTEKJIOYTIICPOIHOM MOA-
noxke B pacrnase KF-KCI-K SiF, npn
T = 675 °C Ha CTEKIJIOYTJIEPOTHOM DJICK-
TPOZE UMEET MPOrPECCUPYIOMNI XapaK-
Tep.

N3 SEM-mukpodororpadpuii  3a-
poABIMICH KpEeMHHS, BEIPAIICHHBIX Ha
CTEKJIOYTJIEPOTHON TIOUIOKKE B ITOTCH-

1. Patent 2427526 RU. O. V. Chemezov, V. P. Batukhti

Yu. P. Zaikov. Publ. 27.08.2011.

2. Yemezos O. B., Bunoepados-Kabpos O. H., 4
noykuil . M., Mypzakaee A. M., Manxos B,

marepuaisl. 2010. Ne 9. C. 277 282.

3. I puwenxosa O. B., Cemepurosa O. JI., HUc

56-61.
4. bapabowrkun A. H. /| DnexTpoxp
neit. M.: Hayka, 1976. 279 C.
5. Bieber A. L., Massot L.

[IMOCTATHYCCKOM pEXHME B HHTEpBa-
e nmorennmanoB ot —0,005 mo —0,03 B
B pacaee  KF-KCI-K SiF, mp

T = 675 °C, BUAHO, 4TO B yCIOBUSXgON
HOTO DKCIICPUMEHTa OHU HUMEIOT
pBI, pa3UYaONIHecs] B HECKOJBR

KpEMHUSL.
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That fact testified the progressive nucleti
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also confirmed the progressive nuclet
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Introduction

Silicon is a g basis is the electrolysis of silicon-contain-
ing molten salts(1,2). Electrochemical
method makes it relatively easy to control
the structure of the electrolyte precipita-
tion of Si. With the help of electrolysis of
molten salts solid silicon coating, Si-na-
nostructures nanopowders and nanofibers
may be obtained.

For preparation of targeted precipi-
tates of silicon of given shape it is nec-
essary to understand the mechanism of
photovoltaic elements. The nucleation and initial crystal growth of
thod of production of high purity  the Si.
silicon and nanomaterials on its basis is Theoretical understanding of the
vapor deposition. The processes of vapor-  mechanisms of nucleation and crystal
phase synthesis are energy-intensive, re-  growth of metals in the process of elec-
quire the use of expensive reagents and trolysis are well developed (3.4). How-
complicated equipment. ever, there is only fragmentary informa-

An alternative method for the prepa- tion about features of phase initiation of
ration of silicon and nanomaterials on its  semiconductor materials in literature, in
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particular silicon, with electrodeposition
of molten salts.

A.L.Bieber et al. investigated nuclea-
tion of silicon on a silver base in melt of
NaF-KF-Na2SiF6 at temperatures rang-
ing from 850 to 900° C, and concluded
that the silicon nucleation occurs in an
instantaneous diffusion mode(5).

Investigation of silicon phase initia-
tion using chronoamperometry method on
a molybdenum substrate in melt of NaCl-

The experimental part

Electrochemical studies were carried
out using chronoamperometry method in
melt of KF-KCI-K2SiF6 with molar ratio
KF /KCl =2 and concentration of the sili-
con melt equal to 5,7-10* mol per cm?’.
Melts for the experiment were prepared
from individual salts of KF-HF,
K2SiF6 based on a previously desc
method(7).

Experiments were peg
atmosphere in a thrg

e electric layer was registered
re 1). This peak was subsiding for
a short time (from 10 to 10~ seconds).
Then the second voltage peak was
formed on chronoamperometric curves in
the time interval from 1-10""to 5-107' s.
Received chronoamperometric  de-
pendence in the melt of KF-KCI-K2SiF6
at =675 ° C, depending on the applied

44

KCI-NaF-Si02 at 800 °C held by Z.Cai et
al showed that during electrocrystallaza-
tion of silicon, formation of three-dimen-
sional nucleation is gradual(6).

The aim of this work is to stud
process of electrolytic silicon ph
tiation using chronoamperometry
on glassy carbon electrode
K2SiF6 melt in an in
T=675°C.

phite electrode. After
sis graphite electrode

e, and was replaced with a
arbon working electrode.
ronoamperometric - measurements
were performed using a potentiostat/
galvanostat AUTOLAB, using software
Nova 1.5. Nucleation of silicon on a
glassy carbon substrate was conducted in
a potentiostatic mode.

Microphotography of the samples was
carried out using a scanning electron mi-
croscope JMS-5900LV.

03

01

0 g 0.0001 0.0002 0.003

Fig.1. Typical initial section
chronoamperometric dependence (glass
carbon electrode, 7= 655 °C, the melt
of KF-KCI-K2SiF6,
¢,= 5,7*107 mol per cm?, Sel = 0.35 cm?)
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potentials ranging from —0.05 to —0.15 V
with respect to the silicon electrode are
shown in Figure 2.

Chronoamperogramme section before
the second peak of the curve is associ-
ated with the process of phase initiation.
Following section of current reduction is
due to depletion of the layer on the silicon
containing ion.

Dependence of the current of the sec-
ond decreasing section of chronoampero-
gramme from time helps to determine the
mode of phase initiation and conforms to
the equation (1):

J=a1t" )
where ¢ and x depend on the geometry of
the nucleating center and the phase initia-
tion mode. In the case of a hemispherical
diffusion-controlled 3D-nucleation,, for
instantaneous nucleation mode, the
of the value of x function is 1/2, for
gressive it is 3/2(5)

Analysis of primary 4
a potential applied to

1 1
0 05 1 15 2
t, c

Fig. 2. Typical chronoamperometric
dependence (glassy carbon electrode, the
melt of KF-KCI-K2SiF6, ¢, = 5,7-10* mol
per cm?®, T=675 °C, Sel = 0.6 cm?)

46

that the experimental points are well in
linear dependence (Figure 3).

It can be concluded that the mode of
nucleation of silicon on a glassy carbon
substrate under our experimental cg
tions is progressive in nature.

held at different po-
the working electrode
to —0.03 V) and of differ-
of the electrolysis process (from
to 1 s). Presented photomicro-
graphs (Figure 4-6) show that the size of
nucleating centers of silicon in each ex-
periment differs in several times.

This confirms the earlier conclusion of
the progressive process of silicon phase

0,106 1 1
675°C
-0.05B
-0.102 4
-0.098
-0.094
t312
009
0.1 0.14 0.18 022  0.26 0.3

Fig.3. The linear dependence 7 — (%), taken
in the melt of KF-KCI-K2SiF6,
¢, = 5,710~ mol per cm3, T'= 675 °C
on glassy carbon electrode at an applied
potential value equal to —0,05V
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initiation in the conditions of our experi-
ments.
Assessment of the impact of potential

It is shown that when a more negative
potential in comparison with reference
silicon electrode is applied to the working

electrode with all other conditions being
equal, the number of nucleating ce
formed on the electrode surface in

nucleation on the number of nucleating
centers was performed using a data
analysis by scanning electron microscopy
of Si substrates.

Figure 4. Micrograph (SEM)
of silicon nucleating centers
obtained in the melt of KF-
KCI-K2SiF6, ¢, = 5,7-10* mol

per cm?®, T=675 °C on a glassy
carbon electrode at an applied

potential value of —0.05 V

for 1s.

of silicon nuclei obtained in
melt of KF-KCI-K2SiF6,
5,7-10~* mol per cm?,
=675 °C on a glassy
varbon electrode at an applied
potential value of —0,005 V for
0,001 s.

Conclusions

carbon substrate in potentiostatic mode
in the potential range from —0.005 to
—0.03 in the melt of KF-KCI-K2SiF6 at
T = 675 °C make it clear that under the
conditions of a single experiment, they
have sizes differing by several times,
that confirms the progressive mode of the
nucleation of silicon.

data, it is sh

26 RU. Chemezov O. V., Batukhtin V. P., Apisarov A. V., Isakov A. V.,

. P. Publ. 27.08.2011. [Google Scholar].
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