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Abstract The work related to the study o f  the initial stages o f  
the silicon electrodeposition on the glassy carbon electrode in 
molten KF-KCl-K2SiF6 was performed. The silicon nucle­
ation and growth process was investigated using cyclic volt- 
ammetry, chronoamperometry, and scanning electron micros­
copy. It was shown that the electrocrystallization process oc­
curs by the instantaneous nucleation with diffusion-controlled 
growth under the studied conditions. The Scharifker-Hills the­
oretical model was used to calculate the nucleation density 
and the diffusion coefficient o f  depositing ions.

Keywords Silicon • M elt • Electrodeposition ■ Nucleation - 
Growth • Diffusion

Introduction

Silicon is widely used in electronics, energetics, and many 
other industrial applications. One o f  the possible methods o f 
Si obtaining is an electrodeposition from molten salts [1-3]. 
This approach can be successfully used for the production o f 
silicon which would be applicable for the fabrication o f  pho­
tovoltaic cells, high-efficiency anodes for the lithium -ion 
chemical power sources, and other devices [4—8]. It is well 
known that the initial stages o f  electrodeposition, including 
nucleation, and growth, in m any respects determ ine the
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properties and quality o f  a final deposit. Therefore, a special 
attention should be paid to studying the nucleation and growth 
process o f  new phase on electrode.

As for the silicon electrodeposition from molten salt, the 
nucleation and growth process has not been thoroughly stud­
ied yet. Only a few papers are dedicated to this issue. Carleton 
et al. [9] have found that the nucleation process is instanta­
neous and is followed by three-dimensional growth during the 
Si electrodeposition on the glassy carbon electrode from the 
KF-LiF-K2SiF6 m elt at 750 °C. Stern and McCollum [10] 
considering the Si electrodeposition from the LiF-NaF-KF- 
K2SiF6 melt at 750 °C have concluded that the deposit grows 
three-dimensionally from simultaneously formed nuclei. Cai 
et al. [11] studied the Si nucleation process on an electrical 
steel electrode in the LiF-NaF-KF-Na2SiF6 melt at 750 °C. 
They have determined that the silicon electrocrystallization 
process was controlled by a progressive three-dimensional 
mechanism. Bieber et al. [12] have investigated the silicon 
nucleation and growth process in the molten NaF-KF-Na2SiF6 
on silver electrode in the temperature range o f  820-950 °C 
and have proved  that the Si electrodeposition  occurred 
th rough  the in stan taneous nu clea tio n  w ith  a d iffusion- 
controlled growth.

The fluoride-chloride molten salts were used as an electro­
lyte for obtaining Si deposit in works [3, 13, 14]. The main 
advantage o f  the fluoride-chloride melts in comparison with 
the pure fluorides is a possibility to use lower temperatures 
during electrodeposition; moreover, they are less aggressive.

The purpose o f  this work was to study the initial stages o f  
the silicon electrodeposition from the KF-KCl-K2SiF6 melt. 
Cyclic voltam m etry (CV), chronoam perom etry (CA), and 
scanning electron microscopy (SEM) were used for investiga­
tions o f  kinetics and mechanism o f  the Si electrodeposition 
process. The CV showed that the process o f  the Si electrode­
position occurs by the nucleation and growth mechanism. The 
chronoamperometric experiments were used for investigating
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the nucleation and growth mechanism o f  silicon in details. 
The SEM was applied as an addition  to electrochem ical 
methods.

Experimental

The experiments were carried out in a  three-electrode hermetic 
water-cooled stainless steel cell in the atmosphere o f  high- 
purity and dehydrated argon. A  glassy carbon crucible placed 
into a Ni-vessel served as a container for the electrolyte. A 
monocrystalline silicon was used as a reference electrode and 
as an auxiliary electrode. A working glassy carbon electrode 
(SU-2000, 99.999 %, UralM etalGraphit) was rinsed with dis­
tilled water, ethanol, and dried under vacuum. Typical geo­
metrical surface area o f  the glassy carbon electrodes varied 
from 0.6 to 0.8 cm2.

Chemically pure grade potassium fluoride, chloride, and 'g 
hexafluorosilicate were used for the electrolyte preparation.
This technique is described in details in [15].

The silicon nucleation and growth process was investigated 
using CV, CA, and SEM analysis. All experiments were car­
ried out in the KC1-KF(1:2)-K2SiF6 melt with the silicon con­
centration o f  1 .12x10-4 mol cm ”"3 (6 .7 7 *  Ю 19 cm -3) at 
750 °C. The electrochemical measurements were performed 
with an Autolab PGStat 302N controlled by a com puter sup­
plied with the research software N ova 1.5 and GPES. An 
electrolyte resistance com pensated by Autolab was deter­
mined using an impedance method. Before registering each 
i(t) curve, the anode potential o f  1.2 V  during 2 s was applied 
in order to dissolve depositing crystals and to maintain the 
stable state o f  the w orking electrode. The Si crystals were 
observed by scanning electron microscope Jeol JSM-5900LV.

In this work, the cathode current and overpotential are con­
sidered to have positive values.

Results and discussion

Typical cyclic voltam m ogram s for the Si electrodeposi­
tion  on the g lassy  carbon  e lec trode in the KF-KC1- 
K2SiF6 m elt are show n in Fig. 1. A fter beg inn ing  a 
scan in the forward direction, the low cathodic current 
as a result o f  the double electric layer charging, and the 
accum ulation o f  single adatom s o f  new  phase on the 
electrode surface, w ere observed. A fter reaching a cer­
tain potential, the nucleation  and grow th process has 
began that lead to the sharp curren t increase. Then, 
the complete layer o f  the Si deposit forms, and the peak 
w hich is observed further is connected w ith diffusion o f  
ions to a deposit surface (F ig .la ). On the anodic scan, 
the peak corresponding to the stripping o f  the earlier 
deposited silicon is observed.

- r j / \
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Fig. 1 Cyclic voltam m ogram s for the Si electrodeposition on the glassy 
carbon electrode at 750°C from  K F -K C I-K 2 SiF6 melt; the scan rate is 
0.09 V  s~’ and the reverse potentials are 0.2 V  a, and -0 .08  V b. Si 
monocrystal is the reference electrode

I f  the reverse o f  the potential occurs before the form a­
tion o f  the com plete silicon layer, then a characteristic hys­
teresis (“nucleation loop”) is appeared and a single anodic 
peak o f  the Si stripping takes place (Fig. lb ). This is typical 
for the nucleation and grow th m echanism  o f  electrocrystal­
lization [16].

The potentiostatic current density transients i(t) are known 
to provide the most direct information about the kinetics o f 
electrochemical nucleation and growth. A series o f  experi­
mental i(t) transients for the Si electrodeposition at different 
overpotentials are presented in Fig. 2. These transients are 
typical for the electrocrystallization process occurring by 
means o f  three-dim ensional nucleation with the diffusion- 
controlled growth [17-25].

Let us briefly analyze a process o f  the potentiostatic phase 
formation in this case. After potential switch, the charge o f  the 
double electric layer and the accumulation o f  adatoms on the 
electrode take place. A fter a certain period o f  time, the nucle­
ation and growth process begins that leads to the current in­
crease. The next stage o f  the process is characterized by the 
overlap o f  the nuclei diffusion zones. The current passes
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Fig. 2 Typical fam ily o f  po ten tiostatic  curren t transien ts fo r the Si 
nucleation  and grow th on the g lassy  carbon  e lec tro d e  a t d ifferen t 
overpotentials

through the maximum value on this stage. A t long times, the 
planar diffusion to the deposit occurs.

The theoretical treatment o f  the 3D nucleation process with 
the diffusion-controlled growth can be found in [17-32]. In 
our work, the simplest and widely applied Scharifker-Hills 
theory for the analysis o f  experimental transients is used. In 
this theory, for the i{t) transients, the following equations are 
derived: for the instantaneous nucleation,

z e с {D /n  t ) 1 /2 [ 1 -e x p  (—7г k  N D  r)],

and for progressive nucleation.

( 1)

i =  z e c { D / n t ) 1/2 1—exp (-тгА г'М Г о^/г)], (2)

where i (A cm-2) is the current density, z is the valency o f  
depositing ions, e (C) is the elem entary electric charge, с 
(cm-3) and D  (cm2 s-1) are the bulk concentration and diffu­
sion coefficient o f  the depositing ions, respectively, t (s) is the 
time, kz =&Trcv, k'=4kl3, v  (cm3) is the volume o f  one atom
o f deposit, v= M /pNA, M  (g m oF  ) and p  (g cm " ) are the 
m olar mass and density o f  the deposit, respectively, N A 
(m oF1) is the Avogadro constant, N  (cm-2) is the density o f 
nuclei, N 0 (cm-2) is the density o f  active sites, and /c0 (s-1) is 
the nucleation rate constant. For the instantaneous nucleation, 
N  is equal to N0.

Equations (1) and (2) can be expressed in dimensionless 
form as

( i / i , ) 2 =  1.9542 { l- e x p [ - l  .2564 ( / / tm ))}2{ t /  tm)~

(ii/imf  =  1.2254 { 1-exp [-2 .3367  ( r / ^ ) 2] ) \ t / t ,

(3)

(4)

 Eq. (3)
 Eq. (4)

о 120 mV
о  110 mV
A 100 mV
X 90 mV

F ig. 3 C om parison  o f  experim en ta l and theoretical d im ension less 
transients for diffusion-controlled growth: lines correspond to the calcu­
lation according to Eq. (3) for instantaneous 3D  nucleation, and according 
to Eq. (4) for progressive 3D  nucleation; symbols are the experimental 
date

A comparison o f  the theoretical and experimental depen­
dence (i/im)2 vs. (t/tm) allows determining a mechanism o f 
nucleation. In our case, the experimental curves o f  the Si elec­
trodeposition and theoretical dependence for the instantaneous 
nucleation are in a good agreement (Fig. 3). The SEM images 
o f  the Si crystals (Fig. 4) obviously confirm the instantaneous 
character o f  the nucleation process.

The important relationships [17] allow finding D  and N  
from the transient m aximum coordinates

0 .1 6 2 9 (zec)2£),

N =  1.2564/ n k t mD.

(5)

(6)

For the small t, from Eq. (1), it follows that

i — z e i r v ^ 2(2cD)3̂ 2N t ^ 2. (7)

This equation describes the diffusion-controlled growth o f  
the N  isolated nuclei.

where im and tm are the maximum coordinates o f  i(t) transient.
Fig. 4 SEM  im ages o f  Si crystals on the glassy carbon electrode; r/= 
80 mV, /= 0 .18 s
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Table 1 Analysis o f  the current m axim a for the Si deposition on glassy 
carbon

7) (mV) im (A cm 2) t„ (s) £*x Ю5 (cm 2s-1) TV* 10- * (cm-2)

90 0.303 0.114 3.42 0.556

100 0.396 0.062 3.18 1.10

110 0.484 0.045 3.45 1.40

120 0.583 0.030 3.33 2.17

At long times, Eq. (1) transforms to the Cottrell equation 
for the planar diffusion

i — z e c ( D / i r t ) ^ 2. (8)

It is clear that the electrodeposition parameters (the diffu­
sion coefficient o f  the depositing ions and the nucleation den­
sity) can be determined by different ways: (1) from analysis o f 
the current maxima, (2) from the initial part o f  i(t) transients, 
and (3) from the Cottrell equation.

The c h a rac te r is tic s  o f  th e  c u r re n t m a x im a fo r the 
potentiostatic Si electrodeposition on the glassy carbon and 
the calculated values o f  D  and TV are given in Table 1 . The 
calculation o f  D  and TV was carried out using Eqs. (5) and (6) at 
z = 4 (Si(IV)) and u= 2 .00*  1(T23 cm 3.

Note that the constancy o f  values im2tm (Eq. 5) also is a 
validity criterion for the proposed nucleation mechanism. In 
our case, the value im2tm is equal to 0.0102±0.0005 A2 s cm-4 
for the given range o f  overpotentials.

The initial parts o f  the experimental potentiostatic i(t) tran­
sients are well linearized in the i— tU2 coordinates, that con­
firms a conclusion about the instantaneous nucleation with the 
diffusion-controlled growth during the Si electrodeposition 
(Fig. 5). The diffusion coefficient can be determined accord­
ing to the Cottrell equation. U sing this value D  let us find the 
nuclei density. These values o f  D  and TV are presented in 
Table 2.

As it is seen from Table 1 and 2, the values o f  D  and TV 

determined by the different methods are quite close. Note that

Fig. 5 The initial parts o f  transients given in Fig. 2 in coordinates i - t ' 12

Table 2 Calculated values o f  D  (Eq. 8) and N  (Eq. 7)

V (mV) /2*  105 ( c m V 1) TV* 10-6 (cm-2)

90 2.27 0.705

100 2.71 0.923

110 3.09 1.03

120 3.41 1.12

the nuclei density observed in the SEM image (see. Fig. 4) is 
approximately equal to 2.4 x Ю6 cm 2.

There is another way for the interpretation o f  the i(t) tran­
sients, which is sim ilar to the one described in [22]. From 
E q .( l) :

- l n ^ l - a / t 1/ 2 j  =  TrkNDt, (9 ,)

where a = 7t112/zecD 1/2
This method allows considering the entire experimental 

curve and not only the m aximum coordinates (im. fm) for cal­
culating TV. The same effect can be achieved using Eqs (1), (5), 
and (6). Then

-In  A = B t ,  (10)

I ЛУ72 
Л =  1 -0 .7 1 5 4 —  —  

lm V m J

B =  \9.285(im/ze c )2tmkN .  (12)

The dependences o f - I n  A vs. t and the values o f  TV found 
from the slop o f  these straight lines are shown in Fig. 6. It is 
seen that the calculated values o f  TV are close to the values 
evaluated earlier (Table 1 and 2).

t / s
Fig. 6 The dependences - In  A vs. tim e calculated from  experimental 
transients using Eqs. (10)—(12). T he num bers at the curves denote the 
nucleation density (A)
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Finally, let us note that the galvanostatic conditions for the 
Si electrodeposition from the KF-KCl-K2SiF6 melt were ap­
plied in the work [14]. These conditions also can be success­
fully used for studying the nucleation and growth process 
[33-36].

Conclusion

The initial stages o f  the Si electrodeposition on the glassy 
carbon electrode in the KF-KCl-K2SiF6 m elt were investigat­
ed with the use o f  electrochemical techniques and SEM. The 
cyclic voltammetry demonstrated that the Si electrocrystalli­
zation process proceeds through the nucleation and growth 
mechanism. The analysis o f  chronoamperometric transients 
established that the initial stage o f  the Si electrodeposition 
can be explained on the base o f  the three-dimensional instan­
taneous nucleation with the diffusion-controlled growth. The 
Scharifker-FIills theory was used for experimental results eval­
uation. The diffusion coefficient o f  the depositing ions and the 
nuclei density were calculated using this theory. The SEM 
m e th o d  c o n f irm e d  th e  r e s u l t s  o f  e l e c t r o c h e m ic a l  
measurements.
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