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Abstract: The regularities of silicon and aluminum co-deposition on glassy car-
bon from KF-KCI (2:1)-75 mol % KI-0.15 mol % K,SiF¢—(up to 0.15 mol %)
AlF; melts at 998 K were studied by cyclic voltammetry, chronoamperometry,
scanning electron microscopy, atomic force microscopy and Raman spectro-
scopy. The cyclic voltammograms demonstrated the presence of only one cath-
odic peak (or nucleation loop at a low reverse potential) and the corresponding
anodic peak. The cathodic peak shifted in the cathodic direction with decreas-
ing concentration of aluminum ions in the melt or with increasing scan rate.
The Scharifker—Hills model was used to analyze potentiostatic current density
transients and estimate the values of the apparent diffusion coefficient and the
number density of nuclei. The morphology and elemental analysis of the samples
obtained during potentiostatic and galvanostatic deposition for 30-60 s were
studied. Continuous thin silicon films doped with aluminum were obtained
under galvanostatic conditions.

Keywords: molten salts; co-deposition; kinetics; 3D nucleation/growth.

INTRODUCTION

Silicon is the dominant source material for the production of electronic
devices, solar cells and anode materials for Li-ion batteries (LIBs) because it is
an intrinsic semiconductor and has excellent physicochemical properties and sta-
bility.12 The use of thin Si films improves the characteristics of photovoltaic
devices and advanced LIBs. In particular, thin-film silicon solar cells compensate
for many of the disadvantages of conventional ones and expand the range of
applications.2-3 Thin Si films improve cycle stability and rate capabilities of the
batteries and retain the structural integrity of the anodes during operation.*
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There are various ways for producing thin Si films, e.g. plasma-enhanced
chemical vapor deposition (PECVD) and liquid phase crystallization (LPC) are
widespread.5>-8 Electrodeposition from molten salts is a promising method for
producing thin silicon films due to the simplicity of the process, and the low
capital and operating costs.?~19 In addition, high deposition rates of continuous
silicon layers and the ability to control the structure and morphology of films are
the advantages of this technique.

Suitable process media are silicon-containing melts based on alkali metal
halides. In particular, the molten KF-KCI-K>SiF¢ mixture is a good electrolyte
for obtaining continuous Si films.10.14-18 Stability in the silicon concentration,
relatively low operating temperatures (from 923 K), solubility in water, and less
aggressiveness in comparison with pure fluoride melts are important advantages
of this electrolyte. Partial replacement of KF—KCI1 with potassium iodide contri-
butes to an additional decrease in the aggressiveness of the melt and the liquidus
temperature. In addition, a decrease in the electrical conductivity of melts with
KI provides for the formation of more compact deposits.20-22 Thin (=600 nm for
1-2 min) continuous silicon films with good adhesion are formed on glassy car-
bon and tungsten substrates during electrodeposition from a KF-KCI (2:1)—
—75 mol % KI-0.5 mol % K5SiFg melt.23

Electrolytes based on KF—KCI-K»SiF¢ and KF-KCI-KI-K,SiFg can also be
used to obtain doped silicon films by co-deposition of silicon with a selected
dopant (e.g., P, B, Al). Apparently, this approach can be useful for the manu-
facture of silicon films (n-type, p-type and p—n junction) with various thicknesses
and surface morphologies, which is important for the simplified production of
photovoltaic and optoelectronic devices. For example, high-quality tin-doped sil-
icon films with n-type semiconductor behavior (a photocurrent up to 44 % that of
a commercial n-type Si wafer) from the KCI-KF-1 mol % K,SiF¢ melt con-
taining 0.020-0.035 wt. % Sn were electrodeposited.!8 Doping of silicon films
with aluminum can facilitate the production of p-type silicon materials!® that are
promising for a number of applications in solar cells.24.25

To date, there are no published data on the co-deposition of silicon and alu-
minum from KF-KCI-K;SiFg and KF-KCI-KI-K,SiFg melts. Only information
is available on the production of Al-Si alloys by electrolysis of cryolite melts
with SiO, additives26-27 and aluminum-doped silicon films (p-type) from a CaO—
—CaCl,-Si0O—Al,O3 melt. 19

The aim of this work was to determine the regularities of the electrochemical
co-deposition of silicon with aluminum on glassy carbon from KF-KCI (2:1)-75
mol % KI-K»SiFs—AlF3; melts with different mole ratios of the depositing ions as
well as to study the effect of electrodeposition conditions on the morphology and
elemental composition of thin films.
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EXPERIMENTAL

The starting materials for the preparation of the electrolyte were KF-HF (99.95 wt. %,
Chimreaktivsnab, RF), KCI (99.98 wt. %, Chimreaktivsnab), K,SiFg (99.92 wt. %, Vekton,
RF), KI(99.9 wt. %, Vekton, RF) and AlF; (99.9 wt.%, Vekton, RF).

The electrolyte components were pretreated. A mixture of KF-HF and KCl powders was
placed in a glassy carbon crucible and heated with the stepwise increase in temperature (2 h at
373 K, 3 h at 573 K) for thermal decomposition of KF-HF and removal of HF. Then the salts
were melted and exposed at 1023 K for 2 h. Potassium iodide was purified from oxygen-con-
taining impurities by heating a mixture of KI with an excess of crystalline iodine in the same
way as in:28

ZKQO + 212 — 4KI + OZT (1)

The process was carried out at 723 K until evaporation of the iodine. Then KI was
remelted and kept at 1073 K for 1 h. Potassium hexafluorosilicate was mixed with 2 wt. %
NHyF in a glassy carbon crucible and exposed to 673 K for 6 h to remove the oxygen-contain-
ing impurities:2°

4NH/F + SiO, — 4NH;1 + SiF41 + 2H,01. 2)

A similar procedure was used to purify AlF;. The prepared salts were stored in a dry box.

In this work, we used KF-KCl (2:1)-75 mol % KI-K,SiFc—AlF; melts with concentrations
csi = 0.15 mol% and ¢, from 0.015 to 0.15 mol % were used. Before the experiment, the salts
were mixed in the required amounts in a glassy carbon crucible, heated to 998 K, and held for
1 h. This melt was subjected to galvanostatic purification electrolysis at cathode current densities
of 0.05 and 0.1 A-cm™ (for 1 h and 20 min, respectively). The chemical composition of the
electrolyte (before and after testing) was monitored by the atomic emission spectroscopy with
inductively coupled plasma using iCAP 6300 Duo (Termo Scientific, USA).

The experiments were carried out in a three-electrode quartz cell (Fig. 1) in an atmo-
sphere of high-purity dehydrated argon at 998 K. A nickel shield (2) protected the cell walls
from interaction with sublimates.

Fig. 1. Scheme of the experimental cell: 1 — quartz cell; 2 — Ni
shield; 3 — glassy carbon crucible; 4 — Si electrodes; 5 —
vacuum-rubber cuff; 6 — fluoroplastic cover; 7 — vacuum-rubber
sluice device; 8 — rubber seals; 9 — Ni shields; 10 — quartz
covers for current leads; 11 — tungsten current leads; 12 — work-
ing glassy carbon electrode; 13 — melt; 14 — graphite support.

A glassy carbon crucible (3) placed on a graphite support (14) served as a container for
the electrolyte. Monocrystalline silicon plates (99.9999 wt. %) were used as a reference elec-
trode and an auxiliary electrode (4), when performing electrochemical measurements) The
working glassy carbon electrode (12) (SU-2000, Uralmetalgraphit, RF) was washed with dis-
tilled water, degreased with ethanol, and dried under vacuum. Tungsten rods (11) protected by
quartz covers (10) served as current leads. A sluice device (7) was provided for replacing the
working electrode during the experiment.
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Cyclic voltammetry, chronoamperometry, and scanning electron microscopy with energy-
dispersive X-ray spectroscopy (SEM-EDS) were used to study cathodic processes and the initial
stages of electrocrystallization. The electrochemical measurements were performed using an
Autolab PGStat302N with Nova 2.1.2 software. The resistance of the circuit was determined by
the FRA method before each series of measurements and compensated using Autolab.

Al-doped thin Si films were obtained under galvanostatic and potentiostatic conditions.
The samples were washed in boiling distilled water for 10-15 min to remove electrolyte
residues. A Tescan Mira 3 LMU scanning electron microscope (Tescan, CR) equipped with an
energy-dispersive X-ray spectrometer. Oxford instruments INCA Energy 350/X-max 80 was
used to study the morphology and elemental analysis of deposits. A number of samples were
additionally examined using a Bruker Dimension FastScan atomic force microscope (Bruker,
Germany) with the ScanAsyst system.

The Raman spectra of samples were recorded using a Raman microscope-spectrometer
Renishaw U1000 (Renishaw, UK) with confocal Leica DML microscope (50%, 100x object-
tive, a notch filter, and a cooled charge-coupled device (CCD) detector) at the excitation of
spectra by argon laser (the wave length 514.5 cm™!, power of 20 mV) in the range of 50-1900
cm’! and exposure time of 30-120 s. The spectral resolution was 2 cm™!, and wave number
accuracy was about +1 cm!; the laser beam had a focal-spot =1 um in diameter.

RESULTS AND DISCUSSION

A typical series of cyclic voltammograms (CVs) obtained in the KF-KCl
(2:1)-75 mol % KI-0.15 mol % K,SiFg—0.03 mol % AlF3 melt (mole ratio y=
csi/cal = 5) at scan rates () from 0.1 to 1.5 V-s~! are presented in Fig. 2a. It can be
seen that the CVs are characterized by the presence of a single cathodic peak and
the corresponding anodic peak. It should be noted that the shape of CVs is similar
to that observed in the KF-KCI (2:1)-75 mol % KI-K>SiFg melt, which does not
contain aluminum ions.23 Apparently, the presence of only one cathodic peak indi-
cates a single-stage discharge of Si (IV) and Al (IIl) (i.e., Si(IV) +4e=Si and
AI(IIT) + 3e = Al) and similar values of their electroreduction potentials under these
conditions. The nucleation loop characteristic of the stage of nucleateon/growth on a
foreign substrate30-32 was detected in the cathode region when the reversal point was
lower than the potential corresponding to the cathodic peak, |E | < |Ep| (Fig. 2b).
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Fig. 2. Typical series of cyclic voltammograms (a) and a nucleation loop (b) obtained in the
KF—KCI (2:1)-75 mol % KI-0.15 mol % K,SiF¢—0.03 mol % AlF; melt (y= cg;/ca; =5) on
glassy carbon at 998 K. The scan rate values are given in the figure. In this work, cathode
currents and potentials were considered to have positive values (for convenience of
calculations and discussion).
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The same regularities were observed in melts with mole ratio y= 10 and y=1
(Fig. 3). A comparison of CVs in melts with different concentrations of aluminum
ions shows that £y, shifts in the anodic direction with increasing caj (Fig. 3a, ¢). In
all cases, the cathodic peaks shifted in the cathodic direction with increasing scan
rate, which indicates the quasi-reversibility or irreversibility of the process under
these conditions. Figs. 3b, ¢ demonstrate that at ¥>0.9 V-s~1, the electroreduction
mechanism can be characterized as irreversible.
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Fig. 3. Comparison of CVs (a), dependences of the cathode current density peak on the square

root of the scan rate (b), and the dependences of the cathode peak potential on the logarithm of

the scan rate (¢) in KF—KCI (2:1)-75 mol % KI-0.15 mol % K,SiF¢—AlF; melts with different
concentrations of aluminum ions.

Typical families of potentiostatic current density transients, i(¢), obtained at
co-deposition of silicon and aluminum from the melts with y=1 and y=15, res-
pectively, are shown Figs. 4a and 5a. The form of these dependencies does not
differ from the usual appearance for the electrocrystallization of silicon on glassy
carbon.14.20.23 Therefore, they could be qualitatively analyzed within the frame-
work of the Scharifker—Hills model (SH model).33:34 Fig. 4b demonstrates a
comparison of experimental dependencies in the form of (i/ip)? vs. (#/tm) With
dimensionless theoretical dependencies of the SH model for instantaneous and
progressive nucleation with diffusion-controlled growth, respectively:

N2
(-Lj IR expl-12564(1 /1, )]} (3)

im t/ty
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(LT L2254 {l—exp|:—2.3367(t/tm )? }}2 (4)

im t/ty

where t,,, iy, are the coordinates of the maximum of i(f).
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Fig. 4. Typical family of potentiostatic current density transients for co-deposition of silicon and
aluminum from the KF-KCl (2:1)-75 mol % KI-0.15 mol % K;SiFs-0.15 mol % AlF; melt (a)
and comparison of the experimental and theoretical (SH model) dimensionless dependences (b).
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Fig. 5. Typical family of potentiostatic current density transients for the co-deposition of
silicon and aluminum from the KF-KCl (2:1)-75 mol % KI-0.15 mol % K,SiF¢—0.03 mol %
AlF; melt (a) and comparison of experimental and theoretical (SH model) dimensionless
dependences (b).

It can be seen that at #/f,, < 3, the experimental dependences agree with the
theoretical curve for instantaneous nucleation.

An approximate quantitative analysis is possible in this case under certain
assumptions.35:36 It was shown3© that the equations of the SH model with modi-
fied values of the parameters can be used to estimate the apparent diffusion coef-
ficient (D) and the number density of active centers (or nuclei in the case of
instantaneous nucleation) on the electrode surface (NVp). Considering the total flux
of two types of depositing ions in the electrolyte bulk and averaging the concen-
tration profile with allowance for the mole ratio of the components (), gives for
instantaneous nucleation:

ty, =1.2564/ kNyD (5)

it =0.1629(Zecy) D (6)
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= @8rcd)?, D= (pug; +va)/ (P +1), E=(¥zgi +za1) /(7 +1)

where ¢ is the bulk concentration of silicon ions, vg; and va] are the volumes of
Si and Al atoms, respectively (the volume of the new phase is the sum of the
volumes of the individual components taking into account ), zsj and za are the
valances of the Si and Al ions, respectively.

Calculation with v5;=2.01x1023 cm3, va;=1.66x1023 cm3, zgi=4,
za1=3, and y=1 gives Z=3.5, ¥ =1.84x1023cm3, and k =8.31x102.
Substituting these values and co=1.50x101% cm=3 into Egs. (5) and (6), D =
=1.43x10-5 cm? s~ and Ny = 4.44x107 cm—2 were obtained for the curve at E =
=0.15V.

Discrepancies with the theoretical dependence at #/t;, >3 (Fig. 4b) should
disappear at a lower concentration of deposited ions. In fact, this behavior can be
observed in a melt with =5 (Fig. 5b). In this case, the last portions of the current
density transients coincide with the curve described by the Cottrell equation:

i=Zecy(D / mr)"? (7)

The D value found from Eq. (7) was 1.38x10-5 cm? s~1. This value is less
than the diffusion coefficient of silicon ions in the KF-KCI (2:1)-75 mol % KI-
—0.5 mol % K,SiFg melt, Dg; = 1.95x10-5 cm?2 s~1.23 This fact is consistent with
more explicit diffusion limitations in melts with a higher concentration of alu-
minum ions (see Fig. 3a, c¢). The reasons may be the lower mobility of aluminum
ionic complexes in comparison with silicon ones and a change in the structure of
the complexes.

It was also noted that a more complex time dependence of the number
density of nuclei is observed for a melt with y=35 in the potential range from
0.10 to 0.13 V, N = Ng[ 1—exp(—A4¢)], where 4 is the nucleation rate constant. This
is evidenced by the deviations of the experimental dimensionless curves at #/#;, <
< 5 from the theoretical one described by Eq. (3) (Fig. 5b), as well as the SEM
and AFM images of nuclei (Fig. 6). Elemental analysis (Table I) demonstrates
the presence of silicon and aluminum in the deposit composition; the availability
of other components is due to the existence of electrolyte residues and oxidation
of the surface of the deposit in air.

The morphology of the deposit obtained in the melt with the same concen-
tration of depositing ions at the cathodic potential of 0.45 V for 60 s and the
SEM-EDS maps for Si and Al are shown in Fig. 7.

It can be seen that the distribution of aluminum is quite uniform, but the
surface of the deposit is not smooth but porous. More compact deposits can be
produced at a cathodic potential of 0.2 V (Fig. 8). Continuous aluminum-doped
silicon films were obtained under galvanostatic conditions at cathode current
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densities from 0.025 to 0.1 A-cm2 for ¢>30s from aq. melt containing 0.015
mol % AlF3 (Fig. 9, Table I).

Fig. 6. SEM (a) and AFM (b) images of new-phase nuclei on glassy carbon during the co-
-deposition of silicon and aluminum from the KF-KCI (2:1)-75 mol % KI-0.15 mol %
K,SiF¢—0.03 mol % AlF; melt under potentiostatic conditions (E=0.11 V, #=0.04 s).

TABLE I. SEM-EDS data

Content, at. %
Si Al K F Cl 1 (0]

Figure Spectrum

6a 13.61 0.90 11.28 0.49 1.17 7.04 65.51
18.53 1.15 6.10 0.48 0.48 0.68 72.60
9d 85.42 0.34 2.59 0.56 11.09

75.93 0.43 3.76 0.65 0.47 0.98 17.78
87.09 0.44 2.97 0.61 — — 8.890

o um Al 10 pm ! Si

W N = N =

Fig. 7. SEM image of deposit (a) and maps of Al (b) and Si (c) after their co-deposition from
the KF—KCI (2:1)-75 mol % KI-0.15 mol % K,SiF¢—0.03 mol% AlF; melt under
potentiostatic conditions (E =0.45 V, t= 60 s).

A typical Raman spectrum of the Al-doped Si film on glassy carbon is shown
in Fig. 10. The strong first-order Raman peak with a maximum at 511 cm! and
two second-order bands at 300 and 940-1000 cm~! can be attributed to the sil-
icon vibrations.17-37 In the high-frequency range, the spectrum contains two char-
acteristic peaks at about 1330 and 1580 cm!, which correspond to the main car-
bon bands.38 In general, this pattern is similar to the Raman spectrum of a conti-
nuous Si coating on C obtained in an earlier work.!7 The main differences are in
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the shift of the strong band from the typical value for bulk crystalline Si (519 cm 1)
to 511 cm™! and the expansion of its left flank towards the value typical for
amorphous Si (480 cm1).39 The same was observed in the Raman spectra of the
Al-doped Si films obtained by radio-frequency magnetron sputtering, which did
not have a well-crystallized structure.3 Due to the fact that the atomic weights of
Al and Si differ from each other by less than 4 %, the local mode produced by the
additional Al atoms is very close to the strong Raman peak of Si and is difficult
to identify even at a high Al concentrations.40

790.6 nm

-644.9 nm

Fig. 8. AFM images of the deposit obtained from a KF—KCl (2:1)-75 mol % KI-0.15 mol %
K,SiF—0.03 mol% AlF; melt under potentiostatic conditions (£ =0.2 V, =30 s).

MiRas TEscA

LKN «Cocras seuecTaas LIKN «Cocra Bewecraas

Fig. 9. SEM images of deposits obtained by co-deposition of silicon and aluminum from the
KF-KCI (2:1)-75 mol% KI-0.15 mol % K,SiFs—0.015 mol % AIF; melt under galvanostatic
conditions at 0.025 A-cm™2 (a, b) and 0.1 A-cm (c, d) for 30 s. SEM-EDS data for Fig. 9d are

given in Table L.
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El
=
=3
k=
— Fig. 10. Raman spectrum of an Al-doped Si film on
0 500 1000 1500 2000 glassy carbon. The electrodeposition conditions are
Raman shift / cm™* the same as for Fig. 8.
CONCLUSIONS

The co-deposition of silicon and aluminum on glassy carbon from melts
based on KF—KCI (2:1)-75 mol % KI containing 0.15 mol. % K>SiFg and 0.015,
0.03, or 0.15 mol % AlF3 at 998 K was studied. Analysis of cyclic voltammo-
grams showed that: i) discharge of Si (IV) and Al (III) is a one-stage process; ii)
the cathodic process can be characterized as quasi-reversible at scan rates from
0.1 to 0.9 V-s1; jii) the share of diffusion limitations increases with increasing
concentration of aluminum ions in the melt. The nucleation loop in the cyclic
voltammograms at low reverse potentials and the shape of the potentiostatic cur-
rent density transients indicate the presence of a 3D nucleation/growth stage. A
comparison of dimensionless experimental and theoretical (the Scharifker—Hills
model) dependencies demonstrated that instantaneous nucleation with the diffus-
ion-controlled growth occurs in the melt with a mole ratio of Si and Al ion con-
centrations = 1. The nuclei appear gradually during electrodeposition from the
melt with y= 5. The apparent diffusion coefficient was estimated from the maxi-
mum of the current density transient (at y= 1) and by the Cottrell equation (at
y=15); its value was =1.4x10~5 cm? s~!. Analysis of the SEM-EDS and AFM
data showed that continuous thin films of aluminum-doped silicon can be obtained
under galvanostatic conditions at cathode current densities from 0.025 to 0.1 A
cm2. Raman spectroscopy data indicate the formation of an amorphous phase.
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U3BOA

EJIEKTPOXEMHJCKO TAJIOXKEILE TAHKUX ®UTIMOBA CUJTMIIUIYMA JOIIMPAHUX
AJTYMUHUIYMOM U3 PACTOIIA KF-KCI-KI-K,SiFs—ALF3

MICHAEL V. LAPTEV, ANASTASIA O. KHUDOROZHKOVA, ANDREY V. ISAKOV, OLGA V. GRISHENKOVA,
SERGEY 1. ZHUK u YURII P. ZAIKOV

Ural Branch of the Russian Academy of Sciences, Institute of High Temperature Electrochemistry,
20 Academicheskaya St., 620137 Ekaterinburg, Russian Federation

3aKOHUTOCTH UCTOBPEMEHOT TAJIOXKEHA CHINLUjyMa U allyMUHUjyMa U3 pactona KF-KCl
(2:1)-75 mol % KI1-0,15 mol % K2SiFe—(zmo 0,15 mol %) AlF3 Ha noamory oz CTakIacTor yribe-
HHUKa MCIUTHBaHE Cy KopuilhemeM LUKJIWYHE BOITaMETPHje, XpPOHOAMIIEPOMETpHje, CKEHH-
pajyhe enexTpoHCcke MUKPOCKOITHje, MUKPOCKOIIHje aTOMCKUX CHIa U PaMaHOBe CIEKTPOCKO-
nuje. lJUKIMYHY BONTAaMOTpaMH Cy NOKasalM NMPHUCYCTBO CaMO jefHOT KaTOOHOT MuKa (MiIu
NET/bE HyKI€ealuje NMpH HUCKOM NOBPaTHOM NOTEHLWjany) U oArosapajyher aHopHor muka.
KaTomHH UK Ce NOMEpao Yy KaTOAHOM CMEPY NPH CMambeny KOHEHTpalyje joHa alyMHHHjyMa
y pacromny, kao 1 npu nosehamwy SpsuHe nMHeapHe NpoMeHe NoTeHuWjana. [lapudxep-Xun-
COB MOfie]l je KOpUIIheH 3a aHalu3y NOTEHLUOCTATCKUX CTPYjHHX TpaH3WjeHaTa U NPOLEHY
BpPEIHOCTH MPUBHIHUX KoedulHjeHaTa mudy3Hje U IyCcTUHe Hykieyca. McnutaBaHU Cy U
MopdoJI0THja U eJIEMEHTAIHU CacTaB y30paka Tal0KEHUX [0J MOTEHIIMOCTAaTCKUM U rajlBaHo-
CTaTCKUM yciioBuMa TokoM 30-60 s. KoHTUHyalHU TaHKHW (PUIMOBU CUIULIMjyMa NOMHAPaHU
aIyMHUHHjyMOM Cy AOOHjeHH MOA TalBaHOCTAaTCKUM yCIOBUMa.

(ITpumsbeHo 17. centemdpa 2020, peBunupano 16 asrycra, npuxsaheHo 17. asrycra 2021)
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