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As lithium is added to the bronzes of low sodium
content, the degree of tilting of the octahedra in-
creases, reducing the aperture size and increasing
the activation enthalpy of motion. (iv) The sudden
change in properties for sodium contents greater than
about 0.7 is consistent with sodium ordering in the
structure. (v) Mixed lithium-sodium bronze phases
prepared at high temperature also contain mobile
lithium ions, although no gquantitative measurements
on single crystals have yet been made.

Acknowledgment
This work was supported by the United States De-
partment of Energy under Subcontract LBL 4503110.

Manuscript submitted Aug. 16, 1982; revised manu-
script received ca. Nov. 24, 1982.

Any discussion of this paper will appear in a Dis-
cussion Section to be published in the December 1983
JournaL. All discussions for the December 1983 Dis-
cussion Section should be submitted by Aug. 1, 1983.

Publication costs of this article were assisted by
Stanford University.

REFERENCES

1. P. G. Dickens and P. J. Wiseman, in “International
Review of Science: Inorganic Chemistry,” Series
2, Vol. 10, L. E. J. Roberts, Editor, p. 211, Butter-
worths, London (1975).

. P. Hagenmuller, in “Pergamon Texts in Inorganic
Chemistry,” Vol. 1, p. 541, Pergamon Press, Ox-
ford (1973).

. J. B. Goodenough, Buli. Soc. Chem., 4, 1200 (1965).

. M. S. Whittingham and R. A. Huggins, J. Chem.
Phys., 54, 414 (1971).

. B. C. H. Steele, in “Mass Transport Phenomena in
Ceramics,” A, R, Cooper and A. H, Heuer, Edi-

™o

[ I S

April 1983

tors, p. 269, Plenum Press, New York (1975).
. P. G. Dickens and D. J. Neild, J. Chem. Soc. Dalton
Trans., 1074 (1973).
. J. F. Smith and G. C. Danielson, J. Chem. Phys., 22,
266 (1954).
. B. Reichman, A. J. Bard, and D. Laser, This Jour-
nal, 127, 647 (1980).
. C. Ho, 1. D. Raistrick, and R. A. Huggins, ibid., 127,
343 (1980).
. M. Rivier, Ph.D. Dissertation, Stanford University,
Palo Alto, CA (1981).
. K. H. Cheng and M. S. Whittingham, Solid State
Ionics, 1, 151 (1980).
. L. D. Raistrick, A. J. Mark, and R. A. Huggins, ibid.,
5, 351 (1981),
13. A. J. Mark, L D. Raistrick, and R. A. Huggins, To
be published.
14, M. E. Straumanis and G. F. Doctor, J. Am. Chem.
Soc., 13, 3492 (1951),
15. V. I Spitsyn, T. I. Drobasheva, V. P, Zueva, and
S. I Uglich, Russ. J. Inorg. Chem., 23, 1807 (1978).
16. G. Hagg, Nature, 135, 834 (1935); Z. Phys. Chem.,
B29, 192 (1935).
17. B. W. Brown and E. Banks, J. Am. Chem. Soc., 76,
963 (1954).
18. C. ((ijgé);)in and F. Marion, Bull, Soc. Chim, Fr., 212
19. W. Weppner and R. A. Huggins, This Journal, 124,
1509 (1977).
20. W. F. Chu, H. Rickert, and W. Weppner, in “Fast
Ton Transport in Solids,” W. van Gool, Editor, p.
181, N . Holland/Elsevier, Amsterdam (1973).
21. P. J. Wiseman and P. G. Dickens J. Solid State
Chem., 17, 91 (1976).
22. R. Clarke, Phys. Rev. Lett., 39, 1550 (1977).
23. E. J. Flynn, Phys. Rev. B, 21, 1105 (1980).
24, H. Inaba and K. Naito, J. Solid State Chem., 15,
283 (1975).
25. W. Dieterich, Solid State Ionics, 5, 21 (1981).
26. M. Atoji and R. E. Rundle, J. Chem. Phys., 32,
627 (1960).

—
QD W 0 =9 o,

o
[ SR

Electrochemical Nucleation and Growth of Silicon in Molten Fluorides

K. L. Carleton,* J. M. Olson,* and A. Kibbler
Solar Energy Research Institute, Golden, Colorado 80401

ABSTRACT

The electrochemical nucleation and growth of silicon on vitreous carbon and graphite are characterized. The anodeisa
copper:silicon alloy and the electrolyte is a molten solution of KF:LiF:K,SiF, at 750°C. SEM examination of the initial stages
of electrodeposition shows that the nucleation process is instantaneous and is followed by three dimensional growth. Be-
cause the nucleation is instantaneous, the initial nucleation density and the grain size of the deposited silicon can be
controlled. Existing theoretical models for nucleation and their failure to model this system are also discussed.

The electrodeposition of metals from aqueous solu-
tions and molten salts has been studied extensively.
Particular interest in metal deposition on foreign
substrates has led to nucleation studies (1-6) and the
development of theoretical models to characterize the
different nucleation and growth mechanisms.

This work characterizes the nucleation of silicon on
carbon substrates in an electrochemical proeess for sili-
con purification. The silicon is electrorefined in a
molten salt system and simultaneously electrodeposited
on POCO® graphite substrates as thin sheets of poly-
crystalline material (7). One possible application of
this process is to use the as-grown material as the ac-
tive base in a photovoltaic cell. In this case, it is de-
sirable to optimize the grain size of the deposited mate-
rial through knowledge of the nucleation process. In
this paper, empirical studies are described which pro-
vide a qualitative understanding of nucleation and, as a
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result, enable one to control the grain size of the elec-
trodeposited material. Existing theoretical models for
nucleation and their failure to model this system are
also discussed.

Background

Nucleation and growth processes in electrodeposition
are characterized by three parameters (2, 3): the
growing radially), or three dimensional (hemispherical
time dependence of the nucleation process. There are
three fundamental growth modes: the growth can be
one dimensional (a planar surface growing normal to
itself), two dimensional (such as cylindrical nuclei
growing radially), or three dimensional (hemispherical
or spherical nuclei). Independent from the growth mode
is the limiting growth mechanism. This rate-determin-
ing step in the growth process can be either the interface
kinetics (such as adatom surface diffusion or incorpo-
ration), charge transfer kinetics, or the mass transfer
of metal ions to the electrode surface. Finally, there
are two broad categories for the time dependence of
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the nucleation process. If all the nuclei form at essen-
tially the same time, nucleation is termed “instanta-
neous.” If nucleation continues to occur over a period
of time, it is considered progressive.

The important parameter in optimizing grain size of
deposited material is the time dependence of the nu-
cleation. If nucleation is progressive, nuclei will con-
tinually form and grow, making grain size difficult to
control. However, if nucleation is instantaneous, grain
size is easily optimized. The number of nuclei which
form is a function of potential (2) and with constant
current growth conditions, this potential is related to
the current density. Because no nuclei form after the
initial nucleation process in instantaneous nucleation,
the initial current density contfols the average nuclea-
tion density. The density of nuclei determines how
soon the nuclei coalesce and therefore determines the
ultimate grain size (4).

The growth mode and time dependence of the nu-
cleation process are most easily determined from ob-
servations of the initial shape and size of the hetero-
geneous deposit. The size of each nucleus is propor-
tional to the time since its formation. Therefore, if
the nuclei are of random size, nucleation is progressive,
whereas if the nuclei are of equivalent size, nucleation
is instantaneous (2, 8).

Another method for determining the time depen-
dence of nucleation is to compare the results of poten-
tial step experiments with theoretical models. Experi-
mentally, a potential step is applied to a bare electrode
and a current-time response is measured. In processes
other than deposition, the current decreases with time.
However, for electrodeposition, once nucleation has
occurred, the current usually increases due to an in-
creasing surface area and a change from planar to
two- or three-dimensional diffusion. This rising cur-
rent can be modeled as a function of time and as such
can be used to determine the nature of the nucleation
process.

Models have been developed for systems involving
different combinations of the characteristic parameters
for nucleation and growth processes. Earlier models
resulted in simple current-time relations of the form

I = Kin [1]

where K is a product of physical parameters (e.g.,
nucleation density N, molecular weight of the de-
posited metal M, etc.) and n is generally some half
integral number which is characteristic, but not
unique, to the properties of the nucleation and growth
process. For example, for the instantaneous nucleation
and kinetics limited growth of three-dimensional nu-
clei, n = 2 (9).

These earlier models assume that only one process is
rate controlling and that no overlap of nuclei occurs.
More recent models (6) take into account the effects
of overlap and ingestion of nucleation sites resulting in
more complicated current-time relations. Alterna-
tively, more than one mechanism may be rate control-
ling, such as the case of both kinetics and mass frans-
fer control. In the following the potential step, current-
time response for a mixed control, and instantaneous
nucleation process are derived by equating the currents
due to mass flux (10)

I = nFAKC exp (H2t) erfc (Ht%) [2]

and the current due to mass accumulation for hemi-
spherical nuclei

or
I = (2nnFr2p/M) -a—t— [3]

where H = k/D%, k is the reaction rate constant, D
and C are the diffusion coefficient and the concentra-
tion of the electrodepositing species, M and p are the
molecular weight and- density of the depositing metal,
and the other terms have their usual meaning.
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Integration of Eq. [3] yields an equaticn for 7, the
radius of the nucleus, as a function of time

r = (kCM/p) [exp (H2t) erfc (Ht%)H-2
4 2t%H-1g—%] [4]
which can then be substituted back into I to give
I = (2anFk3C3ANM2p=2) {a3H 4
+ 4t%a?H—3g— % + 4taH2x—1} [5]

where a« = exp (H2t) erfc (Ht%). This equation, along
with those of the form of Eq. [1], is used to analyze
potential step transients for this system.

Experimental

A vitreous carbon crucible containing the anode
(silicon source) and the molten salt electrolyte is situ-
ated in a resistively heated furnace at 750°C (see Fig.
1). The anode is solidified in situ from a hypereu-
tectic solution of semiconductor grade silicon [16
weight percent (w/0)] and copper (99.999%). The
electrolyte is a mixture of KF:LiF:KsSiFg [46 mol
percent (m/0):46 m/0:8 m/o] where the K;ySiFg is
formed by reacting SiF, with excess KF. The LiF and
KF are Suprapur® grade.

The KF and LiF are dried in situ at pressures less
than 10—5 Torr by slowly heating from 100°-300°C.
This drying procedure eftectively prevents the forma-
tion of hydrolysis products that have a detrimental
effect on the morphology-of the silicon electrodeposit.
The molten salt is further purified by a pre-electrolysis
step. A potential of 2V is applied to a graphite
electrode (relative to the crucible) until the current
is less than 1 mA/cm?2.

The silicon reference electrode is formed in situ by
depositing silicon on a 3 mm vitreous carbon rod. This
electrode is stable for 2-3 days. Alternatively, an oxide-
free, single crystal silicon wafer may be used as a ref-
erence electrode. The working electrode is the rounded
end of a 3 mm rod of either graphite or vitreous car-
bon with a geometric area of 0.3-0.4 cm?2.

The chronoamperometric data are recorded with a
Nicolet digital storage oscilloscope. For curve fitting
the oscilloscope is interfaced with a Hewlett Packard
9825 computer.

Results and Discussion

Figure 2 shows a scanning electron micrograph of
silicon nuclei grown on vitreous carbon. The size and
shape of the nuclei determine the time dependence of
nucleation and growth mode for the system. The nu-
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Fig. 1. Electrochemical cell for silicon deposition
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Fig. 2. Scanning electron micrograph of silicon nuclei electroae-
posited at 15 mA/cm2. Deposition was 10 C of material on 1.5 cm2
vitreous carbon. Imperfections in the vitreous carbon surface alse
appear.

clei are hemispherical, indicating that the growth is
three dimensional. The nuclei are also all of equal
size. They must have formed at essentially the same
time, implying that the nucleation process is instan-
taneous. This means the grain size of the deposited
silicon can be controlled by the initial current density.

The importance of the initial current density in con-
trolling the grain size is illustrated in Fig. 3. These
SEM micrographs show two as-grown silicon surfaces.
Although both were grown at the same final current
density, the initial current-time profiles were differ-
ent, The current for the deposit in Fig. 3a was stepped
directly from zero to the final growth current density
of 70 mA/cm2. As a result, nucleation occurred at a
high current density, the nucleation density was large,
and the grain size was small. The current for the de-
posit in Fig. 3b was stepped from zero to an inter-
mediate current density of 40 mA/cm2 and then
ramped up to the final current density of 70 mA/cm2.
In this case, a lower nucleation density was established
by a lower current density, and the resulting grain size
was larger. This means that, by controlling the initial
current-time profile, the grain size of the material can
be controlled independently of the final growth con-
ditions. One problem can arise if the initial current
density is too low. In this case, there are areas where
the nuclei do not coalesce, leaving voids in the mate-
rial. Therefore, there is a compromise between maxi-
mizing the grain size and ensuring complete surface
coverage. ,

Having established that nucleation is instantaneous
and that the grain size can be controlled, potential step
experiments were done to try to apply nucleation
theory in this system. A series of potential-step, cur-
rent-response curves are shown in Fig, 4. [Note that
the process occurs on a time scale of msee, not sec, as
is often encountered (1-3).] The curves can be broken
down into several characteristic regions. Initially the
current is large as a result of double layer charging
and decays exponentially. In the ideal case, this
should be followed by a nucleation current which in-
creases with time. However, in this system, the onset
of nucleation is swamped by a large prenucleation
current which decays slowly in a diffusion limited t—%
manner. In order to incorporate this large prenuclea-
tion current into the theoretical models, linear sweep
cyclic voltammograms were examined to determine its
cause.

The cyclic voltammogram, shown in Fig. 5, has sev-
eral key features (11). The inflection point at approxi-
mately 0V is the reversible potential for silicon reduc-
tion relative to the silicon reference electrode. The
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Fig. 3. Scanning electron micrographs of as-grown sificon de-
posits. Growth conditions: (a, top) current stepped to 70 mA/cm?,
(b, bottom} current stepped to 40 mA/cm2 and then ramped to 70
mA/cm?, Total coulombs in each case is approximately 300 C/cm?,
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Fig. 4. Cathodic current transients for silicon electrodeposition
on 0.3 cm? vitreous carbon. Steps are from 1V to the final
cathodic step potentials shown.

onset of silicon deposition is slightly offset from this
reversible potential by the nucleation threshold, in-
dicating nucleation is the initial rate-limiting step in
deposition. The cathodic excursion is due ‘to silicon
deposition. The surface increase loop implies that the
area of the growth surface is increasing. The increasing
surface area results in a larger current on the reverse
scan than on the forward (cathodic) scan, and may be
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Fig. 5. Expanded cyclic voltammogram for silicon deposition on
graphite vs. Si reference electrode with KF:LiF:K2SiFg electrolyte,
T = 724°C, scan rate — 50 mV/sec, and area = 0.4 ¢cm2. The
cathodic limit, in this case, —50 mVY, along with the scan rate
determines the quantity of silicon deposited on the carbon elec-
trode, which in turn is proportional to the height of the stripping
peak anodic of the reversible potential. The anodic limit is +0.7V.

due to either two-dimensional or three-dimensional
growth, Anodic to the reversible potential, there is a
small cathodic current which was correlated with the
prenucleation current. There are several possible ex-
planations for this current. For example, the cathodic
current is associated with the underpotential deposi-
tion (UPD) of silicon on graphite. UPD is the adsorp-
tion of a monolayer of metal atoms onto a foreign sub-
strate at potentials anodic of the reversible potential.
" There are two theoretical criteria to determine if UPD
should occur. One involves the difference in lattice pa-
rameters of the substrate and depositing species. For
differences in unit cell dimensions greater than 1.54, it
has been shown that monolayer formation, and there-
fore UPD, does not occur (12). However, conclusions
made by comparing unit cell dimensions for silicon on
polycrystalline graphite are guestionable since graphite
is anisotropic. Other work has related UPD to differ-
ences in work function (13). The UPD shift is shown
to be half the difference in work functions of the
substrate and depositing species. Work function data
for silicon and carbon are inconclusive due to the
wide spread in reported results (14). If the mean
values are used, UPD should occur at approximately
0.2V anodic of the reversible potential, which is ap-
proximately what is observed in cyclic voltammo-
grams. However, the presence or absence of UPD is in-
conclusive at this time.

Another possibility for the prenucleation current is
the reduction of impurities. In similar experiments in
which silicon is purposely excluded from the system,
i.e., with KF, LiF, and Cu only, a large current results
in response to a potential step. This current may be
due to a change in oxidation state of a species such as
copper, or it may be due to the presence of oxides since
there is some correlation between this prenucleation
current and the height of an oxidation peak at 2.0V,
These processes are likely to occur with silicon also
present in the system.

Because the causes of the prenucleation current
could not be conclusively determined, two methods
were used to treat the step response data. In one
method the prenucleation current was assumed to drop
to zero once nucleation occurred and the data were
treated in a straightforward manner. In the other
method, the prenucleation current was extravolated
and then subtracted from the total current. This re-~
sidual current was treated as the nucleation and
growth current. In neither method did the current fit
any of the simple models (Eq. [1]).

It is surprising that this system does not follow 2
simple diffusion-controlled model. Most molten salt

0 10 20 30 40 50
t (msec)

Fig. 6. Current time transients for {a) vitreous carbon ond (b)
graphite. Geometric areas are 0.3 cm2 and potential steps are
+1VY to —100 mV,

systems are diffusion controlled since at elevated tem-
peratures, the temperature activated processes (such
as charge transfer) are rapid (2). However, in this
system, a diffusion-limited current has not been ob-
served in cyclic voltammetry (within the limits of the
apparatus). This suggests the mixed control model Eq.
[5] might better describe the system; however, it did
not. Using a model which accounts for nuclei overlap,
again assuming mixed control (6), also failed to fit
the data with meaningful parameters. This suggests
there are several processes occurring simultaneously in
this system which cannot be understood or decon-
voluted by existing theories.

To explore the effects of the substrate material on
the nucleation process, potential step experiments were
done on graphite and vitreous carbon. Though both
materials are made of carbon, they have different
properties, as seen by comparing incubation times for
silicon nucleation (Fig. 6). The incubation times on
graphite were an order of magnitude larger than those
on vitreous carbon. One possible reason is that vitreous
carbon has a greater number of highly active sites for
nucleation. At the same initial current density, grain
sizes will be smaller on vitreous carbon than on graph-
ite due to its lower resistance to nucleation. Other
possible explanations can be formulated, but no sup-
porting data or observations exist.

Conclusions

We have shown that the electrochemical nucleation
of silicon on vitreous carbon or graphite in a molten
fluoride is instantaneous and is followed by three-di-
mensional growth. Though the growth process cannot
be completely characterized theoretically, the fact that
nucleation is instantaneous enables the grain size of the
as-grown silicon to be controlled, and its growth pa-
rameters and polycrystalline structure o be optimized.
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Galvanostatic Pulse Plating of Copper and Copper (1) Halides from
Acid Copper (lI) Halide Solutions

C. W. Yeow and D. B. Hibbert*
Department of Chemistry, Bedford College, University of London, Egham Hill, Egham, Surrey, England

ABSTRACT

CuX (X = Cl or Br) is formed during the galvanostatic pulse plating of copper from acid solutions containing Cu?* and
X~. The reaction Cu** + Cu® + 2X~ — 2CuX occurs in the relaxation period of the pulse. Copper (I) chloride anodes for re-
serve seawater batteries may be made by this method. CuBris oriented in the {220} plane when deposited on copper foil with
the {200} plane uppermost. CuCl tends to dissolve in solutions containing Cl- to give soluble copper (I) halides. Corrosion
rates at pure copper were determined from the pulse-plating experiments.

Studies (1-3) of copper plating from acid baths by
a variety of pulse methods have been made to im-
prove efficiency and plate quality, especially in cathode
geometries having small holes or pores (1). Different
additives may also improve plate quality by com-
plexing with ions in solution or by adsorption at the
plating surface. This investigation was instituted to
observe the effect of additives on pulse plating. Cop-
per halides were chosen as model systems because of
the availability of data and the body of previous work.

The corrosion of copper in solutions of copper (II)
chloride has been studied by Hurlen (4, 5) who showed
that layers of copper @) chloride are formed which
subsequently dissolve giving soluble species such as
CuCl;—. The rate of copper(I) chloride formation is
slow after an initial monolayer because of the need for
solid-state movement of chloride ions to the underly-
ing bulk copper. Numerous workers (4, 6-8) have
studied the anodic behavior of copper in halide media.
Copper dissolves to CuCly—, CuCls2—, and CuCl3- via
films of CuCl.

Copper (I) chloride is used as an anode for reserve
seawater batteries (9), which may be fabricated
by mixing copper (I) chloride with an organic binder
and graphite, or by dipping copper plates into molten
copper (I) chloride (9). A method of manufacture by
direct reaction at-a copper electrode, as described in
this paper, may provide electrodes which are more
conducting, have a known discharge capacity, and ulti-
mately be more economical.

Experimental

Materials
All materials were of Analar grade and used with-
out further purification. Electrodes were 2 X 2 cm
copper foil (BDH 99.999%) or 2 x 2 cm platinum foil

* Electrochemical Society Active Member.
Key words: pulse plating, battery anodes, corrosion.

(Johnson Matthey 99.99%) on which a thin layer of
copper was plated from acid copper sulfate solution.

Methods

Corrosion of copper in solutions containing halide
ions.—A clean copper foil was suspended from a bal-
ance (CI Electronics Microforce II) in a solution con-
taining 1 mol dm—3% HsSO4, 0.34 mol dm—3 CuSOy, and
0.1 or 0.34 mol dm~—3 KCl or KBr. The solution was
thermostated to 25°C (%0.5°C). During the experi-
ment, the level of the solution was adjusted relative
to the electrode to correct for the buoyancy of the
electrode. The increase in weight of the foil was mea-
sured (=0.01 mg) with time. Similar experiments were
attempted with solutions containing fluoride and iodide
ions.

Pulse plating—Copper was galvanostatically (300
mA) pulse plated from a series of electrolytes con-
taining 1 mol dm—3% HSOy4 0.1 to 0.3¢ mol dm~™3
CuS0O4 and 0.05 to 0.34 mol dm—3 KCI or KBr. A
single compartment cell was used with a copper or
platinum foil anode. The potential of the working elec-
trode was monitored by an oscilloscope against a
saturated calomel reference electrode connected with
the Luggin capillary by a salt bridge. The cell was
continuously purged with nitrogen during all experi-
ments, and thermostated to 25°C (x=0.5°C). A train of
square wave pulses was produced by a Chemical Elec-
tronics pulse generator (CE RB1) and the current
controlled by a potentiostat (Thompson Associates

'125) working in a galvanostatic mode. The range of

pulse periods was 0.5-10 msec, and relaxation times of
10-1000 msec. For analysis of the deposited layer,
plated platinum electrodes were used.

Analysis of plated layers.—Plated electrodes were
washed with distilled water and dried in a nitrogen
atmosphere to constant weight. For copper-plated



