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The formation of thin anodic films of CdS is studied in 1 mol dm™ NaHCO; + 0.1mol dm™ Na, S
solutions under galvanostatic and potentiodynamic conditions, Under both experimental conditions,
films up to about 50 A are formed according to the high field model of growth. In this thickness range
an insufficient space charge is developed to noticeably affect the kinetics. From galvanostatic experi-
ments at different temperatures, the activation energy was determined to be 10.6 kcal mole™. The
surface density, V, of the species participating in the rate determining step is unusually low, about

5 x 10°cm™, So low a value for N precludes a process at the Cd/CdS interface as the rate determining
step. The significance of various parameters in the observed rate equation are compared with and
discussed in relation to the respective parameters in the rate equations developed for the high field

model of growth.

1. Introduction

Electrochemical formation of thin photocon-
ductor films has received increasing attention in
the last few years. This was triggered by the
demonstration of Miller and Heller [1] showing
that polycrystalline CdS films formed anodically
on a cadmium surface in 1 N NaOH in the presence
of Na, S can replace single crystal CdS and can,
under photoexcitation, drive a sulphide—
polysulphide liquid junction solar cell. In another
demonstration, Hodes et al. [2] showed that
cathodically codeposited Cd and Se on a conduc-
ting substrate might offer, after subsequent
thermal treatment, a viable alternative for photo-
conductor formation and could be used in a liquid
junction solar cell.

Among possible candidates for the electro-
chemically formed photoconductors to be used in
solar cells is thin film CdS grown anodically on
Cd substrates although its band gap (2.4 eV)is
rather high. Efficiencies of liquid junction cells
using electrochemically formed CdS are substan-
tially lower than the efficiencies of the cells with
single crystal CdS under comparable conditions
[3, 4]. The low efficiencies were attributed to the
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high density of the recombination centres either
at the surfaces of or within the crystallites [3].
Miller et al. [4] and Peter [5] studied in
detail the formation of the CdS films and pro-
cesses that occur at the Cd/solution and CdS/
solution interfaces. The formation of CdS resembles
the anodic passivation of metals and growth of
oxide or hydroxide barrier layers. Following the
initial adsorption and buildup of a passivating
layer of monomolecular dimensions, a film about
50 A thick grows in the potential region from
about — 1.2V to about + 0.1V versus SCE (in
0.1 moldm™ Na,S + 1.0mol dm™ NaHCO,
solutions) by processes that are sensitive to the
potential difference across the film, or the inner
Helmholtz layer, and the thickness of the film
itself. Films appear to be compact and uniformly
thick. As these films grow to a thickness of about
50 A and the electrode exceeds a critical potential,
i.e. in constant current or potential sweep exper-
iments, the kinetics abruptly change [4, 5]. Growth
then proceeds more rapidly and the film thickens
to 5000 A, or more, presumably by a diffusion
controlled process [5]. These thick films are
apparently less compact [5]. It is not clear why
the growth kinetics and mechanism change abruptly
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at about 50 A and films of apparently inferior
quality grow.

Kinetics and mechanism of growth when the
films thicken from monomolecular dimensions to
about 50 A have recently been studied in some
detail [4, 5]. Growth at a constant current appears
to be well accounted for in terms of the Cabrera—
Mott model of the high field assisted formation of
insulating films. Significantly, however, according
to Peter [5], the growth kinetics at an applied con-
stant potential are described, not by the inverse
logarithmic law as would be required by the

. Cabrera-Mott model, but rather by the so-called
direct logarithmic law according to which charge
density at a constant potential imposed across the
electrode increases with the logarithm of time.
Peter [5] attempted to reconcile this difference in
terms of the Cabrera-Mott model and the inverse
logarithmic law but modified for the change in the
potential difference across the inner Helmholtz
layer, and hence across the oxide film itself. This
attempt, however, did not meet with any success.
In the growth of oxide films at Pt electrodes, an
equivalent modification brought the galvanostatic
and potentiostatic data into full agreement and
proved that the same mechanism controlled the
growth under both experimental conditions {6, 7].
It would, therefore, appear that different mech-
anisms may indeed control the formation of the
CdS films under galvanostatic and potentiostatic
modes of growth.

In this paper, we examine the kinetics of the
initial stages of growth of CdS under potentio-
dynamic conditions at various sweep rates at room
temperature as well as under galvanostatic con-
ditions at different temperatures. It was hoped
that these experiments would further the knowl-
edge of the kinetics of CdS growth and shed
additional light on the mechanisms of growth and
possible changes in the mechanisms with experi-
mental conditions.

2. Experimental procedures

Experiments were conducted in an all glass two-
compartment cell, The reference electrode com-
partment was separated from the main working/
counter electrode compartment by a stopcock and
Luggin capillary. The reference electrode was a
saturated calomel electrode. Unless otherwise

indicated, potentials are referred to this electrode.
A cadmium rod with a stated purity of 99.999%
was tightly fitted into a Teflon tube so that only
the disc surface served as the electrode. A plati-
num coil was used as the counter electrode. The
main and reference electrode compartment of the
cell were jacketed so that the solutions in both
compartments could be maintained at a given
temperature by thermostated water circulating
through the jacket.

A potentiostat (PAR 173) and function
generator (PAR 175) were used for galvanostatic
and potentiodynamic experiments. Data were
recorded on an X/t-Y recorder (Hewlett Packard
7004B) for slow potential scans or low applied
currents. For fast changes of potentials a storage
oscilloscope was used {Tektronix 7623 A).

For each experiment, the electrode was first
mechanically polished with alumina paste (1 to
0.3 um) then chemically polished for 20sin a
mixture of glacial acetic acid and hydrogen per-
oxide to give a bright mirror finish. The surface
roughness factor (RF) of electrodes prepared this
way was found by Breitner and Vedder [8] to be
about 1.2-1.3. Working solutions (1.0 mol dm™
NaHCO; + 0.1mol dm™ Na,S) were prepared
from reagent grade NaHCO; and Na,S and con-
ductivity water.

3. Results
3.1. Potentiodynamic experiments

In preliminary experiments a linear potential scan
from — 1.5 to + 2.0 V was applied to freshly
polished electrodes in a 1.0 mol dm™ NaHCO,
solution with and without the addition of

0.1mol dm™ Na,S. Voltamograms for these two
cases are shown in Fig. 1. In NaHCO; solutions
without Na, S (pH = 8.2), a large anodic peak,
presumably due to the formation of Cd(OH), and
rapid corrosion, appears at about —0.7V. In
NaHCOj; solutions with Na, S (pH = 9), a much
smaller anodic peak appears at about — 1.2V
while the peak previously observed at — 0.7 V is
entirely suppressed. According to Miller et al. [4]
and Peter [5], who also observed a peak at about
— 1.2V, the current under this peak represents the
discharge of hydrosulphide ions which are then
used in the formation of CdS. Integration of the
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Fig. 1. Cyclic voltamograms of a Cd electrode
in 1.0 moldm™2 NaHCO, + 0.1moldm ™ Na,S
(solid line, pH 9.0), and in 1.0 mol dm™3
NaHCO, solution (dashed line, pH 8.2). Elec-
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charge under the peak, about 200 uCcm™2, indi-
cated that a monolayer of CdS was formed.

A characteristic feature of the voltamogram in
the presence of Na, S is a current plateau following
the peak at — 1.2 V. The plateau region extends
for over 1.0 V. A large increase in anodic current
was observed at potentials beyond + 0.1 V. It
corresponds to an extended growth of CdS films
[4, 5]. When a prereduced electrode is placed into
the solution, a small cathodic current is first
observed at potentials between —1.5and — 1.2V,
This current decays to zero in 1-2 min. In open
circuit, a rest potential close to — 1.1V is estab-
lished in about 1-2 min. If the potential scan is
applied from the rest potential, no peak is
observed (of course!) and the plateau region
becomes fairly well defined (Fig. 2). In a series of
experiments, always with freshly polished elec-
trodes, potential sweeps with different scan rates,
S, are applied to the electrodes from the rest
potential. As expected, the plateau current
density, i, increases with S, as shown in Fig. 3.

A nearly linear relationship is observed between
log i; and log S with a slope close to 1. However, it
appears that i increases less rapidly with S than
required for the linear dependence of i, on S. A
similar deviation from linearity was observed in
the studies of anodic growth of Pt(OH), and
Ni(OH), films [9, 10]. It was suggested that a plot
of S/i against log S was a more sensitive test for
linearity [11]. Such a plot clearly shows that S/i

trode area is 1.27 cm?* and scan rate 100 mVs™.

for the growth of CdS films is not constant but
increases with log S;i.e. i is not linearly propor-
tional to § (Fig. 4). Of course, whether i is, or is
not, linearly proportional to S depends on the
mechanism of the formation of CdS in the plateau
region as discussed below.

3.2. Galvanostatic experiments

In a series of experiments, a constant current was
applied to freshly polished Cd electrodes after

the electrode had assumed its rest potential in open
circuit. A steep, nonlinear rise of potential was
observed immediately after the application of a
constant anodic current. This initial region of

20—
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Fig. 2. Cyclic voltamograms of a Cd electrode in

1.0 moldm ™ NaHCO, + 0.1 moldm™* Na,$ solution.
Scan rate, S, is 100 m Vs™!. Potential scan started at rest
potential — 1.1V,
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growth was followed by a region in which the
potential increased fairly linearly with time.
Eventually, at still longer times, the potential con-
tinued to increase with time but now much more
slowly and in a nonlinear fashion (cf. Fig. 5). In
Fig. 5, charging curves are shown for 7.9 x 1074,
79 %107 and 7.9 x 10" Acm™? in argon satu-
rated solutions. The time axis is scaled to represent
charge density. Evidently, dV/dq slopes in the
linear potential region increase with the applied
current density. These slopes are plotted in Fig. 6
against the logarithm of the applied constant
current densities for all current densities used in
this study. It is evident from Fig,. 6 that 8V /dq
changes linearly with log i. The linearity extends
for at least four decades of current density.

Fig. 3. Variation of plateau current
density with potential scan rate. Current
densities are not corrected for roughness
of the electrode surface. Line drawn

1 through the lower point indicates slope
of 1.

In experiments at different temperatures, similar
V-q traces are obtained. However, both the slopes
of the linear Vg traces at a given current density
and the change of slopes with current density are
affected by temperature. This is shown in Fig. 7
with the 0V /dq versus log i dependences at three
temperatures.

4. Analysis of the results and discussion

4.1. Potentiodynamic data

As shown in a study of growth of anodic films at
Pt electrodes [11], if a unique relationship exists

between current density for film growth, potential
and charge density — or the average thickness of
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Fig. 5. Galvanostatic charging curves at
— various current densities. Charge density
is 3.94 X 107*C cm ™2 per division. Data
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the growing film — i.e. if f(V, i, ¢) =0, then in

the plateau region of the voltamograms the follow-
ing relation holds irrespective of the mechanism by
which the film grows

are not corrected for roughness of the
electrode surface.

~

From Fig. 4, it is evident that S/i; # constant and,
therefore, 3V/dq in the plateau region is not
independent of S or i. dV/dq increases with § and
hence with ;. The dependence of S/i; on i is

S Y4 shown in Fig. 8. If S/i; increases linearly with
T @ A 1) log i, as the potentiodynamic data in Fig. 8 indi-
s s
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Fig. 6. Slopes of galvanostatic charging curves at various constant current densities. Data are not corrected for rough-

ness of the electrode surface.
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cate for at least two decades of current density,
then the relationship

14 S i
aq—[_]—alogl_o+b )
provides the link between ¥V, g and i. With

i® = 1 Acm™?, the units of current density are
fixed. Constants @ and b, corrected for the rough-
ness of the electrode surface (with RF = 1.2),
are then equal to 170 and 1300V C™! cm®. This
dependence suggests that the known equation for
the high field assisted growth

S

0° C (X), 22° C (=) and 46° C (o). Data
are not corrected for the roughness of
electrode surface.

may satisfy the observed potentiodynamic data. If
it does, then by comparing Equations 2 and 3,

¢ =2341=0014V'Cem™ and

io=1% exp (—2.3b/a) = 1.8 x 107 Acm™. Even
if the data in Fig. 8 satisfy the relationship given
by Equation 2, a final check of the validity of
Equation 3, though possible, would be tedious and
prone to various uncertainties and errors [9, 10].
For this reason, potentiodynamic data are not
analysed further here, but they will be compared
below with the galvanostatic data.

4.2. Galvanostatic data

!
. . a AV
i =i exp( ) R .
q Kinetic data at galvanostatic conditions rep-
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Fig. 8. Ratio of scan rate to
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resented by Figs. 5 and 6 lead to the following
empirical rate equation

Y-
n(g + qo)

Here, g, and ¥, are coordinates of the intercept
of the extrapolated V—q traces at different current
densities (cf. Fig. 5). Experimentally, g, and ¥,
determined from data like those in Fig. 5, are
equal to 650uC cm™ and — 1.14 V. Parameter #,
given by 8%V/dqdln i, can be obtained from the
slopes of the linear 8¥/9q versus log i lines in

Fig. 6. It is equal to 85V C™!¢cm? The exchange
current density, iy, is related to # and the value of
9V /dq extrapolated toi =1 Acm 2 by

oy _
0q )=y

With (3V/3¢);=; = 1450V C™ cm?,
ip=3.7 x 1078 Acm™ Data are corrected here for
the roughness of the electrode surface.

A comparison of the potentiodynamic data of
Fig. 6 with the galvanostatic data of Fig. 8 clearly
shows that the same dependence exists between
S/i, versus log 7 and 8V/3q versus log i. This
suggests that the same mechanism controls the
growth under both galvanostatic and potentio-
dynamic conditions. Differences between the
respective slopes in Figs. 6 and 8, i.e. between &’ in
Equation 3 and 1/n in Equation 4, as well as
between 7, values obtained for these two modes
of growth are ascribed to experimental errors par-
ticularly in the potentiodynamic experiments.
Note, for instance, that the linear S/i; versus log/
relationship in the potentiodynamic experiments
extends only for about 2.5 decades of ig and the
data points are somewhat scattered. In contrast,
the 9 7/dq versus log i relationship in the galvano-
static experiments extends for four decades with
less scattering of the data points. Note also that
the parameters V; and g, are readily obtained
from the galvanostatic experiments. These par-
ameters cannot be readily obtained from potentio-
dynamic experiments. Because the same mech-
anism controls the growth under both the galvano-
static and potentiodynamic conditions, only data
from the galvanostatic experiments are used in the
following analysis of the mechanism of growth.

In the simplest terms, g, represents the thick-
ness of the film expressed as charge density,

: )

i = io exXp

®)

—n ln io.

which is already present at the electrode surface
at the time a constant current is applied to the
electrode [7]. V, is the potential with respect to a
reference electrode at which the film would begin
to grow according to Equation 5 if the same law
were to hold from the very early stages of film
formation. V-V, is then the potential difference
across the film, and (V=V,)/(g + q,) represents
the field within the film, Equation 4, therefore,
describes the high field assisted growth of an
insulating film. It should be pointed out that
Equation 4 is obtained solely from experimental
data without assuming any mode! of growth or
charge distribution at the metal/anodic film/
solution interface. All parameters in the equation
are determined from the experimental data.

In order to assess more fully the physical
significance of various parameters in the experi-
mental rate equation, V,, qo, n and i, it is advan-
tageous to compare them with theoretical pre-
dictions. Following Cabrera and Mott [12], the
rate equation for high field growth in its simplest
form and without the effect of a space charge can
be written in the form [6, 12]

— AG* ZeNAV ¢
Nvze exp RT exp W

i e p ((IA Vof)
lg X .
d

Here, d is the thickness of the film, AV is the
potential difference across the film, ze is the
charge of the ions migrating in the field AV,¢/d,
and M is the half jump distance. N is the density of
the ions in the surface facing the rate determining
reaction plane, and AG* is the activation energy at
zero field for the rate determining process. » and &
are the vibrational frequency of the migrating ions
and the Boltzmann constant, respectively.

From a comparison of Equations 4 and 6, it
follows that 1/n is equal to ze\/(7kT'). Factor r
converts charge density into thickness. With the
known density of hexagonal CdS, 7 is calculated
to be 1.55 x 10*A C™' cm? Taking z as 2 for
Cd** jons as the migrating species, A determined
from 7 is equal to 2.3 A. Although this is on the
high side, it is close to the value expected for the
half jump distance. Any other value for z is either
unlikely or would lead to a less reasonable half
jump distance. A similar value for \ was reported

-
H
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by Peter [5]. (For the present calculation of A,
RF = 1.2 was taken into account. Larger values
for RF would lead to smaller values of A, e.g.
RF = 1.6 would give A = 1.75A.)

The observed value for A provides strong
support for the Cabrera-Mott model of growth. It
does not, however, give any indication where the
rate determining step is located. This information
may be obtained by an analysis of N in i, [6, 13].
However, before determining V, the following
comments on the physical significance of d, q,,
AV, and ¥V, are called for. The significance of
these parameters depends on the assumption made
regarding the structure of the entire metal/anodic
film/solution interface. Equation 6, strictly
speaking, is valid for a simple structure with a
single Helmholtz layer. The excess of positive
charge in the metal is then counterbalanced by
an excess of negative charge in the outermost
surface of the anodic film (as surface charge) and
the Helmholtz plane. For this model, AV is the
potential difference across the anodic film, 4 is
the thickness of the film, and AV_/d is the field
within the film. In particular, V, represents the
potential across the solution double layer. As
observed, it is a constant independent of current
density. Parameter ¢, then has the significance
given above. If, however, a more realistic model of
the structure of the double layer is considered
with the inner and outer Helmholtz layers and
with the positive charge counterbalanced by an
excess of negative charge in the inner and outer
Helmholtz planes, but not in the outermost
surface of the growing film, then the following
rate equation can be derived (cf. Peter [5]):

o — AG* zeMPm — P1)
i = Nvze exp( RT )exp (kT(d + 6€f/ei)).
(72)

Here, 5 is the thickness of the inner Helmholtz
layer, ¢, is the potential at the metal, ¢; is the
potential at the inner Helmholtz plane, €; is the
dielectric constant of the anodic film, and ¢; is the
dielectric constant of the inner Helmholtz layer. In
the derivation of this equation, use was made of
the known relationship between fields in two
phases in contact. This relationship leads to

AVof — Om — Ps — Om — &
d d d+ Begle;

@®

which, with Equation 6, gives Equation 7a. ¢y is
the potential at the outermost surface of the
anodic film. Equation 8, and hence Equation 7a,
are valid only if there is no excess charge at the
outermost surface of the growing film. Since

Om — Oy = V — Vg, when V and ¥, are the poten-
tial of the electrode and the inner Helmholtz plane
with respect to the same reference electrode,
Equation 7a can be written in the form

a(V — Vo))

i =i exp( (7b)

d+d,

Here, d,, stands for §¢;/¢;. Parameter d, intro-
duced with this treatment with two double layers,
can be called the corrected thickness of the inner
Helmbholtz layer and is of atomic dimensions.
Though (V — V,)/(d + d,) still gives the field
within the growing film, V' — Vy # Vy;. Vy isnow a
measure of the potential difference across the
outer Helmholtz layer, and not across the entire
solution double layer which was the case for the
simple model. This equation can be compared with
the previous equation for the simple model of the
structure of the double layer, Equation 6, and the
observed rate Equation 4.

The observed rate equation, on first inspection,
would appear to be compatible with Equation 7b
and the second model rather than with Equation 6
and the simple model with a single double layer.
Parameter g, would then represent the corrected
thickness of the inner Helmholtz layer (dy = rq,).
If s0, it should be independent of electrode pre-
treatment and experimental conditions. The
growth of sulphide films at Cd anodes resembles
the growth of anodic oxide films at Pt and Ni
electrodes. At Pt electrodes, g, was identified as
the charge equivalent to the adsorbed oxygen prior
to the application of a constant current and used
for the formation of the oxide film in the early
stages of growth. This charge varied with experi-
mental procedure [7]. If a constant current was
applied from the rest potential in N, saturated
solutions, g, was smaller than when the solution
was saturated with O,. At Ni electrodes, g, for
a particular experimental procedure used was
equivalent to a thickness of 10-15 A, far in excess
of a reasonable value for the corrected thickness
of the inner double layer [10]. In this case also,
qo was defined as the charge density equivalent to
the thickness of the oxide film already at the elec-
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trode at the time a constant current was applied.
Similarly, g, for the CdS formation gives a thick-
ness of about 8 A. Again, this value does not seem
reasonable for the corrected thickness of the inner
double layer. From the capacitance data, Peter [5]
estimates that the corrected thickness is only
about 2.4 A. Though these examples show that

qo in the observed rate equations represents the
thickness of the anodic films prior to the appli-
cation of a constant current, and is already
included in d in Equations 6, 7a and 7b, the
possibility that g, contains a contribution from
the corrected thickness of the inner Helmholtz
layer should not be overlooked. This contribution,
if it exists, is small compared to the initial thick-
ness, and cannot be distinguished from it with
present galvanostatic experiments. Consequently,
no distinction between the two models of the
structure of the solution double layer and charge
distribution can be made by analysing g,. To
distinguish between the models for charge distri-
bution at the metal/anodic film/solution interface,
other evidence is required. This will be discussed
in a subsequent paper.

4.3. Exchange current density

From Equations 4 and 6, the exchange current
density, iy, is given by

— AG*
ip = Nvze exp( RT ) ©)

An analysis of AG™ and MV can provide infor-

mation regarding the rate determining step in film
formation, With the data from different tempera-
tures (Fig. 7), the activation energy, AG*, can be
evaluated from the slope of log i, versus 1/T'
(Fig. 9). It is 10.6 kcal mole™. This value is low
compared to activation energies in the processes of
high field assisted growth of anodic oxide or
hydroxide films. For the growth of Pt(OH),, for
instance, AG * was reported to be 25 kcal mole ™!
in acid [14] and 18.5 kcal mole™ in alkaline [13]
solutions, and for the growth of Ni(OH), in
alkaline solution, 21kcal mole™* [10]. The signifi-
cance of the low activation energy in CdS for-
mation is not clear.

With z = 2 and taking v = 10'%s7!, parameter
N can now be calculated from AG* and i,. It is
about 5 x 10°cm™?. This again is an unusually low
value compared to NV values found for the growth
of anodic oxide films. For instance, at Pt, ;V was
found to be 10" cm™ in acid [14] and about
10**c¢m™ in 0.1 N KOH solutions [13]. At Ni
electrodes in 0.1 N KOH solutions, V was deter-
mined to be close to 10 cm™ [10]. Solow a
value for NV precludes the process at the metal/
sulphide film interface as the rate determining
step. For such a process, N should be close to
10% em™2. The observed value of NV is compatible
with the rate determining step within the growing
film with Cd** ions as the migrating species in
interstitial positions. However, a process at the
sulphide film/solution interface as the rate deter-
mining step cannot be ruled out. It should be
noted that Equations 7a and 7b are developed for

( T T I t T
~N
B
107 |— AN —
E C AN 3
= L _
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& — —
hE
5 f— —
~
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E 8 _
- N | 1 . \l — Fig. 9. Exchange current density as a
— function of reciprocal te; ture. Dat
3.1 3.2 3.3 34 35 3.6 3.7X103 pr mperaiure. vata

Reciprocal Temperature [°K™']

are corrected for roughness of the elec-
trode surface (RF = 1.2).
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the field within the anodic film, or at the metal/
anodic film interface, affecting the processes in the
rate determining step. These equations are, there-
fore, not directly applicable to the rate deter-
mining step at the anodic film/solution interface.
Whether the process within the sulphide film or at
the film/solution interface is rate determining
cannot be decided from the available data. Experi-
ments with solutions of different concentrations
of Na,§ are expected to be helpful for such a
determination as will be discussed in a subsequent

paper.
5. Summary

In summary, the present studies show that the
same kinetic equation describes the growth of thin
anodic sulphide films at Cd electrodes under both
galvanostatic and potentiodynamic conditions. For
the growth of films up to about 50 A, the kinetics
is fully accounted for by the model of high field
assisted formation of anodic films. Evidently, in
this thickness range no sufficient space charge is
developed to affect the kinetics. For if it were,

no linear V—q or 8V /0g-log i relationships could
have been observed. The mechanism of growth
remains the same over the wide range of current
densities or sweep rates examined and hence of
time required for film formation. It follows then
that no aging of the films, or rearrangement within
the films, occurs during the growth process itself.
Activation energy, AG ", and frequency factor, N,
are substantially lower than the corresponding
values for growth of anodic oxide films. The low

value for N precludes a process at the Cd/CdS
film interface as the rate determining step. How-
ever, neither the rate determining step nor the
species participating in the step can be determined
from available data. Data at different concen-
trations of Na,S should be useful here. Once a
critical potential and thickness are reached, the
mechanism abruptly changes and films apparently
of inferior quality begin to develop. What triggers
these changes and causes a film of inferior quality
to grow should be a subject of future research.
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