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Textural evolution in electrodeposits under
the influence of adsorbed foreign species
Part II A simulation study on effects of potassium chloride
on textural evolution in copper electrodeposits
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The texture of copper deposits produced in the bath containing potassium chloride changes

with the content of the potassium chloride. This change in texture was usually explained

to be caused by chloride adsorption on the cathode. This paper reports simulation studies on

textural evolution in copper electrodeposits under the influence of potassium chloride, using

a Monte Carlo simulation approach. The study was conducted based on the assumption

that the textural development results from the minimization of the system free energy in

which the surface-energy anisotropy plays the most important role. The simulation

demonstrates that adsorbed potassium ions may change the surface-energy anisotropy

of copper, and therefore, they also affect texture variation in copper deposits in addition to

the chloride effect. It was observed the potassium effect on textural variation in copper

deposits is even stronger than that of the Cl~ adsorption.
1. Introduction
Electrolytes used for copper electrodeposition often
contain alkaline metal and chloride ions, such as K`

and Cl~ dissolved from KCl. It was observed that the
texture of copper electrodeposits varied with the con-
centration of KCl [1]. This phenomenon was usually
explained to be caused by adsorbed chloride ions
which may change the overpotential for copper depo-
sition [1—3]; the adsorption of CuCl reduces the active
surface area and therefore increases the local current
density, thus increasing the overpotential and leading
to the variation in texture type of copper deposits.
However, possible influences of potassium adsorption
on the textural variation were ignored. In fact, posit-
ively charged K` ions are attracted by the cathode
more strongly than Cl~ ions. Without giving solid
evidence, there is no reason to neglect potassium
atoms and their possible effects on texture develop-
ment. In order to understand better the effect of KCl
on textural evolution in copper deposits, it is neces-
sary to investigate the respective effects of potassium
adsorption and chloride adsorption on textural evolu-
tion in copper deposits.

As discussed in Part I [4], the texture of a deposit
may depend on the surface-energy anisotropy of the
deposit. This gives us a ‘‘clue’’ to investigate the effects
of potassium ions on copper texture by evaluating the
effect of K` ions on the surface-energy anisotropy of
copper. The present paper reports on our studies,
using a Monte Carlo simulation approach [4], on the
effect of potassium adsorption on copper surface-energy
anisotropy and its consequent influence on textural
0022—2461 ( 1997 Chapman & Hall
evolution during copper electrodeposition in a bath
containing KCl. For a comparison, the effect of chlor-
ide on the texture of copper deposits was also studied.

2. Surface-energy anisotropy
of copper

As mentioned in Part I [4], the surface-energy aniso-
tropy modifies the ‘‘surface bond’’, and thus leads to
selective grain growth. Therefore, the key step towards
the understanding of texture formation in copper de-
posits is to evaluate the anisotropy of surface energy of
copper. When foreign species are adsorbed by the
cathode, the interaction between the deposit and the
adsorbed foreign species may change the surface-en-
ergy anisotropy of the deposit, and this could result
in changes in texture. In order to investigate the tex-
tural evolution in copper deposits and its variation
under the influences of potassium and chloride
ions, the surface-energy anisotropy of copper and its
variation with potassium and chloride adsorption
were evaluated.

2.1. Surface-energy anisotropy of copper
Surface-energy anisotropy of copper free from the
adsorption of foreign species was first studied. The
surface energy of copper has been calculated by
a number of researchers using different approaches
[5—10]. In general, low-index planes have lower sur-
face energies than high-index planes. However, for
low-index planes of copper such as (1 0 0), (1 1 0) and
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(1 1 1) planes, surface energies of these planes evalu-
ated by different researchers are diverse. Caglioti et al.
[5, 6] calculated surface energies of copper using
phonon frequencies to deduce interplanar force con-
stants acting between first- and higher-order neigh-
bour plane. Their results show that (1 1 0) plane of
copper at 0 K has the lowest surface energy, followed
by (1 0 0) and (1 1 1). However, results obtained, re-
spectively, by Tyson [7] and Sun et al. [8] show that
the (1 0 0) has the lowest surface energy, followed by
(1 1 0) and (1 1 1), or by (1 1 1) and (1 1 0). Smith and
Banerjea [9] applied the perturbation theory to esti-
mate the surface energy of copper, and demonstrated
that the (1 1 1) plane of copper has the lowest surface
energy, followed by (1 1 0) and (100). The calculation
made by Wolf [10] also shows that the (1 1 1) plane
has the lowest surface energy, but followed by (1 0 0)
and then (1 1 0) planes. These calculations, however,
were made for copper only at 0 K, and therefore the
results may not be suitable for evaluating the surface-
energy anisotropy of copper at the deposition temper-
ature which is usually about 333 K (i.e. 60 °C).

In view of the diversity in calculation of copper
surface-energy anisotropy, and the lack of the in-
formation about copper surface energy at the bath
temperature for copper deposition (about 60 °C), we
evaluated surface energies of a number of crystallo-
graphic planes of copper at 60 °C, using the following
approach with the Lennard—Jones potential [11]:
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The surface energy of a crystallographic plane (hk l ) is
defined as the difference in free energy between the
surface and middle layers of the crystal, which are
parallel to the (hk l ) plane. Because the electrodeposi-
tion is usually performed at about 60 °C, the free energy
is approximated by counting only the configuration
energy, neglecting the entropy contribution which may
not be neglected at elevated temperatures. To evaluate
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Figure 1 The surface-energy anisotropy of copper. chkl
0

represents
the surface energy of a surface free from the adsorption of foreign
species.

where k
B
is the Boltzmann constant and ¹ the temper-

ature. After the relaxation, the energy of a surface
layer (0.4 nm thick) and that of a non-relaxed central
layer with the same thickness, were calculated. The
difference between these two energies gives the surface
energy of the plane under study. The layer of 0.4 nm
thick for the surface energy calculation was chosen,
because the interaction between a pair of atoms de-
clines with an increase in the distance between the two
atoms. In addition, the interaction between nearest
neighbour atoms may contribute about 90% of the
system’s energy. Because the chosen layers of 0.4 nm
thick contain the nearest and the second nearest
neighbour atoms, they should be good enough to be
used for evaluating the surface energy. Fig. 1
illustrates the result of the calculation, from which it
can be seen that the (1 1 0) plane has the lowest surface
energy.

2.2. Effects of K` and Cl~ adsorption on the
surface-energy anisotropy of copper

When K` and Cl~ ions are adsorbed by a copper
surface, the energy of the surface could be changed.
Because different crystallographic planes could have
different adsorption abilities, this difference may result
in changes in the surface-energy anisotropy. In order
to study effects of KCl on texture of copper deposits,
surface energies of copper crystallographic planes un-
der the influence of K` as well as Cl~ adsorption were
evaluated using an approach similar to that used to
calculate the surface energy of copper free from the
adsorption of foreign species. In order to study the
adsorption of K` and Cl~ on a copper surface, poten-
tials for Cu—K` and Cu—Cl~ interactions are needed.
In this work, these potentials are assumed, as an
approximation, to have the same form as the Len-
nard—Jones 12-6 effective pair potential. The interac-
tion between different species was approximated using
the Lorentz—Berthelot mixing rule [12]
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However, e and r parameters for potassium and
chlorine available in the literature are only for potas-
sium and chlorine atoms rather than ions, it is there-
fore necessary to modify the values of these para-
meters and make them suitable for K` and Cl~ ions.
These parameters may be modified by considering the
interaction between a pair of K` and Cl~ ions. Allow-
ing for the mutual attraction caused by a pair of
negative and positive electrons, respectively, from Cl~
and K`, the e and r parameters, respectively, for
potassium and chlorine atoms were modified by
adding correction terms such as:
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In order to estimate *r and *e, the above-modified
r and e parameters were used to construct the LJ
potential u

C-~~K` for a pair of Cl~ and K` ions, using
the Lorentz—Berthelot mixing rule. The potential was
then used to calculate the inter-atomic distance of KCl
in equilibrium by letting the derivative of
u
C-~~K` equal to zero, that is
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The following relationship is then obtained
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where r
0

is the equilibrium distance between a pair of
Cl~ and K` ions. The correction term *r was thus
obtained by substituting available data of r

0
[13],

r
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[12], and r
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[11] into
Equation 5. The value of *e was estimated by compar-
ing the configuration energy of the KCl lattice cal-
culated using the potential u

C-~~K` (r) with available
data of the lattice energy of KCl obtained using other
methods [14]. In such a way, values of the modified
r and e parameters, respectively, for Cl~ and K` ions
were obtained. Combining these parameters with e

C6
and r

C6
[11] by using the Lorentz—Berthelot mixing

rule, we finally obtained the estimated e and r values
for the LJ potentials of Cu—K` and Cu—Cl~, respec-
tively. They are e
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Once the e and r parameters were determined, the

effect of K` as well as Cl~ on surface energy of copper
can be evaluated. In the case of K` adsorption, a cer-
tain number of potassium ions were randomly placed
into the vicinity of the copper cell surface which was
under investigation. The potassium ions and copper
atoms in the surface region were then relaxed. After
the relaxation, the energy of the surface layer (0.4 nm
thick) was calculated. The difference in configuration
energy between the relaxed surface layer and a non-
relaxed central layer of equal thickness represents the
surface energy under the influence of adsorbed potas-
sium ions. Fig. 2 illustrates the effect of potassium
adsorption on surface energies of several low-index
copper crystallographic planes. It is demonstrated
that surface energies of copper decrease with an in-
crease in the concentration of potassium ions. The
slope of the curve of the surface energy versus K`

concentration is different for different crystallographic
planes, thus leading to a variation in the surface-en-
ergy anisotropy. In particular, the plane having the
lowest surface energy changes from M1 1 0N to M1 1 1N
plane as the K` concentration is increased.
Figure 2 Variations in the surface energy of copper and its anisotropy with an increase in K` content. (#) (1 1 0), (e) (1 1 1), (£) (0 0 1), (n)
(2 1 0), (]) (3 1 0).
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Figure 3 Variations in the surface energy of copper and its anisotropy with an increase in Cl~ content. (£) (1 1 0), (#) (1 1 1), (e) (0 0 1), (n)
(2 1 0), (]) (3 1 0).
In a similar way, the effects of chloride ions on
copper surface energy and its anisotropy were evalu-
ated. Fig. 3 illustrates results of the calculation. The
figure illustrates that the copper surface energy is also
influenced by chloride adsorption. Under the influ-
ence of chloride ions, copper surface energy decreases
and the variation in surface-energy anisotropy is sim-
ilar to that caused by potassium ions. Compared with
the potassium adsorption, the chloride effect is slightly
weaker and it can be seen from Fig. 3 that the critical
Cl~ concentration is higher than the K` concentra-
tion at which the plane having the lowest surface
energy changes from M1 1 0N to M1 1 1N. This implies
that more Cl~ ions are needed than K` ions to cause
the change in index of the plane with the lowest
surface energy.

3. Simulation results of textural
evolution during copper
electrodeposition

Five surface energies of copper were chosen to simu-
late the development of five fibre texture components
in copper electrodeposits. The percentage of the num-
ber of differently oriented sites was counted to repres-
ent intensities of various texture components. The
simulation result of texture formation free from ion
adsorption is illustrated in Fig. 4. It is demonstrated
that grains having lower surface energies have higher
counts (or higher volume fractions). The S1 1 0T fibre
texture component, which corresponds to the lowest
surface energy in the free-adsorption condition, is the
strongest. From the simulation, one may expect that
the predominant texture component in copper is the
S11 0T fibre texture.

The influence of potassium ions on texture evolu-
tion in copper deposits was simulated as a conse-
quence of the changes in surface-energy anisotropy of
5528
Figure 4 Volume fractions of various texture components of copper
electrodeposit.

copper caused by adsorbed potassium ions. Fig. 5
presents the simulation result and illustrates that the
predominant texture component changes from S1 1 0T
to S1 1 1T with an increase in the concentration of
potassium ions. Compared with the surface-energy
anisotropy illustrated in Fig. 2, one may see the coin-
cidence between the deposit texture and the index of
the crystallographic plane having the lowest surface
energy. The effects of chloride ions on copper deposit
texture were also studied. It is shown by Fig. 6 that the
effect of chloride adsorption on copper deposit texture
is similar to that of potassium adsorption. However,
the critical concentration of Cl~ at which the pre-
dominant texture component changes from S1 1 0T to
S11 1T is relatively higher than that of K` ions. This
difference in the critical concentration is consistent
with the changes in surface-energy anisotropy (i.e. the
changes of the lowest-energy plane), respectively,
caused by Cl~ and K` ions.



Figure 5 The axis of the predominant fibre texture component of copper deposit changes from S1 1 0T to S1 1 1T with an increase in the
content of potassium ions. (£) (1 1 0), (]) (1 1 1), (n) (0 0 1), (e) (2 1 0), (#) (3 1 0).

Figure 6 The axis of the predominant S1 1 0T fibre texture component of copper deposit changes to S1 1 1T with an increase in the content of
chloride ions. (£) (1 1 0), (]) (1 1 1), (n) (0 0 1), (e) (2 1 0), (#) (3 1 0).
The simulation prediction is consistent with experi-
mental observation. O’Keefe and Hurst [1] investi-
gated the textural evolution in copper electrodeposits
and its variation with additive potassium chloride,
using the X-ray diffraction technique. They demon-
strated that a S11 0T texture is the predominant tex-
ture component in copper electrodeposits without
potassium chloride in the electrolyte. By adding potas-
sium chloride into the bath, they observed that the
copper deposit texture changed from S1 1 0T to S1 1 1T
with increasing concentration of KCl. Their experi-
mental observation agrees with the present simulation
prediction, although their explanation of the texture
variation due to the potassium chloride is different
from that the simulation suggests. A similar phenom-
enon was also observed by Lakshmanan et al. [3] in
copper electrodeposits obtained using a bath contain-
ing NaCl. They observed that without adding NaCl
into the bath and at low current densities (in this case,
the discharge or adsorption of other inhibitors may be
less active), copper deposits were S1 1 0T textured. The
copper texture, however, changed from S1 1 0T to
S11 1T with increasing concentration of NaCl. Be-
cause K` and Na` ions behaviour similarly, a trend
of the texture variation with NaCl similar to that with
KCl is expected.

4. Discussion
4.1. Coincidence between the axis of texture

and the surface-energy anisotropy
The simulation of copper deposition demonstrates
that the copper deposit is S1 1 0T textured when
there is no surface adsorption of foreign species; this
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prediction is consistent with experimental observation
[1]. According to the simulation, the formation of
S11 0T texture is attributable to the surface-energy
anisotropy in which the M1 1 0N plane has the lowest
surface energy. This coincidence between the axis of
texture and the crystallographic face could be ex-
plained. Electrodeposition is a process in which mass
transfer is accompanied by charge transfer. When an
ion arrives at the cathode surface, it loses its charge
and diffuses until it reaches a low-energy location. The
low-energy location is the site where the accommoda-
tion of the ad-atom results in the minimum increase in
the free energy of the system. Therefore, the deposit
growth may proceed in the ‘‘path’’ which leads to the
minimum increase in the free energy of the system.
A major part of the free energy is the surface energy
which is crystallographically anisotropic, and hence it
may play an important role in texture formation. For
example, when arriving at a junction of two grains, an
ad-atom tends to be accommodated by one of the
grains bounded by the crystallographic plane which
has a lower surface energy, thus leading to a decrease
in the overall surface energy. As the deposition pro-
ceeds, this junction would move towards the grain
that has a higher surface energy, and the other grain
would therefore grow preferentially.

Reviewing available data, this coincidence between
the axis of the texture and the metal face which has the
lowest surface energy may also exist in other metal
deposition systems. For example, S1 1 0T texture is the
predominant texture of iron electrodeposits. As dem-
onstrated Part I [4], the M1 1 0N crystallographic plane
of iron has the lowest surface energy. Another example
is given by nickel electrodeposits. S1 0 0T and S1 1 0T
fibre textures are two frequently observed textures in
nickel electro-deposits [15, 19]. The present authors
have also estimated the surface-energy anisotropy of
nickel and observed that the M1 0 0N plane of nickel has
the lowest surface energy, followed by the M1 1 0N
plane. The coincidence between texture and surface-
energy anisotropy is further favoured by some indirect
experiments. In previous studies [17, 18], it was sug-
gested that the S1 0 0T fibre texture of nickel deposits
may correspond to the free mode of growth (e.g. the
metallic surface is dynamically released from hydro-
gen adsorption) [15]. The hypothesis was suggested
based on the observation that S1 0 0T textured nickel
deposits exhibit the highest ductility [17] and the
lowest internal stress and hardness [18], which may be
attributable to less adsorption of hydrogen. These
experimental results are consistent with the surface-
energy anisotropy, with which one may expect that
S10 0T fibre texture would develop preferentially in
the free mode of growth due to the lowest surface
energy of Ni (1 0 0) plane.

However, electrocrystallization is a complex and
‘‘wet’’ process. Chemical species such as chloride, me-
tallic cations, hydrogen, hydroxides, and additives
may be adsorbed by the cathode. This could modify
a deposit’s surface-energy anisotropy, and in turn,
affect the textural evolution. For example, in iron
deposits, the S11 0T fibre texture is replaced by S1 1 1T
and S3 1 1T fibre textures at high current densities, low
5530
bath pH or at low bath temperatures. In nickel
deposits, other textures such as S2 1 0T and S2 1 1T
fibre textures were also observed at high pH, or at
high current densities, or in different baths [15]. In
copper deposits, experiments conducted by different
researchers are not always consistent. For example,
different from our expectation, Kang et al. [16] ob-
served that at low current densities, the predominant
texture of copper deposits produced using a sulphate
bath is a S10 0T texture rather than a S1 1 0T texture.
This difference might be attributable to possible co-
deposition of other inhibitors. In order further to
understand the effect of surface-energy anisotropy on
texture formation, more accurate information of the
surface adsorption and its effect on the surface-energy
anisotropy is necessary.

4.2. Texture variation with K` and Cl~
adsorption

The main purpose of this research is to understand the
textural variation in copper electrodeposits on adding
potassium chloride to the electrolyte. It was usually
explained that the textural variation with additive
KCl in the bath is attributable to chloride adsorption,
because the formed CuCl at the deposit surface may
result in an increase in overpotential. However, the
present simulation studies demonstrate that potassi-
um ions also affect copper deposit texture, and its
effect is even stronger than Cl~. This may be seen from
the lower critical concentration of K`, compared to
that of Cl~ at which the texture changes its fibre axis.
Therefore, at low concentrations of potassium chlor-
ide, it seems that the textural variation in copper
deposits is caused mainly by K` ions, and Cl~ ions
share the role in the textural variation at higher con-
centrations of KCl. This texture variation corresponds
to changes in surface-energy anisotropy caused by K`

and Cl~ ions. Because the K` adsorption has a rela-
tively stronger influence on copper surface-energy an-
isotropy, K` adsorption could be more important to
copper deposit texture than Cl~ adsorption, especially
at low ion concentration.

This mechanism of texture variation in copper de-
posits demonstrated by the present simulation is
different from the previous explanation which only
takes into account the chloride adsorption. To under-
stand the simulation result, it may be helpful to com-
pare the interaction potential between Cu and Cl~
with that between Cu and K`. As estimated, e
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(K)"1.60]104, r

C6~K`"0.2805 (nm), d
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closest distance at which u (r

ij
) is equal to zero. It is

seen that values of e
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and e
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B
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same order of magnitude, and the former is slightly
larger than the latter, i.e. the potential well of the
K`—Cu interaction is slightly deeper than that of the
Cl~—Cu interaction. This implies that the interaction
between K` and Cu is relatively stronger than that
between Cl~ and Cu. As a result, the effect of potas-
sium adsorption on the surface energy of copper is



somewhat greater than the effect of chloride adsorp-
tion. It is, therefore, understandable that K` adsorp-
tion has a relatively stronger effect than Cl~ on the
textural variation of copper deposits. In fact, the situ-
ation for chloride adsorption is quite complicated.
The reaction between Cu2` and Cl~ may form com-
plexes such as CuCl`, CuCl

2
, etc., and this makes the

case of chloride adsorption complicated. Thus, the
simulation results for chloride may not well describe
the chloride effect. Nevertheless, it is expected that K`

should play an important role in the textural variation
during copper deposition because the positively
charged K` ions are attracted by the cathode, while
the negatively charged Cl~ are repulsed from the
cathode and this could make the Cl~ concentration
much lower in the vicinity of the cathode surface than
the K` concentration.

It should be indicated, however, that the Lennard—
Jones potential used to evaluate the interaction be-
tween Cu and K` and that between Cu and Cl~ is
only a rough approximation, because the Len-
nard—Jones potential may not well describe the inter-
action involving electrical interaction. However,
before finding more suitable potential functions, we
used the LJ approximation and obtained qualitative
information which is consistent with experimental ob-
servation. In order to obtain more precise results, the
potentials which better describe the interaction be-
tween Cu and K` and that between Cu and Cl~ are
absolutely necessary.

In addition, it should be pointed out that the de-
posit texture is also influenced by some structural
factors such as the surface morphology and crystallo-
graphic defects, because differently textured deposits
might correspond to different morphologies and de-
fects. It is noted that ‘‘mountainous’’ morphology with
some facets and irregular pyramids is the surface
structural feature of differently textured copper electro-
deposits [1—3, 16]. The variation in deposit texture
may be related to some changes in surface morpho-
logy, e.g. the index of facets or pyramid faces and their
angles to the deposit surface. This is possible because
the facets and pyramid surface should be the low-
energy faces in order to minimize the total surface
energy of the deposit. Under different deposition con-
ditions, the faces having the lowest surface energy may
change, e.g. by the adsorption of hydrogen or foreign
species which change the surface-energy anisotropy.
This change in facets and pyramid faces may occur,
along with changes in deposit texture. In addition,
texture evolution may also be associated with some
crystallographic defects such as twins. The stacking
fault energy is relatively low for copper and the forma-
tion of twin faults is favoured during copper deposit
growth. M1 1 1N twin faults have been observed in dif-
ferently textured copper deposits [16]. The angle be-
tween the M1 1 1N twin boundaries and the deposit
growth direction changes, together with the change in
deposit texture. This variation of twin-boundary ori-
entation could be associated with changes in index of
surface facets and pyramid faces caused by the vari-
ation of surface-energy anisotropy under different de-
position conditions. In this case, the twin-boundary
orientation is adjusted to cope with changes of surface
facets/pyramid faces and thus the arrangment of these
faces for a minimum total surface energy. Along with
the change in twin-boundary orientation, deposit tex-
ture may also change. Kang et al. [16] have discussed
the possible geometric relation between the orienta-
tion of M1 1 1N twin boundaries, surface morphology,
and the deposit texture. However, because these two
structural factors, surface morphology and twinning,
are somehow related to the surface-energy minimiz-
ation, it seems that deposit texture may result from the
surface-energy anisotropy rather than the surface
morphology and twin faults which could also be
‘‘products’’ of the surface-energy minimization. In or-
der to verify this hypothesis, a further investigation of
the correlation between the surface-energy minimiz-
ation and the twin-boundary orientation and thus the
surface morphology, is necessary. Allowing for the fact
that electrodeposits do not often exhibit clear facets
and pyramid faces, it is therefore still questionable as
to how the surface morphology and twin faults corre-
late with textural evolution. Nevertheless, a study on
the surface morphology and twin formation would be
helpful for developing a more accurate free-energy
function to predict textural evolution. In order further
to understand textural variation in copper deposits
under the influence of KCl additives in electrolyte,
studies of the effects of potassium and chloride ions on
the twin-fault formation and surface morphology may
be helpful.

5. Conclusion
Texture development during copper electrodeposi-
tion was studied using a Monte Carlo simulation
approach. In particular, the respective effects of potas-
sium adsorption and chloride adsorption on textural
variation were investigated. The study demonstrates
that in the case of free-adsorption, S1 1 0T texture is
predominant in copper electrodeposits; if K` and Cl~
are added to the bath, the predominant S1 1 0T texture
is replaced by S1 1 1T texture with an increase in the
concentration of potassium chloride. The present
study demonstrates that both the potassium and
chloride ions may cause the textural variation. It ap-
pears that the potassium adsorption plays a relatively
important role in textural variation, particularly at
low KCl concentrations. However, in view of the com-
plexity of chloride adsorption on copper, further stud-
ies on chloride effects are necessary. Nevertheless, the
simulation demonstrates that, different from the
previous explanation, the chloride adsorption is
not the only fact responsible for the textural variation
in copper electrodeposits produced in the bath con-
taining KCl.
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