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Spontaneous formation of periodic nanostructured film by electrodeposition:
Experimental observations and modeling
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In this paper we report the spontaneous formation of a nanostructured film by electrodeposition from an
ultrathin electrolyte layer of CuSO4 . The film consists of straight periodic ditches and ridges, which corre-
sponds to the alternating deposition of nanocrystallites of copper and copper plus cuprous oxide, respectively.
The periodicity on the film may vary from 100 nm to a few hundred nanometers depending on the experimental
conditions. In the formation of the periodically nanostructured film, oscillating voltage/current has been ob-
served across the electrodes, and the frequency depends on the pH of the electrolyte and the applied current/
voltage. A model based on the coupling of@Cu21# and@H1# in the electrodeposition is proposed to describe
the oscillatory phenomena in our system. The calculated results are in agreement with the experimental
observations.
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I. INTRODUCTION

Oscillatory growth is frequently observed in electr
chemical systems@1–8#, and up to now much effort has bee
devoted to understanding the oscillations@9–22#. Generally
an oscillation involves two or more competing factors, a
the coupled equations associated with them may lead to
cillating solutions when certain requirements are satisfi
The oscillating concentration field of the chemical comp
nents in front of a growing interface may significantly affe
the interfacial growth kinetics and the interfacial morph
ogy. For example, it has been reported that the perio
change of concentration of the interfacial impurity may
duce repeated transitions between dense-branching mor
ogy and dendrites@23#. The concentration oscillation ma
also lead to periodic sidebranching@14,22# and alternating
variations of the tip curvature in dendritic growth@15#. We
recently observed a self-organized copper electrodepos
in an ultrathin layer of a CuSO4 electrolyte, where periodic
nanostructures were spontaneously generated on the de
branches@24#. These periodic structures correspond to
alternating growth of copper and cuprous oxide. Instead
the spontaneous oscillation, people once applied an osc
ing potential/current in electrodeposition, and compositio
modulated multilayers of copper and cuprous oxide h
been generated@21#. In previous film studies, however, muc
more attention has been paid to the formation of multilaye
structures, i.e., the formation of periodic structures in
direction perpendicular to the substrate. The spontaneous
mation of periodic nanostructures horizontally in the plane
the substrate has not been well studied. Nevertheless,
subject is of particular interest both for the understanding
the microscopic processes in electrodeposition, and for
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fabrication of patterned nanostructures ‘‘bottom-up’’ by se
organization.

In this paper we demonstrate that the periodic nanost
tures can be introduced horizontally on the film of Cu/Cu2O
electrodeposit by a self-organized growth. The periodic
can be tuned from 100 nm to a few hundred nanometers
changing the growth conditions. We find that the oscillati
of electric current and the formation of the periodic nan
structures on the film are strongly correlated. Based on
experimental observations, a theoretical model is propose
describe the oscillatory behavior. The calculated results
in good agreement with the experimental observations.

II. EXPERIMENTAL OBSERVATIONS

The electrodeposition was carried out in a cell made
two carefully cleaned glass plates. Two parallel, strai
electrodes were 8.0 mm apart and fixed on the bottom g
plate @25,26#. The anode was made of pure copper w
(f0.5 mm, 99.9% pure, Goodfellow, UK! and the cathode
was a graphite bar 0.5 mm in diameter. The details of
experimental setup were reported in Refs.@24–26#. The elec-
trolyte of CuSO4 was confined in the space between the u
per and lower glass plates and the electrodes. The electro
solution was prepared by analytical reagent CuSO4 and
deionized, ultrapure water~electric resistivity 18.2 MV cm).
The initial concentration of the electrolyte was 0.05 M (p
54.5). No special treatments~such as coating with meta
clusters@27#! were made on the glass surface except conv
tional cleaning. A Peltier element was placed beneath
electrodeposition cell to modify the temperature. Both t
deposition cell and the Peltier element were sealed in a t
mostat chamber. Dry nitrogen gas flowed through the cha
ber to prevent water condensation on the glass window, s
in situ optical observation can be carried out. The tempe
ture for electrodeposition was set below the freezing poin
the original electrolyte, usually in the range between20.2 to
25 °C for a 0.05-M CuSO4 solution.
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WANG et al. PHYSICAL REVIEW E 69, 021607 ~2004!
To generate an ultrathin electrolyte layer for electrode
sition, a CuSO4 solution was solidified by decreasing tem
perature@24–26#. To achieve a large, flat electrolyte-sol
interface, great care was taken in the beginning of solidifi
tion to keep only one ice nucleus or just a few ice nuclei
the system. Several melting-solidification cycles were
peated to fulfill this requirement. In our system ice nucle
initiated on the bottom glass plate. During the solidificatio
CuSO4 was partially expelled from the solid~this effect was
known as partitioning effect@28,29# in crystallization!. As a
result, accompanying the solidification of the electrolyte,
concentration of CuSO4 in front of the solid-electrolyte in-
terface increased. Meanwhile, a very low solidification r
was used in order to prevent cellular growth@28,29#. On the
other hand, it is known that the temperature at which
electrolyte solidifies~melting point/solidification point! de-
pends on the concentration of the electrolyte. For CuSO4 the
solidification temperature decreases when the salt conce
tion is increased. Therefore, when the equilibrium w
reached at a set temperature (24 °C, for example!, there
still existed an ultrathin layer of concentrated CuSO4 solu-
tion film between the ice of electrolyte~sosoloid of CuSO4
and water! and the glass substrate. In our experiments e
trodeposition was carried out in this ultrathin layer, whe
the CuSO4 concentration was expected not to exceed
saturate concentration at the set temperature~at 24 °C the
saturate concentration of CuSO4 was about 0.85 M!. The
thickness of this ultrathin layer depended on the initial el
trolyte concentration and the setting temperature. At24 °C
the thickness of this layer was around 200 nm~initial elec-
trolyte concentration 0.05 M!, which was estimated from th
thickness of electrodeposit measured by atomic force mic
copy. The electrodeposits were characterized with optical
croscope ~Leitz Orthoplan-pol!, atomic force microscope
~AFM! ~Digital Instruments, Nanoscope IIIa! and field-
emission scanning electron microscope~SEM! ~LEO
1530VP!, respectively.

Both galvanostatic and potentiostatic modes were use
the electrochemical deposition. No essential difference
be found on the morphology of the electrodeposits gener
with these two modes. In the potentiostatic mode the app
constant voltage was in the range between 1.0 and 5.
while in the galvanostatic mode the current was usually
lected in the range of a few microampere up to 80mA. The
current/voltage across the electrodes during the electrod
sition was recorded as a function of time. Unlike the fi
ments normally observed at higher voltage~or stronger cur-
rent! @24,25#, here the electrodeposit forms a compact, so
film on the glass substrate with periodic line structures,
shown in Fig. 1~a!. The film is not really flat. It contains
periodically distributed ditches and ridges. The separation
the neighboring ditches~or ridges! is of the order of 500 nm
when the experimental conditions are set asV51.5, pH
54.5, andT522.0 °C. A detailed surface morphology o
this structured film is shown in Fig. 1~b!, where small grains
in the thin film can be identified.

Figure 2 shows the very front edge of a film, from whic
one may understand how the film spreads over the glass
strate. Each ditch~ridge! on the film is in parallel with the
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growth front, indicating that the ditches and the ridges
formed simultaneously when the film spreads over the s
strate. The spatial periodicity shown in Fig. 2 is about 1
nm, and the experiment was carried out atT523.5 °C and
I 55.5 mA.

As we reported earlier, the formation of the periodic nan
structures on the electrodeposit is due to the spontane
alternating growth of copper and cuprous oxide@24,25#. The
fact that the crystallites of Cu2O are concentrated in th
ditches of the periodically structured film is confirmed by t
scanning near-field optical microscopy~SNOM!. The light
source of the SNOM is an Ar ion laser, which generates th
wavelengths: 465, 488, and 514 nm. Since the light of 5
nm can be strongly absorbed by Cu2O, whereas it is not
absorbed by copper, so we use this wavelength to do
experiments. Figure 3~a! shows the friction image of the
structured film, where the periodicity can be clearly iden
fied. Figure 3~b! shows the simultaneously measured abso

FIG. 1. ~a! The compact, solid film deposited on the glass su
strate viewed by AFM. Periodic structures can be identified on
film. The periodicity is about 500 nm. The inset is a tw
dimensional Fourier transform of the picture, where the domin
spots represent the strict periodicity on the film. The experim
was carried out atV51.5 V andT522.0 °C. The initial concen-
tration of the electrolyte was 0.05 M.~b! The AFM view of the
detail surface morphology of the structured film. It is clear that
film is made of small crystallites.
7-2
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tion intensity over the same region as that shown in Fig. 3~a!.
The dark bands correspond to the strong absorption of Cu2O.
Although the resolution of Fig. 3 is not as high as that
Figs. 1 and 2, it can still be seen that the regions with str
absorption in Fig. 3~b! indeed correspond to the ditches
the morphology. This result is consistent with our previo
studies of transmission electron microscopy@24,25#.

During the formation of the periodic structures on t
film, the voltage across the electrodes is oscillating~galvano-
static mode!, as shown in Fig. 4~a!. The Fourier transform of
the oscillating voltage is illustrated in the inset, where t
primary frequency is 0.2 Hz. The temporal oscillation of t
electric signal and the spatial periodicity on the electrodep
its are precisely linked, which was demonstrated in our p
vious publications@24,25#. The oscillation relates to the ap
plied current across the electrodes and pH of the electro
As illustrated in Fig. 4~b!, the measured fundamental osc
lation frequency decreases when the solution becomes m
acid. We find that if the electrolyte is sufficiently acid, n
oscillations will be observed. The critical pH to ensure t
oscillatory growth is 2.0 when the electric current is 40mA,
the electrolyte concentration is 0.05 M, and the tempera
is 22.0 °C. We also observe that the fundamental oscillat
frequency becomes higher when the electric current beco
stronger, as indicated in Fig. 4~c!. The mechanism of the
spontaneous oscillatory electrodeposition has indeed b
discussed by several groups before@20,21,24#, yet an analyti-
cal modeling seems not to be available. Since the directio
growth of the thin film presented above can be regarded
one dimensional, in the following section we will try to e
tablish a one-dimensional model to describe the oscillat
growth in our system.

III. MODELING THE CONCENTRATION OSCILLATION

Following the discussions in Ref.@30#, the reactions in the
copper electrodeposition can be written as

FIG. 2. The very front edge of the structured film viewed
scanning electron microscopy~SEM!. The film develops horizon-
tally over the insulating glass substrate: periodic ditches and rid
can be identified. The bright contrast on the upper-left corner is
to the electric charge accumulation in the insulating glass subs
in SEM observation. The periodicity on the film is of the order
130 nm. The control parameters in the experiment areI 55.5 mA
andT523.5 °C and the initial concentration of the electrolyte w
0.05 M.
02160
f
g

s

e

s-
-

e.

re

re
n
es

en

al
as

y

2Cu211H2O12e2→Cu2O↓12H1, ~1!

Cu2O12H112e2→2Cu↓1H2O. ~2!

The reaction rates for Eqs.~1! and~2! are denoted asR1 and
R2 , respectively. The reaction rates can be expressed as

R15k1F ~CCu21
0

!22
~CH1

0
!2

k
G , ~3!

R25k2~CH1
0

!2, ~4!

where CCu21
0 and CH1

0 represent the interfacial concentratio
of Cu21 and H1, respectively, andk1 , k2 , and k are the
kinetic coefficients for the reactions. Since the electrode
sition of copper is a far-from-equilibrium process, we m
ignore the minus term in Eq.~3!, i.e., the reverse reaction i
Eq. ~1! is neglected. SoR1 is simplified as

R15k1~CCu21
0

!2. ~5!

es
e
te

FIG. 3. The SNOM pictures of the structured film.~a! The fric-
tion image providing the morphological information of the film.~b!
The simultaneous mapping of the absorption intensity over
same area of the film. Comparing~a! and~b! one may find that the
strong absorption@dark strips in~b!# corresponds to the ditches i
the morphology. The wavelength we used in the experiment~514
nm! is within the adsorbtion band of Cu2O. We therefore conclude
that the crystallites of cuprous oxide are much richer in the di
regions than in the ridge regions. The experimental conditions
the sample preparation:I 550 mA, T520.3 °C, pH54.5, andC
50.05 M.
7-3
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Considering Eqs.~1! and ~2! one may find that if@H1# is
high, more Cu2O will be changed to copper via reaction~2!,
which in turn will accelerate reaction~1!. Therefore k1
should increase monotonically when@H1# increases. We
suggest that the coefficientk1 is expressed as a polynomi
format of the normalized concentration of H1,

k15aF11b1

CH1
0

CH1
` 1b2S CH1

0

CH1
` D 2G , ~6!

where CH1
` and CH1

0 stand for @H1# far away from the
growth front and at the growth front, respectively;a, b1 and
b2 are positive constants. SinceR2 in Eq. ~4! has already
been proportional to the square of@H1#, we takek2 as a
constant.

The concentration field and the electric field obey the f
lowing equations if convection is ignored in the ion tran
port:

FIG. 4. ~a! The oscillating voltage across the electrodes m
sured in the galvanostatic mode. The inset is the Fourier transf
of the oscillating voltage. The experimental conditions are the
lowing: I 550 mA, T522.0 °C, pH53.9, andC50.05 M. ~b!
The dependence of the oscillation frequency as a function of the
of the electrolyte. The experimental conditions are set asI
540 mA, T524.7 °C, andC50.05 M. ~c! The measured oscilla
tion frequency as a function of the applied electric current. A l
early increasing relation can be found. The experimental condit
are set as:T523.0 °C, pH54.5, andC50.05 M.
02160
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]Ci

]t
5Di¹

2Ci2m iE•¹Ci2m iCi•¹E, ~7!

¹E5
e

ee0
(

i
ziCi , ~8!

whereE is the electric field;Ci is the concentration field o
speciesi, which covers all the cations and anions;Di andm i
are the corresponding diffusion coefficient and electric m
bility, respectively.e0 is the vacuum permittivity; ande is
the dielectric constant of solution.zie stands for the total
charges of ion speciesi. For a sufficiently long rectangula
cell, the boundary effect can be ignored. Hence Eqs.~7! and
~8! are simplified as

]Ci

]t
5Di

]2Ci

]2x
2m i

]~CiE!

]x
, ~9!

]E

]x
5

e

ee0
(

i
ziCi . ~10!

The space in front of the growing interface can be divid
into three regions. One is a space-charge-region in the c
vicinity of the cathode, whereCc@Ca holds. The thickness
of this charged region isd. Outside ofd, away from the
cathode there exists a quasineutral region ((ziCi'0), which
extends to the lengthL. OutsideL the charge neutrality holds
and both the concentration field of Cu21 and H1 are stable.
Integrating both sides of Eq.~9! over L, and taking a linear
approximation for both the quasineutral region and
space-charge region, we obtain

d

2

]Ci
0

]t
5Di S ]Ci

]x D
x50

x5L

2m iE
LCi

L1m iE
0Ci

0 , ~11!

where EL is defined as the strength of the electric field
boundary of electric neutrality (x5L), and can be deter
mined from the experimental control parameters. Now we
to get the expression of the electric field at the growing
terface,E0. Since the electric field changes continuously
the solution, from Eq.~10! we have

E05EL2E
0

L e

ee0
( ziCidx. ~12!

Note that the concentration of anions is negligible in t
space-charge region; therefore(ziCi5zCu21CCu21

1zH1CH1 for x,d. In the region d,x,L, (ziCi
L'0

holds, and(ziCi
L50 for x.L. So Eq.~12! is simplified as

E05EL2
ed

ee0
S CCu21

0
1

CH1
0

2
D . ~13!

On the other hand, the mass conservation at the deposit
(x50) requires

-
m
l-

H

-
s
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Di S ]CCu21

]x D
x50

5R15k1~CCu21
0

!2; ~14!

Di S ]CH1

]x D
x50

5R22R15k2~CH1
0

!22k1~CCu21
0

!2.

~15!

For simplicity, we assume@31#

Di S ]Ci

]x D
x5L

5Di

Ci
L

L
. ~16!

By taking Eqs.~13!–~16! in Eq. ~11!, and defining the uni-
fied concentration field of Cu21 and H1 at the growth front
as u[CCu21

0 /CCu21
L and v[CH1

0 /CH1
L , respectively, we

eventually get two coupled differential equations as

]u

]t
52a8u21b8u2j8uv1g8, ~17!

]v
]t

52av21uu21bv2juv1g, ~18!

where

a85S 2k1

d
1

mCu21e

ee0
DCCu21

L ,

b85
2mCu21EL

d
,

g85S 2DCu21

dL
2

2mCu21EL

d
D ,

j85
mCu21eCH1

L

ee0
,

a5S 2k2

d
1

mH1e

ee0
DCH1

L ,

b5
2mH1EL

d
,

g5S 2DH1

dL
2

2mH
1EL

d D ,

u5
2k1~CCu21

L
!2

dCH1
L ,

j5
2mH1eCCu21

L

ee0
.

02160
IV. RESULTS AND DISCUSSION

By solving the coupled nonlinear differential equatio
~17! and ~18! numerically, we can get the dynamic behavi
of both @Cu21# and @H1# in front of the growing interface.
We find that both the concentrations are oscillating when
of the solution is set to a proper value. Figure 5~a! shows the
oscillating @Cu21# and @H1# as a function of time. The os
cillation of @Cu21# takes place simultaneously with the o
cillation of @H1#. When the pH of the electrolyte become
sufficiently low, however, the oscillatory behavior disa
pears. Figure 5~b! shows the dynamic behavior of the co
centrations when the pH is as low as 2.0. Meanwhile
concentrations have been completely stabilized.

The numerical calculation also shows that the oscillat
frequency depends on both the pH of the electrolyte and
applied voltage across the electrodes. Figure 6~a! illustrates
that the oscillation frequency increases monotonically a
function of the pH, which is consistent with the experimen
observations@Fig. 4~b!#. The electric field far away from the
electrode,EL, is determined by the separation of the ele
trodes and the voltage across the electrodes, which ca
experimentally tuned. We calculate the frequency of the c
centration oscillation as a function of the electric fieldEL, as
shown in Fig. 6~b!. The temporal oscillation frequency in
creases when the electric field becomes stronger. This re
is in agreement with the experimental observation shown
Fig. 4~c!, where the measured frequency increases when
electric current becomes stronger.

From the definitions ofR1 and R2 one may find thatR1
andR2 depend nonlinearly on the oscillating concentratio
of Cu21 and H1. By studying the evolution ofR1 andR2 ,
we may get a clearer picture of the alternating deposition

FIG. 5. According to the model described in the text, both co
centrations@Cu21# and @H1# may oscillate when the pH of the
electrolyte is high.~a! shows the calculated oscillating@Cu21# ~the
solid line! and@H1# ~the dotted line!, respectively.~b! If the pH of
the electrolyte becomes sufficiently low, the concentration fie
become stable and no oscillation can be identified.
7-5
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copper and cuprous oxide. Figure 7 illustrates the reac
ratesR1 andR2 as a function of@H1#. Corresponding to the
oscillation of @H1#, R1 evolutes clockwise following the
route A-B-C-D-E-F-A, whereasR2 oscillates along the
routeA-G-D-G-A. WhenR1 evolute fromA to B, C, andD,
R2 evolute fromA-G-D. In this process,R1>R2 , and both
Cu2O and Cu are generated. Meanwhile@H1# increases
gradually. At pointD, R15R2 , meaning that all the Cu2O
generated in reaction~1! becomes copper via the reaction~2!,
and no extra Cu2O remains. Thereafter, asR1 develops along
D-E-F-A, andR2 develops fromD-G-A, R1<R2 . During
this period, only Cu is generated, and@H1# is gradually con-
sumed. By repeating these processes, copper and cup
oxide generate alternatingly and the periodic structures
those shown in Figs. 1–3 are achieved. Therefore, the c

FIG. 6. ~a! The calculated oscillation frequency as a function
the pH of the electrolyte solution. The tendency of this curve
consistent with the experimental observation@Fig. 4~b!#. ~b! The
calculated oscillation frequency as a function of the electric fie
This result is in agreement with that shown in Fig. 4~c!.

FIG. 7. The reaction ratesR1 and R2 plotted as a function of
@H1#. R1 develops clockwise in a loop, whereasR2 oscillates along
the lineA-G-D.
02160
n

ous
as
u-

pling and interaction between reactions~1! and ~2! lead to
the alternating deposition of copper and cuprous oxide.

Although quite a few simplifications are used in our ca
culation, this model still describes the essential processe
front of the growing interface when the electrolyte conce
tration is not too high. As we mentioned in Sec. II, a suf
ciently high pH of the electrolyte is required in order
observe the oscillatory growth in experiments. In the cal
lation, our model shows that if the pH value of the electr
lyte is set very low, the concentration fields in front of th
deposit will be stabilized. Meanwhile,R2 is always higher
than R1 , and all the Cu2O generated in Eq.~1! changes to
copper. As a result, no periodic structures can be gener
on the deposit. This may explain the fact that in the elect
chemical coating of copper, very often acidic environmen
used.

The thin film electrodeposition reported here differs fro
previous ones in following ways. First, in previous studies
thin film growth, people mostly focus on how a film deve
ops in the direction perpendicular to the substrate. In
system, however, we are more interested in the horizo
propagation of the film over a substrate. It should be no
that the substrate itself in our experiments is not electrica
conductive. The electrodeposition takes place via the suc
sive nucleation at the concave corner of the electrodep
and the substrate. This deposition process, to the best o
knowledge, has not been well studied before. Second, h
we demonstrate a one-dimensional analog to the t
dimensional layered film growth. In other words, in our ca
the film develops ‘‘line by line’’ horizontally over the sub
strate instead of growing ‘‘layer by layer’’ in the directio
perpendicular to the substrate. The observations repo
here actually raise a few questions to the fundamentals
interfacial growth. For example, the thin film growth pr
sented here is essentially a nucleation-limited polycrystal
aggregation, whereas the line by line growth behaviors m
us think about why and how these lines keep straight
stable. It seems that there should exist an equivalent inte
cial tension in the polycrystalline aggregation, which kee
the aggregation front smooth.

In addition, we are also interested in the stability of t
concentration fields and the corresponding interfacial m
phologies. As a matter of fact, what we demonstrate in t
paper is that the concentration in front of the aggreg
changes with time, but along the aggregate front the conc
tration is homogeneous and constant. This scenario ca
more clearly seen by sitting on a moving coordinate syst
fixed on the aggregate front. Meanwhile the temporal os
lation of the concentration in the moving coordinate syst
results in the spatial periodicity on the electrodeposit~Figs.
1–3!. What will happen if instability occurs to the concen
tration field along the growth front? Recently we indeed o
served such an example, where additional periodicity
been introduced along the growth front, so a tw
dimensional periodic pattern can be spontaneously form
Details will be reported separately@32#.

As we stated earlier, the periodic structures~ditches and
ridges! on the electrodeposits correspond to the alterna
growth of copper and copper plus cuprous oxide. Meanwh

f
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SPONTANEOUS FORMATION OF PERIODIC . . . PHYSICAL REVIEW E 69, 021607 ~2004!
the film becomes anisotropic along the growth direction a
perpendicular to the growth direction. We suggest that
electric properties of such a film should be anisotropic
well: those ‘‘lines’’ corresponding to the copper crystallit
are metallic, while the neighboring Cu2O-rich ‘‘lines’’ are
electrically more semiconductive. This structured film mig
have some interesting physical features. The alternating
direct electric properties of such a structured film are n
under investigation.

To summarize, we report in this article the spontane
formation of a periodically nanostructured film by ele
trodeposition. The periodic structure corresponds to the a
nating deposition of nanocrystallites of copper and cupr
oxide, which has been experimentally confirmed. Oscillat
ys

m

em

o
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current/voltage has been measured during the formation
the structured film. The dependence of the temporal osc
tion on the pH of the electrolyte and the applied elect
current across the electrodes has been investigated. A m
is proposed to describe the oscillatory growth in our syste
The calculated results are qualitatively in agreement with
experimental observations.
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