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In this paper we report the spontaneous formation of a nanostructured film by electrodeposition from an
ultrathin electrolyte layer of CuSQ 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[@?*] and[H™"] in the electrodeposition is proposed to describe
the oscillatory phenomena in our system. The calculated results are in agreement with the experimental

observations.
DOI: 10.1103/PhysReVE.69.021607 PACS nunier81.15-z, 79.60.Jv, 81.16.Rf
[. INTRODUCTION fabrication of patterned nanostructures “bottom-up” by self-

organization.

Oscillatory growth is frequently observed in electro- In this paper we demonstrate that the periodic nanostruc-
chemical systemgl—8], and up to now much effort has been tures can be introduced horizontally on the film of CujOu
devoted to understanding the oscillatid@s-22]. Generally ~ €lectrodeposit by a self-organized growth. The periodicity
an oscillation involves two or more competing factors, andcan be tuned from 100 nm to a few hundred nanometers by
the coupled equations associated with them may lead to o§hanging the growth conditions. We find that the oscillation
cillating solutions when certain requirements are satisfied®f electric current and the formation of the periodic nano-
The oscillating concentration field of the chemical Compo_structures on the film are strongly correlated. Based on the

nents in front of a growing interface may significantly affect experjmental obs_ervations, a theoretical model is proposed to
the interfacial growth kinetics and the interfacial morphol- describe the oscillatory behavior. The calculated results are

ogy. For example, it has been reported that the periodién good agreement with the experimental observations.

change of concentration of the interfacial impurity may in-
duce repeated transitions between dense-branching morphol- IIl. EXPERIMENTAL OBSERVATIONS

ogy and dendrite$23]. The concentration oscillation may  The electrodeposition was carried out in a cell made of
also lead to periodic sidebranching4,22 and alternating two carefully cleaned glass plates. Two parallel, straight
variations of the tip curvature in dendritic growth5]. We  electrodes were 8.0 mm apart and fixed on the bottom glass
recently observed a self-organized copper electrodepositioglate [25,26. The anode was made of pure copper wire
in an ultrathin layer of a CuSQelectrolyte, where periodic (40.5 mm, 99.9% pure, Goodfellow, Ukand the cathode
nanostructures were spontaneously generated on the deposiis a graphite bar 0.5 mm in diameter. The details of the
brancheq24]. These periodic structures correspond to theexperimental setup were reported in R¢&1t—26. The elec-
alternating growth of copper and cuprous oxide. Instead ofrolyte of CuSQ was confined in the space between the up-
the spontaneous oscillation, people once applied an oscillaper and lower glass plates and the electrodes. The electrolyte
ing potential/current in electrodeposition, and composition-solution was prepared by analytical reagent CuSihd
modulated multilayers of copper and cuprous oxide haveleionized, ultrapure watéelectric resistivity 18.2 M) cm).
been generatg@1]. In previous film studies, however, much The initial concentration of the electrolyte was 0.05 M (pH
more attention has been paid to the formation of multilayered=4.5). No special treatmenfsuch as coating with metal
structures, i.e., the formation of periodic structures in theclusterq27]) were made on the glass surface except conven-
direction perpendicular to the substrate. The spontaneous fotional cleaning. A Peltier element was placed beneath the
mation of periodic nanostructures horizontally in the plane ofelectrodeposition cell to modify the temperature. Both the
the substrate has not been well studied. Nevertheless, thieposition cell and the Peltier element were sealed in a ther-
subject is of particular interest both for the understanding omostat chamber. Dry nitrogen gas flowed through the cham-
the microscopic processes in electrodeposition, and for thber to prevent water condensation on the glass window, so an

in situ optical observation can be carried out. The tempera-

ture for electrodeposition was set below the freezing point of

*Author to whom correspondence should be addressed. Emaihe original electrolyte, usually in the range betweed.2 to

address: muwang@nju.edu.cn —5°C for a 0.05-M CuS@solution.
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To generate an ultrathin electrolyte layer for electrodepo- 300.0 nm
sition, a CuSQ solution was solidified by decreasing tem-
perature[24—-26. To achieve a large, flat electrolyte-solid
interface, great care was taken in the beginning of solidifica-
tion to keep only one ice nucleus or just a few ice nuclei in
the system. Several melting-solidification cycles were re-
peated to fulfill this requirement. In our system ice nucleus
initiated on the bottom glass plate. During the solidification,
CuSQ was partially expelled from the solidhis effect was
known as partitioning effedi28,29 in crystallization). As a
result, accompanying the solidification of the electrolyte, the
concentration of CuSgpin front of the solid-electrolyte in-
terface increased. Meanwhile, a very low solidification rate
was used in order to prevent cellular groyj#t8,29. On the
other hand, it is known that the temperature at which the |
electrolyte solidifies(melting point/solidification pointde-
pends on the concentration of the electrolyte. For Cu®®
solidification temperature decreases when the salt concentre
tion is increased. Therefore, when the equilibrium was
reached at a set temperature 4 °C, for examplg there
still existed an ultrathin layer of concentrated CuSsolu-
tion film between the ice of electrolytesosoloid of CuSQ
and water and the glass substrate. In our experiments elec-
trodeposition was carried out in this ultrathin layer, where
the CuSQ concentration was expected not to exceed the
saturate concentration at the set temperatate-4 °C the
saturate concentration of Cug@as about 0.85 M The
thickness of this ultrathin layer depended on the initial elec-
trolyte concentration and the setting temperature—At°C
the thickness of this layer was around 200 finitial elec-
trolyte concentration 0.05 Mwhich was estimated from the o
thickness of electrodeposit measured by atomic force micros- o )
copy. The electrodeposits were characterized with optical mi- F!G- 1. (@ The compact, solid film deposited on the glass sub-
croscope (Leitz Orthoplan-pol, atomic force microscope §trate viewed _by AI_:M._Perlodlc structures can bt_a |dent_|f|ed on the
(AFM) (Digital Instruments, Nanoscope I)Mlaand field- film. The periodicity is about 500 nm. The inset is a two-

emisson Scaring elecion microscopEM) (LEO. S0l Ftter o o e peee, wnere e dominan
1530VP, respectively. P P P : P

Both ual tati d potentiostati d d .was carried out a¥=1.5V andT=—2.0°C. The initial concen-
oth galvanostalic and potentiostatic modes were used Wi, of the electrolyte was 0.05 Mb) The AFM view of the

the electrochemical deposition. No essential d|fference Cafetail surface morphology of the structured film. It is clear that the
be; found on the morphology of the glectrqdeposns genera_teﬂm is made of small crystallites.
with these two modes. In the potentiostatic mode the applied
constant voltage was in the range between 1.0 and 5.0 \growth front, indicating that the ditches and the ridges are
while in the galvanostatic mode the current was usually seformed simultaneously when the film spreads over the sub-
lected in the range of a few microampere up to/8Q. The  strate. The spatial periodicity shown in Fig. 2 is about 130
current/voltage across the electrodes during the electrodepam, and the experiment was carried ouffat —3.5°C and
sition was recorded as a function of time. Unlike the fila-1=5.5 uA.
ments normally observed at higher volta@e stronger cur- As we reported earlier, the formation of the periodic nano-
reny [24,25, here the electrodeposit forms a compact, solidstructures on the electrodeposit is due to the spontaneous
film on the glass substrate with periodic line structures, aslternating growth of copper and cuprous oxj@4,25. The
shown in Fig. 1a). The film is not really flat. It contains fact that the crystallites of GO are concentrated in the
periodically distributed ditches and ridges. The separation oflitches of the periodically structured film is confirmed by the
the neighboring ditche®r ridges is of the order of 500 nm scanning near-field optical microscog$NOM). The light
when the experimental conditions are set\&s 1.5, pH source of the SNOM is an Ar ion laser, which generates three
=45, andT=—-2.0°C. A detailed surface morphology of wavelengths: 465, 488, and 514 nm. Since the light of 514
this structured film is shown in Fig.(l), where small grains nm can be strongly absorbed by £y whereas it is not
in the thin film can be identified. absorbed by copper, so we use this wavelength to do the
Figure 2 shows the very front edge of a film, from which experiments. Figure (8 shows the friction image of the
one may understand how the film spreads over the glass subtructured film, where the periodicity can be clearly identi-
strate. Each ditcliridge) on the film is in parallel with the fied. Figure 8b) shows the simultaneously measured absorp-
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FIG. 2. The very front edge of the structured film viewed by
scanning electron microscogBEM). The film develops horizon-
tally over the insulating glass substrate: periodic ditches and ridges
can be identified. The bright contrast on the upper-left corner is due
to the electric charge accumulation in the insulating glass substrate
in SEM observation. The periodicity on the film is of the order of
130 nm. The control parameters in the experimentlar&.5 uA
andT= —3.5°C and the initial concentration of the electrolyte was
0.05 M.

tion intensity over the same region as that shown in Fig\. 3
The dark bands correspond to the strong absorption ¢©Cu
Although the resolution of Fig. 3 is not as high as that of

Figs. 1 and 2, it can still be seen that the regions with strong £ 3. The SNOM pictures of the structured filta) The fric-

absorption in Fig. &) indeed correspond to the ditches in tion image providing the morphological information of the filth)

the morphology. This result is consistent with our previousthe simultaneous mapping of the absorption intensity over the

studies of transmission electron microscg@y,25. same area of the film. Comparirtg) and(b) one may find that the
During the formation of the periodic structures on thestrong absorptiofidark strips in(b)] corresponds to the ditches in

film, the voltage across the electrodes is oscillatgvano-  the morphology. The wavelength we used in the experiniht

static modg as shown in Fig. @). The Fourier transform of nm) is within the adsorbtion band of G@. We therefore conclude

the oscillating voltage is illustrated in the inset, where thethat the crystallites of cuprous oxide are much richer in the ditch

primary frequency is 0.2 Hz. The temporal oscillation of theregions than in the ridge regions. The experimental conditions for

electric signal and the spatial periodicity on the electrodeposthe sample preparatioh=50 uA, T=—-0.3°C, pH=4.5, andC

its are precisely linked, which was demonstrated in our pre=0.05 M.

vious publication§24,25. The oscillation relates to the ap-

plied current across the electrodes and pH of the electrolyte. 2CU¢" +H,0+2e —Cu,0] +2H", (1)
As illustrated in Fig. 4b), the measured fundamental oscil-
lation frequency decreases when the solution becomes more Cu,0+2H" +2e~—2Cu| +H,0. 2)

acid. We find that if the electrolyte is sufficiently acid, no

oscillations will be observed. The critical pH to ensure theThe reaction rates for Eqél) and(2) are denoted aB, and

oscillatory growth is 2.0 when the electric currentis48, R, respectively. The reaction rates can be expressed as
the electrolyte concentration is 0.05 M, and the temperature

is —2.0°C. We also observe that the fundamental oscillation (C2.)2
frequency becomes higher when the electric current becomes R,=k; (C0Cu2+)2— FI|< , ®)

stronger, as indicated in Fig.(@. The mechanism of the
spontaneous oscillatory electrodeposition has indeed been
discussed by several groups beff28,21,24, yet an analyti- Ro=ka(Cpp+)?, (4)

cal modeling seems not to be available. Since the directional

growth of the thin film presented above can be regarded aghere (QUH and Cﬁ|+ represent the interfacial concentration
one dimensional, in the following section we will try to es- of Cu/?* and H", respectively, and,, k,, andk are the
tablish a one-dimensional model to describe the oscillatorkinetic coefficients for the reactions. Since the electrodepo-

growth in our system. sition of copper is a far-from-equilibrium process, we may
ignore the minus term in Eq3), i.e., the reverse reaction in

Following the discussions in R€f30], the reactions in the _ 0 w2
copper electrodeposition can be written as Ri=kq(Cc2+)*. ©)
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, , , , into three regions. One is a space-charge-region in the close
400 450 500 550 vicinity of the cathode, wher€.>C, holds. The thickness
Electric Current (uA) of this charged region i$. Outside ofs, away from the

FIG. 4. (a) The oscillating voltage across the electrodes mea_cathode there exists a quas_lneutral reg@zici~0),_wh|ch
sured in the galvanostatic mode. The inset is the Fourier transforrﬁXtendS to the length. Ol.JtSId.eL the charge neutrality holds
of the oscillating voltage. The experimental conditions are the fol-and bot_h the Conqentratlon field of Cuand H* 'are St‘,”‘ble'
lowing: 1 =50 uA, T=—2.0°C, pH=3.9, andC=0.05 M. (b) Integra_tmg _both sides of Eq9) over_L, and takln_g a linear
The dependence of the oscillation frequency as a function of the pi#PProximation for both the quasineutral region and the
of the electrolyte. The experimental conditions are set las: SPace-charge region, we obtain
=40 uA, T=—4.7°C, andC=0.05 M. (c) The measured oscilla-

o

tion frequency as a function of the applied electric current. A lin- ) &Cio dC; x=L

- - - - i =—=Dj|—| —uE-C-+ w,E°C? (11)
early increasing relation can be found. The experimental conditions 2 gt i ax Mi i M i
are set asT=—-3.0°C, pH=4.5, andC=0.05 M. x=0

where E' is defined as the strength of the electric field at
boundary of electric neutralityx&=L), and can be deter-
mined from the experimental control parameters. Now we try
to get the expression of the electric field at the growing in-
terface,E°. Since the electric field changes continuously in
the solution, from Eq(10) we have

Considering Egs(1) and (2) one may find that ifH*] is
high, more CyO will be changed to copper via reacti¢®),
which in turn will accelerate reactionfl). Thereforek;
should increase monotonically whem™] increases. We
suggest that the coefficiekt is expressed as a polynomial
format of the normalized concentration of H

L e
EO=gL- | — > zCidx. (12)
0 0 \2 0 €€g
co, co,
kKi=a|1+B1——+ 62| = , (6)
Ch+ Cy+

Note that the concentration of anions is negligible in the
space-charge region; therefore>zC;=2z¢2+Cc2+
+24+Cy+ for x<6. In the region <x<L, 3zCi~0
holds, and>zC-=0 for x>L. So Eq.(12) is simplified as

0
0 CH*)

where C°,j+ and Cﬂ+ stand for[H"] far away from the
growth front and at the growth front, respectivedy; 8, and
B, are positive constants. Siné® in Eq. (4) has already

been proportional to the square [dfi* ], we takek, as a EO—pgL_ 9_5
constant. €€g

The concentration field and the electric field obey the fol-
lowing equations if convection is ignored in the ion trans-On the other hand, the mass conservation at the deposit front
port: (x=0) requires

Cour 5 (13)
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By taking Egs.(13)—(16) in Eqg. (11), and defining the uni-
fied concentration field of G and H™ at the growth front
as UEC(C)IU2+/C|(_ZUZ+ and vECﬂJCtﬁ, respectively, we
eventually get two coupled differential equations as
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FIG. 5. According to the model described in the text, both con-
centrations[ Cl?*] and [H"] may oscillate when the pH of the
electrolyte is high(a) shows the calculated oscillatif@? '] (the
solid line) and[H*] (the dotted ling respectively(b) If the pH of
the electrolyte becomes sufficiently low, the concentration fields
become stable and no oscillation can be identified.

IV. RESULTS AND DISCUSSION

By solving the coupled nonlinear differential equations
(17) and(18) numerically, we can get the dynamic behavior
of both[CU?*] and[H"] in front of the growing interface.
We find that both the concentrations are oscillating when pH
of the solution is set to a proper value. Figufe)Shows the
oscillating[Cw?"] and[H"] as a function of time. The os-
cillation of [CUL?*] takes place simultaneously with the os-
cillation of [H*]. When the pH of the electrolyte becomes
sufficiently low, however, the oscillatory behavior disap-
pears. Figure ®) shows the dynamic behavior of the con-
centrations when the pH is as low as 2.0. Meanwhile the
concentrations have been completely stabilized.

The numerical calculation also shows that the oscillation
frequency depends on both the pH of the electrolyte and the
applied voltage across the electrodes. Figuia Blustrates
that the oscillation frequency increases monotonically as a
function of the pH, which is consistent with the experimental
observation$Fig. 4(b)]. The electric field far away from the
electrode,E", is determined by the separation of the elec-
trodes and the voltage across the electrodes, which can be
experimentally tuned. We calculate the frequency of the con-
centration oscillation as a function of the electric figt, as
shown in Fig. 6b). The temporal oscillation frequency in-
creases when the electric field becomes stronger. This result
is in agreement with the experimental observation shown in
Fig. 4(c), where the measured frequency increases when the
electric current becomes stronger.

From the definitions oR; and R, one may find thaR;
andR, depend nonlinearly on the oscillating concentrations
of C¥" and H'. By studying the evolution oR; andR,,
we may get a clearer picture of the alternating deposition of
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(a)so_ T — pling and interaction between reactiofly and (2) lead to
F $ the alternating deposition of copper and cuprous oxide.
8 45 / Although quite a few simplifications are used in our cal-
g Vi culation, this model still describes the essential processes in
% a0 cpd)o front of the growing interface when the electrolyte concen-
s oo-o@°'oo tration is not too high. As we mentioned in Sec. Il, a suffi-
D g5l HFH” ciently high pH of the electrolyte is required in order to

observe the oscillatory growth in experiments. In the calcu-
lation, our model shows that if the pH value of the electro-
lyte is set very low, the concentration fields in front of the
deposit will be stabilized. Meanwhil&R, is always higher

O A

gz.s. O/° ] thanR;, and all the CyO generated in Eq.l) changes to

2 " copper. As a result, no periodic structures can be generated
£ -~ on the deposit. This may explain the fact that in the electro-
% 24 /o/o chemical coating of copper, very often acidic environment is
3 o° used.

The thin film electrodeposition reported here differs from
previous ones in following ways. First, in previous studies of
thin film growth, people mostly focus on how a film devel-

FIG. 6. (a) The calculated oscillation frequency as a function of ops in the direction perpendicular to the substrate. In our
the pH of the electrolyte solution. The tendency of this curve iSSystem, however, we are more interested in the horizontal
consistent with the experimental observatidfig. 4b)]. (b) The  propagation of the film over a substrate. It should be noted
callculated ngillation frequenpy as a functiqn of the electric field.that the substrate itself in our experiments is not electrically
This result is in agreement with that shown in Figcj conductive. The electrodeposition takes place via the succes-

sive nucleation at the concave corner of the electrodeposit
copper and cuprous oxide. Figure 7 illustrates the reactioand the substrate. This deposition process, to the best of our
ratesR; andR, as a function of H"]. Corresponding to the knowledge, has not been well studied before. Second, here
oscillation of [H], R, evolutes clockwise following the we demonstrate a one-dimensional analog to the two-
route A-B-C-D-E-F-A, whereasR, oscillates along the dimensional layered film growth. In other words, in our case
routeA-G-D-G-A. WhenR, evolute fromAto B, C, andD, the film develops “line by line” horizontally over the sub-
R, evolute fromA-G-D. In this processR;=R,, and both  strate instead of growing “layer by layer” in the direction
Cwu,0 and Cu are generated. Meanwh[lEel*] increases perpendicular to the substrate. The observations reported
gradually. At pointD, R;=R,, meaning that all the G  here actually raise a few questions to the fundamentals of
generated in reactiofl) becomes copper via the reacti@), interfacial growth. For example, the thin film growth pre-
and no extra C4O remains. Thereafter, & develops along sented here is essentially a nucleation-limited polycrystalline
D-E-F-A, andR, develops fromD-G-A, R;<R,. During  aggregation, whereas the line by line growth behaviors make
this period, only Cu is generated, ad* ] is gradually con-  us think about why and how these lines keep straight and
sumed. By repeating these processes, copper and cuprost@ble. It seems that there should exist an equivalent interfa-
oxide generate alternatingly and the periodic structures agial tension in the polycrystalline aggregation, which keeps
those shown in Figs. 1-3 are achieved. Therefore, the coubhe aggregation front smooth.

In addition, we are also interested in the stability of the
concentration fields and the corresponding interfacial mor-

N
N

0 1000 2000 3000 4000 5000
Scaled Electric Field Strength

50} o R

\ o] phologi_es. As a matter of fact_, wh_at we demonstrate in this
* R, p paper is that the concentration in front of the aggregate
o 40t changes with time, but along the aggregate front the concen-
® tration is homogeneous and constant. This scenario can be
X 30} more clearly seen by sitting on a moving coordinate system
5 fixed on the aggregate front. Meanwhile the temporal oscil-
5 201 lation of the concentration in the moving coordinate system
P results in the spatial periodicity on the electrodep@sigs.
o 10} 1-3. What will happen if instability occurs to the concen-
A tration field along the growth front? Recently we indeed ob-
O i served such an example, where additional periodicity has

been introduced along the growth front, so a two-
dimensional periodic pattern can be spontaneously formed.
Details will be reported separatelg2].

As we stated earlier, the periodic structufdgches and
ridges on the electrodeposits correspond to the alternating
growth of copper and copper plus cuprous oxide. Meanwhile

FIG. 7. The reaction rateR; andR, plotted as a function of
[H*]. R, develops clockwise in a loop, wheres oscillates along
the lineA-G-D.
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the film becomes anisotropic along the growth direction ancturrent/voltage has been measured during the formation of
perpendicular to the growth direction. We suggest that thehe structured film. The dependence of the temporal oscilla-
electric properties of such a film should be anisotropic agion on the pH of the electrolyte and the applied electric
well: those “lines” corresponding to the copper crystallites current across the electrodes has been investigated. A model
are metallic, while the neighboring @0-rich “lines” are  is proposed to describe the oscillatory growth in our system.
electrically more semiconductive. This structured film might The calculated results are qualitatively in agreement with the
have some interesting physical features. The alternating arekperimental observations.
direct electric properties of such a structured film are now
under investigation. o ACKNOWLEDGMENTS
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