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Formation of nanostructured copper filaments in electrochemical deposition
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In this paper, we report in detail the studies of a different self-organized copper electrodeposition carried out
in an ultrathin layer of CuSQelectrolyte. On a macroscopic scale, the morphology of the electrodeposit is
fingerlike. Microscopically, each fingering branch consists of long, straight copper filaments with periodic
corrugated nanostructures. Branching rate of the electrodeposit is significantly decreased, compared with the
patterns grown in conventional systems. Detailed information of the growth environment in the ultrathin
electrodeposition system is provided, the formation mechanism of the periodic nanostructures on the deposit
filaments is explored, and the origin of the significant descent of branching rate of the electrodeposit is
discussed.
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[. INTRODUCTION derstanding and control of deposit morphology may also be
important for the applications in microelectronics. Nowa-
Pattern formation in electrochemical deposition has atdays, the integrated circuit industry has begun to switch rap-
tracted much attention in physics community since 1984jdly from aluminum-based wiring to multilevel metal inter-
when Matsushiteet al. [1,2] observed that the patterns of connects based on copper. This transition is due to the fact
electrodeposit look quite similar to those generated by ahat the chips wired with copper have significant advantages
computer model known as diffusion-limited aggregationin performance and manufacturing cost over those made with
(DLA) [3]. Since then, much effort has been devoted to in-aluminum[24,25. In microelectronics industry, the metallic
vestigate the pattern formation of electrodeposits, especiallinterconnection is achieved via the photolithography process.
how and why the ramified feature is generafdd-15. The  To find new ways to form electric contacts in three dimen-
ramified feature of electrodeposit is often ascribed to diffu-sions and to achieve enhanced data-processing density,
sive noise in interfacial growtfl6]. It is suggested that the people have been trying to establish conducting channels be-
noise originates from statistical fluctuation of concentrationtween electrodes with patterned and direction-controlled
which may introduce a random flux between two equal-electrodepositioi26,27 and electropolymerizatio[28,29.
potentialed points, varying from time to time in both sign For example, Bradlegt al. report that the electrodissolution
and magnitude due to the random nature of ion diffusion. Irand electrodeposition processes in an applied electric field
addition to the random diffusive noise, convectifimoth  can be exploited to create directional growth of copper de-
natural convection and electroconvecficand electric mi-  posits between copper particlgz7]. Yet in these reports the
gration may also affect the deposit morpholddy —2Q. It metal deposit is usually ramified, which may increase the
has been demonstrated that when electroconvection becomelgctric capacitance of the system and cause delay in switch-
sufficiently strong, neighboring deposit branches approacing time. An essential step towards the real application of the
each other, eventually form a network patt¢f8,21. To  direct electrodeposition method is to suppress ramification of
suppress convection, thin cells are normally used in experithe deposit and to get efficient control over the deposit mor-
ments. Yet, even so, the effect of either natural convection ophology.
electroconvection remairj49,22. We once carried out elec- Recently we find a uniqgue method to generate an ultrathin
trodeposition in agarose gel in order to suppress convectioalectrolyte layer for electrochemical deposition, in which the
[23]. Indeed, more regular deposit morphology has been obmorphology of the deposits can be changed tremendously
served. However, by introducing polymers into the system[30]. In this paper, we report in detail the formation of these
convection is diminished on one hand, on the other handjifferent copper electrodeposits that grow robustly on glass
interfacial energy of the deposit is modified since the chemisubstrate and have considerably low branching rate. In par-
cal environment becomes different. Therefore, it is difficultticular, we provide detailed information of the electrodeposi-
to identify whether the variation of deposit morphology is tion environment in the ultrathin electrolyte layer, which is
associated with the suppression of convection or with thessential to understand the self-organized pattern formation
change of interfacial energy. It would be ideal to find anprocess therein. The influence of defects on the substrate in
experimental system in which convective disturbance is supthe development of the straight filaments is presented. In
pressed, at the same time no additional uncontrollable factorsddition to structural and chemical analysis of the deposit
are introduced. filaments, the relation of the periodicity of nanostructures on
Apart from the interest in pattern formation research, unthe filaments and experimental parameters, the mechanisms
for the decreased branching rate, and the origin of the spa-
tiotemporal oscillations observed in the system, etc. are also
*Electronic address: muwang@netra.nju.edu.cn discussed.
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soin situ optical observation could be carried out. The tem-
perature for electrodeposition was usually settd °C for
0.05 M CuSQ solution, below the freezing point of the elec-
trolyte.

To generate an ultrathin electrolyte layer for electrodepo-
sition, we solidified the CuSQsolution by decreasing tem-
perature. To achieve a large, flat electrolyte-solid interface,
great care was taken in the beginning of solidification to
keep only one or just a few ice nuclei in the system. Several
melting-solidification cycles were repeated to fulfill this re-
quirement. In our system, solidification started from the bot-
tom glass plate. During solidification, Cug@as partially
expelled from the solidthis effect was known as partitioning
effect[32—35 in crystallization). As a result, the concentra-
tion of CuSQ increased in front of the solid-electrolyte in-
terface. Meanwhile, very low solidification rate had to be
used in order to prevent the cellular interfacial morphology

S —C [36]. On the other hand, it is known that the temperature at
which electrolyte solidifies (melting point/solidification
point) depends on the concentration of electrolyte. For the

FIG. 1. (a) A schematic diagram of the experimental setup for electrolyte of CuSQ the solidification temperature de-
the generation of the ultrathin electrolyte film and for the elec-creases when the salt concentration is increased. Therefore,
trodeposition. The cell for elgctrodeposition shown_ here has.tquhen the equilibrium was reached at a set temperature
parallel electrodegb) The Qetalls of the electrodeposition cell with (—4°C, for examplg there existed an ultrathin layer of
tk;zt:,a(g"i;te:‘i?:&? :ﬁzfgs;r?geggs;sggl(?e,tzg)tt%rl?rstﬁis concentrated CuSQelectrolyte between the ice of electro-
piate, ’ ’ : yie, Ixte and the glass substrate. In our experiments, electrodepo-
electrolyte layer trapped between the ice of electrolyte and the glass.. . . . .
substrate(7) Peltier element used for stimulating nucleation in so- sition was Cameq out in this ultrathin layer, where the
lidifying the electrolyte;(8) top cover of the thermostated chamber CusQ concentra_ltlon Waso expecteci not to exceed the satu-
with a glass windowj9) rubber O ring for sealing{10) thermo- rated c_onc_entratlon of-4°C (at _‘_1 C, the Satu_rated co_n-
stated chamber to keep a constant temperature for electrodepositigrEntration is about 0.7 M The thickness of this ultrathin

layer depended on the initial concentration of the electrolyte
Il EXPERIMENTAL SETUP AND METHODS and the s_etting temperature. At4°C, this layer was around
200 nm in thicknesginitial electrolyte concentration 0.05

The electrodeposition was carried out in a cell made oM), which was based on the measurement of the thickness of
two carefully cleaned glass plates. There were two types ofopper electrodeposit with atomic force microscopy.
geometrical arrangements for the electrodes. In one scenario, As indicated in Fig. (b), the electrodes were in contact
the anode was a circular ring and the cathode was a graphiteith the concentrated ultrathin electrolyte layer trapped be-
needle, which was inserted through a small hole at the centeéween the ice of electrolyte and the glass substrate. To verify
of the upper glass plate, perpendicular to the plane of théhe existence of this ultrathin layer and to test whether it was
anode, and touching the electrolyte layer beneath. Mearindeed in contact with the electrodes, we measured the elec-
while, the electric field was centripetal. The ring anode wadric resistance between the electrodes. In one case, we im-
made of pure copper wir@9.9%, Goodfellow, UKand the  mersed two electrodes in a cup of electrolyte and solidified
ring radius was 10 mm. The diameter of the cathode was 0.the electrolyte into ice. Whereas in the other case, the mea-
mm (the hole on the glass plate had the same)sizer the  surement was carried out in the setup shown in Fig. 1. The
other scenario, two parallel, straight electrodes were 8.0 mreeparation of the electrodes, the initial electrolyte concentra-
apart and fixed on the bottom glass plg@&]. The electrode tion, and the temperature were the same for these two sce-
materials were the same as those for the circular cell. A schararios. It turned out that the resistance between the elec-
matic diagram of the experimental setup is shown in Fig. 1trodes in the first casébulk system was several orders of
The electrolyte of CuSgy0.05 M, pH=4.5) was confined in magnitude higher than that in the second one. This suggests
the space between the upper and the lower glass plates atitht for the electrodeposition setup shown in Fig. 1, there
the electrodes. The electrolyte solution was prepared by anaxisted a layer of concentrated electrolyte connecting the two
lytical reagent CuS@and deionized, ultrapure watéelec-  electrodes. Further evidence for the existence of such an ul-
tric resistivity 17.8 M) cm). No special treatmen{such as trathin layer will be presented in Sec. IV.
coating with metal clusterf7,10]) were made on the glass In our experiments, both potentiostatic and galvanostatic
surface except conventional cleaning. A Peltier element wadesigns generated similar deposit morphology. In the poten-
placed beneath the electrodeposition cell to modify temperatiostatic experiment, the constant voltage across the elec-
ture. Both the deposition cell and the Peltier element werdrodes was selected between 1.0 V and 5.0 V. Meanwhile, the
sealed in a thermostat chamber. Dry nitrogen flowed througklectric current in electrodeposition was recorded as a func-
the cell to prevent water condensation on the glass windowjon of time. In galvanostatic experiments, the constant cur-
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rent flowing through the deposition cell was in the range of
10 xA—100 nA and the voltage drop across the electrodes
was recorded as a function of time.

The morphology of electrodeposit was observed with an
optical microscope(Leitz Orthoplan-pol and was further
analyzed by an atomic force microscof@éM) (Digital In-
struments, Nanoscope l)laand a field-emission scanning
electron microscopgLEO 1530. The structure and the
chemical composition of the electrodeposit were analyzed
with a transmission electron microscogdEM-4000EX,
JOED.

Ill. EXPERIMENTAL RESULTS

Macroscopic morphology of the electrodeposit depends
on the geometrical arrangement of the electrodes. For circu-
lar anode, fingering branches develop radially outwards, as
shown in Fig. 2a). Comparing to the previously reported
dense-branching morpholodgt—15), the most eye-catching
feature of the electrodeposit shown here is that the branches
become much more compact and have a fingerlike contour.
The deposit has shiny metallic color and grows robustly on
the glass substrate. For parallel electrodes, the fingering
branches initiate from the cathode and develop towards the
anode, as shown in Fig(l®. Comparing Figs. @) and 2b),
no essential difference on the morphological details on this
scale can be identified except the direction of branch devel-
opment. Fingering in electrodeposition has been reported be-
fore [37], yet in our system the fingers distinguish them-
selves by their unique microstructures. Optical microscopy
reveals that the fingering branches grown on the glass plate
consist of long, narrow filaments, as shown in Figc)2The
branching rate of the deposit has been significantly decreased
comparing with previous ramified electrodeposits—15].
Isolated, straight filamentgnore than 15Q.m long) can be
observed occasionally even though bifurcation does occur to
most of the filaments. Screening effect, which is character-
ized by the termination of the deposit branch due to the
competition for nutrient supply among the neighboring tips,
can be observed in Fig(@.

AFM reveals striking microscopic features of the copper
filaments. As shown in Fig.(®), periodic corrugated struc- ' ' o
tures exist on the filaments. The periodicity may vary from o )
several tens of nanometers to a few microns depending on FIG- 2. (&) The macroscopic view of the electrodeposits of cop-
temperature, voltage or current applied across the electrode%‘?r grown from a circular electrodep_osmpn ceI_I. The electrodeposit
and pH of the electrolyte. The corrugated structures on thgevelops on thg glass substrate with f!ngerllke branches. At the
adjacent filaments are correlated in position, which can b&°Mers of the picture, the parts of the circular anguiere copper
easily identified in the region where the filament splits, asw're) can be seen. The Cath.Ode 'S Ioca@d in the center part of the
marked by the circles in Fig.(@). The corrugated structures deposit.(b) The eIec_trodeposnt generat_ed in a cell with paral_lel ele_c-
mark the evolution of growth front in electrodeposition. trodes. The black line at the bottom is the cathode. The fingerlike

. branches are similar to those formed in the circular ¢ellOptical
AFM measurements show that the thickness of the eIeCtrOd‘:‘r,ﬁicrograph to show the detailed morphology of a fingerlike branch,

posit is less than 200 nm, and the top surface of the depost \hich long, narrow copper filaments can be identifiéd). The
filaments is roundedFig. 2(d)], suggesting that the top sur- Apum view of the copper filaments. The periodic corrugated struc-
face is not confined by any rigid boundaries during theyres on the neighboring filaments are correlated in position, as
growth. This also implies that the thickness of the ultrathiningicated by the dashed circles in the regions where the splitting of
electrolyte layer where the copper filaments develop shoulghe filaments takes place. One may find that no scratches exist in
be of the order of 200 nm. front of the filament tips, as indicated by the arrows. This fact

The periodic structures are generated simultaneously oveiuggests that the filaments were not following the scratches on the
all the deposit filaments and are associated with an oscillaglass surface during the growth.

100.0 nM
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1.6 EW as the current is increased.
S
1.51 0og : . . . . . . .
% 80 eneyHy T crystallite of CyO is much higher in the ditch regions. This
S 14 result has also been supported by the measurement of the
conducting AFM with current mapping and current imaging
1.31 tunneling spectroscopy. In current-sensing AFM measure-
124 ments, we observed that the regions with stronger current
and weaker current appear alternatingly, which correspond
1.1 . . . . exactly to the periodic topographic variations. |-V curve in
0 50 100 150 200 250 the regions with stronger current shows a nearly linear rela-
(b) Time (sec)

o . tion, whereas in the regions with weaker current a typical
FIG. 3. (@ The oscillating electric current across the elec- nonjinear |-V curve for semiconductor has been observed.

trodeposition cell measured in a potentiostatic experiment. The insg}atailed analysis of the electric transport properties of the
is the Fourier transform of the oscillating current, which has a majorf”(,ir.nemS will be reported separatdl§s]

peak at 0.33 Hz(b) The oscillating voltage across the electrodes in
a galvanostatic experiment. As indicated by the inserted Fourier
transform of the oscillating voltage, a sharp peak exists at 0.17 Hz. IV. DISCUSSIONS

In order to understand the growth mechanism, it is essen-
ing electric current or voltage. Figurda} shows the oscil- tial to identify the growth environment where the unique
lating electric current in a potentiostatic experiment. The in-electrodeposit presented above is generated. The electrode-
sert of Fig. 3a) is the Fourier spectrum of the oscillating posits develop on the surface of a flat glass substrate, which
current. It can be seen that the dispersion of the oscillatiofs one of the rigid boundaries of the electrolyte layer for
frequency is small and a distinct peak appears at 0.33 Hlectrodeposition. We emphasize that no prior modification
Figure 3b) shows the oscillating voltage across the elec-has been made on the glass surface. The other rigid boundary
trodes when the current during the electrodeposition wa# electrodeposition is the ice of Cuglectrolyte. The
kept as a constant. The frequency of oscillation depends oshape of the ice-electrolyte interface may strongly affect the
the control parameters in experiments. Figure 4 shows a linmorphology of the electrodeposit. In solidifying the electro-
ear relation of the oscillation frequency and the currentlyte, it is known that CuS@is partially expelled from the
through the deposition cefbalvanostatic experimentsFig- ~ solid due to the partitioning effed82-35. Meanwhile, a
ure 4 indicates that when the mass deposition rate becomesall amount of CuSQis trapped in ice, whereas a large
higher, the oscillation will be more intense. This implies thatamount of CuSQis accumulated in front of the ice, which
the oscillation should be transport dependent. Correspondinfgrms a concentration gradient of CugQ\ccording to the
to the variation of temporal oscillation period, spatial periodsolidification theory, this concentration gradient may lead to
of the corrugated structures also changes. We investigatewbmpositional supercooling6]. Once this occurs, originally
the dependence of the corrugated structure on the electritat solid-liquid interface becomes unstable and a cellular
current in electrodeposition with galvanostatic mode. As il-pattern will be generated. Solidification theory shows that the
lustrated in Figs. &)—5(c), the spatial period of the corru- formation of cellular pattern depends on the interfacial
gated structures decreases when the electric current is igrowth rate and the temperature gradient at the growing in-
creased. terface[36]. To avoid cellular interface, slow solidification

In our previous paper, we have shown that the corrugatecate and small temperature gradient are requiBsd. When
structure on the filament is related to spontaneous alternatingellular pattern appears at the ice-liquid interface, the con-
deposition of CHO and coppef30]. The concentration of centration of CuS® within the ultrathin layer is no longer
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FIG. 6. When the solidification rate of the electrolyte is high,
cellular structure can be formed on the ice-electrolyte interface.
Meanwhile, in the valley region of the cellular structure, CySO
concentration is higher and the electrolyte layer is thicker. Whereas
in the region corresponding to the bump of the cellular pattern, the
concentration of CuSQs lower and the electrolyte layer is thinner.
When electrodeposition is carried out in this inhomogeneous elec-
trolyte layer, the deposit branches follow the track of the valleys
and form a network pattern. The vacant regions in the above picture
correspond to the bumps of the cellular ice-electrolyte interface,
where the lower CuSp concentration and much thinner space
hinder the development of the deposit branches into these regions.

on the electrolyte-ice interface. When electrodeposition is
carried out in this inhomogeneous electrolyte layer, elec-
trodeposit branches follow the valleys, and eventually de-
velop to a network, which outlines the distribution of the
cellular on the electrolyte-ice interface, as shown in Fig. 6.
This observation provides further evidence that the elec-
trodeposition indeed takes place in the ultrathin electrolyte
layer that is trapped between glass plate and ice of electro-
lyte.

It is interesting to know whether the defects on the glass
surface itself, such as scratches, may affect the morphology
of the electrodeposit. Generally the defects provide favorable
sites for nucleation, so the deposit follows the shape of the
defect. However, our observation indicates that our straight
deposit filaments are not induced by the scratches on glass
surface. Figure 7 illustrates the detailed morphology of de-

. ] . posit filaments observed by AFM. As indicated by the ar-
~ FIG. 5. SEM view of the filaments of the electrodeposit formed rq\ys, scratches can be identified on the substrate. Clearly, the
in different galvanostatic experiment®) 35 uA, (b) 47 1A, (©)  filaments of the electrodeposit do not follow the scratches.
_60 pA. One may f!nd thgt when the current through the cell is Furthermore, one may find in both Figs. 7 arid)Zhat some
increased, the spatial period of the corrugated structures decreas%?anches would have grown forward if they were not
screened by the neighboring filamenfsr example, those
homogeneous horizontally. At the sites corresponding to thélustrated by the arrows in Fig. (8)], yet no trace of
valley of the cellular pattern, CuSQs richer than the other scratches can be recognized on the substrate in front of the
places. When electrodeposition is carried out in the valleytips of the terminated filaments.
region, the electrodeposit becomes thicker due to faster local The most distinct difference of the electrodeposition
deposition rate. At the sites corresponding to the bumps ohown here and those reported previously is that in our case,
the cellular pattern, the concentration of CyS©relatively  the branching rate of the electrodeposit has been decreased
lower and the electrolyte layer is thinner. Consequently, thesignificantly. We previously suggested that strong electric
electrodeposition process is slower and the deposit is thinnemigration versus slower diffusion was responsible for the
To demonstrate this effect, we intentionally solidify the elec-formation of straight filamentg30]. To check the validity of
trolyte with a high rate and hence introduce a cellular patterrihis “migration vs diffusion” argument, we recently carried
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FIG. 7. AFM view of the morphology of the copper filaments
grown on the glass surface with scratckieslicated by the arrows
One may find that the filaments of the electrodeposit do not neces-
sarily follow the scratches.

out the replacement reaction in the ultrathin electrolyte layer
of CuSQ, with zinc wires. Thin wires of zinc are placed in
the positions of previous copper and carbon electrodes. The
solidification procedure of the electrolyte is the same as be-
fore. Meanwhile, the zinc wire contacts the electrolyte be-
tween the ice and the glass plate, and no external voltage or
current is applied. So there should be no electric migration
on macroscopic scale. To our surprise, the deposit generated
in this replacement reaction is less random and ramified, as
shown in Fig. 83). AFM reveals that the surface of the de-
posit branches is very smooth, as shown in Figb).8
Whereas those generated in a much thicker electrolyte layer
are very much random and ramified. These results strongly
suggest that a strong electric migration may not be essential 0.0
for the generation of straight, smooth filaments, and what we
observed in the ultrathin layer electrodeposition is a noise- FIG. 8. The morphology of copper branches formed by replace-
reduced effect. By reducing the layer thickness, convectivenent reaction from an ultrathin layer of Cug@ith a zinc wire.
noise in front of the growing interfac&aused by both the The branches grow on the glass plate and initiate from a zinc wire
natural convection and the electroconvectisngreatly sup-  that is in contact with the ultrathin layer of electrolyt@) The
pressed, so the deposits become much more regular. It shoutdpper branches observed with optical microscope. The bar repre-
be noted that in electrodeposition, the most front tips of elecsents 5qum. (b) AFM micrograph of the copper branches shown in
trodeposits are the “hottest points” for nucleation. According (8- One may find that no essential differences can be identified
to the theory of ChazalvidB9], cation concentration behind between those .generated.k?y replacement reaction and those formed
the growing front virtually approaches zero. Once a nucleu®y electrochemical deposition with an external electric power sup-
appears and develops on the tip of the deposit filamen®!-
nucleation behind the tip becomes nearly impossible. All
these factors ultimately lead to the electrodeposit filaments-5°C, viscosity of the electrolyte changed from 0.855
with a low branching rate. X102 Pas to 2.13%10 2 Pas. Corresponding to this

It is true that at low temperature and high electrolyte con-nearly triple increase of viscosity, the deposit morphology
centration, viscosity of the electrolyte increases considerablyglso changed. Figure(® illustrates the electrodeposits at
which may change the deposit morphology. Could a higheB0 °C, and Fig. &) shows the deposit grown at5 °C in
viscosity contribute to the smooth and straight deposit filasupercooledelectrolyte solution. It should be emphasized
ments? We checked this possibility by measuring the viscoshat for both(a) and (b), the electrolyte remained in liquid
ity of CuSQ, electrolyte as a function of temperature and thestate and the electrodeposition took place in the aqueous
corresponding variation of deposit morphology. Our resultslectrolyte layer sandwiched by glass plates, i.e., the elec-
indicated that by decreasing temperature from 30°C tdrodeposits floated in the electrolyte solution. The control

150.0 300.0nm
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FIG. 9. The morphology of electrodeposits developed at different experimental condiiohke copper electrodeposits grown at 30 °C
in aqueous solution sandwiched by two glass platbs;the copper electrodeposits grown at °C in supercooled aqueous solution
sandwiched by two glass plates. The experimental conditions are the same faa)batid (b) except for the temperaturéc) The copper
electrodeposits grown on glass plate-&® °C, just before the solidification of the electrolyte stéis., in supercooled electrolyte solutjon
(d) The copper electrodeposits grown on glass plate at°C when the electrolyte in the deposition cell has been solidified. The voltage
across the electrodes is kept the same for totkand (d). We infer from(c) and (d) that the significant decrease of the thickness of the
electrolyte layer plays a key role in decreasing the branching rate and the formation of much smoother electrodeposit filaments.

parameters for the formation of the deposits shown in Figstimes[40]. It is therefore unlikely that such a difference in
9(a) and 9b), such as the electrolyte concentration, the elecconcentration may be responsible for the completely differ-
tric current, and the geometric aspects of the electrodeposent morphologies shown in Figs(9 and 9d). So we con-
tion cell, were kept the same except the temperature. It caolude that the significant decrease of the branching rate and
be seen from Figs.(8) and 9b) that with higher viscosity, the increase of regularity of the deposit shown in Figl)9
the deposit branches were more condensed. The dendritaze mainly due to the geometrical restriction of the ultrathin
features became less evident at lower temperature. Howeveslectrolyte layer, which efficiently suppresses the noise in
despite the difference on fine features, the patterns shown iglectrodeposition.
both Figs. %a) and 9b) were essentially dense-branching  The restriction of the thickness of electrolyte layer is also
morphology. responsible for the periodic nanostructures on the filaments.
Figure dc) shows the deposit grown on the surface ofThe electrocrystallization of copper from the CuSlution
glass substrate at 3 °C in supercooledaqueous solution. can pe understood as follows: First,Cuions are driven by
Meanwhile, the thickness of the electrolyte was of the ordeg|ectric field to the cathode. Then they are reduced and dif-
of 300 um. Figure 9d) shows the deposit of copper grown f,seq on the deposit surface. Nucleation of the adsorbed cop-

on the surface of glass plate at3 °C in the ultrathin elec-  hor a10ms; followed by limited growth, gives rise to a crys-
trolyte solution film when the solidification of electrolyte had tallite agglomerate. According to the Nernst equation

taken place. The major differences of growth conditions for__ ... . ; + o
those shown in Figs.(6) and dd) were the layer thickness equilibrium electrode potential of OU?* increases when

. + ;
of the electrolyte and the electrolyte concentration. Indeegihe concentration of Cii ([Cu*]) builds up. Whereas, the

electrolyte concentration affected the deposit morpholog{ep.osmon of copper tgkes p."?‘c? only when the cat_h_od_e po-
[22], yet on a microscopic scale the deposits were alway ential is lower than this equilibrium vglue. The nghbnum
ramified and randomly branching. In our experimental sys€l€ctrode potential for G®, however, is much higher than
tem, the electrolyte concentration does not tremendousl{@t for Cu. Therefore, for a wide range of the electrolyte
change the microscopic morphology of the deposit. The reatoncentration, GO is deposited with priority. Suppose that
son is that we carried out control experiments under a microkCU*] is initially high at the growing interface. As a resui,
scope by changing electrolyte concentration from 0.008 M t¢he equilibrium potential for copper deposition is also high.
0.8 M. Although macroscopic pattern of the deposits variedBy applying a sufficiently low electrode potential to the cath-
under optical microscope the deposit branches were alwaysde, both Cu and GO are deposited. It should be noted that
dense branching. Whereas for the patterns shown in Figghe deposition rate of GO is proportional to the product of
9(c) and 9d), the difference of the exact electrolyte concen-both [CU?*] and [OH™] [41], whereas[OH™ ] is much
tration in front of the electrodeposit should be less than 20ower than[Cw?*]. Therefore, the deposition rate of the
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semiconducting CiD is very low compared to that of cop- formation of nanostructured copper filaments in an ultrathin
per. The electrodeposition consume£Cuat the same time, layer of CuSQ solution. The macroscopically fingering elec-

the ion transport is confined by the geometrical restriction off0deposit shown here differs from previous experimental
the ultrathin electrodeposition system. Heng&#*] is observations in every microscopic detail. The most essential

lowered in front of the growing interface and it takes time forcharacter of our electrodeposit is that the filaments become

L ! . much smoother and more regular. The spatial period of the
the Laplacian fields to compensate this descend. Meanwhile,, ,structures on the filaments depends on the control pa-

the equilibrium electrode potential of Cu decreases and ifameters, such as the voltage or current in the electrodeposi-
may even become lower than the actual electrode potentiafion. We suggest that the diffusive or convective noise at the
Once this occurs, the copper deposition stops, yet the depgrowing interface is suppressed by strong confinement of the
sition of Cu,O remains. Note that GO deposits with a very thickness of the electrolyte film, which eventually leads to
low rate, which allowg Ct?*] in front of the growing inter-  the more regular filaments. In addition, a mechanism is pro-
face being accumulated again. Consequently, the equilibriurRosed for the formation of periodic nanostructures on the
electrode potential of G resumes. When its value be- deposit.
comes higher than the actual electrode potential, copper
deposition restarts. In this way copper filaments with peri-
odically modulated concentration of €D, and hence peri- This work was supported by projects from the the Na-
odic nanostructures are generated. It can be inferred that thinal Natural Science Foundation of Chiri&rant Nos.
periodicity of the compositional and topographic oscillations19974014 and 100210DpAnd from the Ministry of Science
depends on thpH of the electrolyte, which has indeed been and Technology of ChindaGrant No. G1998061410 The
experimentally observed. authors thank Q. Wu, V. Fleury, and L. Lam for helpful dis-
To summarize, we report in this paper the details ofcussions.
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