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In this Letter we report a novel self-organized copper electrodeposition in an ultrathin layer of CuSO,
eectrolyte. The macroscopic fingering branches of the deposit consist of long copper filaments covered
with periodic corrugated nanostructures. The mechanism of the nanostructure formation is explored and
the origin of the significant descent of the branching rate in electrodeposition is discussed. We suggest
that this growth phenomenon provides deeper insights into the role of diffusion and migration on pattern

formation in electrodeposition.
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Recently electrochemical metallization of copper has
been applied for on-chip interconnection in microelec-
tronics [1,2]. With this development, direction-controlled
electrodeposition has attracted much attention [3]. To un-
derstand and control the deposit formation, it is essential
to know the influence of physicochemical environments
near the growing interface, for instance, the effect of con-
vection [4—8], on the electrodeposition. It is intriguing to
know whether the ramified feature remains when the exter-
nal agitations are suppressed, and whether regular patterns
can be directly electrodeposited. Monte Carlo simulation
shows that by changing the strength of electromigration,
deposit morphology may vary from fractal to stringy pat-
tern[9]. An experimentally similar tendency isobservedin
a strong electric field [10,11], where the deposit branches
look straight macroscopically, yet on microscopic scale the
branches are still ramified due to the diffusive instability.
On the other hand, the el ectrodeposition can be nucleation
controlled [12—14], which is sensitive to the variation
of the concentration/electric fields at the growing front.
Because of the competition of nutrient transport and inter-
facial kinetics, interfacial concentration field may become
unstable [15]. Hence the nucleation rate of metal fluctu-
ates, and the electrodeposition is modulated. In this Letter
we report the formation of a unique copper electrodeposit
from an ultrathin film system. The macroscopic fingering
branch of the deposit consists of long, narrow copper fila-
ments with self-organized periodic nanostructures. The
branching rate of the copper deposit is significantly de-
creased compared to previous reports [13,16]. The
chemical compositions along the structured filament are
analyzed. The mechanism of this unusual growth behavior
is discussed.

The cell for the experiments consists of two clean glass
plates, separated 50 wm by spacers. The circular anode
(¢20 mm) is made of copper wire (99.9%, Goodfellow),
and the cathode is a graphite rod (0.5 mm) inserted
through a small hole on the upper glass plate and touching
the electrolyte[17]. The electrolyte solutionis prepared by
analytical reagent CuSO, and ultrapure water. The concen-

0031-9007/ 01/ 86(17)/3827(4)$15.00
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tration is 0.05 M. A Peltier element is placed beneath the
cell to reduce temperature and to solidify the electrolyte.
CuSO; is partially expelled from the solid in the solidi-
fication due to the partitioning effect. Eventually an ul-
trathin layer of concentrated CuSO, electrolyte is formed
between the ice of electrolyte and the upper glass plate
when equilibrium is reached. The electrodeposit develops
inthislayer. At —4 °Cthelayer thicknessis about 200 nm,
which is estimated from the thickness of the copper de-
posit measured by atomic force microscope (AFM). The
concentration in this trapped layer does not exceed 0.7 M,
which is the saturation concentration of CuSO, at —4 °C.
The details of experimental method will be reported sepa-
rately [17].

After confirming that the potentiostatic and the galvano-
static experiments generate similar deposit morphology,
we apply a constant voltage of 4.0 V across the electrodes.
The typical copper deposit is shown in Fig. 1(a). Un-
like previously reported random branching morphology
[13,16], here the deposit branches are fingering and have
smooth contour. The deposit is shiny and grows robustly
on the glass substrate. Optical microscopy reveas that
the fingering branch consists of “cellular structures’
[Fig. 1(b)], and each is composed of long, narrow copper
filaments. Although unbranched long filaments (more
than 150 um) can be found occasionally, bifurcation
occurs to most of them. The overall density of the deposit
and the average interfilament separation do not change
evidently, so the cellular pattern gradually increases in
width. It can be seen from the tip region that the filaments
are perpendicular to the contour of the fingering branches,
which suggests that the copper filaments develop along
the local electric field.

AFM reveals striking periodic corrugated structures on
the filaments (Fig. 2). It is noteworthy that the corruga-
tions on the neighboring filaments correlate in position,
which can be easily identified in the branch-splitting re-
gions [Fig. 2(b)]. The coherence of these corrugations
implies that they were generated simultaneously. The co-
herent, periodic growth of the filaments is associated with
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FIG. 1. (a) The fingering electrodeposit grown on a glass sub-
strate from an ultrathin film of CuSO, solution. (b) The optica
micrograph of the fingering branches shown in (a), in which fine
filaments can be seen. The fingering branches orient to different
directions, so the growth of the filaments is not restricted to the
specific orientations. The initia concentration of the electrolyte
(C) was 0.05 M, the temperature (T') was —4 °C, and the ap-
plied voltage (V) was 4.0 V.

an evident oscillation of electric current. The period of
these spatiotemporal oscillations depends on the voltage
across the electrodes, the pH of the electrolyte, and the
temperature, etc. Details will be presented in a forth-
coming paper [18]. The distinct difference between the
electrodeposit shown here and those reported previously
[13,16] is that here the branching rate has been signifi-
cantly decreased, and the surface of the deposit becomes
much smoother.

The structure and chemical composition of the corru-
gated copper filaments have been analyzed by a transmis-
sion electron microscope (TEM). Figure 3(a) illustrates
the diffraction contrast image of the filaments, where the
crystallites within each corrugated structure are a few tens
of nanometers in size. The electron diffraction of the cop-
per filament [Fig. 3(b)] confirms that it is polycrystalline.
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FIG. 2. (a) The copper filaments viewed by AFM (Nanoscope
I11a) with contact mode. The top surface of the filaments is
rounded, indicating that it was not confined by any flat, rigid
surface during the growth. The corrugated structures can be
seen on the copper filaments. (b) The copper filaments viewed
with a higher magnification. The periodic corrugations on the
neighboring filaments are correlated in position. The parameters
for the electrodeposition: V = 4.0V, T = —5°C, pH = 4.5.

In addition to the diffraction of copper, diffraction of Cu,O
isalso identified. Cu,O isusually abundantly generated in
akali electrolyte or high electrode potential [11,19-21].
In our case where the pH of the electrolyte is 4.5 and
the voltage is a few volts, Cu,O till exists. The electric
resistivity of the copper filaments shows, however, that the
average concentration of Cu,O in the filament is less than
2% [17]. We examine the distribution of Cu,O aong a
filament by analyzing the diffraction strength at the sites
A-F shown in Fig. 3(a). Suppose the orientations of the
crystallites in the filament are random. It turns out that
the ratio of the integrated strength of the diffraction of
Cu,O(111) versus that of Cu(200), which is proportional
to theratio of the local content of Cu,O and Cu, fluctuates
as a function of position [Fig. 3(c)]. Although the data in
Fig. 3(c) are qualitative, they do indicate that the content of
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FIG. 3. The TEM (JEM-4000EX) analysis of the corrugated
copper filaments. (a) The diffraction contrast image of the fila-
ments. (b) The electron diffraction of the filament. The numbers
on the diffraction rings represent the following: (1): Cu,O (110);
(2): Cu,0 (112); (3): Cu (111); (4): Cu (200); (5): Cu,O (220);
(6): Cu (220); (7): Cu (311), respectively. (c) The ratio of the
integration strength of the diffraction of Cu,O(111) vs that of
Cu(200) at the sites marked by A—F in (a). The percentage of
Cu,0 is higher at the sites B and F. The parameters for the
sample preparation: pH =45,V =25V, T = =2.75°C.

Cu,Oishigher at thesites B and F. Thismeansthat indeed
the periodic corrugated structure on the copper filament is
related to the fluctuation of Cu, O concentration during the
electrodeposition.

Electrocrystallization of copper can be understood as
follows: Cu?* ions are driven to the cathode by electric
field, then they are reduced and diffuse on the deposit
surface. Nucleation of the adsorbed atoms, followed by
limited growth, givesrise to a crystallite agglomerate. Ac-
cording to the Nernest equation, the equilibrium electrode
potential of Cu| Cu?* increases when the concentration of
Cu?*([Cu?™)) builds up. The deposition of copper takes
place only when the potential of the cathode is lower than
this equilibrium value. The equilibrium electrode poten-
tial for Cu, O, however, is much higher than that for Cu.
So for awide range of the electrolyte concentration Cu,O
deposits with priority. Suppose [Cu?*] is initialy high at
the growing interface, so the equilibrium potential for cop-
per deposition is also high. By applying a sufficiently low
electrode potential, both Cu and Cu,O are deposited. It
should be noted that the deposition rate of Cu,O is pro-
portional to the product of both [Cu?*] and [OH™] [20],
whereas [OH™] is much lower than [Cu?>*"]. Therefore,
the deposition rate of Cu,O is very low compared to that
of copper. The electrodeposition consumes Cu?"; at the
same time the ion transport is confined by the ultrathin
electrodeposition system. As the result, [Cu?*] decreases
in front of the growing interface, and it takes time for the
Laplacian fields to compensate this reduction. Meanwhile
the equilibrium electrode potential of Cu decreases and it
may even become lower than the actual electrode poten-
tial. Once this occurs, copper deposition stops, yet the
deposition of Cu,O remains. Note that Cu,O grows with
avery low rate, which allows [Cu?*] in front of the grow-
ing interface to be accumulated again. Conseguently the
equilibrium electrode potential of Cu?* resumes. When
its value exceeds the actual electrode potential, copper de-
position restarts. In this way the copper filaments with
periodically modulated concentration of Cu,O, and hence
periodic nanostructures are generated.

The crucial difference of our experimental system and
previous ones is that the thickness of the electrolyte is
decreased to the order of the length of mean free path of
ion diffusion [22], which leads to the distinct morphol ogies
shown in Figs. 1 and 2. In the ultrathin film only a small
fraction of the cations can move forward without collision
with the boundaries. As a matter of fact, the mean free
path of ion diffusion in a thin electrolyte film with two
rigid boundaries, A, can be expressed as

1 1 1

A Ao L’
where L is the thickness of the electrolyte film and A.. is
the mean free path in abulk system. As L approaches A,
A decreases evidently. The diffusion constant D is pro-
portional to A according to the transport theory. There-
fore ion diffusion in an ultrathin layer is slower. The
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electromigration, the other factor that contributes to the
cation transfer, is driven by the electric field and may not
be sensitive to the descent of the film thickness. We ex-
pect that the electric migration may overwhelm the dif-
fusion in an ultrathin film electrodeposition. Hence the
ballistic deposition plays a more important role than the
diffusion-limited growth. This may change the deposit
morphology significantly. In electrodeposition the front-
most tips of the copper filaments are the “hot points’ for
nucleation. According to the theory of Chazalviel [23],
the cation concentration behind the growing front virtually
approaches zero, which prohibits further nucleation there.
These factors ultimately lead to the less-ramified copper
filaments. Moreover, suppression of the convective noise
may also play arole. The convection caused by the vertical
temperature or the concentration gradient can be character-
ized by Rayleigh number, which relates to the thickness of
the solution film d as d* [24]. The convection is reduced
drastically by decreasing d. For electroconvection, we ex-
pect that its strength also declines, athough the exact so-
lution for 3D electroconvection is difficult to achieve [25].
In addition, viscosity of the electrolyte also increases at
low temperature and high electrolyte concentration, which
may affect the deposit morphology. In-depth discussions
will be presented elsewhere [18].

It is true that the fingerlike electrodeposit has been re-
ported before [26]. However, the patterns shown here are
different from previous ones in many ways. First, the
ramification of the deposit has been greatly suppressed,
and smooth filaments can be generated on the substrate.
Second, periodic nanostructure with periodic variation of
chemical compositions is formed, which marks the evolu-
tion of the deposit, and helps to understand the mechanism
of electrodeposition. Moreover, it has been shown that on a
different length scale the factors governing the pattern for-
mation are different. On the scale above the order of the
thickness of the concentration boundary layer, the mor-
phology is mainly governed by the Laplacian fields. So
the fingering pattern dominates [Fig. 1(&)]. On the scale
of the mean free path of ion diffusion, the role of electro-
migration becomes evident; hence straight filaments ap-
pear. By demonstrating the effect of dimensionality of the
growth system on electrocrystallization, the phenomena
shown here provide deeper insights of pattern formation
in electrodeposition.
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