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The ability to independently dictate the shape and crystal orientation of islands in electrocrystallization
remains a significant challenge. The main reason for this is that the complex interplay between the substrate,
nucleation, and surface chemistry is not fully understood. Here we report on the kinetics of island growth for
copper on ruthenium oxide. The small nucleation overpotential leads to enhanced lateral growth and the
formation of hexagonal disk-shaped islands. The amorphous substrate allows the nuclei to achieve the ther-
modynamically favorable orientation, i.e., a (111) surface normal. Island growth follows power law kinetics in
both lateral and vertical directions. At shorter times, the two growth exponents are equal to % whereas at longer
times lateral growth slows down while vertical growth speeds up. We propose a growth mechanism, wherein
the lateral growth of disk-shaped islands is initiated by attachment of Cu adatoms on the ruthenium oxide
surface onto the island periphery while vertical growth is initiated by two-dimensional nucleation on the top
terrace and followed by lateral step propagation. These results indicate three criteria for enhanced lateral
growth in electrodeposition: (i) a substrate that leads to a small nucleation overpotential, (ii) fast adatom
surface diffusion on substrate to promote lateral growth, and (iii) preferential anion adsorption to stabilize the

basal plane.
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I. INTRODUCTION

The study of nucleation and growth in electrocrystalliza-
tion has a long history [1-5]. In the large overpotential re-
gime, far from equilibrium, deposition usually occurs by
Volmer-Weber island growth [6—14]. Under these conditions,
control of island shape is not possible and deposition usually
results in the formation of nonfaceted (hemispherical) is-
lands. In the near-equilibrium regime, research has focused
on epitaxial deposition [e.g., Ag on Ag(hkl) and Cu on
Cu(hkl)] [1-4,15-17]. For these epitaxial systems with a
layer-by-layer growth mode, the details of nucleation, propa-
gation of step edges, and spiral growth at screw dislocations
have been formulated [2,4,5]. Under these conditions control
of island shape can be achieved, but island orientation is
usually dictated by the substrate and cannot be controlled
independently.

In crystal growth from aqueous solution, the evolution of
surface morphology under near-equilibrium conditions has
been widely studied, e.g., [18-31]. In contrast, the evolution
of the surface morphology of islands in electrocrystallization
(i.e., nonepitaxial systems that exhibit a Volmer-Weber island
growth mode) is poorly understood. There are two main rea-
sons for this. First, the nucleation overpotential, i.e., the en-
ergy barrier for nucleation on a foreign substrate, is usually
200 mV or more. Consequently, after nucleation, growth is
too fast to achieve equilibrium structures. Second, the orien-
tation of an island is usually determined by the crystal struc-
ture of the substrate.

Here we report on the kinetics of island growth during
deposition of copper on amorphous ruthenium oxide. The
island shape and orientation are determined by two key fac-
tors. First, the amorphous substrate dictates Cu island orien-
tation by allowing the nuclei to achieve the thermodynami-
cally favorable close-packed in-plane structure with a (111)
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surface normal. Second, by eliminating the influence of a
crystalline substrate (grain size, crystal orientation, grain
boundaries, dislocations, etc.), under near-equilibrium condi-
tions, island growth can be controlled solely by surface en-
ergies of different facets. In previous work we have shown
that deposition of copper on amorphous ruthenium oxide oc-
curs with a very small nucleation overpotential, resulting in
the formation of hexagonal disk-shaped islands [32]. The
well-defined island geometry in this system provides an op-
portunity to study the growth kinetics in much greater detail
than has previously been possible in electrodeposition. Here
we show that island growth at short times follows a power
law in both lateral and vertical directions, with exponents of

1. while at longer times, lateral growth slows down while

\2/ertical growth speeds up. We propose a growth mechanism
where the lateral growth of disk-shaped islands is initiated by
attachment of Cu adatoms on the ruthenium oxide surface to
the island periphery, and vertical growth is initiated by two-
dimensional (2D) nucleation on the top terrace and followed
by lateral step propagation. These results indicate three cri-
teria for enhanced lateral growth in electrodeposition: (i) a
substrate that leads to a small nucleation overpotential, (ii)
fast adatom surface diffusion on the substrate to promote
lateral growth, and (iii) preferential anion adsorption to sta-
bilize the basal planes.

II. EXPERIMENTAL SECTION

Deposition of Cu was performed on ruthenium oxide on
polycrystalline ruthenium in a standard electrochemical cell
with a copper wire reference electrode and platinum mesh
counter electrode. Nucleation and growth are relatively slow
in the near-equilibrium regime and hence a Cu(II)/Cu refer-
ence electrode was used to avoid contamination during the
relatively long experiments. All potentials are reported ver-
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sus the copper wire reference electrode. Unless otherwise
stated, experiments were performed in solution containing
0.1M CuSO, (99.999%, Alfa Aesar) and 0.2M H,SO,
(99.9999%, Alfa Aesar) in 18.2 M) de-ionized (DI) water
(pH=1.03) at an applied potential of =64 mV (vs Cu’**/Cu)
and at 23 °C.

Experiments were also performed at potentials from —54
to —104 mV and at temperatures from 1 to 71 °C using a
temperature controlled hot plate. The pH of the solution was
adjusted by varying the concentrations of H,SO,:pH 0.44
(0.04M H,SO,), pH 1.03 (0.2M H,SO,), and pH 1.56
(1M H,SO,). The influence of Cu(II) concentration was
studied in solutions with 0.01M CuSO,, 0.1M CuSO,, and
1.0M CuSO,; in all cases the solution contained 0.2M
H,SO,. The influence of anion was studied in solutions con-
taining 0.1M CuSO, and 0.2M H,SO,, 0.1M Cu(ClO,),
(99.999% metals basis, Alfa Aesar) and 0.2M HCIO,
(99.9985% metals basis, Alfa Aesar), and 0.1M CuSO,,
0.2M H,SO,, and 1 mM HCI (ACS, Baker).

The substrate, which was prepared by physical vapor
deposition of ruthenium on single crystal Si, is smooth with
rms roughness of 1.8 A over 2X2 um? area [32]. The ru-
thenium has no in-plane ordering but has strong (002) texture
with an average grain size of 14 nm and a native oxide about
2 nm in thickness [32].

Copper islands were examined by atomic force micros-
copy (AFM) (Molecular Imaging Pico-Plus), scanning elec-
tron microcopy (SEM) (JEOL 6700F) equipped with energy
dispersive x-ray analysis (EDAX) Genesis 4000 microanaly-
sis system, x-ray diffraction (Philips X’Pert four-circle sys-
tem), as well as transmission electron microscopy (TEM)
(Philips EM 420 and CM 300). Energy-filtered TEM images
were acquired near the oxygen K edge using a post-
column Gatan Imaging Filter in the Philips CM 300 TEM.
In a typical experiment, after deposition the sample was
rinsed in distilled water and at least five AFM images
(50X 50 um?) obtained at random locations on the sample
using a 70 wm scanner.

Individual copper islands were characterized by TEM af-
ter removing from the substrate. After deposition from solu-
tion containing 0.1M CuSO, and 0.2M H,SO, at —64 mV
(vs Cu?*/Cu) for 50 s, the sample was sonicated in distilled
water for 30 min. After centrifugation for 5 min at 2000 rpm,
the islands were resuspended in DI water, and then a drop of
the suspension was placed on a lacey carbon TEM grid.
Cross sections for transmission electron microscope analysis
TEM were prepared by mechanical polishing and ion beam
milling.

III. RESULTS AND DISCUSSIONS
A. Cu deposition

Figure 1(a) shows a current density versus time curve for
copper deposition at —64 mV. In contrast to current-time
curves for diffusion limited growth that are characterized by
an initial increase in current due to isolated island growth
followed by a decrease due to planar diffusion to the growing
islands, the current-time curve shown here reveals more tem-
poral information on island nucleation and growth. After an

PHYSICAL REVIEW E 79, 051601 (2009)

1000

Y~ NPT
10 100

Time (s)

FIG. 1. (Color online) (a) Current density versus time for
copper deposited from solution containing 0.1 CuSO, and 0.2M
H,S0, at —64 mV (vs Cu**/Cu) for 2000 s. (b) AFM images
(8 x8 um?) of disk-shaped islands at 20, 100, 500, and 1000 s
depositions.

induction time, #;, of 11 s copper starts to nucleate and the
current increases sharply. At 20 s the slope of the current-
time curve decreases, implying that nucleation has finished.
This is confirmed by AFM image analysis (see below) show-
ing that the island density is approximately constant after 20
s. The islands then grow, both laterally and vertically, until
the suppression of lateral growth associated with island-
island interactions leads to a decrease in the deposition cur-
rent after about 700 s. Finally, the onset of island coalescence
occurs at about 1000 s, after which the current density is
approximately constant and determined by the vertical
growth rate. AFM images of the disk-shaped islands after 20,
100, 500, and 1000 s, respectively, are presented in Fig. 1(b),
illustrating that individual islands exhibit a hexagonal shape
with lateral dimension much larger than the vertical dimen-
sion. The sequence of images clearly shows the progression
from isolated island growth to island coalescence and the
formation of a continuous film.

AFM images after 100 and 500 s (Fig. 2) show a distri-
bution of island sizes due to the range of nucleation times
(approximately 11-20 s). The images also show the existence
of a small number of polygonal islands. Energy dispersive
x-ray spectroscopy (EDS) indicates no compositional differ-
ence between the polygonal islands and the disk-shaped is-
lands in the detection limit of the instrument (approximately
1 at. %). Figure 2(c) shows a histogram of the island near
neighbor distances, which can be well fit by the Poisson
distribution, indicating complete spatial randomness.

In order to confirm that the AFM images are representa-
tive of the whole surface, we compare the charge density
obtained from integration of the current transient to the
charge per unit area contained in the islands in the AFM
images. The charge density obtained from integration of the
deposition transient (solid line in Fig. 3) is proportional to
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FIG. 2. (Color online) AFM images (50X 50 um?) of copper
from solution containing 0.1M CuSO, and 0.2M H,SO, at -64 mV
(vs Cu*/Cu) for (a) 100 s and (b) 500 s. (c) Near-neighbor-distance
distribution obtained from analysis of 98 islands after 20 s. The
solid line shows the Poisson distribution, confirming complete spa-
tial randomness.

the average volume of copper deposited over the whole sur-
face area. The volume of copper in each AFM image (50
X 50 um?) is obtained from the sum of the volume of each
island and converted to a charge density using Faraday’s law.
The charge density is then averaged over at least five images
randomly selected over the surface. The excellent agreement
between the global average charge density and the charge
density obtained from analysis of the AFM images, shown in
Fig. 3, indicates that the island distribution is uniform and
that the AFM images are representative of the whole surface.

The out-of-plane orientation of the copper islands was
characterized by x-ray diffraction. As shown in Fig. 4, a
Cu(111) peak is observed at the onset of deposition and be-
comes much stronger at longer times resulting from the
growth of the hexagonal disk-shaped islands. At 200 s, a
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FIG. 3. (Color online) (Solid line) Deposition charge density
obtained from integration of the current-time transient for copper
deposited from solution containing 0.1 CuSO,4 and 0.2M H,SO,
at —64 mV (vs Cu>*/Cu) at different times. (o) Charge density
obtained from analysis of AFM images at different deposition
times. The charge density was obtained from the volume of all
islands in at least five 50X 50 um? AFM images using Faraday’s
law.
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FIG. 4. (Color online) X-ray diffraction patterns for copper de-
posited from solution containing 0.1M CuSO, and 0.2M H,SO, at
—64 mV (vs Cu*/Cu) for 0, 50, 200, 1000, and 5000 s.

Cu(200) peak emerges as the total volume of the polygonal
islands becomes sufficiently large to be detected, as illus-
trated in Fig. 2(b). The intensity of the Cu(200) peak remains
approximately constant at longer times. After 1000 s, when
the islands begin to coalesce, a very weak Cu(220) signal is
identified. X-ray pole figure measurements confirmed that
the disk-shaped islands have a random in-plane orientation
on the substrate. The random in-plane orientation can be in-
ferred from comparison of the edges of the hexagonal islands
in Fig. 2.

Figure 5 shows a bright field TEM image of a hexagonal
disk-shaped island with lateral dimension of about 2 um,
after removal from the substrate. The selected area diffrac-
tion pattern shows that the island is single crystal and con-
firms the (111) surface orientation. The interatomic spacing
of 2.56 A is in excellent agreement with the value for bulk
copper [33]. The cross-section TEM image in Fig. 6 shows
that the oxide layer on the ruthenium substrate between the
disk-shaped copper islands and the ruthenium substrate is
about 2 nm in thickness. There is no contrast change in the
ruthenium oxide layer on tilting the specimen, implying that
the oxide is amorphous.

An important consequence of the amorphous substrate is
that island nucleation becomes decoupled from microstruc-
tural features that are intrinsic to crystalline substrates (e.g.,

FIG. 5. TEM bright field image of a copper disk-shaped island
deposited from solution containing 0.1 CuSO, and 0.2M H,SO,
at —64 mV (vs Cu>*/Cu) for 50 s. The inset shows the correspond-
ing selective area diffraction image with zone axis (111).
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FIG. 6. (a) Zero-loss energy-filtered TEM (EFTEM) image of
the cross section of Cu disk-shaped island electrodeposited on ru-
thenium substrate from solution containing 0.1 CuSO, and 0.2M
H,S0, at =64 mV (vs Cu®*/Cu) for 200 s. (b) Higher magnifica-
tion cross-section TEM image of the Cu island shown in (a). (c) The
jump-ratio EFTEM image on the oxygen K edge for the image
shown in (a).

grain size, crystal orientation, grain boundaries, dislocations,
etc). Thus nuclei exhibit the thermodynamically favorable
close-packed in-plane structure with a (111) surface normal.
In addition, island growth under near-equilibrium conditions
is controlled by the surface energies of different facets. Pref-
erential adsorption of sulfate anions on the Cu(111) surface
[34,35] stabilizes the basal plane and hence leads to the for-
mation of disk-shaped islands.

Figure 7 shows the island density obtained from AFM
images versus time up to 500 s, prior to the onset of coales-
cence, and hence allowing all individual islands to be easily
distinguished. The overall island density N, increases and
reaches a maximum of 3.6 X 10® ¢cm™ after 100 s. The ma-
jority of disk-shaped islands form before 20 s, and their num-
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FIG. 7. (Color online) Density of copper islands deposited from
solution containing 0.1M CuSO, and 0.2M H,SO, at —64 mV
(vs Cu*/Cu) versus deposition times for (A) disk-shaped islands,
(©) non-disk-shaped islands, and (O) all islands.
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FIG. 8. (Color online) Volume versus area for disk-shaped
islands deposited from solution containing 0.1 CuSO, and 0.2M
H,S0, at —64 mV (vs Cu®*/Cu) after (a) 20, 50, and 100 s and
(b) 200 and 500 s. The solid line corresponds to isotropic island
growth and the dashed line represents the power law fitting of all
data points up to 100 s. The number of islands at each deposition
time were 379 (20 s), 402 (50 s), 363 (100 s), 403 (200 s), and 390
(500 s).

ber density increases slowly up to 100 s and then remains
constant at 2.9 X 10® ¢cm™2. The polygonal islands appear af-
ter 20 s and their number density increases slowly over time
but is still much less than the density of the disk-shaped
islands. Figure 7 confirms the conclusion from the current-
time curves that nucleation is almost complete after 20 s.

From these results we can conclude that the hexagonal
disk-shaped islands have low aspect ratio with a (111) sur-
face orientation, a random in-plane orientation, and are ran-
domly distributed on the substrate. Nucleation occurs be-
tween 10-20 s and the onset of island coalescence occurs at
about 500 s.

B. Growth Kkinetics

The evolution of island size and shape was determined
from analysis of the volume and projected area of each is-
land. Figure 8 shows a plot of volume versus projected area
for the disk-shaped islands at different times. For each depo-
sition time, all islands exhibit a broad distribution in volume
and area due to their different nucleation times. From the
island spatial randomness [Fig. 2(c)] it is reasonable to as-
sume that each island grows independently and hence all
islands obey the same growth law from which we can extract
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kinetic information. The solid line in both figures represents
the isotropic growth curve,

V=1A%2, (1)

where V is the volume of the island, A is the projected area,
and the exponent 3/2 defines the slope in the double-
logarithmic plot. In Fig. 8(a), the volume and area of each
island increases with increasing time from 20 to 100 s. How-
ever, all data points at different times can be well fitted by
the same power law relation, represented by the dashed line
in the figure, which is parallel to the isotropic growth curve
and has the same exponent of 3/2. This observation leads to
three conclusions. First, growth of the disk-shaped islands
follows a power law in each dimension,

Loct?, (2a)

hot?,

where L and & are the lateral and vertical dimensions, respec-
tively, while a and b are the corresponding growth expo-
nents. Experimentally, the island width and height are deter-
mined from the volume and the projected area measured by
AFM,

(2b)

L=A", (3a)

h=VIA. (3b)

Second, the lateral and vertical growth exponents are equal,
i.e., a=b. Third, up to =100 s the growth of the disk-
shaped islands follows the same kinetic law. From the shift
between the experimental data and the isotropic growth
curve we can determine the ratio between the lateral growth
rate and the vertical growth rate, which is about 6, i.e., the
copper disks grow six times faster laterally than vertically.
Note that the ratio between the lateral and vertical growth
rates corresponds to the average width divided by the aver-
age height. Figure 8(b) shows that the growth of the disk-
shaped islands starts to deviate from the power law after 100
s, indicating different growth kinetics. This change is due to
the onset of interactions between islands, as illustrated in the
AFM image for =500 s in Fig. 1, resulting in the suppres-
sion of lateral growth. In this regime, lateral growth slows
down while vertical growth speeds up.

To obtain the values of the growth exponents a and b we
use two approaches. First, we analyze the time dependence
of the total projected areas of all islands over the substrate by
applying the Avrami theorem. Second, we analyze the aver-
age lateral dimension (island diameter) and the average ver-
tical dimension (island height) of the disk-shaped islands at
different times.

The transformed area resulting from randomly distributed
islands for both long and short times can be described by
Kolmogorov-Johnson-Mehl-Avrami ~ (KIMA)  equation
[36-38],

f=1-exp[-S()]=1-exp(- k"), (4)

where f is the fractional surface coverage by the islands, S(r)
is the extended surface coverage, k is the rate constant, and n

PHYSICAL REVIEW E 79, 051601 (2009)

-In(1-f)

0 500 1000

Time (s)

FIG. 9. Plot of —In(1—f) versus t—t, according to the KIMA
equation. The data were obtained from analysis of AFM images of
copper deposition from solution containing 0.1M CuSO,4 and 0.2M
H,SO, at —64 mV (vs Cu?*/Cu). The fractional coverage f was
obtained from analysis of all islands in eight randomly selected
AFM images (50 X 50 um?). The linear relation indicates that the
electrocrystallization mechanism is instantaneous nucleation with
diffusion-controlled growth.

is a numerical exponent whose value can vary from 1 to 4. In
Fig. 9 we plot —In(1—f) versus t—1f, and from the slope we
obtain an exponent n=1. Since LxA'?, we obtain a lateral
growth exponent a=1/2 and hence a=b=1/2. In two dimen-
sions, the exponent n=1 indicates instantaneous nucleation
and surface diffusion limited growth [39]. Instantaneous
nucleation is self-evident since the nucleation time (about 10
s) is much less than the growth period (about 1000 s). From
the slope of the plot of —In(1—f) versus t—f,, we obtain a
rate constant k=1/350 s~'. At short times =100 s, the ex-
ponential term in Eq. (4) is quite small indicating that island-
island interactions can be neglected. This is consistent with
the kinetic transition occurring between 100 and 200 s.

Figure 10 shows the time dependence of the average is-
land diameter, island height, and aspect ratio. The island lat-
eral dimension shows two kinetic regimes consistent with
isolated island growth up to 100 s and coupled island growth
after 100 s (see Fig. 8). In the isolated island growth regime,
we obtain a lateral growth exponent @=0.47. In the coupled
growth regime lateral growth slows down due to island im-
pingement and the exponent becomes smaller. As shown in
Fig. 10(b), vertical growth also has two kinetic regimes, in-
dicating the correlation between vertical and lateral growths.
In the isolated island growth regime we obtain a vertical
growth exponent 5=0.45, almost identical to the lateral
growth exponent a and consistent with the conclusion drawn
from Fig. 8(a). In the coupled growth regime, vertical growth
speeds up due to the suppression of lateral growth and the
exponent becomes larger.

Figure 10(c) shows the aspect ratio of disk-shaped is-
lands, which is the vertical dimension divided by the lateral
dimension. Note that the aspect ratio of 1/12 (height/
diameter) corresponds to a growth rate ratio of 6 (lateral
growth rate divided by vertical growth rate). Up to 100 s, the
aspect ratio remains constant since the two exponents a and
b are equal, indicating that island growth is self-similar. After
100 s, the aspect ratio increases, and islands grow taller due
to the suppression of lateral growth.

In summary, disk-shaped island growth follows a power
law with growth exponents of 1/2 in both lateral and vertical
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FIG. 10. (Color online) Time dependence of (a) average island
diameter, (b) average island height, and (c) average aspect ratio
(height/diameter) for hexagonal disk-shaped islands. The data were
obtained from analysis of AFM images of copper deposition from
solution containing 0.1M CuSO, and 0.2M H,SO, at =64 mV (vs
Cu?*/Cu). The average lateral and vertical dimensions were ob-
tained from analysis of all islands in at least five randomly selected
AFM images (50X 50 um?). The solid lines are the power law fits
for experimental data up to 100 s. The dotted lines show results
from Egs. (9) and (10), taking Ny=3.6 X 10® em™2, k=1/350 s7!,
m=10,v=0.8 ums™', and d=2 A. N, was obtained from analysis
of AFM images, k was determined from a fit to the Avrami plot
(Fig. 9), the number of steps on the top terrace involved in lateral
propagation m was estimated from AFM images (Fig. 12), the step
propagation rate v was determined from Eq. (8) assuming that the
vertical growth rate is limited by step propagation, and the step
height d was determined from the lattice parameter. The time axis
for the dotted line was offset by the induction time, =11 s.

directions. The growth exponents obtained from the simple
arithmetic mean of the island dimensions (Fig. 10), disre-
garding the size distribution and the influence of polygonal
islands, are in good agreement with the exponents obtained
from analysis of the extended area (Fig. 9).
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FIG. 11. (Color online) Schematic illustration of the mechanism
of growth for the disk-shaped islands. Reduction in solvated copper
ions at the surface results in copper adatoms on the substrate and on
growing islands. Lateral propagation of steps on top of the island
contributes to vertical growth. Lateral growth is initiated by diffu-
sion limited adatom attachment at the perimeter of the island fol-
lowed by reduction in copper ions on the step edges.

C. Growth mechanism

From our analysis of the island growth kinetics, we can
comment on the growth mechanism of the disk-shaped is-
lands (see Fig. 11). At the onset of deposition, reduction in
Cu(TI) ions on the substrate results in the formation of copper
adatoms. This process is relatively slow due to the small
driving force (overpotential). The formation of stable nuclei,
after an induction time of about 11 s, results in a large in-
crease in the deposition current since Cu(I) reduction is
much faster on copper islands compared to the ruthenium
oxide substrate. Lateral growth is initiated by the attachment
of Cu adatoms on the substrate onto the island perimeter,
then followed by fast Cu(IT) reduction in the Cu step edges.
By serving as a sink for Cu adatoms, the disk-shaped islands
develop a depletion zone around the perimeter. When these
depletion zones are isolated, each island grows indepen-
dently according to %> [40]. However, when the depletion
zones start to overlap, lateral island growth becomes coupled
and hence slows down as indicated in Fig. 10.

The surface diffusion coefficient Dg for Cu adatoms on
the ruthenium oxide substrate can be estimated from the av-
erage spacing and the crossover point. The island density of
3.6 X 10% cm™? leads to an average island spacing of 5.3 um
and hence at the crossover point (r=100 s), we estimate
Dg=2X107"" cm?s™'. Due to the complexity brought
about by the substrate, applied potential, electrolyte, and
temperature, it is not possible to make meaningful compari-
sons to other systems.

Vertical growth is associated with 2D nucleation and sub-
sequent step flow on the Cu(111) terrace toward the terrace
boundary. This process has two characteristic times: the
nucleation interval 7 and the time #; to grow a monolayer
after nucleation [1]. If 7>1¢,, nucleation is so slow that it
limits the vertical growth of the island. In this case the ver-
tical growth rate is constant and given by d/ 7, where d is the
height of a single monolayer, resulting in a power law de-
pendence hoct!, which disagrees with our experimental ob-
servation. AFM images (Fig. 12) reveal multiple steps fur-
ther suggesting that nucleation is not the rate limiting step.
This kind of step structure has been observed at the solid/
liquid interface for homoepitaxial and heteroepitaxial sys-
tems including Cu on Cu(111) [35,41], Ag on Ag(111) [41],
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FIG. 12. (Color online) Ex sifu AFM image (2.8 X 2.8 um?) of
the top surface of a disk-shaped island after copper deposition from
solution containing 0.1M CuSO, and 0.2M H,SO, at =64 mV (vs
Cu?*/Cu) for 100 s. The image shows pyramid of growth consisting
of 2D islands formed on top of each other; this structure was ob-
served on all disk-shaped islands studied.

and Cu or Ni on Ag(111) [42,43]. Here we show islands with
a step structure but formed on a noncrystalline substrate.

If 7<<t,, then the vertical growth is rate limited by step
propagation [1]. The time to complete one monolayer is
L/2v, where L is the lateral dimension and v is the step
propagation rate, which is generally considered as constant at
a fixed overpotential [1,3]. Thus, the vertical growth rate is
inversely proportional to the lateral dimension L, providing
the coupling between vertical and lateral growths. At short
times, from the power law for lateral growth L~ "3, we
have h~1"° which agrees with the experimental result. At
longer times, lateral growth slows down due to the competi-
tion for Cu adatoms so that steps on the top terraces take less
time to reach the boundary, resulting in faster vertical
growth. This long time behavior qualitatively agrees with our
experimental observations. Finally, we note that the triangu-
lar shape of the terraces seen in Fig. 12 might result from the
different propagation rates of the two types of step on the
Cu(111) terrace, while the overall hexagonal shape of the
island is due to the nature of the noncrystalline substrate
where the difference between two types of step disappears.

From the mechanism described above, we can derive an
expression for the anisotropic growth ratio a, i.e., the lateral
growth rate over the vertical growth rate, for isolated islands.
First, for surface diffusion limited lateral growth of a single
island we have [40]

L/2=1\2Dgb,t, (5)

where 6. is the critical surface coverage of adatoms, whose
value can be roughly estimated in the following way. At
short times, f=~ L>N,=8N,Ds#,t for instantaneous nucleation
disregarding the island size dispersion. At the same time, at
short times, f= S(t)=kt, where k is known from the Avrami
analysis, and hence, 6.=~k/8NyDg=0.5.

As described previously, for vertical growth limited by
step propagation, the time to complete one monolayer is
L/2v and hence the rate law for vertical growth can be writ-
ten as
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dh  mvd mud

_=_=—, 6
di ~ L2~ \2Dgb1 ©

where m is the number of steps on the top terrace involved in
lateral propagation, d is the step height, and v is the step
propagation rate. The time dependence of the island height is
given by

2t
DSac'

h=muvd (7)

Combining Egs. (5) and (7) we obtain an expression for the
anisotropic growth ratio,

L(t)2  Dyé.
g 22 Dsbe

T Oh() T mod’ ®

Notice that the anisotropic growth ratio « is independent of
time in the isolated growth stage, as indicated in Fig. 10(c).
Choosing a=6, Dg=2x10"'" cm?s™!, d=2 A, m=10 (see
Fig. 12), and 6.=~0.5, we obtain a step propagation rate v
=0.8 um s~! at a potential of =64 mV.

If we assume that the islands are monodisperse, the frac-
tional coverage is approximately f=L>N,. Combining with
the KIMA equation, we obtain an expression for the average
island width up to the onset of island coalescence,

_L _ ,—kn\1/2
L(’)‘\WO“ e e, 9)

Substituting Eq. (6) into Eq. (9) and integrating, we obtain
the corresponding expression for the island height

t
h(z) = 2mudyN, f (1 - e™*n 1247, (10)
0

Substituting experimental values for N, and k, as well as the
estimated value of mv from above, we plot island growth
curves in Fig. 10. For both vertical growth and lateral
growth, the model shows reasonable agreement with the ex-
perimental results and successfully reproduces the kinetic
transition at about 100 s.

Moreover, the current density can be derived from Eqgs.
(9) and (10) using Faraday’s law,

V'(t) nFN,
i(f) = nFNOJ -

vy [A"(Dh(1) + AR ()], (11)

where V,, is the molar volume (7.11 cm® mol™! for Cu), F is
Faraday’s constant, n is the number of electrons (n=2 for
Cu), and the two terms in brackets represent lateral growth
and vertical growth, respectively. Figure 13 shows the total
current and the contributions from lateral and vertical
growths obtained from Eq. (11). The total current captures
the crossover from isolated island growth to impingement of
diffusion zones, however, the current maximum occurs at
320 s, somewhat earlier than the value of 520 s from experi-
ments. Note that the lateral growth current reaches a maxi-
mum at 189 s, whereas the total current does not reach a
maximum until 320 s, showing a considerable delay. This
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FIG. 13. (Color online) Deposition current versus time. Calcu-
lated contributions to the deposition current (see Fig. 1) from
vertical and lateral growths, obtained from Eq. (11) where
V,,=7.11 cm’ mol™! and n=2.

explains why the measured current starts to decrease as late
as 500 s when a significant number of islands have coalesced

[Fig. 2(b)].

D. Other electrodeposition conditions

Exploring the optimal conditions for growing disk-shaped
islands, promoting lateral growth, and eliminating the po-
lygonal islands, electrodeposition experiments were per-
formed to determine the influence of overpotential, Cu con-
centration, sulfuric acid concentration, temperature, and
anion.

1. Influence of potential

The formation of disk-shaped islands is observed in the
potential range from —-20 to —120 mV. Figure 14 shows
SEM images of copper deposited from solution containing
0.1M CuSO, and 0.2M H,SO, (pH 1.03) at 23 °C and at
different overpotentials, illustrating that the islands become
less faceted and lose the distinct (111) surface orientation at
higher overpotentials. No deposition is discernible at lower
overpotentials. The island density increases exponentially
with increasing overpotential, with an inverse slope of
31 mV decade™' [32], much smaller value than typical val-
ues of 100-200 mV [11,44]. Deposition at —64 mV reveals
the lowest density of polygonal islands and hence the largest
fraction of disk-shaped islands. Furthermore, AFM character-
ization indicates that there is no significant difference in the
aspect ratio of the disk-shaped islands at different deposition
potentials.

The corresponding current-time curves, shown in Fig.
15(a), have similar features in this range of overpotentials:
after a short induction time, the current density increases
sharply when nucleation occurs, then becomes approxi-
mately constant indicating stable island growth, and
finally decreases dramatically at the onset of coalescence.
As the overpotential increases, the magnitude of deposition
current increases and all events occur at shorter times.
From the charge density at the current maximum, we can
estimate the critical thickness for island coalescence d.;
[45]. As shown in Fig. 15(b), the critical film thickness
is exponentially dependent on overpotential with a slope
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FIG. 14. Influence of deposition potential on island growth. Plan
view SEM images for copper deposited from solution containing
0.1M CuSO, and 0.2M H,SO, at (a) =54, (b) —64, (c) —74, (d) -84,
and (e) —104 mV (vs Cu®*/Cu). The deposition time was 1000 s
except for —104 mV where the deposition time was 500 s.

dd i/ 9n=—70 mV decade™'. The island aspect ratio remains
approximately constant in this potential range and hence
we can take d.;*Np"? [45]. Taking the dependence of
island density on potential from above (JINy/d7n
=31 mV decade™!), we predict that the slope in Fig. 15(b) to
be dd.,/ In=—62 mV decade™!, in good agreement with the
observed value.

Figure 15(b) represents the minimum thickness at which
island coalescence results in the formation of a continuous
thin film. Although larger overpotentials allow the deposition
of thinner films, overpotentials less than 120 mV are needed
in order to deposit films comprised of disk-shaped islands
with (111) texture.

An important feature of electrochemical deposition on
foreign substrates is the existence of a nucleation overpoten-
tial 7. below which the nucleation does not occur. This bar-
rier has been exploited to deposit metal nanoparticles with a
narrow size distribution [46] and to deposit compact thin
metal films [47]. Here we see that 7,<<20 mV, much
smaller than typical values, for example, 7.=300 mV for Pt
on Ru(110) single crystal [48], 7.>600 mV for Cu on TaN
(depending on solution chemistry) [49], and 7.>120 mV
for Ag on TiN or the native oxide of Ru [50]. Our results
suggest that the formation of disk-shaped islands is associ-
ated with the exceptionally small nucleation overpotential.
For large nucleation overpotentials, the growth rate after
nucleation is fast thereby limiting the ability of metal atoms
to find their lowest energy lattice sites and resulting in hemi-
spherical islands as well as isotropic growth.
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FIG. 15. (a) Current-time curves for copper deposition from
solution containing 0.1M CuSO, and 0.2M H,SO, at different over-
potentials. (b) The potential dependence of nominal film thickness
at coalescence. The film thickness was determined from the depo-
sition charge density at the time when the current starts decreasing
in the current-time curve.

2. Influence of Cu(Il) concentration

The influence of Cu(IT) concentration on island growth
was studied from solution containing xM (x=0.01, 0.1, or 1)
CuSO,, 0.2 H,SO, at =64 mV [vs Cu(II)/Cu] for 1000 s at
23 °C. Figure 16 shows that with increasing Cu(II) concen-
tration, the current density increases, indicating fast island
growth. Depositions at 0.1M and 1M Cu(Il) both show cur-
rent peaks at about 500 s, characteristic of island coales-
cence, as can be seen from the SEM images. For deposition
in 10 mM Cu(II), there is no well-defined current peak. Since
it is the suppression of enhanced lateral growth resulting
from island coalescence that gives rise to the current peak,
the lack of a well-defined peak indicates that anisotropic lat-
eral growth is not dominant and implies that there is a sig-
nificant fraction of polygonal islands. This is confirmed from
the SEM image [Fig. 16(b)].

From Fig. 16(b) it can be seen that the island density
increases with decreasing Cu(IT) concentration. This effect
may be due to differences in the adatom mobility since the
rate of surface diffusion is believed to decrease with increas-
ing negative potentials [51,52]. Although the deposition
overpotential, and hence the thermodynamic driving force
for copper deposition on copper, is maintained fixed at
—64 mV, the equilibrium potential of Cu(IT)/Cu reference
electrode decreases by 30 mV per order of magnitude de-
crease in Cu(II) concentration. Thus, the absolute electrode
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FIG. 16. Influence of Cu(Il) concentration on island growth. (a)
Current-time curves for copper deposition at —64 mV for solutions
with Cu(II) concentrations of 10 mM, 100 mM, and 1M. Plan view
SEM images for copper deposited for 1000 s from solution contain-
ing (b) 0.01M CuSOQy, (c) 0.1M CuSOy, and (d) 1.0M CuSOy. In all
cases the solution contained 0.2M H,SO,. Note that the deposition
overpotential is 64 mV at all concentrations since we use a
Cu(II)/Cu reference electrode; however, the equilibrium potential
decreases by 30 mV per order of magnitude decrease in Cu(II)
concentration.

potential becomes more negative with decreasing Cu(II) con-
centration.

Comparison of results examining the influence of deposi-
tion potential and Cu(IT) concentration is that increasing the
Cu(Il) concentration is more effective than decreasing the
overpotential in increasing the grain size. For example, film
coalescence occurs at about 500 s for 1.0M Cu(Il) at
—64 mV, whereas coalescence in 0.1M Cu(Il) at —54 mV
occurs at times in excess of 1000 s [Fig. 15(a)].

3. Influence of pH

Figure 17 shows current-time transients and SEM images
for deposition in 0.1M Cu(Il) at —64 mV and at 23 °C with
0.04M, 0.2M, or 1.0M H,SO,. The current-time curves show
that low acid concentration (increasing pH) favors island
growth but impedes the nucleation, as can be seen from the
increase in induction time. The absence of a well-defined
current maximum in 1.0M H,SO, (pH 0.44) suggests a sig-
nificant fraction of non-disk-shaped islands and is confirmed
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FIG. 17. Influence of pH on island growth. (a) Current-time
curves for copper deposition at —64 mV from solution containing
0.1M CuSOy, at pH 0.44 (0.04M H,SO,), pH 1.03 (0.2M H,SO,),
and pH 1.56 (1M H,SO,). Plan view SEM images for copper de-
posited for 1000 s at (b) pH 0.44 (0.04M H,SO,), (c) pH 1.03
(0.2M H,S0,), and (d) pH 1.56 (1M H,SO,).

by the SEM image [Fig. 17(b)]. Besides, SEM images show
that more acidic solution leads to larger island density.

4. Influence of temperature

Figure 18 shows current-time transients and SEM images
for deposition from 0.1M CuSO, and 0.2M H,SO, (pH 1.03)
at —=64 mV (vs Cu?*/Cu) at temperatures from 1 to 71 °C.
Increasing the temperature decreases the induction time for
nucleation from about 200 s at 1 °C to less than 2 s at
71 °C. The absence of a well-defined current peak at 1 and
71 °C indicates slow island coalescence or that anisotropic
lateral growth is not dominant. The SEM image at 1 °C
shows the prevalence of disk-shaped islands, which are well
separated from each other due to the slow growth rate at low
temperature. At 71 °C, all islands are isolated due to the low
island density despite of their fast growth rates, and the frac-
tion of disk-shaped islands is relatively small. The current,
and hence flux of copper atoms to the surface, increases with
increasing temperature [Fig. 18(a)]. The increase in flux
would be expected to result in an increase in the island

PHYSICAL REVIEW E 79, 051601 (2009)

FIG. 18. Influence of temperature on island growth. (a) Current-
time curves for copper deposition from solution containing 0.1M
CuSO, and 0.2M H,SO, at —64 mV at 1, 23, 51, and 71 °C. Plan
view SEM images for copper deposited for 1000 s at (b) 1, (c) 23,
(d) 51, and (e) 71 °C.

density. On the other hand, elevated temperatures result in
fast adatom surface diffusion rates, which is expected to de-
crease the island density. As a result, a maximum island den-
sity is seen at intermediate temperatures, 23 °C in our ex-
periments, as shown in Fig. 18.

5. Influence of anion

Figure 19 shows SEM images for deposition of copper
from 0.1M Cu(Il) and 0.2M H,SO, (pH 1.03) at —64 mV
(vs Cu®*/Cu) and at 23 °C with the anions SO,*", ClO,",
and CI". Sulfate anions preferentially adsorb on the Cu(111)
surface [34,35], and chloride anions can adsorb on any Cu
low index plane [53]. On the other hand, perchlorate anions
do not specifically adsorb on most metals, including Cu [53].
In perchlorate solution under the same deposition conditions,
nodular polycrystalline islands, rather than disk-shaped is-
lands, are formed [Fig. 19(c)]. Similarly, chloride anions re-
sult in the formation of slightly branched islands [Fig. 19(b)].
Those two control experiments reveal that preferential ad-
sorption of sulfate anions is critical in stabilizing the Cu(111)
basal plane, defining the anisotropic growth direction and
thus enhancing lateral growth.
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FIG. 19. Influence of anion on island growth. (a) Current-time
curves for copper deposition at —64 mV from solution containing
0.1M CuSO, and 0.2M H,SOy, 0.1M Cu(ClOy), and 0.2M HCIOy,,
and 0.1M CuSOy, 0.2M H,SO,4, and 1 mM HCI. Plan view SEM
images of copper deposited at =64 mV from solution containing (a)
0.1M CuSO4 and 0.2M H,SOy, (b) 0.1M Cu(ClOy,), and 0.2M
HCIOy, and (c) 0.1M CuSO,, 0.2M H,SO,4, and 1 mM HCL. In all
cases the deposition charge density was 2.3 C cm™.

IV. CONCLUSIONS

We have reported on the growth of Cu islands on ruthe-
nium oxide, a system demonstrating enhanced lateral growth
and resulting in the formation of low aspect ratio disk-shaped
islands. The island shape is determined by two key factors:
first, the amorphous substrate eliminates the influence of de-
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fects associated with crystalline substrates, allowing nuclei
to achieve the thermodynamically favorable configuration
with a (111) surface normal; second, preferential adsorption
of sulfate anions on the Cu(111) surface stabilizes the basal
plane.

Island growth follows power law kinetics in both lateral
and vertical directions. At shorter times, the two growth ex-
ponents are equal to %, whereas at longer times lateral
growth slows down while vertical growth speeds up.
A growth mechanism, which explains experimental results
semiquantitatively, has been proposed wherein the lateral
growth of disk-shaped islands is initiated by attachment of
Cu adatoms on the ruthenium oxide surface onto the island
periphery while vertical growth is initiated by 2D nucleation
on the top terrace and followed by lateral step propagation.
Low aspect ratio disk-shaped islands are obtained with low
step propagation rates and a small number of participating
steps to slow down vertical growth. At the same time, fast
surface diffusion on the substrate and a high concentration of
Cu adatoms are necessary to speed up lateral growth.

From these results we conclude that three criteria are es-
sential to achieve low aspect ratio islands resulting from en-
hanced lateral growth: (i) a substrate that leads to a small
nucleation overpotential, (ii) fast adatom surface diffusion on
substrate to promote lateral growth, and (iii) preferential an-
ion adsorption to stabilize the basal plane.
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