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Electrochemical
Defect-Mediated Thin-Film
Growth

K. Sieradzki,* S. R. Brankovic, N. Dimitrov

An electrodeposition technique is described that produces atomically flat epi-
taxial metal overlayers of quality similar to that obtained by ultrahigh vacuum
techniques at elevated temperature. In this approach, a metal of interest such
as silver is co-deposited with a reversibly deposited mediator metal. The me-
diator is periodically deposited and stripped from the surface, and this serves
to significantly increase the density of two-dimensional islands of silver atoms,
promoting a layer-by-layer thin-film growth mode. In situ scanning tunneling
microscopy was used to demonstrate the growth process for the heteroepitaxial
system silver/gold (111) with either lead or copper as the mediator.

Thin-film deposition is a grail of electro-
chemistry, yet it is generally viewed as an
“art” rather than a science, and to date, the
growth of atomically flat epitaxial films to a
significant thickness has not been possible. In
contrast, ultrahigh vacuum (UHV) techniques
for the production of such overlayers are well
known, and much progress has been made in
recent years in deciphering the underlying
physics that controls thin-film growth modes.
This improved understanding has led to var-
ious discoveries in which the growth kinetics
are manipulated to enhance the evolution of
an atomically flat overlayer (/). We have
exploited some of these UHV-derived con-
cepts in developing an electrodeposition tech-
nique that produces atomically flat, hetero-
epitaxial, single-crystal metal overlayers of
quality similar to those obtained by elevated-
temperature UHV techniques such as molec-
ular beam epitaxy. Conventionally the elec-
trodeposition of metals is carried out in the
presence of organic agents that promote so-
called “leveling” and “brightening” of the
deposited metal, which takes the form of a
polycrystalline film (2, 3). The formulations
of electrolytes containing these agents togeth-
er with the prescriptions for deposition are
highly empirical (4).

For a few special metal/metal systems,
electrodeposition has been used to grow ul-
trathin heteroepitaxial overlayers. Magnussen
et al. showed that for the deposition of Ni on
Au(111) substrates epitaxial layer-by-layer
growth was obtained to about five monolay-
ers (ML) (5). Kolb and co-workers showed
that Cu could be deposited on Au(100) (6) or
Ag(100) (7) substrates in a layer-by-layer
growth mode up to about 10 ML. The growth
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regime that we address herein involves con-
siderably thicker overlayers (~250 ML or
more). To our knowledge, an electrodeposi-
tion process has not been used before to
successfully grow such high-quality films in
a thickness regime that is of technological
significance.

The difficulties in producing flat homo-
epitaxial or heteroepitaxial overlayers by
electrodeposition are similar to those encoun-
tered during ambient-temperature vacuum
deposition of thin films (/). Because of ki-
netic issues, three-dimensional (3D) growth
is often encountered for overlayer/substrate
systems that should, according to thermody-
namic considerations, grow in a flat 2D
mode. Thin-film growth modes are generally
classified as Frank—van der Merve or layer-
by-layer (2D) growth, Volmer-Weber or 3D
cluster growth, and Stranski-Krastanov,
which is associated with a transition from 2D
to 3D growth. Step-flow growth is a variant
of the Frank—van der Merve mode and occurs
at an appropriate step density and deposition
flux.

The strategy that we used to manipulate
the growth kinetics is based on recent UHV
deposition experiments that examined Ag/
Ag(111) homoepitaxy (8, 9). At ambient tem-
perature, because of kinetics, this system dis-
plays 3D growth. Rosenfeld et al. (§) found
that by depositing Ag atoms on a substrate
with an artificially created high density of Ag
clusters, several monolayers of layer-by-layer
growth could be induced. This was accom-
plished by ion bombarding the surface with a
low-energy Ar™ pulse after the completion of
each monolayer. Alternatively, van der Vegt
et al. (9) deposited 0.2 ML of Sb that served
as a “surfactant” to induce layer-by layer
growth of Ag.

Several kinetic models and physical argu-
ments have been developed to explain the re-
sults of these experiments (/0—I3). The basic
idea is as follows. In order for growth to pro-

ceed in a 2D mode, the interlayer transport of
deposited adatoms must be rapid, otherwise
nucleation of islands occurs on the as yet un-
completed growing monolayers, which can re-
sult in 3D growth (/4). There is a barrier for
adatom migration over a descending step that
dominates interlayer transport (/5, 16). The
attempt frequency for migration over the barrier
is determined by the ratio D/L?, where D is the
adatom diffusivity and L is a length scale char-
acterizing the island size. Analytical arguments
predict a critical 2D island radius for the tran-
sition to 3D growth of order (4a*>D/.J)""®, where
J is the deposition flux and a is the near-
neighbor hopping distance (0, /7). These ar-
guments predict that layer-by-layer growth
should occur when the critical island size is
greater than the separation between 2D nuclei.
Experimental conditions favoring large values
of D/L? (high temperature) or enhancing nucle-
ation promote 2D growth. Surfactants act to
enhance the nucleation density or reduce the
magnitude of the edge barrier or both (10—13).

We developed an electrochemical tech-
nique that serves to significantly enhance the
ambient-temperature nucleation of 2D is-
lands. In this approach, which we term elec-
trochemical defect-mediated growth (DMG)
(18), the metal of interest is co-deposited with
a reversibly deposited mediator metal. The
mediator is periodically deposited and stripped
from the surface by appropriate cycling of the
electrochemical potential. Each cycle creates
new nuclei on the surface, adding to the
existing clusters that developed in previous
cycles. A high density of 2D clusters on a
growing layer is maintained by the appropri-
ate choice of deposition flux and cycling
frequency. A monolayer is completed as the
growing 2D clusters eventually merge. A
necessary characteristic of the mediator is
that it must be electrochemically less noble
than the metal of interest.

Using the DMG technique we have suc-
cessfully grown atomically flat, epitaxial, sin-
gle-crystal thin films (~150 nm in thickness)
for the systems Ag/Ag(111) and Ag/Au(111),
which typically display 3D growth at ambient
temperature (/9). Here, we discuss our results
for the system Ag/Au(111), which forms two
flat wetting layers followed by 3D cluster
growth (Stranski-Krastanov growth mode)
(20). DMG in this system was studied with
two different types of mediators: Pb and Cu.
Lead is known to underpotentially deposit
(upd) on both Au(l11) and Ag(111) sub-
strates, and under appropriate potential con-
trol, the quantity of Pb deposited is ther-
modynamically limited to one full-density
monolayer (2/-23).

In situ electrochemical scanning tunneling
microscopy (STM) was used to monitor the
details of the DMG process. These studies
were performed with a Molecular Imaging
Pico STM with a model 300S scanner and a
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Molecular Imaging model 300S Pico Bi-Po-
tentiostat. The STM was operated in the con-
stant-current mode. The STM cell used was
made of Teflon and exposed an area of work-
ing electrode of 0.30 cm? and had a volume
of ~1.36 cm3. This large-volume electro-
chemical STM cell allowed us to observe the
growth of up to ~600 ML of Ag. Before each
experiment, an STM tip was prepared by
etching an 80:20 Pt + Ir wire in a CaCl,
solution and isolating it with Apiezon wax.
Gold (111) single crystals, in the form of
10-mm-diameter disks 2 mm thick, were used
as a substrate. The gold surface was prepared
before each deposition experiment by electro-
chemical polishing followed by hydrogen
flame annealing.

The base electrolyte used in the experi-
ments was 0.1 M HCIO, + 4 X 107* M
AgClO,. In experiments where Pb was used
as the mediator, 0.1 M Pb2* was added to the
base electrolyte as Pb(ClO,),, and in experi-
ments where Cu was used as the mediator,
1073 M Cu?* was added to the base electro-
lyte as Cu(NO,),. All chemicals were Al-
drich ultrapure reagents. Solutions were pre-
pared with doubly distilled and “nanopure”
(Barnstead) water. In the Pb (Cu) mediation
experiments, a Pb (Ag) wire served as a
reference electrode, and electrochemical po-
tentials are reported with respect to the Pb/0.1
M Pb?* (Ag/4 X 107* M Ag™) reference
electrode. In the experiments described be-
low, the Ag* concentration in the electrolytes
was chosen so that during growth the mass
transport-limited current density was ~5 pA
cm~2 (24). This allowed for a constant flux
of Ag™ as the electrochemical potential was
cycled over a prescribed range during the
mediation process. To observe the details of
the growth process in situ, we had to use
lower cycling frequencies than we typically
use to grow a 100-nm-thick overlayer. After
each of the experiments, Rutherford back-
scattering spectrometry and Auger electron
spectroscopy sputter profiling were used to
check for the concentration of the mediator in
the Ag overlayer, and ion channeling was
used to characterize the degree of overlayer/
substrate epitaxy.

Figure 1 shows a time sequence of five
images during DMG of Ag on Au(111) in the
electrolyte 0.1 M HCIO, + 4 X 107* M
AgClO, + 0.1 M Pb(ClO,),. The electro-
chemical potential was manually pulsed be-
tween 0.050 and 0.350 V (with respect to the
Pb/0.1 M Pb2™* reference electrode). Figure
1A at 0.756 V shows the surface morphology
just after the nucleation of Ag islands related
to the formation of the second upd Ag layer.
After this image was acquired, the voltage
was changed to 0.350 V, allowing this layer
to grow to near completion (Fig. 1B). During
the acquisition of Fig. 1B, a 6-s potential
pulse to 0.050 V [the Ag (111)/Pb>* upd
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Fig. 1. (A to E) A time
sequence of in situ
STM images of Pb-me-
diated growth of Ag in
the 0.1 M HClO, +
4 X 107* M AgClo,
+ 01 M Pb(ClO,),
electrolyte: (A) at
0.756 V, 2D nuclei
corresponding to the
initial stage of forma- D
tion of the second Ag
wetting layer, O s; (B)
a 6-s potential pulse
(the region between
the dashed black lines)
from 0.350 to 0.050 V
and back seeded a
third Ag layer, 37 s;
(€) at 0.050 V, seed-
ing of a fourth layer,
111s; (D) at 0.350 V,

00 nm E

100 nm

200 nm

100 nm

148 s; and (E) at 0.350 V, after another 6-s potential pulse that seeded a fifth layer, 185 s. (F) A
250-ML-thick Ag overlayer on Au(111), at 0.756 V. Potentials are referenced to the Pb/0.1 M Pb2*
reference electrode. Image acquisition time was 26 s. The arrows indicate the scan direction.

wave occurred at 0.138 V] seeded the third
layer. Figure 1C acquired 74 s later shows the
morphology that developed after a potential
pulse to 0.050 V, which seeded a fourth layer.
At this potential, there was a stable Pb upd
layer on the surface. A potential pulse back to
0.350 V resulted in stripping of the Pb upd
layer and continued growth of the third (now
almost complete) and fourth Ag overlayers
(Fig. 1D). Just after this image was captured,
another 6-s potential pulse to 0.050 V was
applied that seeded a fifth layer (Fig. 1E).
Further growth was performed by retracting
the STM tip from the sample surface in order
to minimize a tip-shielding effect (24) and
cycling the potential between 0.050 and
0.350 V at a frequency of 1.7 Hz. Figure 1F
is a large-scan STM image showing the
growth morphology of ~250 ML of Ag
grown in this manner. The Ag overlayer was

Fig. 2. (A to E) A time A
sequence of in situ STM
images of Cu-mediated
growth of Ag in the 0.1
MHCIO, + 4 X 1074
M AgClO, + 1073 M
Cu(NO,), electrolyte:
(A) at OV, a flat terrace
region of 150-ML Ag
film on Au(111),0s; (B)
after two short-dura-
tion voltage pulses that
seeded the growth of 2
ML of Ag 210 s; (C)
550 s; (D) after two
voltage pulses that
seeded the growth of
two additional Ag lay-
ers, 655 s; and (E)

955 5. (F) A 250-ML- e
100 nm

thick Ag overlayer on
Au(111), at 0 V. Po-

almost as flat as the original hydrogen flame-
annealed Au(111) surface (25).

Figure 2 shows a time sequence of five
images during DMG of Ag on Au(111) in the
electrolyte 0.1 M HCIO, + 4 X 107* M
AgClO, + 1073 M Cu(NO,),. The potential
was manually pulsed between —0.025 and
—0.400 V (with respect to the Ag/4 X 1074
M Ag* reference electrode). Because Cu
does not underpotentially deposit on Ag, po-
tential pulses to the region of Cu deposition
(—0.400 V) were of short duration, and con-
sequently we made no attempt to capture an
image with Cu on the surface in these exper-
iments. Just before the series of images
shown in Fig. 2, about 150 ML of Ag were
deposited on the Au(111) surface in the STM
cell by cycling the potential between —0.025
and —0.400 V at 1.2 Hz. Figure 2A shows an
atomically flat terrace region of the 150-ML-

200 nm

100 nm

tentials are referenced to the Ag/4 X 1074 M Ag™ reference electrode. (B) and (E) were acquired -
at —0.025 V. Image acquisition time was 90 s. Arrows indicate the scan direction.
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thick Ag overlayer. For typical DMG in this
system (not performed in the STM), potential
cycling is performed at frequencies of 1 to 5
Hz. Under these conditions several layers can
be seeded before significant lateral layer
growth. To simulate this situation in our in situ
STM experiments, we used two potential pulses
from —0.025 to —0.400 V 2 s in duration to
seed the growth of two layers of Ag in close
succession (Fig. 2B). Immediately after the
pulsing small, isolated 2D Ag clusters nucleat-
ed and began to grow as 2-ML-high islands.
Larger isolated Ag clusters, ~50 nm in diam-
eter, were visible 20 s after the pulses, and at
longer times (70 s) the 2-ML-high clusters be-
gan to merge. A 50-nm island diameter corre-
sponds to the critical island size in this system
for the transition to 3D cluster growth for the
deposition conditions used (26). These Ag lay-
ers neared completion after about 550 s (Fig.
2C). At this stage, two square wave potential
pulses 5 s apart were applied to the electrode,
which resulted in the seeding of two additional
Ag layers (Fig. 2D). Silver islands correspond-
ing to the third and fourth layers are visible in
this image. Figure 2E shows continued growth
and merging of these islands. Figure 2F is a
large-scan STM image showing the morpholo-
gy of ~250 ML of Ag grown on the Au(111)
surface with Cu as the mediator metal.
Ancillary in situ STM experiments were
performed to ascertain the details of the mech-
anisms operating during DMG. We found that a
upd Pb layer on Ag(111) behaves as a surfac-
tant by promoting interlayer terrace exchange
between deposited Ag adatoms and surfactant
atoms. A high density (~10'2 cm™?) of 2D Ag

Ag-Pb interlayer A
exchange

>
¢ — ' %
b # 4 LA

Fig. 3. Schematic diagram of the proposed mechanism
of Pb- and Cu-mediated deposition of Ag. The Pb, Cu,
and Ag atoms are green, pink, and gray, respectively,
and arrows on spheres indicate depositing metal cat-
ions in the electrolyte. (A) Lead mediation. At a poten-
tial of 0.050 V (Pb/0.1 M Pb®*) a upd Pb monolayer
covers the Ag(111) surface. The deposited Ag adatoms
undergo interlayer place-exchange with Pb atoms (light
blue), forming 2D islands below the Pb layer. On the
reverse portion of the cycle (0.350 V), the Pb layer is
stripped from the surface (C) as Ag continues to de-
posit, resulting in island growth. (B) Copper mediation.
At a potential of —0.400V (Ag/4 X 107%Ag™) Cu
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nuclei forms under the Pb layer, presumably
because rapid interlayer exchange minimizes
intralayer adatom diffusion. This is analogous
to UHV counterparts of surfactant-assisted
growth (27). The other metal we chose as a
mediator for this system was Cu, which does
not undergo upd on Ag surfaces (28). The
initial stage of Cu deposition on Ag(111) in-
volves the formation of small (less than 1-nm
diameter) 2D islands (density ~5 X 10'°
cm™?) that serve as attachment sites for Ag
atoms. Because of the relative concentrations of
Cu 2* and Ag™ in the electrolyte and the dep-
osition scheme used, the transient deposition
rate of Cu is about 40 times that of Ag, resulting
in a significantly enhanced island nucleation
density. On the basis of these observations, we
suggest mechanisms for DMG as depicted in
Fig. 3. In each case, mediation maintains a high
density of 2D Ag nuclei on the surface, such
that the average separation between nucleation
centers is less than the critical island size.

Ion channeling was performed with a
2-MeV He?>* beam to characterize the
Au(111) crystal before and after deposition of
120 nm of Ag on the Au(111) substrate by Pb
and Cu DMG. The minimum yield (29) for
channeling along the <111> (surface nor-
mal) direction for the flame-annealed gold
crystal was 10%. The yield (30) associated
with the Ag peak both for Pb and Cu medi-
ation was ~20 and 10%, respectively, for
channeling along the <111> and <110>
direction. These results are indicative of an
epitaxial Ag single-crystal overlayer. Ruther-
ford backscattering spectrometry and Auger
electron spectroscopy sputter-depth profiling

adatoms are deposited on the Ag surface, forming 2D

nuclei that serve as attachment sites for Ag adatoms on the surface. On the reverse portion of the
cycle (—0.025 V), Cu is selectively stripped from the surface (C), causing the Ag-Cu islands to
decompose into 2D Ag islands that serve as growth centers as Ag continues to deposit.

showed no traces of mediator metal in the Ag
film (31).

Our study shows that UHV-derived con-
cepts can be used in electrodeposition to de-
posit high-quality heteroepitaxial metallic
thin films. Additionally, we have taken ad-
vantage of the enhanced nucleation provided
by the DMG technique in several applications
that are difficult because of seeding prob-
lems. These include the plating of Cu onto a
patterned TiN-coated Si(100) substrate, and
the deposition of Co on n-type Si(100) (32).
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Strongly Photonic Macroporous
Gallium Phosphide Networks

Frank J. P. Schuurmans,’* Daniél Vanmaekelbergh,?
Jao van de Lagemaat,? Ad Lagendijk’

A photo-assisted electrochemical etching technique to fabricate macropores in
single-crystalline gallium phosphide (GaP) with variable porosity has been
developed. Scanning electron microscopy and x-ray diffraction experiments
confirm that the material consists of three-dimensional, interconnected ran-
dom networks with pore sizes of about 150 nanometers. Optical transmission
measurements demonstrate that the nonabsorbing disordered structures
strongly scatter light. The photonic strength is controlled by filling the pores
with liquids of different refractive indices. Macroporous gallium phosphide filled
with air has the highest scattering efficiency for visible light.

In a binary system with components of re-
fractive indices n, and n,, the efficiency of
light scattering depends on how these com-
ponents are organized in the system, the di-
mensions of the components, and the refrac-
tive index ratio n,/n, = m. Scattering of light
is strongest if m is large and the length scale
of refractive index variation, s, is comparable
to the wavelength of light \. This regime has
received much attention in the search for
strongly scattering (photonic) materials. For
ordered systems with a periodic variation in
the refractive index, that material is a pho-
tonic crystal. Such crystals feature photonic
band gaps (/, 2): frequency ranges for which
light will not propagate in the crystal because
of multiple Bragg reflections. If the material
is disordered, the interference of scattered
light ultimately leads to Anderson localiza-
tion (3, 4). Photonic band gaps and Anderson
localization are closely related. Both inhibit
light propagation due to interference (not ab-
sorption) and can only be obtained for strong-
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ly photonic materials, those with m ~ 3 or
larger.

For infrared light, Anderson localization
has been reported for gallium arsenide pow-
ders (m = 3.5) (4), and a two-dimensional
(2D) photonic band gap has been reported for
macroporous Si (m = 3.4) (5). In the visible,
considerable progress has been made by the
preparation of 3D air-sphere crystals of TiO,
(m = 2.7) (2). Inhibition of the propagation
of visible light has not yet been reported for
3D structures—apparently larger values of m
(>2.7) are needed. Obviously, m is a crucial
parameter for photonic materials. In addition
to large m, it is thus desirable to have the
ability to tune m, allowing investigation of its
importance for the photonic strength.

We report here on the optical scattering
properties of electrochemically etched, macro-
porous, single-crystalline gallium phosphide
(GaP). The 3D random network of GaP is
completely interconnected, as observed by
scanning electron microscopy (SEM) and con-
firmed by x-ray diffraction. An important con-
sequence of the macroporous network is that
we are able to modify the refractive index ratio
by filling the voids with materials with different
refractive indices without disturbing the overall
porous structure. GaP has a large refractive
index of ~3.3 and an indirect band gap of 2.24
eV (550 nm) (6), which allows the preparation
of strongly photonic systems (m = 3.3) with
negligible absorption in the red part of the
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visible spectrum. Using an etching technique,
we prepared slabs of strongly scattering, ran-
dom GaP networks with structural units of
about 150 nm and two different porosities, 35
and 50%. Furthermore, the method makes it
possible to control the thickness of the scatter-
ing slab.

The macroporous GaP structure is formed
by anodic etching of n-type GaP single crys-
tals (donor density, 2 X 10'7 ¢m™3) under
dielectric breakdown conditions (7-9). The
350-pm-thick polished wafers are mounted
with a (100) face exposed to the 0.5 M H,SO,
electrolyte. Application of a strong positive
potential (15 V versus normal hydrogen elec-
trode) leads to severe band bending at the
n-GaP/electrolyte interface. Interband tunnel-
ing of electrons (/0) from the valence band or
from band gap states to the conduction band
takes place, generating holes at the surface,
which are consumed in anodic dissolution of
the GaP. The generation of holes is spatially
nonuniform, which results in the porous net-
work growing deeper into the GaP crystal.
The anodic charge is proportional to the
thickness of the porous structure L, enabling
coulometric control of this important param-
eter (9). A SEM micrograph of a cross section
of the porous slab is used to calibrate the
linear charge-thickness relation. The porosity
is determined to be ~35 volume % of air. We
prepared a series of samples with porous slab
thicknesses ranging from 5 to 120 pm.

In addition to the anodically etched GaP
(A-GaP), we also prepared photoanodically
etched GaP (PA-GaP) samples. Exploiting a
technique that uses homogeneous photo-as-
sisted etching, we are able to prepare slabs
with a higher porosity. A-GaP samples are
subjected to a further process of photoanodic
etching in a H,0:H,SO,:H,0, electrolyte so-
lution, using 50 mW of 1.96-eV sub—band
gap light from a HeNe laser. Photons are
absorbed by a transition of an electron from
the top of the valence band to an interfacial
state, 0.3 eV below the conduction band,
followed by thermal release of the interfacial
electron into the conduction band (/7). The
remaining hole is involved in anodic dissolu-
tion. Because of the weak absorption of the
light in the porous structure, the etch rate is
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