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Reactive interface patterning promoted by lithographic electro-
chemistry serves as a method for generating submicrometer scale structures. We use

a binary-potential step on a metallic overlayer on silicon to fabricate radial patterns
of cobalt oxide on the nanoscale. The mechanism for pattern formation has
heretofore been ill-defined. The binary potential step allows the electrochemical
boundary conditions to be controlled such that initial conditions for a scaling
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analysis are afforded. With the use of the scaling analysis, a mechanism for
producing the observed pattern geometry is correlated to the sequence of
electrochemical steps involved in the formation of the submicrometer structures.
The patterning method is facile and adds to electrochemical micromachining

techniques employing a silicon substrate.

electrochemical micromachining, nanopattern, silicon, oxide catalysts, finite element simulation

lectrochemical micromachining (EMM) involves shap-

ing materials on the micrometer to submicrometer scale

by performing electrochemistry, conventionally through
small openings in an insulating mask."” The benefits of EMM
include exceptional control of etching rate and extent, as well as
an ability to smoothly shape conductive materials of any
hardness and domain size without incurring wear.””® However,
EMM has traditionally been limited to the removal of material,
restricting the technique to precision milling. We have recently
reported an EMM method designated RIPPLE (reactive
interface patterning promoted by lithographic electrochemis-
try), which entails electrochemically patterning thin films of
metal (eg, cobalt, copper) or semimetal (germanium) on
silicon by way of cyclic voltammetry (CV).” Well-defined
patterning has been elucidated as a function of applied potential
and scan rate. In using cyclic voltammetry to generate patterns,
linearly scanning across a voltage window induces varying fluxes
and also potentially introduces unnecessary processes or
intermediates within each scan. These complexities, which
present challenges to defining the mechanism of RIPPLE, are
mitigated by toggling between the potential limits of the cyclic
voltammetry experiment with a binary potential step method.
Using such a voltage profile allows us to provide robust initial
conditions for a scaling analysis. Comparison of observed
patterns to those predicted by the scaling analysis furnishes
insight into the mechanism of patterning by RIPPLE.

A binary-potential step method, schematically shown in Figure
S1, was used to generate patterns from cobalt overlaid on
silicon by alternating between two discrete potentials. These
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experiments were conducted with p-doped silicon substrates
coated with a 250 nm cobalt film, which was masked by
poly(methyl methacrylate) (PMMA) e-beam resist, as
previously described.” The mask contains a 9 X 9 array of 4
um” square openings. The sample was suspended in 0.1 M
K,SO, and subjected to 10 potential steps (all potentials are
reported vs Ag/AgCl) of 0.4 V (applied for 10 s) and 1.3 V
(applied for 3 s), which correspond to the CV scan limits
previousl_?r used to pattern silicon with cobalt oxide by
RIPPLE.” As shown in Figure 1, concentric rings are produced.
Atomic force microscopy (AFM) shows that the ridges are 1.4
um wide and 130 nm tall. Scanning electron microscopy
(SEM) with energy X-ray dispersion spectroscopy maps of Co
and O indicates that the ridges are composed of Co oxide. The
gaps between the rings and ring thicknesses are attenuated as a
function of distance from the pattern’s center. The rings
generated by the binary-potential step are comparable to those
by the CV-based RIPPLE method with regard to both ring
definition and spacing (Figure S2).

By modulating the durations of the 0.4 and 1.3 V steps, the
spacing between rings and the ring widths could be adjusted,
respectively (Figure S3). The correlation between ring spacings
and ring widths with their respective potentials implies that at
0.4 V, the etching of Co metal occurs, while at 1.3 V, an oxide
layer is formed. This result suggests that potential steps could
be programmed to control the geometries of the metal oxide
pattern. To demonstrate this correlation, patterns with
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Figure 1. Patterns formed by alternating between 0.4 V (10 s) and
1.3V (3 s) 10 times in 0.1 M K,SO,. (a) Optical microscope images
at 50X magnification. (b) SEM image (top left) and EDS elemental
maps of cobalt (green), oxygen (red), and silicon (blue). (c) AFM
map with height-profile of a diametric cross section (inset on right).

uniformed gap and ring dimensions were formed by
sequentially increasing the duration of each step to compensate
for the decreasing spacing between rings. For example, the well-
defined pattern of rings of 3.0 ym width and 3.8 ym spacing
shown in Figure 2 was generated for binary potential steps held
for 5,7,9, 12, and 15 s.
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Figure 2. Patterns with conserved radial dimensions formed by
sequentially increasing potential step durations in 0.1 M K,SO,.
Images from (a) optical microscope with 50X objective and (b)
SEM.

To delineate the correlation between applied potentials and
the patterning process, the pattern was surveyed by in situ
optical microscopy. A video recording of the pattern formation
by alternating between 0.4 V (10 s) and 1.3 V (3 s) 10 times
was synchronized to the applied potential and current so that
the evolution of a pattern could be observed through optical
micrographs (Figure S4). A bright-contrasted circle expands
from the opening for the first 10 s, followed by 3 s upon which
a dark-contrast ring propagates into the surrounding area. From
AFM height and EDS maps (Figure 1b,c), it was determined
that the bright-contrasted circle and surrounding bright-
contrast rings correspond to regions where cobalt was removed
and the dark-contrasted rings correspond to cobalt oxide.
These results are in agreement with the assignment to an
etching process at 0.4 V and metal oxide formation at 1.3 V.
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With consideration to the Pourbaix diagram of Co, the
reaction during etching at 0.4 V in 0.1 M K,SO, corresponds to
the two-electron oxidation of Co’ to a soluble Co** ion or
CoO(OH)™." Similar diameters of the etch fronts after stepping
the potential to 0.2, 0.3, and 0.4 V for 10 s (Figure SS) indicate
that the etching rate is not limited by the applied voltage.
Optical microscopy, SEM and EDS show that an oxide layer
formed after a delay is identical to applying 1.3 V successively
after etching (Figure S6). Therefore, the oxide formation
process is independent of diffusion, suggesting that the primary
pathway for oxide formation is the direct conversion of Co
metal to Co oxide. Cobalt is thus etched away at 0.4 V and the
metallic front at the boundary of the etching front is converted
into the oxide ridge at 1.3 V by the reaction of Co metal with
water under this anodic potential. This is consistent with the
observation that the oxide layer extends into the Co° film
during application of 1.3 V (Figure S4). The next ring is then
formed upon cobalt etching from the backside of the Co oxide
ring. The Co®" ions produced during etching diffuse over the
top of rings to the opening in the mask.

The kinetics process of Co*" diffusion from the etch front is
explored with finite element simulations. Defining ¢ as the
concentration and J as the flux of Co®', the conservation of
Co®* requires that
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The simplest case is for J to obey Fick’s law,

J=-DVc¢ )

Dimensional analysis of eqs 1 and 2 furnishes a relaxation time,

2

t~ =

©)

where t is the relaxation time, L is the distance from the etching
front to the opening, which should be on the order of 10 ym,
and D is the diffusivity. Co*" ions are expected to have a
diffusion coefficient close to the self-diffusivity of water, on
order of 107 m?/s.” Equation 3 furnishes a relaxation time on
the order of 0.1 s, which is much shorter than the time scale of
operation at 0.4 V (10 s). Consequently, diffusion is taken to be
at steady state during etching and the left-hand side of eq 1 is
equal to zero. Under these assumptions, the etching rate at any
time can be calculated.

At the etch front, we assume the concentration of the Co*" is
limited by a saturated value c,, which gives one boundary
condition,

4)

The concentration of Co** is assumed to be 0 M at the
opening, which gives the other boundary condition,

leront = Cat

d 0

(8)
Equations 1, 2, 4, and 5, under the steady state assumption,
constitute a complete boundary value problem that uniquely
determines the concentration distribution once the size of the
opening and the position of the etching front are prescribed.
The etching front moves as metallic Co is etched. The normal
velocity of the etching front is

y, =JQ

opening =

(6)
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where Q is the molar volume of the metallic Co and ] is the
magnitude of the diffusion flux, which is always perpendicular
to the etch front due to eq 4. In the axisymmetric case, an
analytical solution for eqs 1, 2, 4, and S exists,

or) =

Inr —Inr,
co— 0

sat
In# —Inr

?)

where r, and r; denote the position of the edge of the opening
and the etching front. Correspondingly, if we combine eqs 2
and 6 and compute V¢ from eq 7, the velocity of the etch front
is

Dc,,Q 1

sat

" lnr—Inrr

(8)

By definition, v, = dry/dt. The time evolution of r; can be
numerically integrated based on eq 8. Figure 3 is calculated in
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Figure 3. Predicted ring spacing from finite-element simulations.

Ring positions (blue) relative to a 1 gm-diameter circular opening

(black). Note ring spacing decreases with increasing distance from
the opening.

this way, where blue lines denote the position of the etching
front after every 10 s of etching. In this simulation, we assume
that the thickness of the oxide rings is much smaller than the
distance between the rings and that the rings do not markedly
affect the kinetics of diffusion. With regard to the latter, the
diffusion is not significantly affected if the spacing over the top
of the ring is more than ~1/10 the height of the film thickness
(ie, the spacing between the Si substrate and the mask
overlayer). Figure 1c shows that this condition is met. The
average ring height is 123 nm vs a film thickness of 173 nm, and
thus, the average difference in ring height from film thickness is
50 nm, or approximately 30% of the film thickness. In addition,
the Co oxide ring is porous and fluid may flow through the
oxide ring. Hence, the presence of rings does not greatly
perturb diffusion for the purposes of this model. The blue rings
shown in Figure 3 correspond to the position of oxide rings
observed in experiments. In the calculation of Figure 3, the
opening size is chosen as r, = 1 pum. The molar volume of
metallic Co is Q = 6.6 mL/mol, and we take ¢, = 1 M, which is
approximately the solubility of saturated CoSO, solution. The
initial condition (t = 0) for the calculation is r; = ry + 0.1 pm.

Whereas the concentration of Co®" at the opening was set to
0 M in furnishing the results of Figure 3, a nonvanishing
concentration is required to drive the diffusion from the
opening to the bulk electrolyte (Figure S7a). The space under
the resist is highly confined compared to the space outside the
opening, and therefore, we expect a much steeper concen-
tration gradient from the etch front to the opening as compared
to from the opening to the bulk electrolyte. Consequently, no
matter what the concentration at the opening may be, it will
always be small compared to the concentration at the etch

5323

front. Thus, setting clypening = 0 M as a boundary condition does
not significantly change the diffusion rate. We note that clg,, =
1 M is much higher than the concentration of the supporting
electrolyte, 0.1 M. The complete expression of flux should thus
account for the contribution from migration due to this
difference in ionic strength,

ze

J DVc¢ kTDVc¢ ©)
where z is the valence of Co*" and ¢ is the electric potential.
The fluxes of the other two ions, SO,>~ and K", satisfy similar
relations, with their own concentrations and diffusivities.
Outside the double layer from the boundary, the solution is
electrically neutral. Consequently, the electric potential satisfies
the Laplace equation,
Vi =0 (10)
Whereas the electric field couples the fluxes of the three species
of ions, a simple decoupled approximation exists. At steady
state, the total flux of SO,>~ vanishes, so that the flux of SO,*~
due to migration exactly balances that due to diffusion. Because
the concentration of Co*" is high, the concentration of K" is
negligible. Accordingly, to maintain electroneutrality, the
concentration of SO,”” nearly equals the concentration of
Co®". Note that Co*" and SO,*~ carry charges of the opposite
valences. Consequently, the migration flux of Co*" also equals
its diffusion flux in magnitude, but the two fluxes are in the
same direction. In this case, the modeling accounted for by eq 2

remains valid by doubling the value of the diffusivity,

J=-2DVc (11)

It is worth noting that Figure S7b, which was generated by a
finite element simulation using COMSOL software, shows that
the concentration of Co*" at the opening is about an order of
magnitude lower than its concentration at the etching front. It
also shows that the concentration of K* is very low so that the
concentration of SO,*” roughly equals the concentration of
Co?*. These serve to validate the above approximations to yield
eqs S and 11.

The model for RIPPLE is etching metallic Co at low anodic
potentials followed by oxidation of the metal to Co oxide when
the potential is stepped to more positive anodic potential.
Upon returning the potential, Co oxide formation ceases, and
etching begins on the backside of the Co oxide ring, extending
away from the center of the ring. Our analysis indicates that the
etching process is dictated by cobalt ion diffusion upon etching.
The analysis illustrates that as the etch front of metallic Co
progresses from the opening, the mass transport of Co** away
from the etch front is deterred because the distance for
diffusion into bulk electrolyte increases. Since the concentration
at the etching front is limited by the saturated concentration of
Co®* and the concentration at the opening is effectively zero,
the increase in distance results in a decrease in concentration
gradient, which results in a lower diffusion flux. The lower
diffusion flux corresponds to slower etching further from the
center of the pattern, which accounts for the decreasing ring
spacing in the experimental results observed in Figure 1. It
should also be mentioned that for the simulation of the pattern,
we only consider the spacing between the rings. The presence
of oxide rings is expected to further narrow the spacing by
constricting the diffusion path. However, the geometries of the
rings are not critical for observing the trend in the ring spacing.
This trend in ring spacing is verified experimentally (Figure 1).
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Our experimental results supported by analysis show that the
mechanism of pattern formation by RIPPLE establishes that the
ring position depends on the distance of cobalt ion diffusion
into bulk electrolyte, with the kinetics limited by the diffusion
of Co** from the etching front to the opening.

CONCLUSIONS

Radial patterns of Co oxide are formed in 0.1 M K,SO, by first
oxidizing Co® to Co*" at 0.4 V, which results in etching from
the opening in the mask to the inner radius of the first ring. The
resulting metal perimeter is then directly oxidized to Co oxide
at 1.3 V to form the ring. Ring spacings and widths may be
adjusted by modulating the duration of the 04 and 1.3 V
potential steps, respectively. By partitioning the patterning
process into two discrete potential steps, we achieve improved
control of pattern geometry and boundary conditions for the
patterning process may be controlled. With the use of the
scaling analysis, a mechanism for producing the observed
pattern geometry is correlated to the sequence of electro-
chemical steps involved in the formation of the submicrometer
structures, thus allowing for precise control of the pattern
geometry. The ability to pattern large areas of silicon
periodically with submicrometer inorganic oxides affords a
facile method for electrochemically integrating materials with
silicon.

METHODS

Materials. Co metal pellets (/4 in. X '/ in. dia,, 99.95%, Kurt J.
Lesker), K,SO, (99.0% min, Alfa Aesar), 9S0PMMA C4 (Micro-
Chem), stop-off lacquer (MICCRO Products), 1:3 methyl isobutyl
ketone/isopropyl alcohol (MIBK/IPA) developer (MicroChem), IPA
(99.5%, Sigma-Aldrich), and acetone (99%, Sigma-Aldrich) were used
as received. Four inch, p-type Si wafers (B-doped, ( 100), 1—10 Q-cm,
Nova Electronic Materials) were etched in 7:1 buffered oxide etch
(BOE, J.T. Baker) and rinsed with water 30 s immediately before use.
Type I water (EMD Millipore, 18.2 MQ-cm) was used to prepare
solutions. The pH of 0.1 M K,SO, solution was unadjusted (measured
as pH 8.4).

Working Electrode Fabrication. The working electrode to be
patterned was fabricated by loading a recently etched p-type Si 4 in.
wafer and a crucible of Co metal pellets into the chamber of a Sharon
electron beam vapor deposition system. The chamber was evacuated
to 1 pTorr. The crucible was gradually heated over 1 h by slowly
increasing the current until it reached 60 mA at 10 kV. A shutter was
manually opened to allow the growth of a 250 nm Co film on the p-Si,
while monitoring film growth with a piezoelectric quartz crystal.

The electrode surface was masked by spin-coating 950PMMA C4
resist over the Co film at 4000 rpm for 45 s and then heating the
substrate to 185 °C over 4 min. An electron-beam writer (JEOL-7000)
was used to define a square 9 X 9 array of 2 ym X 2 um square
openings in the PMMA. The openings were spaced 80 ym from the
nearest neighbor. The PMMA was developed for 45 s in 1:3 MIBK/
IPA developer and soaked in IPA for 45 s. Resist thickness and
opening dimensions were confirmed by AFM. The back of the sample
(p-Si) and the sample edges were coated with lacquer.

General Electrochemical Methods. All electrochemical experi-
ments were conducted using a CH Instruments 760D bipotentiostat, a
Pt-mesh counter electrode, and a BASi Ag/AgCl reference electrode
(stored in saturated KCl), except for in situ microscopy, which utilized
either a microreference electrode (none-leak interface, Innovative
Instruments) or a BASi Ag/AgCl reference electrode encased in a
Luggin capillary tube fabricated by stretching a glass pipet over a flame.
All electrochemical experiments were performed with a three-electrode
setup within a plastic beaker, except for the in situ recording, where the
working electrode was laid horizontal and 0.1 M K,SO, was dropped
onto the surface. A microreference electrode and Pt wire were inserted
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into the drop, which was contained on the electrode by surface
tension. All procedures were performed at ambient temperature (23 +
1 °C). The microreference electrode contained 3.4 M KCI and was
corrected to match the saturated KCI solution using E(Ag/AgCl sat.
KCl) = E(Ag/AgCl 3.4 M KCl) + 0.035 V (measured). All potentials
mentioned are referenced to Ag/AgCl (saturated KCI).

Consistently wide rings and gaps were generated with the following
potential steps in their respective order: 0.4 V (5s), 1.3V (5s), 0.4 V
(75),13V (75),04V (95s),13V (95s),04V (125), 1.3V (125),
04V (15 s), 1.3V (15 s), 0.4 V (20 s).

Microscopy. Optical microscopy was performed using an Axio
Scope.Al microscope in conjunction with 20X and 50X objectives, a
63X water immersion objective, and an AxioCam ICc S (all
components Carl Zeiss Microscopy).

Field emission SEM was performed with a Zeiss SupraSSVP. The
SEM was operated at 3 kV at a working distance of ca. 8 mm with a 30
pum aperture and used the secondary electron (SE2) detector. EDS was
performed with an EDAX detector at an electron-beam voltage of 14
kV. The EDS maps were acquired with a dwell time of 200 ms, a
resolution of 1024 X 800, and at a working distance of 8.5 mm.

AFM was conducted with AC mode using an MFP-3D system
(Asylum Research) with a 300 kHz Al-coated Si AFM tip (Asylum
Research) with a scan rate of 0.3 or 0.6 kHz. The AFM maps were
masked, flattened, filtered, and line erased for clarity. The “Dull
Yellow” color scheme was applied and set to inverted and negative
color.
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