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Abstract

Surface structuring has attracted growing interest in the industry due to its potential to improve the macroscopic properties of
workpieces. This work investigated the surface structuring of metals by combining thermal oxide film mask and laser lithog-
raphy with isotropic etching. The metals were thermally oxidized to form a protective oxide film, laser ablation patterned the
thermal oxide film, while electrochemical etching operated in the isotropic mode obtained an array of hemispherical cavities.
The isotropic etching potential for different metals is taken from the mass transport region of the polarization curve. The
effects of thermal oxide film thickness and laser ablation area on the uniformity of the etching holes were studied. The thermal
oxidation of TA2 at 350 °C formed a 20-nm-thick oxide film, while an array of 10 pm radius hemispherical microcavities
was fabricated on the laser patterning surface via electrochemical etching at 2 V for 1 min. The surface structuring of stain-
less steel, pure nickel, and tungsten is highly dependent on the ability of the oxide film to avoid electrochemical reactions.
The feasibility of combining thermal oxidation and laser lithography with electrochemical etching is of great value for the
surface structuring of metallic materials for biomedical and microsystem applications.

Keywords Surface structuring - Isotropic etching - Laser lithography - Hemispherical microcavities

Introduction

Surface structuring is a promising technique for microflu-
idic, micro-optical, and micromechanical applications since
fabricating micro- or nano-scale structures design materials
with advanced surface properties [1-3]. Direct laser interfer-
ence patterning (DLIP) offers high flexibility and throughput
for surface structuring with feature sizes in the micro and
nanoscale [4]. A single laser pulse with energy densities
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between 0.3 and 5.1 J/cm? can generate periodic crater or
pillar-like patterns on the titanium surface. However, the
surface quality of the structures fabricated with laser pulses
deteriorates due to the recast layer formation [5].

Electrochemical processes for the surface structuring of
metals by controlling anodic dissolution have been devel-
oped in recent years [6]. Controlling the anodic dissolution
reaction in a confined area with a micron or submicron preci-
sion is the key challenge in the surface structuring of met-
als [7]. Typically, micro- or nano-scale machining tools are
needed to achieve nanostructuring of metals [8, 9]. Since
electrochemical processes involve no mechanical interaction,
no residual stress or tool wear is left after surface structur-
ing. At the same time, it can fabricate structures on metallic
materials that are even harder than the tool material [10].
Many variants of electrochemical processes such as pulsed
electrochemical machining (PECM), wire-electrochemical
machining (Wire-ECM), jet-electrochemical machining (Jet-
ECM), and through-mask electrochemical micromachining
(TM-ECMM), have been developed to realize metal surface
structuring.

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10008-024-06004-3&domain=pdf
http://orcid.org/0000-0003-0496-1557

Journal of Solid State Electrochemistry

In PECM, the application of ultrashort voltage pulses
with nanosecond duration enables direct 3D micromachining
with a very sharp resolution. The time constant for charging
the double layer on the electrodes is small enough for signif-
icant charging only at the electrode separations in the nano-
to micro-meter range [11]. Since the rates of electrochemical
reactions are exponentially dependent on the potential drop
in the double layer, material removal is confined to these
polarized electrode regions in very close proximity [12].
Wire-ECM adopts a micro-meter-scale metal wire as the
tool electrode to fabricate microstructures by moving the
tool electrode along a programmed toolpath. The agility of
Wire-ECM makes it ideal for machining micro parts and
features [13]. It is reported that microstructures with a slit
width of less than 20 pm can be fabricated by a tungsten
wire electrode with a diameter of 5 pm [14]. Jet-ECM refers
to a fast technology for creating complex microgeometry by
controlling the electric current and nozzle movement [15].
With a current density of 100 Alem?, geometries can be
fabricated with excellent surface qualities [16]. Different
from the aforementioned methods, TM-ECMM is consid-
ered a simple and reliable method to fabricate microcav-
ity arrays with controlled size, location, and density. The
micropatterned mask confines the workpiece dissolution to
the exposed area, while current density controls the evolu-
tion of the microgroove on the workpiece surface [17-19].
Since lithography is time-consuming and labor-intensive yet
essential to TM-EMM, researchers explored the feasibility
of using metal oxide film as the mask [20].

In the present research, electrochemical isotropic etching
is combined with thermal oxide film mask laser lithography
to fabricate an array of hemispherical microcavities on dif-
ferent metal surfaces. The laser micropatterned the thermal
oxide film on the metal surface, while the isotropic etching

Fig. 1 Schematic representation a
of a the experiment setup and b
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through this film led to an array of well-defined hemispheri-
cal etching holes. The polarization curve and chronoamper-
ometry were used to explore the electrochemical isotropic
etching parameters, and the influence of the thermal oxide
film thickness and the laser spot diameter on the etching
holes was analyzed.

Experimental approach

Commercially available pure titanium, stainless steel, pure
nickel, and pure tungsten substrates with a diameter of
15 mm and thickness of 3 mm were used in this study. The
substrates were lapped by SiC sandpapers (#500) to remove
the rough wire-cutting marks. Then, the substrates were
ultrasonically cleaned in deionized water and ethyl alcohol
for 5 min to remove contaminants. During electrochemi-
cal etching, the front side of the substrate faced the cath-
ode, while the side and back faces were covered by Teflon.
Electrochemical properties were measured using an electro-
chemical workstation (CHI660e, Shanghai Chenhua Instru-
ment Co., Ltd.). Before experiments, all the substrates were
electropolished to remove subsurface damage. Before and
after polishing, the surface morphologies were examined
by scanning electron microscopy (SEM, ZEISS Merlin) and
laser scanning confocal microscopy (LSCM). The surface
roughness was measured by atomic force microscopy (AFM,
Bruker Edge).

Experimental setup and mechanism of isotropic
etching

The schematic of the isotropic etching setup is shown in
Fig. 1a. A glass beaker containing electrolytes was used as
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the reaction cell. The workpiece was secured by a custom
fixture and connected to the working electrode of the electro-
chemical workstation. The counter electrode was a platinum
mesh (2 cm X2 cm). A Hg/Hg,SO, electrode with a standard
electrode potential of 0.652 V (vs. NHE) at 298 K served
as the reference electrode. The current and potential were
recorded during the experiment and exported to a connected
computer.

A naturally formed oxide film on the metal surface cannot
be dissolved directly. The oxide film is first broken down
under the influence of the electric field, followed by the
matrix dissolution at the breakdown site. In isotropic etch-
ing mode, all crystal faces dissolve at the same rate, forming
a hemispherical hole centered on the breakdown site on the
metal surface, as shown in Fig. 1b.

According to the electricity formula:

Q = iAt )
_ MO
V= nFp 2

where i, A, t, Q, V, M, n, F, and p are the current density,
area, time, electric charge, volume, molar mass, the number
of electrons in the reaction, Faraday constant, and density,
respectively.

Combining Eqs. 1 and 2 in the growth rate of the etching
hole radius results in the following:

LoV _ M
At nFp 3

The etched hole radius is directly proportional to the cur-
rent density.

Microfabrication process

The weak and nonuniform thickness of the natural oxide film
would irregularly break down resulting in the random dis-
tribution of etching holes during direct etching. Therefore,
laser ablation [21] was used to pattern the surface oxide film
to locate the etching site. Additional thermal oxidation of
substrates was performed to increase the oxide film thick-
ness to ensure the etching occurs only at the laser ablation
sites. For all the substrates, thermal oxidation was carried
out for 1 h in a tube furnace (OFT-1200X, Hefei Kojing
Material Technology Co., Ltd.). Oxidation temperatures and
resulting film thicknesses for different substrates used in this
study are given in Table 1. Figure 2 further describes the
proposed through-mask electrochemical micromachining
under isotropic etching mode involving thermal oxidation,
laser dotting, and electrochemical etching.

Laser dotting of the oxide film was conducted with a
picosecond laser (Grace Laser, Blazer-40F-UV) and a

Table 1 Parameters of thermal oxidation

Materials TA2 W 304L Ni

Heating temperature (°C) 350 350, 400, 500 400, 500 350, 500
Thickness (nm) 20  25,50,413 21,103 22,141

femtosecond laser (Spectra Physics, SpOne-8-SHG) using
a localized irradiation approach. The femtosecond laser sys-
tem provided a Gaussian light spot with a 300 fs pulse width
and 520-nm central wavelength. The repetition rate of laser
pulses was set to 100 Hz. The laser beam was focused by a
0.1 NA, 4X objective with a beam waist radius of 2.56 um,
resulting in a laser fluence of 1.4 J/cm?. The radius was
determined from a laser ablation test [19]. A high-precision
moving stage with a step resolution of 10 nm on both the x-
and y-axes controlled the sample movement. The scanning
speeds and intervals were set to 4 mm/s and 40 pm, respec-
tively. The picosecond laser had a pulse width of 10 ps and a
wavelength of 350 nm. The laser beam was controlled using
a galvanometer scanner (SCANLAB, Germany) equipped
with an F-theta lens with a focal length of 163 mm. The

Step 1: Oxidation

Fig.2 Schematics of thermal oxidation, laser dotting, and electro-
chemical etching
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diameter of the focused spot was ca. 15 pm. The repeti-
tion frequency was set to 10 kHz, resulting in a laser flu-
ence of 0.57 J/em?. Since the oxide film is nanometer-scale,
both picosecond and nanosecond laser dotting use a single
pulse. Further details on laser dotting parameters are given
in Table 2.

The electrochemical etching, as described in Fig. 1a, was
carried out at room temperature in an electrolyte containing
analytical-grade sulfuric acid (97%) and methanol (99.5%).
The etching parameters used in this study are shown in
Table 3.

Results and discussion
Anodic dissolution behavior of pure titanium

As a preliminary investigation, the polarization curve of
pure titanium (TA2) was measured in the electrolyte with a
1:100 volume ratio of H,SO, to CH;0H, as shown in Fig. 3a.
CH;OH acts as an efficient destabilizing agent of the surface
oxide films [22]. The anodic polarization curve is divided
into three regions. In region i, the current density increased
with the increasing potential (—0.7 V to —0.6 V), where the
overpotential provides the activation energy to drive the
dissolution process [23]. Therefore, the crystal surface dis-
solution rate varies with crystal orientation because of the
activation energies varying with the crystal planes. The cur-
rent density hardly changed with the potential (—0.6 V to
0 V) in region ii, indicating mass transfer polarization during
titanium dissolution. In this region, the metal dissolution rate
did not increase with potential due to the accumulation of
reaction products on the surface. However, a further increase
in the potential from O to 10 V increased the current density,
indicating unstable mass transfer polarization in region iii.
Figure 3b shows the TA2 polarization curve in an elec-
trolyte with a 10:100 volume ratio of H,SO, to CH;OH.
Again, the anodic polarization curve was divided into three
regions. The current density increased with the potential

Table 2 Laser dotting parameters

Parameters Picosecond laser Femtosecond laser

Model Grace Laser Spectra Physics
Blazer-40F-UV SpOne-8-SHG

Pulse width 10 ps 300 fs

Central wavelength 350 nm 520 nm

Repetition rate 100 kHz 100 Hz

Laser fluence 0.57 J/em? 1.4 J/em?

Focused spot diameter 15 pm 5.12 pm

Distance between the 50 pm 40 pm

centers of the holes
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Table 3 Electrochemical etching parameters

Materials TA2 w 304L Ni

Electrolytes composition 110 15 IT% %
100”100 100 1

(Vsulfuric acid/vmelhauol)

Etching potential (V) 2 5 5 5

Electrolyte temperature (°C) 25 25 25 25

(—0.4 V to 0.4 V) in the region i corresponding to the acti-
vation polarization in this range. The current density hardly
changed with the applied potential (0.4 to 9.5 V) in region
ii, indicating mass transfer polarization of TA2 dissolution.
The polarization curve of tungsten in the electrolyte with a
15:100 volume ratio of H,SO, to CH;OH also demonstrated
a similar trend [24]. However, the current density increased
with the potential beyond 9.5 V (region iii), possibly due to
side reactions. Typically anodic dissolution under the mass
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Fig.3 Polarization curves of TA2 in electrolytes with a 1:100 and b
10:100 volume ratios of H,SO, to CH;0H
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transport limitation governs the electropolishing process
[25]. An electrolyte with a 10:100 volume ratio of H,SO, to
CH,OH is suitable for the isotropic etching of TA2 due to
the stable mass transfer polarization region observed in the
polarization curve.

Chronoamperometry was performed to study the surface
morphology evolution of TA2 in the activation and mass
transfer polarization regions. Figure 4a shows the current
density-time curves at—0.5 V and 2 V in an electrolyte
with a 1:100 volume ratio of H,SO, to CH;OH. The cur-
rent density at—0.5 V, within the activation polarization
region, remained constant due to the rapid transfer of reac-
tive products and negligible mass transfer effects. The cur-
rent density at 2 V initially increased slightly before reaching
a plateau. As seen from Fig. 3a, the TA2 dissolution enters
mass transfer polarization at—0.6 V, which became unstable
when the potential is raised above 0 V. Therefore, the current
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Fig.4 Chronoamperometry plots obtained at different potentials in
electrolytes with a 1:100 and b 10:100 volume ratios of H,SO, to
CH;0H

density-time curve did not show a decreasing trend in the
early stage when the potential was 2 V.

Figure 4b shows the current density-time curves obtained
at—0.2 V and 2 V in an electrolyte with a 10:100 volume
ratio of H,SO, to CH,OH. The current density at—0.2 V
remained almost unchanged because of the activation polari-
zation where no mass transfer occurs. The curve obtained
at a potential of 2 V decreased sharply in the beginning and
then reached a plateau. According to the polarization curve
in Fig. 2b, 2 V is in the range of the mass transfer polariza-
tion region, so the current density-time curve decreased due
to the etching products accumulation. The steep decrease in
the current is due to the balance of ion diffusion and metal
dissolution during the electropolishing of tungsten [26].

The TA2 surface was etched for 5 min in an electrolyte
with a 1:100 volume ratio of H,SO, to CH,OH at—0.5 V.
An irregularly shaped etching hole (see Fig. 5a) with a rough
inner surface (see Fig. 5b) was formed on TA2. The ani-
sotropic etching and rough inner surface emerged due to
the active polarization. The microcavities were formed due
to the protective passivation film on the surface [27]. The
spontaneously formed passivation film on TA2 was 10-nm
thick, as measured by an ellipsometer (Film Sense FS-1).
The passivation film protected the underlying metal matrix
from the electrolyte, while the dissolution occurred only at
the passivation layer breakdown sites, resulting in the for-
mation of microcavities. Similar microcavities have been
reported on titanium surfaces with highly active halogen
salts in the electrolyte [28, 29]. Besides, TA2 etching at2 V
for 1 min formed hemispherical microcavities on the surface,
while a residual passivation film was observed at the edge of
the hole, as shown in Fig. 5c. As evident from Fig. 3a,2 V
is within the mass transfer polarization region that resulted
in the isotropic etching of the TA2 surface.

In contrast, 5 min etching at 2 V produced irregular
microcavities on the surface, as shown in Fig. 5d. The micro-
cavity formed on the TA2 surface was similar to that of the
hexagonal-close-packed (hcp) structure. The formation of
irregular microcavities indicated the TA2 dissolution in the
active polarization region because the applied potential was
in the unstable mass transfer polarization region. The ani-
sotropic etching of aluminum is useful in various functional
devices requiring a large surface area, such as substrates
for catalysts and electrodes for electrolytic capacitors [30].

The TA2 surface was etched for 5 min in an electrolyte
with a 10:100 volume ratio of H,SO, to CH;0H at—0.2 V.
An irregularly shaped etching hole (see Fig. 6a) with a
rough inner surface (see Fig. 6b) was observed, likely due
to—0.2 V being in the activation polarization region that
resulted in the anisotropic dissolution of TA2. In addition,
the step-like structures at the inner surface are indicative of
crystallographic etching. The electrochemical dissolution of
tungsten in a 2 wt.% electrolyte produced similar etching
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Fig.5 Surface morphology of TA2 after etching in the electrolyte with a 1:100 vol ratio of H,SO, to CH;0H: a, b 5 min under a potential of
-0.5 V (vs. Hg/Hg,SO,); ¢ 1 min and d 5 min under a potential of 2 V (vs. Hg/Hg,SO,)

marks on some grains [31]. Besides, etching at 5 V for 5 min
formed hemispherical microcavities on the TA2 surface, as
shown in Fig. 6¢. According to the polarization curve in
Fig. 3b, the applied potential (2 V) being in the mass transfer

polarization region ensured the isotropic dissolution of TA2.
In the early stage of electrochemical machining of TB6 tita-
nium alloy, local corrosion on the anode surface produced
hemispherical etching holes [32].

Fig.6 Surface morphology of TA2 after etching in the electrolyte with a 10:100 vol ratio of H,SO, to CH;OH: a, b 5 min under a potential
of —0.2 V (vs. Hg/Hg,SO,); ¢ 5 min under a potential of 2 V (vs. Hg/Hg,SO,)
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Array structure on TA2

For TA2, there is a natural tendency of approximately
10-nm-thick passivation layer formation. However, this
passivation layer is relatively weak and microcavities can
be formed even at 2 V as explained in the previous sec-
tion. Therefore, TA2 was thermally oxidized to generate a
thick oxide film as a mask to ensure that subsequent elec-
trochemical dissolution occurred only where the oxide film
was removed. The oxide film thickness depends on the tem-
perature/time parameters [33]. For example, the oxide layers
obtained at 600 °C had thicknesses ranging from 0.40 to
1.37 pm when thermally oxidized for 6 to 72 h, respectively.
In this research, TA2 was thermally oxidized at 350 °C to
achieve a 20-nm film thickness as measured by ellipsometry.

As shown in Fig. 7a, an array of microcavities was formed
on the thermally oxidized TA2 surface with the picosecond
laser beam. The interval of the laser beam dotting was 50
pm. The surface oxidation of titanium can result in different
colors [34], so when the oxide film at the laser processing
site was removed, its color was different from the surround-
ing oxide film. Laser processing exposed approximately
20-pm diameter circular areas on the substrate. Figure 7b
shows the profile of a hole from Fig. 7a. As the laser energy
was exceedingly low and each dot was only machined by
a single pulse, the oxide film was entirely removed with
minimal substrate removal. Therefore, the profile is close
to a straight line.

After laser dotting, TA2 was electrochemically etched at
2V for 1 min. As shown in Fig. 7c, an array of microcavities

Fig. 7 Morphology and cross-
sectional profile of the micro-
cavities measured by LSCM: a,
b after picosecond laser dotting;
¢, d after etching in an electro-
lyte with a 10:100 volume ratio
of H,SO, to CH;0H

was formed on the TA2 surface. The dissolution of the sub-
strate occurred only where the oxide film was removed, indi-
cating that the thickness of the thermal oxide film was suf-
ficient to protect the substrate from etching. As the applied
potential (2 V) was in the mass transfer polarization region,
the inner surface was smooth and shiny. Figure 7d shows
the horizontal and vertical profiles of a microcavity from
Fig. 7c. The depth of the microcavity was 11.0 pm, and the
horizontal and vertical widths were 36.5 pm and 34.0 pm,
respectively, slightly deviating from hemispherical shape.
The electrochemical dissolution initiated from unmasked
regions and then spread inward at the same speed. There-
fore, the relatively large diameter of the laser-processed area
resulted in a relatively smaller depth and deviation in the
shape of the etching microcavity. At the beginning of dis-
solution, the maximum etch rate occurs near the photoresist
mask [35] and proceeds toward the center as the etching
progresses. The pattern in the resist must be at least three
times smaller than the final opening diameter to obtain hem-
ispherical cavities [36]. Therefore, to obtain a hemispherical
array of cavities, a feasible method is to reduce the area
where the oxide film is removed by the laser. Hemispherical
microcavities can be formed on pure titanium with a break-
down site diameter of the oxide film of approximately 2 pm
[37]. A femtosecond laser was used in the following section
to obtain a smaller laser machining area.

A femtosecond laser beam formed an array of micro-
cavities on a thermally oxidized TA2 surface, as shown
in Fig. 8a. The laser-processed regions were brighter than
the oxide film due to the exposure of the metal matrix. The
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Fig.8 Morphology and cross-sectional profile of the microcavity
measured by LSCM: a, b femtosecond laser dotting; ¢, d after etching
in the electrolyte with a 1:100 vol ratio of H,SO, to CH;0H; e, f after
etching in the electrolyte with a 10:100 vol ratio of H,SO, to CH;0H

exposed area was approximately circular, with a diameter
of approximately 5 pm. The profile of a microcavity from
Fig. 8a is shown in Fig. 8b. As the material removal was
small, the profile was also close to a straight line. Figure 8c
shows the microcavities on the surface after electrochemi-
cal dissolution in an electrolyte with a 1:100 volume ratio
of H,SO, to CH;0H at 2 V for 1 min. The etching cavities
varied in shape due to the applied potential being in the
unstable mass transfer polarization region, as demonstrated
previously. The non-hemispherical profile of a microcav-
ity is shown in Fig. 8d. Irregularly shaped cavities with
rough surfaces were also reported on dissolving titanium in
NabBr electrolyte at 5 V [38]. Figure 8e shows microcavities
formed on the TA2 surface after electrochemical dissolution
in the electrolyte with a 10:100 volume ratio of H,SO, to
CH,OH at 2 V for 1 min. From the top view, these etching
holes appeared to be hemispherical. As shown in Fig. 8f, the
horizontal and vertical profiles of a microcavity in Fig. 8e
were semicircular with a 10.6 pm identical radius. Micro-
cavities with a diameter of 40 pm were reported on titanium
after anodic dissolution for 23 min in 3 M H,SO, in CH;0OH
electrolyte [39]. These experiments demonstrate that the
small oxide film removal area and suitable electrochemical

@ Springer

parameters are important to ensure dissolution in a stable
mass transfer polarization region for the formation of hemi-
spherical microcavities. Surface topography is an important
surface property and affects the biological performance of
titanium implants [40]. Therefore, the preparation of well-
defined microstructure arrays on the surface is beneficial to
the medical applications of titanium alloys.

Figure 9a shows that the radius of the microcavities
increases linearly with time when other parameters such
as applied potential and the dissolution rate are constant.
Figure 9b and c shows the microcavities formed on the
titanium surface after etching for 1 min and 3 min, respec-
tively. The microcavities had a regular hemispherical shape
(see Fig. 9b), which showed 40 pm diameter and deviated
from the hemispherical shape (see Fig. 9c). Additionally,
small etching holes are observed around the microcavities,
indicating that the oxide film was broken down in the long-
term etching process. Therefore, to obtain large-scale and
regular-shaped microcavities, the performance of the oxide
film needs to be further enhanced.

Array structure on other metals

Surface structuring by combining thermal oxide film laser
lithography and isotropic etching has also been applied to
other metals, such as stainless steel, pure nickel, and tung-
sten. As a preliminary investigation, the polarization curves
of stainless steel, pure nickel, and tungsten were measured
as shown in Fig. 10.

Figure 10a shows the polarization curve of stainless steel
in the electrolyte with a 10:100 volume ratio of H,SO, to
CH;OH. In the potential range from 2.5 to 10 V, the current
density hardly changed with the potential, demonstrating
that the dissolution of the stainless stain was mass transfer
polarization [41]. Figure 10b shows the polarization curve
of pure nickel in the electrolyte with a 20:100 volume ratio
of H,SO, to CH;OH. It can be inferred that the mass transfer
polarization region was 1.5 to 10 V [42]. Figure 10c shows
the polarization curve of tungsten in the electrolyte with
a 15:100 volume ratio of H,SO, to CH;OH, and the mass
transfer polarization region was 3.5 to 10 V.

The electropolishing can be obtained in the current
density plateau region [43]. Obviously, for stainless steel,
pure nickel, and tungsten, a stable mass transfer polariza-
tion region existed in the polarization curve when suitable
electrolytes were used. Therefore, in the subsequent elec-
trochemical dissolution experiments, the applied potential
is selected based on the polarization curve.

To obtain a controllable array structure on the metal sur-
face, the first step is to form an oxide film on the metal sur-
face. Since a 20-nm-thick oxide film was sufficient to protect
the matrix from etching. Therefore, the stainless steel, pure
nickel, and tungsten were also thermally oxidized to achieve a
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Fig.9 a The radius of the microcavities with etching time. b Array
microcavities on titanium after etching for 1 min. ¢ Array microcavi-
ties on titanium after etching for 3 min

similar thickness. Thermal oxidation of stainless steel at 400 °C
for an hour developed a 21-nm-thick oxidation film. The pure
nickel and tungsten were oxidized at 350 °C for an hour, and
the oxide film thicknesses were 22 nm and 25 nm, respectively.

2 3 456 7 8 910
Potential (V vs. Hg/Hg,SO,)

10-8IIIIIIIIII
414 0 1 2 3 4 5 6 7 8 9 10

Potential (V vs. Hg/Hg,SO,)

10.8 T T L] L] T L] T L] L] L] T
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Potential (V vs. Hg/Hg,SO,)

Fig. 10 Polarization curves of a stainless steel, b pure nickel, and
¢ tungsten in electrolytes with different volume ratios of H,SO, to
CH,0H

According to the polarization curve in Fig. 10, when
the applied potential is greater than 2.5 V, 1.5 V, and 3.5
V, the dissolution of stainless steel, nickel, and tungsten,
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respectively, enters the mass transfer polarization region.
Therefore, 5 V was chosen as the applied potential for elec-
trochemical dissolution experiments for stainless steel,
nickel, and tungsten.

The morphology of the stainless steel after electrochemi-
cal dissolution is shown in Fig. 11a. The entire stainless
steel surface was dissolved, and distinguishing the laser
processing site was difficult, indicating that the oxide film
could not protect the substrate. The morphology of the pure
nickel after electrochemical dissolution is shown in Fig. 11b.
Preferential dissolution occurred at the laser processing site.
Still, dissolution at other areas indicated weak protection by
the oxide film. Similarly, the dissolution of tungsten also
occurred on the whole surface, as shown in Fig. 11c. There-
fore, approximately 20-nm-thick oxide film is not sufficient
to avoid the dissolution of stainless steel, pure nickel, and
tungsten substrates.

Once again, stainless steel, pure nickel, and tungsten
were thermally oxidized at 500 °C for an hour, resulting in
the formation of oxide films with thicknesses of 103 nm,
141 nm, and 413 nm, respectively. Despite the 103-nm-thick
passivation film, the electrochemical dissolution occurred
on the entire surface of stainless steel, as shown in
Fig. 11d. As shown in Fig. 11e, upon increasing the oxide
film thickness to 141 nm, cracks were observed on the
pure nickel surface, with tiny holes forming around the
microcavity. Therefore a thicker oxide film could not pro-
tect stainless steel and pure nickel from electrochemical
dissolution.

15kV 6.4mm X1.00k BSE

15kV 6.1mm X1.00k BSE

e: 141 nm

15kV 6.4mm X2.00k BSE

In contrast, the electrochemical dissolution of tungsten
with 413-nm-thick oxide film occurred only at the laser-
machined sites, as shown in Fig. 11f. Raised oxides were
randomly distributed on the surface and formed during
thermal oxidization. These raised oxides deteriorated the
surface quality and reduced the uniformity of laser machin-
ing. In conclusion, among stainless steel, pure nickel, and
tungsten, the oxide film can only mask tungsten and facili-
tate microstructural array fabrication. However, low thermal
oxidation temperatures can produce more uniform oxide film
on the surface. Therefore, the thermal oxidation tempera-
ture for tungsten was reduced to 400 °C for the following
experiments.

At a potential larger than 3.5 'V, the dissolution of tung-
sten was mass transfer polarization, as seen in Fig. 10c. The
current density-time curves for tungsten obtained at 2 V
and 5 V are shown in Fig. 12a. The tungsten was thermally
oxidized at 400 °C for 1 h, achieving approximately 50-nm-
thick oxide film. As 2 V is in the active polarization region,
the current density does not change significantly. Besides,
5 V is in the mass transfer polarization region, and the initial
decreasing tendency of the current density over time is due
to the accumulating etching products. As the etching dura-
tion increases, the current density increases regardless of
the applied potential, which is due to the growing reaction
area of microcavities.

The surface morphologies after electrochemical dissolu-
tion for 5 min at 2 V and 5 V are shown in Fig. 12b and c,
respectively. At 2 V, which is in the activation polarization

15kV 6.7mm X2.00k BSE

Fig. 11 Morphology of array microcavities formed on stainless steel (a, d), pure nickel (b, e), and tungsten (c, f)
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Fig. 12 a Chronoamperometry
plots of tungsten obtained at
different potentials in an elec-
trolyte with a 15:100 vol ratio
of H,SO, to CH;OH. Surface
morphology after etching for

5 min under potentials of b2 V
(vs. Hg/Hg,SO,) and ¢ 5V (vs.
Hg/Hg,S0,)
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region, the dissolution rate varies with the crystal planes,
resulting in irregular microcavities. As shown in Fig. 12c,
etching at 5 V for 5 min formed approximately hemispheri-
cal with smooth such that the crystalline grains with differ-
ent orientations can be distinguished. Therefore, 5 V is rea-
sonable to fabricate array structures on a tungsten surface.
An array of hemispherical microcavities formed on the
thermally oxidized tungsten surface after electrochemical
etching at 5 V for 1 min is shown in Fig. 13. The distance
between adjacent microcavities is 40 pm. The crystalline
grains with different orientations can be distinguished on the
inner surface of a microcavity shown in Fig. 13b. Figure 13c
shows the semicircular profiles of three adjacent microcavi-
ties from Fig. 13a. The radii of the three microcavities are
6.77 pm, 6.82 pm, and 6.74 pm, indicating uniform growth
of these microcavities. The surface roughness of tungsten

Fig. 13 Morphology and
cross-sectional profile of the
microcavities measured by a,

b SEM and ¢ LSCM. Surface
roughness measured by AFM: d
oxide film and e inner surface of
a microcavity

15kV 6.2mm X1.00k BSE

(7]
-
o

after oxidation was 3.14 nm, as shown in Fig. 13d, which
reduced to 2.02 nm for the inner surface of the cavity after
electrochemical dissolution in the mass transfer polarization
region, as shown in Fig. 13e. The microlens arrays exhibit
good optical properties, such as an extremely large field of
view angle [44]. Fabricating the array structure on tungsten
makes it possible to process microlenses using tungsten as
a mold.

The microcavity radii grow linearly with the etching
time, as shown in Fig. 14a. However, as the radius of the
microcavities increased to approximately 40 pm, small
microcavities formed on the whole surface, indicating
that the oxide film was broken down during the etching
process. This shows that the performance of the oxide
film is very important for the preparation of definite array
microcavities.

15kV 9.4mm X4.00k BSE 03/29/2022 12:12
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Fig. 14 Variation in the diameter of array microcavities for different
etching times (a) and array microcavities after etching for 4 min (b)

Conclusions

In this paper, surface structuring through thermal oxide film
mask laser lithography and electrochemical isotropic etching
was investigated, and an array of hemispherical microcavi-
ties was generated on different metal surfaces. To summa-
rize, the following conclusions can be drawn from this study:

e The oxide film formed by thermal oxidation acts as a
mask in this study. Thermal oxidation of TA2 and tung-
sten at 350 °C and 400 °C produced 20 nm and 50-nm-
thick oxidation films, respectively, which were sufficient
to avoid their electrochemical dissolution. However, even
more than 100-nm-thick oxide films on stainless steel
and pure nickel could not mask their electrochemical dis-
solution.

e In the laser ablation experiment, picosecond and femto-
second lasers produced nearly circular ablation shapes on
TA2 with 15 pm and 5 pm diameters, respectively. How-

ever, after etching for 1 min, the surface processed by
the picosecond laser exhibited a larger size and deviated
from a hemispherical shape, indicating that femtosecond
laser processing has higher stability.

e Surface structuring through laser lithography and elec-
trochemical isotropic etching generated an array of hemi-
spherical microcavities on TA2, achieving a 10.6 pm
radius after etching at 2 V for 1 min.

e A highly stable and protective oxide film is needed to
achieve a controllable hemispherical microcavity array
on metal. The film produced on tungsten was more stable
compared to SUS304 and nickel allowing microstruring
of tungsten only. The electrochemical etching of tungsten
at 5 V for 1 min formed hemispherical microcavities of
approximately 6.8 pm radius.
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