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Surface patterning without requiring expensive facilities and complex procedures is a major scientific and

technological challenge. We report a simple surface patterning strategy on a silicon wafer surface. This

strategy, termed galvanic microcontact imprinting lithography (GMIL), is based on the spontaneous

galvanic oxidation of silicon due to the electrically coupled silicon/gold mold with lithographically

defined patterns. The galvanic induced silicon oxide pattern can be selectively removed in dilute HF

solution or serve as a robust etchant resist in alkaline solution, enabling the formation of regular silicon

microstructures on the silicon surface, affording an accessible, simple and cheap surface patterning

method with no requirement of expensive and sophisticated instrumentation and facilities. These results

may open exciting prospects for next-generation low-cost lithographic techniques.
1. Introduction

The search for surface patterning techniques with micro- and
nano-scale control is crucial for micro- and nano-fabrication. So
far, a wide variety of well-established lithography technolo-
gies1–10 such as photolithography, electron beam lithography
(EBL), so-lithography, scanning probe lithography (SPL) and
atomic force microscopy (AFM)-based lithography techniques,
have been available for surface patterning. However, these
existing lithographic techniques are either costly or time-
consuming, low-throughput and/or resolution-limited for
surface patterning etchant resists. It remains a challenging task
to create surface patterns under simplied processing condi-
tions with no requirement of expensive and sophisticated
instrumentation and facilities.

The galvanic effect has always been a serious global
economic problem by degrading materials in electronic devices
and public infrastructures;11,12 ironically the same effect can
also be harnessed for great advantages. For example, besides its
wide range of applications for primary batteries, electroplating
and cathodic protection systems, the galvanic effect has recently
been actively exploited to generate metals, semiconductors and
oxides nanostructures with controlled morphologies and
compositions.13–17 Those applications involve a galvanic corro-
sion process driven by the electrode potential difference
between two dissimilar metals or semiconductors placed in
contact with each other in the presence of an electrolyte. The
galvanic metal-induced silicon etching, rst described as metal-
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induced microroughness on Si wafer surface during wet clean-
ing processes in diluted HF (DHF) or DHF–H2O2 solutions in
the early 1990s by Ohmi et al.18,19 and then explored for
producing luminescent porous silicon by Li et al.20 and high
aspect ratio silicon nanostructures such as nanowires by Peng
et al.21,22 in aqueous hydrouoric acid (HF) solution, has
attracted considerable attention because it offers exciting
opportunities for both fundamental science and practical
applications of silicon nanostructures such as silicon nanowires
ranging from energy conversion and storage devices to bio/
chemical applications.23–36 Azeredo et al. demonstrated etch
transfer using stamps on porous silicon in aqueous HF solu-
tion.37 Since etch transfer using stamps is still carried out in
aqueous HF solution containing H2O2 and the etching behavior
is identical to that in patterned metal-assisted chemical etching
(MacEtch or MACE) of silicon in aqueous oxidizing HF solu-
tion,38–40 thus representing a modied patterned MACE of
silicon, especially noted such modied MACE method is not
well-controlled due to the difficulties including etching solution
diffusion, gas evolution and highly corrosive environment.
Despite recent impressive advances, turning fabrication of
silicon nanostructures using the well-known noble metal/
silicon galvanic effects, into a competitive and practical nano-
fabrication approach remains challenging. Towards this goal,
we have explored galvanic metal-induced silicon etching for
more than een years, and envisioned that the localized
galvanic induced silicon oxidation effect has the potential to
become the scientic and technological basis of next-
generation lithography method. Here we report a simple
galvanic microcontact strategy that enables surface patterning
with micro- and nano-scale control through the use of
a conventional lithograph-dened gold mold in close contact
with silicon wafer surface in the ambient atmosphere.
RSC Adv., 2021, 11, 22473–22478 | 22473
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Fig. 1 Schematic of the working principle of galvanic microcontact
imprinting lithography (GMIL) on silicon wafer surface in the ambient
atmosphere.
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2. Experimental section
2.1. Gold mold fabrication

The fabrication process ow is as follows: one-side polished
single crystalline silicon wafers are rst RCA cleaned, then the
AR 80 photoresist solution was spin-coated (4000 r s�1) onto the
wafer surface, with the nal thickness of the photoresist layer at
780 nm. The sample was then exposed by using Stepper
NSR1755i7B for 600 ms. Aer that, the sample is baked at
110 �C for 90 s. The Ti/Au lms are deposited by electron beam
evaporation. 10 nm thick titanium layer is rstly evaporated
onto the silicon surface to improve adhesion of the 100 nm
thick gold layer. Aer photoresist is lied off by soaking the
mold sample with photoresist in acetone, the gold mold with
designed patterns are produced.
2.2. Galvanic microcontact imprinting lithography (GMIL)
process

Before the GMIL process, the silicon wafers with different
doping types and concentrations are ultrasonically cleaned in
acetone and ethanol for 10 min, respectively. Then, the silicon
wafer is immersed in the boiling solution of H2SO4 : H2O2 ¼
3 : 1 for 30 min. Aer rising with excess DI water, the Si wafer
was immersed in diluted hydrouoric acid (DHF) solution for
10minutes to remove the thin oxide layer on wafer surface. Aer
blow-dry with nitrogen, the clean silicon wafer was brought into
contact with the gold master mold by applying pressure
between two large-area ultra-at glass plates with the gold mold
on top of the clean silicon wafer. The pressure between the gold
mold and the silicon wafer was provided by a custom-built
hydrostatic pressure device. The photograph of the hydro-
static pressure device is shown in Fig. S1.† The GMIL experi-
ments were conducted in the air at room temperature and
relative humidity of 40–60%. The gold mold and silicon wafer
are subsequently separated aer designed contact time, leaving
a galvanic-induced SiO2 layer pattern on silicon surface in the
regions underneath the gold pattern. Finally, the GMIL-
patterned samples were etched in dilute 5% HF aqueous solu-
tion for 10–20 minutes at room temperature or in a mixed 5%
KOH and 8% isopropanol aqueous solution at 50–80 �C.
3. Results and discussion

The working principle of our galvanic microcontact imprinting
lithography (GMIL) is the highly localized electrochemical
oxidation of silicon due to the electrically coupled silicon-gold
mold, which spontaneously constructs a galvanic cell in the
ambient atmosphere, as schematically illustrated in Fig. 1. In
the gold/silicon galvanic cell, the gold is the cathode where
oxygen reduction reaction (gain of electrons) takes place and the
silicon is the anode where silicon oxidation reaction (loss of
electrons) occurs, while the electrode potential difference
between gold and silicon is the driving force for the electro-
chemical silicon oxidation reaction. The overall reactions
shown in the scheme clearly shown that the pattern formed is
due to the galvanic oxidation in the ambient atmosphere.
22474 | RSC Adv., 2021, 11, 22473–22478
Evidently, this GMIL process is similar to the MACE in oxidizing
HF solutions, and the presence of oxygen and H2O is essential
for the formation of SiO2 pattern, indicating the mass transfer
of oxygen and water into the silicon/gold interface will signi-
cantly affect the GMIL. In the case of GMIL, the galvanic effect
induces highly localized silicon oxidation at the point of contact
on silicon surface, enabling the transfer of goldmold features to
the silicon surface with high delity. The localized galvanic
oxidation of silicon electrically coupled with gold mold exposed
to the air is a dynamic electrochemical process, and the oxygen
reduction reaction is catalyzed by gold mold cathode, in which
the electrons are extracted from the nearby silicon forming thin
passive silicon oxide (SiO2) layer accordingly through transfer of
oxygen and water into the silicon/gold interface. The electron
transfer is facilitated by gold across the ultrathin insulating
silicon oxide lm, resulting in sustained faradaic current ow
between silicon and gold due to continuing electrochemical
oxygen reduction and silicon oxidation reactions. The GMIL
process is highly time and humidity dependent, and can be
sped up by increasing the humidity in the air. A variety of silicon
surface structures can be chemically generated by etching away
the galvanically induced SiO2 layers in aqueous HF solution or
by using the passive SiO2 layers as robust etchant resist in
alkaline solutions. Thus, this gold pattern-induced highly
localized galvanic silicon oxidation reaction provides a scien-
tic and technological basis for the realization of GMIL tech-
nology, in which the gold mold galvanically induced silicon
oxide pattern can be selectively removed in pure HF or serve as
a robust etchant resist in alkaline solution, enabling the
formation of regular silicon nanostructures with the use of
simple wet etching, thus is different from the metal-assisted
chemical etching of silicon and modied metal-assisted
chemical etching of silicon that are typically carried out in
aqueous HF solution containing oxidizing agents such as
hydrogen dioxide and silver nitrate. Our results show that the
GMIL represents an attractive inexpensive alternative to
conventional lithography technologies for etchant resists
patterning, and offers unprecedented opportunities for surface
patterning in ordinary laboratory without expensive and
sophisticated instrumentation and facilities. Noted that the
resolution of GMIL is limited by the resolution of lithographic
© 2021 The Author(s). Published by the Royal Society of Chemistry
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techniques such as photolithography that used to fabricate gold
mold.

The conceptual diagram of GMIL process is schematically
illustrated in Fig. 2A–D. In this GMIL concept, the used master
molds contain regular gold patterns having periodicities with
the length scales ranging from nanometer to micrometer that
are fabricated on silicon wafer surface by conventional photo-
lithography, followed by Ti/Au deposition by electron beam
evaporation. The thin layer of titanium (thickness � 10 nm) is
rstly deposited onto the silicon substrate to improve adhesion
of the gold features layer (thickness� 100 nm). The GMIL
performance strongly depends on the geometry and the quality
of the gold molds. The proof-of-concept experiment was carried
out in our chemical laboratory with no super clean condition.
The experimental details are described as follows. First, a gold
master mold was brought into close contact with a clean silicon
wafer surface by the pressure (Fig. 2A), which was applied by
sandwiching them between two large ultra-at glass plates with
the gold mold on top of the bare silicon wafer. The pressure
between the gold mold and the silicon wafer was provided by
a simple custom-built pressure device, and can be carefully
adjusted by the pressure control screws used. The GMIL
experiment was conducted in the air at room temperature and
relative humidity of 40–60%. The gold mold and silicon
substrate are subsequently separated aer 1–5 hours in close
contact, leaving a galvanic-induced ultrathin SiO2 layer pattern
in silicon surface in the regions underneath the gold pattern. In
addition, we noted that the GMIL process can be greatly accel-
erated by applying a bias between gold mold and silicon
Fig. 2 Schematic of the conceptual diagram of GMIL processing flow, sh
wafer surface. (A) A gold mold with defined pattern is brought into c
spontaneous generation of thin SiO2 layer pattern by gold galvanic induce
separated after desired close contact time, leaving a galvanic-induced SiO
in which the GMIL induced silicon oxide pattern can be selectively remo
solution, enabling the formation of regular silicon microstructures on sil

© 2021 The Author(s). Published by the Royal Society of Chemistry
substrate. This is very similar to the advanced scanning probe
lithography or bias-induced surface patterning methodology
(9). The galvanic induced silicon oxide pattern can be selectively
removed in dilute HF solution or serve as a robust etchant resist
in alkaline solution, enabling the formation of regular silicon
microstructures whose geometries depend on the lithographi-
cally dened patterns on gold molds. A variety of silicon
microstructures such as arrays of isolated pits, pillars, pyramids
and inverted pyramids can be readily generated aer simple wet
chemical etching in HF or KOH solutions, as depicted in
Fig. 2D.

The surface patterning capabilities of proposed GMIL tech-
nique on silicon surface are revealed by simple wet chemical
etching of GMIL–silicon in aqueous HF or KOH solutions. Aer
etching, the as-prepared patterned silicon microstructures were
examined by using a high-resolution eld-emission scanning
electron microscope (SEM). We found that the pattern of the
gold mold can be transferred onto the silicon wafer surface with
high delity, and large-area arrays of various patterned silicon
microstructures can be achieved aer simple wet chemical
etching. Shown in Fig. 3 are the top-view SEM images of the gold
molds, and the corresponding silicon patterns aer 10 min wet
etching in aqueous HF solution. The photogram images of the
used gold pillar and grating molds are shown in Fig. S2.† Large-
area periodic shallow pits and gratings arrays in silicon surface
(p-Si, B doped, 1–10 U cm) are achieved aer etching in dilute
HF solution, indicating the removal of SiO2 galvanic generated
in silicon/gold interface. The SEM images show that the
resulting shallow Si pits (Fig. 3B) and trenches (Fig. 3D) aer
owing the experimental steps involved in surface patterning on silicon
lose contact with the silicon wafer surface by the pressure. (B) The
d site-specific silicon oxidation. (C) The goldmold and silicon wafer are

2 pattern in silicon wafer surface. (D) Schematic of the processing flow
ved in dilute HF solution or serve as a robust etchant resist in alkaline
icon wafer surface.

RSC Adv., 2021, 11, 22473–22478 | 22475
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Fig. 3 The top-view SEM images. (A) SEM image of gold mold with periodic pillars. (B) SEM of large-area periodic shallow pits produced after
GMIL process using gold pillar mold and wet etching in dilute aqueous HF solution. The inset shows a magnified SEM image of the shallow pits.
(C) SEM image of gold mold with periodic gratings. (D) SEM of periodic shallow trenches produced after GMIL process using gold grating mold
and wet etching in dilute aqueous HF solution.
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etching in aqueous HF solution are consistent with the gold
master mold features (Fig. 3A and C), revealing the SiO2 removal
process replicates the features from the gold master mold and
that the achievable GMIL resolution increased with decreasing
lateral dimensions of gold patterns. For short time contact, the
diameter of the pits and width of the trenches are slightly
Fig. 4 SEM images of the typical periodic upright pyramid and inverted p
as robust etchant resists in aqueous KOH solutions. (A, B) Low- and high m
truncated silicon pyramid. (D) SEM image of inverted silicon pyramid.

22476 | RSC Adv., 2021, 11, 22473–22478
smaller than those of the gold master molds. The size variations
may come from the slight shrink of the true microcontact areas
between the gold molds and silicon substrates, which was
caused by the shrinking effect of the top surface of gold pillars
and gratings during gold deposition by e-beam evaporation. In
other words, both the resolution and quality of pattern silicon
yramids on silicon surface formed with galvanic induced thin SiO2 layer
agnification SEM image of periodic silicon pyramids. (C) SEM image of

© 2021 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra02459k


Fig. 5 SEM images of patterned silicon surfaces with complex structures throughGMIL andwet KOH etching. (A) 5min 5% KOH solution etching.
(B) 3.5 min mixed 5% KOH and 8% isopropanol solution etching.
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structures exclusively depend on the gold mold fabrication
process. Signicantly, the gold master mold aer more than 10
times of GMIL usage shows no observable damage (Fig.S3†)
revealing the remarkable durability of the gold mold.

Silicon oxide layer is not attacked by aqueous alkaline solu-
tion and therefore has been widely used as “hard mask” or
etchant resist for alkaline etching. To show the utility of the
GMIL strategy for practical lithographic processes, we experi-
mentally study the effect of GMIL-induced silicon oxide patterns
acting as robust etchant resist in alkaline solutions (a mixed 5%
KOH and 8% isopropanol aqueous solution was used due to its
well-controlled behavior). Fig. 4 shows the SEM images of the
typical periodic arrays of upright pyramid and inverted pyramid
formed with galvanic induced thin SiO2 layer on p-Si wafer
surface as robust etchant resists by GMIL with different gold
master molds. Some defects in these micro pyramid arrays are
induced by the imperfect gold mold, but the overall periodic
pyramidal structures are comparable to those prepared through
conventional photolithography methods and alkaline etching.
Both pyramid and inverted pyramid arrays are well known to be
excellent light trapping structures for silicon solar cells. The
upright and truncated pyramids are manufactured by using the
gold pillar mold for GMIL and then wet KOH etching, while the
inverted pyramids are manufactured by using the gold hole
mold for GMIL and then wet KOH etching. Fig. S4† shows the
cross-sectional SEM images of upright and inverted silicon
pyramids by GMIL process. The successful fabrication of peri-
odic pyramids and inverted pyramids indicates that the spon-
taneously GMIL-patterned thin SiO2 layer can effectively act as
robust etchant resists for chemical texturing the underlying
silicon with the use of simple wet alkaline etching. The size and
arrangement of the pyramids are dened by the GMIL-
patterned thin SiO2 resists, which can be programmed
through gold mold design, implying that GMIL technique
provides a simple and versatile tool for surface patterning on
silicon wafer surfaces.

Fig. 5 further shows the SEM images of patterned silicon
surfaces manufactured by using the large-sized pillar gold mold
for GMIL and wet KOH etching with and without isopropyl
alcohol. It can be clearly seen that these GMIL microstructures
are rather complex compared with those manufactured with
nanometer-sized pillar gold mold, indicating the large-sized
© 2021 The Author(s). Published by the Royal Society of Chemistry
pillar molds greatly hold back the galvanic induced silicon
oxidation process under the whole area of contact due to the
close contact between mold and silicon surface, which seriously
prevent the reactive diffusion of oxygen and water into the
silicon/gold interface.
4. Conclusion

In conclusion, our experiments successfully show the simple
straightforward surface patterning capabilities of the GMIL
technique on silicon wafers. The achievable GMIL geometry and
the quality depended on the noble metal master mold patterns.
Although the current GMIL technique may not yet match the
conventional lithographic methods due to challenges such as
the fabrication of high-quality gold molds, it nevertheless offers
many unprecedented opportunities for the easy and cheap
realization of surface patterning. Provided further optimization
of this method especially molds fabrication, GMIL can be of
great interest as easily accessible, simple and low-cost alterna-
tive lithography strategy for generating surface patterns on
silicon wafer surfaces with no requirement of expensive and
sophisticated instrumentation and facilities.
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