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The preparation of ultraflat surfaces is critically import-
ant in surface chemistry and device fabrication due to their
profound impact on the physical and chemical properties
of materials. Ultraflat surfaces reduce nucleation sites for
heterogeneous nucleation, enhancing crystal quality by
allowing the growth of larger grains. Additionally, these
surfaces simplify morphological analysis, facilitating clear
differentiation between authentic surface features and anom-
alies such as defects or impurities." The preparation of ultra-
flat surfaces is essential in surface chemistry and device
fabrication due to their significant impact on material
properties.® Ultraflat surfaces minimize heterogeneous
nucleation sites, enhancing crystal quality by promoting
the growth of larger grains. These surfaces also simplify
morphological analysis, allowing clearer differentiation
between genuine surface features and anomalies such as
defects or impurities.

Traditional methods for preparing flat thin films, such as
electron-beam (e-beam) evaporation and sputtering, have
been refined to achieve a surface roughness of less than
tens of nanometers, which is adequate for many applica-
tions. However, these techniques often do not yield surfaces
as flat as meticulously polished substrates like silicon wafers
or atomically flat mica. The clustering of evaporated metals
often compromises the ultimate flatness of these surfaces.

An alternative, the template stripping technique, has proven
highly effective for achieving ultraflat surfaces.>> This
method involves mechanically stripping a metal, such as
gold, deposited onto flat substrates. The success of this
technique hinges on the weak interaction between the gold
and the substrate, allowing the gold's surface morphology
to precisely mirror that of the substrate. Typically, gold
surfaces prepared via this method exhibit a mean rough-
ness of less than 5 A across areas of 25 um?, demonstrating
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exceptional flatness.” Consequently, template-stripped met-
als are widely used in surface chemistry reactions, including
self-assembled monolayers formation, and are particu-
larly advantageous in flexible electronics.

Despite its benefits, traditional template stripping encoun-
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Scheme 1. A schematic diagram illustrating the simple transfer
procedure of the adhesive-free template stripping method.
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ters challenges due to the use of non-removable adhesives
like epoxy, which limit the utility of the specimens, espe-
cially under conditions involving high temperatures or
exposure to organic solvents.

This research presents a novel and simple transfer pro-
cess for preparing ultraflat surfaces without relying on
complex techniques or adhesives, thereby increasing the
potential for future applications. The method utilizes
meniscus behavior to capture floating gold thin films with
hydrophobic substrates (Scheme 1). This study enhances
the limitations of the previous method by enabling the use
of a pristine polyethylene terephthalate (PET) substrate
for transfer, which avoids the need for harsh HF treatment
and simultaneously offers flexibility and electrical insu-
lation.® Tt was observed that the specimens prepared using
this method not only exhibit an ultraflat surface but also
maintain the conductivity of the original gold thin film.

Initially, a gold thin film was deposited on an ultraflat
substrate, either SiO,(300 nm)/Si (single side polished,
oxide uniformity below 5%, from Namkang Hi-Tech) or
fused silica (double side polished, 0.5 mm thickness, from
Hi-Solar) (Fig. 1a). The deposition was carried out using
either an e-beam metal evaporator or a sputtering machine.
In the case of the e-beam metal evaporator, the deposition
rate was maintained at 1 A/s, under conditions of less than
10 torr pressure, with the temperature not exceeding
80 C. For the sputtering method, utilizing a Cressington
Sputter Coater 108auto, gold was sputtered for 80 seconds.
Subsequent analysis of the thin films was conducted using
atomic force microscopy (AFM) with a Nanoscopelll instru-
ment (Digital Instrument Inc.). It was observed that the
thin films achieved a thickness of 31 nm.

After deposition, the gold film on the substrate was par-
tially immersed in a 1 M aqueous solution of either NaOH
or KOH (Scheme 1). This basic solution causes the gold
film to detach and float on the surface of the solution. The
detached gold film was then transferred onto fresh deion-
ized (DI) water to eliminate any residual base. This rinsing
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process was repeated twice to ensure thorough removal of
all residues. Following the cleaning steps, the gold film
was transferred to a fresh hydrophobic surface. Options for
the hydrophobic substrate include a hydrogen-terminated
silicon (H-Si) substrate or a PET substrate. Especially, the
PET substrate was cleaned by sequentially rinsing it with
deionized water, isopropyl alcohol prior to the transfer.
Finally, the film was air-dried to enhance its adhesion to
the substrate (Fig. 1b and c).

A distinctive feature of this method is the "flip" of the
gold thin film when captured by hydrophobic surfaces.
(Scheme 1) As the gold film contacts the water, the menis-
cus around the hydrophobic surface becomes convex, aid-
ing in the film's capture without direct contact. This ensures
that the rougher surface of the gold faces the hydrophobic
substrate, exposing an ultraflat gold surface. Indeed, when
ahydrophilic substrate was used as the fishing substrate, it
always failed at flipping the floating film due to the con-
cave surface made by the substrate.
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Figure 2. An AFM image of the surface of the transferred gold
thin film, with the roughness of is 0.981 nm. The lateral dimen-
sion is 5 um x 5 pm. The scale bar denotes 1 pum.

Figure 1. Photographs of a gold thin film deposited on a quartz substrate (1.5 cm x 1.5 cm) before the transfer (a), and after the transfer

onto a flexible PET (25 um) substrate (b, c).
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Figure 3. Statistics of four-point-probe measurement data at room
temperature: probe spacing of 1.27 mm, target current of 0.1
mA, maximum voltage of 1 V, voltage increment of 0.001 V, and
sample thickness of 0.031 pum.

The surface roughness of the specimens was analyzed
by atomic force microscopy (AFM; Nanoscope Illa, Dig-
ital Instrument Inc.). The specimen prepared using this
new method is 0.981 nm, which was 0.875 nm before the
transfer (Fig. 2). Moreover, the ultraflat gold thin film retains
flexibility once transferred onto a flexible PET substrate
(Fig. 1c).

A key application of template-stripped gold is in electrodes
for electrical devices, since conventional metal evaporation
techniques can deteriorate the performance of the devices.’
Leveraging the insulating and flexible properties of the
PET substrate, the impact of the fabrication process on
conductivity was examined (Fig. 3). The electrical prop-
erties of these devices were assessed through conductivity
measurements using a four-point probe method, performed
with an Ossila T2001A3 machine. The results revealed
that the conductivity of the specimens prepared by the
polymer-free template stripping method is comparable to
that of the pre-stripped films. Furthermore, the conduc-
tivity was maintained after 300 cycles of repeated bend-
ing with displacement of 1.15 cm, facilitated by a custom-

made machine.® This demonstrates that the stripping pro-
cess preserves mechanical integrity and ensures robust
adhesion between the gold thin film and the PET substrate.
This confirms that the new method maintains the con-
ductivity of the gold thin film, demonstrating its effec-
tiveness in producing ultraflat yet highly conductive thin
films suitable for future applications.

In conclusion, this novel method for preparing ultraflat
surfaces by capturing floating gold thin films on hydro-
phobic substrates demonstrates advancements over tradi-
tional techniques. It simplifies the fabrication process,
retains the conductivity and ultraflat morphology of gold
films, and eliminates the use of adhesives, thereby enhanc-
ing the potential for broader applications, particularly in
flexible electronics. Future work could focus on refining
this technique for other metallic films and expanding its
integration into technologies like sensors and optoelectron-
ics, potentially increasing scalability and reproducibility.
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