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Formation of precise and high-resolution silica micropatterns on polymer substrates is of importance in
surface structuring for flexible device fabrication of optics, microelectronic, and biotechnology. To
achieve that, substrates modified with affinity-patterns serve as a strategy for site-selective deposition. In
the present paper, vacuum ultraviolet (VUV) treatment is utilized to achieve spatially-controlled surface
cyclo-olefin  polymer (COP) organosilane, 2,4,6,8-
tetramethylcyclotetrasiloxane (TMCTS), preferentially deposits on the functionalized regions. Well-
defined patterns of TMCTS are formed with a minimum feature of ~500 nm. The secondary VUV/(O)-
treatment converts TMCTS into SiO,, meanwhile etches the bare COP surface, forming patterned SiO,/

functionalization on a substrate. An

COP microstructures with an average height of ~150 nm. The resulting SiO, patterns retain a good copy
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Accepted 30th September 2019 of TMCTS patterns, which are also consistent with the patterns of photomask used in polymer affinity-

patterning. The high quality SiO, patterns are of interests in microdevice fabrication, and the

DOI: 10.1039/¢9ra07256) hydrophilicity contrast and adjustable heights reveal their potential application as a “stamp” for
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Introduction

Flexible functional devices based on polymer substrates have
attracted much attention for their great potential applica-
tions.'?* Various oxide films have been formed on polymer
substrates to achieve their functionality.*” In particular,
patterning of oxide thin films is of great significance in the
development of sensor arrays,® memory arrays,” integrated
electronics, solar cell," and so forth. In general, the formation
for such oxide thin films should be conducted in mild condi-
tions to remain the optical and mechanical properties of poly-
mer substrate, therefore, the traditional micropatterning
strategies involving erosive chemicals or high temperature
conditions are no longer favoured.”">*

Silica micron/submicron-sized patterns were reported to be
fabricated on substrates for the application in patterning
techniques,''* optics,'>'® optoelectronics,'” microelectronics,'®
sensors,'® and biotechnology.**** A top-down approach for the
silica patterning applicable to arbitrary substrates was reported,
which sputtered silica films onto photoresist-patterned
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microcontact printing (LCP) techniques.

surface.”® Other approaches involving bottom-up techniques
were reported, in which the use of photoresist was not
required.?®*>** A poly(dimethylsiloxane) (PDMS) with desired
shapes was attached onto the surface to build a “micro-
channel”, subsequently a silica precursor was then injected into
the PDMS channel and selectively deposited on the substrates.*
Although this site-selective silica treatment was applicable to
various substrates, non-continuous patterns such as dotted
patterns could not be achieved by this mean.

Site-selective oxide deposition was reported as a useful
technique for patterning oxides on substrates, and the achiev-
able shapes and resolution were related to the photomask.
Patterns of SiO, (ref. 22) and TiO, (ref. 24) were successfully
prepared on silicon substrates via the assistance of self-
assembled monolayers (SAM). SAM-covered silicon substrates
were patterned by UV irradiation with a photomask, causing an
affinity contrast between the UV-treated and non-treated
regions. The oxide deposits could thus selectively grow guided
by the affinity-patterns. In contrast, polymer substrates are
commonly known as non-polar or poorly polar materials which
have quite “inert” surface for the deposition of oxide layers. To
achieve an affinity-pattern for site-selective deposition, several
photochemical treatments could be used to tailor the surface of
polymer substrates.”>>” A famous example was given, which
applied a UV-activated oxidation to arbitrary polymer substrates
in an ammonium persulfate (APS) solution.>” The sulfate anion
groups (-OSO;~) were implanted on the outermost surface of
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the polymer substrates, resulting in the increase of hydrophi-
licity. The spatial-controlled hydrophilic treatment was
successfully conducted by UV irradiation through a photomask.
The affinity-patterned polymer surface was used for the selective
deposition of SiO,,” TiO, (ref. 28) and ZnO.”® However, the
affinity-patterning from this technique was conducted in liquid
phase, in which the excitation UV light might be refracted to
cause inconsistency, and photoexcited APS molecules in the
bulk liquid might lead to a broadening of oxidized area, which
constrained the achievable resolution. Moreover, the photo-
active chemicals were required for such surface-tailoring tech-
niques, which caused complexity in operation, and also
generated chemical wastes. Therefore, a dry method, which
does not require oxidative chemical reagents, is considered to
be an alternative oxidation methodology.

VUV (A = 172 nm, Xe, excimer lamp) light is strongly
absorbed by O,, generating active species such as ozone and
atomic oxygen.*** VUV light and the active oxygen species
(VUV/(O)) are highly oxidative to organics.” Such VUV/(O)-
treatment is widely used in photo-oxidation including the
removal of organics and the surface hydrophilic treatment.>>***
Polar functional groups (CHO, CH,OH, COOH, etc.) could thus
be decorated onto a cyclo-olefin polymer (COP) substrate.*
These Polar functional groups favoured the oxide depositions
since they could participate in the condensation polymerization
of sol-gel depositions.**** Moreover, the VUV/(O)-generated
functional groups were reported to be good reaction sites for
the silanization.***® Thin films of an organosilane - 2,4,6,8-
tetramethylcyclotetrasiloxane (TMCTS) were fabricated on the
VUV/(O)-treated polymer substrates.***” The TMCTS thin films
were further converted into SiO, by the secondary VUV/(O)-
irradiation.’*® The resulting SiO, layers were flat and strongly
attached on the polymer surface due to the chemical bonding.
Inspired by the above studies, we expect a precise and high-
resolution TMCTS patterning on the VUV/(O)-patterned COP
substrate. The secondary VUV/(O)-irradiation converts the
TMCTS patterns to SiO, patterns.

In this study, we demonstrated submicron-sized SiO,
patterns on the COP substrates by VUV/(O)-treatments (Fig. 1).
In the first part, we introduced a VUV/(O)-treatment for
spatially-controlled surface modification on COP surface. In the
second part, adsorption of TMCTS on the pristine or VUV/(O)-
modified COP surface was investigated by Fourier transform
infrared spectroscopy (FTIR). Photo-oxidation converting
TMCTS into SiO, was studied by using FTIR and X-ray photo-
electron spectroscopy (XPS). In the last part, site-selective
deposition of TMCTS was conducted. Formation of TMCTS
patterns on the affinity-patterned COP substrates was observed
by scanning electron microscope (SEM). After the secondary
VUV/(O)-treatment, the TMCTS patterns were converted into
silica patterns.

Experimental
VUV/(O)-patterning on COP

VUV/(O)-treatment was conducted using VUV light (A = 172 nm)
from a Xe, excimer lamp (UER 20-172 V, Ushio Inc.). The power
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Fig. 1 Schematic illustration of (a) VUV/(O)-modification on COP
surface, (b) TMCTS deposition on the modified COP surface, (c) SiO,
thin films formed by VUV/(O)-photo-oxidation, (d) affinity-patterning
by VUV/(O)-treatment through a photomask, (e) site-selective depo-
sition of TMCTS on the affinity-patterned COP surface, (f) SiO,
microstructures on the COP substrate.

of VUV light was measured as 10 mW c¢cm ™ > with N, purging at
a distance of 5 mm from the window of VUV lamp. All the VUV/
(O)-treatments were carried out at this distance. A cyclo-olefin
polymer (COP, ZF16-188, ZeonorFilm®, ZEON Corporation)
sheet with a thickness of 0.188 mm was cut into the size of 2 cm
x 2 cm for the use as a substrate. The protective films on the
COP substrates were peeled off, then the newly exposed COP
surface was VUV/(O)-treated under 10° Pa dried air environment
for 10 min. The VUV/(O)-generated functional groups were
characterized by attenuated total reflectance FTIR (ATR-FTIR).

The affinity-patterning on the COP substrate was performed
by VUV/(O)-treatment through a photomask. The photomask
consists of a 100 nm-thick chromium coating with patterns on
a 2 mm-thick quartz plate (93% transparency for light at 172
nm). After affinity-patterning, the changes in topography and
phase were measured by AFM with AC-mode.

TMCTS-treatment and silica thin film formation

The procedure of TMCTS-treatment was described as below. A
precursor solution was prepared by mixing 2,4,6,8-tetrame-
thylcyclotetrasiloxane (TMCTS, 99%, Alfa-Aesar), ethanol
(99.5%, Nacalai Tesque), and ultrapure water (resistivity of 18.2
MQ cm) in the amount of 5 mL, 10 mL, 0.1 mL, respectively. The
COP substrates were located with the precursor solution in
a 120 cm?® perfluoroalkoxy alkane jar (PFA jar, ARAM Corpora-
tion) and heated in an oven maintaining the temperature at
80 °C for 24 hours. The physically adsorbed precursor molecules
were washed away through the ultrasonic cleaning in ethanol
for 1 hour. The resulting TMCTS thin films were further treated
by VUV/(O) under 10* Pa dried air environment for a series of

This journal is © The Royal Society of Chemistry 2019
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irradiation time. The characterization of TMCTS thin films
before and after VUV/(O)-treatment was conducted by WCA
measurement, XPS and ATR-FTIR.

Site-selective TMCTS deposition on affinity-patterns

TMCTS-treatment was applied on the affinity-patterned COP
substrates, which were prepared as previously described. After
the TMCTS-treatment, the substrates were ultrasonically
cleaned in ethanol for 1 hour to leave a TMCTS pattern. Scan-
ning electron microscope (SEM) equipped with an energy
dispersive X-ray spectroscopy (EDX) was used to study the site-
selective adsorption of TMCTS. Afterwards, the TMCTS
patterns were further treated by VUV/(O) to form SiO, micro
arrays.

Analytical techniques

XPS measurement was performed using a photoelectron spec-
trometer (ESCA-3400 system, Kratos Analytical) equipped with
Mg K, X-ray source (emission current 10 maA, accelerate voltage
10 kV) to investigate the chemical changes of COP surface
during the VUV/(O)-treatment and TMCTS adsorption. High
resolution spectra were observed at C 1s and Si 2p regions with
each energy step of 0.1 eV. The obtained XPS spectra were
referenced to C-C (285.0 eV) of C 1s spectra. FTIR (Excalibur
FTS-3000, Digilab) was used to identify the formation of VUV/
(O)-generated functional groups and the adsorption of organo-
silane, which could support the results of XPS. The IR
measurement was conducted in ATR-mode using a germanium
ATR crystal (GATR, Harrick Scientific Product) with a reflection
angle of 65°. The IR spectra were received in the range of 2300-
900 cm™* with a resolution of 2 ecm™'. WCA values were ob-
tained with a static contact angle meter (DM 500, Kyowa Inter-
face Science Co. Ltd.), where the volume of water droplet was
fixed at 1.8 pL. SEM (S-3500H, Hitachi) and EDX (Delta Plus 3,
Kevex/Fisons Instruments Inc.) were used for observing the
TMCTS patterns and specifying the existence of silicon element.
The SEM images and EDX area analysis were obtained with an
electron beam acceleration voltage of 5 kV. AFM (MFP-3D,
Oxford Instruments) conducted to the
morphology of the TMCTS and silica micropatterns. The images
of topography and phase were acquired by AC-mode using
aluminium backside coated Si probes (SI-DF-40, Hitachi Hi-
Tech Co. Ltd.).

was visualize

Results and discussion
VUV/(O)-modification on COP surface

ATR-FTIR measurement were conducted to verify the surface
modification on the COP substrates, as shown in Fig. 2. A band
in 1500-1400 cm~ ' with two split peaks at 1464 cm™ ' and
1447 cm™ ' could be attributed to CH, deformation vibra-
tions.?*2¢ VUV/(O)-treatment introduced absorption bands in
the frequency range of 1800-1600 cm ™', which was attributed to
carbonyl groups (C=0).2*2¢ An appearance of absorption bands
at 1800-1500 cm ™' contained doublet structure, where the
sharper peak was centred at 1711 cm ™' and the broad band was

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 ATR-FTIR spectra of COP before and after VUV/(O)-irradiation
for 10 min.

centred at 1641 cm ™. The sub-peak centred at 1711 cm ™ * could
be attributed to C=O vibrations from aliphatic ketones, alde-
hydes, and carboxylic acid species, which were resulted from
the oxidation of alkyl groups.>®3* A broad absorption band at
1641 cm ™" could be attributed to C=O from unsaturated
ketones and aldehydes, as well as C=C of alkene structure.*®
These unsaturated structures could be attributed to the ring
opening reaction and dehydrogeneration.”>*® Based on these
results, the generation of functional groups on COP surface was
confirmed. These polar functional groups are thought to be of
importance for the deposition of oxides and silanes.

In this section, we demonstrated that the photochemical
modification by VUV/(O)-treatment is effective in obtaining
hydrophilicity at the surface. Since the surface modification is
induced by VUV/(O)-treatment, patterned surface modification
could be achieved through a photomask. By this mean, we
expect that the confined surface tailoring and further site-
selective nano-architecture could be realized.

Affinity-patterning was performed on COP substrates by
applying VUV/(O)-treatment through a photomask with circular
patterns. The VUV photons penetrated through the slits and
irradiated the COP surface, simultaneously the active oxygen
species were generated above the irradiated regions. The
dispersion of the active oxygen species was reported to affect the
masked regions as well, leading to a slight broadening of
oxidized area.** Here, the changes of topography and phase
during affinity-patterning were observed by AFM, as shown in
Fig. 3. In the first 1 min VUV/(O)-irradiation through a photo-
mask, the differences between VUV/(O)-irradiated regions and
masked regions were clearly identified by the topographic
image (Fig. 3a) and phase image (Fig. 3b). The phase image
portrays the mapping of mechanical properties on the surface.
The phase image (Fig. 3b) shows a distinct difference in
mechanical properties between the VUV/(O)-irradiated and the

RSC Adv., 2019, 9, 32313-32322 | 32315
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(d)

patterned VUV/(O) for 10 min

Fig.3 AFM topographic images of VUV/(O) affinity-patterning on COP
surface for (a) 1 min and (c) 10 min, respectively. (b) and (d) are cor-
responding phase images.

masked regions. In the topographic image (Fig. 3a), the VUV/
(O)-irradiated regions were found to be higher than the
masked regions, most likely due to the permeation of oxygen
into COP and the generation of oxygenated carbon groups. On
the other hand, VUV/(O) is known to etch the irradiated region
via photo-degradation of COP.>** After 10 min VUV/(O)-
irradiation through a photomask, the differences in surface
properties can be still observed in phase image (Fig. 3d), and the
COP surface turned into topographically flat (Fig. 3c). Thus, the
affinity-patterned COP substrate with little topographic differ-
ence was obtained.

TMCTS thin films and photo-oxidation

The polar functional groups on the COP surface were reported
to play a role in the organosilane adsorption since they provide
chemical anchoring sites for silanization.***”** In Fig. 4, the
ATR-FTIR spectra portray the evolution of IR absorption bands
after TMCTS-treatments on the pristine COP or VUV/(O)-
modified COP substrates. No obvious change was found
before (Fig. 4A) and after (Fig. 4B) the TMCTS-treatment applied
on the pristine COP substrate. In comparison, several newly
generated peaks were found after TMCTS-treatments applied on
the VUV/(O)-modified COP substrate, which were shown in
Fig. 4C and D. The COP related IR bands were also detected
since the sampling depth can reach to 0.37-0.47 pm in region of
1800-1400 cm . Absorption bands at 2168 cm ' and
1270 ecm™ ' corresponded to Si-H stretching vibration and Si-
CH; deformation, respectively.*>** A broad absorption band at
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Fig. 4 ATR-FTIR spectra of modified COP surfaces. (A) Pristine COP,
(B) pristine COP after TMCTS-treatment, (C) 10 min VUV/(O)-modified
COP, and (D) 10 min VUV/(O)-modified COP after TMCTS-treatment.

1160-975 cm™' was due to Si-O-Si asymmetric stretching
vibrations. Compared with the IR spectra of TMCTS monomer
(Fig. S27), the obtained TMCTS coatings revealed a broader
frequency range of Si-O-Si vibration. This broad frequency
range could consist of vibrational modes from intact TMCTS
rings at 1113 cm ™' and 1090 cm ™, and silica-like structure with
different Si-O-Si bond angles.**™*”

Based on the IR results, two phenomenon were clarified: (1)
the VUV/(O)-modification on the COP surface was crucially
important for the further silanization. (2) The broader
frequency range of Si-O-Si asymmetric stretching vibration
suggested that the intermolecular linkages incorporated in the
TMCTS layers on the COP surface, forming the primary Si-O-Si
network with siloxane structures.

TMCTS thin films were known to be converted into inorganic
SiO, thin films after VUV/(O)-treatments, where VUV/(O) caused
the removal of the methyl terminal groups and formed the
network of Si-O-Si bond chains.***” Our chemically adsorbed
TMCTS thin films on the COP surface were treated by VUV/(O)
for variant irradiation time. XPS and ATR-FTIR measurements
were conducted to elucidate the changes of VUV/(O)-treated
TMCTS films, as shown in Fig. 5. The XPS C 1s and Si 2p
spectra were shown in Fig. 5a. The intensity of C 1s decreased
with the irradiation time. After 50 min VUV/(O)-treatment, the
atomic ratio of carbon decreased from 0.60 to 0.12. This
remnant of carbon is commonly attributed to contaminant
adsorption from the atmospheric environment.*** In Si 2p
spectra, the peak position was gradually shifted from 103.0 eV
to 103.9 eV. This chemical shift is usually attributed to the
chemical conversion from organosilane to amorphous silica.***
The atomic concentration was also calculated based on the Si 2p
and O 1s spectra. The atomic ratio of Si to O was calculated to be
1:2.7, which is in good agreement with previously reported
SiO, depositions."*** ATR-FTIR measurements were also

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 (a) XPS Cls and Si 2p spectra of TMCTS thin films before and
after VUV/(O)-treatment for 1, 5, 10, 50 min. (b) ATR-FTIR spectra of
TMCTS before and after VUV/(O)-treatment for 1, 5, 10, 50 min (from
bottom to top).

performed to understand the evolution of Si-related bonds, as
shown in Fig. 5b. After the first 1 min irradiation, the IR band
due to stretching vibration of Si-H (~2176 cm™ ') vanished. A
reduction of band related to Si-CH; was also observed. VUV/(O)-
treatment was further conducted in longer irradiation time. The
peak of Si-CH; was largely reduced. The Si-O-Si asymmetric
stretching bands, which are in the range of 1160-975 cm*,
were gradually sharpen to 1070 cm™'. This vibration at
1070 cm ™" and another newly generated vibration at 1229 cm™ "
are commonly attributed to Si-O-Si vibrations in silica, which
were denoted as transverse optical mode (TO)*** and longitu-
dinal optical vibration mode (LO),**** respectively. A sub-peak
at 1126 cm ™' was also observed. This peak can be attributed
to Si-O-Si of caged structures, which are similar to the

This journal is © The Royal Society of Chemistry 2019
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structures in silsesquioxane polymers.*>*” The results from XPS
and ATR-FTIR indicate that the methyl groups in TMCTS layers
were clearly removed, and the -Si-O-Si- chains were converted
into fully relaxed silica network.

Until here, we successfully formed inorganic thin films -
SiO, on the COP surface. The static water contact angles (WCA)
were also measured for evaluating the surface change. WCA
values of (a) pristine COP surface, (b) VUV/(O)-modified COP,
adsorbed TMCTS thin films (c) before and (d) after VUV/(O)-
treatment were shown in Fig. 6. After 10 min VUV/(O)-
treatment on pristine COP, the WCA values decreased from
96.7° to 24.3° (Fig. 6a and b). This modified surface provided
sufficient chemical affinity for silanization of TMCTS mole-
cules, which resulted in a good coverage of organosilane thin
films. The WCA value of resulting TMCTS thin films was
measured to be 95.9° (Fig. 6¢), which is consistent with other
reported TMCTS depositions from CVD techniques.***”** The
increased hydrophobicity is due to the terminal CH; groups
toward the outer surface.’”*>** By the secondary VUV/(O)-
treatment, the organic moieties were eliminated, resulting in
a hydrophilic inorganic surface (Fig. 6d).

Site-selective silanization on affinity-patterns

The pristine COP surface was found to be chemically inert for
the silanization. On the contrary, TMCTS thin films were
successfully formed on the VUV/(O)-modified COP substrate
due to the polar functional groups. Based on these, we expected
that TMCTS molecules could selectively deposit at VUV/(O)-
modified regions on COP surface. TMCTS-treatment was
carried out on the COP substrates with affinity-patterns. The
selective depositions were monitored by SEM-EDX (Fig. 7) and
AFM (Fig. 8) analysis.

In Fig. 7a, the SEM image illustrates a micro array in circular
shapes, as indicated by the white arrow. This contrast is prob-
ably due to the difference in height from the selective deposi-
tion of TMCTS molecules. The height measurement was also
made by AFM, which will be described later. EDX analysis was
conducted to elucidate the elements in the circular patterns
(Area 1) and out of the circular patterns (Area 2). In Fig. 7b, the
upper panel illustrates the EDX spectra in Area 1, which
represent the corresponding position in the SEM image. A peak
at ~1.74 keV was observed. This position is attributed to Si Ka
X-ray line. In contrast, the lower panel illustrating the EDX
spectra of Area 2 revealed only noises near the position of Si Ka
X-ray line. It is suggested that TMCTS with the Si element
deposited selectively in the circular-shaped regions, which
matched the hydrophilic regions of the affinity-patterned COP
surface. In Fig. 7c and d, high-resolution TMCTS line patterns
were also performed on the COP surface with line-shaped
hydrophilic patterns.

The TMCTS-micropatterned substrates were further treated
by VUV/(O) to convert TMCTS to SiO,. The morphology and
height histogram of TMCTS micropatterns before and after
VUV/(O)-treatment are shown in Fig. 8. The height of the
TMCTS micropatterns is ~20 nm by the height histogram.
After VUV/(O)-treatment, TMCTS patterns were converted to

RSC Adv., 2019, 9, 32313-32322 | 32317
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Fig. 6 WCA images and values of (a) pristine COP, (b) VUV/(O)-modified COP, (c) TMCTS thin films and (d) VUV/(O)-treated TMCTS thin films.

SiO, patterns. The thickness of TMCTS films is thought to be
reduced after VUV/(O)-treatment due to the removal of organic
parts and the condensation of silica structures.**3%37%3
However, the bare COP surface was etched since VUV/(O)
caused the degradation of COP, as previously reported.**>®
On the other hand, the regions covered by TMCTS (later con-
verted to SiO,) were protected from the photo-degradation
since the active oxygen species cannot reach the masked
COP. Although a few amounts of the VUV photons could
penetrate the SiO, layers and might dissociate the C-O-Si
bonds, the exfoliation of silica thin films from COP was not
found in the previously demonstrated XPS and FTIR results,
which is also in good agreement with previously reported silica
thin films.***” Therefore, the silica micro arrays with COP

(a)

2 B,
COP surface

20 pm

acceleration voltage 5 kV .

(c)

acceleration voltage 5 kV

pillar-like supports were fabricated. The average height of the
microstructures of SiO,/COP pillars is ~150 nm obtained from
the height histogram. Since the TMCTS adsorptions were
strictly confined in the affinity-patterned regions, and SiO,-
masked COP was not changed by the further VUV/(O)-
treatment, the shapes of the micropatterns remained consis-
tent with affinity-patterned regions even after the secondary
VUV/(O)-treatment.

The optical micrographs show that high quality SiO,/COP
micro arrays on the flexible substrates were successfully
fabricated over a large area, as shown in Fig. 9. The SiO,
micropatterns are in good agreement with the slit size of the
photomask used in the affinity-patterning. High-resolution
SiO, micro arrays fabricated on flexible substrates are of

(b)

Area 1

'Si Ka

counts

Area 2

counts

(d)

10 pm

acceleration voltage 5 kV

Fig. 7 SEM-EDX analysis of TMCTS patterns on COP surface. (a) SEM image illustrates the patterned regions, marked as Area 1 and Area 2. (b)
Area EDX analysis of corresponding position in the SEM image. Line patterns of various features in (c) domains, which have (interval, line width) of
(1 pm, 0.5 pm) and (4 um, 0.5 pm). (d) Domains, which have (interval, line width) of (2 um, 0.5 um) and (2 pm, 1 um).
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50 nm

A

Fig. 8 AFM 3D-topographic images and the corresponding height histogram of TMCTS patterns (a and b) before and (c and d) after VUV/(O)-
treatment for 50 min, where (a and c) represent the circular pattern, and (b and d) represent the line pattern.

great importance for the design and creation of flexible
microdevices in optics, electronics, optoelectronics and
biotechnology, which were mentioned in the introduction.
Since the resolution is achievable in sub-um scale, the
resulting patterns have great potential in future formation of
metamaterials.>® Furthermore, our silica-patterned polymer
substrates might be devoted to further patterning techniques.
There is a distinct height difference between SiO, and the COP
substrate. This enables us to transfer ink films onto SiO,
patterns without contaminating the COP substrate. By dipping
the silica-patterned polymer substrates to the (3-aminopropyl)
triethoxysilane (APTES) gel films, APTES is immobilized on
silica patterns with Si-O-Si linkage to form APTES patterns,
which are useful in patterning of proteins.'® Similar process
can be conducted by transferring metal oxide precursor to
silica patterns for the direct formation of metal oxide patterns,
which should receive great interest of electronic device fabri-
cation on flexible polymer substrates.> Another potential
application is to use the SiO, micropatterned COP as
a “stamp” for the micro contact printing (uCP) techniques.
Recently, nCP techniques have been used for micropatterning
of various inks, which commonly use poly(dimethylsiloxane)
(PDMS) as a “stamp”.”® However, previous studies reported

This journal is © The Royal Society of Chemistry 2019

that PDMS cannot fulfil the requirement of printing polar inks
and proteins due to its hydrophobicity.**** PDMS stamps
could be easily hydrophilized by oxygen plasma, however, the
effect of the hydrophilization is only temporary, which means
the stamps should be hydrophilized every-time prior to the
usage. Moreover, PDMS has a number of drawbacks due to its
softness such as limitation of pattern shapes and resolution.®®
Therefore, our SiO,-patterned COP can be a potential candi-
date for the future uCP “stamp” since it can be easily
patterned, has tuneable height difference, and has longer-life
hydrophilicity contrast.

Our VUV/(O) affinity-patterning technique is a powerful
method, which can provide the templates with an affinity
contrast for the further patterning. Without the requirement
of photo-active chemicals for oxidation, our method is simple
and environmental-friendly. This mild and highly precise
treatment showed its application to patterning of silanes and
SiO, on the COP substrates, and for sure it can be extended to
various polymer substrates. A wide range of silanes and
semiconductors can be patterned on the VUV/(O)-modified
polymer substrates through the design of site-selective depo-
sition. We believe that our method is of great interests for
future microfabrication.

RSC Adv., 2019, 9, 32313-32322 | 32319
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(d)

Fig.9 Optical micrographs of resulting silica micro arrays. The circular patterns with a diameter of 10 um are shown by (a) bright field image and
(b) dark field image. The line patterns with (interval, line width) of (4 um, 0.5 um) are shown by (c) bright field image and (d) dark field image.

Conclusions

We demonstrated a confined micropatterning of SiO, on COP
substrate via two steps VUV/(O)-treatment. First, VUV/(O)-
treatment was experimentally proved to introduce hydrophilic
functional groups onto the COP surface. An affinity-patterned
COP substrate was prepared by VUV/(O)-treatment through
a photomask. TMCTS molecules were chemically adsorbed on
the COP substrate by a condensation reaction between the
silanol groups and photo-chemically modified COP surface. The
resulting siloxane linkages were found to be strong against
ultra-sonication. The secondary VUV/(O)-treatment converted
TMCTS into SiO,. On the affinity-patterned COP, TMCTS
molecules preferentially deposited at the VUV/(O)-modified
regions, forming TMCTS micron/submicron-sized patterns
with a good fidelity to the photomask. The secondary VUV/(O)-
treatment converted the TMCTS patterns into SiO, patterns,
and the bare part of COP surface was etched to a depth of
~150 nm. High-quality SiO, patterns formed on polymer
substrates are of great interests for flexible microdevices. Since

32320 | RSC Adv., 2019, 9, 32313-32322

the resolution is achievable in sub-pum scale, our SiO, patterns
have great potential in future formation of metamaterials.
Moreover, the SiO, microstructures have a distinct contrast in
heights and hydrophilicity, revealing their possible applications
in pCP techniques. Our VUV/(O)-patterning technique and the
resulting SiO, micron/submicron-sized arrays have great
potential applications to patterning techniques and micro-
device fabrication for optics, microelectronics, sensors and
biotechnology.
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