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Site-selective tin oxide deposition from aqueous solution was
performed on super-hydrophilic surfaces. The chemical reac-
tion and nucleation accelerated on hydroxy groups to form
tin oxide nanosheets. Consequently, two-dimensional pat-
terns of tin oxide nanosheets were fabricated on poly(ethyl-
ene terephthalate) (PET) films coated with indium tin oxide

(ITO). Tin oxide sheets grew to 100-300 nm in-plane size and
5-10 nm thickness. Hydrophobic areas of the films sup-
pressed formation of tin oxide structures. The site-selective
chemical reaction can be applied to allow precise control of
chemical reactions, surface coating, and two-dimensional
patterning of tin oxide nanostructures for future devices.

Introduction

Tin oxide has been widely used, for instance in gas sen-
sors,l! optical devices,?! lithium batteries,®! biosensors,*!
and catalysts for chemical reactions (e.g., to convert anisole
to 2,6-xylenol).l! Various kinds of tin oxide nanostructures
such as nanofibers,® nanowires,”-8! nanobelts,”) nano-
tubes,'% nanorods,['"1?! spirals, nanorings,['}] zigzag nano-
belts,'¥ grains,' flakes,'>! plates,!'>) meshes,'®! and colum-
nar thin films!'”! have been reported. Surface coating of
substrates with tin oxide nanostructures are urgently re-
quired for future devices. In particular, 2D patterns of tin
oxide nanostructures on flexible polymer films are required
for light-weight, flexible sensors and solar cells. 2D
patterning of nanomaterialst'®'°1 such as metal oxides, 023
Au clusters,*®! Pt nanoparticles,?”! organic monolayers,?®]
bimolecular layers,*”! and DNABY is expected to lead to
a large step forward in materials science research and the
development of new devices.

Recently, syntheses of tin oxide nanostructures in aque-
ous solutions, enabling precise control of crystal growth,
were developed. In addition, 2D patterning of metal oxides
including amorphous tin oxide films®® was realized with
the use of self-assembled monolayers (SAM:s).21-23] Molec-
ular recognition, organic-inorganic interactions, surface
nucleation energy control, static interaction between SAMs
and nanoparticles, and so on were effectively utilized for
site-selective deposition of metal oxides. More recently, su-
per-hydrophilic surfaces were used for 2D patterning of
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TiO, crystals.*!l F-doped SnO, transparent conductive film
(FTO) substrates were modified to have super-hydrophilic/
hydrophobic patterns. TiO, nanocrystals were formed in a
site-selective manner on the super-hydrophilic areas of the
substrates to create 2D patterns of TiO, without the use of
self-assembled monolayers.

Light irradiation has been used for surface modification
and material synthesis. Light irradiation was, for instance,
used to clean TiO, surfaces and to connect oxide nanopar-
ticles without heat treatment. TiO, nanocrystals were irra-
diated with UV light for 3h to yield porous TiO, elec-
trodes.[*?l A medium pressure Hg lamp was used to prepare
porous TiO, films for dye-sensitized solar cells.?3 UV/O;
treatment of the indium tin oxide / poly(ethylene
terephthalate) (ITO/PET) films before TiO, paste applica-
tion slightly improved the cell efficiency of the dye-sensi-
tized solar cell.?* Light irradiation was effective in con-
trolling nucleation and growth of crystals.?>42 Self-as-
sembled monolayers having octadecyl or amino head
groups were modified to silanol groups with the irradiation.
In aqueous solutions, metal oxides formed on silanol
groups in a site-selective manner to yield nano/micropat-
terns of metal oxides. Light irradiation has been an effective
strategy for the formation of nanostructures and for appli-
cations in devices. It has the advantage of being a simple,
low-cost, and ordinary-temperature process, suitable for
surface treatment of polymer films with low heat resistance.

Here we report a process to realize micropatterning of
tin oxide nanosheets on flexible polymer films. In this study,
flexible polymer films were exposed to light through a pho-
tomask to provide super-hydrophilic/hydrophobic patterns.
In aqueous solutions, tin oxide nanosheets were crystallized
on the super-hydrophilic areas in a site-selective manner to
achieve 2D patterning of tin oxide nanosheets on flexible
polymer films.
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Results and Discussion

Surface Modification of ITO/PET Films and Deposition of
Tin Oxide

The flexible poly(ethylene terephthalate) (PET) films
coated with indium tin oxide (ITO) initially had a hydro-
phobic surface with a water contact angle of 111°. The de-
sign of photomask shown in Figure 1 dictated the size and
shape of the pattern of the VU V-irradiated surfaces. After
irradiation, these surfaces were wetted completely (contact
angle 0-5°). In addition, the hydrophilic surface of ITO was
much more densely covered with hydroxy groups than the
hydrophobic surface of ITO before the irradiation. The ini-
tial surfaces of ITO and pure In,O5 crystals were covered
with adsorbed organic molecules, which increased the water
contact angle. The surface hydroxy groups formed chemical
bonds with the hydroxy groups on surface of tin oxide
nanocrystals, clusters and/or related ions. This bond forma-
tion accelerated the nucleation and growth of tin oxide on
the surface (Equations a—d).*>* The hydrophilic surface
was, therefore, more effective for tin oxide deposition than
the hydrophobic surface.
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Figure 1. Design of a photomask for light irradiation.

Generation of gas was observed immediately after the
addition of SnF, in water at 90 °C. The ion concentration,
the valence of the ions, and the pH changed during the
synthesis. They affected the formation of SnO and SnO..
The nanocrystals adhered well to the irradiated surfaces
and were not removed under running water or by an air
spray. Direct crystallization of tin oxide on the films caused
a high adhesive strength, which is required for sensors or
solar cells. Some fluorine ions existed as dopants in tin ox-
ide. Fluorine doping is known to enhance the performance
of sensors and solar cells.**! Residual fluorine ions re-
mained in the solution.

Contact angle, wettability, and surface tension strongly
relate to nucleation of tin oxide. The function f{0) and the
critical energy decrease from 1 to 0 as contact angle (0)
2820
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decreases (Supporting Information, Figure S1). Therefore,
nucleation occurs more easily on a hydrophilic surface. This
phenomenon can be explained by known mechanisms of
crystal formation.

Additionally, the hydrophilic surface of ITO was covered
with hydroxy groups. Their density was much higher than
that of hydroxy groups on the hydrophobic surface of ITO
before the irradiation. The initial ITO surface was covered
with adsorbed organic molecules. They covered the pure
surface of In,O3 crystals and increased the water contact
angle. Hydroxy groups form chemical bonds with hydroxy
groups on the surface of tin oxide nanocrystals, clusters,
and/or related ions. The formation of these bonds acceler-
ates the nucleation and growth of tin oxide on the surface.
Therefore, the hydrophilic surface is more effective for tin
oxide deposition than the hydrophobic surface.

Patterning of Tin Oxide on ITO/PET Films

The super-hydrophilic areas on the ITO/PET films were
coated with tin oxide nanosheets in aqueous solution (Fig-
ure 2). On the other hand, the hydrophobic areas sup-
pressed the deposition of tin oxide. Super-hydrophilic/
hydrophobic surface modification enabled 2D patterning of
tin oxide nanosheets on flexible ITO/PET films. The super-
hydrophilic area was covered with the nanosheets uniformly
(Figure 3a). They were of 100-300 nm in-plane size and 5—
10 nm thickness (Figure 3b). Observation of the surface
(Figure 3a,b) and the fractured cross section image (Fig-
ure 3c) reveals the morphology of the nanosheets clearly.

— | mm

Figure 2. (a) Photograph of 2D patterns of tin oxide nanosheets on
a flexible ITO/PET film. (b) Magnified area of (a) showing details
of 2D patterns.

ITO/PET films with tin oxide nanosheets were charac-
terized with XRD (Figure 4b). Their XRD pattern was sim-
ilar to that of ITO/PET films without deposited tin oxide
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Figure 3. (a) FE-SEM image of tin oxide nanosheets on super-
hydrophilic areas of the film. (b) Magnified area of (a) showing
surface morphology of tin oxide nanosheets. (c) Tilted image of
fracture cross-section of (b) showing sheet morphology of tin oxide
nanosheets.

(Figure 4a). The tin oxide surface coating was very thin and
did not give rise to intense X-ray diffraction peaks. The
crystal phase of the surface coatings was evaluated with
electron diffraction patterns obtained with TEM equipment
modified as mentioned below.

The nanosheets were formed on ITO layers of PET films
directly (Figure 4), as super-hydrophilic ITO surfaces ac-
celerated the crystal growth of tin oxide. The surface of the
ITO layer was covered with nanosheets of 5-10 nm size
(Figure 4b). Some of them further grew to in-plane sizes of
100-300 nm (Figure 4b). Anisotropic growth of tin oxide
crystals formed the sheet structure. Lattice fringes were ob-
served from all areas of the sheets (Figure 5). Electron dif-
fraction patterns revealed that the nanosheets in circles 1
and 2 were single crystals of SnO. Diffraction spots were
clearly observed and assigned to SnO. Estimated lattice spa-
cings matched those of SnO. Meanwhile, nanosheets in cir-
cle 3 (Figure 6) consisted of SnO and SnO,. A small
amount of SnO, crystallized at the initial stage of the im-
mersion period.

The depth profile from XPS studies reveals the chemical
composition of the nanosheets (Figure 7). The chemical
composition of the topmost surface was estimated to be Sn/
O = 1:1.87 (Table 1), which corresponds to SnO,. The oxy-
gen content would include a slight amount coming from
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Figure 4. XRD patterns of (a) ITO-coated PET film, (b) ITO-
coated PET film with tin oxide nanosheets, and JCPDS standard
X-ray diffraction data for SnO, or SnO.

surface contamination. The ratio changed to Sn/O =
1:0.75-0.93 (Table 1) during the sputtering. These values
are similar to that of SnO. The ratio of oxygen to tin is
known to decrease with sputtering. Electron diffraction pat-
terns indicate that the structures are a mixture of SnO and
SnO, as mentioned above. This affects the chemical compo-
sition.

In XPS analyses, indium and oxygen were observed from
ITO layers after etching for 12 seconds. Carbon was de-
tected from PET films after etching for 30 seconds. The
nanosheets are composed of tin, oxygen, and fluorine, with-
out contaminants (Figure 8a).

The spectral peak corresponding to Sn 3ds, was ob-
served at 486.4 eV (Figure 8b). This value is similar to that
of Sn** in SnO, (486.6 eVI*l) and higher than that of the
Sn?* site in SnO (485.9 eVI*l) or Sn metal (484.8 eV,
484.85 eV,[*81 48487 eV,1*91 484.9 ¢V,5% 485.0 e VB!, It sug-
gests that tin atoms are positively charged by forming direct
bonds with oxygen.

The O Is peak at 530.4 eV (Figure 8c) corresponds to
that of SnO. It indicates that oxygen atoms are negatively
charged relative to neutral oxygen molecules (531.0¢V)
possibly through the formation of direct bonds with tin
atoms. The Ols peak is rather broad with a shoulder at high
energies that confirms the presence of several contributions
(Sn?*-0, Sn**-0, —OH, C-O, etc.). This is consistent with
the presence of a mixture of SnO and SnO,.

The chemical composition of the topmost surface was
estimated to be F/Sn = 0.082 (Table 1), including some flu-
orine from surface contamination, because SnF, was used
as precursor and it was difficult to remove totally under
running water. The F/Sn ratio decreased during the sputter-
ing, and it reached a relatively constant value of F/Sn =
0.047-0.052. Fluorine remained even after the sputtering.
2821
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Figure 5. (a) Cross-section TEM images of tin oxide nanosheets on a flexible ITO/PET film. (b) Magnified area of (a) showing mor-
phology of tin oxide nanosheets. (1-3) Electron diffraction patterns from circles in TEM image of (b).
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Figure 6. Magnified area of cross-section TEM image of tin oxide  Figure 7. Atomic concentration depth profile of tin oxide nano-
nanosheets on a flexible ITO/PET film showing the interface be-  sheets on a flexible ITO/PET film.
tween tin oxide nanosheets and the ITO/PET film.

The F 1s peak was observed at 684.5 eV (Figure 8d). The

binding energy is similar to that of fluorine atoms that exist
as dopants in tin oxide (684.4 eVP?), suggesting the pres-
ence of fluorine doping in the nanosheets. Fluorine doping
in tin oxide is well known to be suitable for sensors and
solar cells.*’! A key factor for these applications is the elec-
tronic conductivity, which increases with fluorine doping.
The 2D patterns developed in this study can be applied in
devices.
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Figure 8. XPS spectra of tin oxide nanosheets on a flexible ITO/PET film. (a) Survey spectrum, (b) Sn 3d spectrum, (c¢) O 1s spectrum,

and (d) F 1s spectrum.

Table 1. Atomic concentration and chemical ratio of tin oxide
nanosheets on a flexible ITO/PET film.

Sn 20.70 28.08 29.99 30.25 28.54 (ai%)
O 38.65 26.12 23.23 2271 23.74 (at%)
F 1.69  1.45 1.53 1.42 1.35 (ai%)
In 047 117 123 179 359 (ai%)
F:Sn 0.082 0.052 0.051 0.047 0.047
O:5n 1.87 093 077 075 0.83
Etching time 0 3 6 9 12 (sec)

For comparison, a high photocurrent was obtained from
fluorine-doped tin oxide nanostructures on FTO substrates
under light irradiation.[>3] They were modified with dye-
labeled protein or dye-labeled DNA. The high electronic
conductivity of the structures contributed to the observa-
tion of a high photocurrent. Direct evaluation of the elec-
tronic conductivity of nanostructures is technically difficult,
but it has intrinsic value and is now in progress.

Conclusions

A site-selective chemical reaction for tin oxide nanosheet
formation was developed on flexible polymer films using
super-hydrophilic surfaces. The films were exposed to light
through a photomask to form hydrophobic and super-hy-
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drophilic patterns. Chemical reaction proceeded in a site-
selective manner only on super-hydrophilic areas in aque-
ous solutions containing SnF,. The super-hydrophilic sur-
face of ITO accelerated the chemical reaction, nucleation,
and growth of tin oxide crystals, whereas the hydrophobic
areas of the films suppressed formation of tin oxide struc-
tures. Tin oxide sheets grew to 100-300 nm in-plane size
and 5-10 nm thickness. Consequently, 2D patterns of tin
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oxide nanosheets were fabricated on flexible ITO/PET
films. Site-selective chemical reaction will be applied to pre-
cise control of chemical reactions, surface coating, and two-
dimensional patterning of various systems such as inorganic
materials, organic materials, biomaterials, hybrid materials,
and so on. This will open new avenues for flexible organic—
inorganic hybrid devices.

Experimental Section

Poly(ethylene terephthalate) (PET) films were coated with trans-
parent conductive indium tin oxide (ITO) layers. ITO layers of 120—
160 nm thickness were coated on the films with the sputtering
method. They had a sheet resistance of 10 Q/square and a trans-
parency of over 74%. They were exposed to vacuum ultraviolet
light through a photomask for 10 min (VUYV, low-pressure mercury
lamp PL16-110, air flow, 100 V, 200 W, SEN Lights Co., 14 mW/
cm? for 184.9 nm at a distance of 10 mm from the lamp, 18 mW/
cm? for 253.7 nm at a distance of 10 mm the from lamp).

SnF, (Wako Pure Chemical Industries, Ltd., No. 202-05485, FW:
156.71, purity 90.0%) was used as received. Distilled water in poly-
propylene vessels (200 mL) were capped with polymer films and
kept at 90 °C. SnF, (870.6 mg) was added and dissolved in the dis-
tilled water at 90 °C to a concentration of 5 mm.54371 The sub-
strates were immersed in the middle of the solutions with the bot-
tom up at an angle of 15° from perpendicular. The solutions were
stored at 90 °C in a drying oven (Yamato Scientific Co., Ltd.,
DKN402) for 2 h without stirring. The substrates were rinsed un-
der running water and dried with a strong air spray.

The surface morphology of ITO/PET films with tin oxide nano-
sheets were observed with a field emission scanning electron micro-
scope (FE-SEM; JSM-6335FM, JEOL Ltd.). The crystal phase was
evaluated with an X-ray diffractometer (XRD; RINT-2100V, Ri-
gaku) with Cu-K,, radiation (40 kV, 30 mA). Diffraction patterns
were evaluated by using data from the ICSD (Inorganic Crystal
Structure Database) (FIZ Karlsruhe, Germany and NIST, USA)
and FindIt. The ITO/PET films with tin oxide nanosheets were
treated with a focused ion beam to evaluate cross-section images.
Cross section images were observed with a transmission electron
microscope (JEM2000FX, 200 kV, JEOL Ltd.). The crystal phase
was evaluated with an electron diffraction unit built into the trans-
mission electron microscope. The depth profile of the chemical
composition was evaluated with an X-ray photoelectron spec-
troscopy (XPS, Kratos analytical, ESCA-3400, Shimadzu). The X-
ray source (Mg-K,, 1253.6 ¢V) was operated at 10 kV and 20 mA.
The resolutions for survey analyses or narrow analyses, that is, the
FWHM of Ag3ds,, spectrum, were 1.15 eV or 0.95 eV, respectively.
Ag was selected for the evaluation of spectrum resolution and
analysis conditions, because Ag is chemically stable and resistant to
oxidation. It showed sharp Ag3ds,, peak without peaks of oxidized
states. Step size (eV) or dwell time (sec) for survey analyses or nar-
row analyses were 1 eV, 150 s or 0.1 eV, 300 s, respectively. Spectra
were corrected by using the standard binding energy of C-C bonds
(C 1s, 284.6 eV) in surface contaminations. Surface contamination
was almost removed during the first 3 seconds of etching.

Supporting Information (see footnote on the first page of this arti-
cle): Model of a nucleated crystal on a substrate in a liquid.
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