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ABSTRACT: A novel ultraviolet (UV)-assisted imprinting
procedure that employs photosensitive tin(II) 2-ethylhexanoate is
presented for the facile size-tunable fabrication of functional tin
dioxide (SnO2) nanostructures by varying annealing temperatures.
These imprinted SnO2 nanostructures were also used as new
masters for size reduction lithography. SnO2 lines down to 40 nm
wide were obtained from a silicon master with 200 nm wide lines
by simply performing size reduction lithography twice. This leads
to 80 and 87.5% reduction in the width and height of imprinted
lines, respectively. An imprinted pattern annealed at 400 °C
demonstrated transmittance greater than 90% over the range of 350−700 nm, which is high enough to make the pattern useful as
a transparent SnO2 mold. This demonstrated approach allows the accessibility to size-tunable molds, eliminating the need for
conventional expensive imprinting masters with very fine structures, as well as functional SnO2 nanostructures, potentially useful
in applications where ordered surface nanostructures are required, such as photonic crystals, biological sensors, and model
catalysts.
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■ INTRODUCTION
Great effort has been expended on developing facile techniques
to fabricate periodic nanostructures because of their potential
applications in photonic crystals, biological sensors, and model
catalysts.1−6 Several techniques capable of fabricating sub-50-
nm nanostructures have involved the use of top-down
nanolithography such as focused ion beam (FIB) lithography
and electron beam lithography (EBL).7,8 These techniques are
expensive and limited by a trade-off between resolution and
throughput. In contrast, unconventional techniques such as
nanoimprint lithography (NIL) and soft lithography are simple
to operate, cost-effective, and suitable for large-area pattern-
ing.9−11 For NIL, there are two major processing approaches,
thermal-NIL (T-NIL) and ultraviolet-NIL (UV-NIL), each of
which is applicable to a special type of resist materials.10,11 T-
NIL, employing thermoplastic polymers, suffers from low
throughput due to the need of holding the process at an
elevated temperature to induce thermal reaction of the
thermoplastic polymers. In addition, T-NIL is not suitable for
continuous roll-to-roll NIL processes using a cylinder mold. Of
the two NIL approaches, UV-NIL has a greater potential to
overcome these limitations. Since UV-NIL is traditionally
known as a one-to-one pattern replication process, each new
imprint pattern requires a new imprint mold and often a new

master for the mold. As a result of this, masters and molds for
imprint lithography have become expensive consumables in the
UV-NIL process. Therefore, searching for a cheaper and more
convenient method to generate new nanoimprint masters and
molds is necessary.
Research has been conducted in various directions to develop

efficient size reduction techniques, in order to overcome the
limitations of traditional lithography techniques. Size reduction
lithography was first developed by Choi et al.6,12 By coupling
photolithography with chemical vapor deposition (CVD) and
selective chemical etch, structures much smaller than normal
diffraction limit of photolithography were obtained. Since a
sacrificial CVD layer is used in the technique to reduce feature
sizes, it is also called spacer lithography. By repeating spacer
lithography multiple times, sub-10 nm structures were
demonstrated.6 Low et al. reported the use of a “mix and
match” sequential imprinting technique, where line-space
patterns of different gap sizes were obtained by varying
combinations of feature size and relative alignment of
imprinting molds.13 In our previous work, we demonstrated
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the facile fabrication of both amorphous and crystalline ZrO2
nanostructures by direct UV-NIL process using a photo-
sensitive Zr-containing metal−organic compound.14 It was
found that the feature size of directly patterned ZrO2
nanostructures can be tuned by varying the annealing
temperature. We anticipated that it would be worthwhile to
apply this method to the fabrication of various replicated tin
oxide patterns and polymer molds with reduced feature sizes,
using a photosensitive tin-containing metal−organic compound
and a poly(urethaneacrylate) (PUA) resin.
Tin dioxide (SnO2) is of great importance due to its wide

range of applications. SnO2 can be used as a catalyst, gas
sensors, transparent electrodes in display devices, and an anode
material in lithium-ion batteries.15−18 Recently, of great interest
is nanostructured SnO2, whose properties could be significantly
improved in comparison with its bulk material benefiting from
nanometer size effects.19,20 However, because of its high
chemical durability,21,22 fine patterning of SnO2 films by wet
chemical etch is rather complicated. In our UV-NIL process, a
photosensitive tin-containing metal−organic compound is used
for the nanofabrication of functional SnO2 films to avoid wet
chemical etch.
In this work, we demonstrate the use of a sequential polymer

PUA replication and metal−organic precursor imprinting
process to fabricate various PUA molds and imprinted
nanostructures, where the feature size can be greatly reduced
by annealing the imprinted nanostructures and further
repeating the sequential fabrication process. This method
provides us with a novel way to reduce the feature size without
the need to fabricate new masters, as the imprinted and
annealed SnO2 structures can be used as masters for making
new PUA molds. Photochemical reaction of the tin-containing
compound used in the process, and optical band gap, optical
transmittance, and refractive index of imprinted and annealed
SnO2 films are also investigated. In addition, the electrical
properties such as the resistivity and carrier concentration of

the functional SnO2 materials are studied, as the UV-NIL
technique described here can be potentially useful for
fabricating patterns of transparent conducting oxides (TCOs).

■ EXPERIMENTAL SECTION
Fabrication of Polymer PUA Molds and SnO2 Nanostruc-

tures/Masters. The silicon master used in this paper consists of line-
space gratings of 1000 nm pitch, where the lines are 200 nm wide and
400 nm high, fabricated by deep ultraviolet (DUV) lithography and
subsequent deep reactive ion etching. Structures on the silicon master
were replicated onto a PUA mold as a first replicated PUA mold by
UV imprinting to obtain a flexible polymer mold as described
elsewhere.23,24 Images of the silicon master and first replicated PUA
mold can be found in Figure 1. Prior to use for imprinting, the PUA
mold was treated by vapor phase deposition of trichloro(1H, 1H, 2H-
2H-perfluorootyl)silane (97%, Sigma-Aldrich Co.) to improve the
release between the PUA mold and the film to be imprinted.25

The precursor (i.e., photosensitive tin-containing metal−organic
compound) used for imprinting SnO2 nanostructures was tin(II) 2-
ethylhexanoate (Alfa Aesar). To prepare a precursor solution for spin-
coating, we dissolved tin(II) 2-ethylhexanoate in hexane (Sigma
Aldrich) at a concentration of 0.3 M. The solution was filtered with a
syringe through a 0.45-μm poly(tetrafluoroethylene) (PTFE)
membrane. A silicon substrate, p-Si (100) (LG Siltron), was immersed
in an acetone bath under sonication for 5 min, followed by an
immersion in isopropyl alcohol for 5 min, and then rinsed with
deionized (DI) water (Milli-Q, Millipore Corp.) for 3 min. The
substrate was dried under a nitrogen flow and further treated with
argon plasma in a plasma cleaner (PDC-002, Harrick Scientific Corp.)
for 5 min. The cleaned silicon substrate was treated with an adhesion
promoter, Exfix (ZAP-1020, ChemOptics), to enhance the adhesion
between the silicon substrate and the spin-coated film. This was
accomplished by spin-coating the adhesion promoter onto the silicon
substrate at 3000 rpm for 60 s, followed by heating the substrate on a
hot plate at 110 °C for 2 min. The thickness of the spin-coated Exfix
films was a few tens of angstroms (Å). A photosensitive precursor film
was prepared by spin-coating the above solution of tin(II) 2-
ethylhexanoate onto the promoter-treated silicon substrate at 1500
rpm for 60 s. The film was baked on a hot plate at 80 °C for 3 min to

Figure 1. Schematic diagram of the novel double size reduction lithography using a poly(urethaneacrylate) resin and photosensitive tin(II) 2-
ethylhexanoate.
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remove residual solvent in the film. The first replicated PUA mold was
then pressed against the film at a pressure of 6 bar at room
temperature for 5 min, using a NIL-8 imprinter (Obducat, Sweden).
The film was exposed to UV light (25 mW cm−2 with a major
wavelength peak of 365 nm) through the PUA mold for 20 min to
induce a photochemical reaction. By detaching the PUA mold from
the irradiated film, a first imprinted tin-containing pattern was
obtained. To reduce the feature size, the first imprinted pattern was
annealed at 400 °C for 1 h in air. Images of both the as-imprinted and
annealed patterns can be found in Figure 1. The annealed SnO2
pattern was then used as a new master to replicate structures onto a
second replicated PUA mold. The second replicated PUA mold is
utilized to repeat above imprinting and annealing steps on a second
photosensitive precursor film, to further reduce the feature size. A
schematic diagram of the above size reduction lithography, where the
PUA mold fabrication and the metal−organic-compound imprinting
and annealing processes are performed twice, is presented in Figure 1.
Characterization Methods. Fourier transform infrared spectros-

copy (FTIR) was conducted using a Jasco 300Z spectrometer to
monitor the photochemical reaction of a tin-containing precursor film.
Imprinted and annealed tin-containing nanostructures were examined
using a PSIA XE-100 atomic force microscope operated in noncontact
mode and a Hitachi S-4800 field-emission scanning electron
microscope. The optical transmission and absorbance measurements
were performed in the range of 200−1000 nm by a Varian Cary 5000
ultraviolet−visible−near-infrared (UV−vis−NIR) spectrophotometer.
The absorption coefficients α for the tin-containing films were
determined from the measured absorbance (A) using the following
equation26

α = A d( ln 10)/ (1)

where d is the film thickness (cm). The thickness and refractive index
of the films were measured with a spectroscopic ellipsometer (Model
ELLI-SE(UV)-FM6-R, Ellipso Technology) at an incidence angle of
70°. The crystallinity of UV-irradiated and annealed SnO2 films was
investigated by X-ray diffraction using a Rigaku D/Max 2500
diffractometer with Cu Kα radiation (λ = 1.54178 Å), operated at 40
kV and 300 mA. The electrical properties of the films were measured
using a Bio-Rad HL5500PC Hall system with probes placed on
samples in the van der Pauw geometry.

■ RESULTS AND DISCUSSION
FTIR was used to study the photochemical reaction of tin(II)
2-ethylhexanoate during UV irradiation. A precursor film of the
compound was prepared on a Si wafer using the aforemen-
tioned spin-coating procedure. The FTIR spectrum of the film,
in the range of 1000−3500 cm−1, was collected as shown by
Figure 2. The absorption bands at 2960, 2940, and 2865 cm−1

were assigned to antisymmetric and symmetric stretching
vibrations of alkyl (−CH3) and alkene (−CH2) groups.

27 The
absorption band at 1709 cm−1 is associated with carbonyl
stretching vibration of free 2-ethylhexanoaic acid. The
absorption bands at 1610 and 1562 cm−1 are associated with
antisymmetric vibrations of carboxylate (−CO2−) groups and
those at 1462 and 1418 cm−1 are associated with symmetric
vibrations of carboxylate (−CO2−) groups. The frequency
difference between the antisymmetric and symmetric stretching
vibrations of (−CO2−) groups in a metal carboxylate is known
to correlate to the binding modes (i.e., bidentate, bridging, and
unidentate) of the carboxylate ligands.28 Here, two frequency
differences, 100 and 192 cm−1 that are close to the typical
values for bidentate and bridging modes, are observed for
tin(II) 2-ethylhexanoate, indicating the presence of both
bidentate and bridging 2-ethylhexanoate ligands. The absorp-
tion bands between 1320 and 1200 cm−1 are due to the
vibrations of hydrocarbon chains (−CH2−).

27 The film was
then exposed to UV irradiation, and FTIR spectra of the film

were collected at various exposure times as shown in Figure 2.
Upon UV exposure, the intensities of all the absorption bands
associated with the organic groups in the film decreased,
indicating decomposition of the precursor molecules and loss of
organic groups in the film. These bands mostly disappeared
after 20 min of UV exposure and extended UV exposure did
not result in any further substantial change in FTIR spectrum,
implying completion of the photochemical decomposition.
A film resulted from the complete photolysis of a tin(II) 2-

ethylhexanoate film cast from hexane was examined by Auger
electron spectroscopy (AES).29 The results are summarized in
Table 1. Tin, oxygen, and a small amount of carbon were

observed from the surface of the film. By argon sputtering the
film for 12 s, a carbon-free interior is revealed with an elemental
ratio of Sn:O of 1:1, indicating that the carbon detected on the
film surface is presumably due to absorption of carbon-
containing contaminants. A further 12 s of argon sputtering
resulted in a similar elemental composition. The AES results
implied an elemental composition within the error of that of
tin(II) oxide, SnO. Therefore, the photolysis of a precursor film
of tin(II) 2-ethylhexanoate resulted in the loss of all organic
ligands and the formation of tin(II) oxide.
To further understand the photolysis process, we inves-

tigated volatile photoproducts of tin(II) 2-ethylhexanoate by
mass spectroscopy (MS) and the observed mass to charge
ratios (m/z) and analyzed results are summarized in Table S1
in the Supporting Information.29 A freshly prepared precursor
film of tin(II) 2-ethylhexanoate on a Si chip was placed in a
custom-made quartz cuvette, and the cuvette was evacuated and
sealed to reduce influence from air. The film inside the
evacuated cuvette was irradiated with a UV light for 20 min.
The volatile photoproducts collected in the cuvette were then
analyzed with a mass spectrometer. The highest mass/charge

Figure 2. FTIR spectra of a precursor film spin-coated from tin(II) 2-
ethylhexanoate collected at photolysis times of (a) 0, (b) 5, (c) 10, (d)
20, and (e) 30 min with 365 nm UV light.

Table 1. AES data of the Film Produced by Photolysis of
Tin(II) 2-Ethylhexanoate

sputter time (s) %Sn %O %C

0 46 ± 3 40 ± 3 14 ± 6
12 51 ± 4 49 ± 5 0
24 51 ± 4 49 ± 2 0
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peaks detected were at 100 and 98. These were presumably
associated with the parent ions of heptane and heptene.27,29

There was also an intense mass/charge peak observed at 44,
associated with the molecular ions of carbon dioxide. A peak at
28 could be due to molecular ions of either CO from
photoproducts, or N2 from residual air. The remaining peaks
were all assigned to various fragment ions of heptane and
heptene. Combining the MS results with the FTIR and AES
analyses, a photochemical decomposition mechanism was
postulated for the photolysis of tin(II) 2-ethylhexanoate, as
depicted in Figure 3. In Figure 3, the chainlike molecule a is a

general formula proposed for tin(II) 2-ethylhexanoate to reflect
the presence of both bidentate and bridging ligands. Here, R
represents a heptyl group and n can be zero or a positive whole
number. Because intensities of the absorption bands associated
with bidentate and bridging ligands were similar, n is not
expected to be very large. Presumably, tin(II) 2-ethylhexanoate
in the precursor film formed small oligmeric molecules that
contain a few tin(II) centers. Molecule b in Figure 3, the
simplest molecular form containing both bidentate and bridging
ligands, is used to interpret the photochemical decomposition
of tin(II) 2-ethylhexanoate. During UV exposure, molecule b
could absorb a photon and undergo a ligand-to-metal-charge-
transfer (LMCT) transition, as indicated by the excited

molecule c. This would result in a transfer of an electron
from a 2-ethylhexanoate ligand to its linking tin(II) center. As a
result, a Sn−O bond would break and a tin(I) center would be
generated, as shown by species d in Figure 3. The excited
molecule c and the species d illustrate a situation where a
bridging ligand is involved in the LMCT process. The loss of an
electron leads to fragmentation of the involved ligand, releasing
a carbon dioxide and a heptyl radical and leaving species e a
tin(I) center. The tin(I) center, with a thermally unfavorable
oxidation state, causes further loss and fragmentation of the
remaining ligands through two possible pathways, where the
main difference lies in the fragmentation of 2-ethylhexanote
ligands.14,28−30 Through pathway A, all remaining ligands
fragment in a fashion similar to the first fragmented ligand, and
species e decomposes into Sn atoms, CO2 molecules, and
heptyl radicals. However, through pathway B, some of the
remaining ligands fragment to form CO molecules, heptyl
radicals, and leaving oxygen behind (highlighted in red in
Figure 3). Therefore, species e decomposes into tin(II) oxide,
CO and CO2 molecules, and heptyl radicals. Regardless of the
different photoproducts, both pathways lead to the complete
loss of ligands from tin(II) 2-ethylhexanoate upon photolysis,
which is consistent with our FTIR observation.
When exposed to air, the reactive Sn atoms resulted from

pathway A can be easily oxidized by oxygen in air, forming
tin(II) oxide that is the same as the solid photoproduct resulted
from pathway B. The composition of the photolyzed film was
confirmed to be tin(II) oxide by AES analysis. A reactive heptyl
radical can encounter another one and abstract a hydrogen
from it, generating a heptane molecule and a heptene
molecule.28−30 The formation of CO, CO2, heptane (C7H16),
and heptene (C7H14) is consistent with the MS results. A
bidentate ligand could also be involved in the LMCT process.
In this case, the loss and fragmentation of ligands would start
with the involved bidentate ligand. However, the further loss
and fragmentation of remaining ligands are expected to follow a
manner similar to the above-mentioned reaction pathways,
resulting in the same photoproducts.
In summary, films of tin(II) 2-ethylhexanoate can be spin-

cast from a precursor solution in hexane and these films are
found to be photosensitive. UV exposure can result in the loss
and fragmentation of 2-ethylhexanoate ligands in the precursor
films. Organic components can therefore be removed upon
photochemical conversion of the precursor films, leading to the
formation of tin(II) oxide films. These properties make tin(II)
2-ethylhexanoate a suitable material for UV-NIL.
Images a and b in in Figure 4 are SEM and AFM images of

the first replicated PUA mold and the first imprinted pattern.
The line dimensions and grating pitch were successfully
replicated, using photosensitive tin(II) 2-ethylhexanoate by
UV-NIL. To reduce the line dimensions, samples of the first
imprinted pattern were annealed at different temperatures. The
widths of the imprinted lines, annealed at 200, 300, 400, and
500 °C for 1 h were 160, 140, 90, and 90 nm, whereas the
heights of those were 300, 250, 170, and 160 nm, respectively.
Therefore, annealing led to a significant reduction in line width
and height. XRD characterization indicated that a UV-irradiated
film is amorphous and remains amorphous up to 300 °C
annealing (see the Supporting Information, Figure S1). Upon
annealing at 400 °C for 1 h, a nanocrystalline film was obtained.
The diffraction peaks of the nanocrystalline phase were found
to correspond to those from crystalline SnO2. Therefore,
annealing an irradiated film at 400 °C in air resulted in the

Figure 3. Proposed photolysis mechanism for tin(II) 2-ethyl-
hexanoate.
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oxidation of amorphous tin(II) oxide and the formation of
nanocrystalline SnO2. Higher annealing temperatures improved
crystallinity of the film.
With annealing, the volume reduction of the imprinted lines

could be originated from the elimination of trapped organic
molecules inside the film, densification of material, and
structural arrangement for the formation of nanocrystalline
phase. A summary can be found in Table 2 for the percentage

dimension reduction in the line width and height at different
annealing temperatures. It can be seen that the percentage
dimension loss in line width is always less than that in line
height, which could be related to the lateral confinement due to
the material’s adhesion to the substrate. Interestingly, the
dimension loss in the line width and height between 300 and
400 °C was found to be higher than that resulted from lower
annealing temperatures. Presumably, at lower annealing
temperatures, the oxidation of tin(II) oxide, which is expected

to cause an increase of material volume, partially compensates
the volume reduction caused by material densification. It has
been reported that tin(II) oxide might be oxidized at as low as
80 °C.31 At annealing temperatures between 300 and 400 °C,
the oxidation of tin(II) oxide might approach to completion
and there would be no more compensation for the volume
reduction caused now predominantly by material densification
and crystal growth. Annealing at 500 °C resulted in a slightly
further dimension loss, indicating that the SnO2 film probably
approaches to its best achievable density at 400 °C and further
increase of crystallite size by higher annealing temperatures
does not involve substantial volume change. Therefore, 400 °C
is considered as the optimal annealing temperature for our size
reduction lithography.
To fabricate sub 50-nm SnO2 lines, the PUA mold

fabrication and the metal−organic compound imprinting and
annealing processes were repeated, using the first imprinted
pattern annealed at 400 °C as a new master. As shown in Figure
5a, the structures on the new master were replicated onto a
PUA mold as a second replicated PUA mold. A second
imprinted pattern was prepared from tin(II) 2-ethylhexanoate
using the second replicated PUA mold, followed by annealing
at 400 °C for 1 h. The line width and height of this sample were
measured to be 40 and 50 nm, respectively. These correspond
to 55.6% and 68.8% dimension loss in line width and height,
similar to the dimension loss achieved by annealing the first
imprinted pattern at 400 °C. Therefore, by performing our size
reduction lithography twice, the obtained SnO2 lines have
width and height that were reduced totally by 80 and 87.5%,
respectively, from the line dimensions available on the original
Si master. Still, further size reduction is possible by repeating
the above-described size reduction lithography multiple times.
Despite the significant shrinkage, macroscopically uniform and

Figure 4. (a) SEM and AFM images of the 1st replicated PUA mold with trenches of 200 nm wide and 400 nm high at a pitch of 1000 nm. (b) SEM
and AFM images of the 1st imprinted pattern and the pattern annealed at (c) 200, (d) 300, (e) 400, and (f) 500 °C for 1 h, respectively.

Table 2. Feature Size Reduction in the Lateral and Vertical
Directions for the Imprinted Patterns Annealed at Different
Annealing Temperatures

lateral dimension vertical dimension

annealing
conditions

line width
(nm)

reduction in
width (%)

line height
(nm)

reduction in
height (%)

no annealing 200 400
annealing at
200 °C

160 20.0 300 25.0

annealing at
300 °C

140 30.0 250 37.5

annealing at
400 °C

90 55.0 170 57.5

annealing at
500 °C

90 55.0 160 60.0
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crack-free SnO2 nanostructures were obtained on 4 in. wafers
with good repeatability.
The optical band gap (Eg), optical transmittance, and

refractive index (see Supporting Information, Figure S2) of
various films prepared from tin(II) 2-ethylhexanoate were also
studied. The optical absorption coefficient α of a semi-
conductor close to the band edge can be expressed by the
following equation:32

α ν κ ν= −h h E( )n
g (2)

where κ is a constant, Eg is the optical band gap (eV), and n is a
value that depends on the nature of the transition. In this case,
n is equal to 1/2 for the direct allowed transition. The optical
band gap of a semiconductor can be estimated from a plot of
(αhν)2 versus photon energy. Shown in Figure 6a are the plots
of (αhν)2 versus photon energy for the precursor film, the
irradiated film, and the films annealed at various temperatures.
The optical band gaps for various films are indicated by the
dashed lines. Compared to a precursor film, the optical band
gap of the UV-irradiated film is red-shifted from 5.00 to 4.88
eV. Upon annealing, the band gaps are red-shifted even more.
This red-shift trend can be explained as follows.
The precursor film consists of tin(II) 2-ethylhexanoate and

each precursor molecule can be considered as a tin(II) oxide
center surrounded by organic groups. The presence of bulky
organic groups creates barriers between tin(II) oxide particles,
resulting in a large band gap due to quantum confinement.
During photolysis, an increasing number of bulky organic
groups left the film and tin(II) oxide particles had greater
opportunities to associate into larger particles as the irradiation
proceeded. As a result of the growth of tin(II) oxide particles in
the film, the Eg of the irradiated film appeared to be red-shifted.
The introduction of annealing at 300 °C led to oxidation of
tin(II) oxide, resulting in the formation of SnO2 particles and
promoting the association between SnO2. This led to a large
red-shift from 4.88 to 4.45 eV. At higher annealing temper-
atures, the film is converted from amorphous to crystalline
phase and SnO2 crystals grew into larger sizes, leading to a
further red-shift in band gap. The Eg of the film annealed at 600
°C is 3.90 eV, approaching the Eg of bulk SnO2 (3.60 eV).33

Using the Scherrer equation and XRD data, the average
nanocrystallite sizes for the films annealed at 400, 500, and 600
°C for 1 h were calculated to be 3, 5, and 8 nm, respectively
(see the Supporting Information, Figure S1). It is well-known

that quantum confinement (QC) can occur in semiconducting
nanostructures and that QC converts the continuous-band
structure to discrete electronic levels and results in the increase

Figure 5. (a) SEM and AFM images of a 2nd replicated PUA mold. (b) SEM and AFM images of the 2nd imprinted pattern and (c) the pattern
annealed at 400 °C for 1 h.

Figure 6. (a) Optical band gap and (b) optical transmittance obtained
from the precursor film, the UV-irradiated film and the films annealed
at 300, 400, 500, and 600 °C for 1 h, respectively.
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in the band gaps with decreasing nanocrystallite sizes.34 Souza
et al. reported that the effect of QC for SnO2 films is mainly
considered in the size regime of several nanometers.35 A similar
increase in Eg with decreasing nanocrystallite size was also
reported for SnO2 nanocrystals.36 Therefore, QC effect is
presumably the main reason why the Eg of our films were all
larger than that of bulk SnO2 (3.60 eV).
Figure 6b shows the optical transmittance curves of various

films prepared from tin(II) 2-ethylhexanoate on quartz
substrates. As shown in the inset of Figure 6b, the increase in
the annealing temperature resulted in a slight decrease of the
average transmittance in the visible-light range of 400 to 700
nm. This slight reduction in the average transmittance might be
due to the increase in the light scattering at the surface of SnO2
film. During high-temperature annealing, crystallization of the
amorphous film could lead to surface roughening. In addition,
higher temperature could cause SnO2 surface to generate defect
states with oxygen deficiencies.37 These defect states would
increase optical absorbance of the annealed films. Nevertheless,
the film annealed at 400 °C still demonstrated transmittance
greater than 97% over the entire visible-light range and greater
than 90% in the UV region from 350 to 400 nm. This makes
the imprinted SnO2 patterns also potentially useful as
transparent molds for the UV-NIL process.
The electrical properties of the UV-irradiated films annealed

at various temperatures were investigated by Hall measure-
ments, and the results are given in Figure 7. The resistivity and

carrier concentration of the films change strongly as functions
of annealing temperature, particularly when the annealing
temperature is above 500 °C. With increase of annealing
temperature, the film resistivity decreases while the carrier
concentration increases. The decrease in the resistivity and the
increase of the carrier concentration can be interpreted as
results of improved film quality. As previously discussed, higher
annealing temperatures lead to increased grain sizes, which
reduce the carrier scattering at grain boundaries, thereby giving
rise to decreased resistivity and increased carrier concentration.
For applications of TCOs, the oxide is required to possess a

band gap of 3.1 eV or more in order to transmit at least 85%
visible light and a carrier concentration greater than 2.6 × 1021

cm−3.38,39 In our case, the optical transmittance and carrier
concentration of the film annealed at 600 °C were
approximately 94% and 7.32 × 1018 cm−3, respectively. These

values, together with the 40 nm patterning capability, make our
UV-NIL SnO2 films a potential candidate to transparent
interconnects in applications such as light emitting diodes, solar
cells, and optoelectronic devices. It will be an interesting area of
future work to investigate how electrical properties of
functional SnO2 materials can be further improved by
incorporating various dopants and/or metal nanomaterials.

■ CONCLUSION
We have demonstrated a new method of size reduction
lithography based on UV-NIL, where the polymer PUA
replication and inorganic imprinting and annealing processes
are used sequentially and repeatedly, in order to obtain smaller
feature sizes. The feature size of imprinted patterns can be
controllably reduced by varying the annealing temperature and
repeating the size reduction lithography multiple times. The
photochemical reaction of tin(II) 2-ethylhexanoate was studied
and a reaction mechanism was postulated. It was found that
tin(II) 2-ethylhexanoate is a suitable precursor to fabricate
SnO2 patterns by UV-NIL. SnO2 line structures of 40 nm wide
and 50 nm high were obtained from a Si master with lines of
200 nm wide and 400 nm high, by simply performing size
reduction lithography twice. This resulted in dimension loss of
80 and 87.5% in the line width and height, respectively. Despite
this significant shrinkage, macroscopically uniform and crack-
free SnO2 patterns were obtained on 4 in. wafers. Through
optical characterization, it was found that the SnO2 film
annealed at 400 °C still demonstrated transmittance greater
than 90% over the range of 350 to 700 nm, making it also
useful as molds in UV-NIL. Unlike the conventional UV-NIL
method, the proposed technique offers a flexible way for the
facile size-tunable fabrication of intermediate imprint masters
(or molds), as well as the nanofabrication of functional oxide
patterns.
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