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Near-field scanning optical microscopy of ZnO nanopatterns fabricated

by micromolding in capillaries
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We report near-field scanning optical microscopy (NSOM) studies of 300-nm-wide ZnO
nanopatterns fabricated by micromolding in capillary technique using a sol-gel route. Atomic force
microscopy and scanning electron microscopy show that the patterns are continuous with uniform
linewidths. Simultaneous topography and optical signal collected in NSOM scans exhibit nanoscale
photoluminescence intensity distribution in the ZnO nanopatterns. The nanoscale spectral mapping
shows very broad defect-induced green-yellow-red luminescence bands, at room temperature, when
excited with a 514.5-nm Ar-ion laser. Our analyses demonstrate that spatially resolved ZnO
luminescence features with an optical resolution of <300 nm can be obtained with NSOM while
operating in collection mode, and underscore the need to couple nanoscale physical characterization
with functional properties at the same scale. © 2005 American Institute of Physics.

[DOL: 10.1063/1.1949712]

INTRODUCTION

ZnO is an important wide-band-gap semiconductor with
numerous potential applications such as sensors, varistors,’
surface acoustic wave devices,” and short-wavelength light-
emitting devices.” Photoluminescence (PL) is an important
physical property that reflects the optical quality of ZnO.
Like many other physical properties, PL in ZnO is critically
influenced by microstructure which in turn depends on fab-
rication routes and processing conditions. For example, PL
properties of several types of ZnO nanostructures, such as
nanowires, nanotubes, and tetrapods,é_8 have been reported
and are shown to be different from ZnO single crysta].9 In
addition PL properties of ZnO even in thin films made from
different technique are known to be different. The most
widely accepted premise for this strong influence of fabrica-
tion routes on optical properties of ZnO is the dependence of
concentration of structural defects on deposition technique.

Several types of defects, such as oxygen vacancies (V),
zinc interstitials (Zn;), zinc vacancies (V,), and antisite de-
fects (Oy,), are known to dramatically influence the optical
properties of ZnO. On the other hand, in order to build
nanoscale functional devices it is essential to have control
over site- and shape-specific positioning of nanostructures.
This continues to prove challenging, especially for large-
scale aerial coverage. In this context, localized but large-
scale nanopatterning is an attractive route to fabricate func-
tional nanostructures. The ability to pattern technologically
significant oxides, such as ZnO at submicron scale over large
areas, will have a major impact on the development of min-
iaturized and/or integrated multifunctional devices. Because
the optical properties of the nanopatterns strongly depend on
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the patterning technique, there is a continuing need for their
characterization with a suitable nanoscale measurement tech-
nique.

Micromolding in capillaries (MIMICs) is a versatile pat-
terning technique with a flexibility to pattern variety of ma-
terials and with the ability to rapidly pattern areas in excess
of several centimeters.'®"? Although MIMIC technique has
been used to pattern several materials with feature sizes in
micron range,10 reports on fabrication of pattern features in
nanometer range using this technique are particularly rare.
Moreover, most of these reports show only the basic struc-
tural characterization of pattern using x-ray diffraction
(XRD), atomic force microscopy (AFM), and electron mi-
croscopy. Clearly, measurement of local optical properties of
these patterns is critical to validate their functionality and to
benchmark them for practical applications.

Near-field scanning optical microscopy (NSOM) is
emerging as a powerful analytical tool, capable of subwave-
length spatial resolution that is ideally suited to investigate
optical properties of nanostructures.' 4! Versatility of the
NSOM is highlighted by reports investigating varied phe-
nomenon such as photonic block copolymer morphology,17
fluorescence imaging of biological samples,15 imaging of
second-harmonic generation in ZnO nanowires,18 observa-
tion of local ferroelectric phase transitions,'® and among
many others. With significant technological advances in
NSOM tip fabrication and with major advances in instru-
mentation, NSOM will continue to serve as a valuable tool to
probe optical properties of nanostructures. In addition, oper-
ating NSOM in collection mode, where emission signal from
sample is collected in near field using NSOM tip, is valuable
for optical property measurements of nanopatterns which
may not show strong luminescence compared to monolithic
nanostructures such as nanorods. In this article, we report the
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spatially varying PL properties and optical quality of ZnO
nanopatterns using NSOM operating in collection mode.

EXPERIMENT

Zinc oxide solution was prepared by stirring a mixture of
zinc acetate dihydrate (1.54 g), 2-methoxy ethanol
(19.6 ml), and ethanolamine (0.4 ml) at 60 °C for 2 h. This
gives a 0.35-M ZnO solution. This solution formulation is
transparent and remains stable for more than 6 months. A
polydimethylsiloxane (PDMS) elastomer mold was used for
MIMIC patterning, which was made from a submillimeter
thin film obtained by spin-coating elastomer on a gold grat-
ing (Edmund Optics, 1200 grooves/mm and a glazing angle
of 36° 52'). After curing at 70 °C for about 10 h, the PDMS
film was carefully peeled off from the Au grating (master
mold) and placed on top of SiO,/Si substrate that was pre-
viously cleaned thoroughly in acetone, piranha (3:1 volume
ratio of H,SO,:H,0,) solution at 70 °C, and finally with
de-ionized (DI) water. A droplet of ZnO solution placed at
the entrance of capillaries quickly fills the channels. The
whole substrate was then moved into a vacuum chamber for
2 h to enhance degassing from PDMS stamp and liquid in-
fusion into the channels. The substrate was then slightly
heated at temperatures between 60 and 70 °C for 2 h to
evaporate the solvent. The mold was subsequently peeled off
and the patterns were annealed at 550 °C for 1 h in air.

NSOM measurements (The MultiView 1000™, Nanon-
ics Imaging Ltd.) were done in both illumination and collec-
tion modes using Cr/Al-coated cantilevered optical fiber
probes with 200- and 300-nm aperture diameters. In both
modes, Ar-ion laser (A\=514.5 nm, 10 mW output power)
coupled to the optical fiber was used to excite the defect
induced luminescent states in ZnO nanopatterns. Images in
“constant-amplitude” mode were obtained with the normal
force feedback loop to maintain constant tip distance from
the surface, while the “constant-height” images were ob-
tained by scanning with feedback mode turned off.
NSOM-PL intensity mapping was carried out using an ava-
lanche photodiode (APD) with single-photon counting elec-
tronics. Specific optical filters were used for efficient detec-
tion of reflected or luminescent light from ZnO. The patterns
were also independently imaged using AFM (Digital Instru-
ments Nanoscope IIla) operating in contact mode with SiN,
cantilevers of a nominal force constant of 0.05 N/m. Scan-
ning electron microscopy (SEM) images were taken with a
Hitachi S4500 equipped with a cold field-emission electron
gun.

RESULTS AND DISCUSSION

The preliminary structural characterization of the ZnO
patterns was carried out using AFM and SEM. Figures 1(a)
and 1(b) show the AFM topographic images of ZnO patterns
taken before and after annealing the patterns at 550 °C for
1 h in air. The lines appear uniform and remain continuous
after annealing. A comparison of AFM cross-sectional scans
taken before and after annealing showed that the width of the
ZnO lines decreases on an average by 10% to about 300 nm
and height reduces nearly by 50% to about 80 nm. We be-
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FIG. 1. (Color online) AFM topographic images (a) before and (b) after
annealing at 550 °C for 1 h in air. (¢c) SEM image of pattern after annealing.
These images were not taken at the same location. (d) Room-temperature
w-PL spectrum of ZnO patterns showing band-edge emission at 3.28 eV and
donor-acceptor pair emission below 2.5 eV.

lieve that most of this shrinkage is accommodated by pat-
terns through generation of porous network when organics in
solution are burned away during annealing step. The large
shrinkage observed in height compared to width is due to
relatively strong silicon—oxygen—metal bonding which is ob-
served when solutions hydrolyze on oxide substrates.”” This
results in a larger constraint to reduction in width of the line
compared to the height that is virtually unconstrained. The
SEM image of the pattern shown in Fig. 1(c) confirms the
AFM results about pattern uniformity and line continuity.
The widths of these ZnO lines measured from SEM images
(280 nm) are consistent with the AFM analysis. Furthermore,
energy dispersive x-ray analysis (not shown here) confirms
the expected Zn, O, and Si (substrate) signals from these
patterns.

In order to ensure that fabricated ZnO nanopatterns are
functional in terms of their photoluminescence activity, mi-
crophotoluminescence (u-PL) measurements were carried
out using a Renishaw 2000 micro-PL setup. The room-
temperature wu-PL spectrum recorded from these patterns
with 325-nm excitation is shown in Fig. 1(d). The room-
temperature PL spectrum shows the characteristic near-band-
edge emission at 3.28 eV and the defect-induced donor-
acceptor pair emission bands below 2.5 eV. These results
indicate that annealing scheme used in this work is sufficient
to produce photoluminescent ZnO nanopatterns. The 2-um
spot size used for measuring u-PL spectrum is still relatively
a macroscopic probing because the sampling area is at least
six times larger than the minimum feature size. However, it
is desirable to have a characterization tool with spatial reso-
lution better than the minimum feature size in the structure
of investigation to probe the uniformity of PL emission
within each line. NSOM is ideally suited for this task be-
cause it has the spatial resolution necessary to resolve the
MIMIC nanopatterns of ZnO.

Figure 2 shows a set of topographic and reflection
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FIG. 2. (Color online) (a) Topography and (b) NSOM-optical images taken
in “constant-amplitude” mode, (c) Topography, and (d) NSOM-optical im-
ages taken in “constant-height” mode. The same scale bar applies to all the
images.
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NSOM-optical images of ZnO patterns obtained in constant-
amplitude mode and in constant-height mode. All of these
images were obtained from the same specimen location by
collecting reflection optical signal in far field. Figures 2(a)
and 2(b) show the topographic and NSOM-optical images
obtained in constant-amplitude mode. In constant-amplitude
mode, the cantilevered optical fiber probe scans the sample
while maintaining constant amplitude with respect to the
sample using normal force feedback loop similar to the feed-
back control used in scanning probe microscopy. Thus, the
cantilever closely tracks the surface and generates a topo-
graphic image similar to AFM. The average width of the
ZnO line measured in topographic image in Fig. 2(a)
(370 nm) is slightly larger than that measured using AFM
[Fig. 1(a)], mainly because of the coarse tip (200 nm) used
in NSOM experiments compared to the typical radius of py-
ramidal SiN, tips (usually <50 nm) used for contact mode
AFM scans. In agreement with AFM measurements, these
images show that the lines are continuous and the optical
signal is uniform along each line without any dark spots.
Similar to the topographic image collected with AFM [e.g.,
Fig. 1(b)], topographic image collected with NSOM probe
[Fig. 2(a)] also shows certain topographical features, possi-
bly individual grains within each line. However, the NSOM-
optical image could not clearly resolve the exact dimensions
because the aperture diameter is larger than the size of these
individual features.

The NSOM-optical images taken in constant-amplitude
mode are known to contain z-motion artifacts in the form of
crosstalk between topographic and optical images.zl’22 This
is evident as a strong phase-shift correlation between features
in topographic and NSOM-optical images in Figs. 2(a) and
2(b). Therefore, we also measured the optical images at the
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same location in constant-height mode. In constant-height
mode, the cantilever is rastered on the sample without engag-
ing it in the feedback control. In this mode, the cantilever is
maintained at a constant height from the sample while scan-
ning and thus, it does not trace any topographic feature on
the surface. The optical images obtained in this mode are
therefore free of z-motion artifacts. Figures 2(c) and 2(d) are
topographic and NSOM-optical images, respectively, ob-
tained in constant-height mode. As expected, topographic
image is flat because the cantilever is not in feedback con-
trol. On the other hand, optical image clearly outlines ZnO
nanopatterns, though with a slightly larger linewidth than
seen in Fig. 2(b). In addition, some nonuniformity in the
linewidths across the image is also evident in Fig. 2(d) due to
limited optical resolution in z axis. This is an artifact because
substrates are often not horizontally flat relative to the can-
tilever. Thus, while cantilever is scanning the sample at a
constant height, one part of the sample will be farther from
probe than another part of the sample, giving rise to observed
differences in linewidths. The reduced resolution in Fig. 2(d)
compared to Fig. 2(b) is due to larger tip-sample separation.
It has been reported earlier by Hecht et al.” that spatial
resolution in optical images decreases as the tip height above
the sample surface increases by few nanometers. The optical
image in Fig. 2(d) therefore unambiguously shows that the
optical signal used to form this image is truly originating
from the ZnO lines as the crosstalk with topography signal is
eliminated. However, the source of contrast in this reflected
optical image is not yet clear. There are two possible sources
of contrast in scanned NSOM-optical images: (a) A differ-
ence in refractive index between ZnO lines and SiO, sub-
strate. In this case, the contrast would be simply due to the
difference in reflected intensity of excited 514.5-nm light
from the ZnO lines and of oxide substrate between ZnO
lines. (b) Due to true localized photoluminescence from the
ZnO lines. One way to identify the actual source of contrast
among these two choices is to use an appropriate optical
filter to cutoff the excitation laser light (i.e., 514.5 nm) be-
cause reflected light is predominantly at this wavelength.
Therefore, we obtained subsequent NSOM images by select-
ing appropriate filter range in the monochromator before the
signal reached the detector. In addition, these images were
obtained in collection mode for efficient signal collection. In
the collection mode operation, the excitation laser light was
delivered to the sample via optical fiber whose axis is paral-
lel to the sample normal. The optical signal from the sample
is then collected with cantilevered probe of a 300-nm aper-
ture diameter and fed via long pass filter to the monochro-
mator with attached avalanche photodiode.

The optical and topographic images of patterns, while
operating in constant-height mode in collection mode con-
figuration, are shown in Fig. 3. As expected, this figure
shows no pattern features in topographic image whereas pat-
terns are clearly visible in the NSOM-optical image. As in-
dicated earlier, this optical image is formed after filtering the
514.5-nm excitation laser light with a long pass filter. This
image clearly shows the spatially resolved PL intensity dis-
tribution within ZnO patterns. We also noticed that maxi-
mum photon count in Fig. 3(b) decreased compared to the
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FIG. 3. (Color online) (a) Topographic and (b) NSOM-optical images of
ZnO patterns obtained in collection mode configuration while operating in
constant-height mode. The same scale bar applies to both images.

images in Figs. 2(b) and 2(d). The weaker scattered light
intensity results in grainier NSOM-PL image. Because a long
pass filter is used to form the image shown in Fig. 3(b), the
contrast in this image cannot be due to difference in simple
reflected light intensity from the ZnO lines and oxide sur-
face. To further confirm this, we collected spectrum from
three different locations on the sample, with and without
long pass filter, by positioning the cantilever probe at various
locations (Fig. 4). Figure 4(a) shows the NSOM-PL intensity
image scanned while using the long pass filter prior to col-
lecting the spectra in Fig. 4. The spectrum in Fig. 4(b) is
collected from substrate, but outside the nanopatterns, with-
out using long pass filter. Figure 4(b) spectrum shows a
single narrow peak at 514.5 nm due to simple reflection from
the substrate. As expected for indirect band-gap semiconduc-
tor, such as Si, no additional emission bands are visible in
this spectrum. The spectra in Figs. 4(c) and 4(d) were col-
lected from two different locations on the adjacent the ZnO
lines while spectrum in Fig. 4(e) is collected between these
two lines. The arrows on NSOM-optical image in Fig. 4(a)
schematically indicate these locations. As the probe aperture
diameter is comparable to spacing between lines, some in-
tensity from the ZnO lines is also collected in spectrum in
Fig. 4(e). However, the peak PL intensity in this region [Fig.
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4(e)] is much lower when compared to those spectra re-
corded directly from the ZnO lines. Comparison of spectra in
Figs. 4(b) and 4(c) [or 4(d)] shows that high pass filter de-
creases the 514.5-nm laser intensity reaching the spectrom-
eter by almost 80%. However, the most interesting results are
evident in spectra shown in Figs. 4(c) and 4(d). These spectra
show characteristic broad green-yellow emission bands be-
tween 520 and 640 nm in addition to the red emission band
above 650 nm. These bands are commonly observed in ZnO
prepared by different chemical routes and arise due to donor-
acceptor pairs (DAPs) recombination associated with defect-
impurity complexes. It can now be unambiguously con-
cluded from the spectra in Fig. 4 that the signal used to form
optical images in these NSOM-optical scans is clearly the PL
signal from the 300-nm ZnO nanopatterns.

We find that the ZnO PL spectra collected from nanopat-
terns exhibit red emission band unlike most of the reports in
recent literature where PL investigation of ZnO films and
ZnO nanostructures reveals only green-yellow emission
bands between 510 and 640 nm.>* A multiple peak fitting
analysis of the spectrum of Figs. 4(c)—4(e) depicts that the
deep gap PL from these ZnO patterns consists of at least
three emission bands at approximately 560, 620, and 667 nm
(corresponding to 2.2, 2.0, and 1.9 eV, respectively). The
highest PL intensity in the near field is evident at 620 nm.
The green-yellow emission bands are usually assigned to one
of the donor and acceptor mid-band-gap defect states such as
oxygen vacancies (Vg), zinc interstitials (Zn;), zinc vacan-
cies (V,), or antisite defects (O,,).”” Though most of the
recent literature contains only report on green-yellow emis-
sion bands in ZnO, there are few earlier reports on red emis-
sion band and even a near-IR emission band at 730 nm
(1.7 V) in ZnO pellets.’* ™ As in the case of green-yellow
emission band, the origin of red and near-IR emission bands
remains an open question. Thus, the source of 667-nm PL
band detected from these ZnO nanopatterns is unclear at this
time. A concerted look at the vast literature on optical prop-
erties of ZnO shows that in addition to the fabrication routes,

FIG. 4. (Color online) (a) NSOM-
optical image of ZnO pattern. (b)
Spectrum collected outside the pat-
terns without long pass filter showing
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500

Counts (x1000)

‘Wavelength (nm)

0.6

0.3

600 700

800

(d) Spectra collected from two loca-
tions on adjacent ZnO lines. (e) Spec-
trum collected between these two ZnO
lines. Spectra shown in (c)—(e) are col-
lected while using the long pass filter
to transmit the resonantly excited pho-
toluminescence from defect-induced
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annealing conditions can significantly affect the PL charac-
teristics. This is not surprising because fabrication route and
processing conditions do strongly influence the concentration
of various defects in material. These defects are the source of
complex PL in ZnO. Thus, it remains a challenge to tailor the
PL emission bands in ZnO spanning the whole visible spec-
trum through appropriate fabrication routes and processing
parameters for potential optoelectronic applications such as
polychromatic and white light displays.

In summary, we have successfully fabricated and char-
acterized PL properties of 300-nm-wide ZnO nanopatterns.
The NSOM-PL intensity images represent maps of the
defect-induced photoluminescence signal originating from
ZnO nanopatterns. These patterns showed significant green-
yellow-red emission bands when excited with 514.5-nm laser
light, at room temperature. Furthermore, this work demon-
strates the capability of micromolding in capillaries as a pat-
terning technique to fabricate 300-nm-wide functional ZnO
lines with high spatial density that are continuous on oxide
substrates even after annealing at 550 °C for 1 h in air. We
believe that these results would be useful to understand
structure-optical property relationship of nanopatterned
wide-band-gap semiconductors.
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