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Arrays of microcontainers, which allow handling and isolating a small volume of liquids, are of great
technological importance in the miniaturization of analytical and bioanalytical techniques. Here we report a
scalable bottom-up approach for fabricating wafer-sized, periodic arrays of metallic Petri dishes with a
volume as small as 10 attoliter/dish. A monolayer, nonclose-packed colloidal crystal prepared by a spin-
coating technology is first used as a structural template to create ordered microwells with vertical sidewalls.
Sputtering deposition of metals on the microwells, followed by removal of template, results in the formation
of isolated metallic Petri dishes. The size, separation, depth, thickness, and metal types of the resulting Petri
dishes can be easily tuned by adjusting the size of the colloidal microspheres and the templating conditions.
We have also demonstrated that templated gold Petri dish arrays show strong surface-enhanced Raman
scattering from adsorbed benzenethiol molecules. This bottom-up technology is compatible with standard
microfabrication, promising for applications ranging from biomicroanalysis to surface plasmon devices.

Introduction

Periodic metallic nanostructures exhibit unique sur-
face-plasmon properties that enable a broad range of
important applications ranging from integrated nano-
optical circuits and metamaterials to drug delivery
and biosensing.'~’ Top-down nanolithography, such as
electron-beam lithography and focused ion-beam, can
generate arbitrary nanostructures, but the low throughput
and the high cost of these technologies are major limiting
factors for large-scale production of practical devices.®
Bottom-up colloidal self-assembly and sequential templat-
ing nanofabrication have been extensively explored as a
simple and inexpensive alternative to nanolithography in
creating periodic nanostructures. For instance, periodic
metal nanoparticles created by nanosphere lithography
(NSL), which uses a self-assembled monolayer or double-
layer colloidal crystal as the sacrificial deposition mask,
have been demonstrated as efficient surface-enhanced
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Raman scattering (SERS) substrates for sensitive chemi-
cal and biological sensing.”” "' Angled deposition further
expands the capability of NSL in fabricating more com-
plex nanostructures (e.g., nanocrescent moons and binary
metal nanoparticles).'*”'® Another aspect of NSL is to
use the spontaneously organized colloidal arrays as an
etching mask to transfer the periodic colloidal micro-
structure into the underneath substrate by conventional
dry or wet etching.'”~'? Additionally, multilayer colloidal
crystals have also been widely utilized as a sacrificial
template to create three-dimensional (3-D) ordered
macroporous materials that are of great technological
importance in developing photonic crystals, separation
membranes, and SERS substrates.?°~*
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However, several drawbacks of traditional colloidal
self-assemblies and templating nanofabrication have
greatly impeded the practical applications of these
bottom-up techniques. First, conventional colloidal cry-
stallization techniques are tedious and incompatible with
standard microfabrication, limiting throughput, and on-
chip integration of practical devices. It typically takes
days to make a centimeter-sized colloidal crystal.?**
Second, only limited, close-packed crystalline structures
are available through common colloidal assemblies. Var-
ious post-treatment techniques, such as reactive ion etch-
ing (RIE), have been developed to create nonclose-
packed crystals.?® However, the spherical shape and the
smooth surface of the templating colloidal spheres are not
preserved during RIE. Third, deposition-based NSL is
usually only appropriate for fabricating simple planar
nanostructures.’ Creating self-standing, isolated metallic
nanostructures with 3-D geometries by NSL is not tri-
vial.?’

We have recently demonstrated a versatile spin-coating
technology that enables the rapid production of wafer-
sized colloidal crystals with remarkably large domain
sizes and unusual nonclose-packed structures.”®>° Spin-
coating also provides a scalable templating nanofabrica-
tion platform for producing a large variety of periodic
metallic nanostructures. For example, monolayer non-
close-packed colloidal crystals are used as a shadow mask
during electron-beam evaporation to produce periodic
metallic nanohole arrays.>® Ordered metallic nanopyra-
mids with nanoscale sharp tips are created by using
metallic nanohole arrays as second-generation tem-
plate.®' The modulated surfaces of spin-coated colloidal
crystals have been demonstrated to function as a 2-D
template to create metallic gratings with crystalline arrays
of nanovoids.** Importantly, these templating techniques
are compatible with standard microfabrication, allowing
large-area production and patterning of complex micro-
structures for on-chip integration of practical devices.
However, only continuous metal films with interconnect-
ing nanostructures have been achieved so far by our
previous templating approaches.

Here we report a novel spin-coating-based templating
technology for fabricating isolated metallic Petri dishes
with attoliter-scale volume. These microcontainers allow
handling and isolating small volumes of liquids, or even
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single molecules, promising for the miniaturization of
analytical and bioanalytical techniques.**°> Two dis-
tinctive characteristics of the spin-coated colloidal crys-
tals enable the creation of isolated Petri dishes. First, in
sharp contrast with colloidal crystals created by tradi-
tional self-assemblies, shear-aligned crystalline arrays are
nonclose-packed.?® This ensures the resulting Petri dishes
are well separated from each other. Second, a thin and
uniform polymer wetting layer separates the colloidal
layer and the substrate.’® As demonstrated later, this
wetting layer determines the height of the templated Petri
dishes. We have also shown that gold Petri dish arrays
exhibit strong surface-enhanced Raman scattering from
benzenethiol molecules adsorbed on the metal surface.
Although the isolated Petri dish arrays have not been
optimized, they show higher SERS enhancement factor
than spin-coating-enabled continuous nanopyramid ar-

rays.’!

Experimental Section

Materials and Substrates. All solvents and chemicals are of
reagent quality and are used without further purification.
Monodispersed silica spheres with ~260 nm diameter and less
than 5% diameter standard deviation are synthesized by the
Stéber method.?” Ethoxylated trimethylolpropane triacrylate
(ETPTA) monomer is obtained from Sartomer (Exton, PA).
The photoinitiator, Darocur 1173 (2-hydroxy-2-methyl-1-phenyl-
I-propanone), is provided by Ciba Specialty Chemicals. (3-
Acryloxypropyl)trichlorosilane (APTCS) is purchased from
Gelest. Silicon wafers [test grade, n type, (100)] are obtained
from Wafernet and are primed by swabbing APTCS on the
wafer surface using cleanroom Q-tips (Fisher), rinsed and wiped
with 200-proof ethanol three times, spin coated with a 200-proof
ethanol rinse at 3000 rpm for 1 min, and baked on a hot plate at
110 °C for 2 min. CR-7 chromium etchant is obtained from
Transene. Benzenethiol (>98% purity) is purchased from
Sigma-Aldrich.

Instrumentation. Scanning electron microscopy (SEM) is
carried out on a JEOL 6335F FEG-SEM. A WS-400B-6NPP-
Lite Spin Processor (Laurell) is used to spin-coat colloidal
suspensions. The photopolymerization of ETPTA monomer is
carried out on a pulsed UV curing system (RC 742, Xenon).
Oxygen plasma etching is performed on a Unaxis Shuttlelock
RIE/ICP reactive-ion etcher. A Kurt J. Lesker CMS-18 multi-
target sputter is used to deposit metals. Raman spectra are
measured with a Renishaw inVia confocal Raman microscope.

Templated Preparation of Gold Petri Dish Arrays. The fabri-
cation of a wafer-scale, monolayer, nonclose-packed silica
colloidal crystal-polymer nanocomposite is performed accord-
ing to the established spin-coating procedures.”®*° In short,
Stober silica colloids are first dispersed in ETPTA monomer
(with 2 wt % Darocur 1173 photoinitiator) to make a final
particle volume fraction of 20%. The colloidal suspension is
disposed on an APTCS-primed silicon wafer and spin-coated at
200 rpm for 120's, 300 rpm for 120 s, 1000 rpm for 60 s, 3000 rpm
for 20 s, 6000 rpm for 20 s, and finally 8000 rpm for 360 s.
ETPTA monomer is rapidly polymerized for 4 s by using a
pulsed UV curing system. The polymer matrix is partially
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Figure 1. Schematic outline of the templating procedures for fabricating
periodic arrays of metallic Petri dishes by using spin-coated silica colloidal
crystal as template.

removed by using a reactive ion etcher operating at 40 mTorr
oxygen pressure, 40 SCCM flow rate, and 100 W for 70 s. A
50 nm layer of Cr is deposited on the sample using a sputtering
deposition at a typical deposition rate of 1.6 A/s. The wafer is
then rinsed in deionized water and rubbed with a cleanroom
Q-tip to remove Cr-coated silica spheres. Another oxygen plasma
etching is performed at the above conditions for 195 s, followed by
sputtering-deposition of a 50 nm layer of Ti or Au. The sacrificial
Cr layer is lifted-off by dissolving in a CR-7 chromium etchant for
20 s. Finally, the remaining ETPTA polymer between the tem-
plated metallic Petri dishes is removed by oxygen plasma etching
operating at the above conditions for 195 s.

Raman Spectra Measurement. The silicon wafer with the
templated Au Petri dishes is immersed in a 5 mM solution of
benzenethiol in 200-proof ethanol for 40 min and then rinsed in
200-proof ethanol for several minutes. The samples are allowed
to dry in air for 20 min, after which the Raman spectra are
measured. A flat Au film deposited on a glass microslide using
the same sputtering process is utilized as the control sample for
Raman spectra measurement. Raman spectra are obtained
using a 50x objective with a 40 um? spot size and a 785 nm
diode laser at 2.5 mW with integration time of 10 s.

Results and Discussion

The schematic outline of the templating procedures for
fabricating periodic arrays of metallic Petri dishes by using
spin-coated silica colloidal crystal as template is shown in
Figure 1. The spin-coating technology is based on shear-
aligning uniform colloids suspended in a nonvolatile
monomer (ETPTA) by using standard spin-coating equip-
ment.*®%’ Silica spheres with diameter ranging from tens of
nanometers to several micrometers have been successfully
organized over wafer-sized (up to 8-in.) areas by this
scalable and microfabrication-compatible bottom-up
approach.”®® The thickness of the resulting colloidal
crystals can be easily tuned from a monolayer to hundreds
of layers by adjusting the spin-coating conditions.”® Here
we utilize spin-coated monolayer crystals as template.
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Figure 2. (A) Top- and (B) side-view SEM images of a partially em-
bedded silica colloidal crystal consisting of 265 nm spheres in ETPTA
polymer prepared by spin-coating and sequential oxygen plasma etching.

We first perform oxygen plasma etching to selectively
remove the ETPTA polymer matrix for partially releasing
the embedded silica arrays. A thin layer of Cr is then
deposited by sputtering, covering the surface of the re-
leased silica spheres and the exposed ETPTA polymer.
After removing the loosely attached silica spheres by
scrubbing using a cleanroom Q-tip under flowing water,
hemisphere-shaped polymer vials separated by arrays of
Cr nanoholes are formed. The Cr layer protects the under-
neath polymer from being etched during a second oxygen
plasma etching process, while the unprotected polymer
layer is etched down to the substrate to form vertical
microwells. A thin layer of Ti or Au is then uniformly
deposited on the top and sidewall of the microwells by
isotropic sputtering. After lifting-off Cr by wet etching and
removing residual polymer by oxygen plasma etching,
periodic arrays of metallic Petri dishes are resulted.
Figure 2 shows top- and side-view scanning electron
microscopy (SEM) images of a spin-coated monolayer
colloidal crystal consisting of silica spheres with 265 +
8 nm diameter. The ETPTA polymer matrix surrounding
the silica colloids has been partially removed by oxygen
plasma etching to release the embedded particles.
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Figure 3. (A) Top- and (B) side-view SEM images of a colloidal mono-
layer sample as in Figure 2 coated with a 50 nm layer of Cr.

The nonclose-packing of the shear-aligned colloidal array
is clearly evident. The interparticle distance between
neighboring colloids is determined to be ~1.4-times of
the diameter of silica spheres by pair correlation function
(PCF) calculation.”® The colloidal array shows only
short-range ordering as the images are taken from poly-
crystalline regions that separate single-crystalline do-
mains which are typically several hundred micrometers
in size.”” From the side-view SEM image in Figure 2B, the
uniform polymer wetting layer (~150 nm thick) that
separates the colloidal layer and the substrate is apparent.
As demonstrated later, the thickness of this wetting
layer determines the height of the templated Petri dishes.
Preliminary results show that thicker wetting layer (i.e.,
taller Petri dishes) can be obtained by shear-aligning
nonclose-packed colloidal monolayer on an ETPTA
layer which has been coated on the substrate prior to
spin-coating.

A thin sacrificial layer of Cr is then deposited on the
sample surface by sputtering. Besides Cr, many other
materials, such as Al and silicon oxide, can also be used as
the sacrificial layer. Figure 3 shows SEM images of a
colloidal monolayer coated with 50 nm thick Cr. From
the top-view SEM image in Figure 3A, it is clear that the

Figure 4. (A) Top- and (B) tilted-view (45°) SEM images of a Cr nano-
hole array on polymer microvials prepared by removing silica spheres
from a metallized monolayer sample as shown in Figure 3.

metal-coated silica particles retain the spherical shape,
while the particle size (302 & 7 nm) is larger than that of
the bare silica spheres as shown in Figure 2A. The
conformal deposition of Cr on both surfaces of silica
colloids and ETPTA polymer is confirmed by the side-
view SEM image as shown in Figure 3B. The silica
particles are only loosely attached to the substrate, and
a gentle rub using a cleanroom Q-tip under flowing water
is sufficient to remove all templating particles without
affecting the remaining metal coating and the polymer
wetting layer.*® This results in the formation of periodic
Cr nanoholes on polymer microvial arrays as shown by
the top- and tilted-view SEM images in Figure 4 (parts A
and B, respectively). The aligned nanoholes and micro-
vials are both templated from spin-coated silica spheres.
The average diameter of the resulting microvials is deter-
mined to be 204 &+ 5 nm, which is smaller than the size of
the templating silica spheres. From Figure 4B, it is
apparent that the residual polymer microvials are shal-
low, indicating only the bottom part of the templating
silica spheres is replicated to create smaller microvials.
The ordered Cr nanoholes can be used as a second-
generation etching mask during an oxygen plasma etching



1772  Chem. Mater., Vol. 22, No. 5, 2010

Figure 5. (A) Top- and (B) side-view SEM images of an array of
microwells with vertical sidewalls prepared by brief oxygen plasma
etching of the nanohole array sample as shown in Figure 4.

process. The unprotected ETPTA polymer is etched
faster than the polymer underneath Cr, resulting in the
formation of polymer microwells with vertical sidewalls.
Prolonged plasma etching leads to undercut of the poly-
mer wetting layer beneath Cr nanoholes. By adjusting the
dry etching duration, the amount of undercut and the
thickness of the sidewalls that separate adjacent micro-
wells can be precisely controlled. Figure 5 shows SEM
images of a nanohole array sample prepared by 195 s
oxygen plasma etching of the sample in Figure 4. By
comparing the SEM images in Figures 4 and 5A, it is
evident that the diameter of the Cr nanoholes is preserved
during the oxygen plasma etching process. The diameter
of the polymer microwells is estimated from the cross-
sectional SEM image in Figure 5B to be ~370 nm, larger
than that of the original silica spheres. This clearly
demonstrates the undercutting of the polymer layer
underneath Cr.

Sputtering is then applied to deposit a thin layer of
metal on the templated microwell arrays. As sputtering

(39) Madou, M. J. Fundamentals of Microfabrication: the Science of
Miniaturization, 2nd ed.; CRC Press: Boca Raton, FL, 2002.
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Figure 6. SEM images of an array of microwells coated with a thin layer
of metal by sputtering. (A) Tilted (45°) view of a sample coated with 50 nm
Ti. (B) Cross-sectional view of the same sample as in (A). (C) Cross-
sectional view of a sample coated with 50 nm Au.

deposition is an isotropic process,*” a uniform coating is
formed on the surfaces of the Cr nanoholes, the exposed
substrate, and the sidewalls of the microwells. Figure 6A,
B shows tilted (45°) and cross-sectional SEM images of a
microwell sample coated with 50 nm thick Ti. The open-
ing of the nanoholes (161 & 10 nm) is apparently smaller
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than that of the Cr nanohole array sample as shown in
Figure 5A (212 £ 10 nm). The conformal deposition of
the sputtered metal on the polymer sidewalls is demon-
strated by the cross-sectional images in Figure 6B,C,
which show microwells coated with 50 nm thick Ti and
Au, respectively. We have also tested consecutive sputter-
ing deposition of multiple metals (e.g., Au—Ag—Au) and
metal—insulator (such as Au—SiO,—Au) in a well-con-
trolled manner. Similar conformal deposition as the
above single-metal case is observed, and composite Petri
dishes with multilayer structure are the result.

The sacrificial Cr layer can then be dissolved in a CR-7
etchant to lift-off metal deposited above it. Figure 7
shows top- and side-view SEM images of the same sample
as shown in Figure 6C after the lift-off process. As Au has
higher electron density than polymer, it appears brighter
in the SEM images. This leads to the ringlike structure as
shown in Figure 7A. The average diameter of the metal
Petri dishes is determined to be 317 &+ 11 nm. The bottom
of the metallic Petri dishes can be clearly seen from the
side-view SEM image in Figure 7B. The thickness of the
bottom metal is almost identical to that of the sidewalls,
indicating conformal deposition of material during the
sputtering process. Debris is found in many Petri dishes as
shown in Figure 7A,B. The Energy Dispersive X-ray
(EDX) spot-analysis shows the debris is residual Au dust
that is generated by ultrasonication in the above lift-off
process. By briefly ultrasonicating the contaminated
sample in a second water bath, most debris can be
removed (see the Ti Petri dishes in Figure 8C after a 2-min
ultrasonication treatment).

The residual polymer between metallic Petri dishes can
finally be removed by oxygen plasma etching, leaving
behind periodic arrays of metallic Petri dishes. Figure SA
shows a photograph of a 4-in.-sized Au Petri dish sample
illuminated with white light. The iridescent colors come
from the angle-dependent Bragg diffraction of visible
light by the periodic array of metal dishes which is
confirmed by the top-view SEM image as shown in
Figure 8B. The same templating approach can be easily
extended to other materials to create periodic Petri dishes.
Figure 8C,D shows top- and side-view SEM images of
templated Ti Petri dishes. The long-range hexagonal
ordering and the vertical sidewalls of the resulting dishes
can be clearly seen from these images. To confirm the
resulting metal Petri dishes are composed of pure metals,
we conducted wet etching experiments. After dipping the
Au and Ti Petri dish samples in the corresponding metal
etchants, all Petri dishes were gone in less than 1 min. The
wall thickness of the templated Au and Ti Petri dishes is
measured to be 53 & 7nm and 51 & 5 nm, respectively, by
averaging over 20 dishes. These thicknesses are very close
to the thickness of the deposited metals (50 nm). This
clearly indicates that the sputtering deposition is isotro-
pic, and the wall thickness of the templated metal Petri
dishes is determined by the sputtering thickness. The
volume and the number density of metallic Petri dishes
templated from 300 nm silica spheres are estimated to be
~10 attoliter/dish and ~6 x 10® dishes/cm?, respectively,
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Figure 7. (A) Top and (B) side-view SEM images of the Au sample as
shown in Figure 6C after lifting-off sacrificial Cr.

by a simple geometrical calculation. In Figure 8, it seems
like the templated Ti Petri dishes are more densely packed
than the Au dishes. Indeed the number density of the
resulting Petri dishes is solely determined by the crystal-
line quality and interparticle distance of the original silica
colloidal crystals. It is evident that the Ti dish array
exhibits better packing quality than the Au array. In
addition, the small size difference between the Ti dishes
(337 = 10 nm) and Au dishes (330 £ 11 nm) also
contributes to the observed difference in packing density.
The templated metallic Petri dishes can even be released
from the silicon substrate to form stable dispersion by a
brief hydrofluoric acid (2% aqueous solution) wash.
Metallic nanostructures with sharp features (e.g., nano-
crescent moons, nanoprisms, nanopyramids, and nano-
rings) have been extensively exploited as surface-
enhanced Raman scattering (SERS) substrates.!>40-4!
The sharp edges and tips can efficiently concentrate
electromagnetic field, resulting in a great enhancement
of Raman scattering intensity from molecules in the

(40) Aizpurua, J.; Hanarp, P.; Sutherland, D. S.; Kall, M.; Bryant, G.
W.; de Abajo, F. J. G. Phys. Rev. Lett. 2003, 90, 057401.

(41) Jin, R. C.; Cao, Y. C.; Hao, E. C.; Metraux, G. S.; Schatz, G. C.;
Mirkin, C. A. Nature 2003, 425, 487.
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Figure 8. (A) Photograph of templated Au Petri dishes on a 4-in.-diameter silicon wafer. (B) Top-view SEM image of the same sample as in (A). (C) Top-
view SEM image of Ti Petri dishes. (D) Side-view SEM image of the same sample as in (C).
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Figure 9. SER spectra of benzenethiol molecules adsorbed on a periodic
array of Au Petri dishes templated from 300 nm silica spheres (red line)
and a flat gold control sample (black line).

vicinity of these electromagnetic “hot spots”.!>*! The
templated metallic Petri dishes have sharp edges, and
the sharpness can be easily tuned by adjusting the thick-
ness of the sputtered metal. We evaluate the SERS
performance of periodic arrays of Au Petri dishes by
using benzenethiol as a model molecule due to its large
Raman cross-section and its ability to assemble into dense
monolayers on Au.'' Figure 9 compares the SER spectra
of benzenethiol molecules adsorbed on Au Petri dishes
with 50 nm thick sidewalls and a flat Au control sample
prepared by the same sputtering process. Similar surface
roughness of the Au control sample and the Au Petri

dishes will facilitate to evaluate the contribution of the
SERS enhancement from the roughness effect. The Au
Petri dish arrays exhibit strong and distinctive SERS
peaks whose positions and relative amplitude match with
those in the literature for benzenethiol molecules ad-
sorbed on structured gold surfaces;**** while the feature-
less control sample shows no SERS signal. The SERS
enhancement factor is calculated to be 9.1 x 10> and 9.3 x
10° using the method described in the literature by
comparing the Raman intensity (after baseline
correction) for two peaks at 1080 and 1581 cm ™!, respec-
tively.** Although the templated Petri dishes have not
been optimized for greatest SERS enhancement, they
have shown higher enhancement factor than templated
nanopyramids with nanoscale sharp tips.®' Another sig-
nificant advantage the templated Petri dishes offer over
the previously reported nanoarrays (e.g., nanopyramids)
in the context of SERS application is that the separation
between neighboring EM “hot spots™ (i.e., sharp edges)
can be controlled in the nanoscale precision by tuning the
thickness of the dielectric material sandwiched between
two metal layers (e.g., Au-SiO,—Au composite dishes).
Previous studies show that the distance between EM “hot
spots” plays a crucial role in determining the final SERS
enhancement.>® A systematic investigation on the struc-
tural parameters of metallic Petri dishes (e.g., size, separa-
tion, metal type, sidewall thickness, and even composite

(42) Cintra, S.; Abdelsalam, M. E.; Bartlett, P. N.; Baumberg, J. J.;
Kelf, T. A.; Sugawara, Y.; Russell, A. E. Faraday Discuss. 2006,
132,191.

(43) Abdelsalam, M. E.; Mahajan, S.; Bartlett, P. N.; Baumberg, J. J.;
Russell, A. E. J. Am. Chem. Soc. 2007, 129, 7399.

(44) Tian, Z. Q.; Ren, B.; Wu, D. Y. J. Phys. Chem. B 2002, 106, 9463.
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metal multilayers), which can greatly affect the localized
surface-plasmon resonances and the resulting SERS en-
hancement, is under way.

Conclusions

In conclusion, we have developed a novel templating
approach for fabricating wafer-sized, periodic arrays of
metallic Petri dishes with attoliter-scale volume. The size
of the templated Petri dishes can be easily controlled by
changing the diameter of the templating silica micro-
spheres (70—1500 nm)*** and the undercut amount of
the polymer wetting layer. The depth of the Petri dishes
is determined by the thickness of the polymer wetting
layer. The thickness of the resulting Petri dishes can be
adjusted by controlling the thickness of the sputtered
metal. Composite Petri dishes consisting of multiple
metals can also be fabricated by sequential sputtering
deposition. Besides metallic Petri dishes, the current
templating technology can be easily extended to a variety
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of other materials (e.g., ceramics), provided that these
materials can be deposited by sputtering and they re-
main intact during the template removal processes. Our
preliminary results also show that the templated Petri
dishes can be loaded with other materials (e.g., KCI
crystals) by controlled drying, promising for the minia-
turization of analytical and bioanalytical techni-
ques using these attoliter-scale nanocontainers. This
bottom-up technology is scalable and compatible with
standard microfabrication and could enable mass-
production of periodic metallic nanostructures for appli-
cations ranging from biosensing to surface plasmon
devices.
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