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A general method for patterning various functional inorganic
nanomaterials on SiOx/Si substrates by using microcontact
printing (µCP) was developed. The application of hydro-
phobic poly(dimethylsiloxane) (PDMS) stamps is essential for
the reproducibility of this process. By tuning the concentra-
tion of the nanoparticle solutions, we can control the thick-
ness of the nanoparticle layers on surfaces. The patterned
ZnO nanoparticles on surfaces are used as seeds to grow

Introduction

Functional inorganic nanoparticles (NPs) have been in-
tensively studied as promising materials for future technol-
ogies.[1–3] The potential applications highly rely on the as-
sembly and buildup of the NPs.[2,3] To exploit the full func-
tions that nanosystems or nanostructures offer, it is impor-
tant to develop effective methods for manipulating and
patterning NPs.[4] Microcontact printing (µCP), a powerful
tool for the preparation of micro- to nanoscaled surface
features over distances of centimeters, has gained remark-
able popularity in the past decades.[5]

The µCP method was initially used for patterning self-
assembled monolayers (SAMs),[6] and now it has become a
flexible and versatile method for the micro- and nanofabric-
ation of organic,[7] inorganic,[8] and biological structures.[9]

µCP has the advantages of being designable, simple, and
clean.[10] However, for patterning inorganic nanomaterials,
the surface properties of the poly(dimethylsiloxane)
(PDMS) stamps used should be altered to ensure the proper
interaction between the nanomaterials and the stamp.[11]

The affinity of the NPs to the stamps should be low enough
to facilitate the transfer of materials to the target substrates
(silicon wafers, glass, quartz, etc.), while the wetting of the
stamp by the ink solution should be good enough to ensure
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ZnO nanorod arrays, and the patterned Fe3O4 nanoparticles
or Fe/Mo nanoclusters are used as catalysts for the patterned
growth of carbon nanotube arrays. This shows that µCP is a
facile method to pattern inorganic nanoparticles relying on
PDMS stamps of designed surface affinity. Patterned 1D
nanomaterial arrays can subsequently be obtained by use of
solution path seeded growth or catalyzed chemical vapor de-
position.

the soaking of the ink by the stamps. We previously devel-
oped a method for direct fabrication of uniform patterns of
iron oxide NPs on the SiOx/Si surfaces by µCP.[11] Here, we
extend the µCP method to the patterning of various func-
tional inorganic NPs, including metallic NPs (Fe, Au), semi-
conducting NPs (CdS, CdTe, ZnO), magnetic NPs (Fe3O4),
and polyacid nanoclusters (Fe/Mo nanocluster). Using the
patterned NPs on the surface as seeds or catalysts, we suc-
cessfully fabricated arrays of 1D nanomaterials such as sin-
gle-walled carbon nanotubes (SWNTs), multiwalled carbon
nanotubes (MWNTs), and ZnO nanorods (NRs). Our re-
sults show that µCP can be widely used as a convenient tool
for the preparation and patterning of 0D or 1D nanomater-
ials.

Results and Discussion

1. Direct Deposition of Various NPs

µCP has been widely used as a direct patterning method
to pattern various functional materials directly on different
surfaces. The modified hydrophilic PDMS (normally
treated by O2 plasma) was always used as the stamp for its
relatively good soakage of the aqueous solution. But the
relatively high surface energy of the PDMS also enhances
the force of affinity between the “ink” materials (especially
ionic compounds and materials with high polarity) and the
stamp, which adds to the difficulty in transporting these
materials from the stamp to the substrate. For the inorganic
materials, which are normally ionized or highly polarized,
we chose hydrophobic PDMS stamps to lower the affinity
between the “ink” materials and the stamps.[11] In this way,
we were able to pattern various functional inorganic NPs
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by the µCP method: for example, CdS, CdTe, ZnO, Fe NPs
and Fe/Mo clusters. In the µCP process, the NPs are dis-
solved in ethanol, which has good soakage for the hydro-
phobic PDMS stamp and also a high evaporation rate. The
preformed NPs are modified onto the PDMS stamp surface
uniformly after being dried in air and then deposited onto
the SiOx/Si surface evenly in the following µCP process.

Using this method, we can generate well-organized struc-
tures at a large scale. Figures 1A and B show scanning elec-
tronic microscopy (SEM) images of the CdS NP patterns
fabricated on the SiOx/Si substrates. The patterns are uni-
form and well-registered to the design of the stamps. CdTe
NPs can also be patterned under similar conditions. Fig-
ures 1C and D are the fluorescence images of the patterned
CdTe NPs. These images show that the NPs in the patterns
still retain their fluorescence. This indicates that µCP is a
possible flexible method to pattern fluorescent materials for
potential applications in display devices, fake-proof marks,
etc.

Figure 1. SEM images showing patterns of CdS NPs (A and B)
and fluorescence images showing patterns of CdTe NPs (C and D)
fabricated on SiOx/Si substrates by µCP.

We can fabricate patterns of well-dispersed NPs by this
method. Relatively low ink concentrations are applied in
the µCP process for this kind of NP films. The concentra-
tion of the ZnO NPs, Fe NPs, and Fe/Mo clusters is 0.3,
0.2, and 0.2 m, respectively. Figure 2 shows the patterns
of ZnO NPs, Fe NPs, and Fe/Mo clusters fabricated on
SiOx/Si substrates. The SEM images show the macroscale
morphology of the patterns, and the high-resolution Tap-
ping Mode (TP) atomic force microscopy (AFM) images
clearly present the individually dispersed NPs in the pat-
terns. It should be pointed out that, because of the poor
conductivity of the silica layer on top of the SiOx/Si sub-
strates, the brightness of the features does not represent
their height. It shows the charge accumulation when ex-
posed to the electron beam. Actually, the dark stripes in the
SEM images correspond to the areas of NPs, and the bright
stripes present the substrate surface.

The results in Figures 1 and 2 show that various inor-
ganic NPs or nanoclusters can all be patterned with µCP
by using hydrophobic PDMS stamps. The patterns exhibit
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Figure 2. AFM and SEM images showing patterns of ZnO NPs
(A), Fe NPs (B), and Fe/Mo clusters (C) fabricated on the SiOx/Si
substrate by µCP. Each middle image is the higher magnification
AFM image amplified from the corresponding lower magnification
AFM image (left). The images on the right are the SEM images of
the NP patterns. The dark stripes in the SEM images correspond
to the areas of NPs. The bright stripes present the substrate surface.

good registration. The relatively low affinity between the
hydrophobic PDMS stamp and NPs is very important for
the successful direct deposition of the NPs.

2. Effects of Ink Concentration on µCP

In µCP, the ink concentration is always an important fac-
tor that affects the resulting patterns. Figure 3 further de-
tails the changes in the resulting structures of CdS NPs with
increasing ink concentration. The high magnification of the
TM-AFM image in Figure 3A shows that the CdS NPs are
individually dispersed, with an average height of approxi-
mately 5 nm, when the ink concentration is relatively low
(ca. 0.2 m). This average height from the AFM image is
similar to the mean size of our CdS nanoparticles measured
from TEM images. It can be clearly seen that the edges of
the lines are sharp, which means that no obvious material
diffusion occurs. When the ink concentration is systemati-
cally increased approximately from 0.2 to 5.0 m, from two
(with a height of ca. 10 nm) to more than ten (with a total
height greater than 100 nm) layers (Figures 3B–D) are
formed on the SiOx/Si surface. This shows that the height
of the resulting structures can be well controlled by tuning
the ink concentration.

3. Growth of ZnO NR Arrays

The precise control of the position, spacing, and pattern
of the 1D NR or nanowire (NW) arrays is important for
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Figure 3. AFM images showing the changes in the resulting struc-
tures with increasing ink concentrations of CdS NPs. The ink con-
centration is 0.2 m (A), 0.5 m (B), 2.0 m (C), 5.0 m (D), in
succession. Each upper image is the AFM image of lower magnifi-
cation with scanning area of 45� 45 µm; each middle picture is the
cross section profile of the lower-magnification AFM image; each
lower image is the AFM image of higher magnification amplified
from the corresponding lower-magnification AFM image.

further applications. It was reported that some random Au
NRs grew from the µCP-patterned Au NPs in solution.[19]

Here, we use µCP patterned ZnO NPs as seeds to grow
ZnO NR arrays in aqueous solutions of zinc nitrate and
methenamine.[18] 1D ZnO nanostructures have important
applications in solar cells, gas sensors, lasers, piezoelectric
generators, and logic circuits.[20] Herein, we also found that
the ink concentration of the ZnO NPs can affect the par-
ticle density in the patterns and therefore affect the growth
of ZnO NRs. Figures 4A and B show the resulting struc-
tures of ZnO NRs when the ink concentration is relatively
low (0.5 m). The formed ZnO NRs are not compact, be-
cause of the low density of ZnO NPs deposited by µCP.
Also, some of the ZnO NRs do not stand but lie on the
surface. With increasing ink concentration (2.0 m), the
density of the resulting ZnO NRs increases (Figure 4C), but
the alignment of ZnO NRs is still not very satisfying. High-
density and vertically aligned ZnO NR arrays are fabricated
on the surface when the ink concentration is increased to
5.0 m (Figure 4D).
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Figure 4. SEM and TEM images showing patterns of ZnO NRs
grown from ZnO NPs patterned on the SiOx/Si surface by µCP.
The ink concentration is 0.5 m (A, B), 2.0 m (C), 5.0 m (D),
in succession. (E) The TEM image (the inset is the corresponding
selected area electron diffraction pattern). (F) The HRTEM image
of a NR from the sample shown in D.

The selected area electron diffraction (SAED) pattern of
a NR from the sample shown in D reveals that the NR
is a single crystal with the length direction along �0002�
(Figure 4E). The high-resolution TEM image of the same
NR also shows the well-crystallized structure and the
growth direction aligned with the c axis. It is found that the
growth of NRs is highly site-selective. NRs grow only at the
areas where ZnO NPs have been patterned.

Compared with the normally used chemical vapor depo-
sition (CVD) method, which includes evaporation and con-
densation processes, the growth method of ZnO NRs used
here is a low-temperature solution method. It employs pre-
formed ZnO NPs patterned on substrates as the seeds. This
not only enables the pattered growth of ZnO NRs, but also
avoids the contamination of the products by other elements
(the CVD method normally employs metallic NPs as cata-
lysts). Also, it is a large-scale and versatile synthetic process.
This approach might find applications in manipulating
nanostructured materials for solar energy conversion, light
emission, and other promising areas.

4. Growth of Vertically Aligned MWNT Arrays

MWNT arrays are of interest for their potential applica-
tion in field emission. µCP can be used to pattern catalysts
for further growing MWNT arrays. However, normally gel-
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like or copolymer-dispersed catalysts are used as inks for
their compatibility with plasma-treated PDMS stamps.[21]

Here, we demonstrate that by using as-prepared hydro-
phobic PDMS stamps, Fe3O4 NPs can be directly patterned
on SiOx/Si substrates, and then vertically aligned CNT ar-
rays can be fabricated by CVD (Figure 5). The edges of the
arrays are regular, and there are no MWNTs growing from
the areas where no Fe3O4 NPs have been patterned. The
Raman spectrum shows that the MWNTs we obtained are
of satisfying quality without abundant defects.

Figure 5. SEM images (A–C) showing patterns of the MWNT ar-
ray grown from Fe3O4 NPs patterned on the SiOx/Si substrates by
µCP: (A, B) Overhead view, and (C) side-view images of the
MWNTs array. The periodicity of the array is approximately
10 µm. (D) The Raman spectrum of the produced MWNTs.

www.eurjic.org © 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2010, 4357–43624360

The high density of the nanotubes is essential for the
vertical alignment of MWNTs. Therefore, it is important to
deposit Fe3O4 NPs of enough thickness onto the substrate
by µCP. When half of the ink concentration was used, fewer
Fe3O4 NPs were patterned on the substrate, films of lying
MWNTs instead of vertically aligned arrays were generated
(Figure 6). Our method can easily control the amount of
NPs patterned on substrates by altering the concentration
of Fe3O4 NPs in ethanol solution during the stamp inking
process. Our process has another advantage, which is its
application without the need for using any surfactants or
polymer dispersants. In this way, the introduction of con-
taminating species, which might influence the growth of
MWNTS, is avoided.

Figure 6. SEM images showing patterns of MWNT film grown
from low-concentration Fe3O4 NPs patterned on the SiOx/Si sur-
face by µCP.

5. Growth of Horizontally Aligned SWNT Arrays

Compared with random networks of SWNTs on sur-
faces, aligned SWNTs can avoid the overlap of nanotubes
and the resistance caused by the nanotube junctions. So,
horizontally aligned SWNT arrays have been focused on
for their wide potential applications in high-frequency sub-
micrometer transistors, radio frequency analog electronics,
field-effect transistors, and polarization-sensitive near-field
probes.[22] Recently, the surface-lattice-guided growth of
SWNTs by CVD has been an important advance in view of
its high density and good alignment. Using this method,
large-scale, high-density, and well-aligned SWNT arrays
have been obtained on single-crystal surfaces including sap-
phire and quartz.[23] Because the tubes grow tightly on the
surface of the substrate, any obstacles on the surface will
stop the growth. So it is essential to pattern the catalysts in
certain areas and ensure the cleanness of the other areas.

We found that our µCP method can also be used to effec-
tively pattern NPs on quartz substrates. We used our hydro-
phobic PDMS stamp to pattern Fe/Mo clusters, which have
shown to be very good catalysts for the growth of
SWNTs,[17] on quartz wafer. The patterned Fe/Mo clusters
by the µCP method were then used as catalysts for the
growth of well-aligned SWNT arrays on the quartz sub-
strate. Figure 7 shows the SEM image and Raman spectrum
of our product. The alignment of the CNTs between the
catalyst lines is very good. The density of the arrays is 1–
3 SWNTs/µm. The Raman spectrum presented is a typical
Raman spectrum of the semiconducting tubes with a radial
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breathing mode (RBM) peak at 156 cm–1. This result shows
that µCP can be used as a very convenient method to
pattern catalysts on quartz substrates for further growth of
horizontally aligned SWNT arrays of high density.

Figure 7. SEM images and Raman spectrum of aligned SWNT ar-
rays grown from µCP-patterned Fe/Mo clusters. The Raman spec-
trum was recorded with an excitation laser line of 633 nm. The
peaks marked with stars correspond to the Raman peaks of the
quartz substrate.

Conclusions

Patterned deposition of various functional inorganic
NPs, such as CdS, CdTe, ZnO, Fe, Fe3O4 NPs and Fe/Mo
clusters has been accomplished with µCP by using a hydro-
phobic PDMS stamp. The hydrophobic PDMS stamp
shows good soakage towards ethanol ink solution and com-
patible weak affinity towards the inorganic NPs. These two
issues are crucial for the reliable patterning of inorganic
species by the µCP process. The thickness of the patterned
features and the dispersion state of the NPs in the features
are well controlled simply by altering the concentration of
the NPs in the inks. By using the ZnO and Fe3O4 NPs pat-
terned by µCP as seeds and catalysts, patterned arrays of
vertically aligned ZnO NRs and MWNTs on the SiOx/Si
substrates were prepared. By using patterned Fe/Mo nano-
clusters as catalysts, horizontally aligned SWNT arrays on
quartz substrates were fabricated. The µCP method proves
to be a simple, general, and powerful process for patterning
functional inorganic NPs on substrates over large areas.
Subsequently, 1D nanomaterial arrays can be prepared by
using patterned NPs as seeds or catalysts. This strategy
might become a flexible and economic way to fabricate
large-area functional nanomaterial patterns for further ap-
plications in various fields.

Experimental Section
Preparation of Materials and Substrate: All chemicals used were
of analytical grade. Water of Milli-Q quality obtained from the
commercially available water purification equipment from Milli-
pore (Bedford, MA) was used throughout the experiments. The p-
type Si(111) wafers were cut into 1.0 cm� 1.0 cm pieces. After be-
ing ultrasonicated first with ethanol and then with water for 5 min,
the wafers were cleaned in piranha solution (H2SO4/H2O2 = 7:3,
v/v) at 100 °C for 30 min and rinsed with water. Then the wafers
were dipped in 5% HF solution, rinsed with water, and blown dry
with high-purity nitrogen. At last, the wafers were mounted in a
furnace at 950 °C for 2.5 h to get clean SiOx/Si surfaces. The as-
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prepared PDMS stamps were used with no further treatment except
for being cleaned with water and ethanol.

Preparation of Various NPs: CdS NPs capped with mercaptoacetic
acid,[12] CdTe NPs capped with 3-mercaptopropionic acid
(MPA),[13] ZnO NPs with hydroxy groups on their surfaces,[14] Fe
NPs capped with long-chain carboxylic acid and amine groups,[15]

Fe3O4 NPs with free carboxyl groups on their surfaces,[16] and Fe/
Mo clusters[17] were fabricated by using well-established methods
according to the corresponding references. The fabricated water-
dispersible CdTe NPs were modified with cetyltrimethyl ammo-
nium bromide (CTAB, Sigma, �98%) to improve their solubility
in ethanol. The products were diluted by ethanol and used as the
“inks” for µCP.

Inking and Printing: Our procedures for patterning various NPs on
SiOx/Si surface with µCP were similar to those in our previous
paper.[11] The ink was applied to the stamp by covering the stamp
with the ink solution with a pipette and drying in air. Then, the
ink was transferred onto the surface of the SiOx/Si wafer by bring-
ing the stamp into conformal contact with the substrate for 5 min.
After the stamp was peeled off, the surface of the substrate was
examined with SEM, AFM, and fluorescence microscopy.

Growth of ZnO NR Arrays: ZnO NR arrays were grown by using
a simple two-step process.[18] First, ZnO NPs were patterned onto
the SiOx/Si surface by the µCP method. Then, the SiOx/Si wafer
was annealed at 150 °C for 30 min to ensure the adhesion of the
particles to the wafer surface. Then, ZnO NRs were grown by sus-
pending the wafer upside-down in an open crystallizing dish filled
with an aqueous solution of zinc nitrate hydrate (0.01 , Beijing
Chemical Reagent Co.) and methenamine (0.01 , Beijing Chemi-
cal Reagent Co.) at 85 °C. After reaction for 1 h, the wafer was
removed from solution, rinsed with water, and dried.

Growth of MWNT Arrays: MWNTs arrays were synthesized by
chemical vapor deposition (CVD). Three steps were inevitable in
the procedure. Firstly, the SiOx/Si wafer patterned with Fe3O4 NPs
by µCP was placed in a quartz tube reactor and heated to 750 °C
at a speed of 30 °Cmin–1 under a 30 Torr flow of Ar. Then, the
flow of Ar was shut down, and H2 (40 Torr) was introduced to
reduce Fe3O4 NPs for 10 min, after which the pressure of H2 was
reduced to 20 Torr, and C2H2 (100 sccm) together with Ar (30 Torr)
were introduced into the reactor to carry out CVD for 20 min at
750 °C. Finally, the system was cooled down to room temperature
under the flow of Ar.

Growth of Aligned SWNT Arrays: The substrates for the CVD ap-
proach were ST-cut single-crystal quartz wafers (36° Y-cut) ob-
tained from Hoffman Materials Inc. used without any further treat-
ment. Ethanol (200 proof 99.5%) was purchased from Fisher Scien-
tific and used for the catalyst solutions and carbon precursors in
bubblers. Methanol (99.9% pure) was purchased from Fisher Scien-
tific and used for the carbon precursors in bubblers. The growth
experiments were performed in a 1 inch tube furnace at 900 °C.
Typically, the substrate with catalyst precursor deposited on it was
annealed in air at 750 °C for 10 min. Then, the substrate was heated
up to 800 °C and kept for 15 min with a flow of hydrogen
(750 sccm), followed by CVD growth of SWNTs at 900 °C under a
flow of hydrogen (500 sccm) and argon (300 sccm through a meth-
anol bubbler and 150 sccm through an ethanol bubbler). After
15 min of growth, the sample was cooled to room temperature and
inspected with SEM and Raman spectroscopy.

Characterization: A SPA400 scanning probe microscope (SPM,
Seiko Instrument Inc.) equipped with a 100 µm scanner was used
for AFM imaging, and all topographic images were recorded with
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a TM-AFM instrument. A SEM (FEIXL30 S-FEG, operated at
10 kV) instrument was used to characterize the morphology of the
products. A fluorescence microscope (Leika DMLM) equipped
with a CCD instrument (Cool SNAP, Roper Scientific) was used
to observe the luminescence of patterned CdTe NPs on Si wafer.
The Raman spectrometer used in the experiments is a LabRam
ARAMIS from Horiba Jobin Yvon with an excitation laser line of
633 nm wavelength. The excitation radiation was polarized parallel
to the aligned SWNTs during the Raman spectroscopic measure-
ments. The laser power was carefully controlled to avoid any heat-
ing effects.
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