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Direct fabrication of uniform patterns of f&s-xH,O nanoparticles on the Si(3i surface was achieved
by microcontact printing {CP). The as-prepared poly(dimethylsiloxane) (PDMS) stamps with a
hydrophobic surface were used. The “ink” was an E&E,0 ethanol solution. R®;:xH,0 nanoparticles
were formed on the stamps from the hydrolysis of Redliring the ink drying process and were then
directly deposited onto the SiSi surface withuCP. The nanoparticles were transferred to the areas
beneath the “raised” portions of the stamp at low ink concentration but populated at the areas beneath
the “recessed” portions of the stamp at high ink concentration. The hydrophobic property of the stamp
surface cooperated with the gravity of the particles in bringing on such an exchange of recession and
repousse. The density and size of the formed nanoparticles could be tuned by varying the ink concentration.
The patterned F©5-xH,0 nanoparticles were used as the catalysts for the growth of single-walled carbon
nanotubes (SWCNTSs) by CVD. By skillfully patterning the inks of different concentrations on the same
SiO/Si wafer, we studied the effect of the ink concentration on the growth of SWCNTSs. It is also shown
that this simple method could be extended to the fabrication of other metal-containing nanoparticles.

[. Introduction expensive facilitie$f To date, it has been extended from
patterning self-assembled monolayers (SAM#)the very
beginning to patterning a variety of objects, such as bio-
'molecules) colloidal particles$ and polymer$.It has already
been demonstrated that inorganic materials can be patterned
with ©CP1°-13 However, the transfer of inorganic materials

often relied on the assistance of polym&¥ery recently,

The size-tunable preparatioand patterning? of inorganic
nanoparticles are of interest in many aspects. For example,
various catalyst nanoparticles have been patterned on sub;
strates and further used for the catalytic growth of nanoma-
terials*® Though many kinds of strategies have been
developed for the preparation of nanoparticles and different
techniques have been used to pattern them on substrates, i : :
is still challenging to directly fabricate and pattern diameter- ® gf); gglgﬁg;cﬁe'?é?ﬁ‘;gﬁ& Q-.v; Eféi‘t’,h’s.’?w“ifé?'ﬂf'ﬁhsé’.séﬂiﬁf H.
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powerful tool for the preparation of micro- to nanoscaled
surface features over centimeter distances but requires no
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Zheng et al! reported the direct transfer of water-soluble
inorganic salts withuCP. They used hydrophilic poly-
(dimethylsiloxane) (PDMS) stamps and modified the target
substrate surfaces with SAMs to give them a higher affinity
for the inorganic salts.

Uniform patterns of iron-containing nanoparticles on

substrates with designed size are of interest because
they can be used as the catalyst for chemical vapor deposi-

tion (CVD) growth of single-walled carbon nanotubes
(SWCNTSs)! uCP has been used to pattern iron-containing
catalysts for the growth of carbon nanotubes (CNTSs). For
example, Kind et al. patterned Fe(h)@ink on the surface
that was used as the catalyst for the growth of multiwalled
carbon nanotube (MWCNT) film%. uCP has also been
applied to transfer Fe-containing gel-like catalyst precutgors
or ferritin'4 for the growth of MWCNTs and SWCNTs. What
we are interested in is the direct fabrication and uniform
patterning of size-tunable K@&;-xH,O nanoparticles on the
SiOJ/Si surface withuCP. However, this has not been studied
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Scheme 1. Schematic lllustration of the Procedures for the
Preparation and Patterning of Fe,03:xH,0 Nanoparticles
and the Growth of SWCNTs on SiQ/Si Surface
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Step 1: “Ink” the stamp with the Fe€6H,0 ethanol solution using a
pipette and dry under atmosphere conditions. Step 2: Bring the stamp into
conformal contact with the substrate for 5 min, and the forme®§-&H,0
nanoparticles transfer onto the silicon oxide substrate; remove the stamp,
and a patterned array of #&;-xH,O nanoparticles then forms on the
surfaces. Step 3: The SiSi wafer is put into a tube reactor and the CVD

in the above literature. Our method needs neither surfacegrowth of SWCNTSs proceeds.

treatment of the stamps nor modification of the substrates

with SAMs. Moreover, theuCP technique allowed us to

Growth of SWCNTs. The CVD growth of SWCNTs was

pattern nanoparticles with diverse sizes at different locations Performed in procedure similar to that in our previous pap&he

on one small piece of silicon wafer, which is very convenient
in the experiment for the determination of optimum condi-
tions for CVD growth of SWCNTSs. Our results show that
uCP can be widely used as a convenient tool for the
preparation and patterning of some metal oxide particles.

II. Experimental Section

Materials. All chemicals used are of analytical grade. Water of
Milli-Q quality obtained from the commercially available water
purification equipment from Millipore (Bedford, MA) was used
throughout the experiment. p-Type Si(111) wafers were cut into
1.0 cmx 1.0 cm pieces. After being ultrasonicated with ethanol
and water for 5 min each and rinsed with water, the wafers were
cleaned in piranha solution (80,/H,0, = 7/3, v/v) at 100°C for
30 min, rinsed with water, and blown dry with high-purity nitrogen.
The wafer was then dipped in 5% HF solution and rinsed with
water. At last, the wafer was mounted in the furnace at@Seor
2.5 h to obtain the SigSi surface. The as-prepared PDMS stamps
were used with no further treatment except for cleaning with water
and ethanol.

Inking and Printing. Our procedures for the synthesis of,0g
xH,O nanoparticles on the Si3i surface withuCP for the growth
of SWCNTSs are shown in Scheme 1. The ink for ti@P was an
FeCk-6H,0 ethanol solution. The ink was applied to the stamp by
covering the stamp with the ink solution using a pipet and then

wafer was put into a horizontal quartz tube furnace equipped and
calcined in air at 700C for 5 min, and then heated to 90CQ in

Ar and reduced in KH(220 sccm) for 5 min. Subsequently, CVD
growth of SWCNTSs proceeded at 900 with CH, (800 sccm) as
the feeding gas for 15 min, followed by cooling the furnace in Ar
to room temperature. The direction of gas flow was parallel to the
line patterns of the catalyst on the substrate.

Characterization. A SPI13800 scanning probe microscope (SPM,
Seiko Instrument Inc.) equipped with a 10t scanner was used
for AFM imaging, and all topographic images were recorded with
tapping-mode (TM) AFM. Scanning electron microscope (SEM,
FEIXL30 S—FEG, operated at 1 kV) and micro-Raman spectro-
scope (Renishaw 2000) were used to characterize the produced
nanoparticles and SWCNTs. The excitation wavelength of the
micro-Raman is 514.5 nm sourced by an Ar ion laser.

I1l. Results and Discussion

Formation of Fe,O3xH,O Nanoparticle Patterns. The
typical images we got byyCP are shown in Figure 1. The
SEM images in images A and B of Figure 1 and the optical
image in Figure 1D show that well-organized structures can
be fabricated. The TM-AFM images in Figure +€ show
that the edges of the patterns are very sharp and no diffusion
occurred at the recessed portion of the stamp. The mean
thickness of the nanoparticle films in Figure & is 18
nm. The mean diameter of the nanoparticles in Figure-ED

dried under atmospheric conditions. The ink was then transferred is 10 nm.

onto the surface of the silicon wafer by bringing the stamp into
conformal contact with the substrate for 5 min. After being peeled

The nanoparticles transferred onto the silicon wafers were
characterized with EDX and XRD (panels G and H of Figure

off by hand, the surface of the substrate was examined with an 1). It was found from the EDX spectrum that little Cl element

optical microscope.

(14) Bonard, J.-M.; Chauvin, P.; Klinke, ®lano Lett.2002 2, 665.
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S0c.2002 124, 13688. (c) Fu, Q.; Huang, S.; Liu, J. Phys. Chem.
B 2004 108 6124. (d) Li, Y.; Kim, W.; Zhang, Y.; Rolandi, M.; Wang,
D.; Dai, H.J. Phys. Chem. B001 105 11424.

exists in the samples. And all the peaks in the XRD pattern
can be readily addressed to Fe(@QHJCPDS 38-0032),
orthorhombic Fe(OH)(JCPDS 46-1436), angtFe,05-nH,0
(JCPDS 08-0093), which are generally denoted a®©fe
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Figure 1. Line-shaped (A-C) and mesh-shaped (&) patterns of nanoparticles fabricated p¢P with ink concentrations of 0.5 mM and 0.2 mM,
respectively, and the corresponding EDS (G) and XRD (H) characterization results. A and B are SEM images. D is an opticaHmage TM-AFM

topographic images. The upper plot in (G) was the measurement on the patterned area and the lower one was the measurement on the positions without
nanoparticles.

xH,O hereafter. These results hint that the ReH,O compatible stampmolecule-substrate systenig.It is es-
hydrolyzed completely and produced,Bg-xH-O when the sential that the target molecules are more affinitive to surface
ink was applied onto the stamp and dried. The crystal water of the substrate than to that of the stamp. When the PDMS
in FeCk-6H,0O and the condensed water from air acted as stamps were treated by,@lasma, as is usually doAkthe
the water sources. Along with the evaporation of ethanol, surfaces of the stamps became highly polar and hydrophilic.
the concentration of water increased and hydrolysis took This kind of stamp is suitable for the printing of organic
place. The hydrolysis was further driven by the volatilization molecules because the molecules are more affinitive to the
of the produced HCI until Fegivas hydrolyzed thoroughly.  less-polar substrates. When they are used for printing
Kern et al. reported a similar mechanism when they used inorganic molecules, the surface of the substrate must be
Fe(NGy)3s-9H,0 ethanol solution as the ifk.When the ink modified with SAM to gain a higher affinity with the target
concentration was higher (here 0.5 mM), more@exH,0 molecules! The stamps here were used with no plasma
formed on the stamp and nanoparticle films were transferredtreatment, and the surfaces were hydrophobic. This kind of
onto the silicon wafer (Figure TAC). When the ink was  surface has a low affinity with inorganic materials, which is
much diluted (here 0.2 mM), less f&&-xH,0 formed and in favor of the direct delivering of FR©3-xH,O nanoparticles
well-dispersed nanoparticles were transferred onto the sur-to the more hydrophilic substrates of silicon wafers.
face. Considering the surface affinity, it seems that this should
The uCP was initially used to form patterns of organic be a general method for the direct patterning of many kinds
molecule SAMs on the substrateRecently, the direct  of metal oxides. Our further experiments give more evidence
patterning of various materials wihCP has been focused about this, as shown in the Supporting Information.
on for its designable, simple, and cleanly procedures. Yet Effects of Ink Concentration on the Formation of
compared to the patterning of SAMs, such a process is moreFe,03'xH,0O Nanoparticles. The concentration of ink is
complicated. This is partially due to the difficulty in finding  always an important factor in theCP process. When the
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Figure 2. AFM topographic images of nanoparticle patterns fabricated with different ink concentrations of (A) 0.2, (B) 0.5, (C) 2.0, (D) 5.0, (E) 10.0, and
(F) 20.0 mM. Each upper image is the AFM image of lower magnification with scanning areaxo#8xm; each middle picture is the cross-section profile

of the lower magnification; each nether image is the AFM image of higher magnification amplified from the area marked in the corresponding lower-
magnification image.

concentration of Fe@6H,O ethanol solution was systemati- larger, as shown in the AFM images of higher magnification
cally changed, dramatic changes in the diameters andin Figure 2.

populations of the nanoparticles were observed (Figure 2). It can be found from the above that the,8gxH,0O
Individual nanoparticles with a mean diameter of about 20 nanoparticles tend to stay on the areas of the substrates
nm formed on the Si@Si surface when the ink concentration beneath the raised portions of the stamp at low ink
was 0.2 mM. The mean thickness of the sparse film is about concentration; yet at high ink concentration, more nanopar-
10 nm. (Figure 2A). A relative compact film with a thickness  ticles tend to condense on the areas beneath the recessed
of about 18 nm formed when the concentration was 0.5 mM portions of the stamp. The surface properties of the stamps
(Figure 2B). But when the concentration was increased to we used contributed much to this phenomenon of the
2.0 mM, the population of the nanoparticles formed on the exchange of recession and repousse. As ethanol could wet
raised portions of the stamp decreased and most of thethe PDMS very well, the ink solution spread along the stamp
nanoparticles condensed on the edges of the recessed portioand formed a smooth outer surface when it was dropped on
(Figure 2C). When the concentration was increased to 5.0the stamp. Relatively more ink solution then filled in the
mM, nanoparticles started to condense on the area beneathecessed portion of the stamp; therefore, more particles were
the recessed portions of the stamp (Figure 2D). The featuresformed during the ink drying process. At low concentration,
became higher when the concentration was further increasedrery tiny nanoparticles formed on both the raised and the
(images E and F of Figure 2). And along with the increase recessed portions of the stamp. When the stamp was brought
in ink concentration, the formed particles in the patterns grew into contact with the Si@Si surface, only the nanoparticles
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Scheme 2. Schematic lllustration of the Procedures for the
Arrayed Synthesis of FeO3-xH,0 Nanoparticles with
Different Ink Concentrations by #CP and the Growth of
SWCNTs

PDMS Stamp
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’ , i ) TR L e _ ..
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Figure 3. AFM topographic images of the as prepared:@£xH.0
nanoparticles (from 1.0 mM ink) on (A) the SiSi surface and (B) those
nanoparticles after being calcined at 38D for 1 h under atmospheric 1 lMicrocontact print

conditions.

A B’ c D

on the raised portion of the stamp were transferred onto the
SiO/Si surface. But when the ink concentration was very
high, more nanoparticles with larger sizes formed at the
recessed portions of the stamp. As the stamps we used are

hydrophobic, the interaction between the particles and the 2 lCNTS Ggrowdi
stamp surface should be very weak. This enhanced the A B’ o D
aggregation of particles. Along with the size increase of the
particles, the factor of the particles’ gravity becomes
important and inevitable. When the stamp was brought into
contact with the Si¢JSi surface, the particles in the recessed

portion of the stamp moved onto the surface driven by  Step 1. Apply lul of ink by pipette at the edge of the PDMS stamp;
the drop of ink spreads along the line pattern of the stamp and forms a

gravity. ) ) tangle-shaped area A that is about 0.8 mm in width. Tangle-shaped areas
CVD Growth of SWCNTSs. In the experiment, it was  B-D are then inked in turn by the same method with inks of different

found that the volume of the ink applied on the stamp by Eencentalis Aer beng tned, he modied siamp s iotgi i contct
the pipet could affect the dispersing of the nanoparticles. densities of Fgs-xH-O nanoparticles are fabricated. Step 2: The, &S0
To fabricate patterns of Well-dispersed individual,G¢ wafer is put into a tube reactor, and the CVD growth of SWCNTSs proceeds.
xH,O nanoparticles on the Si3i surface, much less ink  shown in Figure 4. The Raman spectrum shows that the
(only 2uL here) has been applied onto the stamp. The AFM CNTs on the Si@QSi surface are single-walled ones.
image of the produced nanoparticles is shown in Figure 3. We also studied the effect of ink concentration on the
One hundred nanopatrticles were individually measured from growth of SWCNTs by patterning the inks of different
the height profiles using AFM. It was found that the size concentration on one piece of SIS wafer. Scheme 2
distribution was narrow, and the average diameter of the outlines the procedures. First, different areas (each with a
nanoparticles was 3.9 nm. After being calcined at 360 width of 0.8 mm and length of 8.0 mm) of the stamp were
for 1 h under atmospheric conditions, the average diameterinked with FeCj-6H,O alcohol solutions of diverse concen-
of the nanoparticles changed to 0.9 nm (Figure 3B). trations by pipets. After being dried, the stamp was brought
Using the produced iron oxide nanoparticles as catalysts,into contact with the Si@Si surface foruCP. As a result,
we grew SWCNTSs at a high yield via the CVD process, as each area of the wafer was occupied by iron oxide nano-
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Figure 4. SEM image and Raman characterization of SWCNTs grown from the fabricai€d-Kd,O nanoparticles on the Si3i surface by CVD; 1.0
mM FeCk-6H,0 ethanol solution was used as the ink &P, scale bar= 20 um.
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We extended thaCP method to the NiGi6H,O system.
The fabricated Ni-containing nanopatrticles on the &0
surface were used to grow MWCNTs by CVD (see the
Supporting Information).

IV. Conclusions

Using hydrophobic PDMS as stamp, we directly patterned
uniform patterns of F©3-xH,0O nanopatrticles, which formed
during the ink drying process, on the $i8i surface by:CP.

The low affinity of the hydrophobic stamp with §&&;-xH,O
nanoparticles was thought to be crucial for directly patterning.
As an important factor in theCP process, the effect of ink
concentration was studied. The exchange of recession and
repousse phenomenon was observed at high ink concentra-
tions, in which the aggregation of nanoparticles and gravity
were regarded as the driving forces. Using the fabricated
Fe,05-xH,0O nanopatrticles as catalysts, we grew SWCNTs
in high yield by the thermal CVD method on the SIS
surface. We also studied the effect of the ink concentration
Figure 5. Dependence of the growth of SWCNTSs on the concentration of on the grOV}’th of SWCNTSs by patt'ernlng the inks of different
the printed catalyst: (A) 20.0, (B) 10.0, (C) 2.0, (D) 0.5, (E) 0.2, and (F) concentration on the same SISi wafer. We extend the

0.1 mM; scale bar= 10 um. method to fabricate other metal oxides such as Ni-containing

particles of different diameter and population. The wafer was Nanoparticles. We think this simple method may be adaptable
then mounted in the tube reactor and the CVD processto more metal and semiconductor oxides or hydroxides,
proceeded. Figure 5 shows the experimental results. WherWhich will open a door to fields from catalyst patterning to
the ink concentration was 20 mM, very few CNTs were Nhanodevice fabrication. Further research is underway in our
formed on the surface (Figure 5A). This is because that the 1ab.

particles fabricated under high ink concentrations were too

big to grow SWCNTs. When the concentration was reduced  Acknowledgment. This work was supported by the NSF
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