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Abstract

This paper describes a transfer printing technique for directly patterning ordered TiO2 thin films onto Si substrates. Two- or three-

dimensional TiO2 structures can be fabricated onto an Si substrate depending on the coating film thickness, which is controlled via the

liquid phase deposition process parameters and attractive interaction forces between a poly(dimethylsiloxane) stamp and a

polyelectrolyte layer during the transfer printing process. This additive transfer process is mediated by the presence of a thiol (–SH)-

terminated 3-mercaptopropyltrimethoxysilane self-assembled monolayer on the wafer surface. The transferred patterns are chemically

bonded to the wafer surface, exhibiting strong adhesion. The attractive interaction forces between the stamp and the polyelectrolyte

layer was weak enough to allow ready detachment of the patterns from the stamp during printing. Even the parts of a continuous TiO2

film that are not in contact with the substrate effectively transfer to form a free-standing structure. With long and short deposition times,

three-dimensional structures and ordered two-dimensional round-hole grid structures, respectively, are obtained after the removal of the

stamps.

& 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

The stamping technique known as nanotransfer printing
(nTP) [1,2] is operationally simpler and less expensive for
high-resolution patterning over large areas compared to
conventional photolithography patterning. During nTP,
interfacial chemical reactions occur when the stamp and
substrate are brought into contact. Surface chemical
bonding interactions between the substrate and the thin
solid layers of ‘‘inks’’ enable efficient transfer from the
stamp to the substrate by contact printing. As first
reported in the literature, nTP is based on the adhesive
transfer of a patterned metal [1–7] thin film from a stamp
to various substrates [8,9] with tailored surface chemistry.
The process has four key steps, namely the fabrication of a
patterned stamp, coating of a continuous metal thin film,
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contact with a substrate surface, and removal of the stamp
from the substrate. Coating a stamp with a collimated flux
of ink generates a discontinuous film on raised and
recessed regions. Placing this ink-coated stamp onto a flat,
smooth substrate leads to wetting, which provides intimate
contact between the two surfaces without the need to apply
external pressure. Mild heating (�50–80 1C) for a suffi-
cient duration followed by the removal of the stamp leaves
the ink pattern in the geometry of the relief features on the
substrate. Established methods for nanofabrication, such
as scanning probe techniques, deep ultraviolet (UV)
projection mode photolithography, and electron beam
lithography, are well suited for building two-dimensional
structures on flat surfaces. A number of techniques based
on stamping [10,11], embossing [12], and printing [13] have
been developed for patterning nanoscale structures that
can be useful for applications in photonics, microelectro-
mechanical systems, and electronics. These techniques not
only provide similar patterning capabilities with simple,
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low-cost tools and avoid many limitations of conventional
methods, but also generate certain types of three-
dimensional structures. In recent years, the controlling
the position, diameter, or morphology of metal nanos-
tructures has been reported widely. However, the micro- or
nanostructures of metal oxide have not been reported to be
fabricated via the transfer printing. A major challenge for
researchers has been to find ways to overcome the crack
due to the brittle properties of metal oxide. The present
study uses a recently developed contact printing technique
that combines the transfer printing process and low-
temperature liquid phase deposition (LPD) [14] to build
two- and three-dimensional TiO2 thin films depending on
the coating film thickness. The film thickness is controlled
via the LPD process parameters and the attractive interaction
forces between a poly(dimethylsiloxane) (PDMS) stamp and
a polyelectrolyte layer. This approach is expected to be able
to produce much more complex structures.

2. Experimental procedures

Poly(diallyldimethyammonium chloride) (PDAC, (C8H16

ClN)n, Mw�20 k, Aldrich), poly(sodium 4-styrenesulfonate)
(PSS, (C8H7NaO3S)n, MW�70 k, Aldrich), poly(allylamine
hydrochloride) (PAH, (C3H8ClN)n, FW�93.56, Aldrich),
and 3-mercaptopropyltrimethoxysilane (MPTMS, C6H16O3

SSi, Fluka, 97%) were used as received. PDMS (CH3[Si
(CH3)2O]nSi(CH3)3, Sylgard 184) was purchased from Dow
Corning. The Si substrates used in this work were initially
treated with a chemical cleaning process to remove contami-
nants [15]. The Si substrates were cleaned in piranha solu-
tion (H2SO4:H2O2¼4:1) and rinsed using deionized water.
A 20 nm-thick Au thin film was evaporated onto the
substrate surface. Immediately after Au deposition, the
substrate was placed in a 10 mM MPTMS solution for
5 min, washed with methanol solution, and then dried under
a stream of nitrogen. The PDMS stamp was fabricated by
thermal curing a mixture of PDMS resin and a curing agent at
60 1C for 1 h. The PDMS stamp was then separated from the
master stamp [16]. The surface modification of PDMS was
carried out by polyelectrolyte multilayers (PEMs), which were
fabricated by alternately exposing a surface to cationic and
anionic polyelectrolytes in solution [17]. TiO2 was deposited
onto the modified PDMS stamp by LPD. The LPD TiO2 films
were prepared as follows: ammonium hexafluorotitanate,
(NH4)2TiF6 (ACS reagent grade, Aldrich), and boric acid,
H3BO3 (ACS reagent grade, Aldrich), were separately dis-
solved in water to give concentrations of 0.05 M and 0.15 M,
respectively. These two solutions were then mixed together at
30 1C and used as the reaction solution [18]. After the LPD
process, the PDMS stamps were air-dried. A TiO2-coated
PDMS stamp with relief features in the desired geometry was
brought into contact with the treated substrate at 60 1C
for 5 min. The elasticity and the mechanical conformability
of the PDMS stamp ensure atomic-scale contact at the
stamp/substrate interface without the need to apply pressure.
Removing the stamp from the substrate completes the pattern
transfer process. The UV–visible absorption spectrum was
obtained using a UV–visible spectrometer (UV-2001, Hitachi,
Japan). The pattern geometry, height, and shape were
measured using a scanning electron microscope (SEM; S-
3000N, Hitachi, Japan)

3. Results and discussion

The surface hydrophilicity of the stamp is known to
strongly influence the adhesion or deposition of a material.
To hydrophilize the PDMS stamp, a hydrophilic self-
assembled monolayer (SAM) was formed on it via the
layer-by-layer process. Fig. 1(a) and (b) shows top-view
and low-magnification SEM images of the hydrophilized
PDMS stamp, respectively. The inset shows a cross-
sectional view. The round-hole stamps of PDMS, with a
feature size of approximately 10 mm with 20 mm spacing,
were stamped by curing Sylgard 184 PDMS against a
master. The depth of the relief structure was confirmed to
be 3 mm by the tilted SEM images of the PDMS stamp
shown in the inset of Fig. 1(a). The surface of the PDMS
stamp was modified by immersing the stamp into an
aqueous solution of PAH to allow the adsorption of a
polycation layer onto the surface. Alternating adsorption
from PSS and PDAC solutions yielded a complete poly-
electrolyte multilayer on the stamp surface, which is
denoted as PAH(PSS/PDAC)n. The final polyelectrolyte
was PDAC, resulting in a positively charged top multilayer
thin film. The hydrophobic interactions between the PAH
base layer and the PDMS surface must be weaker than the
electrostatic interactions between the PDAC top surface
and the negatively charged substrate onto which the film is
transferred [19]. The effect of the number of (PSS/PDAC)
bilayers on the wetting behavior of the stamp was measured
from the contact angle of water droplets. With more than
three (PSS/PDAC) bilayers, i.e., n43, the surface of the
PDMS was fully covered with the polyelectrolyte multilayer,
making it hydrophilic [17]. The UV–visible spectra of the
PSS/PDAC films on PDMS were used to identify the PSS
assembled onto the surface of the PDMS stamp. Fig. 1(c)
shows the absorbance of PSS at lmax (232 nm) versus the
number of bilayers. The absorption peak at around 232 nm is
attributed to the phenyl group in PSS, possibly transferring
from p-pn. The linear increase of the absorbance with the
number of layers indicates a continuous deposition process
due to the electrostatic interaction [20,21]. This indicates that
the PSS molecules assembled onto the surface of the PDMS
stamp.
In the LPD process, TiO2 film is directly deposited onto

the modified surface of the PDMS stamp according to the
following chemical reaction:

TiF2�
6 þ2H2O3TiO2þ6F

�þ4Hþ ð1Þ

H3BO3þ4H
þ þ4F�3HBF4þ3H2O ð2Þ

Metal oxide thin films are formed via a hydrolysis
equilibrium reaction of metal-fluoro complex ions and an



Fig. 2. Effect of reaction time on coating film thickness for reaction

temperatures of 30 1C, 40 1C, and 50 1C. The pH value of the reaction

solution was adjusted to 3.7 in all cases.

Fig. 1. (a) Top-view and (d) low-magnification SEM images of hydrophilized PDMS stamp. (c) Absorbance of PSS at lmax (232 nm) versus the number

of bilayers. The inset of (a) shows a cross-sectional view.
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F�-consuming reaction of boric acid, which acts as a
scavenger for F� [22]. The hydrolysis reaction of metal-
fluoro complex ions TiF2�

6

� �
in the treatment solution for

deposition follows equilibrium reaction (1), with the right-
hand side shifted by the addition of boric acid, which
readily reacts with the F� ions to form stable complex ions
(Eq. (2)). In general, the chemical reaction speed depends
on the reaction temperature, concentration, and pH value.
The coating film thickness on the PDMS stamp was
estimated from the change in the coating film thickness
as a function of reaction time. Fig. 2 shows the effect of
reaction time on the coating film thickness for reaction
temperatures of 30 1C, 40 1C, and 50 1C. The pH value of
the reaction solution was adjusted to 3.7 in all cases. The
deposition yields for TiO2 increase with increasing reaction
temperature. The deposition rate for the reaction tempera-
tures of 30 1C and 40 1C increased with reaction time up to
4 h, was constant to 8 h, and then decreased gradually. At
the initial stage of the deposition rate increasing with time,
individual nuclei formed on the stamp and the number of
nucleation sites increased with reaction time. At the stage
of a constant rate, the nuclei grew with reaction time.
Finally, the decrease in the deposition rate is likely due to
the decrease in the reactant content. When the reaction
time was 4 h at a reaction temperature of 50 1C, the
saturated coating film thickness reached approximately
50 nm, smaller than those for the other reaction tempera-
tures. During the solution reaction, nucleation and growth
occur either in solution (homogenous nucleation) or on the
surfaces of the introduced solid phase (heterogeneous nuclea-
tion). Successful film formation relies on the promotion of
heterogeneous nucleation. Solubility generally depends on the
solution pH and the concentration of the species in solution.
As the solution crosses over from a solvated state to a state of
supersaturation, film formation can occur. It is vital to assure
that the state of supersaturation is one that promotes film
growth and not homogeneous nucleation and precipitation
[23,24]. Another important factor in the LPD process is
interfacial energy. When a substrate whose interfacial energy
is lower than that of a growing homogeneous nucleus is
introduced into a growth solution, heterogeneous growth is
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favored. Hence, heterogeneous growth on a seeded substrate
occurs at lower levels of supersaturation than nucleation and
growth in homogeneous solution.

During the initial stage of the deposition, the interaction
of the TiO2 nanoparticles with the SAM surface competes
with the colloidal interactions between the initially formed
TiO2 particles. The uniform TiO2 deposition coverage on
the substrate at the initial stage leads to the growth of
smooth films at a reduced deposition rate, suggesting that
the film growth rate and the extent of homogeneous
precipitation are dependent on the interaction of the
substrate with the deposition solution [25]. An 80 nm-
thick TiO2-coated PDMS stamp (7 h reaction time) with
relief features in the desired geometry was brought into
contact with the treated Si substrate at 60 1C for 5 min.
The top and side views of the three-dimensional structural
TiO2 thin film produced by transfer printing after peel-off
are shown in Fig. 3(a) and (b), respectively. The attractive
interaction forces between the stamp and the polyelectro-
lyte layer was weak enough to allow ready detachment of
the patterns from the stamp during printing. Even the
parts of a continuous TiO2 film that are not in contact with
the substrate effectively transfer to form free-standing
structures. With a 5 h reaction time, the TiO2 could not
transfer a uniform structure, which is due to the weak
cohesion forces of TiO2 thin films at the edge of the stamp,
as shown in Fig. 3(c). The arrow indicates a region where
no pattern was transferred. The PDMS stamps were
densely covered with a thin uniform TiO2 layer for a
reaction temperature of 30 1C after 3 h of LPD deposition.
In this case, a 50 nm-thick TiO2-coated elastomeric PDMS
Fig. 3. SEM images of three-dimensional TiO2 pat
stamp with appropriate relief features was brought into
contact with the treated substrate. After the removal of the
stamp from the substrate, the brittle TiO2 film on the side-
wall of the stamp tended to fracture, and cracks occurred
at the edge of each column due to stress concentration.
A two-dimensional TiO2 structure was fabricated on the
substrate, as shown in Fig. 4(a). Fig. 4(b) shows an angled
view that illustrates the curved edges on the holes. The
depth of the relief structure was confirmed to be the
thickness of the TiO2 thin films deposited on the stamp.
A schematic representation of the two types of structure
and the related formation mechanism are shown in Fig. 5.
There are four steps in the printing process: (a) PDMS
replication, (b) surface modification of PDMS stamp using
SAM treatment, (c) material deposition on the modified
PDMS stamp by LPD, and (d) printing and detachment of
PDMS stamp. The initial hydrophobic weak polyelectro-
lyte, PAH, in conditioning the hydrophobic, untreated
PDMS stamp is critical to the nanotransfer printing
process. The first layer creates a charged, wettable surface
via non-electrostatic interactions for the construction of a
multilayer, (PSS/PDDA)n. The Si substrates used in this
work initially had a thin film of Au deposited on the
surface. The substrates were then placed in MPTMS
solution. The thiol-terminated MPTMS SAM bonds
strongly to gold. Furthermore, the thiol groups can be
easily oxidized into sulfonic acid groups (–SO3H) [17,26],
which can provide both a high degree of surface acidity
and net negative charge to bond with TiO2 thin films.
During the printing transfer process, for long and short
deposition times, three-dimensional structures and ordered
terned thin films produced by transfer printing.



Fig. 4. SEM images of two-dimensional TiO2 patterned thin films produced by transfer printing.

Fig. 5. Four steps for nanotransfer printing: (a) PDMS replication; (b)

surface modification of PDMS stamp using SAM treatment; (c) material

deposition onto modified PDMS stamp by LPD; (d) printing and detach-

ment of PDMS stamp. (e) Three- and (f) two-dimensional structures.
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two-dimensional round-hole grid structures, respectively,
are obtained after the removal of the stamps, as shown in
Fig. 5(e) and (f).
4. Conclusion

In summary, multilayer films were prepared on a PDMS
stamp and Si substrate using a self-assembling method. The
surface chemistry, thin film deposition, and thin film thick-
ness on the stamp are important for this method. We also
have developed a method combining transfer printing and
LPD processes to fabricate two- or three-dimensional struc-
tures. The thickness was determined for patterning two- or
three-dimensional structures, 50- or 80 nm-thick TiO2-coated
PDMS stamp, with a low density of defects and minimal
distortion. In addition, the technique can be extended to
multi-component structures through multiple sequential
transfer steps utilizing films with various functionalities to
create complete devices or device components in a simple
fabrication process. The transfer can be made directly to
glass, plasma-treated plastics, and other metal oxides. Struc-
tural thin films with electronic, biomedical, electrochemical,
optical, and sensor functionalities can be integrated directly
into devices using this approach.

Acknowledgments

The authors acknowledge the financial support from the
Bureau of Energy, Ministry of Economic Affairs, ROC.

References

[1] Y.L. Loo, R.L. Willett, K.W. Baldwin, J.A. Rogers, Additive,

nanoscale patterning of metal films with a stamp and a surface

chemistry mediated transfer process: applications in plastic electro-

nic, Applied Physics Letters 81 (2002) 562–564.

[2] Y.L. Loo, R.L. Willett, K.W. Baldwin, J.A. Rogers, Interfacial

chemistries for nanoscale transfer printing, Journal of the American

Chemical Society 124 (2002) 7654–7655.

[3] S.H. Hur, D.Y. Khang, C. Kocabas, J.A. Rogers, Nanotransfer printing

by use of noncovalent surface forces: applications to thin-film transistors

that use single-walled carbon nanotube networks and semiconducting

polymers, Applied Physics Letters 85 (2004) 5730–5732.

[4] Y.L. Loo, D.V. Lang, J.A. Rogers, J.W.P. Hsu, Electrical contacts to

molecular layers by nanotransfer printing, Nano Letters 3 (2003)

913–917.

[5] J. Zaumseil, M.A. Meitl, J.W.P. Hsu, B.R. Acharya, K.W. Baldwin,

Y.L. Loo, J.A. Rogers, Three-dimensional and multilayer nanostructures

formed by nanotransfer printing, Nano Letters 3 (2003) 1223–1227.

[6] K. Felmet, Y.L. Loo, Y. Sun, Patterning conductive copper by

nanotransfer printing, Applied Physics Letters 85 (2004) 3316–3318.

[7] B.H. Lee, Y.H. Cho, H. Lee, K.D. Lee, S.H. Kim, M.M. Sung, High-

resolution patterning of aluminum thin films with a water-mediated

transfer process, Advanced Materials 19 (2007) 1714–1718.

[8] D.R. Hines, S. Mezhenny, M. Breban, E.D. Williams, V.W. Ballarotto,

G. Esen, A. Southard, M.S. Fuhrer, Nanotransfer printing of organic

and carbon nanotube thin-film transistors on plastic substrates, Applied

Physics Letters 86 (2005) 163101–163103.

[9] J.W. Kim, K.Y. Yang, S.H. Hong, H. Lee, Hydrolysis–condensation

reactions of titanium alkoxides in thin films: a study of the steric

hindrance effect by X-ray photoelectron spectroscopy, Applied Sur-

face Science 254 (2008) 5607–5611.



J.-H. Lee et al. / Ceramics International 39 (2013) 4069–40744074
[10] E. Kim, Y.N. Xia, G.M. Whitesides, Micromolding in capillaries:

applications in materials science, Journal of the American Chemical

Society 118 (1996) 5722–5731.

[11] P. Dannberg, L. Erdmann, R. Bierbaum, A. Krehl, A. Bra€uer,
E.B. Kley, Micro-optical elements and their integration to glass and

optoelectronic wafers, Microsystem Technology 6 (1999) 41–47.

[12] S.Y. Chou, P.R. Krauss, P.J. Renstrom, Imprint lithography with

25-nanometer resolution, Science 272 (1996) 85–87.

[13] Y. Xia, G.M. Whitesides, Soft lithography, Angewandte Chemie

International Edition in English 37 (1998) 550–575.

[14] S. Deki, N. Yoshida, Y. Hiroe, K. Akamatsu, M. Mizuhata,

A. Kajinami, Growth of metal oxide thin films from aqueous

solution by liquid phase deposition method, Solid State Ionics 151

(2002) 1–9.

[15] A. Ishizaka, Y. Shiraki, Low temperature surface cleaning of silicon

and its application to silicon MBE, Journal of the Electrochemical

Society 133 (1986) 666–671.

[16] A. Kuma, G.M. Whitesides, Features of gold having micrometer to

centimeter dimensions can be formed through a combination of

stamping with an elastomeric stamp and an alkanethiol ink followed

by chemical etching, Applied Physics Letters 63 (1993) 2002–2004.

[17] J.H. Lee, S.Y. Tsai, W.J. Lee, M.H. Hon, I.C. Leu, Fabrication of

three-dimensional structural titanium thin film by transfer printing,

Journal of the American Ceramic Society 95 (2012) 165–169.

[18] J.H. Lee, I.C. Leu, M.C. Hsu, Y.W. Chung, M.H. Hon, Fabrication

of aligned TiO2 one-dimensional nanostructured arrays using a one-

step templating solution approach, Journal of Physical Chemistry B

109 (2005) 13056–13059.
[19] J. Park, T. Hammond, Multilayer transfer printing for polyelec-

trolyte multilayer patterning: direct transfer of layer-by-layer

assembled micropatterned thin films, Advanced Materials 16 (2004)

520–525.

[20] J. Tang, W.J. Li, Y. Wang, B. Wang, J. Sun, B. Yang, Layer by layer

self-assembled multilayer film of cationic oligo(phenylene vinylene)

and polyeletrolytes based on electrostatic interaction, Journal of

Photochemistry and Photobiology A: Chemistry 141 (2001) 179–182.

[21] X.X. Meng, N.T. Yang, X.Y. Tan, Preparation of polyelectrolyte

nanotubes by a pressure-filter-template technique using microporous

anodic aluminum oxide (AAO) as the template, Chinese Journal of

Chemistry 27 (2009) 1925–1928.

[22] S. Deki, Y. Aoi, O. Hiroi, A. Kajinami, Titanium (IV) oxide thin

films prepared from aqueous solution, Chemistry Letters 6 (1996)

433–434.

[23] B.C. Bunker, P.C. Rieke, B.J. Tarasevich, A.A. Campbell, G.E. Fryxall,

G.L. Graff, L. Song, J. Liu, J.W. Virden, G.L. McVay, Ceramic thin-

film formation on functionalized interfaces through biomimetic proces-

sing, Science 264 (1994) 48–55.
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