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T
here have been considerable inter-
ests in developing newprocesses that
can be used to synthesize nanostruc-

tures with complex functionality for various
applications. Since Giocondi and Rohrer1,2

reported the relationship between the sur-
face photochemistry of BaTiO3 and its un-
derlying domain polarization in 2001, ferro-
electric materials serving as photocatalysts
in photochemistry have been widely stu-
died. Kalinin et al.3,4 proposed anovelmethod
known as ferroelectric lithography, which
has shown encouraging progress in recent
years in the growth of 3D nanostructures on
predefined locations of ferroelectric sur-
faces. This is attributed to the fact that a
ferroelectric material with an internal dipo-
lar field can effectively separate photogen-
erated electron�hole pairs via the bulk
photovoltaic effect.5 For instance, the dipole
in domains with positive ferroelectric polar-
ization is able to force the electrons in the
conduction band tomove toward its surface
and thus induce local electrochemistry re-
activity on the surface of the material.6

Photochemical experimentson ferroelectrics7,8

have shown that the reduction reactions
(for example, the reduction of Agþ to Ag0)
are favored on the surface of positive do-
mains. As the ferroelectric domain struc-
tures can be premodified, the surface of
photochemical reaction can also be selected.
Recently, this versatile method has found
widespread applications in assembling and
detecting nanostructural elements such as
metal particles,9�11 biological molecules,12

and gases.13 However, so far, the technique
to perform ferroelectric lithography ismainly
focusedon ferroelectric domainwritingusing
atomic force microscopy (AFM) with a con-
ductive tip under an appropriate bias. Al-
though it is a convenient method to pattern
ferroelectric domains at the nanoscale, it is
very limited in application due to both its

slow scan rate and its small scan area. There-
fore, better methods for ferroelectric litho-
graphy for future practical productions are
urgently demanded. Nanoembossing is a
rapid, specific, and cost-effective technol-
ogy for large-scale polymer nanostructure
fabrication in which surface patterns of a
template are replicated into a material by
mechanical contact and three-dimensional
material displacements.14,15 Lead zirconate
titanate [Pb(Zrx,Ti1�x)O3] is one of the most
intensively studied ferroelectrics and has
been exploited as one of major materials
in ferroelectric lithography due to its excel-
lent property in large remnant polarization.
In this work, nanoembossing induced ferro-
electric lithography (NIFL) has been explored
in nanoembossed Pb(Zr0.3,Ti0.7)O3 (PZT)
grating and dot nanostructure films. The
induced rearrangements of domain pat-
terns in the embossed films have been
studied by piezoresponse force micros-
copy (PFM). It is found that photochemical
growth of Ag particles is selectively distrib-
uted following the domain patterns gener-
ated by the nanoembossing process. Large
arrays of silver patterns have been achieved.
The results presented here indicate that it is

* Address correspondence to
rliu@fudan.edu.cn,
yifang.chen@stfc.ac.uk.

Received for review February 13, 2011
and accepted August 10, 2011.

Published online
10.1021/nn202932z

ABSTRACT The concept of growing nanosize particles on polarized ferroelectric domain areas is

known as ferroelectric lithography (FL). Here, a further step of technical development was achieved

by combining nanoembossing technique with the FL to realize the selective growth of silver on the

polarized areas induced by nanoembossing. The induced rearrangements of domain distributions by

embossing in the ferroelectric films have been characterized by piezoresponse force microscopy

(PFM). The selective photochemical reduction of silver particles on the embossed nanostructures

associated with the underlying domain patterns created by the nanoembossing process has been

successfully demonstrated. This nanoembossing induced ferroelectric lithography (NIFL) developed

in this work is expected to create an alternative route for nanoscale patterning of metals.
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feasible to directly perform nanoferroelectric lithogra-
phy on nanoembossed ferroelectric films.

RESULTS AND DISCUSSION

Themechanism of domain selective photoreduction
is briefly illustrated in Figure 1. Exposed to the super

band gap UV light, electron�hole pairs can be gener-
ated and driven apart in the bulk of a ferroelectric
material by the internal electric field. The mobile
electrons could be forced to migrate to the surface of
positive domains, and holes are driven away from it. If
the material with positive domains is immersed into a
metal salt solution, such as AgNO3, the electrons can
have reduction of Agþ to Ag on its surface, while with
negative domains would not. In this way, photochemi-
cal patterning ofmetals on ferroelectric surfaces can be
achieved.
Next, we investigated the feasibility to realize the

photochemical FL using the nanoembossing technol-
ogy. The process of nanoembossing on ferroelectric
PZT films is schematically illustrated in Figure 2a. The
spin-on filmswere first prebaked on a hot plate at 50 �C
in air for 5 min to evaporate the solvent of the coated
films and adjust the viscosity of the precursor. The

Figure 1. Band structures of a PZT film in contact with a
AgNO3 solution when irradiated to the UV light. The
photogenerated electron�hole pairs are forced to the
converse directions due to the different domain polariza-
tions. The electrons driven to the surface can have reduction
of Agþ to Ag.

Figure 2. (a) Schematically illustration of ferroelectric PZT thinfilmnanoembossingprocess. (b) Sketchmapof photochemical
experiment on embossed PZT films.

Figure 3. (a) Topography of an embossed PZT film with ∼450 nm in total thickness. The embossed depth is ∼200 nm.
(b) Corresponding OPP image of the embossed region. The bright and dark contrasts represent domain with positive and
negative polarization, respectively. (c) OPP signal from an unembossed region for comparison indicates a random domain
state; inset is its related topography.

Figure 4. SEM pictures of embossed PZT topographies before (a) and after (b) Ag deposition, which clearly shows that Ag
particles have selectively grown on the embossed nanowires attributed to the domain patterns created by the
nanoembossing.
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nanoembossing process was then carried out at
room temperature under a pressure of 10�12 MPa
for 15 min. After annealing, the embossed PZT films
grown with the tetragonal structure and [111] pre-
ferred orientation were confirmed previously by both
Raman spectroscopy (presented in Supporting Infor-
mation Figure S1) and X-ray diffraction.16 The em-
bossed films exhibited good ferroelectric properties
capable of demonstrating hysteresis loops (shown in
Supporting Information Figure S2). Figure 3a pre-
sents the topography of the PZT film fabricated
by a grating template. It can be seen that the
grating structure is well transferred onto the film
with ∼200 nm embossed depth on a ∼ 450 nm thick
film. In order to map domain configurations, the PFM
technique17,18 has been applied on both embossed
and unembossed regions for comparison. A PFM out-
of-plane (OPP) phase image taken simultaneously
from the embossed region is shown in Figure 3b.
The bright area represents a domain polarization
vector pointing upward (positive), whereas the dark
area indicates the orientation of domain pointing
downward (negative). Comparison between the em-
bossed topography and the PFM data suggests that

most domains with positive and negative polariza-
tions incline to cluster along with the embossed
nanowires. However, it is almost featureless with a
random domain state for the unembossed region, as
shown in Figure 3c (the corresponding topography is
shown inset). There are several reports19�22 suggest-
ing that nanoembossing could be used to control the
orientation of PVDF, one of the organic ferroelectrics.
It seems to be well accepted that this is due to the
thermomechanical history experienced by the poly-
mer during the embossing process because the
crystallization of the films is finished during the
embossing process. There are also some reports on
PZT nanoembossing,23 in which the embossing pro-
cess is completed at room temperature. That is to say,
the stamping is done while the material is still in a gel
form. However, the induced rearrangements of do-
main distributions in embossed films are still found.
Unfortunately, these reports lack explanations on this
phenomenon. We propose that this phenomenon
might come from two ways: the pressure induced
residue strain in the embossed gel films and
the embossed nanostructures themselves. Both of
them would have some influences on the domain

Figure 5. (a) Topography of the embossed dot structural PZT film with ∼450 nm in total thickness. The embossed depth
is∼150 nm. (b) Corresponding PFMphase image from the as-embossed region. (c) PFMphase image collected after applying
10 V within the center square which made a contrast change in this region. (d) Cross-sectional profiles from the blue line in
(b) and red line in (c).

Figure 6. SEM pictures of the embossed PZT films before (a) and after (b) Ag deposition.
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architectures during crystallization.24,25 Dynamic
crystallization of embossed PZT films still needs
systemic work.
Photochemical experiments (Figure 2b) were se-

quentially carried out on the embossed grating
film. By reducing a 0.01 M AgNO3 solution under
the UV irradiation for 15 min, Ag particles have been
successfully deposited on the embossed grating
structure PZT film, as seen in the SEM image (Figure
4b), in comparison with the as-embossed region
(Figure 4a). Figure 4b shows that most of the Ag
particles have selectively grown on the embossed
nanowires with a much higher Ag particle density
and larger size compared to the surface of the
embossed bottom region. The average particles on
the nanowires have reached the size of 90�120 nm in
diameter, while few Ag particles of ∼20 nm in dia-
meter, which are occasionally seen on the embossed
bottom region, are still in the initial nucleation
stage. This is due to the higher density positive
domains created on the embossed nanowires, which
drive more electrons to the surfaces of these regions
and make them much richer in photogenerated
electrons. Thus, the Ag particles that grow on
these highly charged surfaces also present a higher
growth rate than particles nucleating at lower
charged interfaces.26

In order to demonstrate the flexibility of this
technology, FL experiments on embossed PZT dot
array films were further studied. Figure 5a shows the
nanoembossed PZT dot array with ∼500 nm in
diameter and ∼150 nm in embossed depth. Its
corresponding PFM phase image is presented in
Figure 5b, which indicates clustered positive do-
mains distributed in the embossed central dot re-
gions. To exclude possible topographic artifact in the
domain structure measurements, ferroelectric do-
main switching experiment was performed. After
10 V bias was applied within the center square, the
domain polarization in this region has been aligned
to point downward, as can be seen in Figure 5c. The
cross-sectional profiles (Figure 5d) from the PFM
images confirm a change in sign of the phase of

the PFM signal from the unwritten state (blue line)
to the written state (red line), giving sufficient
evidence that the contrasts in Figure 5b reflect the
true domain state of the embossed film. Not surpris-
ingly, by reducing a 0.1 M AgNO3 solution under the
UV irradiation for 20 min, silver particles have pre-
ferentially grown on the embossed PZT dot regions
shown in Figure 6b. Compared to the as-embossed
film (Figure 6a), it can be seen that highly ordered
and large arrays of silver with ∼370 nm diameter
have been patterned on the embossed PZT film.
EDX measurement was executed to confirm the
presence of silver particle deposition (Figure 7).
The crossbar in the inset shows the spot of the
spectra taken. Although the ferroelectric lithogra-
phy with a probe tip using a bias is useful for
fundamental studies, it is not feasible to apply it in
practice.3 Herein, nanoembossing induced ferro-
electric lithography presents us a route to a large
array of metal patterns by one-step exposure, which
is more effective in practical applications. Nano-
embossing has been applied to patterning struc-
tures in a number of materials with feature size
down to ∼20 nm. However, the sol�gel-based PZT
films generally consist of grains with size ranging
from 60 to 100 nm, and works on PZT embossing
reported so far have been limited to a minimum
feature larger than 100 nm. It is, therefore, of great
interest to further investigate nanoembossing of
this material, study the related domain architec-
tures, and possibly apply ferroelectric lithography
at even smaller size.

CONCLUSION

In summary, a nanoembossing induced ferroelec-
tric lithography (NIFL) by selective growth of metal
particles on embossing induced polarized domains
has been developed. Rearrangements of patterned
domains in embossed films have been characterized
by PFM measurements. We have demonstrated that,
with the NIFL technique, it is possible to directly
reduce metal salts on prepatterned ferroelectric
nanostructures by nanoembossing without the

Figure 7. EDXmeasurementwasperformed, confirming thepresenceof silver particle deposition. Crossbar in the inset shows
the spot of the spectra taken.
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assistance of the external applied electric field. The
technology developed here shows great advantages

in rapid, low-cost, and large-scale processing and
hence strong potential in future productions.

METHODS
PZT thin films were prepared on Pt/Ti/SiO2/Si substrates by

the sol�gel method with a ratio of 30:70. The raw materials
were lead acetate trihydrate [Pb(OCOCH3)2 3 3H2O, 99.5%], zir-
conium tetra-n-propoxide (Zr(OC3H8)4, 70%), and titanium(IV)
butoxide (Ti(OC4H9)4, 98%) as precursors and amethanol/acetic
acid mixed solvent. Two different silicon templates were used
for embossing, one is a gratingwith 500 nmwide lines and 1 μm
wide pitch and the other is a dot array with 500 nm diameter
and 1 μm pitch. Both templates were about 1 μm deep, pre-
pared by e-beam lithography and dry etching. An antisticking
layer was precoated on the silicon template surface in order to
reduce their adhesion to PZT gels. After embossing, the gel
layers were first pyrolyzed on a hot plate in air at 350 �C for
5 min. Crystallization was then initiated by a conventional
thermal annealing process at 650 �C in air for 15 min.
PFM characterizations of domain configurations in the em-

bossed film were carried out using an atomic force microscope
(AFM) (Veeco Multimode V) in contact mode at room tempera-
ture. The piezoresponse signals collected using a lock-in ampli-
fier and a Pt-coated AFM tip at a force constant of 0.03�0.2 N/m
and a resonant frequency of 14�28 kHz. An ac voltage of 1 V at
frequency of 100�200 kHz was applied to detect the piezo-
response signals from the samples. The average force on the
cantilever was kept constant by a feedback loop during the
scanning process. The electrical switching experiment on the
embossed region was performed using the conducting tip
biased at 10 V for negative domains writing.
Photochemical experiments were carried out by immersing

the embossed PZT grating and dot structure films into fresh
made AgNO3 solutions with 0.01 and 0.1 M concentration,
respectively. The pH value of the solutions was not adjusted
and was used as it was. Then the samples were exposed to the
UV radiation (Intelli-Ray 400 W Hg lamp). After exposure, the
samples were rinsed by deionized water and blown dry with
nitrogen gas. EDX spectra were acquired using a XL-30 FEG
instrument.
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