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Abstract
We present a direct metal patterning method by a two-step transfer printing process of
non-particle, ionic metal nano-ink solution. This fabrication method allows a simple direct
patterning of various micro/nanoscale metallic structures. Complex structures such as
multilayer line arrays, patterns along non-flat topologies, and micro/nanoscale hybrid patterns
can be achieved by using this process. Also, the low temperature and pressure process
conditions are compatible with the fabrication of electronic structures and devices on flexible
substrates such as polyimide film and photographic papers. As an application of this process,
we fabricated ZnO nanowire-based flexible UV sensors, where metal electrodes were
fabricated by two-step transfer printing. In the case of ZnO nanowire sensors, highly sensitive
and fast responding performances to UV illumination and good mechanical robustness against
repeated bending conditions could be verified.
S Online supplementary data available from stacks.iop.org/Nano/23/285301/mmedia
(Some figures may appear in colour only in the online journal)

1. Introduction

rapid fabrication processes, and compatibility with various
substrates. Also, the fabrication processes can be conducted at
low temperature and low pressure without vacuum conditions.
Therefore, these processes are expected to enable simple and
facile fabrication of a variety of functional devices including
MEMS/NEMS devices, flexible displays, electronic circuits,
etc [7, 9, 12–15].
However, most of the aforementioned methods except
for the direct nanoimprinting process have the limitation of
a patterning resolution of the order of tens of micrometers.
Specifically, the spreading of wet metal ink solutions
results in limited resolution for inkjet printing, screen
printing, flexography, etc. Also, additional etching processes
are needed in order to remove the residual layer after
nanoimprinting lithography. In this paper, we present two-step
transfer printing of non-particle, ionic metal nano-ink solution
as a direct metal patterning method with micro/nanoscale

Conventional metallization methods based on vacuum
processes such as evaporation or sputtering are widely
used for the fabrication of micro/nanoscale electrodes and
interconnections [1–3]. These technologies have been wellestablished and therefore can achieve high film quality and
pattern resolution. However, they require high manufacturing
cost, stringent environment control, and multiple steps such as
deposition, etching, and lift-off processes. For these reasons,
there is growing interest in printing-based direct metal
patterning methods using solution-based metal nano-inks as
the next generation electronics manufacturing technology.
Screen printing [4, 5], gravure [6, 7], flexography [7, 8],
inkjet printing [9–11], and nanoimprinting [12–14] are a
few representative processes. These methods have many
advantages such as low manufacturing cost, simple and
0957-4484/12/285301+09$33.00
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Figure 1. Schematic of the two-step transfer printing fabrication process. (a) The first transfer step of the non-particle, ionic ink solution
from the donor substrate to the intermediate substrate by cohesive failure of the ink solution. (b) the second transfer step of the ink solution
from the intermediate substrate to the target substrate by adhesive failure between the dried ink film and the intermediate substrate. The final
step is a thermal sintering of the printed ink pattern for the formation of the nanoparticle film.

Therefore, this requires a lower sintering temperature and
a shorter annealing period, and also avoids the undesirable
aggregation of nanoparticles during the patterning process.
The two-step transfer printing process is based on the
preferential failure modes at the interface. Specifically, a
cohesive failure of ink solution occurs during the first
transfer step to the intermediate substrate and adhesive failure
occurs between the dried ink film and the intermediate
substrate during the second transfer step to the target
substrate. The advantages of this method include simplicity,
low manufacturing cost, moderate processing conditions,
and compatibility with various substrates even with non-flat
topologies.

resolution capabilities. So far, various similar micro-contact
or transfer printing methods have been developed. In general,
these methods have been mainly used for the patterning of
vacuum deposited metal thin films [16, 17], polymer thin
films [18], chemically synthesized one-dimensional [19–21]
and two-dimensional [22, 23] nanomaterials, and selfassembled-monolayers of metal nanoparticles [24, 25]. In the
work by Santhanam et al [24], a self-assembled-monolayer
of gold nanoparticles was patterned by transfer printing.
However, its electrical applications were limited due to its
small thickness and high electrical resistance. In order to
realize thicker metallic patterns with sub-10 µm resolution,
multiple repetition of transfer patterning with accurate
positional alignment between each layer is required. In the
work by Loo et al [16], transfer patterning of thicker metal
films was realized, but with dry metal thin films which
were deposited by an expensive vacuum deposition method.
In this work, we could realize micro/nanoscale patterning
of reasonably thick metal thin films (∼150 nm) by the
transfer of liquid-phase ink film and a subsequent metal
reduction process. Furthermore, we demonstrated the usage
of a non-particle, ionic precursor solution of metals as the
ink for the transfer printing, which is demonstrated for the
first time, to the best of our knowledge. The advantages
of ionic precursor ink as compared to nanoparticle-based
ink include lower viscosity, higher metallic composition,
less inter-particle aggregation, and less organic components.

2. Experiment
Figure 1 shows the fabrication procedure for the two-step
transfer printing. As a first step, a non-particle, ion-based
silver nano-ink solution (TEC-IJ-040, Inktec, Korea) was
spin-coated on the donor substrate at 5000 rpm for 30 s. A
slice of silicon wafer (3 cm × 3 cm) was used as a donor
substrate. Due to the slow evaporation of methanol solvent,
the film does not quickly dry but stays semi-wet for at least
2 min. Then, polydimethylsiloxane (PDMS) stamp (Sylgard
184, Dow Corning, USA) with various micro/nanoscale
patterns such as line arrays, dot arrays, and other arbitrary
patterns was pressed onto the spin-coated, semi-wet silver
2
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3. Results and discussion

nano-ink film on the donor substrate in the first transfer
step (T#1). Here, the PDMS stamp was fabricated by a
conventional molding process on the micropatterned SU-8
photoresist structures. In the second transfer step (T#2), the
PDMS stamp with semi-wet silver ink transferred to the
patterns was detached from the donor substrate and pressed
onto the heated target substrate. During this process, the
semi-wet ionic silver ink film is dried and transformed into a
solid film of silver nanoparticles. After the PDMS stamp was
detached from the target substrate, the metal patterns printed
on the target substrate were annealed at 140 ◦ C for 30 min in
order to remove organic solvent and to create conductive silver
structures by thermal sintering of silver nanoparticles. In
order to optimize the patterning performance, various process
parameters were controlled during the transfer steps. First,
the pressure on the PDMS stamp was varied from 0.05 to
1.5 kPa. Second, the contact period was controlled from 10
to 60 s. Third, the temperature of the target substrate for the
T#2 step was varied between 20 ◦ C (room temperature) and
100 ◦ C. Finally, both regular soft PDMS (Sylgard 184) and
hard PDMS (h-PDMS) stamps were used in the experiment
in order to investigate the influence of the stamp stiffness
on the patterning quality. To prepare the h-PDMS stamp,
four materials (vinyl PDMS prepolymer, platinum catalyst,
modulator (2,4,6,8-tetramethyl-tetravinylcyclotetrasiloxane),
and hydrosilane prepolymer) were mixed and spin-coated
onto the master mold with 20 µm thickness [26, 27]. After
curing for 30 min, regular PDMS was poured onto the
h-PDMS layer with 5 mm thickness and cured for 4 h at 60 ◦ C
in a convection oven.
The surface morphology of the fabricated silver structures
was characterized by using a scanning electron microscope
(SEM) and an atomic force microscope (AFM). The electrical
characteristics of the printed silver structures were measured
by a four point measurement method.
A silicon substrate with a 2 µm thick SiO2 layer
and a silicon on insulator (SOI) substrate were etched by
using buffered oxide etchant (BOE) and potassium hydroxide
(KOH), respectively, to make the microscale trenches. To
align ZnO nanowires for ZnO nanowire-based flexible UV
sensors, the silicon substrate with randomly grown ZnO
nanowires was placed on the polyimide film. Then, normal
and shear forces were applied to the silicon substrate by
a metal weight with 50 g cm−2 and a constant velocity
of 13 mm min−1 given by a syringe pump in order to
generate a uniformly aligned array of ZnO nanowires on the
polyimide substrate. After the aligning process of the ZnO
nanowires on the polyimide film, silver nanoparticle structures
were replicated onto the ZnO nanowires by using two-step
transfer printing to fabricate the metal interconnection. Also,
a fatigue test for the flexible UV sensor was performed by
using a single-axis linear stage to characterize the mechanical
and electrical robustness of the bonding between the ZnO
nanowires and the two-step transfer printed metal nanoparticle
thin film in the UV sensor. The bending and relaxation
processes of the sensor were performed with bending radii
between ρ = 10 mm and ∞.

As mentioned above, the two-step transfer printing process
is based on the transfer of non-particle, ionic metal ink
solution from the donor substrate to the target substrate
by using an intermediate transfer substrate. In comparison
to nanoparticle-based solution, non-particle, ionic metal
ink solution has lower viscosity, higher metallic contents,
less organic components, and thus requires a lower
sintering temperature and period and avoids the undesirable
aggregation of nanoparticles during the patterning process.
The two-step transfer printing method consists of the first
transfer (T#1) step from the donor substrate of semi-wet metal
ion solution to the intermediate substrate and the second
transfer (T#2) step from the intermediate substrate to the
final target substrate. This printing process has different ink
transfer mechanisms at each step. During the T#1 step, there
is a cohesive failure within the ink. The cohesive energy of
the ink is smaller than both the adhesive energy between the
stamp and the ink and that between the ink and the donor
substrate. Therefore, the ink is partially transferred to the
PDMS stamp by internal breaking within the ink layer. Unlike
the T#1 step, in the T#2 step, almost all the ink is transferred
from the PDMS stamp to the target substrate. Due to the high
permeability of the PDMS stamp, numerous pathways for
solvent evaporation, and additional heating from the substrate,
the ink is rapidly dried at the interface between the stamp
and the ink. Presumably, this may cause interfacial failure
and reduce the work of adhesion between the stamp and the
ink. Also, the formation of metal nanoparticles through the
reduction of metal ions may result in the development of stress
at the interface between the stamp and the dry nanoparticle
thin film. Furthermore, faster drying along the edges of the
stamp patterns due to rapid evaporation of solvent to the
air causes the initiation of cracks which later develop into
larger cracks propagating through the interface between the
stamp and the dried ink film. The synergy of interfacial stress,
the low surface energy of PDMS, and crack initiation at the
pattern edges is presumed to facilitate complete and clean
transfer from the stamp to the target substrate.
The patterning quality was determined by the various
process parameters (pressure P, temperature T, and contact
period t) of the ink transfer steps. Patterning results for
silver nano-inks by various process parameters are shown in
figure 2. First, the pressure on the PDMS stamp was varied
from 0.05 to 1.5 kPa, where 0.05 kPa is the pressure from
the weight of the PDMS stamp itself (figure 2(a)). When the
pressure was small (P = 0.05 kpa), the metal nano-ink did not
get enough contact force for the transfer between the substrate
and the stamp, resulting in insufficient pattern transfer. On the
other hand, when the pressure was too large (P = 1.5 kPa),
the metal nano-ink underwent excessive contact force for the
ink transfer, causing spreading of the ink and blurring of the
patterns. Second, the effect of contact period was investigated
(figure 2(b)). When the contact period was less than 10 s in
the T#2 process, ink did not get transferred sufficiently from
the PDMS stamp to the target substrate even if the pattern
on the PDMS stamp was fully covered with the ink in the
3
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Figure 2. Patterning results for silver nano-inks by varying various process parameters such as (a) the contact pressure, (b) the contact
period, (c) the substrate temperature, and (d) the stamp material. The optimal conditions for transfer printing were found to be P1 = 1 kPa,
T1 = 20 ◦ C, and t1 = 20 s for the T#1 step; and P2 = 1 kPa, T2 = 100 ◦ C, and t2 = 20 s for T#2.

T#1 process. On the other hand, when the contact period was
over 60 s in the T#2 process, excessive spreading of the ink
to the non-pattern areas resulted in poor pattern resolution.

Finally, the temperature for the T#2 step was varied between
20 and 100 ◦ C (figure 2(c)). At low temperatures, the ink
underwent spreading because of the good wettability of the
4
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Figure 3. Patterning results on the flexible substrates. (a), (b) Polyimide film and photographic paper. (c) Line array with W = 6 µm,
P = 9 µm. (d) Line array with W = 6 µm, P = 12 µm. (e), (f) Dot array with W = 9 µm, P = 18 µm. (g), (h) SEM images of the dot
pattern. (i) AFM image of the line array.

porous and granular structures with grain size ranging from 25
to 35 nm. From the AFM image, it is found that the patterns
were clearly defined with consistent geometric dimensions.
The height of the line array on the flexible substrate was
measured to be 150 nm on average.
Due to the mechanical compliance of the stamp, various
complex microscale patterns could be printed by two-step
transfer printing. In addition to a monolayer structure of
silver nano-ink, this printing method also enables multilayer
patterning. Figures 4(a) and (b) show bilayer patterning
results on the polyimide film. After the patterning of the
first layer and thermal sintering, the second layer was
aligned and replicated on top of the first layer. Conformal
contact of the flexible PDMS stamp with the target substrate
with pre-patterned structures allowed well-defined multilayer
patterns. Furthermore, this printing method could be applied
to substrates with non-flat surface morphologies. Figures
4(c)–(f) show the patterning results on substrates with
2 µm and 6 µm deep trenches, respectively. From the
SEM image, we verified that the printed patterns were well
structured on both the upper and the lower layers, and
also on the inclined surfaces of the trenches. The electrical
measurement also verified that continuous patterning of the
metal interconnection was facilitated with good electrical
conduction along the trenched structures. This result can
also be attributed to the mechanical flexibility of the PDMS
stamp. A numerical simulation result (see figure S1 in the
supplementary material available at stacks.iop.org/Nano/23/
285301/mmedia) shows that the PDMS stamp can be slightly
deformed to enable conformal contact under a pressure of
1 kPa for a trench depth of 2 µm.
In addition to microscale patterns, nanoscale patterning
is possible by using our two-step transfer printing. A PDMS
stamp with a micro/nanoscale hybrid pattern (nano-dot array
of 265 nm diameter and 530 nm pitch within a micro-line
array of 6 µm width and 12 µm pitch) was used for the
patterning test. Figures 4(g) and (h) show that the nanoscale

ink solution on the substrate. However, at higher temperature,
spreading of the ink was reduced, resulting in higher pattern
resolution. This is because the ink was rapidly dried before
the wetting of ink occurred on the substrate during the T#2
step. Temperature could play an important role in kinetically
controlled transfer printing. The critical energy release rate
between the stamp and the ink film decreases at higher
temperature under a constant detaching velocity of the PDMS
stamp, by which the ink film is efficiently separated from the
stamp and transferred to the target substrate [28]. From the
experimental analysis, we found the optimal conditions for
the transfer printing (P1 = 1 kPa, T1 = 20 ◦ C, and t1 = 20 s
for the T#1 step; P2 = 1 kPa, T2 = 100 ◦ C, and t2 = 20 s for
T#2).
The patterning results for silver nano-ink on the silicon
target substrate by regular and hard PDMS stamps are
compared in figure 2(d). From the results, we could observe
that h-PDMS provides more accurate and clean patterning
results than the regular PDMS stamp does. Clear microscale
patterns of line arrays, dot arrays, and letters with minimum
width of 6 µm and pitch of 12 µm could be realized by using
the h-PDMS stamp. There are significant differences in the
patterning results, especially along the edges of the patterns.
This is because the h-PDMS stamp (Young’s modulus =
9 MPa) [29] is stiffer than the regular PDMS stamp (Young’s
modulus = 0.8–2 MPa), resulting in more uniform and precise
contact with the target substrate and less deformation of the
patterns during the contact period.
Because the two-step transfer printing requires low
temperature and low pressure process conditions, it is
compatible with flexible polymer substrates. Figures 3(a)–(f)
show the patterning results for silver nano-ink on flexible
polyimide film and photographic paper. Various structures
with minimum line width and pitch of 6 µm and 9 µm,
respectively, were well defined on the flexible substrate with
clear and accurate pattern replication. SEM and AFM images
of the printed patterns are shown in figures 3(g)–(i). The
surface morphology of the silver nanoparticle patterns shows
5

Nanotechnology 23 (2012) 285301

S Kim et al

(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

Figure 4. (a), (b) Bilayer patterning results. ((a) Lower W = 9 µm, P = 15 µm and upper W = 6 µm, P = 15 µm; (b) lower W = 9 µm,
P = 18 µm and upper W = 6 µm, P = 15 µm). (c), (d) Dot array on the Si/SiO2 substrate with 6 µm deep trenches. (e), (f) Line array on
the Si/SiO2 substrate with 2 µm deep trenches. (g), (h) Trench patterns with nanoscale hole arrays (diameter = 265 nm, P = 530 nm)
within the microscale line array patterns (W = 6 µm, P = 12 µm).

trench patterns were well structured within the microscale line
patterns.
The electrical characteristics of the printed silver
nanoparticle structures are very important when they are
used as electrodes or interconnections for electrical devices.
In order to investigate the electrical characteristics, we
investigated the current–voltage (I–V) characteristics of the
printed silver patterns on the polyimide film (see figure S2
in the supplementary material available at stacks.iop.org/
Nano/23/285301/mmedia). The width and length of electrode
patterns were varied from 20 to 30 µm and from 400
to 1500 µm, respectively. All printed patterns showed a

typical Ohmic resistor behavior. The average resistivity of
the silver nanoparticle structures was 9.08 × 10−7  m,
which is 56 times higher than that of bulk silver (1.6 ×
10−8  m), and the standard deviation was 1.38 × 10−7  m.
This high resistivity can be attributed to the existence of
remaining organic molecules between the silver nanoparticles
and the porous surface morphology after the thermal sintering
process, as shown in figure 3(h). However, this electrical
resistivity is still low enough for the microelectrodes and
electrical interconnections in various applications including
sensors, solar cells, displays, etc. The electrical resistivity
can be further improved by control of the thermal annealing
6
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process parameters such as the annealing temperature, period,
and atmosphere.
As an application of our two step transfer printing,
we demonstrated ZnO nanowire-based flexible UV sensors.
Here we used ZnO nanowires as a sensing material
and printed silver micropatterns as metal electrodes.
Specifically, the two-step transfer printing process was
used both for the printing of metal electrode and for
mechanically robust soldering of parallelly aligned ZnO
nanowires. The fabrication of nanowire-based electronic
devices requires reliable integration of nanowires on
metal electrodes. Accordingly, several integration methods
have been developed including dielectrophoresis [30],
nanomanipulation [31], optical trapping [32], etc. However,
these methods only provide physical alignment, not a
mechanically robust bonding between the nanowires and the
electrodes. Therefore, a few soldering processes for nanowires
on metal electrodes have been recently developed in order
to enhance the mechanical reliability and electrical contact
properties of nanowire–metal electrode junctions [33–36].
However, these methods have required specialized soldering
materials (Sn or In), additional electrodeposition, or high
temperature/high pressure conditions for the soldering
process. Here, we use silver nano-ink as the material for the
low-temperature, low-pressure soldering process of nanowire
devices. Figures 5(a) and (b) show schematic and SEM
images of the fabricated ZnO nanowire-based flexible UV
sensor. From the SEM images, we found that the printed
silver nanoparticle patterns formed a conformal contact
and complete coverage around the surface of the ZnO
nanowires. After the fabrication of the ZnO nanowire sensor,
a photodetection test was conducted by using UV light of
365 nm wavelength. The UV sensor showed incremental
responses to the change of the UV light intensity as
shown in figure 5(c). From these results, we verified that
electrode patterns were successfully interconnected with
aligned nanowires by two-step transfer printing of silver
nano-ink solution and that the fabricated UV sensor can
be used for accurate quantification of UV light intensity.
This resulted in mechanically robust soldering between
the substrates and the nanowires. In order to investigate
the mechanical robustness of the nanowire–metal electrode
junction, we performed fatigue tests by repeated bending
and relaxation. Figure 6(a) shows SEM images of ZnO
nanowires interconnected with the silver nanoparticle-based
electrode before and after 104 bending/relaxation cycles,
respectively. The silver nanoparticle patterns and ZnO
nanowires maintained interconnections without any initiation
or growth of cracks by repeated bending and relaxation
processes. The photosensing performance of the UV sensor
at a voltage of 0.1 V with on/off time periods of 120 s
after bending and relaxation processes for 102 –104 cycles,
respectively, is shown in figure 6(b). The dark currents of
sub-5 nA were amplified to about 130 nA by UV illumination
regardless of the number of bending cycles. The maximum
on/off ratio was 87 with a dark current of 1.5 nA and
an amplified current of 130 nA after bending processes for
104 cycles. From these results, we could confirm that the

(a)

(b)

(c)

Figure 5. (a), (b) Schematic and SEM images of the fabricated
ZnO nanowire-based flexible UV sensor. The printed silver
nanoparticle patterns formed complete coverage around the surface
of the ZnO nanowires. (c) The photosensitivity of the UV sensor to
UV light of 365 nm wavelength with various intensity levels. The
UV sensor showed incremental response to the change of the UV
light intensity.

fabricated flexible UV sensor exhibits excellent mechanical
robustness and durability with a high sensitivity and fast
response speed to UV light. This excellent mechanical
reliability can be attributed to the robust bonding of the
nanowires to the flexible polymer substrate assisted by the
soldering with silver nanoparticles through the two-step
transfer printing process.
In summary, we have demonstrated a facile direct
patterning of metallic structures by two-step transfer
patterning on various hard and flexible substrates. The process
parameters such as pressure, temperature, and contact period
for the first and second transfer processes were controlled for
high quality patterning. Further, h-PDMS was used instead
of regular soft PDMS for high-fidelity micropatterning. In
addition to simple monolayer patterns, bilayer patterns of
line arrays, patterns on non-flat surfaces, and micro/nano
hybrid patterns were successfully achieved. Also, we used this
printing process to make electrodes for a ZnO nanowire-based
flexible UV sensor. The fabricated flexible UV sensor
exhibited mechanical and electrical robustness with high
sensitivity and fast response to UV light under repeated
bending conditions. It is believed that this patterning method
can provide a high-speed, convenient, economic, and reliable
approach to the fabrication of metallic interconnections for
7
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Figure 6. (a) SEM images of ZnO nanowires interconnected with the silver nanoparticle patterns before and after a bending test for 104
cycles with bending radii between ρ = 10 mm and ∞. (b) The photosensitivity of the UV sensor to UV light of 365 nm wavelength at a low
voltage of 0.1 V after repeated bending and relaxation processes for 102 –104 cycles. The UV sensor showed mechanical robustness without
destruction or cracks and a fast response speed with a high on/off ratio to UV light regardless of bending cycles.

various printed electronics devices such as memory, displays,
sensors, and photovoltaic cells.
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