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Abstract

Nanoimprint lithography (NIL) has stimulated great interest in both academic
research and industrial development due to its high resolution, high
throughput and low cost advantages. Though NIL has been demonstrated to
be very successful in replicating nanoscale features, it also has its limitations
as a general lithography technique. Its fundamental moulding characteristics
(i.e. physically displacing polymer materials) frequently lead to pattern
defects when replicating arbitrary patterns, especially patterns with broad
size distribution. To solve this problem, we have developed a combined
nanoimprint and photolithography technique that uses a hybrid mould to
achieve good pattern definitions. In this work, we applied this technique to
fabricate finger-shaped nanoelectrodes, and demonstrated nanoscale
pentacene organic thin film transistors (OTFTs). Methods of the hybrid
mask-mould (HMM) fabrication and results on the device electrical
characteristics are provided. With combined advantages of both
photolithography and NIL, and the applicability to general nanoscale device
and system fabrication, this method can become a valuable choice for low
cost mass production of micro- and nanoscale structures, devices and

systems.

(Some figures in this article are in colour only in the electronic version)

Lithography, a process that defines micro- and nanoscale
patterns on a substrate, is one of the most critical steps
in micro-device fabrication. Photolithography and electron
beam lithography (EBL) have been the standard techniques
for the microelectronic industry for years. As the feature
size of the microelectronic devices continues to shrink into
the sub-100 nm region, significant amounts of resources and
research effort have been poured into the development of the
next generation lithography (NGL) systems to accommodate
the need of advanced lithographies for future microelectronic
fabrication. However, the NGL systems in development,
such as 157 nm optical lithography, extreme UV scanners, x-
ray lithography and projection electron-beam lithography, are
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complicated and costly; there are also many key technical
issues (such as light sources, lenses, and mask materials,
to name only a few) that need a breakthrough in order to
put them into widespread practical use. Though immersion
lithography with a 193 nm system shows great potential down
to 65 nm [1], it remains very challenging for developing sub-
65 nm lithography systems for mass industrial fabrication.

At the same time, non-conventional lithography tech-
niques, especially nanoimprint lithography (NIL) [2], have at-
tracted more and more interest due to their excellent capability
in nanoscale patterning. NIL uses a physical moulding process
to replicate patterns. It can be very high resolution, and only
requires simple equipment set-up [3, 4]. It is an easy process
that has high throughput, thus enabling low cost large scale
patterning of nanostructures. However, it also has some prob-
lems that could limit its applications. In NIL it almost always
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Figure 1. Schematic diagram of the hybrid mask-mould (HMM).

requires a separate reactive ion etching (RIE) step to remove
the residual layer after imprinting. The residual layer removal
can be difficult for complex mould patterns because the layer
thickness is non-uniform across the substrate after imprinting.
During the moulding process of the NIL technique, resist ma-
terials displaced by the protrusion patterns on the mould have
to be accommodated by the empty areas on the mould, thus the
mould pattern complexity can lead to imprinting defects [5-9].
It is especially problematic when both large scale (tens of mi-
crons and larger) and nanoscale patterns coexist on the mould
and in close proximity. For step and flash imprint lithogra-
phy (SFIL), this problem is alleviated by using low viscosity
liquid resist [10]. Though patterns as large as 20 um and
as small as 40 nm have been successfully replicated at the
same time by SFIL [11], this technique may still encounter
defects or non-uniform residual layer thickness for structures
of hundreds of microns due to its very low imprinting pressure
(~0.25 psi). Most device applications require arbitrary com-
binations of large and small patterns. This reality can greatly
limit the application of the NIL for certain device fabrications.
Therefore more development is required in order to expand the
application of the NIL in the fabrication of general micro- and
nanodevices and systems.

To overcome its difficulty in patterning arbitrary patterns,
we have come up with a new scheme to lift this limitation.
The hybrid-mask—mould (HMM) scheme is a modified
NIL technique that intimately combines the conventional
photolithography and NIL together. With such combination,
we can exploit the strength of each technique to circumvent
their limitations, and can replicate patterns of arbitrary sizes
in one lithography step. We have previously demonstrated
patterning both large structure and sub-micron structure in one
lithography step by using this technique [12]. In this work, the
HMM scheme is expanded as a general lithography technique
for device fabrication. It is employed to fabricate organic thin-
film transistors (OTFTs) with sub-100 nm finger electrodes.
The fabrication of the HMM, the pattern replication with the
HMM and the performance of the OTFT fabricated by the
HMM scheme are discussed in detail.

A schematic diagram of the HMM is shown in figure 1.
The HMM is made of UV transparent material such as
fused silica. Nanoscale protrusions on the mould will be
used to replicate nanoscale patterns through NIL. Large size
metal pads are also placed on the HMM to serve as a
light mask for patterning a large structure as in conventional
photolithography. In other words, the HMM simultaneously
serves as an NIL mould and a photomask. The replication steps
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Figure 2. Schematic diagram of pattern replication with HMM. (a)
NIL with HMM on SU-8 resist; (b) flood UV exposure after
imprinting; (c) mould—substrate separation; (d) developing to remove
unexposed resist. Both large and nanoscale patterns are obtained
after developing.

with the HMM are shown in figure 2 with the use of a negative
tone photoresist, such as SU-8. After spin-coating the resist,
the HMM and the substrate are brought together (figure 2(a)).
Heat and pressure are then applied to the assembly. The
nanoscale protrusions on the HMM are pressed into the resist
layer. After imprinting, a flood UV exposure through the
UV transparent HMM creates the latent images of the metal
patterns in the resist (figure 2(b)), because the resist underneath
the large metal pads will not be exposed. The HMM and
the substrate are then separated (figure 2(c)). The nanoscale
patterns are already formed at this step by NIL. The unexposed
negative tone resist underneath the metal pads can be easily
removed by using a developer, completing the definition of
large patterns (figure 2(d)). With this single lithography step,
patterns of arbitrary sizes can be easily replicated with very
low cost.

The fabrication of the HMM is pivotal in this new
lithography technique. As in the fabrication of the conventional
NIL mould, the HMM can be fabricated by standard
microelectronic fabrication processes such as lithography,
reactive ion etching (RIE) and metallization. To create
the patterns on the mould, both photolithography and EBL
are required. Photolithography is used to define the large
patterns (the metal pads) while EBL is used to define the
nanoscale patterns (the nanoscale protrusions) on the HMM.
Depending on the sequence of the lithography steps, two
HMM fabrication schemes can be used, as shown in figure 3.
In the first scheme (figure 3(a)), the nanoscale structure is
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Figure 3. Methods of HMM fabrication. (a) EBL followed by photolithography scheme; (b) photolithography followed by EBL scheme.

first defined by EBL, followed by metallization and RIE of
the silica substrate. Then the large metal pads are added
onto the mould by conventional contact photolithography and
metallization. In the second scheme (figure 3(b)), the sequence
of the lithography steps is reversed. Photolithography is
employed first to place the large metal pads on the silica
substrate, then EBL and RIE are used to create the nanoscale
protrusions to complete the fabrication of the HMM. It should
be noted that the second scheme has an advantage over the
first scheme in terms of pattern placement. EBL has better
pattern placement accuracy than photolithography. Thus the
second scheme, where photolithography is followed by EBL,
allows accurate placement of nanoscale patterns with respect
to the large structures. This is especially crucial for devices in
which precise control of nanoscale pattern position is required.
We provide next detailed processing steps for making an
HMM used for the fabrication of nanoscale organic thin film
transistors.

The HMM for OTFT fabrication contains finger electrodes
separated by a nanoscale gap (~50 nm) for source and drain
connection and large metal pads (~150 pum) for probing
during electrical characterization of the device. To fabricate
the HMM, we use the second scheme (figure 3(b)),
where photolithography is followed by EBL because of the
aforementioned advantage. On a silica substrate, photoresist
1813 is spin-coated and soft-baked on a hotplate to drive
out solvents. Then the large metal pad pattern is defined
by a contact aligner (MJB-3) through a photomask. After
developing the photoresist, the silica substrate is dry-etched
by CHF; chemistry using the photoresist as the etching
mask. A titanium/nickel bilayer (5/70 nm) is evaporated
onto the substrate. After lift-off in acetone, 100 nm thick
950000 molecular weight (Mw) poly(methyl methacrylate)
(PMMA) is spin-coated on the substrate for EBL. Because the

substrate is non-conductive, a 20 nm thick aluminium layer
is evaporated on the top of the PMMA resist for discharging
during EBL to achieve high resolution patterns. The EBL
is carried out in a Raith 150 tool. After EBL, the thin
aluminium layer is first removed in ammonium hydroxide
solution, and then the PMMA is developed in MIBK and IPA
mixture (1:3 ratio). A titanium/nickel bilayer (5/25 nm) is
evaporated on the silica substrate. After lift-off, the nanoscale
protrusions are formed by dry etching using CHF; chemistry.
The fabricated HMM is then vapour-coated with surfactant
perfluorodecyltrichlorosilane to facilitate mould release during
the replication process [13].

The fabrication of the nanoelectrodes for the nanoscale
OTFTs with the HMM is outlined in figure 4. Starting
from a highly doped n-type silicon substrate (resistivity
0.001-0.004 €2 cm) serving as the bottom gate electrode, a
200 nm thick thermal oxide grown on the substrate serves
as a gate dielectric. To pattern the source and the drain
nanoelectrodes, we use tri-layer resist to ensure good lift-off
results [14, 15]. The tri-layer resist consists of a 100 nm
thick 950000 Mw PMMA on the Si/SiO, substrate formed
by spin-coating, a 20 nm thick germanium layer deposited by
thermal evaporation, and a thin layer of negative tone resist
SU-8 (~120 nm thick) that is spin-coated on the top of the
germanium layer from diluted SU-8 solution in propylene
glycol monomethyl ether acetate (PGMEA). Nanoelectrodes
and large contact pads are formed in the SU-8 layer by one-
step lithography using the fabricated HMM. The imprinting is
done at 80°C and 4.3 x 10° Pa for 5 min. After imprinting
and before separating the mould—substrate assembly, the SU-
8 resist is exposed by 365 nm UV light through the HMM
with a fluence of 80 mJ cm™2. After separating the substrate
from the HMM, the unexposed SU-8 is removed by soaking
the substrate in PGMEA solution for 1 min followed by 1 min
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Figure 4. Schematic diagram of nanoelectrode replication steps with HMM and tri-layer resist.

Figure 5. SEM micrographs of a finger-shaped nanoelectrode
achieved along with large metal pads by the one-step lithography
process outlined in figure 4.

rinse in IPA. Then, the residual layer after NIL is removed
with a few seconds of oxygen RIE to expose the germanium
layer. The middle germanium layer is then dry etched with
CHF; RIE. Then, the PMMA bottom layer is dry etched with
oxygen RIE using the germanium layer as an etching mask. A
slight over-etch of the PMMA layer creates an undercut feature
which facilitates the lift-off process. Finally, a titanium/gold
bilayer (5/40 nm) is evaporated onto the substrate and lifted off
in acetone to form the nanoelectrode structure. Figure 5 shows
SEM micrographs of nanoelectrodes connected to large metal
contact pads. Finger shaped nanoelectrodes of around 100 nm
width separated by around 50 nm gap along with the large
150 pm contact pads are achieved by this one-step lithography
technique.

Pentacene OTFTs with bottom contact configuration are
fabricated using the above electrode structure. A 40 nm thick
pentacene thin film is thermally evaporated on the top of
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Figure 6. (a) SEM micrograph of finger-shaped nanoelectrodes and
(b) optical micrograph of OTFT.

the electrodes in a high vacuum. Figure 6 shows an optical
micrograph of the OTFT device with pentacene on top of
the nanoelectrode, along with an SEM micrograph of the
same nanoelectrode. Device measurement and characterization
are done immediately after the pentacene evaporation. The
output and transfer characteristics of a pentacene OTFT with
multiple fingers and 100 nm gap (W/L = 30) are shown
in figures 7 and 8, respectively. Figures 7 and 8 also
show the characteristics of a pentacene OTFT without finger
nanoelectrodes (W = 50 um, L = 10 um). Compared with
the micron scale pentacene OTFT (W/L = 5), the OTFTs
with nanoelectrodes inside the micron channel did not exhibit
significant increase in device performance, though the W/L
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Figure 8. Transfer characteristics of pentacene OTFT.

ratio is increased to 30 for the nanoelectrode OTFT due to the
reduction of the channel length by the nanoscale gap. The less
significant increase of drain current for pentacene OTFTs with
nanoelectrodes originates from the effect of contact resistance
on OTFTs. When the channel length of bottom contact
pentacene OTFTs becomes smaller (less than 10 pm), the
contact resistance dominates the total resistance (including
both contact resistance and channel resistance) [16]. It has
been found that the grain size of the pentacene deposited
on the gold surface is much smaller than that on the oxide
surface [17]. These small grains at the gold/pentacene interface
result in much larger contact resistance than short channel
resistance. The further shrinking down of the channel length
to nanoscale does not effectively increase the drain current.
The extracted field-effect mobility for the nanoscale pentacene
OTFTs from the transfer characteristics in the saturation
regime is 1.59 x 1072 cm? V~! s~!, which is similar to other
reported values for nanoscale pentacene OTFTs [18].

In summary, we have demonstrated the application of
the HMM lithography technique in one-step fabrication of

nanoelectrodes for pentacene OTFTs. This serves as an
example to show that the HMM scheme can be applied in
general nanoscale device and system fabrications. In most
nanoscale devices and systems, it is typical to have both
large and nanoscale structures for different functions. Neither
conventional photolithography nor NIL alone can satisfy the
fabrication needs. The HMM scheme holds great promise
to solve this dilemma with broad application scope. This
method should also work well with UV-curable liquid resists
that are often favoured as the ideal NIL and SFIL resists for
room temperature and low pressure processing [19]. Since this
method maintains the advantages of high throughput of both
photolithography and NIL, it is particularly attractive for low
cost industrial mass fabrication.
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