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We demonstrate the use of micrometer-scale polymer molding, a soft-lithographic
patterning technique, as a means to fabricate amorphous silicon thin-film transistors (TFTSs).
Two different TFT architectures were fabricated and tested—a common gate, common channel
architecture for single-level patterning on a spherically curved glass substrate—and an
isolated channel, inverted, staggered architecture with multilevel pattern registration on a
planar glass substrate. The silicon and silicon nitride films are deposited by reactive
magnetron sputtering, allowing all film depositions to be carried out at temperatures at or
below 125 °C, and making this fabrication process a candidate for use on plastic or other
thermally sensitive substrates. We discuss the performance of polymer molding as a
patterning technique for thin-film microstructures on both planar substrates and on
substrates with three-dimensional curvature.

Introduction

Polymer molding that uses capillary action to fill a
patterned elastomeric mold, commonly referred to as
“micromolding in capillaries” or MIMIC, is an attractive
alternative or complementary technique to thin-film
patterning by conventional photolithography,'—3 and has
been used to fabricate a variety of microelectronic
devices.*~® In seeking to explore and extend the range
of processing conditions for which polymer molding
might serve as an effective patterning technique, we
undertook the fabrication of model arrays of hydroge-
nated amorphous silicon (a-Si:H) thin-film transistors
(TFTSs). To test the limits and general utility of this thin-
film patterning method, these arrays were fabricated
on both planar and spherically curved substrates using
two different TFT architectures.

TFTs were chosen as test structures for several
reasons. First, TFTs are extremely useful devices in
diverse areas of technology and can be made with a

* E-mail: r-nuzzo@uiuc.edu. Telephone: 217-244-0809. Fax: 217-
244-2278.

T Department of Chemistry.

* Department of Materials Science and Engineering.

§ Frederick Seitz Materials Research Laboratory.

(1) Kim, E.; Xia, Y.; Whitesides, G. M. Nature 1995, 376, 581.

(2) Xia, Y.; Kim, E.; Whitesides, G. M. Chem. Mater. 1994, 8, 1558.

(3) Xia, Y.; Whitesides, G. M. Angew. Chem., Int. Ed. Engl. 1998,
37, 550.

(4) Jeon, N. L.; Hu, J.; Whitesides, G. M.; Erhardt, M. K.; Nuzzo,
R. G. Adv. Mater. 1998, 10, 1466.

(5) Hu, J.; Beck, R. G.; Deng, T. Westervelt, R. M.; Maranowski,
K. D.; Gossard, A. C.; Whitesides, G. M. Appl. Phys. Lett. 1997, 71,
2020.

(6) Hu, J.; Beck, R. G.; Westervelt, R. M.; Whitesides, G. M. Adv.
Mater. 1998, 10, 574.

(7) Erhardt, M. K.; Nuzzo, R. G. Langmuir 1999, 15, 2188.

(8) Rogers, J. A.; Bao, Z.; Raju, R. V. Appl. Phys. Lett. 1998, 72,
2716.

variety of architectures, including ones that can conve-
niently be fabricated on curved substrates.® For ex-
ample, TFTs are used to address the pixels in flat panel
displays and have potential uses in other device
applications.10-13 Second, TFTs are composed of thin
films that can be deposited readily at low temperatures
(here as low as 125 °C), and thus can be fabricated on
plastic or other unconventional substrates.814-18 Third,
fabricating TFT structures allows us to test the perfor-
mance of polymer molding as a micrometer-scale pat-
terning technique for devices on nonplanar (here, spheri-
cally curved) substrates.

Our group has demonstrated excellent a-Si:H TFTs
using low-temperature reactive magnetron sputtering
(RMS),1419-20 3 technique in widespread industrial use
for thin-film deposition. The device designs of interest
in this study require the patterning of metal and silicon
nitride by wet-etching and lift-off methods. The lift-off
of micromolded polymer templates, which has been
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extensively studied in the patterning of metal micro-
structures,>* 621 has not been examined as a means to
prepare devices in reactive sputter-deposition condi-
tions, including high-vacuum, mildly elevated temper-
ature, and a plasma environment.

Polymer molding is a powerful tool for fabricating
device arrays on nonplanar substrates, as the flexible
elastomeric molds can be brought into conformal contact
even with substrates of steep curvature.2?! Soft-
lithography has been applied to a variety of nonplanar
substrates in the past,322-23 put fabricating multilay-
ered electronic devices on spherically curved substrates
has yet to be demonstrated, primarily due to the
difficulty of achieving multilevel feature registration on
a surface with three-dimensional curvature.

There are, however, numerous scientific and techno-
logical incentives for patterning spherically curved
substrates.?*#25> For example, the human eye focuses
images on a nearly spherically curved retina which
neatly accommodates the relatively simple optics of the
eye’s lens. Similarly, a Schmidt telescope uses a curved
detector (film plate) to minimize the need for complex
correction optics that would be required to focus images
on a planar detector surface.?® Curved detector arrays
based on solid-state devices, however, are not generally
available. These examples suggest a need to develop
methods for fabricating multilevel thin-film devices in
nonplanar geometries.

In this study, to obviate the need for multilevel
registration on a curved-surface array, we adopted a
TFT architecture that required only one mask level.
This TFT architecture, referred to as the “common gate/
channel” structure (Figure 1), uses a single Al layer as
a monolithic gate electrode for all of the source/drain
contacts in the array rather than using individually
addressable gate lines. Likewise, the semiconductor
(channel) layer is also common to all source/drain
contacts on the substrate. While this architecture does
not yield optimal electrical results due to current
spreading in the common gate and channel regions,?’
it was chosen for its suitability as a test structure for
patterned thin-film devices on spherically curved sub-
strates. In this work, we sought to fabricate TFT devices
with feature sizes on the order of those used in com-
mercial display technology, yet within the resolution
limits of rapid prototyping fabrication methods that use
laser-printed transparency sheets as mask patterns for
fabricating the MIMIC mold masters (typically ~20 um).
We should note, however, that MIMIC can be used to
fabricate features as small as 1 um.3

To further test these processing methods, we also
fabricated TFTs with an inverted, staggered architec-
ture supported on a planar glass substrate. These
structures, like commercial TFTs, have channel regions
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Figure 1. (a) Top view of the common gate/channel TFT

architecture. (b) Cross-sectional view of the common gate/
channel TFT architecture.
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Figure 2. (a) Top view of the isolated channel, inverted,
staggered TFT architecture. (b) Cross-sectional view of the
isolated channel, inverted, staggered TFT architecture.

that are isolated to a single device. The gate electrodes
were patterned as a series of Al lines. The isolated
channel device architecture is shown schematically in
Figure 2 and requires three levels of pattern registra-
tion. Taken together, the studies of common gate/
channel TFTs and isolated channel TFTs have helped
to identify key processing issues that must be addressed
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Figure 3. Cross-sectional schematic of the fabrication steps for microstructures with the common gate/channel TFT architecture
on a spherically curved substrate (diagrams are not drawn to scale): (a) spherically curved glass substrate; (b) deposition of the
common Al gate by thermal evaporation; (c) physical masking of the gate contact region; (d) three-step RMS deposition of gate
dielectric (~3000 A of a-SisN4:H), semiconductor layer (~1000 A of a-Si:H), and passivation layer (~3000 A of a-SisN4:H); (e)
silicone mold contacts the substrate; (f) polyurethane precursor fills the channels of the silicone mold, is cured, and the mold is
removed; (g) passivation nitride is etched to create source/drain contact windows to the a-Si:H layer; (h) source/drain contact
metallization is done by thermal evaporation of Al (although not shown in the diagram, Al also coats the polyurethane template
on the substrate); (i) polyurethane template lifted off in a CH>Cl,/CH3OH solution. The gate contact pad is on the far right side

of the substrate.

in order to realize multilevel pattern registration on
spherically curved substrates.

Experimental Section

The method used to fabricate common gate/channel TFT
microstructures on a spherically curved glass substrate is
schematically illustrated in Figure 3. A 1000 A thick film of
Al was evaporated onto the concave side of a 1 x 1 in.2 glass
substrate cut from a watchglass. This substrate possessed a
radius of curvature of ~10 cm. The surface of the glass
substrate was cleaned prior to use with acetone, 2-propanol,
water, and more 2-propanol, followed by drying with nitrogen
and 10 min of low-intensity (~1 mW/cm~2) UV exposure in
air (mercury vapor lamp, BHK Inc.). Following the metal
evaporation, the substrate was annealed for 15 min at 475 °C
to promote adhesion and to prevent subsequent peeling of the

Al film from the substrate. Although not examined explicitly
in this study, other low-temperature methods can likely be
used, if necessary, to promote adhesion of the gate electrode
layer to temperature-sensitive substrates. When the substrate
had cooled, a 0.5 cm wide stripe of a UV-curable polyurethane
prepolymer (NEA 121, Norland Products) was applied along
one edge of the substrate surface to physically mask the
underlying Al from further deposition. This masking is neces-
sary when fabricating the common gate structure in order to
establish an electrical contact to the Al gate.

After the polyurethane was cured for 3 min under a low-
intensity UV source, the substrate was introduced to a three-
chamber RMS deposition system,* where we deposited a 3000
A thick film of hydrogenated amorphous silicon nitride (a-SiNy:
H) for the gate dielectric, a 1000 A thick film of a-Si:H for the
active layer, and a 3000 A thick film of heavily hydrogenated
a-SiNy:H for the passivation layer at a substrate temperature
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Table 1.
temp. (°C) time (min) P [Ar] (mTorr) P [Hz] (mTorr) P[N2] (mTorr) total pressure (mTorr)
gate nitride 125 60 1.0 0.4 15 2.9
a-Si:H 125 6 15 0.6 0 21
passivation nitride 125 60 15 0.4 2.6 4.5

of 125 °C. The nitride films were grown in one chamber using
an (Ar/Hz/N,) plasma generated by an ENI RPG-50A power
supply in pulsed DC mode, where the pulse frequency = 100
kHz, reverse bias supply voltage = +75 V, and duty cycle =
30%. A pulsed deposition protocol was used to prevent silicon
nitride buildup on the target. Silicon films were grown in an
isolated adjacent chamber using an (Ar/H;) plasma in static
DC mode. Finally, the passivation nitride layer was deposited
in the first chamber using an excess of N, to promote growth
of a sparse, columnar microstructure that could easily be
etched. A summary of the growth conditions is given in Table
1 below. The composition, microstructure, and electronic
properties for films obtained using these deposition conditions
have been described in detail elsewhere. 141972028

Following film deposition, a resist template for the definition
of the source/drain contacts was created by MIMIC. A “rapid
prototyping” method was used to fabricate the patterned
silicone molds used in the MIMIC process, as has been
described in detail elsewhere.!~3 A patterned silicone mold
(poly(dimethylsiloxane), Dow Corning, Sylgard 184) was brought
into contact with the concave face of the substrate. The
polyurethane precursor was then applied along an open edge
of the mold, drawn into the recessed channel regions of the
mold by capillary action, and cured for 12 min under a mercury
vapor UV source. Following curing, the mold was peeled from
the substrate, leaving a polyurethane pattern on the substrate
surface, roughly 30 um high. Within the template pattern, the
distance between source and drain contacts was intentionally
varied between 60 and 120 um in regular increments. The
contacts themselves were approximately 200 um x 200 um to
facilitate probe placement for electrical measurements.

Following the molding of the polymer template, the sample
was submerged in a 6:1 NH,;F/HF buffered etching solution
for 2 min, rinsed with water and 2-propanol, and dried under
nitrogen flow. After etching, the sample was immediately
transferred to an evaporation bell jar, where 1000 A of Al was
deposited to form contacts to the Si channel layer. Following
Al deposition, the substrate was immersed in a 5:1 CH,Cl,/
CH30H solution for 10 min to remove the polyurethane from
the substrate surface. This completed the fabrication of the
common gate device array.

The method used to fabricate isolated channel thin-film
transistors on a planar glass substrate is illustrated schemati-
cally in Figure 4. A patterned silicone mold was brought into
contact with the surface of a 1 x 1 in.2, planar glass substrate,
cleaned prior to use as described above. A patterned polyure-
thane template for the deposition of the Al gate lines was then
formed by the MIMIC technique. A 1000 A thick film of Al
was then evaporated onto the sample, followed by polymer
liftoff in CH,CI,/CH3;OH. The width of the gate lines was
intentionally varied from 60 to 120 um in regular increments
across the array.

Following the formation of the Al gate line, alignment of
the mold defining the isolated trilayer region of the TFT
structures was carried out using a Karl Suss contact aligner.*2°
The trilayer template pattern was brought into contact with
the substrate while maintaining registration with Al gate lines
on the substrate. A second MIMIC step was then performed,
after which the sample was placed in the series of interlocked
RMS chambers for trilayer deposition. Following deposition
of the trilayer, as described above, the polymer template was
removed by liftoff in CH,CIl,/CH3OH.
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A third and final patterning step was then performed to
define the source/drain contacts. Mold alignment on the
substrate was, as above, followed by the polymer molding
procedure, which, in turn, was followed by consecutive etching,
Al evaporation, and polymer liftoff steps, as described above
for the common gate/channel device structures. As with the
common gate/channel devices, the distance between source and
drain contacts was intentionally varied between 60 and 120
um in regular increments within the template pattern, and
the contacts themselves were approximately 200 um x 200
um to facilitate probe placement for electrical measurements.
This completed the fabrication of the isolated TFT arrays.

Scanning electron micrographs of sample fracture cross
sections were obtained on a Hitachi S-4700 field emission gun
scanning electron microscope. Electrical measurements were
performed using a probe station connected to a HP4145B
semiconductor parameter analyzer, with commercial data
collection and analysis software (Hewlett-Packard, IC—CAP).

Results and Discussion

The requirements for etching silicon nitride in the
fabrication of the TFT devices were a significant factor
influencing our choice to use MIMIC as a patterning
tool in this study. The inks available for patterning etch
resists by contact printing do not generally perform well
in HF-based etching solutions or under reactive ion
etching (RIE) conditions.33°~31 From our use of MIMIC
as a patterning tool, we identified and solved several
potential obstacles to patterning thin-film microstruc-
tures via polymer molding. The first issue is that the
silicone molds used to define the MIMIC template
pattern do not always cure completely, and as a result,
may leave an oligomeric residue on the surfaces they
contact. Such contamination greatly reduces the adhe-
sion of subsequently deposited material, which can be
a significant problem. We, however, found it convenient
and effective to place the molds face-up directly under
a UV light source for 5—10 min following curing to
ensure the removal or conversion of any residual oligo-
mer on the mold surface. The mold was then used
without problem to pattern the polyurethane template
on the substrate

More generally, though, we found that the adhesion
of Al base layers to the glass substrates used in this
work was subject to unpredictable failures during
subsequent stages of the fabrication. Rather than
examining specific chemistries to promote this adhesion,
we chose instead to simply anneal the sample following
the Al evaporation step. The rest of the fabrication was
then carried out normally, and the Al remained strongly
adhered to the substrate during subsequent template
liftoff steps.

Another potential problem with using MIMIC as a
patterning tool for a-Si:H and a-SiNy:H films was the
possibility that the UV radiation used to cure the
polyurethane would generate dangling bond defects in

(30) Lercel, M. J.; Tiberio, R. C.; Chapman, P. F.; Craighead, H.
G.; Sheen, C. W.; Parikh, A. N.; Allara, D. L. J. Vac. Sci. Technol. B
1993, 11, 2823.
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Figure 4. Cross-sectional schematic of the fabrication steps for microstructures with the isolated channel, inverted, staggered
TFT architecture on a planar substrate (diagrams are not drawn to scale): (a) planar glass substrate; (b) definition of the gate
line pattern via molding of a photocured polyurethane template; (c) gate lines deposited by thermal evaporation of Al (although
not shown in the diagram, Al also coats the polyurethane template on the substrate, as is also the case in part i); (d) polyurethane
removed in CH,CI,/CH3OH solution; (e) alignment and polymer molding to define an isolated channel deposition pattern; (f)
three-step RMS deposition of gate dielectric (~3000 A of a-SizN4:H), semiconductor layer (~1000 A of a-Si:H), and passivation
layer (~3000 A of a-SisN4:H) trilayer, followed by removal of the polyurethane deposition template (not shown); (g) alignment
and polymer molding to define the etching and metallization pattern for source/drain contact formation; (h) passivation a-SiNy:H
layer etched to open contact windows to the a-Si:H channel layer; (i) source/drain contact metallization is done by thermal
evaporation of Al; (j) liftoff of the polyurethane leaving isolated channel microstructures with the inverted, staggered TFT
architecture.

the a-Si:H and a-SiNy:H films and thereby degrade the
electrical performance of the devices.32 This obstacle was
obviated by using a photocurable polyurethane prepoly-
mer that did not require high-energy exposures to effect
the cure. As a result, the exposure to UV radiation was

(32) Staebler, D. L.; Wronski, C. R. Appl. Phys. Lett. 1977, 31, 292.

kept within the range used for the photolithographic
patterning of commercial-grade TFTs.

Arrays of TFTs were fabricated in two different
architectures on spherically curved and planar glass
substrates. The curved TFT arrays were fabricated in
the common gate/channel architecture shown in Figure
1 (Figure 1b is shown as a planar, rather than curved,
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structure for the sake of readability). The critical
advantage of this architecture over an isolated device
architecture is that it requires only one mask level,
allowing for TFT fabrication on a spherically curved
substrate without the additional complication of pattern
registration of multiple mask levels. Even without
pattern registration, patterning by MIMIC on a curved
substrates presents special challenges. For example, the

mold must be flexible enough to conform to the curva-
ture of the substrate surface, yet stiff enough to preserve
the integrity of the pattern. Typically, we used elasto-
meric PDMS (poly(dimethylsiloxane), Dow Corning Syl-
gard 184) molds no more than a few millimeters thick.
As the curvature of the substrate surface increases, so
too does the difficulty of patterning it using MIMIC.
Other soft-lithographic techniques, however, such as
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(a)

Figure 6. (a) Top view of a single completed common gate/channel TFT structure on a spherically curved glass substrate. (b)
TFT array.

contact printing, which does not rely on capillary flow
within a mold, can be adapted easily to accommodate
highly curved surfaces.323:33.34

A schematic illustration of the fabrication method for
the common gate/channel devices is shown in Figure 3.
Figure 5 shows SEM images of common gate/channel
device cross sections at progressive stages of fabrication.
The polyurethane resists obtained by MIMIC produce
high aspect ratios and excellent vertical wall profiles.
Figure 6 shows optical micrographs of a completed
common gate/channel TFT (Figure 6a) and of a com-
pleted device array on a spherically curved glass sub-
strate (Figure 6b).

Figure 7 shows the electrical characteristics of the
transistors. Nonideal electrical behavior is observed due
to the simplified (common gate/channel) architecture in
which these devices were fabricated. We have observed
similar electrical behavior in planar TFTs fabricated
with this architecture but using resists patterned by
photolithography.3® Ideal behavior is characterized by
output curves similar in shape to those shown in Figures
7a and 8a (but intersecting at the origin), and by
transfer curves similar in shape to those presented in
Figures 7b and 8b (but with lower gate current relative
to source current).® The most significant contributor to
the deviation from ideal transistor behavior is the
tendency of common gate/channel devices to exhibit
current spreading, resulting in high leakage cur-
rents,?”:36 which are evident in the data presented in
Figure 7. We also fabricated common gate/channel
devices on a planar glass substrate to provide a system
for comparison. Representative electrical properties of
the planar device arrays are shown in Figure 8 and are
similar to those that we and others have previously
observed in common gate/channel devices.3536

In common gate/channel device arrays, the gate and
semiconductor layers are not confined to a limited area

(33) Rogers, J. A,; Jackman, R. J.; Whitesides, G. M. Adv. Mater.
1997, 9, 475.

(34) Rogers, J. A.; Jackman, R. J.; Whitesides, G. M.; Olson, D. L;
Sweedler, J. V. Appl. Phys. Lett. 1997, 70, 2464.

(35) Weber, C. E.; Abelson, J. R., unpublished results.

(36) Dodabalapur, A.; Laquindanum, J.; Katz, H. E.; Bao, Z. Appl.
Phys. Lett. 1996, 69, 4227.

(b)

immediately below and between the source/drain con-
tacts. For this reason, the current detected at the gate
electrode is due not only to the relatively small current
that penetrates the gate dielectric in the immediate
vicinity of the device but also includes a much larger
contribution from the current paths generated across
the entire substrate as a direct result of the general
wide-area biasing of the common gate beneath the
monolithic semiconductive channel. This conclusion was
confirmed by a direct measurement of the leakage
current through the gate nitride alone, as shown in
Figure 9a, which is several orders of magnitude lower
than the gate current observed in the common gate/
channel TFTs. Figure 9b shows the test structure used
to measure the leakage current through the gate nitride
alone. The leakage current shown in Figure 9a compares
well to the previously reported values of ~10~8 A/cm?
at 3 x 108 V/cm for planar nitride layers deposited at
125 °C, which is considered acceptable for production
devices.

Current spreading across a device array like that seen
in the common gate/channel TFTs can be minimized by
electrically isolating each device in the array. Therefore,
the second of the two device architectures that we
fabricated was an inverted, staggered TFT with an
isolated channel and a gate line common only to devices
in one row of the array, as shown in Figure 2. Because
multiple mask levels are needed for the fabrication of
the isolated channel device architecture, these TFT
arrays were fabricated on a planar glass substrate as
an initial test to simplify pattern registration. The
fabrication process is illustrated schematically in Figure
4. The isolated channel devices are shown at progressive
stages of fabrication in Figure 10. The metal gate lines
derived from MIMIC (Figure 10a) had excellent fidelity
and good electrical properties. A completed array is
shown in Figure 11. Unfortunately, these devices did
not exhibit electrical characteristics typical of transis-
tors. Instead, the devices generally failed due to the
formation of shorts to the gate or failed to conduct a
detectable current under any bias. This behavior was
most likely due to several shortcomings of the fabrica-
tion procedure, to which we now turn our attention.
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Figure 7. Electrical characteristics for common gate/channel
TFT structures on a spherically curved glass substrate: (a)
output curves; (b) transfer curves (gate current indicates
leakage). In part b, a constant bias of 0.1 V was maintained
on the drain contact with respect to the source to suppress
source/drain current flow.

First, the liftoff process used to remove the polymer
template following each deposition step may have
adversely affected the electrical behavior. As mentioned
earlier, we used a commercially available polyurethane
as our molded polymer template and lifted it off of the
substrate using a CH,Cl,/CH3;OH solution. There have
been reports of “dry” liftoff techniques, in which a
polymer template is physically lifted from the surface
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Figure 8. Electrical characteristics for common gate/channel
TFT structures on a planar glass substrate: (a) output curves;
(b) transfer curves (gate current indicates leakage). In part b,
a constant bias of 0.1 V was maintained on the drain contact
with respect to the source to suppress source/drain current
flow.

rather than using a solvent solution to effect liftoff.3”
In our experience, dry liftoff can be done with these
materials, but we did not find it to be a reliable general
method for removing this polymer from the substrate,
as it frequently resulted in incomplete template re-
moval. Solvent-assisted liftoff works well in many
instances, but we suspect that this liftoff process

(37) Duffy, D. C.; Jackman, R. J.; Vaeth, K. M.; Jensen, K. F.;
Whitesides, G. M. Adv. Mater. 1999, 11, 546.
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Leakage Test - Gate Nitride Only
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Figure 9. Direct measurement of leakage current through the gate nitride layer alone: (a) gate current vs gate voltage; (b) a
cross-sectional schematic of the test structure used for the measurement. In part a, a constant bias of 0.1 V was maintained on
the drain contact with respect to the source to suppress source/drain current flow.

adversely affected the electrical properties of the iso-
lated channel TFT structures. For example, residual
polymeric fringes are present along the edges of some
device features even after liftoff, as can be seen in Figure
10b,d. Template liftoff can also remove material needed
for devices to perform ideally. While such defects
probably would not substantially degrade the electrical
behavior of an entire array of common gate/channel
TFTs in which the liftoff was performed only once on
the topmost layer of the device, they could have a
significant impact on isolated devices with multiple
patterned layers in which liftoff-induced defects could
be compounded with each successive patterning step.
Previous TFT fabrication work based on photolitho-
graphic patterning suggests that using RIE to define
the device features typically yields higher quality
devices.'*19 The reason that we did not use RIE or
another etching method to isolate the devices is that
MIMIC requires a continuous capillary path through the
mold along which the liquid prepolymer can flow.
Isolating devices by etching is incompatible with this
requirement of MIMIC, since the etch template would
require the formation of discrete polymeric resist struc-
tures. The differences in electrical behavior between
devices isolated by liftoff and those isolated by etching
certainly comprise a topic for further study, although
because the issue is not specific to MIMIC, we did not
pursue it further.

A second and probably more critical aspect of the
fabrication that may have contributed to the degrada-
tion of the isolated channel devices’ electrical properties
is the thickness of the polymer template used to define
the device features. The template thickness was mea-
sured by profilometry to be 30 um, and in the SEM
image shown in Figure 5b, it is clearly very thick
compared to the thickness of the deposited trilayer films.
As a result, the template shadowed the substrate from
the deposition flux during film growth, an effect evident
from the color gradient visible in Figure 10b,c.

The color gradient is indicative of a film thickness
gradient near the edge of the TFT contact and channel
regions. The channel region, being the narrowest and
most critical part of the device, would be particularly
susceptible and sensitive to film nonuniformity caused
by shadowing, which could result in degradation due
to an incomplete channel layer, undesirable contact
between nonadjacent film layers, or varying electric field
magnitudes within the device. This problem could be
solved in principle by using a conformal deposition
technique like low-temperature plasma-enhanced CVD,
which can also yield high-quality a-Si and a-SiNy films
for use in TFTs.38 Although decreasing the thickness of
the polyurethane template would also serve to reduce
the degree of shadowing during film deposition, the
extent to which the thickness can be reduced depends
on the following: (a) the aspect ratio required to
maintain the integrity of the silicone mold (e.g., molds
tend to sag if the aspect ratio is too low); (b) the
throughput limitations imposed by changing the dimen-
sions of the mold capillaries through which the liquid
prepolymer flows, which will affect the flow rate; and
(c) the resolution of the mask imaging technique.® We
and others are currently working to develop methods
which address these concerns, particularly by develop-
ing new inks which will allow ultrathin resist patterns
to be laid down by microcontact printing (uCP).30-31,39-52

(38) Yang, C. S.; Smith, L. L.; Arthur, C. B.; Parsons, G. N. J. Vac.
Sci. Technol. B 2000, 18, 683.

(39) Erhardt, M. K.; Nuzzo, R. G., yet to be published.

(40) Jeon, N. L.; Choi, I. S.; Whitesides, G. M.; Kim, N. Y.; Laibinis,
P. E.; Harada, Y.; Finnie, K. R.; Girolami, G. S.; Nuzzo, R. G. Appl.
Phys. Lett. 1999, 75, 4201.

(41) Tada, H.; Nagayama, H. Langmuir 1995, 11, 136.

(42) Hozumi, A.; Ushiyama, K.; Sugimura, H.; Takai, O. Langmuir
1999, 15, 7600.

(43) Komeda, T.; Namba, K.; Nishioka, Y. J. Vac. Sci. Technol. A
1998, 16, 1680.

(44) Pan, M.; Yun, M.; Kozicki, M. N.; Whidden, T. K. Superlattices
Microstruct. 1996, 20, 369.

(45) Finnie, K. R.; Haasch, R.; Nuzzo, R. G. Langmuir, in press.
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(a)

(b)

(d)

200 um

Figure 10. Optical micrographs showing isolated channel,
inverted, staggered TFT microstructures following: (a) gate
line metallization and liftoff of the polymer template (Figure
4d); (b) trilayer deposition and liftoff of the polymer template
(Figure 4f); (c) etching of the passivation nitride (Figure 4h);
(d) source/drain contact metallization (Figure 4j).

A final noteworthy aspect of this fabrication is that
the polyurethane templates used in this study did not

(46) Tiberio, R. C.; Craighead, H. G.; Lercel, M.; Lau, T.; Sheen, C.
W.; Allara, D. L. Appl. Phys. Lett. 1993, 62, 476.
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Figure 11. Completed array of isolated channel, inverted,
staggered TFT microstructures on a planar glass substrate.

suffer in any noticeable way from the low-pressure,
elevated-temperature, or reactive plasma environment
inside the deposition chamber and were readily removed
following trilayer deposition. Because many polymers
decompose or degrade at higher temperatures, this
relatively low-temperature reactive magnetron sputter-
ing method is well-suited for use with polymer molding.

Taken together, the data suggest that MIMIC is an
effective method for patterning complex thin-film de-
vices on nonplanar substrates. There is no question that
many engineering issues, from throughput to electrical
performance optimization, have yet to be solved. This
work, however, demonstrates that TFTs—a critical
component of numerous sensor and display technologies—
are compatible with novel patterning and film deposi-
tion techniques for use on substrates with three-
dimensional curvature. The further development of
these methods for this challenging application, espe-
cially in the areas of resist materials design and
multilevel registration, appears to be an appropriate
and timely subject for future research.
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