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Thin-film transistor circuits on large-area spherical surfaces
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J. C. Sturma)
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~Received 19 November 2001; accepted for publication 3 July 2002!

We report amorphous silicon (a-Si:H) thin-film transistors~TFTs! fabricated on a planar foil
substrate, which is then permanently deformed to a spherical dome, where they are interconnected
to inverter circuits. This dome subtends as much as 66° (;1 sr) with the tensile strain reaching a
maximum value of;6% on its top. Functional TFTs are obtained if design rules are followed to
make stiff TFT islands of limited size on compliant substrates. Photoresist patterns for island
interconnects are made on the flat structure, are plastically deformed during the shaping of the dome,
and then serve to delineate interconnects deposited after deformation by lift-off. We describe the
effect of deformation on the TFTs before and after deformation and the performance of TFT inverter
circuits. Our results demonstrate that the concept of stiff circuit islands fabricated on deformable foil
substrates is a promising approach to electronics on surfaces with arbitrary shapes. ©2002
American Institute of Physics.@DOI: 10.1063/1.1502199#
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There is growing interest in flexible electronics, inclu
ing foldable displays, sensor skins, and electronic textiles
date, research on curved electronics has been on the c
drical deformation of thin-film devices on polymer or met
foils.1–5 In these cases, the devices can be put either in
sion ~bending outwards! or in compression~bending in-
wards! by elastic deformation. The strain in the devices c
be kept small simply by reducing the substrate thickness,
no substantial change in device characteristics has been
served for bending radii down to 2 mm.5 Newer concepts,
however, require the fabrication of electronics on ‘‘nondev
opable’’ surfaces, such as a spherical surface, which ca
made from a flat sheet only by plastic deformation. A sphe
cally curved focal plane detector array6 is one example tha
offers many optical advantages over a planar array. In
letter, we show how functional circuits of amorphous-silic
thin-film transistors~TFTs! can be made and interconnect
on a spherical surface. Two options exist for making su
circuits: one, to fabricate the circuits on a flat sheet, wh
then is deformed to a sphere, and two, to fabricate the cir
directly on the sphere. We pursue the first option becaus
makes use of standard microfabrication methods.

Deformation of a flat sheet to a spherical shape is inh
ently more difficult than to a cylindrical one: In spheric
deformation the strain is determined by the shape and ca
be reduced by thinning the substrate. For example, theaver-
agetensile strain in a foil deformed by expansion to a sphe
cal dome with a 66° field of view~1 sr! is ;6%.7 This level
of strain exceeds the tensile fracture limit of device mater
~such as silicon and silicon oxide of, typically,;0.5%!,
which would crack during deformation to a 1 srsphere. Here,
we show that this problem can be resolved by fabricat
stiff device islands on a compliant substrate, deforming
structure to a sphere such that plastic flow is concentrate
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the substrate material between the islands, and fabrica
only the final interconnects on the sphere.

Figure 1~a! shows a spherical dome of a 50-mm-thick
Kapton® E polyimide foil bearing amorphous-silicon is
lands. The TFTs fabricated in such islands have the conv
tional staggered bottom-gate, back-channel-etch structur
Fig. 1~b!. The fabrication is a modified version of one us
previously in our laboratory fora-Si:H TFTs on plastic
substrates.8 All TFT silicon layers were deposited using
three-chamber rf-excited plasma-enhanced chemical va
deposition system at 150 °C substrate temperature. The p
imide substrate was first passivated with a 0.5-mm-thick
layer of SiNx ~layer 1! for planarization and chemical barrie
Next, a 100-nm-thick Cr~layer 2! was thermally evaporated
and wet etched to create the gate electrode. The TFT trila
consisted of 360 nm of SiNx ~layer 3!, 200 nm of undoped
a-Si:H ~layer 4!, and 50 nm ofn1 a-Si:H ~layer 5!. Another
100-nm-thick Cr layer~layer 6! was then evaporated and w
etched to serve as the source–drain contact. The active
gion for the TFT was defined by reactive ion etching~RIE!

FIG. 1. ~a! Spherical dome of polyimide foil bearinga-Si:H islands.~b!
Cross section of the TFT island structure on a polyimide substrate.
3 © 2002 American Institute of Physics
IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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of the n1 and undopeda-Si:H ~layers 4 and 5! in a mixture
of SF6 and CCl2F2 . The transistors’ channel regions were y
to be defined at this stage. SiNx ~layers 1 and 3! was then
etched by RIE in a mixture of CF4 and O2. Regions pro-
tected by photoresist then became isolated device isla
which would withstand the subsequent substrate expans
Outside the active device area but still on the islands, the
etch stops at the first Cr layer, so this patterning step a
etched windows into the SiNx gate dielectric layer~layer 3!
to create openings where the gate layer could be contac
Finally, the channel region was defined by removingn1

a-Si:H ~RIE in CCl2F2! between the source/drain contac
by using the initially defined Cr source/drain layer~layer 6!
as a mask.

To perform the deformation, the substrate was clam
by a circular ring of 6 cm in diameter.7 Pressurized gas the
deformed the material within the clamped ring to a spher
dome with 66° field of view under pressure, relaxed to 5
field of view after the pressure release. The substrate
held at 150 °C to soften the polymer substrate, which allo
us to achieve larger crack-free device islands after defor
tion than possible with deformation at room temperatu
Previous work7 has shown that deforming at 150 °C in
creases the yield of 50mm crack-free islands from 0% to
more than 90%.

The transistors are little affected by the deformation p
cess. Figure 2 shows the transfer and gate leakage chara
istic of the TFTs before and after the substrate deformatio
;1 sr, which corresponds to raising the center of the foil
0.9 cm. The threshold voltage (Vth) and the electron mobility
in saturation (mn) are calculated from the transfer charact

FIG. 2. TFT transfer and gate leakage characteristics,~a! before and~b!
after spherical deformation to 66° field of view.~40340mm2 SiNx island,
gate widthW514mm, and gate lengthL54 mm!.
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istic in saturation at the source–drain voltageVds510 V.
Deformation raised the average mobility~of five devices
tested! from 0.39 to 0.42 cm2/V s ~an increase of;7.7%!,
and reduced the average threshold voltage from 2.1 to 1.
The gate currents remained below 1310211 A ( ,2
310213 A/mm2). A decrease in the threshold voltage fro
3.5 to 2.6 V~average of ten devices! and an increase in the
mobility from 0.28 to 0.36 cm2/V s ~an increase of;28%!
were also observed after a separate batch of similarly fa
cated devices was held at;150 °C for 20 min without any
deformation. Both groups of devices had similar increase
off current.~The difference in initial as-fabricated characte
istics for these two groups is within the normal variability
research-grade TFT processing from substrate to substra
our single substrate deposition system.!

Since both the mechanical deformation and the hea
process used to soften the substrates can contribute to
change in device characteristics, we need to know
amount of strain in the device islands after deformation. D
to the nature of amorphous silicon, direct measuremen
the strain distribution is difficult. Therefore, we performe
finite-element mechanical modeling of the strain distributi
in the semiconductor island. We assumed the island thickn
to be 1mm with a Young’s modulusE of 200 GPa for all
TFT layers.9 For simplicity, round islands~50 mm in diam-
eter! were modeled. We have obtained the mechanical pr
erties of polyimide~Kapton® E! at deformation temperatur
(150 °C) by using the properties at room temperature,10 and
scaling them according to the temperature effect on
stress–strain relationship of a similar polyimide film~Kap-
ton® HN!, described in Ref. 11. The result showed that t
maximum circumferential strain produced in the island d
ing deformation is;0.32% while pressure is applied. Afte
the pressure is unloaded the strain is reduced to;0.29%.

Tensile strain raises the electron field-effect mobility
a-Si:H at room temperature.12 The relative increase of mo
bility for a uniaxial strain of 0.29% along the direction of th
channel is 7.25%~Ref. 12! ~for similar TFTs without heating
after processing!. This result is similar to our experimen
data ~devices with an increase of;7.7% in mobility after
deformation!. However, our experiments showed that heat
to 150 °C alone can result in up to a;28% increase in TFT
mobility for our amorphous-Si TFT process, and heati
could also change the dependence of mobility in strain. F
thermore, TFTs on spherical domes are under a biaxial st
~both in the perpendicular and parallel directions to the ch
nel! but the effect of strain perpendicular on mobility in a
orthogonal direction ina-Si TFTs is not well known. Thus
at present not enough is known to quantitatively predict
mobility change of thea-Si TFTs from the predicted strain

The fabrication of circuits requires metal interconne
between device islands. Because most of the deforma
takes place in the between islands region, the local strain
exceeds the average value.7 In the present experiment th
strain between islands is more than 8%. Consequently, m
interconnect lines made between device islands before de
mation would fracture during deformation. Patterning int
connects after deformation would require photolithograp
and alignment on the sphere, for which no simple technolo

IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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exists. This obstacle was overcome with the approach13 de-
scribed in Fig. 3.

A sacrificial layer of photoresist was patterned by co
ventional photolithography on the flat substrates after
devices were finished. The substrate was then deformed
spherical dome, and the photoresist underwent this la
plastic deformation~8%! without cracking. A 450-nm-thick
Al layer was thermally evaporated on the dome after de
mation, and then patterned to interconnects by lift-
through stripping the photoresist. The pull-down and pull-
transistors on different islands were connected through
process to form an inverter circuit. The characteristics of
inverter made on a spherical dome are shown in Fig. 4.
transfer curve of the inverter begins to switch at input vo
age of;2 V, corresponding to the threshold voltage of t
pull-down transistor as expected. The drop of the output v
age for high input voltage is limited by the fact that th
pull-up transistor does not turn off when the input is high
it does in a complementary metal–oxide–semiconductor
cuit with a p-channel pull-up.

In summary, thin-film transistor circuits on spheric
domes were fabricated by first making the devices with c
ventional processes in islands on flat polyimide substra

FIG. 3. Lift-off process.
Downloaded 21 Aug 2002 to 128.112.49.151. Redistribution subject to A
-
e
a

e

r-
f
p
is
n
e

-

t-

s
r-

-
s.

The substrates were deformed plastically such that the ten
strain was concentrated in the interisland regions, and w
little effect on the TFTs. Interconnects were made by lift-o
using prepatterned photoresist that deformed plastically
gether with the substrate, demonstrating a viable appro
for achieving electronics on arbitrary surfaces.
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