
Microelectronic Engineering 87 (2010) 83–87
Contents lists available at ScienceDirect

Microelectronic Engineering

journal homepage: www.elsevier .com/locate /mee
A maskless laser-write lithography processing of thin-film transistors
on a hemispherical surface

Geonwook Yoo a,1, Hojin Lee a,1, Daniela Radtke b,3, Marko Stumpf b,4, Uwe Zeitner b,5, Jerzy Kanicki a,*,2

a EECS Department, University of Michigan, Ann Arbor, 1301 Beal Ave, MI 48109, USA
b Fraunhofer Institute for Applied Optics and Precision Engineering, Jena, Germany
a r t i c l e i n f o

Article history:
Received 11 May 2009
Accepted 20 May 2009
Available online 21 June 2009

Keywords:
Maskless lithography
Thin-film transistor
Non-planar surface
0167-9317/$ - see front matter � 2009 Elsevier B.V. A
doi:10.1016/j.mee.2009.05.032

* Corresponding author. Tel.: +1 734 936 0964; fax
E-mail addresses: gwyoo@umich.edu (G. Yoo), h

radtke@iof.fraunhofer.de (D. Radtke), marko.stumpf@i
uwe.zeitner@iof.fraunhofer.de (U. Zeitner), kanicki@e

1 Tel.: +1 734 936 0972.
2 Tel.: +1 734 936 0964.
3 Tel.: +49 3641 807 421.
4 Tel.: +49 3641 807 420.
5 Tel.: +49 3641 807 403.
a b s t r a c t

We report on the design and fabrication methods for a hydrogenated amorphous silicon (a-Si:H) thin-film
transistors (TFTs) on a non-planar substrate using laser-write lithography (LWL). Level-to-level align-
ment with a high accuracy is demonstrated using LWL method. The fabricated a-Si:H TFT exhibits a
field-effect mobility of 0.27 cm2/V s, threshold voltage of 4.9 V and on/off current ratio of �6 � 106 in a
saturation regime. The obtained results demonstrate that it is possible to fabricate the a-Si:H TFTs and
complex circuitry on a curved surface, using a well-established a-Si:H TFT technology in combination
with the maskless lithography, for hemispherical or non-planar sensor arrays.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

There is increasing demands for the implementation of elec-
tronic and optoelectronic systems on non-planar surfaces for their
diverse and unique applications: biometrics [1], artificial retina [2],
imaging sensors [3] and non-flat display [4]. Various approaches,
therefore, have been proposed to realize functional devices on
non-planar or hemispherical surfaces: transfer-based fabrications
[3,5,6], self-assembly [4,8,9], interconnection of device tiles [10],
and contact patterning methods [11,12]. Although all the proposed
methods have demonstrated feasibility, they are not desirable to
realize highly integrated and complex device structures and cir-
cuits with an acceptable fabrication yield. These strategies are lim-
ited by strain due to deformation [5–7], lack of scaling capability
[3,4,8–10] and poor level-to-level alignment accuracy [11,12]. Also
normal contact photolithography cannot be used for non-planar
surfaces due to the substrate curvature. To circumvent these limi-
tations, we used a combination of the proven maskless laser-write
lithography (LWL) [13,14] initially developed for flat surfaces and
hydrogenated amorphous silicon (a-Si:H) thin-film transistor
(TFT) technology developed for flat-panel display to realize a-
Si:H TFTs on a concave substrate. This direct LWL fabrication meth-
ll rights reserved.
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od is free of stress or deformation induced by transfer-based ap-
proach. High-resolution interferometer monitoring (<10 nm) and
precisely controlled tilting-stage in the LWL system can provide a
high level-to-level alignment accuracy [14]. In this work, we de-
scribe the fabrication of the a-Si:H TFTs with various channel
widths and a channel length of 10 lm on a concave surface. The
electrical characteristics and the impacts of the curvature on both
TFT processing and electrical performance are described.
2. Experimental details

Fig. 1a illustrates a customized concave glass substrate used in
this work; level-to-level alignment marks were placed on a flat
area as indicated by gray crosses. The radius-of-curvature (ROC)
is 3 cm, the field of view (FOV) is 33.5�, and the total diameter
including flat area is 3 cm. This substrate will be replaced by more
spherical one in near future work; the ROC is 1 cm and the FOV is
120�. Fig. 1b and c shows photographs of the fabricated devices.
Prior to each LWL exposure step, the photoresist (AZ1505) was
spin-coated to form a uniform coating over a curved surface; the
ratio of substrate-radius (0.865 cm) to radius-of-curvature (3 cm)
is below 0.816, which guarantees the spin-coated film is nearly
homogeneous over the curved surface [15]. To evaluate the thick-
ness difference of spin-coated photoresist between curved and flat
areas, we partly removed the resist and measured the uniformity
across the sample using a mechanical profiler. The thickness of
the photoresist on a flat area (594 nm ± 20) was slightly thicker
than that of a curved surface (575 nm ± 20) at 4000 rpm. This dif-
ference does not have any impact on LWL exposure conditions.
However, larger film-inhomogeneity was observed over the transi-
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Fig. 1. (a) Illustration of the customized concave glass substrate. Crosses represent alignment marks on the flat area. (b) Photograph of the fabricated substrate. Dashed
squares show the measured a-Si:H TFTs. (c) Optical microscope image of the fabricated a-Si:H TFT (W/L = 300/10) from the edge of curved surface.

Fig. 2. (a) Thickness profile of the spin-coated photoresist over the transition area. Measured height and width of the edge-bead shown. (b) Distortion and additional
connection of patterns due to edge-bead formation over the transition area between a curved and flat area. (c) Additional connection (red circle area) formed by edge bead of
the photoresist was removed by the local double exposure. (d) Optical microscope image of the alignment marks after Gate electrode to Active island layer exposure.
Photoresist was not removed to capture clear images. (For interpretation of the references in colour in this figure legend, the reader is referred to the web version of this
article.)
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tion area between curved and flat areas, and it was found to be due
to edge-bead formation. The measured width and height of the
formed edge-bead by mechanical profiler were in the range of
100–250 lm and 200–500 nm, respectively (Fig. 2a). These edge
beads can cause additional connections, distortions of the structure
size or breakup of the patterns lying over the transition area
(Fig. 2b). This is due to remaining non-exposed photoresist after
development process that will affect the subsequent etching pro-
cess step. To correct this effect, we used the local double LWL expo-
sure method, consisting of double exposure of the edge-bead
formed areas with different light-doses. Such double exposure will
allow full removal of the exposed areas during the development
process in MIF 726 developer for 35 s. Hard-baking was performed
in an oven at 110 �C for 10 min after each photolithography devel-
opment process step. Fig. 2c shows the results before and after the
local double exposure treatment. It was also found that the sub-
strate dimension must be very well defined (±0.1 mm) to provide
the reference dimension of the curved areas to be accurately local
double exposed.

Following photoresist spin-coating and soft-baking in an oven
at 90 �C for 5 min, LWL was used to expose all device layers before
each processing step. In our experiment, a concentric-circle expo-
sure-strategy similar to what Xie et al. demonstrated [13] was used
instead of a conventional exposure method [14] which would



Fig. 3. (a) Illustration of the method used to get cross-sectional images of the
curved surface. (b) Scanning Electronic Microscope image captured in the middle of
curved area.
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decompose the electronic design data into square subfields. Our
strategy exposed all layers without rotating the substrate. This
alternate is used because 33.5� FOV of our substrate exceeds the
maximum mechanical tilt angle (20�) of the substrate table in
the present LWL configuration [14], e.g. the area to be exposed can-
not be perpendicular to the incident light and therefore a uniform
pattern of photoresist would have been difficult to achieve. To pro-
cess a substrate with higher FOV, a custom design LWL tool is
needed. In this work Heidelberg Instruments DWL 400 modified
for curved surfaces was used [14].

Level-to-level alignment with a high accuracy is the central crit-
ical issue for fabricating fully functional imaging devices and cir-
cuits. It was performed here in the following manner: the optical
and metrology system in the LWL is equipped with two camera
systems. One camera with a large field of view is used to find align-
ment marks located on the flat area of the substrate, and another
camera with a high resolution is intended for aligning these marks.
Fig. 2d shows part of the alignment marks used in this experiment.
The level-to-level alignment error is defined as the relative posi-
tion deviation of the alignment marks within the two following
layers, and we derive vertical and horizontal deviation from the
measurement of the distance of the borders on four sides in the
bar alignment mark. The measured error was less than 2 lm for
TFT with a 10 lm channel length and up to 300 lm channel width.

To evaluate the influence of the substrate curvature on LWL
exposure accuracies, we measured dimensions of channel length,
width and gate electrode line width from ‘TFT_1’ and ‘TFT_4’ in
Fig. 1B. The discrepancies of dimensions between fabricated struc-
tures and an electronic design were 4.16% for ‘TFT_1’ and 4.88% for
‘TFT_4’. No significant dependency of patterned-structures accu-
racy on substrate curvature was observed by virtue of the optical
auto-focus system, the high resolution interferometer monitoring
and precise control of the substrate table of the LWL system [14].

Uniformity evaluation of thin-film deposited by plasma-en-
hanced chemical vapor deposition (PECVD) and etched by reac-
tive-ion etching (RIE) was conducted by acquiring and analyzing
scanning electronic microscope (SEM) images. As illustrated in
Fig 3a, after cleaving a concave substrate through the center, we
took pictures of the cross section from the vertex to the edge of
the curved surface with 1 mm distance between images. Fig. 3b
shows an image taken from the middle of a concave surface. We
then collected nine data points of thickness distribution for each
layer. The thickness variations of each layer are as follows: chro-
mium (Cr) of the gate electrode (203 nm ± 8), the tri-layer deposi-
tion of hydrogenated amorphous silicon nitride (a-SiNX:H)/a-Si:H/
p-doped a-Si:H (n+ a-Si:H) (634 nm ± 70), and the etched thickness
of the active channel layer by RIE (118 nm ± 14). Although the
sputtered Cr layer showed a low deviation due to a benefit of phys-
ical vapor deposition, thin-film deposition and etching by PECVD
and RIE method, respectively, showed relatively higher deviation
that can be due to non-uniform flow of gas mixtures over flat
and curved surfaces.

First, Cr of 200 nm was deposited by a sputtering method and
then the Cr gate electrode was patterned by wet-etching using
CR-14 (CH3COOH:Ce(NH4)2(NO3)6:H2O in 9:22:69) etchant (layer
#1). Next, PECVD was used to deposit a tri-layer of gate silicon ni-
tride (a-SiNX:H, 400 nm) forming a gate insulator together with
amorphous silicon (a-Si:H, 170 nm) and phosphorous-doped (n+)
a-Si:H (70 nm) forming an active channel layer. The active island
was defined by RIE dry-etching of a-Si:H and n+ a-Si:H using a
gas mixture of SF6 and O2 (layer #2). Following a deposition of a
source/drain (S/D) metal Cr layer (130 nm) by a sputtering method,
wet-etching using CR-14 etchant was done to form S/D contacts
(layer #3). Then to remove the n+ a-Si:H layer from the channel re-
gion, back-channel etching is performed by RIE dry-etching with a
gas mixture of SF6 and O2 using the S/D metal and a photoresist as
a mask. We subsequently defined contact via to the gate electrode
using buffered hydrofluoric acid (BHF) (layer #4). As a final step,
thermal annealing was performed at 250 �C for an hour to improve
electrical properties of each film layer [16]. We note that for each
processing step photoresist (AZ1505) was first spin-coated over
deposited layers, and then exposed using LWL to realize level-to-
level alignments. Finally, the photoresist was stripped using PRS-
2000. Electrical measurements were conducted and analyzed using
probe station in combination with HP4156 at room temperature in
dark condition.

3. Experimental results and discussion

As indicated in Fig. 1B, a-Si:H TFTs at different locations were
characterized to evaluate the impacts of the substrate curvature
on the device electrical properties. Fig. 1C shows the fabricated
a-Si:H TFT (W/L = 300/10, ‘TFT_2’). We first measured the output
characteristics of the TFT for various gate voltages, VGS = 0, 5, 10
and 15 V (Fig. 4a). For the low VDS bias (0–2 V), Fig. 4b shows the
output characteristics and output conductance defined as the
derivative of the drain-to-source current (IDS) with respect to drain
voltage (VDS). We swept VDS from 0 to 15 V and IDS exhibits typical
output characteristics. The transfer characteristics for various drain
voltages (VDS = 0.1, 1, 10 V and VGS) were measured, and the data at
VDS of 0.1 V and VGS correspond to a linear and saturation operating
regime, respectively. We used the 10–90% range data of the maxi-
mum IDS for the extraction of threshold voltage (Vth) and field-ef-
fect mobility (lFE) in Fig. 4c. OFF-current (IOFF) was extracted at



Fig. 4. Electrical properties of the fabricated a-Si:H TFT (W/L = 300/10). (a) Output characteristics. (b) Output characteristics and output conductance in low VDS bias region
(0–2 V). (d) Transfer characteristics with fitting lines used for extractions of threshold voltage and mobility. (d) Transfer characteristics in a log scale.

Table 1
Variation of the extracted parameters of the fabricated a-Si:H TFTs.

Parameters VDS = 0.1 V VDS = VGS

IOFF [A] at VGS = �5 V 3.2 � 10�13 ± 1 � 10�13 5.5 � 10�12 ± 4.5 � 10�12

Vth [V] 6.9 ± 1.8 5.7 ± 2
S [V/dec] 1.21 ± 0.14 1.04 ± 0.2
lFE [cm2/V s] 0.1 ± 0.02 0.21 ± 0.07
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VGS = �5 V, and subthreshold swing (SS) was derived from the in-
verse of maximum slope in subthreshold region (Fig. 4d). Other
a-Si:H TFTs were measured and analyzed using the same approach.
The variations of extracted TFT parameters are summarized in Ta-
ble 1.

For a linear (VDS = 0.1 V) and saturation (VDS = VGS) regimes, the
variations in Vth were ±26% and ±35%, respectively; the variations
in lFE were ±20% and ±33%, respectively; the variations in IOFF were
±31% and ±80%, respectively; the variations in SS were ±12% and
±19%, respectively. These variations can be associated with the var-
iation of the a-Si:H thickness (tsi) over the curved surface
(153 ± 39 nm) after back-channel dry-etching [17]. With an in-
crease of the tsi in the dry-etched a-Si:H TFT, it is observed that
Vth, SS and lFE tend to decrease [18]. The variation of the tsi can
be resolved by further optimizing dry-etch conditions or adopting
isotropic wet-etching methods which are independent from the
surface curvature.

4. Conclusions

In summary, the a-Si:H TFTs with a 10 lm channel length on
the concave surface were fabricated using the maskless laser write
lithography; a high level-to-level alignment accuracy (±2 lm or
less) was also demonstrated for fabricated devices. The electrical
performances of the fabricated a-Si:H TFTs were characterized over
the curved surface. Due to the thickness variation of the dry-etched
a-Si:H layer over the curved surface, changes in OFF-current, field-
effect mobility, subthreshold swing and threshold voltage were ob-
served. These variations are acceptable for development of the im-
ager on non-planar surfaces. The TFT maskless fabrication method
described in this paper is suitable for fabrication of a high density
TFT pixel arrays and circuits to be fabricated on a hemispherical
surface for image sensors.
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