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Abstract—In this paper, we had successfully implemented flex-
ible top-gate staggered amorphous In–Ga–Zn–O (a-IGZO) thin-
film transistors (TFTs) on colorless and transparent polyimide
(PI)-based nanocomposite substrates using fully lithographic and
etching processes that are compatible with existing TFT mass
fabrication technologies. The use of the selectively coated release
layer between the nanocomposite PI film and the glass carrier
ensured smooth debonding of the plastic substrate after TFT
fabrication. The TFTs showed decent performances (with mobility
> 10 cm2/V · s) either as fabricated or as debonded from the
carrier glass. By bending the devices to different radii of curva-
ture (from a flat state to an outward bending radius of 5 mm),
influences of mechanical strains on the characteristics of flexible
a-IGZO TFTs were also investigated. In general, the mobility of
the flexible a-IGZO TFT increased with the tensile strain, whereas
the threshold voltage decreased with the tensile strain. The vari-
ation of the mobility in a-IGZO TFTs versus the strain appeared
smaller than those observed for amorphous silicon TFTs.

Index Terms—In–Ga–Zn–O, mechanical strain, nanocomposite,
polyimide (PI), thin-film transistors (TFTs).

I. INTRODUCTION

IN RECENT YEARS, flexible electronics and displays have
attracted much attention due to their various merits such as

light weight, thin profiles, portability, and their abilities to form
conformable shapes, giving various possible novel applications
[1]–[3]. Suitable active materials and flexible substrates are
key components to realize flexible electronics and displays.
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Amorphous silicon (a-Si:H) and organic semiconductors are
two common candidates for the active materials of flexible
thin-film transistors (TFTs) [4]–[6]. However, these materials
usually have limited performances such as low mobility around
or below ∼ 1 cm2/V · s. On the other hand, the TFT technol-
ogy based on oxide semiconductors, particularly amorphous
In–Ga–Zn–O (a-IGZO), is emerging as a promising option for
flexible electronics due to their various merits such as high
mobility in the amorphous phase, low processing temperatures,
and relative compatibility with the existing TFT fabrication
technologies [7], [8]. As for flexible substrates, in general,
three types of substrates are available for flexible electronics,
namely, metal foils, thin flexible glasses, and plastic substrates
[3], [9], [10]. In these materials, flexible glasses are fragile
and difficult to handle, and metal foils suffer limited flex-
ibility/rollability and issues of parasitic capacitance. Plastic
substrates are highly flexible, unbreakable, lightweight, and
suitable for roll-to-roll processing, ideal for flexible electronics.
However, the thermal and dimensional stability are important
concerns for plastic substrates [11]. As such, plastic substrates
based on polyimides (PIs) that can stand higher processing
temperatures have been recognized as one important class of
flexible plastic substrates [12]–[14], although nowadays, most
available PIs to date are colored or not transparent, limiting
possible applications in flexible electronics, particularly in
displays.

In this paper, we report fabrication of flexible a-IGZO
TFTs on transparent and flexible PI-based nanocomposite
substrates using fully lithographic, etching, and plasma-
enhanced chemical vapor deposition (PECVD) processes that
are compatible with existing TFT mass production technolo-
gies. We also conducted studies of influences of mechanical
strains on flexible a-IGZO TFTs. Although there had been
some previous reports of flexible oxide TFTs or a-IGZO
TFTs on plastic substrates and even their applications
(e.g., flexible displays) [12]–[18], in general, the fabrica-
tion of micrometer-scale/miniaturized oxide TFTs on plas-
tic substrates is still not trivial. In addition, to meet the
stringent requirements in either applications or manufac-
turing of flexible electronics, more understanding of ef-
fects of mechanical strains on flexible oxide TFTs is still
required.
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Fig. 1. Device structure and microfabrication processes for the top-gate
staggered a-IGZO TFTs on a PI/glass carrier.

II. EXPERIMENTS

A. Fabrication of TFTs on PI-Based Nanocomposite
Substrates Using Glass Carriers

Although oxide TFTs could be possibly fabricated at room
temperature, it has been shown, however, that a higher process-
ing temperature (e.g., postannealing above 200 ◦C) would
improve device performance, e.g., stability [19]–[21]. Thus, a
PI that can stand high processing temperatures is one preferable
candidate plastic substrate for fabricating flexible oxide TFTs.
However, most available high-temperature PIs are usually col-
ored, not fully transparent. In this paper, we adopted the high-
temperature and transparent/colorless PI-based nanocomposite
substrates developed by the Industrial Technology Research
Institute (of Taiwan) [22]. These substrate materials are based
on the hybrid organic/inorganic nanocomposites of PI and
nanosilica (with high silica contents of ≥50 wt.%), which allow
wide tuning of the thermal, optical, and coating properties and
yield PI-based nanocomposites featuring high glass-transition
temperature (Tg > 300 ◦C), high transmittance in the visible
range (∼90%), and reduced coefficients of thermal expansion
(CTEs, < 30 ppm/◦C) [22], [23]. In using these substrate
materials for TFT fabrication, glass substrates were used as the
carrier substrates, on which smooth PI-based nanocomposite
films (with a thickness of tens of micrometers) can be nicely
coated with convenient coating techniques such as slot coating
and blade coating.

Fig. 1 shows the device structure and the microfabrication
processes for the top-gate staggered a-IGZO TFTs on a PI/glass
carrier using the 4-mask lithography/etching process and a
maximum processing temperature of ≤ 210 ◦C. First, the SiNx

buffer layer was deposited on the PI substrate by PECVD to
serve as the moisture barrier and to withstand the chemicals
used in TFT processing. Then, 30-nm-thick Ti was deposited by
sputtering, followed by lithography and wet etching to define
the source/drain electrodes. Next, 40-nm-thick a-IGZO was
deposited by RF sputtering using the 6-in In2Ga2ZnO7 target

Fig. 2. (a) Illustration of the release method A. (b) Illustration of the release
method B.

(purchased from LTS Chemical, Inc.), a working pressure of
1 mtorr, an RF power value of 300 W, and no intentional heating
of the substrate. The O2 to (Ar + O2) gas-flow ratio of 1/5
[O2 : (Ar + O2) = 10:50 SCCM] was used for deposition of
the a-IGZO channel layer. Subsequently, a first gate insulator
(first GI) of 50-nm-thick SiOx was deposited by PECVD at
200 ◦C. The first gate insulator layer was used as the protection
layer for a-IGZO, the hard mask for a-IGZO etching, and
also as a part of the gate insulator. The deposition conditions
of PECVD SiOx included 5% N2 diluted SiH4 gas-flow rate
of 160 SCCM, N2O gas-flow rate of 710 SCCM, a chamber
pressure of 0.9 torr, and an RF power value of 20 W. The
first gate insulator was then patterned using reactive-ion etching
(RIE), and then a-IGZO was patterned by weak acid using this
patterned first gate insulator as the hard mask. Afterward, a
second gate insulator (second GI) of 300-nm-thick SiNx was
deposited again by PECVD at 200 ◦C to complete the bilayer
gate insulator stack. The deposition conditions of PECVD SiNx

included 5% N2 diluted SiH4 gas-flow rate of 250 SCCM, NH3

gas-flow rate of 5 SCCM, N2 gas-flow rate of 180 SCCM,
a chamber pressure of 1.2 torr, and an RF power value of
25 W. The second gate insulator (SiNx) was etched to expose
the source and drain contact holes by RIE. Finally, 100-nm-
thick Ti was deposited by sputtering and patterned as the
gate electrode. After the device fabrication, postannealing was
performed at 210 ◦C in air. The channel width and channel
length of the TFTs were 24 and 16 μm, respectively.

B. Releasing of PI-Based Nanocomposite Substrates from
Glass Carriers

After the TFT fabrication on the PI/glass carrier, the PI films
with completed TFTs need to be released from the glass carrier
to yield the free-standing flexible TFTs. Indeed, how to release
the plastic substrates from glass carriers after TFT fabrication is
a critical technology for manufacturing flexible TFTs on plastic
substrates with carriers. Two releasing methods, namely, meth-
ods A and B, were tested in this paper. Fig. 2(a) illustrates the
release method A. In this method, the PI-based nanocomposite
films were directly coated onto the glass carrier substrates.
After the TFT fabrication, the PI films with completed TFTs
were peeled off directly from the glass carriers. Fig. 2(b)
illustrates the release method B. In this method, to permit easier
separation of the flexible substrate from the carrier glass after
TFT fabrication, the glass surface was selectively coated with a
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Fig. 3. Configuration for measuring the electrical characteristics of flexible
a-IGZO TFTs bent to a specific radius of curvature R.

release layer (before coating of the PI-based nanocomposite)
[22] to which the nanocomposite material exhibits weaker
adhesion. The release layer typically used the parylene polymer
that was deposited by simple thermal CVD (i.e., via pyroly-
sis and room-temperature polymerization/deposition of parent
dimer molecules) [22]. It is a material already widely used in
many large-area applications and can be coated with various
convenient large-area deposition techniques, including roll-to-
roll processes, having no limit in sizes. The nanocomposite
film could be easily lifted after device processing by simply
cutting around edges of the release-layer region [as shown in
Fig. 2(b)], given free-standing flexible films. Such handling
technique of plastic substrates does not require use of glue,
given fewer issues of glue residues and glue-related problems
[22]. Furthermore, with such techniques, TFT devices can be
conveniently processed using the mature and existing TFT
batch processes.

C. Characterization of Flexible a-IGZO TFTs

To study the effects of mechanical strains on a-IGZO TFTs,
strain was applied onto flexible a-IGZO TFTs on PI-based
nanocomposites by bending the device outward onto cylinders
of varied radius of curvature R, as shown in Fig. 3. Fig. 3 shows
the configuration for measuring the electrical characteristics of
flexible a-IGZO TFTs bent to a specific radius of curvature
R. The bending direction was parallel to the drain-to-source
current path (i.e., uniaxial bending). Characterization started
with bending the device to a maximum R for some extended
time (to make sure the applied strain reached the stable state)
and then measuring the electrical characteristics of the TFT
under the bending state. This test cycle was repeated by de-
creasing R down to the minimum R. Under each mechanical
bending state (i.e., at different R), characteristics of TFTs were
measured.

The output and transfer characteristics of the top-gate a-
IGZO TFTs were measured using an Agilent 4156C semicon-
ductor parameter analyzer. The linear mobility was extracted
from the linear-regime transconductance gm at the low drain-
to-source voltage (VDS = 1 V) by [24]

μlin =
Lgm

WCiVDS

where Ci denotes the capacitance of the gate insulator per unit
area, and L and W are the channel length and the channel
width, respectively. gm is the transconductance defined by

gm =
∂I rmD

∂VGS

∣∣∣∣
VDS=1V

Fig. 4. (a) Output and (b) transfer characteristics of the as-fabricated a-IGZO
TFT measured when the PI-based nanocomposite was still bonded on the glass
carrier.

where I rmD and VGS denote the drain current and the gate volt-
age, respectively. The subthreshold swing (SS) was extracted
from the slope of transfer characteristics (at VDS = 10 V) in
the subthreshold regime

SS =
(

∂ log I rmD

∂VGS

)−1

.

Threshold voltage Vth was determined by plotting I
1/2
rmD ver-

sus VGS and extrapolating the curve to zero drain current [25].
The on/off ratio was estimated from the transfer characteristics
at VDS = 10 V by calculating the ratio between the maximal on
current (at VGS = 30 V) and the minimal off current.

III. RESULTS AND DISCUSSIONS

A. Influences of Releasing Methods on Flexible a-IGZO TFTs

Top-gate staggered a-IGZO TFTs had been successfully
fabricated on the PI-based nanocomposites/glass carriers with
decent performance by fully lithographic and etching processes
that are compatible with existing TFT fabrication technologies.
Fig. 4(a) and (b) shows the output and transfer characteristics
of the as-fabricated a-IGZO TFT, which were measured when
the PI-based nanocomposite was still bonded on the glass
carrier. The data shown in Fig. 4 are for the nanocomposite
with a release layer, but those for the nanocomposite without
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Fig. 5. (a) Transfer characteristics of the a-IGZO TFT while still bonded on
the glass carrier and after being debonded from the glass carrier by the release
method A. (b) Transfer characteristics of the a-IGZO TFT while still bonded
on the glass carrier and after being debonded from the glass carrier by the
release method B. (Insets) Photo of a-IGZO TFTs on PI debonded from the
glass carrier.

the release layer are similar. The extracted linear mobility,
threshold voltage, SS, and on/off ratio were 10.9 cm2/V · s,
0.9 V, 0.75 V/dec., and 7 × 107, respectively.

The PI-based nanocomposites were then separated from the
glass carriers by the release method A (direct peeling) or
the release method B (using a release layer), and then, the
characteristics of flexible TFTs obtained by these two different
methods were compared with those of as-fabricated TFTs (still
on glass carriers). Fig. 5(a) shows the transfer characteristics
of the TFT while still bonded on the glass carrier and after
being debonded from the glass carrier by the release method A.
After debonding, the devices were measured at the flat state and
significant degradation of device characteristics was observed.
After debonding, the mobility, SS, and on/off ratio degraded
from 10.1 to 0.01 cm2/V · s, 0.7 to 4.13 V/dec., and 8 × 107 to
2 × 103, respectively. Due to rather strong adhesion between
the PI-based nanocomposite and the glass, an extra external
force was required to peel the PI films from the glass substrates,
which could easily lead to significant deformation or cracking
of completed TFTs, as shown in inset in Fig. 5.

Fig. 5(b) shows the transfer characteristics of the TFT while
still bonded on the glass carrier and after being debonded from
the glass carrier by the release method B. In sharp contrast

Fig. 6. (a) Photo of a 12 × 7 cm2 nanocomposite PI on the glass carrier with
completed a-IGZO TFTs. (b) Photo of the free-standing nanocomposite PI with
completed TFTs, which was obtained by the release method B.

with TFTs separated by the release method A, the flexible
TFTs obtained by the release method B still mostly retained
performances of the as-fabricated TFTs, except for a slight
shift of Vth toward the more positive voltage (from 0.9 to
1.86 V), which was due to the built-in mechanical strain re-
mained in the structure (after all the TFT fabrication and separa-
tion steps, as will be described below). After debonding by the
release method B, the mobility, SS, and on/off ratio only slight
changed from 10.9 to 10.21 cm2/V · s, 0.75 to 0.72 V/dec.,
and 7 × 107 to 7 × 107, respectively. These slight changes in
TFT characteristics are mainly associated with residual built-in
mechanical strains remained in the structure after all the TFT
fabrication and separation steps to be described below. Overall,
these results indicate that with the release layer, the release
method B largely reduces the impact of external forces on the
PI films (as in the release method A). The performances of
a-IGZO TFTs on PI films thus can be well retained.

Fig. 6(a) shows the photo of the 12 × 7 cm2 nanocomposite
PI on the glass carrier with completed a-IGZO TFTs. Fig. 6(b)
shows the photo of the free-standing nanocomposite PI with
completed TFTs, which was obtained by the release method
B. The debonded PI with TFTs was naturally curved, with
a natural radius of curvature Ro = 50 mm (i.e., the initial
radius of curvature without applying any external bending
force), implying that some internal built-in mechanical strain
remained in the structure after all the TFT fabrication and
separation steps. The built-in mechanical strains are associated
with the mismatch of CTE between the glass substrate, the PI
film, and TFT layers during growth of TFT layers at elevated
temperatures. The CTEs of the TFT layers (e.g., PECVD SiOx

and SiNx) and the glass carrier are typically smaller than that
of the PI film [22], [26], [27].

Although the release method B largely reduces the impact of
external forces on the substrates and devices (as in the release
method A), there are still slight changes in TFT characteristics.
These slight changes in TFT characteristics are discussed as fol-
lows. Fig. 7 illustrates how the difference in thermal expansion
properties of materials would result in the built-in mechanical
strains in the final free-standing PI film with TFTs. For sim-
plicity, the release layer (polymer parylene) is not explicitly
shown in Fig. 7 since it is a polymer and its thermal expansion
properties are similar to those of PI. Fig. 7(a) schematically
shows the initial dimensions of the glass and the nanocomposite
PI film at room temperature. Fig. 7(b) schematically illustrates
how the glass carrier, the nanocomposite PI film, and the TFT
layers would expand when heated to 200 ◦C for material layer
growth (e.g., TFT layers by PECVD) if all material layers were
not constrained by substrates or neighboring layers. As shown



1960 IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 59, NO. 7, JULY 2012

Fig. 7. Illustration of how the difference in thermal expansion properties
of materials would result in the built-in mechanical strains in the final free-
standing PI film with TFTs.

in Fig. 7(c), if all the material layers were not constrained,
when cooled down to room temperature, the PI film would
shrink more than the glass carrier and TFT layers since polymer
films would generally shrink by heating and cooling cycles [11]
and both the glass and TFT layers have smaller CTEs than PI.
In considering that all the materials are actually constrained
by the substrate and neighboring layers and are not freely
scalable in dimensions, as illustrated in Fig. 7(d), cooling to
room temperature indeed would induce compressive strains to
both the glass carrier and the TFT layers. When debonded from
the glass carrier [see Fig. 7(e)], without the constraint from
the glass carrier, the bottom side of PI would tend to shrink
more (than the top side), leading to even larger compressive
strains in TFTs in the debonded sample (in the flat state) than
in the bonded sample. As aforementioned, the slight change of
TFT characteristics after debonding by the release method B
[see Fig. 5(b)] is associated with this increase in compressive
strains. If the external force holding the debonded sample flat
was removed, the debonded sample would naturally exhibit a
curved shape [see Fig. 7(f)].

B. Characteristics of Flexible a-IGZO TFTs Under Varied
Uniaxial Strains

To further investigate the effects of mechanical strains on the
characteristics of flexible a-IGZO TFTs, TFTs’ characteristics
were repeatedly measured when bending the device outward
onto cylinders of varied radius of curvature R (see Fig. 3).
Fig. 8 shows the transfer characteristics of the flexible a-IGZO
TFTs under different bending radii. The inset in Fig. 8 shows
the enlarged transfer curves for a smaller gate-voltage/drain-
current region, which more clearly manifests the shift of the
transfer characteristics of the flexible a-IGZO TFTs toward
the more negative voltage when reducing the bending radius
(i.e., increasing the tensile strain in TFTs, as will be explained
below).

The external tensile strain applied corresponding each out-
ward bending radius could be calculated by the strain theory
and the initial strain remained in the sample after the fabrication
of the flexible TFT [5]. Fig. 9 shows the calculated external
strain applied versus the bending radius of the nanocomposite

Fig. 8. Transfer characteristics of the flexible a-IGZO TFTs under different
bending radii. (Inset) Enlargement of a portion of Fig. 8.

Fig. 9. Calculated external strain versus the bending radius of the nanocom-
posite PI with a-IGZO TFTs.

PI with a-IGZO TFTs. The natural radius of curvature of the PI
film with completed TFTs is Ro = 50 mm (with initial strain
of 0%). In the flat state (i.e., with R = ∞), it corresponds to
an external compressive strain of −0.004%. The radii of the
cylinders used in the bending experiment ranged from 30 to
5 mm, corresponding to the external uniaxial tensile strain of
0.03%–0.37% applied onto TFTs.

The linear mobility and threshold voltage extracted from the
transfer characteristics of the flexible a-IGZO TFTs under dif-
ferent strains (i.e., under different bending radii) are shown in
Fig. 10(a) and (b), respectively, as a function of the mechanical
strains. As shown in Fig. 10(a), in applying the uniaxial strain
of −0.004%–0.37% (i.e., the bending radius R from ∞ (flat
state) to 5 mm) to the flexible a-IGZO TFTs, the linear mobility
varied from 10.21 to 10.67 cm2/V · s. Meanwhile, Fig. 10(b)
shows that in applying the uniaxial strain of −0.004%–0.37%
to the flexible a-IGZO TFTs, the threshold voltage varied from
1.86 to 1.57 V. The dependence of the mobility and threshold
voltage on the strain appears to be nonlinear (e.g., stronger
dependence at the strain < 0.1% and weaker dependence at
the strain > 0.1%). It is interesting to note that, regardless if
strain is larger or smaller than 0.1%, the slope of strain-induced
mobility variation for a-IGZO TFTs is significantly lower than
those observed for a-Si TFTs [6]. Such a result suggests that a-
IGZO (formed by ionic bonding) might potentially have better
flexibility than a-Si (formed by covalent bonding).

The tensile strain, in general, increases the interatomic dis-
tance in the semiconductor, which would decrease splitting of
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Fig. 10. (a) Linear mobility as a function of the mechanical strain.
(b) Threshold voltage as a function of the mechanical strain for the flexible
a-IGZO TFTs (under different bending radii).

energy levels and, in turn, results in a decrease in the band gap
[28], [29]. With a smaller band gap, more electrons could be
excited to the conduction band at the same thermal equilibrium
condition [29]. Many previous studies of a-IGZO TFTs had
shown that their threshold voltages and mobility had a strong
correlation with carrier concentrations [7]. In general, higher
carrier concentrations in a-IGZO would lead to lower threshold
voltages and higher mobility values [30]. Such a picture appears
to be consistent with higher mobility values and lower threshold
voltages versus larger tensile strains. The nonlinear dependence
of mobility and threshold voltage may be associated with
band splitting that is nonlinear with increasing interatomic
distances [28].

IV. CONCLUSION

In conclusion, we have successfully implemented flexible
top-gate staggered a-IGZO TFTs on colorless and transparent
PI-based nanocomposite substrates using fully lithographic,
etching, and PECVD processes that are compatible with ex-
isting TFT mass fabrication technologies. The use of the se-
lectively coated release layer between the nanocomposite PI
film and the glass carrier ensured smooth debonding of the
plastic substrate after TFT fabrication. The TFTs showed de-
cent performances (with mobility > 10 cm2/V · s) either as
fabricated or as debonded from the carrier glass. By bending
the devices to different radii of curvature (from a flat state to
an outward bending radius of 5 mm), influences of mechanical
strains on the characteristics of the flexible a-IGZO TFTs were
also investigated. In general, the mobility of the flexible a-IGZO

TFTs increased with the tensile strain, whereas the threshold
voltage decreased with the tensile strain. The variation of the
mobility in a-IGZO TFTs versus the strain appeared smaller
than those observed for a-Si TFTs.
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