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Abstract
In this paper, the change in the performance characteristics with various
mechanical bending conditions for different flexible Thin-Film Transistors
(TFTs) is compared. Bending strains induce modifications of the localized
density of states (DOS) which in turn cause changes in the electrical
characteristics of the TFTs. The change in the characteristics is estimated as a
function of curvature radius of the channel. For amorphous silicon, field-effect
mobility decreases by bending, e.g., ~11% with a radius at R = 30 mm and a
knee voltage increases, while a threshold voltage remains the same. While the
mobility, threshold voltage, and sub threshold slope of IGZO TFTs remained
essentially unchanged over the entire bending range, the electrical
performance parameters of ZnO TFTs were strongly degraded by bending.
For ZnO TFTs bent to a radius of 10 mm, the mobility decreased by more than
two orders of magnitude.
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INTRODUCTION
FLEXIBLE thin-film transistors (TFTs)
are the most important device in the
flexible electronics and display systems.
Many flexible TFTs have been developed
using different materials including
amorphous silicon (Si), amorphous

semiconducting oxides, and organic
materials. However, the mobility values of
the TFTs with a channel made of those
materials are very low in the range of
~0.1−20 cm2/Vs, which are significantly
lower than the typical values of single-
crystalline Si, e.g., μ > 500 cm2/Vs. The
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low mobility of those transistors imposes
the limitations in their use mainly in
switches of display. For display switches,
threshold voltage, VT and on/off ratio of
the transistor are the important
characteristics, which are not affected by
the bending of the devices [1]. All flexible
or conformal display applications require
some degree of bending. Bending or
draping will induce strain in the electronic
circuits [2]. Therefore, understanding the
electrical performance of thin-film
transistors (TFTs) during and after
mechanical strain becomes essential. The
flexible devices for the extended
applications will require systematic studies
on the other characteristics that are
changed by the bending. Especially, the
characteristics of high-quality transistor
channels such as drain current, Ids were
reported to be sensitive to the degree of
bending of the structure, due to their high
mobility of charged carriers in the channel
[3], [4].

Recently, both zinc-oxide (ZnO) and
amorphous indium–gallium–ZnO (IGZO)
have been investigated as materials to
replace the a-Si:H active layer in flexible
TFTs due to the low deposition
temperatures and high electron motilities
of these materials. However, flexible
display backplanes also require TFTs that

are insensitive to applied bending. Various
groups have also investigated ZnO and
IGZO TFTs and circuits bent to a specific
radius [5]. The impact of bending on the
electronic properties of ZnO and IGZO
TFTs has not been studied over a
continuous range of bending radii or at
radii smaller than 20 mm. Amorphous
indium-gallium-zinc-oxide (a-IGZO) TFTs
have received significant attention for the
realization of desirable driving devices for
flexible displays owing to their high
mobility, low-temperature processing, and
low-cost manufacturing on flexible
substrates [6].

The characteristics of the flexible
transistors were measured under various
bending conditions [7]. Many reports,
however, lack in the discussion on the
physical origins of the changes with
different bending conditions. Current and
saturation-current change in bent field-
effect transistors could originate from the
change in the effective mass of the carriers
by strain, modulation in the carrier density
by external strain, and effective mobility
change by the curved channel [8], [9]. For
the study on the physical origin of the
changes in characteristics, theoretical
studies as well as experimental
measurement need to be conducted. There
are only limited number of publications
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related to the modelling of amorphous and
polycrystalline TFTs. However, they are
based on flat rigid structures; hence, only
consider the effects of crystallinity but not
the effects from the bending of the
structures. The purpose of this study is to
establish a model for the performance of
high-mobility TFTs in various bending
conditions [10].

DEVICE STRUCTURE AND
SIMULATION
Fig. 1 shows a schematic cross-sectional
structure of a bent TFT device. The
flexible substrate can be any flexible
material as long as the integrity of the
interfaces is maintained and can be
integrated with a semiconductor channel
via layer-transfer or direct-growth

technique. Oxide (SiO2) buffer was
included between the substrate and
channel for the isolation of the channel.
For the modeling, Silvaco’s process
simulator Athena and its associated
module Atlas are used to form the bottom
gate layered structure of a TFT along with
its current-voltage characteristics. Origin
Pro is used to extract the points from the
graph using the Digitizer tool, extrapolate
the bending effects on current with voltage
variations and plot the same. The channel
has a thickness of 50 nm with a carrier
concentration of n ~ 5x10 cm-3. The
mobility of carriers in the channel for an
unbent device was set at 200 cm2/Vs to
simulate the case of flexible single-crystal-
like TFTs [11].

Fig. 1: Schematic illustration of a thin-film transistor (TFT) device with bending effective
velocity vector, electric field, curvature-dependent effective mobility (µeff).
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Fig. 2: Bottom gate staggered TFT layers

In fig. 2, the basic structure of a bottom
gate staggered TFT is shown. The
semiconductor layer can be either a:Si or
IGZO or ZnO. The saturation mobility is
calculated from the Ids-Vds family curves
in a saturation region using the following
equation:
Ids = W

2L × Cox × μsat × Vgs − VT
2…… (1)

where Cox, VT, W and L are the gate
capacitance, threshold voltage, channel width
and length, respectively. Since the simulation
is performed using the same structure and
normalized to W/L for all the bent and unbent
conditions, the reduction in Ids only depends on
the changes in saturation mobility and VT at the
same gate bias (Vgs). The VT extracted from the
Ids-Vgs plot (Fig. 2(d)) shows no changes at
different bending radii (R = 4, 8, 15, 30 mm
and ∞), as expected. Therefore, the effective
saturation mobility during bending is
expressed by:

𝜇𝑏𝑒𝑛𝑡
𝑠𝑎𝑡 =

𝐼𝑏𝑒𝑛𝑡
𝑑𝑠

𝐼𝑢𝑛𝑏𝑒𝑛𝑡
𝑑𝑠

× 𝜇𝑢𝑛𝑏𝑒𝑛𝑡
𝑠𝑎𝑡 ……(2)

The above equation can be used to extract
the effective saturation mobility of the
bent TFT at different R operated in
saturation region. Similarly, the effective
field-effect mobility is calculated from the
gm-Vgs transconductance curves at the
maximum point in the linear region (i.e.,
low Vds) by the following equations:

𝜇𝐹𝐸 =   𝑔𝑚𝑎𝑥
𝑊

𝐿 × 𝐶𝑜𝑥 × 𝑉𝑑𝑠
…………… 3

𝜇𝑏𝑒𝑛𝑡
𝐹𝐸 = 𝑔𝑏𝑒𝑛𝑡

𝑚𝑎𝑥

𝑔𝑢𝑛𝑏𝑒𝑛𝑡
𝑚𝑎𝑥

× 𝜇𝑢𝑛𝑏𝑒𝑛𝑡
𝐹𝐸 ………. 4

where gmax and Vds are the maximum
transconductance and drain-to-source
voltage, respectively. The reduction in Ids
in the bent TFT is a result of reduced
effective mobility. The effective field-
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effect mobility as a function of the bending
radius, μeff(R) is:

𝜇𝑒𝑓𝑓 𝑅 =  𝜃 × 𝜇𝐻𝑎𝑙𝑙…….(5)

θ is dependent on bending radius, surface
states, and other structural defects. When
the semiconductor contains many traps or
surface states, the large fraction of trapped
electrons may cause the effective drift
mobility to be smaller than the Hall
mobility by the factor θ, which is less than
one. Because the effects from the defects
are fixed by using the same material and
device structure, we consider the variable
θ as a function of R only in this study.

The bending setup with a loaded carrier
substrate and flexible TFT sample is
depicted in Fig. 3. Fig. 4 shows 2D cross
sectional view of the simulated electron
concentration and electric field
distribution, when the bent TFT is
operated in a saturation region at Vds = 10
V and Vgs = 20 V. Free electron
concentration (n) is shown as a contour
plot in Fig. 4(a). High concentrations of
free electrons (n > 1019 cm−3) are
accumulated near the curved gate
insulator/n-Si interface, as shown in Fig.
4(c), similar to the case of the unbent
channel. This region carries the majority of
the drain current.

Fig. 3: Photograph of the bending tester with a loaded carrier substrate and an attached
flexible TFT sample.
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Fig. 4: (a) TFT device operation during bending showing 2D profile of electron
concentration and (b) electric field using contour plot. (c) Magnified bent channel showing

electron concentration and pinch-off point and (d) electric field distribution during
bending.

RESULTS AND DISCUSSION
Fig. 5 shows the simulation results for the
change of the effective saturation mobility
values and Fig. 6 shows the simulation
results for the change of the effective field-
effect mobility values by bending for the
same flexible device. Both the field-effect
mobility and saturation mobility decrease
with increasing bending. For instance, the
bent TFT with R = 30 mm shows μFE =
178 cm2/Vs which is ~ 11% lower than
the initial mobility of the unbent TFT (200

cm2/Vs). The effective mobility is
degraded as low as ~120 cm2/Vs with
large bending (R = 4 mm). The simulation
results are in a good agreement with
experimental measurement using a single-
crystal-like Si TFT where lower saturation
current was observed during the bending
[11]. Measured field-effect mobility values
at R = 15 and 30 mm are compared. The
device characteristics do not change before
and after bending for unbent TFTs. In
addition, we do not observe cracks after
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bending. Therefore, we believe that the
fracture or plastic deformation of the
channel does not occur for the bent TFT
up to the curvature with R = 15 mm. Fig. 6
also shows lower saturation mobility than

field-effect mobility (~ 6-7% reduction)
for high-quality channel materials which is
expected from the electron velocity vs.
field diagram.

Fig. 5: Saturation mobility as a function of bending radius for flexible Si-TFT

Fig. 6: Field-effect mobility as a function of bending radius for flexible Si-TFT
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Fig. 7 shows the current-voltage (Id-Vg) characteristic curve for an unbent a: Si TFT.

Fig. 7: Current-Voltage (Id-Vg) characteristic of an unbent flexible Si-TFT.

The effects of bending on current at different radius R=5 mm, 10 mm, 15 mm, 20 mm, 30
mm and 40 mm calculated using the OriginPro software whose values are shown in Fig. 8
and are plotted subsequently in Fig. 9.

Fig. 8: Current-voltage (Id-Vg) variation with bending radius R=5mm, 10mm, 15mm,
20mm, 30mm and 40mm.
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Fig. 9: Curve of current-voltage (Id-Vg) with bending radius variation at R=5 mm,10
mm,15 mm,20mm, 30 mm and 40mm.

Fig. 10 shows the current-voltage (Id-Vd) characteristic curve for an unbent a: Si TFT. The
effects of bending on current at different radius R=5 mm, 10 mm, 15 mm, 20 mm, 30 mm and
40 mm calculated using the OriginPro software whose values are shown in Fig. 11 and are
plotted subsequently in Fig. 12.

Fig. 10: Current-Voltage (Id-Vd) characteristic of an unbent flexible Si-TFT.
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Fig. 11: Current-voltage (Id-Vg) variation with bending radius R=5mm, 10mm, 15mm,
20mm, 30mm and 40mm.

For all the bent devices, the saturation currents decrease with increasing curvature
(decreasing R). When the TFT structure is bent, scattering events for the moving carriers in
the bent channel become significant in addition to those from lattice vibrations and crystalline
and interfacial imperfections. Unlike the unbent channel, electron velocity vector (V) and the
electric field (E) are not parallel during the bending, resulting

Fig. 12: Curve of current-voltage (Id-Vg) with bending radius variation at R=5 mm,10
mm,15 mm,20mm, 30 mm and 40mm.
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in lower effective velocity; hence,
effective mobility (µeff) of the bent device
decreases. In addition, as the curvature
increases, the knee voltage is shifted to
higher values and the saturation occurs at
higher drain voltages: Vd,sat (bent) >
Vd,sat (unbent). Therefore, triode region is
extended to higher drain voltages during
the bending. This phenomenon is due to
delayed pinch-off for the bent devices. The

change in transfer characteristics of a
flexible TFT with different bending
conditions is shown in Fig. 7. The device
with the highest degree of bending (R = 4
mm) show the lowest current.
Nevertheless, the on/off ratio remains
nearly the same for all the bending
conditions. The threshold voltage does not
change regardless of the bending
condition, as shown in Fig. 9.

Fig. 13: Plot showing the effect of bending on IGZO TFTs normalized saturation mobility.

Fig. 14: Plot showing the effect of bending on ZnO TFTs normalized saturation mobility.
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Fig. 13 and Fig. 14 show typical
normalized saturation motilities for an
IGZO and ZnO TFT versus bending radius
respectively. All electrical parameters are
normalized by their values measured for
the flat TFT prior to bending. The
extracted parameters for flat ZnO and
IGZO TFTs are μSAT0, ZnO = 2.04
cm2/V • s, μSAT0, IGZO = 10.5 cm2/Vs.
Here, μSAT is the saturation mobility. The
“0” in the subscript indicates values
measured for flat TFTs. Fig. 13 shows that
the electrical parameters of the IGZO TFT
remain essentially unchanged over the
entire bending range. The plot of the flat
and bent transfer characteristic of an IGZO
TFT in [5] also shows that bending has
little impact on the transfer characteristic
of IGZO TFTs. In contrast μSAT of the
ZnO TFT decreased by more than two
orders of magnitude during bending.

CONCLUSION
The characteristics of the bent TFTs by the
simulation are in good agreement with
those of experimental measurements of
TFTs based on single-crystal-like Si thin
films. This paper has shown that ZnO
TFTs are sensitive to applied mechanical
bending, while IGZO TFTs are resistant to
bending. Therefore, of these two materials,
IGZO is the best choice for development

of robust flexible TFTs and flexible
electronic circuits.
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