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The mechanical bending effect and mechanism of
high performance and low-voltage flexible organic
thin-film transistors with a cross-linked PVP
dielectric layery

Mingdong Yi,? Yuxiu Guo,?¢ Jialin Guo,? Tao Yang,® Yuhua Chai,® Quli Fan,?
Linghai Xie*® and Wei Huang*®®

Low operational voltage flexible organic thin-film transistors (OTFTs) have been achieved using two layers
of cross-linked PVP as the dielectric layer on a flexible polyimide (PI) substrate. At low operating voltages of
—4 V, the flexible OTFTs showed good performances with high field-effect mobility (~0.56 cm? vV~ s7%),
low threshold voltage (~—0.82 V), high on/off current ratio (~10°) and excellent electrical stability (~2
months). During a severe mechanical bending test (10 bending cycles and a bending radius of 0.75 mm)
under ambient conditions, the flexible OTFTs still showed excellent electrical performance at the low
operational voltage. Moreover, the effects of the mechanical bending on the electrical parameters of the
flexible OTFTs were also systematically investigated. We found that the variations of the electrical
parameters of the flexible OTFTs during the mechanical bending process were closely related to the
distance effect of the spacing between stretched pentacene molecules and the doping effect of H,O
and O, which were induced by the mechanical bending strains. In comparison with previously reported
flexible OTFTs, the research results showed that the distance effect and doping effect were mutually
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Introduction

Recently, flexible electronics have attracted extensive attention
due to the advantages of mechanical flexibility, being light-
weight and low fabrication costs and are being developed as
next-generation electronics.’” In the field of flexible electronics,
flexible organic thin-film transistors (OTFTs) are considered as
promising candidates for flexible displays, electronic skin,
smart cards, etc.*® Although the research on flexible OTFTs is
just beginning, flexible OTFTs show excellent mechanical and
electrical characteristics, and even some of the electrical
parameters of flexible OTFTs are superior to those of rigid
inorganic and organic TFTs.” However, despite recent progress
to improve the mechanical and electrical characteristics of
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independent as well as mutually related during the mechanical bending process of the flexible OTFTs.

flexible OTFTs, most flexible OTFTs can only operate at a high
operational voltage which restricts the range of their practical
application.*™ In order to reduce the operational voltage of
flexible OTFTs, the reported flexible OTFTs, which operate at
low voltages (=—5 V), usually use high-c metal oxides and
hybrid dielectrics composed of self-assembled monolayers
(SAMs) on high-k metal oxides as the dielectric layer."*™**
However, the fabrication process of high-x metal oxides
requires expensive and complicated techniques which are
incompatible with flexible plastic substrates. As one of the
insulating polymer materials, cross-linked poly(4-vinylphenol)
(PVP) has been extensively studied as the gate dielectric layer
in rigid OTFTs. In addition to the general advantages of insu-
lating polymer materials such as low temperature processing
and excellent mechanical flexibility, cross-linked PVP film has
the remarkable characteristic of a high dielectric constant, so it
is very suitable to achieve low operational voltage flexible
OTFTs."* However, during the cross-linking process of the cross-
linked PVP film, many pinholes are usually generated which
reduce its electrical insulation capacity, thus it is very easily
broken-down under an electric field. To eliminate these
pinholes and enhance the insulating capacity of the cross-
linked PVP film, different cross-linking methods and agents
are used, however these efforts also increase the complexity of
the fabrication technology. Therefore, it is very significant to
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enhance the insulating capacity of the cross-linked PVP film
using a simple fabrication process. In addition, the studies on
the bending effect and mechanism on the electrical parameters
of the flexible OTFTs, based on cross-linked PVP as the gate
dielectric layer, during the mechanical bending process are
rarely reported.

In this article, we fabricated high performance flexible
OTFTs with a low operational voltage using two layers of cross-
linked PVP as the dielectric layer and pentacene as the active
layer on a flexible polyimide (PI) substrate. The variations on the
electrical parameters of the flexible OTFTs as a function of the
different bending radius and bending cycles were systematically
characterized. Moreover, we further analyzed the causes which
induced the variations in the electrical parameters of the flex-
ible OTFTs during the mechanical bending process. Finally, we
also investigated the electrical stability and the mechanical
endurance of the flexible OTFTs under ambient conditions.

Experimental

Fig. 1(a) shows the schematic diagram of the flexible OTFTs
which were fabricated with bottom-gate and top-contact struc-
tures. The 70 pm thick PI sheet was used as the substrate, and it
was cleaned sequentially with acetone, ethanol, and deionized
water, and then was dried; the residual solvent was removed by
N, gas. Subsequently the PI substrate was baked at 120 °C for 20
mins in the oven to improve its flexibility and thermal stability.
The gate electrode, about 150 nm thick aluminum (Al), was
thermally evaporated on the PI substrate. The gate insulator
layer, a cross-linked poly(4-vinylphenol) (PVP) solution, was
prepared with 20 mg ml~' PVP (Mw ~ 11 000) and 2 mg ml~" 4-
(hexafluoroisopropylidene)diphthalic anhydride (HDA) as the
cross-linking agent, 1 ul ml™" triethylamine (TEA) as the cata-
lyst.** The solution was filtered through 0.22 pm membrane
filters and was then continuously spin-coated onto the substrate
at 2000 rpm for 45 s twice. Subsequently the substrate was
transferred to the oven to be cross-linked for 2 hours at 100 °C
in air. After that, the semiconductor layer, a 50 nm thick pen-
tacene film, was thermally evaporated onto the gate insulator
layer. Finally, the source (S) and drain (D), 50 nm thick gold (Au)
electrodes, were deposited onto the pentacene film by thermal
evaporation through a metal shadow mask. Fig. 1(b) shows
a photograph of the flexible OTFT array fabricated on a PI
substrate. The electrical characteristics of the flexible OTFTs
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Fig. 1 (a) The schematic diagram of the flexible OTFTs. (b) A photo-
graph of the flexible OTFT array fabricated on a Pl substrate.
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were measured using an Agilent B1500A semiconductor
parameter analyzer. All the measurements were carried out
under ambient conditions where the humidity was controlled
between 20% and 25% without any encapsulation.
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Fig. 2 The typical (a) output and (b) transfer characteristics of the
flexible OTFTs with a channel width of 1500 pm and a length of 150
um. (c) The electrical properties of the diodes with the structure of PI/
Al/cross-linked PVP/PVP/pentacene/Au after 10 bending cycles at
a bending radius of 3.5 mm.
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Results and discussion

Fig. 2(a) shows the typical output characteristic of the flexible
OTFTs. The source-drain current (I,g) showed an obvious linear
regime at lower source-drain voltages (Vps) and a saturation
regime at higher Vpg, indicating that an ohmic contact was well
formed between the Au electrodes and pentacene films. Holes
were also adequately accumulated in the conductive channel
between the pentacene films and the cross-linked PVP layers.
Fig. 2(b) shows the typical transfer characteristics of the flexible
OTFTs with a channel width of 1500 um and a length of 150 pm.
The estimated saturation carrier mobility (u), threshold voltage
(Vin) and on/off current ratio of the flexible OTFTs were found to
be 0.56 cm® V™' s7', —0.82 V and 10°, respectively. The above
parameters are comparable to those of rigid OTFTs." Fig. 2(c)
shows the electrical properties of the diodes with the structure
of PI/Al/cross-linked PVP/PVP/pentacene/Au after 10* bending
cycles at a bending radius of 3.5 mm. The current density (/) was
only about 107° Acm™> to 10~® A cm™ > when the applied voltage
swept between —4 V and +4 V. Moreover, as the applied voltage
increased, the current density increased very slowly and tended
to saturate. This shows that the electrical insulation of the
cross-linked PVP film is good and can effectively prevent the
carriers from the conductive channel diffusing into the insu-
lator layer. It should be noted that the single layer cross-linked
PVP film could be easily broken-down by applying an electric
field due to the existence of pinholes. To solve this problem, we
used two layers of cross-linked PVP film as the dielectric layer in
the experiment, and the probability of these pinholes over-
lapping in each layer of the cross-linked PVP film is very small.
Moreover, the flexible OTFTs still showed high performance at
low operational voltages (=—5 V). Therefore, the introduction of
the two layers of cross-linked PVP film could enhance the
insulating capacity of the gate dielectric layer and reduce the
complexity of the fabrication technology by this simple fabri-
cation process.

To explore the influence of the bending radius, the variations
in electrical parameters of the flexible OTFTs with different
bending radii were investigated. Fig. 3 shows the electrical
characteristics of the flexible OTFTs as a function of the
bending radius under a tensile bending mode with the channel
direction oriented parallel to the bending direction. The varia-
tion of the transfer curves of the flexible OTFTs as a function of
the bending radius is shown in Fig. 3(a). Although the transfer
curves gradually shifted toward the negative direction with the
decreasing bending radius, the flexible OTFTs still showed high
performance characteristics. After 10* successive bending
cycles, the field-effect mobility, threshold voltage and on/off
current ratio of the flexible OTFTs at the bending radius of 1
mm were found to be 0.41 cm? V™' 57!, —1.61 V and 10%,
respectively. This indicates that the flexible OTFTs have fine
electrical properties and mechanical flexibilities. Fig. 3(b)
shows the variation of the field-effect mobility and threshold
voltage as a function of the bending radius. When the bending
radius varied from 15 mm to 0.75 mm, the field-effect mobility
decreased, and the absolute value of threshold voltage

This journal is © The Royal Society of Chemistry 2014
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Fig. 3 The variation in the electrical characteristics of the flexible
OTFTs as a function of the bending radius, including; (a) transfer
curves, (b) field-effect mobility and threshold voltage and (c) on and off
current.

increased. The degradation tendency of the field-effect mobility
and threshold voltage are attributed to the larger spacing
between pentacene molecules induced by the tensile strain.'®”
It is well known that the charge transport in pentacene films is
the hopping transport. The charge hopping transport rate is
closely related to the field-effect mobility, and it is inversely
proportional to the distance between hopping sites.'®* As the
bending radius decreased, the distance between the
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neighboring pentacene molecules increased under the tensile
strain induced by the mechanical deformation. The charge
hopping transport rate correspondingly decreased which
caused the decrease in the field-effect mobility. Meanwhile, as
the bending radius gradually became smaller, the number of
charge traps in the conductive channel under the tensile strain
increased which caused the increase in the threshold voltage.”®
Fig. 3(c) shows the variation in the on and off current of the
flexible OTFTs as a function of the bending radius. The on
current showed a slight reduction and the off current showed
obvious fluctuation. The variation in the on and off current was
mainly due to the following reasons; the off current is closely
related to the electrical insulation of the dielectric layer, and the
on current relies heavily on the conductivity of the organic
semiconductor. When the flexible OTFTs were under different
bending radii, the PVP layer would generate a certain degree of
deformation induced by the mechanical bending and the elec-
trical insulation of the cross-linked PVP also changed. However,
the deformation degree of the PVP layer might be non-uniform
which varied the insulating ability of the PVP layer, thus the off
current showed corresponding fluctuation. The reduction of the
on current was attributed to the conductivity degradation of the
pentacene film caused by the mechanical bending."® However,
compared to the change of the insulating ability of the PVP
layer, the conductivity of pentacene film was relatively stable, so
the change in the on current was smaller than that of the off
current.

Fig. 4 shows the electrical characteristics of the flexible
OTFTs as a function of the mechanical bending cycles with the
bending direction aligned parallel and vertical to the channel
direction. Compared to the initial transfer characteristics, most
of the transfer curves of the flexible OTFTs with the bending
direction aligned parallel as well as vertical to the channel
direction, shifted toward the negative direction after successive
mechanical bending. The negative shift of the transfer curves
with the bending direction aligned vertical to the channel
direction is more apparent, as shown in Fig. 4(a) and (b). It
should be noted that the degree of negative shift of the transfer
curves with the two bending directions did not increase with the
increasing number of mechanical bending cycles. Even the
individual transfer curve shifted toward the positive direction,
as shown in Fig. 4(b), showing that the transfer curve shift of the
flexible OTFTs was not proportional to the number of
mechanical bending cycles. To explore the influence of the
mechanical bending cycles, the variations in the electrical
parameters of the flexible OTFTs with the mechanical bending
cycles were investigated, as shown in Fig. 4(c)-(e). It can be seen
that the variation in the field-effect mobility and the absolute
value of the threshold voltage with the two bending directions
became larger after 10" successive mechanical bending.
Although the higher threshold voltage is unfavorable for flexible
OTFTs, it was only within 2 V after the successive bending cycles
which is still very low in the reported results of flexible
OTFTs.”"** The variation trends of the field-effect mobility and
threshold voltage are closely related to the increased hole
concentration in the conductive channel. The pentacene films
generated more cracks with the increase in the number of

4 | J Mater. Chem. C, 2014, xx, 1-7
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Fig.4 The electrical characteristics of the flexible OTFTs as a function
of the mechanical bending cycles with the bending direction aligned
(a) parallel and (b) vertical to the channel direction. The variations in the
electrical parameters of the flexible OTFTs with the mechanical
bending cycles, including; (c) field-effect mobility, (d) threshold
voltage and (e) on and off current.
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mechanical bending cycles (see ESI Fig. S1(a) and (b)t).>*** Then
more H,0 and O, molecules in the air could be absorbed by
these cracks and could further react with pentacene near the
conductive channel. This could produce a certain number of
holes and carrier traps in the conductive channel, thus both the
hole concentration and carrier traps increased in the conductive
channel and caused the field-effect mobility and threshold
voltage to increase after the successive bending cycles.”>*® To
verify the role of the H,O and O, molecules in the air, we put the
sample under a N, atmosphere which was produced by nitrogen
gas from a N, cylinder and measured the electrical parameters
of the flexible OTFTs. It was found that the variation scope of
the field-effect mobility and the threshold voltage of the flexible
OTFTs as a function of the mechanical bending cycles with
a bending radius of 3.5 mm were smaller (see ESI Fig. S1(c) and
(d)1)- This indicates that the H,O and O, molecules play the role
of increasing the conductivity of the channel and the threshold
voltage. The variation in the on and off current was different as
the number of mechanical bending cycles increased, as shown
in Fig. 4(e). During the successive mechanical bending cycles,
the on current was nearly unchanged, but the off current
showed obvious fluctuation. The variation tendency of the on
and off current is consistent with the analysis in the previous
paragraph. In addition, it can also be seen that the variation in
the electrical parameters of the flexible OTFTs with the bending
direction aligned vertically to the channel direction was more
significant than the bending direction aligned parallel to the
channel direction. These results showed the deformation
induced by bending in the direction aligned vertically to the
channel direction has greater influence on the carrier transport
in the conductive channel of the flexible OTFTs.?”**

As mentioned above, the contrary change tendency of the
flexible OTFTs as a function of bending radius and bending
cycles was observed. The decrease of the field-effect mobility
with the smaller bending radius was mainly due to the distance
effect of spacing between the stretched pentacene molecules
which was induced by the stronger strain. However, when the
bending radius remained unchanged, the field-effect mobility
of the flexible OTFTs increased with the increase in the number
of bending cycles, the increased field-effect mobility was caused
by the doping effect of H,O and O, from the air. According to
the variation of the field-effect mobility under the different
mechanical bending tests, we deduced that the distance effect
of the spacing between the stretched pentacene molecules and
the doping effect of H,O and O, should present simultaneously
during the mechanical bending process. Fig. 5 shows the vari-
ation of the field-effect mobility as a function of the mechanical
bending cycles with a larger bending radius (10 mm) and
a smaller bending radius (3.5 mm). When the number of
mechanical bending cycles was lower, the field-effect mobility of
the flexible OTFTs for the two bending radii increased, indi-
cating that the influence of the doping effect was dominant in
this stage. As the number of mechanical bending cycles
increased, the field-effect mobility of the two bending radii
decreased, indicating that the influence of the distance effect
played an important role in changing the field-effect mobility at
this stage. In addition, the field-effect mobility of the flexible
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Fig. 5 The variation of the field-effect mobility as a function of the
number of mechanical bending cycles with a large bending radius (10
mm) and a small bending radius (3.5 mm).

OTFTs with a bending radius of 3.5 mm decreased less than
when the bending radius of 10 mm, indicating that distance
effect has a stronger influence on the field-effect mobility with
a smaller bending radius. These results further verified our
deduction that the distance effect and doping effect are mutu-
ally independent as well as mutually related during the
mechanical bending process. That is, when the mechanical
deformation degree of the flexible OTFTs was smaller, the
distance between the neighboring pentacene molecules only
slightly changed due to the intermolecular forces of the penta-
cene molecules, thus the distance effect caused by the
mechanical deformation had little influence on the field-effect
mobility of the flexible OTFTs. H,O and O, molecules in the
air could be easily absorbed by the cracks caused by the
mechanical deformation in the pentacene layer and could
enhance the hole concentration in the conductive channel. In
this case, the doping effect rather than distance effect had
a greater influence on the field-effect mobility of the flexible
OTFTs. When the mechanical deformation degree of the flexible
OTFTs was larger, the changes in the distance between the
neighboring pentacene molecules obviously increased which
caused the charge hopping transport rate to decrease. Although
the influence of the doping effect caused by H,O and O,
molecules still existed, the influence of the distance effect
caused by the spacing between the stretched pentacene mole-
cules was dominant in changing the field-effect mobility of the
flexible OTFTs. Our research results are different compared
with the previous studies which reported there was only one
mechanism for the change in the field-effect mobility during
the mechanical bending process of the OTFTs.**** Therefore,
our studies are very helpful to further understand the rela-
tionship between the bending method and the performance of
the OTFTs.

Fig. 6(a) shows the electrical characteristics of the flexible
OTFTs under the bending states. The relatively small shift of the
transfer curves can be observed even if the bending time is
approximately 2 hours at a radius of 1 mm. When the flexible
OTFTs were held under the bending state, the field-effect

J. Mater. Chem. C, 2014, xx, 1-7 | 5

10

15

20

25

30

35

40

45

50

55



10

15

20

25

30

35

40

45

50

55

Journal of Materials Chemistry C

(@)
10°F Bending time=2hours
R=1mm
107 —Before bending
{ —— Under bending
—— After bending
; 10°F
8
10°f
10"
10-" L X L L 'l 'l 1 1
5 -4 3 2 1 0 1 2 3
V.. (V)
[
(b)
-6
10°F
10"
- — Initial
S_, 10°f ——1month
2 ——2months
-9
10°F
-10
10 1
1 1 1 L L
-4 -3 2 1 0

v_(V)

GS(

Fig. 6 (a) The electrical characteristics of the flexible OTFTs (a) under
the bending state and (b) without a passivation layer in ambient
conditions for 2 months.

mobility, threshold voltage and on/off current ratio at a bending
radius of 1 mm still remained at 0.52 cm®>V s~ %, —1.61 V and
10%, respectively. These results show that the flexible OTFTs
exhibited high mechanical flexibility and electrical perfor-
mance. Fig. 6(b) shows the electrical characteristics of the
flexible OTFTs without a passivation layer under ambient
conditions for 2 months. It can be seen that there was no
noticeable degradation of the performance of the flexible OTFTs
during these 2 months, indicating that our devices have excel-
lent electrical stabilities under ambient conditions. Moreover,
the flexible OTFTs still operated well after 2 months, and the
field-effect mobility, threshold voltage and on/off current ratio
of the flexible OTFTs were 0.53 cm®> V"' s, —1.07 V and 10%,
respectively.

Conclusions

In conclusion, we have demonstrated high performance flexible
OTFTs using cross-linked PVP as the dielectric layers on a PI
substrate. After a series of severe mechanical bending tests, the
flexible OTFTs still showed excellent mechanical flexibility,
electrical performance and electrical stability at the lower
operational voltages under ambient conditions. From the
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results of the variations of the electrical parameters of the
flexible OTFTs during the mechanical bending process, we
found that the opposite variation of the field-effect mobility as
a function of the bending radius and number of bending cycles
was due to the distance effect of spacing between the stretched
pentacene molecules and the doping effect of H,O and O, which
were induced by the mechanical bending strain. Moreover,
further research results showed that the distance effect and the
doping effect are mutually independent as well as mutually
related during the mechanical bending process. Our results
provide valuable information to help understand the mechan-
ical bending effect of flexible OTFTs.
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