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Flexible complementary inverters composed of p-channel pentacene thin-film transistors
(TFTs) and n-channel amorphous indium gallium zinc oxide TFTs were fabricated on poly-
mer substrates. The characteristics of the TFTs and inverters were evaluated at different
bending radii. Throughout the bending experiments, the relationship between the perfor-
mances of the inverters and the characteristics of the TFTs under mechanical deformation
was analyzed. The mechanically applied strain led to a change in the voltage transfer char-
acteristics of the complementary inverters, as well as the source-drain saturation current,
field-effect mobility and threshold voltage of the TFTs. The switching threshold voltage of
the fabricated inverters decreased with decreasing bending radius, which was related to
changes in the field-effect mobility and the threshold voltage of the TFTs.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Complementary inverters based on thin-film transistors
(TFTs) are important because they have low power con-
sumption and high voltage gain compared to single type
circuits [1-5]. For example, circuits composed of Si TFTs
have been investigated for a long time [6-9]. However,
there might be some limitations on their applications in
the field of flexible electronics due to their high process
temperature and rigidity, which means that a special struc-
tural design is required to minimize strain in the active
layer of the TFT structure [9,10]. For the fabrication of com-
plementary inverters on flexible substrates, the process
temperature should be decreased as much as possible. In
order to replace the Si TFTs, organic and oxide TFTs have
been extensively studied. Organic TFTs have attracted
much attention in a wide range of applications that require
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large-area and low-cost TFTs, such as flexible displays
[11,12], radio-frequency identification (RFID) tags [13],
and smart cards [14]. Among p-channel organic semicon-
ductors, polycrystalline pentacene (Cy;Hq4) is one of the
promising candidates due to its commercial availability,
good electrical performance, high mechanical flexibility,
and low process temperature [15-20]. On the other hand,
n-channel organic semi-conductors have shown extremely
low carrier mobility even under a high voltage bias [21,22].

In contrast to organic materials, most oxide semicon-
ductors based on transition metal oxides (TMO) have n-
type properties, which have several merits compared to
amorphous or polycrystalline silicon. To provide good elec-
trical characteristics, Si TFTs require a crystallization pro-
cess such as high temperature annealing, while oxide
TFTs can be formed at low temperatures because they have
high carrier mobility even in the amorphous phase. In par-
ticular, amorphous indium gallium zinc oxide (IGZO) is one
of the most widely investigated oxide semiconductors.
Hence, hybrid complementary inverters based on organic
and inorganic TFTs with good voltage transfer characteris-
tics and high voltage gain in flexible applications have
been recently reported [4,5]. In practice, however, research
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into the phenomena caused by the mechanical deforma-
tion of circuits has not been reported, even though
mechanical deformation affects the operation characteris-
tics of circuits. Even in single structural TFTs, some related
phenomena such as changes in the output current, leakage
current, and field-effect channel mobility were observed
when the devices were mechanically bent. Therefore, an
evaluation of the effect of strain on circuits together with
the effect on TFTs is necessary.

In flexible electronics, the strain induced in the devices
under mechanical deformation should be reduced as much
as possible. Among the methods to minimize the strain in-
duced during mechanical bending, one of the most popular
approaches is to situate the active layer at the mechanical
neutral plane position where the induced strain is zero
[23]. Devices located near the mechanical neutral plane
withstand mechanical deformation well even at an extre-
mely small bending radius of 1 mm [23]. However, there
might be limits on where the mechanical neutral plane
can be situated in devices which have various different
functions on a single large-area substrate. Since most of
the devices consist of multiple layers, this approach may
not be a complete solution. Therefore, a deep understand-
ing of the relationship between each TFT and inverter is re-
quired in advance in order to design and manufacture
flexible devices.

In this work, we carried out mechanical bending exper-
iments on flexible hybrid complementary inverters based
on organic and inorganic TFTs. The characteristics of TFTs
and inverters were evaluated under mechanical deforma-
tion which causes a tensile strain. In these bending exper-
iments, it was found that changes in the field-effect
mobility and threshold voltage in the TFTs affect the volt-
age transfer characteristics of an inverter circuit.

2. Device fabrication and measurement method

Complementary inverters using pentacene and IGZO
TFTs as the p-channel and n-channel TFTs, respectively,
were fabricated on a 125-pm-thick flexible polyimide (PI)
substrate, as shown in Fig. 1(a). First, the PI substrate
was cleaned sequentially by acetone, alcohol, and de-ion-
ized water with ultra-sonication, and then it was baked
at 120 °C for 1 h on a hot plate to remove residual solvent
and water. A cross-linked poly-4vinyl phenol (PVP) layer
was spin coated on the PI substrate to produce a smooth
surface with a root mean-squared roughness below 1 nm,
which was required for the formation of a high quality ac-
tive layer. Then, Ni was deposited as the common gate
electrodes of both TFTs on the PVP layer by e-beam evap-
oration using metal shadow masks. For high flexibility un-
der mechanical deformation, 400-nm-thick PVP was used
as an organic gate dielectric layer, which was formed by
spin coating and thermally annealed at 200 °C. Then, 70-
nm-thick pentacene semiconductor layers and Au source/
drain electrodes were deposited by thermal evaporation
using shadow masks at 80°C and room temperature,
respectively.

After the fabrication of pentacene TFTs was completed,
they were encapsulated by plasma-polymerized methylcy-
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Fig. 1. (a) A schematic diagram of a flexible complementary inverter
based on p-channel pentacene and n-channel IGZO TFTs. (b) A diagram of
a complementary inverter circuit.

clohexane (pp-MCH) and Al,03 layers, which were depos-
ited by plasma-enhanced chemical vapor deposition and
atomic-layer deposition, respectively. In particular, the
Al,05 layer plays an important role during the fabrication
of n-channel TFTs by preventing sputtering damage to or-
ganic TFTs during the deposition of an inorganic active
layer. A 70-nm-thick IGZO layer (Iny03:Ga0s5:Z-
nO =1:1:1 mol%) was deposited by RF sputtering under
optimized conditions, including a power of 100 W and a
working pressure of 5 mTorr in a mixture of 1% O/
(Ar+0,) at room temperature. Finally, Al source/drain
electrodes were deposited by thermal evaporation using
a shadow mask.

The basic electrical characteristics of individual TFTs
and circuits were monitored by a semiconductor parame-
ter analyzer (HP4145B, Agilent Technologies) at room tem-
perature in the dark. The performances of TFTs and circuits
under mechanical deformation were then measured. The
voltage transfer characteristics (Vour—Vin) and DC voltage
gain (—dVoyr/dVin) of flexible inverter circuits were evalu-
ated and the effects of mechanical bending on their perfor-
mance, such as shifts of the switching threshold voltage,
were also analyzed.

3. Electrical analysis of flexible devices under
mechanical deformation

Fig. 2(a) shows the changes in the characteristics of an
as-fabricated p-cannel pentacene TFT in the saturation re-
gion at different bending radii causing tensile strain. The
transfer characteristics of p-channel TFTs in the saturation
region were obtained by applying a gate voltage (V) that is
swept from 10V to —20V while maintaining a source-
drain voltage (Vsp) of —20 V. According to the initial trans-
fer characteristics, the current on-off ratio (Ion/log) is about
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Fig. 2. The transfer characteristics in the saturation regions of TFTs at different bending radii. (a) The p-channel transfer characteristics of the pentacene TFT
with the applied gate bias (V;) ranging from 10V to —20V while maintaining the source-drain voltage (Vsp) at —20V. (b) The n-channel transfer
characteristics of an n-channel TFT obtained by sweeping V; from —10V to 20 V while maintaining Vsp at 20 V.

10 (not shown). The field-effect channel mobility in the
saturation region (fsqp) and the threshold voltage (Vi)
were also calculated as 0.6 cm?/Vs and —1.5V, respec-
tively. The saturated source-drain current decreased as
the bending radius was decreased. This phenomenon
might be explained by two possible reasons. One is the
change of the charge transport properties of the molecular
pentacene. Charge transport in pentacene is directly re-
lated to the hole hopping rate which is inversely propor-
tional to the distance between hopping sites [24]. Hence,
the reason why the saturated source-drain current de-
creased under tensile strain is that larger spacing between
pentacene molecules causes a decrease of hole mobility
and, in turn, conductivity. On the other hand, another pos-
sible reason is change of surface energy and heterogeneity
of the interface between a dielectric and a semiconductor.
A recent report has investigated that the device mobility is
changed under the mechanical deformation due to rear-
rangement of polymer structure at the surface on the
dielectric layer [25]. In tensile strain, therefore, local reori-
entation of polymer chains may be able to change the car-
rier mobility and the channel current.

The transfer characteristics of n-channel IGZO TFTs in
the saturation region were also measured while decreasing
the bending radius, as shown in Fig. 2(b). The V; was swept
from —10V to 20V while applying a Vsp of 20 V. Before
bending, the Io,/loy value was about 10* (not shown). The
field-effect channel mobility in the saturation region
(Usar.n) and the threshold voltage (V,,) were also calculated
as 3.6 cm?/V s and —8.4 V, respectively. In the case of IGZO
TFTs, the source-drain saturation current increased under
tensile strain. There are two possible factors that could ex-
plain these phenomena. One is the doping effect in the
IGZO active layer. As previously reported, the charge trans-
port of oxide semiconductors is related to the generation of
carriers caused by native defects such as oxygen vacancies
during the process [26-28]. Thus the applied tensile strain
might affect O vacancies which could change the electron
concentration under mechanical deformation. As previ-
ously reported in the literature [29], on the other hand,
the mobility increase for tensile strain can be possibly cor-
related with a decrease in the effective mass of electrons

due to decreased energy spacing in the direction parallel
to the current flow. More detailed study is required to elu-
cidate mechanism of changes in field-effect channel mobil-
ity and threshold voltage in organic as well as oxide TFTs.

Fig. 3(a) and (b) show the changes in the parameters of
each TFT under tensile strain. We estimated the field-effect
mobility by using the equation Isp=(us.C/2)(W/
L)(V; — V,)? in the saturation region, where C is the gate
dielectric capacitance, W is the channel width, and L is
the channel length. In the case of pentacene TFTs, as shown
in Fig. 3(a), fsarp decreased and Vi, increased when the
bending radius was decreased. In contrast, the change in
Usaen Of the IGZO TFT under tensile strain showed the oppo-
site tendency to that of p,p, of the pentacene TFT with
increasing bending radius (see Fig. 3(b)). As mentioned
above, the results, which were extracted from the bending
experiment, might be related to the different changes in
device performance under mechanical bending, which are
caused by an increase of hopping rate in organic TFTs
and a decrease of the effective mass in oxide TFTs.

Fig. 4(a) and (b) shows the measured voltage transfer
characteristics of the hybrid complementary inverters.
The switching threshold voltage (V) and DC voltage gain
(—dVour/dViy) values with no mechanical bending were
estimated to be 11.6 V and 46 V/V at a Vpp, drain voltage
of a unit circuit, of 20V, respectively. When the bending
radius gradually decreased, the Vi, was shifted in the neg-
ative direction (Fig. 4(a)). On the other hand, the —dVoyr/
dVin, which is directly related to the subthreshold swing
(S) of each TFT showed no clear trend with decreasing
bending radius (Fig. 4(b)). Even though the S values were
evaluated and compared, there was also no apparent ten-
dency in the S with bending radius (not shown here). Fur-
ther studies may be required to achieve a deeper
understanding of the effects of mechanical deformation
on the DC voltage gains of complementary inverters.

In the general theory, the field-effect mobility and
threshold voltage of p- and n-channel TFTs are important
parameters that determine the V, of a complementary in-
verter, which is given by the following equation:
r(Vop+Vyp) + Vi

Vin = 1tr (1)
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Fig. 3. The changes in field-effect mobility (black line) and threshold voltage (red line) of (a) the p-channel pentacene TFT and (b) the n-channel IGZO TFT
under mechanical deformation. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. Calculated and measured Vy;, values of the flexible complementary
inverters for different bending radii.

where W, and W, are the channel widths and L, and L, are
the channel lengths of the n- and p-channel TFTs, respec-
tively. We can evaluate expected phenomena such as shifts
of Vy, in the fabricated inverters by using Eq. (1). The calcu-
lated and measured V;;, values are shown in Fig. 5. As ex-
pected from Eq. (2), the r factor decreases with
decreasing bending radius, which leads to a decrease of
Vin. According to Eq. (1), moreover, the increase of the dif-
ference between Vy, and V,, also brings about a shift of V¢,
in the negative direction. Even though there are some dis-
crepancies in the calculated and measured values, the ten-
dency in the measured Vj, variation with bending radius
agrees well with that from the theoretical estimations
using Eq. (1).

4. Conclusion

In this work, we have investigated the relationship be-
tween the electrical characteristics of TFTs and the perfor-
mance changes in complementary inverters under
mechanical deformation. In the case of TFTs, changes in
field-effect mobility and threshold voltage were observed
with opposite tendencies for n-channel and p-channel de-
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vices, which also affected the shift of voltage transfer char-
acteristics in flexible inverters. The results indicate the
importance of understanding the performance changes in
component devices in order to elucidate the changes in
flexible circuits upon mechanical deformation.
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