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Abstract— The dynamic inverter using amorphous indiumgallium-zinc oxide thin-film transistors (a-IGZO TFTs) is revealed
to be more robust to tensile strain than the static inverter that is
most widely used in TFT circuits. The results with the inverters
can be reasonably extended to NAND or NOR gates, because all of
them are commonly composed of pull-up and pull-down networks.
The experimental results after tensile bending up to 20 000 times
with a bending radius of 1.5 mm show that ΔVOH and ΔVOL in the
dynamic inverter decrease to 85% and 0% of those in the static
inverter, respectively. Also, while the power consumption of the
static inverter increases by 36%, which is tens of μA, the dynamic
inverter maintains low-power consumption, which is tens of nA. It
is also worth noting that ratioed design and TFT operation in the
saturation region make the circuit more sensitive to tensile strain
than ratio-less design and TFT operation in the triode region.
Index Terms—Amorphous indium-gallium-zinc oxide thin-film
transistors, tensile strain, dynamic logic, logic circuit, TFTs.

I. INTRODUCTION
As a backplane of flexible displays, amorphous indiumgallium-zinc oxide thin-film transistors (a-IGZO TFTs) have
been regarded as very promising because they have higher
mobility than amorphous silicon (a-Si) TFTs and lower cost,
better uniformity, and lower processing temperatures than lowtemperature polycrystalline silicon (LTPS) TFTs [1]–[6].
However, in flexible displays, mechanical stress due to the
physical deformation is inevitably applied to the a-IGZO TFTs,
which affects their characteristics [2]–[3], [7]–[13]. The
mechanical stress is caused by either tensile or compressive
strain based on the direction of the force applied to the device.
The tensile strain is regarded as a more severe condition
because the degradation of device characteristics due to tensile
strain occurs more than compressive strain [10]–[12].
While most previous researches have focused on developing
devices, materials, and structures that are resistant to
mechanical stress [2]–[3], [7]–[13], we have studied how
robustness against tensile strain can be improved through
circuit design using the same process, materials, and devices.
There have been previous works on how the mechanical stress
affects AMOLED pixel circuits [14]-[15] or gate driver circuits
[16]. In this paper, on the other hand, we will study inverter
circuits instead of being limited to specific application circuits,
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Fig. 1. (a) Conventional static inverter, and (b) dynamic inverter [17]

the results of which can be reasonably extended to NAND or
NOR gates, because they are commonly composed of pull-up
and pull-down networks. There are two styles in logic circuits:
static and dynamic [17]. Compared to the static inverter, the
dynamic inverter consumes much lower power and circuit area,
but always needs to precharge the output before evaluation,
which slows down the operation speed. In terms of the electrical
stability, we revealed in our previous work that the dynamic
inverter is more favorable than the static inverter [18], and in
this work we will focus on the robustness against tensile strain
of two types of the inverters.
II. DEVICE FABRICATION & EFFECTS OF TENSILE STRAIN
The fabrication process of the a-IGZO TFTs began with a
silicon dioxide (SiO2)/silicon nitride (SiNx)/SiO2 multi-layer
buffer being deposited on a polyimide (PI) substrate by plasmaenhanced chemical vapor deposition (PECVD). 100-nm-thick
Molybdenum (Mo) source/drain electrodes and 30-nm-thick aIGZO active layer were formed by radio frequency (RF)
sputtering. 100-nm-thick aluminum oxide (Al2O3) layer was
deposited as a gate insulator on the a-IGZO active layer. Next,
100-nm-thick Mo gate electrode was formed by RF sputtering.
Following fabrication, each layer was patterned by photolithography and wet etching. Finally, post annealing was carried
out at 200˚C for an hour under vacuum conditions.
Using the a-IGZO TFTs in the above process, both static and
dynamic digital logic circuits were designed. Because a-IGZO
TFTs of 1400 μm/20 μm, 140 μm/20 μm, and 70 μm/20 μm
were used in the circuits in Fig. 1, a-IGZO TFTs of these sizes
were measured before and after the 20 000 cycles tensile
bending with bending radius of 1.5mm. In Fig. 2, before the
tensile strain, the devices have the threshold voltage (VTH) of
1.23 V, field effect mobility (μFE) of 6.06 cm2/Vꞏs, and
subthreshold swing (SS) of 0.33 V/decade on average. After 20
000 cycles of tensile bending, the VTH shifted on average by 0.60 V (-50%) and up to -1.20 V (-100%), the μFE shifted on
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Fig. 2. Transfer characteristics of a-IGZO TFTs with W/L of (a) 1400/20μm,
(b) 140/20μm, and (c) 70/20μm with bending radius of 1.5 mm. (d) VTH and μFE
shift with W/L of 1400/20μm, 140/20μm, and 70/20μm.

average by 0.90 cm2/Vꞏs (15%) and up to 1.50 cm2/Vꞏs (25%),
and the SS changed slightly by 20 mV/decade (6%). While the
change in μFE affects the operation speed of the circuit, the
change in VTH has large effects on the on/off operation and the
leakage current as well as the operation speed. Moreover, the
VTH was observed to shift much larger than the μFE. Therefore,
we will focus on the effect of the VTH shift on the circuit.
III. ANALYSIS OF A-IGZO TFTS DIGITAL LOGIC CIRCUIT OF
INVERTER UNDER TENSILE STRAIN
In the static inverter shown in Fig. 1(a), when the input is low,
the output voltage (VOH) is directly affected by the VTH of TFT
S1 (VTH,S1) because VOH is almost equal to VDD−VTH,S1 ,where
VDD is the supply voltage. At the same time, it is also affected
by VTH,S2 because the leakage current of TFT S2 at VGS,S2 = 0V
(IOH) which affects VOH changes with VTH,S2. When the input is
high, the output voltage (VOL) is determined by the onresistance ratio of TFTs S1 and S2 (RS1 and RS2, respectively),
which operate in the saturation and deep-triode regions,
respectively. To find out the effect of VTH shift on VOL, we
analyze ΔRS1 and ΔRS2 due to VTH,S1 and VTH,S2 shift that can
be expressed by (ΔRS/RS)/ΔVTH.
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Fig. 3. In the static inverter, (a) RS1 variation with VTH,S1 shift, (b) RS2 variation
with VTH,S2 shift, VOL variation with (c) VTH,S1 shift, and (d) VTH,S2 shift.
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(ΔRS/RS)/ΔVTH is obtained by dividing (5) and (6) by (2) and
(3), respectively.
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, where VDD-VOL, X1-VOL, and X2 are assumed to be almost
equal to VDD because VDD is sufficiently high, and k2/k1+1 is
approximated to k2/k1 because k2/k1 is much larger than 1 in the
static inverter (k2/k1 is 10 in this work). In [14], k2/k1 must be
designed as large as possible to make VOL close to 0. From (7)
and (8), the effect of VTH shift on the TFT on-resistance is found
to be twice as large when the TFTs operate in the saturation
region than in the triode region. Accordingly, the effect of
VTH,S1 shift on VOL is twice that of VTH,S2 shift on VOL. The
analysis results are plotted in Fig. 3, where a large ratio of k2/k1
is necessary to mitigate the effect of the VTH shift on VOL.
In the actual circuit, however, the VTH shift of TFTs S1 and S2
occurs simultaneously due to tensile strain. The effect on the
operation of the static inverter can be analyzed as follows. The
negative shift of VTH,S1 (ΔVTH,S1 < 0) increases VOH, but the
negative shift of VTH,S2 (ΔVTH,S2 < 0) decreases VOH, because it
increases the TFT S2 leakage current (IOH). Therefore, VOH will
either increase or decrease depending on ΔVTH,S1 and ΔVTH,S2.
VOL will also either increase or decrease, because, as shown in
Fig. 3, ΔVTH,S1 < 0 increases VOL, but ΔVTH,S2 < 0 decreases VOL.
However, the ΔVTH,S1 has a larger effect on VOL than ΔVTH,S2,
thus VOL is likely to increase. Obviously IOL increases because
both RS1 and RS2 decrease.
In the dynamic inverter shown in Fig. 1(b), the pull-up (PU)
network is composed of a pre-charge (PC) TFT (TFT D1), and
the pull-down (PD) network is composed of an input TFT (TFT
D2) and an evaluation (EV) TFT (TFT D3). In the PC phase,
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Fig. 4. Measured (a) output voltage, current of the static inverter and (b) output
voltage, current of the dynamic inverter before and after tensile strain with a
bending radius of 1.5mm.

the output node is charged to VDD-VTH,PU. In the EV phase, if
the input is low, VOH is almost equal to VDD-VTH,PU, and if the
input is high, VOL is GND. Because the output node is
electrically floating when the output is high, VOH drops due to
the leakage current of the PD network, which is affected by the
VTH,PD shift. Consequently, VOH is affected by both VTH,PU and
VTH,PD shift. On the other hand, VOL is hardly affected by the
device parameters because the output is tied to GND.
The effect of the simultaneous VTH shift of the PU and PD
TFTs on the dynamic inverter operation is analyzed as follows.
VOH is affected in a similar way to that in the static inverter, but
the leakage current of the PD network in the dynamic inverter
has much less effect than in the static inverter, because the PD
TFTs have much smaller width and connected in series. During
the EV phase, The VOH drop increases because of the negative
VTH,PD shift. VOL remains at GND regardless of the VTH shift. In
brief, the VOH of a dynamic inverter is affected by both VTH,PU
and VTH,PD shift, but VOL is not affected by the VTH shift.
IV. MEASUREMENT RESULTS
The static and the dynamic inverters fabricated on the same PI
substrate were measured at 1kHz operation frequency after 20
000 cycles tensile bending with a radius of 1.5 mm. The
measurement results of the static inverter before and after the
tensile strain are presented in Fig. 4(a). VOH increases, which
indicates ΔVTH,S1 has a more effect on VOH than ΔVTH,S2. VOL
also increases, which shows that ΔVTH,S1 has a larger effect on
VOL than ΔVTH,S2 as analyzed in section Ⅲ. IOH increases by 12
times which indicates the leakage current is more sensitive to
the tensile strain than the on-current (IOL). The power
consumption of the static inverter increases by 36%, which is
tens of μA. In Fig. 4(b), the measurement results of the dynamic
inverter before and after tensile strain are presented. VOH
changes due to the tensile strain, but VOL does not change at all.
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Fig. 5. (a) VOH and VOL variation, (b) IOH and IOL variation in the static and
dynamic inverter due to tensile strain with a bending radius 1.5mm.

The initial VOH in the EV phase increases in a similar way to
the static inverter, and the VOH drop during the EV
phase(VOH,DROP), also increases due to ΔVTH,PD. Both IOH and
IOL increase due to both ΔVTH,PU and ΔVTH,PD, but they are tens
of nA, which is still very small. It is also worth noting that the
the dynamic inverter pulls up faster than the static inverter,
because the pull-down TFT in the static inverter has 20 times
larger width than that of the dynamic inverter, causing much
larger output capacitance and leakage current.
Fig. 5(a) and (b) show the changes of VOH, and VOL, IOH, and
IOL caused by tensile strain in both static and dynamic inverters.
The dynamic inverter sees less VOH and IOH changes than the
static inverter, which can be explained by the fact that the
dynamic inverter has less leakage current in the PD network
than the static inverter, because the dynamic inverter has much
smaller-width TFTs connected in series while the static inverter
has a very large width single TFT. In addition, the VOL of the
static inverter changes sensitively to the VTH shift, whereas that
of the dynamic inverter does not change. The IOL of the static
inverter also increases because of negative VTH shift of S1, S2
TFTs, whereas IOL of dynamic inverter rarely changes. These
are because the dynamic inverter is a ratio-less logic, while the
static inverter depends on the on-resistance of TFTs.
V. CONCLUSION
The effects of tensile strain on the dynamic and the static
inverters using a-IGZO TFTs were analyzed and verified
through experiments, where the devices and circuits were
measured after 20 000 cycles tensile bending with a bending
radius of 1.5 mm. With the increase in μFE (15% on average)
and the negative shift in VTH (-50% on average), ΔVOH and
ΔVOL in the dynamic inverter decrease to 85% and 0% of those
in the static inverter, respectively, and maintains low-power
consumption of tens of nA, while the static inverter suffers from
increase in power consumption by 36%, which is tens of μA.
The experiment results have been also supported by theoretical
analyses, which reveal that the dynamic inverter with ratio-less
design and TFT operation in the triode region is less sensitive
to tensile strain than the static inverter with ratioed design and
TFT operation in the saturation region.
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