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We report a room-temperature and high-mobility InGaZnO thin-film transistor on flexible substrate. To
gain both high gate capacitance and low leakage current, we adopt stacked dielectric of Y,03/TiO,/Y20s3.
This flexible IGZO TFT shows a low threshold voltage of 0.45 V, a small sub-threshold swing of 0.16 V/
decade and very high field-effect mobility of 40 cm?/V. Such good performance is mainly contributed by
improved gate stack structure and thickness modulation of IGZO channel that reduce the interface trap

density without apparent mobility degradation.
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1. Introduction

Zinc oxide-based thin film transistors (TFTs) have been studied
extensively due to promising application on low-cost large-area
display. Compared to poly-Si TFTs with high thermal budget for
channel activation, the amorphous InGaZnO (a-IGZ0) [1-9] channel
layer has the opportunity to achieve a high performance TFT at low
temperature by offering better film uniformity and less transistor
characteristics variation. Furthermore, «-IGZO TFTs with high
mobility has the potential for the fabrication of high-resolution and
low-temperature flexible displays. However, recently reported IGZO
TFTs on flexible substrate [10—12] showed large operating voltage,
high sub-threshold swing and low device mobility. Although the
operating voltage can be lowered by means of integrating high-k gate
dielectrics, common metal oxides that deposit at low temperature
tend to form defect-rich dielectric and then results in low k value and
large gate leakage. Besides, the device mobility and sub-threshold
leakage are most critical for the low-temperature and high-
resolution flexible TFT.

To address these key issues at low-temperature flexible device,
we demonstrate a high performance IGZO TFT utilizing tri-layer
gate dielectric of Y,03/TiO,/Y,03 and IGZO thickness modulation
on flexible substrate. The novel flexible TFT fabricated at room
temperature (RT) shows a small sub-threshold swing of 0.16 V/
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decade, a low threshold voltage of 0.45 V, and a high field-effect
mobility of 40 cm?/V under a drive voltage below 2 V.

2. Experimental procedure

The bottom gate TFT was fabricated on the 300-nm-thick insu-
lating SiO, grown on a flexible PC (polycarbonate) substrate. A 35-
nm-thick TaN gate electrode was formed by sputtering. Subse-
quently, the optimized Y03 (105 nm) and Y,03/TiO,/Y,03 (22 nm/
60 nm/22 nm) were deposited using electron beam evaporation at
room temperature. Such a physical vapor deposition process is
preferred for formation of the gate dielectric of TFTs because of its
low thermal budget, especially when plastic substrates are used
[13]. Then the 25- and 50-nm-thick IGZO active layers were
deposited using radio frequency (RF) sputtering from an IGZO target
with a gas mixture of oxygen and argon. Finally, 300-nm-thick Al
was thermally evaporated and patterned to form source and drain
contact electrodes, where the channel size was 521 pm x 32 pm.

The gate stacks were characterized by atomic force microscopy
(AFM), grazing incidence X-ray diffraction (GIXRD) and trans-
mission electron microscopy (TEM). The TFT devices were charac-
terized by current—voltage (I-V) and capacitance—voltage (C—V)
measurements using an HP4156C semiconductor parameter
analyzer and an HP4284A precision LCR meter, respectively.

3. Results and discussion

To fabricate high performance and low temperature flexible TFT,
we use transparent plastic PC as the substrate. As seen in Fig. 1(a),
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Fig. 1. (a) Photograph of flexible and transparent IGZO TFTs. C—V and I-V character-
istics of (b) Al/Y203/TaN and (c) Al/YTY/TaN MIM capacitors on flexible PC substrates.

the photograph of flexible and transparent IGZO TFT which has
been successfully fabricated on PC substrate. The C—V and -V
characteristics of metal—insulator—metal (MIM) capacitors using
single-layer Y03 and stacked Y,03/TiO»/Y203 (YTY) dielectrics on
flexible PC substrates are shown in Figs. 1(b) and(c), respectively.
The gate leakage current of 4.1 x 10”7 Ajcm? at 3 V is measured in
Al/Y,03/TaN MIM capacitor with a capacitance density of 0.8 fF/um?
at 100 kHz. The extracted k-value of 9.5 is reasonable due to RT film
deposition without an additional thermal budget. However, to

reduce drive and turn-on voltage effectively, it is necessary to in-
crease capacitance density utilizing higher-k Y,03/TiO5/Y203
dielectric. Unfortunately, the TiO, would bring unwanted gate
leakage current due to narrow band gap of 3.05 eV and small
conduction band offset (AEcis only 0.05 eV) [14]. Thus, the buffered
Y-03 layer with large band gap of 6 eV [14] plays an important role
for suppressing leakage current. In Fig. 1(c), the tri-layer YTY MIM
capacitor with a similar film thickness shows a much higher
capacitance density of 1.4 fF/um? that is beneficial to obtain higher
drive current at a lower operating voltage, compared to single-layer
Y03 one. The increased MIM capacitance density can be ascribed to
the introduction of TiO; dielectric with very high-k value of 60—110
[15,16]. From the measured [V characteristic in tri-layer MIM
capacitor, the higher gate leakage of 2.2 x 107 Ajcm? at 3 V is
further supported by 43% increase on capacitance density.
Furthermore, these MIM capacitor results confirm that the tri-layer
gate dielectric has a more favorable tradeoff between capacitance
density and gate leakage current under a RT TFT process.

From the AFM analyses, the surface roughness (Rms = 1 nm) for tri-
layer YTY dielectric is only slightly higher than that single-layer Y,03
one (Rms = 0.8 nm), which explains the feasibility of TiO-based
stacked dielectric on flexible substrate. Although high-k TiO; can
gain larger capacitance density for high drive current, titainum-
terminated surface may contribute to high interface traps and large
leakage current at RT flexible process. Thus, the large band gap Y»03 as
top and down buffer layer can be used to lower gate leakage current
due to large potential barrier formed at top IGZO/Y203 and bottom
Y,03/TaN interfaces. To perform a deep investigation on MOSFET
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Fig. 2. (a) I;—Vy and (b) I;—V, characteristics of flexible YTY TFT with 50-nm-thick
IGZO channel layer.
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Fig. 3. (a) XRD spectrum of IGZO channel layer and (b) [-V characteristics of Al/IGZO/
TaN MIM capacitors with different IGZO thicknesses. The high-resolution TEM and FFT
images of IGZO channel were inserted in Fig. 4(a).

characterizes, we first fabricated IGZO TFT using YTY gate dielectric
and 50-nm-thick IGZO channel layer (IGZ050) on flexible PC. The
output I;—V, and transfer I;—V, characteristics were shown in Fig. 2(a)
and (b), respectively. In addition to low operating voltage of 3 V, large
sub-threshold swing (SS) of 0.48 V/decade, Ion/lof ratio of 7.3 x 10%,
threshold voltage (V;) of 1.1 V and high field-effect mobility (ugg) of
428 cm?/V are also reached. The channel carrier density of
1.9 x 10" cm™ can be extracted by the equation: N, = Vi x Ch/
(q x ta), where g is the electric charge (1.6 x 107" C), te, is the
thickness of channel layer, V;is the threshold voltage of the device, and
Cyg is the capacitance density of the high-k dielectric. The change of
channel resistance is dominated by the vacancies in IGZO channel
with the dependence of oxygen concentration, as seen in the equation:
VEE o, +2€” +InGaZn—0Ox —InGazZn—0y". Here, the VEEazn—o, i
the oxygen vacancy in IGZO, which is responsible for channel carrier
concentration and device mobility.

Fig. 3(a) shows the XRD spectrum of IGZO channel layer. The
inserted TEM image is cross-sectional view of IGZO layer. The
sputtered IGZO film reveals an amorphous state examined by Fast
Fourier Transform (FFT) technique. Also, the leakage currents of
IGZO channel with different thicknesses are also carried out via MIM
capacitor in Fig. 3(b). For thinner 25-nm-thick IGZO, the leakage
current of 3.2 x 107> AJcm? at —0.5 V is much smaller than that of
50-nm-thick IGZO by two orders of magnitude. In general, a low
channel leakage (high channel resistivity) at low field was used to

achieve a low off-state current and high on—off ratio. It follows that
the IGZO thickness modulation to suppress sub-threshold leakage is
very important, especially for enhanced mode TFT with fully RT
process. According to this, we also fabricated fully-RT IGZO TFT with
thin 25-nm-thick IGZO (IGZ025) on PC substrate. The Ig—Vg and I3—
Vg characteristics of IGZO25/YTY flexible TFT are shown in Fig. 4(a)
and (b), respectively. The low sub-threshold swing of 0.16 V/decade,
small V; of 0.45 V, Ion/lof ratio of 4.5 x 10°, and high field-effect
mobility of 40 cm?/V for IGZ025/YTY TFT is much better than re-
ported flexible IGZO TFT [10—12]. Such small gate swing is further
supported by low drive voltage (V,—V;) below 2 V, which is impor-
tant for flexible display applications with a low operation power.

As we know that the sub-threshold swing is relevant to the
interface trap density (Dj;) calculated based on the equation:
SS = kT/q x In 10 x (1 + (Cp + Cit)/Cux), where Cp, is the depletion
capacitance density of IGZO, and Cj (=qDj;) is the capacitance
density from charged interface traps. By neglecting Cp, the Dj; for
IGZ025/YTY and IGZO50/YTY TFTs are 15 x 10 and
6.2 x 101 cm™2 eV, respectively. In addition, the carrier density of
1.6 x 10 cm~3 is also obtained from thin IGZO25 channel layer.
Compared to IGZO50/YTY TFT offering 4x higher interface state
and 1.2 x higher carrier concentration, the IGZO25/YTY one exhibits
better transistor characteristics including much lower SS and V;
after optimizing channel thickness. Such good performance at RT
without apparent mobility degradation is not also ascribed to
stacked YTY dielectric for enhancing capacitance density, but also
supported by channel thickness modulation scheme for controlling
densities of channel carrier and interface traps that is dominated by
oxygen vacancies in IGZO.
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Fig. 4. (a) I—Vy and (b) I;—V, characteristics of flexible YTY TFT with 25-nm-thick
IGZO channel layer.
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Fig. 5. Field-effect mobility and sub-threshold swing as a function of bending radius
for IGZO/YTY TFT.

To evaluate bending flexibility of TFT device on flexible PC, we
perform bending test with the radius from 40 mm to 25 mm, as
shown in Fig. 5. The SS and device mobility under bending only
shows slight degradation that demonstrates the feasibility of IGZO/
YTY TFT for flexible display application.

4. Conclusions

Our study offers a simple and effective solution to fabricate low-
power and high-mobility TFT at RT on flexible substrate. The flex-

ible IGZO TFT using improved gate stack and optimized channel
thickness can reach good transistor characteristics including a low
V;0f 0.45 V, a small SS of 0.16 V/decade and a high pgg of 40 cm?/V at
a very low drive voltage below 2 V.
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