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ABSTRACT: Passivation is a challenging issue for the oxide
thin-film transistor (TFT) technologies because it requires
prolonged high-temperature annealing treatments to remedy
defects produced in the process, which greatly limits its
manufacturability as well as its compatibility with temperature-
sensitive materials such as flexible plastic substrates. This study investigates the defect-formation mechanisms incurred by atomic
layer deposition (ALD) passivation processes on ZnO TFTs, based on which we demonstrate for the first time degradation-free
passivation of ZnO TFTs by a TiO2/Al2O3 nanolaminated (TAO) film deposited by a low-temperature (110 °C) ALD process.
By combining the TAO passivation film with ALD dielectric and channel layers into an integrated low-temperature ALD process,
we successfully fabricate flexible ZnO TFTs on plastics. Thanks to the exceptional gas-barrier property of the TAO film (water
vapor transmission rate (WVTR) < 10−6 g m−2 day−1) as well as the defect-free nature of the ALD dielectric and ZnO channel
layers, the TFTs exhibit excellent device performance with high stability and flexibility: field-effect mobility >20 cm2 V−1 s−1,
subthreshold swing < 0.4 V decade−1 after extended bias-stressing (>10 000 s), air-storage (>1200 h), and bending (1.3 cm radius
for 1000 times).
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1. INTRODUCTION

Metal-oxide-based thin film transistors (TFTs) offer many
advantages over silicon-based TFTs, including low processing
temperature, high carrier mobility, optical transparency, and
ease of production, and therefore are heralded as the primary
alternative TFT technology.1 But unlike silicon, whose stable
and insulating oxide can protect it against environment-induced
degradations, the oxide semiconductor in a TFT must be
passivated with an overcoated barrier layer to shield against
damages that may be incurred by the TFT’s subsequent
processing and use.2−6 Deposition of such a passivation layer,
however, inevitably degrades the characteristics of the oxide
semiconductor due to the defect-inducing interactions between
the oxide semiconductor and the passivation processing
environment.7 As a result, an extended high-temperature
postpassivation annealing step is required to remedy the
defects created during the passivation process and to reverse
the degradations.8 Such an annealing step not only greatly
increases the production time and cost of oxide TFTs, but is
incompatible with temperature-sensitive device materials such
as flexible plastic substrates, preventing oxide TFT applications
in flexible and organic electronics. Consequently, a low-
temperature passivation process that does not induce
degradations on its passivated TFTs will be highly valuable in
the development of the oxide TFT technologies.
In this study, we utilize the technique of atomic layer

deposition (ALD) to develop a low-temperature, degradation-
free passivation process for flexible ZnO TFTs. ALD is capable

of producing defect-free films with exceptional gas-barrier
performance at low deposition temperatures,9−11 and has been
widely used for passivating or encapsulating many different
types of sensitive electronic devices.12−20 Moreover, ALD is
especially advantageous in terms of manufacturability for
flexible electronics applications, thanks to its demonstrated
ability to be adapted into large-area, atmospheric roll-to-roll
manufacturing processes for flexible electronics.21−28 For the
passivation of oxide TFTs, ALD provides additional benefits in
that the dielectric, channel, and passivation layers can all be
deposited in an integrated ALD process, which minimizes
defect formation at the interfaces and reduces process
complexity.29−37 Previous attempts at utilizing ALD as a
passivation method for oxide TFTs, however, have shown that
similar to other passivation techniques, ALD passivation also
caused severe degradations to oxide TFTs,8 and therefore
successful low-temperature ALD passivation of oxide TFTs has
not been demonstrated. To address this issue, we study the
mechanism of ALD-passivation-induced degradation to ZnO
TFTs by examining various ALD chemistries and processing
conditions of several metal oxides that are commonly used as
passivation materials, including Al2O3, HfO2, ZrO2, TiO2, and
their nanolaminates. These metal oxides are popular passivation
materials owing to their insulating property, mechanical
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strength, chemical stability, and optical transparency.38 ZnO
TFTs are used as the platform of this study because ZnO is
more prone to environment- and passivation-induced degrada-
tion than other oxide semiconductors,39 and therefore
passivation processes identified to be compatible with ZnO
TFTs should be readily extendable to other types of oxide
TFTs. By understanding the mechanism of passivation-induced

degradations, we design and demonstrate for the first time an

ALD passivation process that yields degradation-free ZnO

TFTs after passivation. We then combine the ALD passivation

film with an ALD dielectric and ZnO channel layers into an

integrated, low-temperature (≤110 °C) ALD process to

fabricate flexible ZnO TFTs on plastic substrates, taking

Figure 1. (a) Illustration of the device structure used in this study; (b) transfer and (c) output characteristics of the ZnO TFTs without passivation.

Table 1. Processing Conditions of the ALD Dielectric, Channel, and Passivation Layers Used in the Fabrication of the TFT
Devices

film precursor pulse time (s) soaking time (s) pumping time (s) cycles/thickness

ZnO DeZn 0.06 0 30 250/45 nm
H2O 0.02 0 30

Al2O3 TMA 0.03 0 8 350/35 nm
H2O 0.02 0 8

HfO2 TDMAHf 0.1 0 20 350/35 nm
H2O 0.02 0 20

ZrO2 TDMAZr 0.1 0 20 350/35 nm
H2O 0.02 0 20

TiO2 from TDMATi TDMATi 0.1 0 20 875/35 nm
H2O 0.02 0 20

TiO2 from TTIP TTIP 0.1 0 20 2333/35 nm
H2O 0.02 0 20

AHO as dielectric: alternating 20 cycles of Al2O3 with 30 cycles of HfO2 for 8 times
as passivation: alternating 20 cycles of Al2O3 with 30 cycles of HfO2 for 7 times

ATO alternating 20 cycles of Al2O3 with 200 cycles of TiO2 from TTIP for 7 times
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advantages of the exceptional quality of the ALD layers to
realize unprecedented device performance and stability.

2. EXPERIMENTAL SECTION
2.1. Device Fabrication. The ZnO TFTs analyzed in this study

were of a bottom-gate/top-contact device structure, whose schematic
illustration is shown in Figure 1. The devices were fabricated on two
types of substrates: ITO-coated glass (Rite Displays; sheet resistance =
15 Ω sq− 1) for r ig id devices and ITO-coated poly-
(ethyleneterephthalate) (PET) (Perm Top Corp.; sheet resistance =
60 Ω sq−1) for flexible devices. The fabrication procedure was as
follows: (1) ITO was patterned into gate electrodes by photo-
lithography followed by wet etching in hydrochloric acid; (2)
patterned substrates were cleaned in turn with ultrasonication in
acetone, methanol, and deionized water for 10 min, and then cleaned
with air plasma (Harrick Scientific, model PDC-32G) for 5 min; (3) a
dielectric layer, an alternating Al2O3(2 nm)/HfO2(3 nm) nano-
laminated (AHO) film (40 nm of total thickness), was deposited by
atomic layer deposition (ALD); (4) after the deposition of the
dielectric layer, a 45 nm ZnO channel layer was immediately deposited
by ALD without breaking vacuum; (5) source and drain electrodes
were formed by thermally evaporating Au (thickness = 100 nm) under
high vacuum (106 Torr) through a shadow mask; the channel length/
width (L/W) were 100 μm/1500 μm; (6) deposition of a 35 nm
passivation film by ALD. Seven different passivating films were
examined in this study: AHO, Al2O3, HfO2, ZrO2, TiO2 deposited with
two different chemistries, and TiO2(3 nm)/Al2O3(2 nm) nano-
laminate (TAO). For the highly flexible devices shown in Figure S6,
the thicknesses of the channel and passivation layer were reduced to 9
and 20 nm, respectively, to enhance the devices’ mechanical flexibility.
Details of the ALD dielectric, channel, and passivation processes are
provided below.
2.2. Atomic Layer Deposition. A Savannah 100 ALD system by

Cambridge Nanotech Inc. was used to deposit the dielectric (AHO),
ZnO channel, and passivation layer. The ALD chamber pressure was
0.1 Torr during the process with a constant 20 sccm flow of N2
throughout to carry and purge the precursor vapors. The process
conditions of the dielectric, channel, and passivation layers are
summarized in Table 1. The metal−organic precursors used in the
ALD processes included trimethylaluminum (TMA) (Sigma-Aldrich,
97% purity, used as received), tetrakis(dimethylamido) hafnium
(TDMAHf) (Sigma-Aldrich, ≥99.99% purity, used as received),
diethylzinc (DEZn) (Sigma-Aldrich, 97% purity, used as received),
tetrakis(dimethylamido) zirconium (TDMAZr) (Sigma-Aldrich,
≥99.99% purity, used as received), tetrakis(dimethylamido) titanium
(TDMATi) (Sigma-Aldrich, ≥99.99% purity, used as received), and
titanium isopropoxide (TTIP) (Sigma-Aldrich, ≥99.99% purity, used
as received). A 0.5 nm (5 cycles) Al2O3 layer was used as the initial
nucleation layer for the AHO dielectric, whose process parameters
were as follows: 0.1 s pulse of TMA, 30 s soak, 30 s purge, 0.1 s pulse
of H2O, 30 s soak, 30 s purge.
2.3. Characterization. The I−V characteristics of the ZnO TFTs

were measured in air with a Keithley 4200-SCS semiconductor
characterization system with the gate voltages scanned from −2 to +10
V and the transfer curves taken at a drain bias of +8 V (in the
saturation regime). Carrier concentration of the ZnO channel was
measured with a HMS-3000 Hall-effect measurement system operated
at room temperature. Water vapor transmission rates (WVTR) were
measured with a permeation tester (MOCON AQUATRAN model 1)
with 10 cm2 samples at 38−60 °C and 90% relative humidity according
to ISO 15106-3; the samples for WVTR measurements were prepared
by depositing ALD barrier films on PET substrates. In the case where
the WVTR of a sample at 38 °C was below the detection limit of the
permeation tester (5 × 10−4 g m−1 day−1), elevated-temperature
measurements (up to 60 °C) were conducted to determine the
activation energy for permeation, which was then substituted into the
Arrhenius equation to extrapolate the 38 °C WVTR value of that
sample. X-ray photoelectron spetroscopy (XPS) analyses were carried
out in a XPS spectrometer (ULVAC-PHI 5000 VersaProbe) with a

monochromatic Al Kα X-ray source (1486.6 eV); samples were
cleaned by in situ Ar-sputtering (removing 1−3 nm of thickness)
before measurement. X-ray diffraction (XRD) analyses were carried
out in a Rigaku TTRAX 3 XRD system with a copper Kα line source.

2.4. Bias-Stress and Storage Tests. Bias-stress test was
conducted by applying a constant +8 V bias-stress on the gate
electrode of the tested TFTs in air and measuring the electrical
characteristics of the TFTs at various times. Similarly, storage test was
conducted by storing the tested TFTs in the ambient air (28 °C with
60% relative humidity) and measuring the electrical characteristics of
the TFTs at various times.

3. RESULTS AND DISCUSSION
3.1. Characteristics and Stability of ALD ZnO TFTs

without Passivation. The ZnO TFTs were fabricated with an
ALD Al2O3/HfO2 dielectric and an ALD ZnO channel layer
(see Figure 1 for a schematic illustration of the device
structure) to facilitate their subsequent integration with an
ALD passivation process. The characteristics of the ALD ZnO
TFTs without passivation were determined as references for
our following analysis on the effects of passivation, and the
results are shown in Figure 1 and Table 2. The TFTs exhibited

excellent device characteristics, with field-effect mobility ∼17
cm2 V−1 s−1 and subthreshold swing (SS) ∼ 0.4 V decade−1.
This was especially remarkable considering that the processing
temperature was much lower (90 °C for both the dielectric and
channel layers) than what is typical in TFT fabrication, and that
the process did not require a postdeposition annealing step,
which was a standard procedure in typical TFT fabrication. In
fact, this was the first time in our knowledge that such high
device performance was achieved at such low processing
temperature. As a point of reference, previous works using
similarly low processing temperatures to fabricate ZnO TFTs
achieved much lower field-effect mobility at 1−12 cm2/(V s)
and larger SS at 0.5−0.7 V decade−1.25,29,40 The high device
performance was attributed to the high quality of the low-
temperature-processed ALD films and their interfaces. It should
be noted that in order to magnify the effects of passivation for
better analysis of the underlying mechanism, the ZnO channel
layer was not patterned (i.e., it covered the entire substrate
surface). As a result, the off current and gate leakage current
(see Supporting Information, Figure S1) of the devices were
relatively high, even though the gate dielectric was of high
quality, with a low leakage current density of 10−7 A cm−2 at
<10 V and an estimated breakdown field of ∼9 MV cm−1 (see
Supporting Information, Figure S2).
The stability of the ALD ZnO TFTs were evaluated with two

types of tests: a bias-stress test, where a constant +8 V gate
voltage was applied to the TFTs in the ambient air, and a
storage test, where the TFTs were stored without operation in
the ambient air for a prolonged duration. The results of the
stability tests are shown in Figures 2 and 3. In the bias-stress
test, the threshold voltage (Vth) of the TFTs exhibited a

Table 2. Characteristics of ZnO TFTs with and without a
Passivation Layer: Field-Effect Mobility (μ), Subthreshold
Swing (SS), Threshold Voltage (Vth), and On/Off Ratio

μ
(cm2 V−1 s−1)

SS
(V decade−1) Vth (V)

on/off
ratio

no passivation 16.6 ± 0.5 0.42 ± 0.04 2.4 ± 0.2 1 × 105

TiO2- or TAO-
passivated

20.2 ± 0.4 0.38 ± 0.02 2.4 ± 0.17 1 × 105
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positive shift of 0.5 V after 10 800 s of stressing (Figure 2); the
other device characteristics including on/off currents, mobility,
and SS remained unchanged (see Supporting Information,
Table S1). In the storage test (Figure 3), on the other hand, all
of the device characteristics degraded significantly: Vth shifted
by +0.5 V, mobility reduced by 40%, and SS nearly doubled
after 1200 h of storage. The shifts in Vth in both tests were
caused by diffusion of oxygen into the ZnO channel, from
which the oxygen accepted electrons, thereby lowering the
electron concentration.41 The reduced mobility and raised SS in
the storage test were due to incursion of moisture, which
created charge-trapping defects in the channel and the channel/
dielectric interface during operation.42 The fact that only the
effect of oxygen (Vth shift) was observed in the bias-stress test,
even though the tested devices were also exposed to moisture
in air, was because the applied bias prevented moisture from
adsorbing to the channel layer.2

3.2. Passivation-Induced Degradations to ZnO TFTs.
An ALD nanolaminated Al2O3/HfO2 (AHO) film that we
previously developed for encapsulating organic light-emitting

diodes and solar cells43 was initially used as the passivating layer
for the ZnO TFTs. The AHO film at 35 nm thickness had an
exceptionally low WVTR of 1× 10−6 g m−2 day−1, and therefore
was expected to be capable of shielding the TFTs from any
environment-induced degradation. However, upon deposition
of the AHO film onto the ZnO TFTs, significant device
degradations occurred, as shown in Figure 4. The AHO

passivating film caused the on- and off-currents to drastically
increase and the Vth to shift to a negative value. These changes
indicated an increase in the electron concentration in the ZnO
channel, which was confirmed by Hall-effect measurements,
where we found that the electron concentration increased from
4.2 × 1017 to 2.8 × 1018 cm−3 upon the application of the AHO
film.
Similar passivation-induced degradations have previously

been observed on ALD Al2O3-passivated ZnO-based TFTs,
and the mechanism of the degradations has been identified as
follows:44,45 during the ALD passivation process, the metal−
organic precursor of the ALD Al2O3 passivating film,
trimethylaluminum (TMA), comes into contact with the ZnO
channel, from which it extracts oxygen, leaving behind oxygen
vacancies and increasing the electron concentration. Such
oxygen extraction reaction has also been found to occur
between other ALD metal−organic precursors and oxide
semiconductors.46

3.3. Factors Determining Passivation-Induced Degra-
dations. Given that the cause of ALD-passivation-induced
degradations is extraction of oxygen from the oxide channel by
the ALD metal−organic precursor, it stands to reason that
using a precursor with weaker oxygen-extraction reactivity
would reduce the magnitude of the degradations. Since the
oxygen-extraction reaction involves a metal−organic precursor
breaking its metal−ligand bonds to form metal−oxygen bonds,
the oxygen-extraction tendency of the precursor may be
quantified in terms of the difference between the bond
energies, ΔBE, as given by

Δ = −− −BE BE BEM O M L (1)

where BEM−O and BEM−L are the bond energies of the metal−
oxygen and the metal−ligand bonds, respectively.
To verify this reasoning, we examined the degradations to

ZnO TFTs induced by four ALD passivating process, each of

Figure 2. Change in the Vth (ΔVth) of ZnO TFTs with/without
passivation during the bias-stress test (constant +8 V gate bias).

Figure 3. Changes in the field-effect mobility (μ), subthreshold swing
(SS), and threshold voltage (Vth) of the ZnO TFTs during the storage
test. The values shown are normalized against the initial μ, SS, and Vth
values at the start of the test; the original data are included in
Supporting Information, Table S3. The error bars were calculated from
the results of 30 devices.

Figure 4. Transfer characteristics of the ZnO TFTs before and after
being passivated with various ALD films.
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which used water and a metal−organic compound with a
distinct ΔBE value as precursors. The metal−organic
precursors in the order of decreasing ΔBE were TMA (for
depositing Al2O3), tetrakis(dimethylamido) hafnium
(TDMAHf) (for HfO2), tetrakis(dimethylamido) zirconium
(TDMAZr) (for ZrO2), and tetrakis(dimethylamido) titanium
(TDMATi) (for TiO2). The ΔBE values were calculated from
literature bond energy data and are summarized in Table 3. The

TFT characteristics after passivation by these four films are
shown in Figure 4, and the effects of the passivation films on
the electron concentration of the ZnO channel were
determined by Hall-effect measurements, as shown in Table
3. In agreement with our assumption, the magnitude of
passivation-induced degradation as well as the increase in
electron concentration indeed followed the same trend as that
of the ΔBE, that is, TMA (Al2O3) > TDMAHf (HfO2) >
TDMAZr (ZrO2) > TDMATi (TiO2).
In addition to the intrinsic reactivity of precursors, the

temperature of the passivation process was also a degradation-
determining factor. Figure 5 presents the characteristics of ZnO
TFTs before and after being passivated with a HfO2 passivating
film (using TDMAHf and H2O) deposited at 90 or 150 °C.
The 150 °C process caused greater increases in the off and on
currents and a larger shift in the Vth than did the 90 °C
deposited film. Similar temperature-dependency was also
observed for the other types of films (see Supporting

Information, Figure S4). The temperature-dependency was
consistent with the reactivity-driven mechanism; that is, a
higher processing temperature enhances the reactivity of a
precursor, allowing it to more strongly extract oxygen from the
ZnO channel.

3.4. Eliminating Passivation-Induced Degradations.
Having identified the degradation-determining factors, we
designed the following ALD passivation process to eliminate
passivation-induced degradations on ZnO TFTs. We selected a
metal−organic precursor with minimum ΔBE, and operated at
the low end of the process window of the ALD process. The
precursor we selected was titanium isopropoxide (TTIP),
whose metal−ligand bond is that of Ti−O and therefore has a
nominally zero ΔBE. The ALD process was carried out at 110
°C. The resultant TiO2 films were amorphous, as determined
by X-ray diffraction (XRD) (see Supporting Information,
Figure S5), and were nearly stoichiometric with negligible
amount of carbon residue, as determined by X-ray photo-
electron spectroscopy (XPS) (see Supporting Information,
Table S2). The TiO2 films were also reasonably good gas
barrier, with a WVTR of 3 × 10−3 g m−2 day−1 at 38 °C (at 35
nm thickness).
Figure 6 and Table 2 present the characteristics of ZnO

TFTs before and after being passivated with the TTIP/H2O

ALD process. The TFTs indeed exhibited no observable
change in the off-current and Vth after the encapsulation
process, even with the unpatterned channel layer magnifying
any damaging effect of passivation, as explained earlier. This
was remarkable in that the TFTs did not require a high-
termperature annealing step to recover demages incurred by
the passivation process, which is a standard practice in TFT
production.47 Moreover, the TTIP/H2O ALD process
significantly improved the field-effect mobility and SS of the
TFTs: mobility increased from 16.6 to 20.2 cm2 V−1 s−1 and SS
reduced from 0.42 to 0.38 V decade−1. These improvements in
TFT performance were attributed to removal of charge-
trapping defects, for example, adsorded water molecules, from

Table 3. ΔBE Values of TMA, TDMAZr, TDMAHf, and
TDMATi and the Hall-Effect Electron Concentration of a
ZnO Film Passivated with an ALD Process Employing Each
of the Those Four Precursorsa

precursor for
passivation

ΔBE
(kJ mol−1)

electron concentration of ZnO
(cm−3)

No passivation n/a 4.2 × 1017

TMA (Al2O3) 314 2.8 × 1018

TDMAZr (ZrO2) 257 1.0 × 1018

TDMAHf (HfO2) 209 1.4 × 1018

TDMATi (TiO2) 164 5.1 × 1017

aBond energy data for calculating the ΔBE values are included in
Supporting Information, Table S4.

Figure 5. Effects of the passivation processing temperature on the
transfer characteristics of ZnO TFTs passivated with a HfO2
passivation layer (using TDMAHf and H2O).

Figure 6. Transfer characteristics of ZnO TFTs before and after
passivation with the TTIP/H2O TiO2 or the TAO process. Note that
because the characteristics of the TiO2- and TAO-passivated devices
were identical, only one curve is shown to avoid confusion. A plot
showing both TiO2- and TAO-passivated curves is provided in
Supporting Information, Figure S3.
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the surface of the ZnO channel layer via reactions with TTIP
during the initial stage of the ALD passivation process.42

We also discovered that after a ZnO TFT was passivated
with 3 nm of TiO2 film utilizing the TTIP/H2O process, when
the TFT was then subjected to the TMA/H2O Al2O3 process
(which we showed earlier to be highly damaging), it did not
exhibit any degradation. This indicated that the 3 nm TiO2 film
was sufficient to seal the ZnO channel from exposure to the
high-reactivity TMA. In other words, the TTIP/H2O process
can be used as a pretreatment to allow subsequent ALD
processes to be used, which may be necessary to improve upon
the gas-barrier performance of the TiO2 film. For example, we
found that exceptional gas-barrier performance, WVTR < 10−6

g m−2 day−1 (see Supporting Information for measurement
data), could be achieved with an alternating TiO2(3 nm)/
Al2O3(2 nm) nanolaminated (TAO) film (35 nm of total
thickness). Using the TAO film to passivate ZnO TFTs, with
the TTIP/H2O TiO2 process applied first, also resulted in
degradation-free passivation, as shown in Figure 5 and Table 2.
3.5. Stability of ALD-Passivated Flexible ZnO TFTs.

Stability of the ZnO TFTs passivated with the TiO2 or the
TAO film were evaluated with the bias-stress and storage tests
described earlier, and the results are shown in Figures 2 and 3.
Compared with the results from the without-passivation
devices, the TiO2- or TAO-passivated TFTs showed remark-
able improvements in both bias-stress and storage stability. In
the bias-stress test (Figure 2), the Vth of the TiO2- or TAO-
passivated TFTs shifted by only < +0.2 V after 10 800 s of bias-
stressing, down from ∼ +0.5 V of the without-passivation
device. Despite the much lower gas permeability of TAO film
than that of the TiO2 film (WVTR < 1 × 10−6 vs 3 × 10−3 g
m−2 day−1), the changes in Vth during the bias-stress test were
the same for the TiO2 and the TAO-passivated devices. This
indicated that the small observed Vth shifts of the passivated
devices were due to intrinsic defects instead of environment-
induced ones.48

In the storage test, on the other hand, where the time scale
was much larger than that of the bias-stress test, the difference
between the TiO2 and the TAO-passivated devices became
discernible, although both showed significant improvements
over the without-passivation devices (Figure 3). The TAO
passivation film, with its lower gas permeability, obtained better
storage stability: the mobility and SS remained unchanged after
1200 h of storage in air. It should be noted that since the ZnO
TFTs were on PET substrates, which were poor gas barriers
with a WVTR of 0.3 g m−2 day−1, an additional gas barrier was
also required to prevent air from entering the devices through
the substrates (see Figure 1 for a schematic illustration). This
function was conveniently provided by the ALD AHO
dielectric layer, which as mentioned earlier had a low WVTR
of ∼10−6 g m−2 day−1.49 The excellent stability of the ZnO
TFTs indicated that the combination of the ALD TAO
passivating layer and the ALD AHO dielectric layer successfully
eliminated environment-induced degradations to the TFTs.
In terms of mechanical flexibility of the PET-based TFT

devices, thanks to the small thicknesses of the ALD dielectric,
channel, and passivation layers, the devices were able to
withstand a reasonably high degree of bending: the device
characteristics remained constant after repeated bending (up to
1000 times) at 1.3 cm of radius of curvature, as shown in
Supporting Information (Figure S6). The gas-barrier perform-
ance of the TAO passivation and the AHO dielectric layers
were unaffected by the bending as well, as the TFT devices

showed the same stability before and after bending, that is, the
same < +0.2 V shift in Vth after extended bias-stressing. To
improve beyond the current degree of flexibility, ALD organic−
inorganic hybrid nanolaminated films50 will likely have to be
introduced into the TFT devices, which is the topic of our
ongoing work.

4. CONCLUSIONS
Flexible plastics-based ZnO TFTs with excellent device
characteristics and stability (field-effect mobility > 20 cm2 V−1

s−1, SS < 0.4 V decade−1, nearly intact characteristics after bias-
stressing for 10 800 s, air storage for 1200 h, and repeated
bending to 1.3 cm radius) were fabricated with a low-
temperature (≤110 °C) integrated ALD process which
deposited the dielectric, channel, and passivation layers,
minimizing defects at the interfaces. The severe problem of
ALD-passivation-induced defects to ZnO TFTs was resolved by
minimizing the oxygen-extraction tendency of the metal−
organic precursor of the ALD passivation process. Specifically,
degradation-free passivation of ZnO TFTs was demonstrated
with an ALD TiO2 process using TTIP as the metal−organic
precursor and a low deposition temperature of 110 °C. In
addition to avoiding ZnO TFT degradations, the TiO2 film,
when combined with an ALD Al2O3 film into TiO2/Al2O3
nanolaminates, also provided exceptional gas-barrier perform-
ance, that is, WVTR < 1 × 10−6 g m−2 day−1, which adequately
insulated the TFTs from environment-induced degradation,
resulting in the observed high stability. Our results demon-
strated for the first time the fabrication of stable and high-
performance flexible ZnO TFTs without requiring a high
deposition temperature or a high-temperature annealing step,
which will greatly enhance the manufacturability of ZnO and
other oxide-based TFTs.
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(50) Vaḧa-̈Nissi, M.; Pitkan̈en, M.; Salo, E.; Kentta,̈ E.; Tanskanen,
A.; Sajavaara, T.; Putkonen, M.; Sievan̈en, J.; Sneck, A.; Raẗtö, M.
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