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ABSTRACT Solution-processed In-Zn oxide (IZO) semiconductor thin-film transistors (TFTs) were fab-
ricated with passivation layers of either poly(methyl methacrylate) (PMMA) or cyclic transparent optical
polymer (CYTOP). According to the transfer curves obtained on the day of fabrication and after 200 days,
the drain-source current of the IZO TFT without a passivation layer decreased by approximately 37 %.
For the PMMA-passivated IZO TFT, it decreased by approximately 31 %. The current for the CYTOP-
passivated IZO TFT showed significantly lower, only 7 % deterioration. Hence, the CYTOP-passivated
IZO TFT exhibited improved electrical stability under long term ambient storage. This was attributed to
the difference in the chemical composition of the two polymers, as CYTOP is a fluoropolymer, while
PMMA is an ester group containing organic polymer. We show, passivation of the active layer with the
proper organic film improves the stability of the high-performance solution-processed IZO TFTs.

INDEX TERMS IZO, oxides semiconductor, passivation, thin-film transistor.

I. INTRODUCTION
Amorphous oxide semiconductor thin-film transistors (TFTs)
have attracted interest for use in modern electronics owing
to their high electron mobility and stability [1]–[5]. Among
them, indium–zinc oxide (IZO) is attracting attention as
a promising candidate for next-generation display backplanes
owing to its uniformity in large-area thin films, excellent
transmittance in the visible region (∼90 %), and relatively
high electron mobility (∼10 cm2/Vs) compared to commer-
cial amorphous or poly-Si-based semiconductors [6], [7].
Although IZO TFTs have excellent electrical charac-

teristics, the device properties may deteriorate over time
owing to instability under ambient conditions [8], [9]. In
IZO, the ionic character of the bonds between atoms are
stronger than the van der Waals interaction in molecular
semiconductors [10], [11], but the binding energies are low
compared to those with covalent bonds. Therefore the IZO is

susceptible to surface defects such as interstitial defects, oxy-
gen vacancies, and doping by unspecified molecules from the
environment [6], [12]. The surface of the oxide might also
promote redox reactions with gases adsorbed from the sur-
rounding ambient air [13], [14]. Furthermore, when materials
with ionic bonds are exposed to light, the low binding energy
might promote defect formation, consequently, exposure to
light can degrade the TFT performance [15].
To address these stability problems, it is essential to form

a passivation layer on the oxide surface. This layer can
protect the oxide semiconductor from the penetration of oxy-
gen and moisture from the environment, thereby preventing
undesirable oxidation/reduction reactions [2], [16]–[18].
Recent studies have also shown that a passivation layer
improves the electrical properties of TFTs by reduc-
ing the uncoordinated oxygen species [2] at the channel
interface [19].
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FIGURE 1. Schematic diagram of the structure of IZO/SiO2 TFT with
a passivation layer that protects the active layer surface from the ambient
environment.

To improve the electrical characteristics and long-term
stability of the solution-processed IZO TFTs, a passivation
strategy is proposed, in which polymers with low reactiv-
ity and hydrophobic properties are used as the passivation
layer. Increased stability and improvement of electrical char-
acteristics of metal oxide semiconductors such as indium
gallium zinc oxide has been described in the literature
when using cyclic transparent optical polymer (CYTOP)
[17], [20] or poly(methyl methacrylate) (PMMA) [21] pas-
sivation layers. Therefore, in our study, PMMA was selected
as a representative non-fluorinated polymer as it has been
successfully employed as a component in a multi-layer pas-
sivation film over solution-processed IZO for fabricating
water-proof electronics [22]. However, long-term stability
assessment was not carried out. Several fluorinated polymers
have been in use in electronic devices because of the polarity
of the C-F bonds [23]. As a representative fluorinated poly-
mer, CYTOP was selected due to its versatility [24] and its
successful application as passivation layer for a complemen-
tary circuit with IZO and an organic semiconductor [25].
Moreover, these materials have also been applied experi-
mentally as a passivation layer in organic semiconductors
where preventing the performance degradation due to the
environment is extremely important due to the higher degra-
dation when compared to inorganic semiconductors, which
prove their effectiveness [6], [26].
In this study, the practical applicability of PMMA- and

CYTOP-based passivation layers in the IZO TFTs was ana-
lyzed by comparing the effect of the polymers on TFT
performance and bias stability. Finally, the changes in the
I-V characteristics over long-term storage were observed to
examine the effects of each type of passivation layer on the
performance of the IZO TFT and in comparision to the TFT
with unprotected IZO after 200 days.

II. EXPERIMENTS SETTING
Fig. 1 presents a schematic diagram of the IZO/silicon
dioxide (SiO2) TFT fabricated in this study, which has
a top-contact, bottom-gate structure, and demonstrates the
effects of the passivation layer by protecting the metal

oxide from ambient water vapor. An IZO TFT with
a Si substrate (600 μm)/SiO2 (100 nm)/IZO (30 nm)/Al
(100 nm)/PMMA or CYTOP (300 nm) structure was fabri-
cated. A heavily doped n-type Si wafer, approximately 600
µm in thickness, was used as the substrate and gate electrode.
To form the dielectric layer, an approximately 100 nm thick
SiO2 thin film was grown in a furnace. To remove surface
defects (metallic defects and organic particles), a 4:1 volume
ratio mixture of sulfuric acid (H2SO4) and hydrogen perox-
ide (H2O2) were used to clean the surface for approximately
60 min at 90 ◦C.
Indium nitrate hydrate [In(NO3)3·9H2O] and zinc acetate

dihydrate [Zn(CH3COO)2·2H2O] were used as solutes
to form a solution-processed IZO active layer, and
2-methoxyethanol was used as a solvent to prepare 0.1 M
solutions with respect to In and Zn content. Acetylacetone
was added to the solution to serve as combustible mate-
rial, aiding the conversion of the precursors to metal oxide;
ammonia (NH3) was added to the In precursor solution as
a chelating agent [27], [28]. The solutions were then stirred
for approximately 2 h at 60 ◦C in a water bath to maintain
a constant temperature. The In and Zn solutions were then
mixed at a 7:3 ratio and stirred for approximately 2 h at
27 ◦C. Subsequently, the IZO solution was spin-coated on
top of the SiO2 at 1,500 rpm to fabricate an IZO semicon-
ductor active layer with a thickness between 20 to 30 nm.
To evaporate the remaining solvent, the film was annealed
at 400 ◦C for approximately 4 h using a hotplate. A 100-
nm-thick Al source-drain electrode was deposited on top
of the IZO active layer using a thermal evaporator to form
a channel layer, 200 µm in length and 2,000 µm in width.
Finally, to form the protective film, PMMA and CYTOP

were dissolved separately in toluene and spin-coated onto
an IZO TFT at 2,500 rpm for approximately 40 s. The film
was then heat-treated for 2 h at 100 ◦C in a vacuum oven
to form a PMMA or CYTOP passivation layer. The elec-
trical characteristics of the three types of IZO TFTs [with
a PMMA passivation layer (PP), with a CYTOP passivation
layer (CP), and without a passivation layer (WOP)] were
examined using a semiconductor analyzer (Agilent 1500B) to
measure the I-V curves at room temperature. The bias stabil-
ity of the devices was measured by recording the I-V curves
after applying bias stress to the gate electrode. Furthermore,
the I-V measurements of the as-fabricated TFT (“pristine”)
and the TFT after 200 days were compared to investigate
the passivation effect over time.

III. RESULTS AND DISCUSSION
In Fig. 2, we show the measured electrical characteristics
of the PP, CP, and WOP IZO TFTs, which demonstrate the
effect of the passivation layer on the performance of the
IZO TFTs. Fig. 2(a) presents the output curve [drain-source
current (Ids) vs the drain-source voltage (Vds) at different
constant gate voltages (Vgs)] of the devices. The pristine
I–V curves of the three types of TFT were similar, whereas
the measurements after 200 days showed the effects of the
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FIGURE 2. (a) Output curves at Vgs = 0, 10, 20 and 30 V, (b) transfer curves
at Vds = 30 V of the WOP, PP, and CP TFTs in the pristine state and after
200 days.

passivation layer. The pristine output curve of all the devices
showed similar characteristics. The WOP IZO TFT shows
both the highest off current and on current, which is inter-
preted as an increase due to the unintentional doping of
unspecified molecules because the IZO active layer was
exposed to the environment [29], [30]. The highest cur-
rents of the pristine samples in the saturation state were
approximately 9.8 × 10−4, 8.6 × 10−4, and 4.5 × 10−4

A for the WOP, PP, and CP IZO TFTs, respectively. After
200 days, the highest currents were 1.0 × 10−4, 5.9 × 10−4,
and 4.2 × 10−4 A, respectively. The current of the WOP,
PP, and CP TFTs decreased by approximately 90 %, 31 %,
and 6 %, respectively, after 200 days compared to the pris-
tine sample. This shows that the I-V characteristics of the
IZO TFTs with a passivation layer exhibited relatively small
changes.
Fig. 2(b) shows the transfer curve (Ids vs Vgs) at

Vds = 30 V, where Vgs was swept from −10 to 30 V in
0.2 V steps. Interestingly, the off-current level of the WOP
IZO TFT improved after 200 days, which might be caused
by several factors in the device that was not protected from
the environment, such as removal of residual solvent, chang-
ing contamination profile or changing crystallinity [31]. On
the other hand, the threshold voltage (Vth) shifted slightly
[32], [33]. In contrast, the off currents of the IZO TFTs with
a passivation layer varied within approximately 10 %. This
is because the passivation layer physically limits deteriora-
tion by limiting the adsorption of oxygen and moisture on
the back of the IZO active layer [18], [34]. Hence, it blocks
the leakage current caused by interfacial defects. In addition,

FIGURE 3. Chemical structures of (a) PMMA and (b) CYTOP, (c) threshold
voltage shift during positive bias stress (PBS) and negative bias
stress (NBS), and (d) transfer curves at Vds = 30 V of the WOP, PP, and CP
TFTs in the pristine state and after 200 days.

as the active layer was not patterned, parasitic current paths
can form at the corner or edge of the patterned source /
drain electrodes. However, the passivation layer acts as an
insulating dielectric layer, which might reduce the leakage
current by removing the parasitic current paths at the edges.
Fig. 3(a) shows the chemical structure of the PMMA and

Fig. 3(b) shows that of CYTOP. The chemical and physical
characteristics of the PMMA are dominated by relatively
short, non-polar C-H single covalent bonds with a binding
energy of approximately 410 kJ/mol, which are relatively
non-polar [35], [36]. However, the C = O groups in the
ester bond of the PMMA give the molecule a somewhat
polar character, resulting in a dielectric constant measured
around 2.6∼3.0 [37], [38]. The CYTOP on the other hand is
characterized by C-F bonds that are also short single bonds,
and they become shorter and stronger as the fluorine content
increases [23]. In CYTOP, which contains no H, C-F bonds
have a binding energy of approximately 450 kJ/mol. These
bonds are more polar than the C-H bonds of the PMMA. On
the other hand, the C-O-C found in CYTOP is the most non-
polar of the C-O bonds, resulting in a dielectric constant of
around 2 for the CYTOP [17], [39], [40]. To compare the
hydrophilic properties of the bare IZO and the passivation
layers, the contact angle of a water droplet was measured
on IZO, PMMA covered IZO and CYTOP covered IZO. It
was found that the contact angle of the IZO is 52◦, which
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TABLE 1. Electrical parameters of IZO/SiO2 TFTs using WOP, PP, and CP layers in the pristine state and after 200 days, and tolerance.

shows moderate hydrophilicity due to the OH groups at the
oxide surface and might strongly interact with water from
the atmosphere. The water contact angle is 75◦ for PMMA
and 106◦ for CYTOP, which show strong hydrophobicity,
especially for the fluoropolymer.
It has been previously shown that under high temperatures

(350 ◦C), F atoms can be cleaved from the polymer, and
diffuse into metal oxides, however at the processing temper-
atures used in this study for the deposition of CYTOP, that
effect is not significant [20].
The bias stress stability of three device types was assessed

under Vgs = 20 V for the PBS and under Vgs = −20 V for
the NBS measurements, and the shift in threshold voltage
(�V th) is plotted on Fig. 3(c). Based on the transfer curves
measured before and multiple times during the bias stress
up to 1000 s, it was found, that for the WOP devices V th
has changed significantly even after a 100 s. After 1000 s,
�V th was 20 V under positive bias stress and −18 V under
the negative bias stress. However, for the passivated devices,
the �V th after 1000 s was less than 3 V for PBS and less
than −2 V for NBS, for both PP and CP devices.

Fig. 3(d) shows the changes in the transfer curves of the
WOP, PP, and CP IZO TFTs over time. At Vds = 30 V, the
Ids value of the WOP IZO TFT decreased by approximately
37 %. In contrast, the Ids value of the PP IZO TFT decreased
by approximately 31 %, and the CP IZO TFT exhibited rel-
atively smaller, 7 % deterioration in Ids in the on state. This
suggests that the defect density related to charge trapping
between the IZO and CYTOP is very small [17]. Moreover,
in CYTOP, which has a relatively high binding energy, unco-
ordinated oxygen species of the semiconducting IZO active
layer cannot form covalent bonds with other atoms [41]. The
results suggest that CYTOP has superior ability to suppress
the formation interfacial defects to that of PMMA.
Fig. 4 presents box plots of the electron mobility, on/off

current ratios, and V th of the WOP, PP, and CP IZO TFTs.
Table 1 lists the performance parameters. The electrical char-
acteristics of the WOP, PP, and CP IZO TFTs in the pristine
state and after 200 days are as follows. The mean electron
mobility of the WOP, PP, and CP IZO TFTs diminished

FIGURE 4. Box plots of the electron mobility, on/off current ratio, and V th
of the WOP, PP, and CP IZO/SiO2 TFTs in the pristine state and after
200 days.

by approximately 0.5, 0.7, and 0.2 cm2/Vs, respectively
(Fig. 4 a). Interestingly, the on/off current ratio of the devices
WOP and PP increased during the 200 day period, however,
at approximately 106 for WOP, and 108 for PP, the mean
on/off current ratio of the CP IZO TFTs is still the highest
at 4 × 108 after 200 days (Fig. 4 b). The mean V th of the
WOP, PP, and CP IZO TFTs increased by approximately
4.6, 3.9, and 0.6 V, respectively, after 200 days compared to
the as-deposited devices (Fig. 4 c). Contrasting the statistical
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FIGURE 5. Schematic illustrations of (a) WOP, (b) PP, and CP IZO TFT
operation under positive gate bias.

distributions of the electrical characteristics of the WOP, PP,
and CP IZO TFTs in the pristine state and after 200 days,
the rates of changes for the WOP and PP IZO TFTs were
relatively high. In contrast, the CP IZO TFT exhibited the
lowest rate of change. These results indicate that the device
stability was significantly affected by the type of the poly-
mer passivation layer. Owing to the high hydrophobicity as
shown by the high water contact angle, the CYTOP fluo-
ropolymer is much more effective in protecting the active
layer from ambient moisture than the slightly hydrophilic
PMMA [42].
Fig. 5 presents the schematics of the cross-section in the

IZO channel region under bias with and without a passi-
vation layer. The cross-section of the WOP IZO TFT in
Fig. 5(a) shows that owing to interface defects on the back
of the IZO active layer, a relatively large density of trap sites
was created, which impedes the charge transport. A cross-
section of the passivated IZO TFT in Fig. 5(b) demonstrates
the effects of the passivation layer on the channel when pos-
itive bias was applied to the gate. PMMA, which contains
a carboxyl group, forms a relatively strong dipole, which
interacts with the mobile charges in the IZO active layer and
might affect the trapping behavior [43]. CYTOP on the other
hand, despite the polar C-F bonds, has a lower dielectric
constant, and this relatively low polarity results in reduced
dipolar disorder at the IZO/CYTOP interface [17], [39]. The
disorder and trap site density is reduced by the lack of
hydroxyl and amine bonds on the back of the IZO active
layer due to the blocking of moisture and other contaminants
from the air. The tenfold decrease in threshold voltage shift
under bias stress for the passivated devices relative to that
of the WOP device can also be attributed to the reduction in
trap site density, as the passivation effects aided in improving
the reliability and electrical characteristics of the PP and CP
devices, compared to those of WOP IZO TFTs [11], [38],
[43].

IV. CONCLUSION
In summary, we proposed a solution-processed IZO TFT
with two types of polymer passivation layers to improve
the electrical characteristics and stability of the device. The
I–V characteristics were measured in the pristine state and

after storage for 200 days, and for comparison, IZO TFT
without passivation has also been characterized under the
same conditions. The current levels in the on state for
WOP, PP, and CP IZO TFTs decreased by approximately
37 %, 31 %, and 7 %, respectively. This shows that the
I–V characteristics of the IZO TFTs with a passivation layer
deteriorated to a much lower degree when compared to the
device without passivation. The statistical distributions of the
electron mobility, on/off current ratio, and V th, which indi-
cate the TFT electrical characteristics, were also analyzed
and the device with CYTOP passivation showed the best
performance stability. These results suggest that the device
stability is affected by the material of the passivation layer
which is well demonstrated via the difference in stability
when using either the slightly hydrophilic PMMA or the
strongly hydrophobic CYTOP polymer as passivation layer.
The solution-process-based passivation treatment proposed
in this study can be used to improve the electrical charac-
teristics and stability of IZO TFTs, which can be applied to
the backplane of displays.
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