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ABSTRACT: In this work, the fabrication and characterization of high performance
indium-tin-zinc-oxide (ITZO) thin-film transistors (TFTs) with hexamethyldisilazane
(HMDS) passivation are presented. The incorporation of HMDS passivation
significantly enhances the electrical performance and bias stress stability of ITZO
TFTs compared with those without HMDS passivation. X-ray photoelectron spectros-
copy measurements reveal that ITZO TFTs with HMDS passivation offer distinct
advantages over those without HMDS passivation, including an increased concentration
of metal oxide and a reduced concentration of oxygen vacancies and hydroxyl groups in
the active channel layer. As a result, the ITZO TFTs with HMDS passivation exhibit a
saturation mobility of 26.15 ± 1.14 cm2·V−1·s−1, a subthreshold swing of 0.26 ± 0.04 V·
dec−1, an on/off current ratio of 9 × 108, and excellent operational bias stress stability
when compared to ITZO TFTs without HMDS passivation.

KEYWORDS: indium tin zinc oxide (ITZO), thin-film transistors (TFTs), hexamethyldisilazane (HMDS) passivation,
bias stress stability

1. INTRODUCTION
Oxide semiconductor thin-film transistors (TFTs) have been
extensively investigated for their potential in next-generation
display applications.1−6 To achieve displays with high
resolution, oxide semiconductor TFTs must have high field-
effect mobility and excellent bias stress stability.4,7 Recently,
indium-tin-zinc-oxide (ITZO) TFTs have drawn significant
interest due to their high field-effect mobility, high transparency,
and processability at low temperature.7−13 However, instability
under bias stress remains a critical challenge for ITZO
TFTs.14,15 It has been reported that this instability is closely
linked to oxygen-related defects within the ITZO active layers,
such as oxygen vacancies and hydroxyl groups.10 Thermal
annealing is widely employed to control defects and enhance the
stability issues of ITZO TFTs.10,12,16 Furthermore, the ITZO
active channel layer is highly susceptible to oxygen and moisture
in the air, which can lead to severe instability issues under bias
stress.14,17 Therefore, a dual active channel layer or a surface
passivation layer is generally required to serve as a barrier,
isolating the ITZO active layer from oxygen and moisture in the
air, thereby significantly enhancing the stability of ITZO
TFTs.10,12,14,18−21

Various passivation layers, such as SiO2, Y2O3, Sc2O3, HfO2,
and Al2O3 have been investigated as potential solutions to solve
the instability issues in oxide semiconductor TFTs.9,21−25

However, most of these passivation layers are typically deposited
using conventional chemical and physical vapor deposition
techniques, which generally require a high vacuum or an inert

gas atmosphere, both of which are generated at considerable
expense. To overcome these constraints, research has turned its
focus toward solution-processed passivation layers, preferred for
simplicity of deposition and cost-effectiveness.15,23,26 Hexame-
thyldisilazane (HMDS) is one of the silane reagents that can be
deposited by solution processing and reacted with an oxidized
surface to form a highly hydrophobic surface.27 Consequently,
HMDS is widely used in the fields of biology and material
protection, especially in semiconductor applications such as
surface treatments for organic semiconductor TFT insula-
tors.27,28 Nevertheless, the application of HMDS as a passivation
layer in oxide semiconductor TFTs remains unexplored.
In this work, the use of HMDS passivation layers for ITZO

TFTs is introduced, employing a solution-based deposition
method. ITZO TFTs are fabricated both with and without
HMDS passivation layers, revealing that HMDS passivation
leads to significant enhancements in the electrical properties and
stability of the TFTs compared to those without it.
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2. EXPERIMENTAL DETAILS
2.1. Device Fabrication. Heavily doped p-type Si with a

200-nm-thick thermally oxidized SiO2 was used as the substrate.
First, the SiO2 gate insulator was patterned by photolithography
and wet etching to form a gate via. Then, a 7.5-nm-thick channel
layer of ITZOwas deposited onto the SiO2/Si substrate by using
radio frequency (RF) sputtering. The sputtering process
employed an ITZO target (In2O3/SnO2/ZnO = 4:1:4 mol %)
with an RF power of 25W, a working pressure of 7.5 mTorr, and
an Ar gas input flow rate of 45 sccm. Next, thermal annealing of
the ITZO active layers was conducted at 290 °C in air for 1 h to
reduce oxygen-related defects and the increase of carrier
concentration.16 Subsequently, 50-nm-thick aluminum (Al)
source/drain (S/D) electrodes were deposited by thermal
evaporation. The length (L) and width (W) of the channel were
20 and 100 μm, respectively. Finally, the passivation layer was
formed by spin-coating the HMDS solution for 20 s at 1000 rpm
under ambient room temperature conditions, followed by a 3
min bake at 113 °C to evaporate the remaining solvent and fully
cure theHMDS passivation layer. The device fabrication process
and an optical image of a fabricated ITZO TFT with HMDS
passivation are shown in Figure S1.
2.2. Film and Device Characterization. The grazing

incidence X-ray diffraction (GIXRD) pattern of the ITZO film
was obtained using a Bruker D8 Advance system. The optical
band gap of the ITZO film was determined by measuring its
absorption spectrum by using a Cary 5000 ultraviolet visible
near-infrared (UV−vis−NIR) spectrophotometer. Static con-
tact angles were measured with a First Ten Angstroms FTA1000
Contact Angle Analyzer. The film morphology was examined by
using a Bruker Multimode 8 atomic force microscopy (AFM)
system. Changes in the chemical states within the active channel
layers were investigated by using a Thermo Scientific K-Alpha
XPS system. Furthermore, the electrical characteristics of ITZO
TFTs were measured under dark conditions at room temper-
ature by using a Keithley 4200-SCS semiconductor analyzer.

3. RESULTS AND DISCUSSION
Figure 1a displays the GIXRD pattern of a 7.5 nm ITZO thin-
film deposited on a glass substrate after annealing at 290 °C for 1
h in air. The broad peak observed could be attributed to the glass
substrate. The GIXRD pattern did not reveal any characteristic
peaks associated with the ITZO film, indicating its amorphous
nature. The optical absorption spectrum was measured by using
a UV−vis−NIR spectrometer to investigate the optical band gap
of the ITZO film on a glass substrate after annealing at 290 °C
for 1 h. The relationship between the bandgap of ITZO and the
absorption coefficient is described by the following equation:29

=h A h E( ) ( )n1/
g (1)

where α is the absorption coefficient, h is the Planck constant, v
is the incident photon frequency, Eg is the bandgap, and A is a
constant. n = 1/2 for direct bandgap semiconductors or 2 for
indirect bandgap semiconductors.29 The ITZO films inves-
tigated in our study belong to the direct bandgap semi-
conductors. By extrapolating the absorption spectrum, the Eg of
the ITZO film is determined to be 3.6 eV, as illustrated in Figure
1b.
Contact angle measurements were conducted to confirm the

deposition of HMDS on ITZO and assess its influence on
hydrophobicity. For contact angle measurements, the ITZO film
was deposited on an SiO2/Si substrate. A water contact angle of

56.3° was measured for the ITZO surface without the HMDS
passivation layer, as shown in Figure 1c. In contrast, HMDS on
ITZO yielded a water contact angle of 92.2°, as shown in Figure
1d.
The surface free energy (γρ) is an important parameter for

assessing the hydrophobicity of the HMDS-passivated surface,
with a low γρ indicating weak moisture attraction.18 The
relationship between surface-free energy and water contact angle
can be expressed as

= +
4

(1 cos )2

(2)

where γω is the water surface free energy (73mJ/m2) and θ is the
contact angle. The γρ of the ITZO film without an HMDS
passivation layer was determined to be 44.13mJ/m2, while the γρ
of HMDS on ITZOwas determined to be 16.89 mJ/m2. Prior to
HMDS passivation, the ITZO surface exhibited hydrophilic
properties (θ < 90°). However, after HMDS deposition, the
surface became hydrophobic (θ > 90°) with a lower γρ. As a
result, the HMDS passivation layer effectively inhibits the
absorption of moisture and oxygen molecules from the ITZO
film.
AFM measurements were conducted both before and after

HMDS passivation of the ITZO surface. Prior to HMDS
passivation, the root-mean-square (RMS) surface roughness of
ITZO surface on device Ameasured 0.51 nm, as shown in Figure
1e. However, after HMDS passivation, the RMS surface
roughness on device B decreased to 0.33 nm, as shown in
Figure 1f. Similar results, indicating an improvement in surface
roughness after HMDS surface treatment, have been reported.30

Figure 2a shows schematic diagrams of two different device
structures for ITZO TFTs. Device A represents an ITZO TFT
without HMDS passivation, while Device B represents an ITZO
TFT with HMDS passivation. The transfer characteristics of
devices A and B are illustrated in Figure 2b,c.
The saturation mobility (μsat) and threshold voltage (VTH) of

the ITZO TFTs can be determined using the following
equation:31

Figure 1. (a) GIXRD pattern of ITZO film deposited on a glass
substrate after annealing at 290 °C for 1 h in air. (b) The band gap
pattern of the ITZO thin film on a glass substrate after annealing at 290
°C. Profile images of water on (c) ITZO surface and (d)HMDS/ITZO.
AFM images of the (e) ITZO surface on device A and (f) HMDS
surface on device B.
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GS TH

2
(3)

where IDS is drain current, COX is gate capacitance per unit area,
and VGS is gate voltage. Additionally, in Figure 2b,c, the square

root of IDS against VGS is plotted, with VTH approximated by
determining the point of intersection between VGS and the linear
regression line of the square root of IDS.
The interface trap density (Nit) can be estimated using the

following equation:12

Figure 2. (a) Schematic diagram of two different device structures of ITZOTFTs: Device A is an ITZOTFTwithout HMDS passivation, and device B
is an ITZO TFT with HMDS passivation. Transfer characteristics of (b) device A and (c) device B. Output characteristics of (d) device A and (e)
device B.

Figure 3. XPSO 1s spectral results of (a) ITZO surface and (b) HMDS/ITZO interface; (c) chemical reaction mechanisms of the HMDS passivation
on the ITZO.
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where k is Boltzmann’s constant, T is the temperature, q is the
electron charge, and the S.S is subthreshold swing. The S.S can
be estimated from the transfer curve by determining the
minimum VGS required to increase IDS by one decade.

32

Device A exhibits μsat of 16.86 cm2·V−1·s−1, VTH of 5.54 V, S.S
of 0.59 V·dec−1, Nit of 9.5 × 1011 cm−2·eV−1, and on/off current
ratio (Ion/Ioff) of 3 × 108. In comparison, device B exhibits μsat of
27.01 cm2·V−1·s−1, VTH of 6.42 V, S.S of 0.22 V·dec−1, Nit of 2.9
× 1011cm−2·eV−1, and Ion/Ioff of 9 × 108. Thus, HMDS
passivation on an ITZO TFT improves the electrical perform-
ance. In both devices, the gate leakage current, IGS, is found to be
less than 0.1 nA (see Figure S2). Figure 2d,e shows the output
characteristics of devices A and B, where both devices operate in
the n-type enhancement mode.
XPS measurements were conducted on the ITZO films of

both devices A and B to establish a correlation between the
binding energy and device performance. Figure 3a,b shows the
O 1s core-level XPS spectra of the ITZO film surface for device
A and the interface between the ITZO film and the HMDS
passivation layer for device B. The XPS spectra are deconvoluted
into three subpeaks: metal-oxide (M−O) bonding at 530.60 eV,
oxygen vacancy (Vo) at 532.50 eV, and hydroxyl (−OH) at
533.58 eV, using Gaussian−Lorentzian deconvolution.10 At the
ITZO/HMDS interface, the concentration of M−O bonding
increases from 67.81 to 78.32%, while the concentration of Vo
and −OH decreases from 27.08 to 18.2% and from 5.11 to
3.42%, respectively, due to passivation. Consequently, HMDS
passivation increases the concentration ofM−O and reduces the
concentration of Vo and −OH, contributing to enhanced
electrical performance of device B.10,12 This phenomenon is
plausibly explained by the chemical reaction mechanisms of
HMDS passivation, as depicted in Figure 3c. When HMDS is
applied to the ITZO surface, it reacts with the −OH groups on
the ITZO to form silicon−oxygen (Si−O) bonds.33 Further-
more, this reaction leads to the release of ammonia and nitrogen
(N) atoms diffusing into the ITZO channel.18 These N atoms
can partially occupy the oxygen-deficient sites, thereby
suppressing the formation of Vo.

18 As a result, HMDS
passivation decreases the concentration of Vo and − OH,
which justifies the increase in the concentration of M−O. The
enhanced mobility of device B can be attributed to an increased
concentration of M−O, leading to an improved conduction
pathway in the channel.34,35 In addition, device B exhibits fewer

defects, including a reduced concentration of Vo and −OH,
further contributing to its overall enhanced performance.12

To test the electrical stability of ITZO TFTs, a positive bias
stress (PBS) of VGS (stress) = +30 V was applied to device A and
device B for 3600 s under atmospheric conditions. Transfer
characteristics were obtained by sweeping VGS from = −40 to 40
V with VDS = 40 V. The transfer characteristics of both devices A
and B under PBS are shown in Figure 4a,b. After the PBS of 3600
s, we observed the threshold voltage change (ΔVTH) for device A
and device B, which was found to be +11.37 and +5.88 V,
respectively. Device B clearly exhibits enhanced PBS stability
compared to device A, primarily due to a lower defect
concentration in the channel layer, including a reduced
concentration of Vo and −OH.12 Additionally, the HMDS
passivation layer effectively shields the ITZO active channel
layer from exposure to oxygen and moisture in the air, thereby
enhancing the PBS stability.
Figure 4c shows the ΔVTH of devices with respect to stress

time under PBS. These data were fitted using a stretched-
exponential equation:12

= { [ ]}V V t1 exp ( / )TH TH0 (4)

where ΔVTH0 is the ΔVTH at infinite stressing time, t is the stress
time, τ is the characteristic trapping time, and β is the stretched-
exponential exponent. Figure 4c shows that the stress time
dependence of ΔVTH under PBS is well fitted with the
exponential equation, suggesting that carrier trapping is the
main degradation mechanism.36 The τ values of device A and
device B are 5935 and 10 000 s, respectively. Device B exhibits a
higher τ than device A, indicating a reduced defects
concentration in the channel.12

To investigate uniformity and reproducibility, we extracted
electrical characteristics from an additional set of 8 devices for
both ITZO TFTs without and with HMDS passivation. Their
transfer characteristics are depicted in Figure 5a,b, while
statistical data for μsat, S.S, and VTH are displayed in Figure 5c.
These data clearly indicate that ITZO TFTs with HMDS
passivation exhibit enhanced electrical performance compared
to those without HMDS passivation. Specifically, ITZO TFTs
without HMDS passivation exhibit μsat of 16.82± 0.42 cm2·V−1·
s−1, S.S of 0.70± 0.12 V·dec−1, VTH of 5.64 ± 0.41 V, and Ion/Ioff
of 3 × 108. In contrast, ITZO TFTs with HMDS passivation
exhibit μsat of 26.15 ± 1.14 cm2·V−1·s−1, S.S of 0.26 ± 0.04 V·
dec−1, VTH of 6.21 ± 0.71 V, and Ion/Ioff of 9 × 108.
In addition, long-term stability assessments were conducted

for devices A and B, involving initial electrical measurements
immediately after fabrication and subsequent measurements

Figure 4. Transfer curves of ITZO TFTs under PBS for 3600 s: (a) ITZO TFT without HMDS passivation and (b) ITZO TFT with HMDS
passivation. (c) ΔVTH as a function of stress time under PBS, with the stress condition set at VGS (stress) = +30 V.
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after a 6-month storage period under ambient conditions. Figure
6 displays the resulting transfer characteristics for their long-
term stability. Device B demonstrates favorable long-term
stability, with minor changes in performance observed after 6
months. Specifically, μsat changed from 27.01 to 25.60 cm2·V−1·

s−1,VTH changed from 6.42 to 5.31 V, and S.S changed from 0.22
to 0.24 V·dec−1. In contrast, device A exhibits significant changes
in performance after 6 months, Specifically, μsat changed from
16.86 to 13.72 cm2·V−1·s−1, VTH changed from 5.54 to 5.63 V,
and S.S changed from 0.59 to 0.35 V·dec−1. The electrical
properties of device B are more stable over 6 months, suggesting
the formation of an effective passivation layer through HMDS
treatment.
Various passivation layers, including organic, inorganic, and

organic/inorganic hybrid options have been applied to ITZO
TFTs, leading to enhanced electrical performance and stability
consistent with our findings.9,14,15,18,19,37 Notably, our spin-
coated HMDS passivation layer stands out as a cost-effective
alternative among the various organic-solution-based passiva-
tion layers. HMDS passivation layers exhibit a similar ability to
react with −OH groups as other organic self-assembled
monolayer passivation layers, such as n-octyltriethoxysilane
and n-octadecyltrichlorosilane.14,26 The application of HMDS
passivation is expected to be a viable approach for enhancing the
electrical performance and bias stability of oxide semiconductor
TFTs through a chemical reaction with surface −OH groups.

4. CONCLUSIONS
In this work, we present the fabrication and characterization of
high performance ITZO TFTs with HMDS passivation. The
experimental results clearly illustrate that HMDS passivation
significantly improves the electrical performance and stability of
the ITZO TFTs. XPS analysis reveals that these enhancements
in device performance and stability are mainly attributed to an
increased concentration of M−O and a reduced concentration
of Vo and −OH in the active ITZO channel layer. Additionally,
the HMDS passivation layer effectively shields the ITZO active
channel layer from exposure to oxygen and moisture in the air,
further enhancing the device’s PBS stability. Consequently,
ITZO TFTs with HMDS passivation exhibit a saturation
mobility of 26.15 ± 1.14 cm2·V−1·s−1, subthreshold swing of
0.26 ± 0.04 V·dec−1, and an on/off current ratio of 9 × 108.
Furthermore, HMDS is expected to react effectively with surface
−OH groups on other oxide semiconductor materials, forming
passivation layers that can enhance the device’s electrical
performance and bias stability in a similar manner. This work
demonstrates the potential of spin-coated HMDS as a
passivation strategy for oxide semiconductor TFTs in next-
generation displays.
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