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ABSTRACT The device performance of indium zinc oxide (IZO) thin-film transistors (TFTs) is optimized
through process optimizations. By jointly adjusting the annealing condition, the channel thickness and the
sputtering atmosphere, the roughness and oxygen vacancies (V,s) are precisely regulated. The optimized
IZO TFTs can achieve the highest field effect mobility of ~71.8 cm?/Vs with a threshold voltage of
~—0.6 V. Reliability of [ZO TFTs under positive/negative bias stress is also examined. The interface
quality and the V,s are two key factors influencing the device performance and reliability, confirmed by

X-ray photoelectron spectroscopy and atomic force microscopy analysis.

INDEX TERMS InZnO, thin-film transistors, magnetron sputtering, process optimization.

I. INTRODUCTION

Due to the decent mobility (1) and cost-effective manu-
facturing processes, metal oxide (MO) semiconductors are
commonly employed as alternatives to amorphous silicon
in the active layer of thin-film transistors (TFT) for active
matrix (AM) displays [1]. Among the numerous MO
semiconductors, indium-gallium-zinc oxide (IGZO) was the
first to achieve successful commercialization, due to its
excellent balance between device performance and reliability.
However, as carrier inhibitors, the presence of gallium (Ga)
inhibits the generation of oxygen vacancies (V,s), greatly
limiting the carrier mobility of the device [2], [3]. Thus, the
w of IGZO TFT is usually ~10 cm*V~'s™! [4], rendering
them inadequate for meeting the demands of the new
generation of AM displays with high definition and high
refresh rate.

By replacing the carrier inhibitor element Ga with some
other metal elements, such as tin (Sn) [5] or tungsten
(W) [6], the film is expected to improve the u [5], [6]
or reliability [5], [6]. When Ga in IGZO is replaced by
chemically stable Sn, the direct spatial overlap between the
Sn Ss orbital and the indium (In) 5s orbital induces higher
conduction band electron p [7]. When Ga is replaced by
W, due to its higher oxygen bond dissociation energy than
Ga [8], it can better suppress the generation of oxygen-
related defects and improve device reliability. However, all
of the above improvements are still not enough for high-
definition AM displays with high refresh rate. By removing
the Ga, Sn, or W, indium-zinc oxide (IZO) TFTs [9], which
are usually used as phototransistors, can actually be a kind
of candidate material for high u TFTs with lower fabrication
cost.

(© 2024 The Authors. This work is licensed under a Creative Commons Attribution 4.0 License.
For more information, see https://creativecommons.org/licenses/by/4.0/

868

VOLUME 12, 2024


HTTPS://ORCID.ORG/0009-0001-1034-5040
HTTPS://ORCID.ORG/0000-0003-4144-6167
HTTPS://ORCID.ORG/0000-0001-5404-5026
HTTPS://ORCID.ORG/0000-0002-0273-007X
HTTPS://ORCID.ORG/0000-0001-5275-2181
HTTPS://ORCID.ORG/0000-0002-9302-4057

ZHANG et al.: PERFORMANCE ENHANCEMENT OF 1ZO TFTs THROUGH PROCESS OPTIMIZATIONS

ELECTRON DEVICES SOCIETY

Al

1ZO

Sio,

FIGURE 1. Device structure of 1ZO TFT.

IZO thin film can be fabricated through a variety
of techniques, such as radio frequency (RF) magnetron
sputtering [2], [3], laser pulse deposition [10], solution-
based methods [1], atomic layer deposition [11], inkjet
printing [12], and others. Among these techniques, RF
magnetron sputtering is the most reliable technology, which
is widely adopted in industrial production lines. For RF
magnetron-sputtered IZO TFTs, several efforts have been
devoted to optimizing device performance through meticu-
lous process refinements, encompassing modulation of IZO
thickness [13], [14], fine-tuning of the sputtering atmo-
sphere [15], and management of the annealing process [16].
However, all the studies merely scrutinize the impact of
singular alterations in conditions on device performance.
Regarding IZO thickness modulation, the optimum pu is
~38 cm?/Vs with a corresponding threshold voltage (Vi)
of ~10 V [13]. Concerning sputtering atmosphere tuning,
the optimum p is ~24 cm?/Vs with a corresponding Vi,
of ~1 V [15]. As for the annealing process control, the
optimum g is ~41 cm?/Vs with a corresponding Vy, of
~ —12 V [16]. Although a single optimization strategy can
relatively enhance the p of the device, it also brings about a
significant deviation of the Vi, from 0 V [13], [16]. The joint
optimization approach may offer a solution to this issue.

In this work, a joint process optimization strategy was
employed to enhance the performance of IZO TFTs.
By optimizing the annealing condition, the active layer
thickness and the RF magnetron sputtering atmosphere, high-
performance 1Z0 TFTs with a field effect mobility (urg)
of ~71.8 cm?/Vs and a Vin of =0.6 V are successfully
achieved. Such improvement is confirmed to be attributed
to the good interface and the reasonable regulation of Vs,
as characterized by atomic force microscopy (AFM) and X-
ray photoelectron spectroscopy (XPS) analysis of the active
layer properties. Moreover, both positive bias stress (PBS)
and negative bias stress (NBS) tests were conducted on the
devices to investigate the impact of IZO thickness and the
RF magnetron sputtering atmosphere on device reliability.
This joint optimization strategy is expected to provide
innovative solutions and valuable insights for advancing the
development of high-definition AM displays that incorporate
1ZO TFTs.

Il. EXPERIMENTAL
As illustrated in Fig. 1, the devices in this study feature a
bottom-gate and top-contact configuration, with a heavily
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doped P-type silicon (P-Si) substrate as the bottom gate
electrode. A 100 nm thick layer of silicon dioxide is utilized
as the gate insulator, grown on top of the substrate. The
IZO thin-film was achieved by RF magnetron sputtering
method. The target utilized for RF magnetron sputtering
is an indium oxide (InpO3)/zinc oxide (ZnO) target with
a weight ratio of 90/10, corresponding to 90 wt% InyO3
and 10 wt% ZnO. The RF magnetron sputtering power
and the process pressure were respectively fixed at 60 W
and 3 mTorr. To adjust the IZO thickness, the sputtering
time was varied while maintaining a fixed Ar/O;, gas flow
ratio of 30/20 sccm in the sputtering atmosphere. A range
of five distinct IZO thickness was achieved through this
process: 4.8 nm, 9.7 nm, 14.5 nm, 24 nm, and 36 nm. In
the optimization of the RF magnetron sputtering atmosphere,
five sets of Ar/O, ratios were evaluated with the IZO
thickness held constant at 14.5 nm. These ratios were Ar/O;
= 20/30 sccm, 30/20 sccm, 35/15 sccm, 40/10 sccm, and
50/0 sccm, respectively. Following the patterning of the
active layer, the source and drain electrodes were fabricated
using DC magnetron sputtering of aluminum (Al). The
DC magnetron sputtering process utilized a 99.999% high-
purity Al target. The sputtering power was set at 120 W,
the process pressure was maintained at 4.8 mTorr, and the
sputtering time was 250 s. The thickness of Al is 222
nm. After the source/drain electrodes were deposited, the
devices were annealed at 200 °C for 10 minutes in an air
atmosphere.

The channel width is 500 um and the channel length
is 200 pum. The transfer curve and P/NBS reliability
are characterized using a Keysight BI5S00A semiconductor
parameter analyzer connected to a probe station. All tests
were conducted in an air atmosphere and at room temperature
of 25 °C. The positive and negative gate bias stress voltages
are respectively set to +20 V and —20 V. The purg is extracted
from the transfer curve as described in [17]. The V in
this work is defined as the gate-source voltage (Vg,) at
which a drain current (I;) reaches 1 nA. The film thickness
was measured by a stylus profilometer (DEKTAK XT). The
morphologies roughness of the film was measured by AFM
(Bruker MultiMode8). The composition and chemical state
of the films were characterized by XPS (Thermo Scientific
Nexsa).

1Il. RESULTS AND DISCUSSION
In this study, by employing a joint process optimization
strategy, the IZO TFT with an IZO thickness of
145 nm and a sputtering atmosphere of Ar/O, =
30/20 sccm demonstrates the highest recorded ppg of
~71.8 cm?/Vs, with its Vj, closest to 0 V at ~—0.6
V. The comparison with the other works on IZO-related
TFTs [1], [3], [18], [19], [20], [21], [22], [23], [24], [25] is
shown in Fig. 2. Apparently, the optimized IZO TFT in this
work demonstrates superior performance.

The optimization process is structured into three seg-
ments: annealing conditions, IZO thickness, and sputtering
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FIGURE 2. Comparison of 1ZO TFTs manufactured in this work with the
other works.
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FIGURE 3. Comparison of (a) transfer curve, (b) 1gg, (c) Vg, and (d) SS of
1ZO TFTs with different 1ZO thicknesses.

atmosphere. Drawing from extensive experiments, it was
discovered that the device consistently displayed stable and
uniform performance when subjected to annealing conditions
of 200 °C for 10 minutes. Therefore, for the optimization
of IZO thickness and sputtering atmosphere, the annealing
condition is fixed. Furthermore, the thickness of the active
layer significantly affects the I,, of the device, but has
a relatively minor impact on the Vy, and SS. Conversely,
the sputtering atmosphere has a significant impact on
the Vj,, while its influence on I,, and SS is relatively
minor.

IZO thickness optimization was conducted with a fixed
sputtering atmosphere of Ar/O, = 30/20 sccm. The thickness
of the IZO active layer varies from 4.8 nm to 36 nm by
adjusting the sputtering time from 200 s to 1500 s. The
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results are shown in Fig. 3. Shown in Fig. 3a is the transfer
curve comparison among IZO TFTs with different 1ZO
thicknesses. It can be observed that the IZO thickness has a
significant impact on /,,, compared to its impact on Vy, and
SS.

Fig. 3b shows the extracted wupg of IZO TFTs with
different IZO thicknesses. As the IZO thickness increases
from 4.8 nm to 14.5 nm, the wupg gradually increases.
Particularly noteworthy is the significant improvement in
wrE observed as the IZO thickness increases from 4.8 nm to
9.7 nm. When the IZO thickness is 14.5 nm, the highest urg
can reach ~83.9 cm?V~!s!. Beyond 14.5 nm, despite further
increases in the IZO thickness, the ©pg no longer increases
and may even slightly decrease. When the IZO thickness is
thin, insufficient charge carriers exist within the channel to
establish an effective conductive path, thus constraining urg
to a low level. However, when the active layer surpasses a
critical thickness, it can supply adequate carriers for device
operation, diminishing carrier content as the primary factor
restricting upg increase. Consequently, device upg reaches
a saturation state. In addition, previous studies [13], [26]
have shown that the roughness of the interface also impacts
carrier transport.

Fig. 3c shows the corresponding Vj, extracted from
devices with different IZO thicknesses. As the thickness of
the active layer increases from 4.8 nm to 36 nm, the Vy, of
the device gradually deviates from O V, exhibiting a negative
offset trend. Among all devices, the optimal Vy;, is O V. The
variation in IZO thickness may affect the Vy, of the device
by altering the carrier content. As the thickness of the active
layer increases, the number of carriers may also increase,
facilitating the accumulation of free carriers in the transport
layer and making the devices easier to operate [27].

Fig. 3d shows the extracted SS of IZO TFTs with different
IZO thicknesses. As the IZO thickness increases, the SS
initially decreases and then increases. An optimal IZO
thickness can maintain SS in a relatively ideal state, whereas
excessive or insufficient IZO thickness can deteriorate SS.
The deterioration of SS due to large IZO thickness can be
explained by an increase in trap density and a decrease in
effective capacitance at the interface [13], [14], [28]. For
devices with thinner active layers, the degradation of SS
may result from the carrier transport layer being close to the
surface, which amplifies the impact of interface defects on
the device [13], [14].

Sputtering atmosphere optimization was conducted at IZO
thickness of 14.5 nm. The sputtering atmospheres used were
Ar/Oy = 20/30 sccm, 30/20 scem, 35/15 scem, 40/10 scem,
and 50/0 sccm. The results are shown in Fig. 4. Fig. 4a
compares the transfer curves of IZO TFTs with different
sputtering atmospheres. When the sputtering atmosphere is
Ar/Oy = 50/0 sccm, the device no longer exhibits the
characteristics of a TFT, so it is not shown in the figure. It can
be observed that the sputtering atmosphere has a significant
impact on Vy,, compared to its relatively minor impact on
I,, and SS.
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FIGURE 4. Comparison of (a) transfer curve, (b) 1gg, (c) Vg, and (d) SS of
1ZO TFTs fabricated at different sputtering atmospheres.

Fig. 4b shows the extracted wpg of IZO TFTs with
different sputtering atmospheres. The pfrg increases with the
Ar/O,, reaching a peak, and then exhibits a slight decrease
after saturation. Notably, when the Ar/O; increases from
20/30 scem to 30/20 scem, there is a significant increase in
wre. This increase in wpg may be related to the decrease
in the proportion of oxygen in the sputtering atmosphere,
which leads to an increase in the number of V,s inside the
active layer [15], [29].

Fig. 4c shows the extracted Vy of IZO TFTs with
different sputtering atmospheres. The Vy, is closely related
to the sputtering atmospheres. As the Ar/O; increases from
20/30 sccm to 40/10 scem, the Vy, of the device gradually
deviates from 0 V, showing a negative shift trend. Among all
devices, the optimal Vy;, is ~0V. The increase in V,s content
in the active layer caused by a lower oxygen concentration
in the sputtering atmosphere may be responsible [29]. The
increase in V,s leads to a higher number of carriers, making
it easier for free charge carriers to accumulate in the transport
layer, thereby facilitating the operation of the device.

Fig. 4d shows the extracted SS of IZO TFTs with
different sputtering atmospheres. As the Ar/O, increases,
the SS initially decreases and then increases. At Ar/O;
= 30/20 sccm, the minimum SS is ~0.1 mV/dec. An
appropriate sputtering atmosphere can maintain the SS of
the device in a relatively optimal state, while excessive or
insufficient Ar/O, may lead to the deterioration of SS. This
deterioration may be related to both the internal defect state
of the film [29] and/or changes in the surface roughness of
the film [30].

The performance variations of IZO TFTs with changes
in IZO thickness and sputtering atmosphere suggest that
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FIGURE 5. AFM images of 1ZO thin film with (a) 1ZO thickness of 4.8 nm,
(b) 1ZO thickness of 9.7 nm, (c) 1ZO thickness of 24 nm, and (d) 1ZO
thickness of 36 nm. AFM images of 1ZO thin film fabricated at (e) Ar/0, =
20/30 sccm, (f) Ar/O, = 30/20 sccm, (g) Ar/O, = 35/15 sccm, and

(h) Ar/0, = 40/10 sccm.

V,s/defect states within the channel and the surface rough-
ness of the active layer are key factors affecting device
performance. To better confirm these relationships, AFM and
XPS analyses were performed.

Shown in Fig. 5a to 5d are AFM images of IZO thin film
with different thicknesses. The root mean square roughness
(Ry) of 4.8 nm IZO thin film, 9.7 nm IZO thin film, 24
nm IZO thin film, and 36 nm [ZO thin film is respectively
0.304 nm, 0.321 nm, 0.426 nm, and 0.477 nm. The surface
roughness of the IZO film increases with thickness. The
surface roughness mainly affects the interface quality and
therefore affects the SS. When the film is thin (< 14.5 nm),
SS deteriorates with the decrease of thickness (Fig. 3d) due
to the increase of R,. Since the active layer is thin, the carrier
transport layer is a relatively fixed area near the interface,
which amplifies the impact of interface defects on the device
performance [26]. When the film becomes thick (> 14.5 nm),
Although R, decreases with the increase of thickness, the SS
still slightly deteriorates (Fig. 3d), which can be explained
by the increase of sheet trap density and the decrease of
effective capacitance at the interface in the thick active thin
film [28].

Fig. 5e to 5f are AFM images of IZO thin film with
different Ar/O;. The R, of IZO thin film fabricated
at Ar/Op= 20/30 sccm, 30/20 sccm, 35/15 scem, and
40/10 sccm are respectively 0.318 nm, 0.339 nm, 0.349
nm, and 0.421 nm. The surface roughness of the IZO
film also increases with Ar/O;. The increase in surface
roughness indicates a lower film density and deterioration of
the interface state [31]. Additionally, it leads to an increase in
contact resistance between the channel and the source/drain
electrodes [30]. Lower film density, worse interface quality,
and larger contact resistance jointly cause SS deterioration
with increasing Ar/O, (Fig. 4d) and hinder carrier flow in
the transport layer, thereby limiting pupg improvement.

The binding energy of thin films produced under different
conditions is characterized by XPS. Calibrating with the
Cls peak at 284.8 eV, the Ols peak is decomposed into
three subpeaks with binding energy centers at 530 & 0.5
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FIGURE 6. XPS images of 1ZO thin film with (a) 1ZO thickness of 9.7 nm,
(b) 1Z0 thickness of 24 nm, and (c) 1ZO thickness of 36 nm. XPS images of
1ZO thin film fabricated at (d) Ar/0, = 20/30 sccm, (e) Ar/0, =

30/20 sccm, and (f) Ar/O, =40/10 sccm.

eV (peak 1), 531 £ 0.5 eV (peak 2), and 532 £+ 0.5 eV
(peak 3), as shown in Fig. 6 Peak 1 typically represents
a metal-oxygen (M-O) bond, peak 2 represents V,s, and
peak 3 impurities related to oxygen, such as —OH, adsorbed
oxygen, and —CO327[2]. As shown in Fig. 6a to 6¢c, the XPS
spectra of devices with different IZO thicknesses reveal no
significant fluctuation in the percentage content of the three
oxygen peaks, indicating that IZO thickness is not a critical
factor affecting the relative content of Vs.

Compared to Fig. 6a to 6c, the fluctuation of the oxygen
peaks in Fig. 6d to 6f is more pronounced. When Ar/O;
increases from 20/30 sccm to 40/10 sccm, the relative content
of V,s (peak 2) rises from 21.15% to 30.81%. Additionally,
oxygen—related impurities (peak 3) increase to 16.33%. A
high oxygen atmosphere leads to more V,s repair. In MO
TFTs, V,s can convert into electrons, enhancing device
wre [17], [32]. The specific conversion process is shown in
the following equation [32],

(Vo) < V27 4 2e”

where V02_ stands for divalent oxygen vacancy (V,). In an
oxygen-rich sputtering atmosphere, excess oxygen acts as
acceptor defects in the film, binding with free carriers and
reducing mobility [32]. This explains the decreasing device
WrE as Ar/O; decreases in Fig. 4b. Conversely, in an oxygen-
deficient atmosphere, abundant V,,s increase carriers, leading
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1ZO thicknesses under P/NBS. (b) Vg, shift dependent on stress time in 1ZO
TFTs fabricated at different Ar/O, under P/NBS.

to a negative shift in Vy, (Fig. 4c) and improved device
wre (Fig. 4d). Hence, the selection of the appropriate Ar/O»
ratio is pivotal in the fabrication of devices characterized
by high upg and favorable Vy,. Additionally, the escalating
trend observed in the peak3 with increasing Ar/Oy suggests
that the active layer sputtered under anaerobic conditions
contains greater quantities of impurities. This phenomenon
significantly contributes to the degradation of SS observed
in Fig. 4d as Ar/O; increases.

The impact of different manufacturing processes on device
reliability is also investigated. Shown in Fig. 7a is the Vy,
shift dependent on stress time under NBS and PBS in IZO
TFTs with different IZO thicknesses and shown in Fig. 7b is
the Vy, shift dependent on stress time under NBS and PBS
in IZO TFTs fabricated at different Ar/O,.

For PBS, it can be observed that IZO TFTs with a
small IZO thickness (Fig. 7a) and 1ZO TFTs fabricated
at low Ar/O, (Fig. 7b) experience a positive shift in Vi,
while IZO TFTs with a large IZO thickness (Fig. 7a) and
IZO TFTs fabricated at high Ar/O, (Fig. 7b) experience a
negative shift to some degree. For PBS-induced degradation
in MO TFTs, there are three dominant effects, namely
charge trapping [33], [34], oxygen adsorption [35], and V,s
redistribution [36]. Charge trapping and oxygen adsorption
leads to a positive Vyy, shift while V,s redistribution leads to a
negative Vi, shift [33], [34], [35], [36]. According to Fig. 6,
the large IZO thickness and the low oxygen atmosphere
during sputtering result in a higher amount of V,s, which
leads to the dominant redistribution of V,s under long-term
PBS, resulting in a negative shift in V. On the contrary,
the small IZO thickness and high oxygen atmosphere during
sputtering result in less V,s. Under PBS, the redistribution
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mechanism of Vs is gradually surpassed by the other two
mechanisms, ultimately leading to a positive shift of Vy,.
Under NBS, Vy, exhibits a negative shift trend, especially
for devices with large IZO thickness and high Ar/O,.
For NBS-induced degradation in MO TFTs, there are two
dominant effects, namely V,s ionization [24] and interaction
between charge carriers in the channel and impurities in
the environment [37]. Large thickness and high Ar/O, lead
to an increase in V,s ionization caused by excessive V,s.
In addition, according to Figure 4e to h, the reduction of
oxygen in the sputtering atmosphere leads to an increase in
the surface roughness of the channel. The increase in surface
roughness may indicate that the channel has a stronger
adsorption effect on external moisture. As shown in Figure 5
d to f, as the Ar/O increases, the relative content of peak
3, which represents weak oxygen binding bonds, increases,
indicating that more moisture adsorption reactions occur at
the channel interface. Therefore, NBS degradation is more
severe in devices with large IZO thickness and high Ar/O,.

IV. CONCLUSION

In this study, RF magnetron sputtering was employed
to optimize IZO TFTs through a systematic approach.
By jointly tuning the annealing condition, IZO thickness,
and Ar/O;, high-performance IZO TFTs with upg of
~71.8 ¢cm?/Vs with a Vy of ~—0.6 V are achieved.
Furthermore, the reliability of the corresponding IZO TFTs
under PBS and NBS is also examined. This comprehensive
investigation aims to offer valuable insights for advancing
the development of high-performance MO TFTs.
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