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a b s t r a c t   

Oxide thin-film transistors (TFTs) should be manufactured with high mobility and stability based on a self- 
aligned top-gate structure to drive high-end displays. In this study, the effect of oxygen plasma time over one 
cycle of plasma-enhanced atomic layer deposition (PEALD) SiO2 on the properties of top-gate oxide TFTs was 
investigated systemically. The subsurface reaction of oxygen plasma causes a difference in oxygen vacancy (Vo). 
In addition, hydrogen incorporation also differs according to plasma time. Considering Vo and hydrogen are 
donors, tendency of electric properties could be explained. These surface reactions and atomic incorporation 
also induce differences in the positive bias temperature stress (PBTS) stability. Based on oxygen plasma time of 
2.0 s, a positive shift in threshold voltage (Vth) due to interfacial degradation was observed when the plasma 
was longer, while an abnormal negative shift due to H+ drift was observed when it was shorter. When the 
oxygen plasma time is 2.0 s, the TFT was free from the deterioration of the interface and SiO2. Based on this 
condition, a self-aligned TFT with superior performance including a high mobility of 31.1 cm2/V s, positive Vth 

and high stability of 0.016 V shifting during the PBTS was fabricated successfully. 
© 2021 Published by Elsevier B.V.    

1. Introduction 

Recently, thin-film transistors (TFTs) based on oxide semi-
conductors, known as oxide TFTs, have been evaluated as outstanding 
candidates for driving components of next-generation displays [1–3]. 
For a high-resolution, large-area display, the number of pixels that 
need to be driven at the same time increases, and uniformity becomes 
more important. From this point of view, the high mobility and uni-
formity of oxide TFTs perfectly satisfy these requirements. Since the 
sphere-shaped ns-orbitals of metals form electron transport paths, 
oxide semiconductors can maintain high mobility even in the amor-
phous phase [4]. To achieve these requirements, various types of high 
mobility oxide semiconductors, such as InOx [5], InSnZnO (ITZO) [6,7], 
InZnO (IZO) [8], InGaZnO (IGZO) [9], and InGaSnO (IGTO) [10] have 
been researched. In addition, oxide semiconductors can be easily de-
posited by the sputtering method with high uniformity over a large 
area. Furthermore, the high transparency and flexibility of oxide 
semiconductors also make them suitable for use in next-generation 
displays [11,12]. Among the various types of oxide TFTs, self-aligned 
(SA) structured oxide TFTs have received considerable attention owing 

to their advantages, including reduction of resistive-capacitive (RC) 
delay by minimizing the parasitic capacitance [13–15]. The RC delay, 
which causes the kick-back effect, is another serious issue prevalent in 
high-resolution displays. This kick-back effect must be resolved be-
cause it induces an image sticking issue in the display. In the SA 
structure, the gate insulator (GI) is patterned using the gate electrode 
as a mask; thus, the overlap between the source & drain (S/D) elec-
trode and gate electrode can be minimized, and parasitic capacitance, 
which is one of the reasons behind the RC delay, can be minimized. 
Therefore, a thinner GI can be applied to SA TFTs. For TFTs to have a 
higher on-current, thinner GIs must be used, which simultaneously 
increases the parasitic capacitance. Since SA TFT is relatively free from 
this issue, a thinner GI can be used in them compared to TFTs with 
other structures [16]. 

In addition to SA TFTs, numerous novel structured TFTs are based 
on a top-gate (TG) structure [17,18]. It is a challenging task to design 
an oxide TFT with the desired electrical properties for the TG 
structure. In particular, the GI deposition process should be carefully 
designed. Unlike the bottom-gate (BG) structure, an oxide semi-
conductor is exposed to the GI deposition process in the TG struc-
ture. During this process, the properties of the oxide semiconductor 
can be completely changed by an unavoidable doping reaction. In 
addition, the quality of the GI and interface between the GI and the 
active layer in which the channel is formed is also dominated by GI 

https://doi.org/10.1016/j.jallcom.2021.162308 
0925-8388/© 2021 Published by Elsevier B.V.   

]]]] 
]]]]]] 

⁎ Corresponding author. 
E-mail address: shkp@kaist.ac.kr (S.-H.K. Park). 

Journal of Alloys and Compounds 893 (2021) 162308 

http://www.sciencedirect.com/science/journal/09258388
https://www.elsevier.com/locate/jalcom
https://doi.org/10.1016/j.jallcom.2021.162308
https://doi.org/10.1016/j.jallcom.2021.162308
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jallcom.2021.162308&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jallcom.2021.162308&domain=pdf
mailto:shkp@kaist.ac.kr
https://doi.org/10.1016/j.jallcom.2021.162308


deposition. Even though the same materials and structures except GI 
deposition are employed, considerable differences in the electrical 
properties and stability of oxide TFTs can be observed [16,19,20]. An 
excellent solution for these issues is GI deposited by plasma-en-
hanced atomic layer deposition (PEALD). Although there are several 
reports on oxide TFTs with PEALD process GI showing good positive 
bias temperature stress (PBTS) stability [7,16,19,20], the GI deposi-
tion parameters of PEALD still need to be carefully designed. 

In this study, we investigated the effect of oxygen plasma time 
over one cycle of PEALD of SiO2, which is one of the parameters of 
the PEALD process. First, we analyzed the effect of oxygen plasma 
time during PEALD on the electrical characteristics and stability of 
top-gate bottom-contact (TGBC) structured oxide TFTs. In addition, 
the cause of this effect was identified through various material 
analyses and electrical measurements. Finally, considering these 
effects comprehensively, we successfully fabricated extremely stable 
high mobility SA structured oxide TFTs by applying the optimized 
oxygen plasma time for one cycle of PEALD. 

2. Experimental section 

2.1. Fabrication of TGBC oxide TFTs based on PEALD of SiO2 with 
different oxygen plasma times 

To mimic the material stack and fabrication process of the SA TFT, 
TGBC-structured oxide TFTs based on PEALD of SiO2 were fabricated 
(Fig. 1(a)). First, InSnO (ITO) deposited on a glass substrate was 
employed as the S/D electrode. Then, 20 nm Al-doped InSnZnO 
(Al:ITZO) was deposited by RF sputtering at 25 °C under a 40% 
oxygen partial pressure. Next, the samples were annealed at 350 °C 
for 2 h under an oxygen atmosphere. Then, 20 nm thick SiO2 was 
deposited at 300 °C by PEALD with different oxygen plasma times.  
Fig. 1(b) shows one cycle of PEALD of SiO2. Bisdiethylamino silane 
(BDEAS, H2Si[N(C2H5)2]2) and 100 W of oxygen plasma were used as 
the precursors for Si and oxygen, respectively. We split this oxygen 
plasma time into 0.3, 2.0, and 4.0 s. Next, 180 nm of plasma-en-
hanced chemical vapor deposition (PECVD) SiO2 was deposited at 
300 °C. SiH4 and 75 W of N2O plasma were used as reactants for Si 
and oxygen during the PECVD process. Finally, an 80 nm thick Mo 
layer was deposited by DC sputtering. All thin films were patterned 
using photolithography and wet etching. After fabrication, vacuum 
annealing at 340 °C was performed for 2 h. The width and length of 
the active layer were 20 and 10 µm, respectively. 

2.2. Fabrication of a highly stable high mobility SA oxide TFT based 
PEALD of SiO2 

First, 20 nm Al:ITZO of the active layer was deposited by RF 
sputtering at 25 °C on a Si wafer with thermal oxide. The partial 
oxygen pressure was set at 40%. Then, the sample was annealed 

under oxygen atmosphere at 350 °C for 2 h. Next, 20 nm of PEALD 
SiO2, the first GI, was deposited directly on Al:ITZO at 300 °C. The 
oxygen plasma time over one cycle of PEALD was 2.0 s, which was 
optimized for TGBC oxide TFTs. Similar to the fabrication process of 
the TGBC oxide TFT, BDEAS and 100 W of oxygen plasma were used 
as the Si and oxygen precursors, respectively. Then, 80 nm thick 
PECVD SiO2 was deposited at 300 °C, and 80 nm thick Mo was de-
posited by DC sputtering. Next, vacuum annealing was conducted at 
340 °C for 2 h. In the TGBC structure, the vacuum annealing was 
conducted after all the processes were completed. In contrast, in the 
SA structure, the annealing process was conducted after the gate 
electrode deposition, which was followed by the subsequent pro-
cesses. This yields the incorporations of an optimized amount of H 
from the GI into the Al:ITZO in the TGBC structure, preventing H 
flowing from other layers such as interlayer dielectric (ILD). After 
vacuum annealing, the Mo gate electrode was patterned by photo-
lithography and wet etching, and then, the exposed SiO2 was dry 
etched using the gate electrode as a mask for the SA structure. Next, 
Ar plasma treatment (100 W for 60 s at 200 °C) was conducted on 
the exposed Al:ITZO to form the n+ S/D contact region. Then, 100 nm 
of PECVD SiO2 for the ILD was deposited at 270 °C. The ILD pattern 
was also formed through dry etching. Finally, 100 nm thick Mo was 
deposited by DC sputtering for the S/D electrode. The width and 
length of the Al:ITZO films were 20 and 10 µm, respectively. 

2.3. Electrical measurements and characterizations 

The electrical properties of the oxide TFTs were measured using 
HP4156A under ambient conditions. The bias stress to the gate 
electrode was 1 MV/cm (20 V for TGBC oxide TFTs and 10 V for SA 
oxide TFTs), and the temperature stress was 60 °C under PBTS con-
ditions. The bias stresses to the gate and drain electrodes during the 
current stress stability (CSS) measurement were 4 and 4.5 V, re-
spectively. The carrier concentration of Al:ITZO was measured using 
Hall measurements (HL5500PC). X-ray photoelectron spectroscopy 
(XPS) (K-alpha) was conducted to analyze the differences in the 
transfer curves and SiO2 thin films under each condition. 
Additionally, to determine the H-related component of the thin film, 
secondary ion mass spectroscopy (SIMS) (IMS7f) was conducted. The 
densities of the SiO2 thin films were compared using X-ray re-
flectometry (XRR) (SmartLab). In addition, the quantitative H 
amount of plasma-enhanced atomic layer deposited SiO2 according 
to the oxygen plasma time was determined by elastic recoil detec-
tion (ERD) (NFC). The imaginary dielectric function (ε2), which is 
associated with the electron trap site in the thin film, was extracted 
using spectroscopic ellipsometer (SE) (M2000D) analysis. To analyze 
the bonding state of plasma-enhanced atomic layer deposited SiO2, 
Fourier transform-infrared (FT-IR) spectra (IF66V/S) were obtained. 

Fig. 1. Schematic diagram of (a) the TGBC oxide TFT with PEALD SiO2 and (b) sequence of one cycle of PEALD of SiO2. (c) Transfer curves of oxide TFTs with different oxygen plasma 
times during PEALD (VDS = 0.1 V). Solid lines show forward sweeps, and dashed lines show back sweeps. 
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3. Result and discussion 

3.1. Effect of oxygen plasma time for PEALD of SiO2 on the electrical 
properties of the top-gate Al:ITZO TFTs 

Fig. 1(a) shows the structure and materials of the oxide TFT 
fabricated using PEALD SiO2, which forms an interface with Al:ITZO. 
As shown in Fig. 1(b), the oxygen plasma time over one cycle of 
PEALD of SiO2 was split into 0.3, 2.0, and 4.0 s. Except for this 
parameter, all materials and fabrication processes remained con-
stant. Fig. 1(c) shows the transfer curves of the three oxide TFTs 
fabricated using PEALD with different oxygen plasma times, and the 
electrical characteristics extracted from the transfer curves are 
summarized in Table 1. A simple change in the parameter of GI 
deposition led to dramatic differences in the electrical character-
istics, including mobility and threshold voltage (Vth). As the plasma 
time increased, the Vth value changed to a proper positive value from 
−6.38 to 1.69 V; however, the mobility decreased relatively from 
46.50 to 32.52 cm2/V s. The device fabricated using PEALD with an 
oxygen plasma time of 0.3 s exhibited the highest mobility, but 
showed an excessively negative Vth value, which is not suitable for 
display-driving applications. In contrast, when the longest plasma 
deposition time (4.0 s) was used, a slight clockwise hysteresis re-
mained, even though annealing was performed. The clockwise hys-
teresis occurs due to the defects at the interface between the GI and 
active layer [21]. The defects at the interface trap electrons and serve 
as a negative voltage, which results in clockwise hysteresis. All three 
oxide TFTs showed high mobility over 30 cm2/V s. 

Because of the unique energy band structure of the oxide semi-
conductor, both mobility and Vth depend on the carrier concentra-
tion of the oxide semiconductor [12]. Considering the electrical 
properties of the fabricated oxide TFTs according to the oxygen 
plasma time, it becomes essential to analyze how the oxygen plasma 
used in the deposition of the GI affects the characteristics of the 
Al:ITZO, especially in terms of the carrier concentration and for-
mation of trap site. In fact, Hall measurements showed that the 
oxygen plasma time of this PEALD process has a significant effect on 
the carrier concentration of Al:ITZO (Fig. 2). Because the fabrication 
processes including photolithography and deposition of Hall mea-
surement samples were all the same as those of the TFT fabrication, 
analyzing the device characteristics is useful. Al:ITZO fabricated with 
0.3 s of oxygen plasma time during SiO2 deposition showed a much 
higher carrier concentration (2.35 × 1018 cm−3) than others. Com-
paring the cases of 2.0 (1.25 × 1017 cm−3) and 4.0 s (5.87 × 1016 cm−3) 
oxygen plasma times, we found that the shorter the plasma time, the 
higher the carrier concentration of Al:ITZO. 

A possible approach for changing the carrier concentration ac-
cording to the GI deposition parameter is the difference in the 
oxygen vacancy (Vo) of Al:ITZO. In fact, Vo is a well-known shallow 
donor for oxide semiconductors [4,22]. To determine the Vo con-
centration of Al:ITZO according to the SiO2 deposition conditions, 
XPS depth profiles were obtained. Direct PEALD of SiO2 was per-
formed on Al:ITZO, similar to device fabrication, and the O1s peak of 
Al:ITZO at the interface was investigated. The O1s peak of Al:ITZO 
was deconvoluted into metal-oxygen bonding (M-O, 529.68 eV), Vo 

(530.98 eV), and oxygen–hydrogen or carbon bonding (O-H or O-C, 

532.15 eV), and their portions were extracted from the peak area  
[16]. As shown in Fig. 3, the Vo concentration of Al:ITZO increased as 
the oxygen plasma time of GI deposition decreased from 12.40% to 
29.22%, as the oxygen plasma time of PEALD decreased. In fact, when 
the plasma time was short, a shoulder was observed in the O1s peak, 
indicating that the Vo concentration and carrier concentration of 
Al:ITZO varied depending on the GI deposition conditions. The car-
rier concentration of Al:ITZO without SiO2 was 6.27 × 1020 cm−3 ac-
cording to the Hall measurement, which is higher than the carrier 
concentration of Al:ITZO with SiO2; this indicated that the effect of 
oxygen plasma during PEALD was quite significant. This supports 
reactive oxygen plasma generated during PEALD filled the Vo sites in 
the active layer effectively, similar to the oxygen plasma treatment. 
In fact, several studies have reported that oxygen plasma treatment 
changes the Vo concentration of the oxide semiconductor [16,23]. 
Although no separate oxygen plasma treatment to the active layer 
was performed in our experiment, the oxygen plasma used for SiO2 

deposition could have sufficiently induced an effect similar to that of 
oxygen plasma treatment to change the properties of Al:ITZO, due to 
its TG structure. 

When considering the order of deposition of materials, the 
atomic incorporation during PEALD can also be a factor causing the 
difference in the carrier concentration. In fact, when H contained in 
the BDEAS precursor is incorporated, it can act as a donor [7,13,16]. 
Furthermore, external H may diffuse into the Al:ITZO during the 
post-annealing process. To analyze the H-related element distribu-
tion in the SiO2/Al:ITZO stack, SIMS was conducted. Fig. 4(a) and (b) 
show the distribution of the H and OH elements after the annealing 
process. When oxygen plasma was applied for a short time, more H 
and OH elements in Al:ITZO were observed. This difference in the 
number of H-related components in Al:ITZO already exists before 
the annealing process due to the incorporated H during PEALD (Fig. 
S1). However, the difference in the number of H atoms in Al:ITZO 
becomes more apparent due to diffuse in or out of H during the 
annealing process. Considering that incorporated H is also a shallow 
donor of oxide semiconductors, the difference in carrier concentra-
tion could be due to H in addition to Vo [22,24]. Two main sources of 
this difference in incorporated H can be considered: (1) The density 
of PEALD SiO2 differs according to the oxygen plasma time, and thus 
the inflow of H from the outside differs. (2) When the concentration 
of H in PEALD SiO2 itself varies depending on the oxygen plasma 
time, the amount of H diffused into Al:ITZO from PEALD SiO2 also 
becomes different. To check the possibility of the H source in the first 
case, the density of the PEALD SiO2 thin film was analyzed using 

Fig. 2. Carrier concentration of Al:ITZO with PEALD SiO2 and PECVD SiO2 from Hall 
measurement. 

Table 1 
Electrical characteristics of oxide TFTs with different oxygen plasma times during 
PEALD.      

PEALD oxygen plasma time 0.3 s 2.0 s 4.0 s  

Field-effect mobility [cm2/V s] 46.50 35.91 32.52 
Subthreshold swing [V/decade] 0.22 0.23 0.13 
Hysteresis [V] 0 0 0.21 
Vth [V] -6.38 1.16 1.69 
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XRR. Fig. 4(c) displays the XRR data of the plasma-enhanced atomic 
layer deposited SiO2 thin films. The density of the thin film was 
determined using the critical angle at which the intensity begins to 
decrease. When the three SiO2 thin films were compared by ex-
panding the region near the critical angle, SiO2 deposited at oxygen 
plasma times of 2.0 and 4.0 s showed almost the same graph. In the 
case of oxygen plasma time of 0.3 s, the intensity began to decrease 
at slightly lower angles than the cases of 2.0 and 4.0 s oxygen plasma 
times. This implies that there is little difference in density when the 
oxygen plasma times are 2.0 and 4.0 s, and when the oxygen plasma 
time is 0.3 s, the density is slightly lower than that in the cases of 2.0 
and 4.0 s. Considering the XRR results, it is difficult to state that the 
difference in the amount of H in Al:ITZO that was confirmed using 
SIMS is due to the difference in SiO2 density. In the case of 0.3 s 
oxygen plasma time, which had the highest H in Al:ITZO, the density 
was relatively low; however, it is difficult to say that it causes a large 
difference in the amount of H in Al:ITZO. In addition, even in the case 
of 2.0 and 4.0 s, the H concentration in Al:ITZO differed, but no 

difference was observed in the density of PEALD SiO2. In contrast, the 
second possible H source was confirmed by quantitatively analyzing 
the amount of H in the PEALD SiO2 through ERD. Fig. 4(d)–(f) show 
the amount of H in the PEALD SiO2 thin film under each case of 
oxygen plasma time. SiO2 deposited using the shortest oxygen 
plasma time of 0.3 s contained the highest amount of H (6.32 × 1016 

atoms/cm2). In contrast, SiO2 deposited under oxygen plasma times 
of 2.0 and 4.0 s had an H amount of 3.13 × 1016 and 1.79 × 1016 atoms/ 
cm2, respectively. This shows that the difference in H content be-
tween PEALD SiO2 thin films is almost two or three times larger and 
can explain the tendency observed in the SIMS analysis. SiO2 de-
posited with a shorter oxygen plasma time contains more H, which 
can be incorporated into Al:ITZO during PEALD and followed post- 
processing. Some of the incorporated H acts as a donor, affecting the 
electrical properties of the TFTs. This trend of H concentration ob-
served through ERD can be easily understood through the me-
chanism of PEALD. The incomplete reaction between the BDEAS and 
oxygen plasma during PEALD generate residual impurities including 

Fig. 3. O1s peaks from the XPS depth profile results of Al:ITZO with an SiO2 layer fabricated using PEALD at oxygen plasma times of (a) 0.3, (b) 2.0, and (c) 4.0 s.  

Fig. 4. Distribution of (a) H and (b) OH elements in the SiO2/Al:ITZO material stack as measured by SIMS analysis after 340 °C vacuum annealing. (c) Result of XRR analysis of 
PEALD SiO2 thin films. Quantitative amount of H in PEALD SiO2 thin film fabricated under oxygen plasma times of (d) 0.3, (e) 2.0, and (f) 4.0 s measured by ERD. 
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H from the precursor remain in the thin film [25–27]. In this ex-
periment, the oxygen plasma time is the variable determining the 
reactivity of the precursor, where the short oxygen plasma time 
reduces the reactivity between BDEAS and oxygen plasma, thereby 
leading to a higher residual H concentration. 

3.2. PBTS stability of top-gate Al:ITZO TFTs according to oxygen plasma 
time during PEALD of SiO2 

The electrical characteristics as well as the stability of Al:ITZO 
TFTs with PEALD SiO2 changed dramatically according to the oxygen 
plasma time during PEALD. Fig. 5(a)–(c) show the results of the PBTS 
stability of oxide TFTs with oxygen plasma times of 0.3, 2.0, and 4.0 s. 
To clarify the trend according to the plasma time, the PBTS stability 
of the oxide TFTs fabricated using oxygen plasma times of 1.0 and 
3.0 s were also measured (Fig. S2). The trend of PBTS stability results 
is presented in Fig. 5(d). Based on the reliability of the oxide TFT 
optimized with the oxygen plasma time is 2.0 s, a peculiar tendency 
was observed. The transfer curve moved in the positive direction 
under the PBTS condition when the plasma time was longer than 
2.0 s. Meanwhile it moved in the negative direction when it was 
shorter than 2.0 s. In contrast, at 2.0 s, the transfer curve hardly 
moved over 10,000 s, showing excellent PBTS stability. In general, 
PBTS instability is caused by the electron-trapping mechanism in 
defects within the GI bulk and interface between GI and active layer  
[27,28]. In this case, the trapped electrons act as a negative gate bias, 
causing the transfer curves to move in the positive direction. How-
ever, because this measurement of PBTS stability showed different 
trends around oxygen plasma time of 2.0 s, to analyze this trend, it 

was necessary to separate and analyze the effect of oxygen plasma 
time during PEALD of longer and shorter than 2.0 s on PBTS stability. 

To understand the trend of PBTS stability over 2.0 s, CSS mea-
surements were conducted. CSS can evaluate whether the driving 
TFT can maintain a constant brightness by passing a constant current 
to the light emitting element of a current-driven display. The result 
of CSS measurement also deteriorates when the oxygen plasma time 
increases by greater than 2.0 s, which is the same as the trend ob-
served for PBTS stability. At an oxygen plasma time of 2.0 s, 98.45% 
current was maintained after 1 h; however, only 88.69% and 84.51% 
current values were maintained at oxygen plasma times of 3.0 and 
4.0 s, respectively. The current decay can be fitted with the stretched 
exponential equation as follows: 

=I t
I

exp
t( )

(0)
D

D

where ID(t) and ID(0) are the drain current at time t and the initial 
state (t = 0), respectively. β indicates the dispersion parameter, which 
describes the trap distribution, and is directly correlated with the 
mean time of electrons to be in the mobile state [16,29,30]. The blue, 
orange, and green lines shown in Fig. 6(a) are results that fit the CSS 
measurement results of 2.0, 3.0, and 4.0 s β and values extracted 
from the fitted stretched exponential equation are compiled in  
Table 2. The results of CSS measurements match well with the 
stretched exponential model, suggesting that the dominant me-
chanism of these instabilities is charge trapping at the defect sites  
[29,30]. To determine the origin of electron capture sites related to 
oxygen plasma, SE analysis was performed on a single SiO2 thin film.  
Fig. 6(b) shows the ε2 extracted from the SE analysis versus the 

Fig. 5. Transfer curves of oxide TFTs under PBTS condition over 10,000 s during PEALD with different oxygen plasma times of (a) 0.3, (b) 2.0, and (c) 4.0 s (d) PBTS stability results 
for all oxygen plasma times. 
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photon energy. ε2 is correlated with the electron-trapping sites in-
side the SiO2 thin film [31]. The results of SE analysis show that there 
is no significant difference in the defects in the SiO2 thin film ac-
cording to the oxygen plasma time. This SE result agrees well with 
the previously mentioned XRR data. From the XRR results, it was 
confirmed that there is almost no difference in the density of PEALD 
SiO2 under 2.0 and 4.0 s oxygen plasma times. The density of thin 
films is strongly related to the number of defects in the thin film  
[19,32]. No difference in density between SiO2 plasma-enhanced 
atomic layer deposited under 2.0 and 4.0 s oxygen plasma times 
implies that the number of defects in the SiO2 is also not sig-
nificantly different, which is the same as results obtained from the 
SE data. This implies that the electron-trapping sites present at the 
interface between SiO2 and Al:ITZO, rather than inside SiO2, degrade 
the stability. In fact, oxygen plasma generates defects such as oxygen 
interstitials (Oi) and dangling bonds at the interface of oxide semi-
conductors, and these Oi and dangling bonds are well known as 
electron trap sites [33,34]. The longer the oxygen plasma time, the 

more Oi and dangling bonds are generated, which is thought to be 
the reason for the degradation in stability when the plasma time 
exceeds 2.0 s. In addition, the reduction in the H concentration of 
SiO2 can also be considered as a factor responsible for stability de-
terioration. The SIMS and ERD results were mentioned earlier, and 
only the role of H as a donor was mentioned. However, H can also act 
as a defect passivator [24,27]. As mentioned before, the H con-
centration decreases along with the increased oxygen plasma time 
as shown in Fig. 4(e) and (f). While the number of defects that 
should be passivated increases due to the increase oxygen plasma 
time, the concentration of H as a defect passivator decreases to yield 
poor stability. 

When a short 0.3 s oxygen plasma time was used for GI deposi-
tion, an abnormal shift in the negative direction of the transfer curve 
was observed under PBTS conditions. In this case, the instability 
cannot be explained by the electron-trapping mechanism. Jeong 
et al. reported a similar negative shift phenomenon of the transfer 
curve under PBTS conditions from SiO2 GI-based oxide TFTs, similar 
to the device used in this study [19]. They explained this phenom-
enon by H+ incorporation from the H-rich SiO2 GI under PBTS con-
dition. The authors explained that the H atoms present in SiO2 in the 
form of OH drift into the oxide semiconductor in the form of H+ 

under a positive gate voltage (VGS). These incorporated H atoms 
during PBTS operation act as donors and cause a negative shift in Vth. 

Fig. 6. (a) Results of current stress stability during 3600 s of TFTs under oxygen plasma times of 2.0, 3.0, and 4.0 s during PEALD of SiO2. (b) Spectroscopic ellipsometer results of 
SiO2 thin films fabricated with different oxygen plasma times. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this 
article.) 

Table 2 
Extracted and β values from CSS measurements.      

PEALD oxygen plasma time 2.0 s 3.0 s 4.0 s  

[s] 8.42 × 1018 4.67 × 106 1.30 × 106 

β 0.12 0.31 0.33 

Fig. 7. Si2p peaks and deconvoluted peaks from XPS analysis of SiO2 films fabricated under oxygen plasma times of (a) 0.3 and (b) 2.0 s using PEALD. (c) FT-IR spectroscopy of 
plasma-enhanced atomic layer deposited SiO2 under different oxygen plasma times. 
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Considering that the H concentration in the SiO2 thin film under an 
oxygen plasma of 0.3 s was higher than that of other films in the 
previous ERD data (Fig. 4(d)–(f)), the bonding state of H was in-
vestigated through XPS and FT-IR spectra to confirm the applicability 
of this H incorporation mechanism to this device. Fig. 7(a) and (b) 
show the Si2p peaks of PEALD SiO2 under oxygen plasma times of 0.3 
and 2.0 s, respectively. Each Si2p peak is deconvoluted into Si–O 
(103.15 eV) and Si–OH (102.48 eV) sub-peaks [19,35]. SiO2 deposited 
under a 0.3 s oxygen plasma time has a higher Si–OH bonding por-
tion of 18.70% than that deposited under a 2.0 s oxygen plasma time 
(5.66%), relatively. This bonding state was also confirmed by the FT- 
IR spectra. SiO2 deposited under an oxygen plasma time of 0.3 s 
showed a higher intensity of the Si–OH peak, presented at the wa-
venumber of 2750–3600 cm−1 [19,36]. This result matches the pre-
vious ERD and XPS data very well and is similar to the result 
reported by Jeong et al. [19]. A satisfactory surface chemical reaction 
does not occur during the PEALD process of SiO2 because the oxygen 
plasma time is short, and more H atoms remain in the SiO2 thin film. 
Some of these H atoms exist in the form of OH and are incorporated 
into the Al:ITZO under PBTS conditions in the form of H+ and act as 
donors [19,37]. This instability is due to the deterioration of the SiO2 

thin film. Conversely, when a sufficient oxygen plasma time of 2.0 s 
was used, high quality SiO2 was deposited and stability degradation 
due to H+ drift did not occur. This indicates that even if a gate 
electrode with a high work function or oxide semiconductor with a 
low carrier concentration is used to shift Vth to a proper value, it is 
difficult to apply PEALD SiO2 deposited with a very short oxygen 
plasma time to a display driving application [38,39]. 

We observed that the optimal time for oxygen plasma is 2.0 s, in 
which neither interfacial deterioration due to electron capture sites 

nor degradation of the insulator due to the high H concentration is 
2.0 s. Owing to these properties, a high mobility, acceptable Vth, and 
excellent stability were observed. 

3.3. Remarkably stable high mobility, self-aligned Al:ITZO TFT based on 
PEALD SiO2 with optimized oxygen plasma time 

Fig. 8(a) shows a schematic diagram of the fabricated SA oxide 
TFT with optimized oxygen plasma time of 2.0 s over one cycle of 
PEALD. The detailed process differs from that used to fabricate the 
TGBC structure. However, the active layer, GI, and the interface be-
tween them, which dominate the electrical properties and stability 
of the device, are designed to be the same as those of the TGBC 
structure. The transfer curve of the SA Al:ITZO TFT is shown in  
Fig. 8(b). The SA oxide TFT also showed high mobility over 30 cm2/ 
V s, and other electrical characteristics, including Vth and sub-
threshold swing (SS), were also excellent. The result of the PBTS 
stability of the SA oxide TFT based on PEALD SiO2 with an optimized 
oxygen plasma time of 2.0 s is shown in Fig. 8(c). Owing to the high 
quality of the active layer, GI, and the interface between them, which 
were previously optimized by oxygen plasma time during PEALD, SA 
oxide TFT showed excellent stability with only a shift of 0.016 V over 
10,000 s 

Table 3 summarizes the structure and characteristics of the 
previously reported oxide TFTs. Compared to previously reported 
devices, the best results were observed in all respects. Considering 
the suitable SA structure for display driving and the relatively short 
channel length, the SA oxide TFT reported in this study shows re-
markable performance in terms of mobility and stability. In addition, 
the turn-on voltage is very close to 0 V. Therefore, the fabricated SA 

Fig. 8. (a) Schematic diagram of the fabricated SA oxide TFT. (b) Transfer curves of SA oxide TFT under an oxygen plasma time of 2.0 s during PEALD of SiO2. Solid lines show 
forward sweeps and dashed lines show back sweeps. (c) Transfer curves of SA oxide TFT under PBTS condition over 10,000 s (VDS = 0.1 V). 

Table 3 
Comparison of the stability and mobility among the previously reported oxide TFTs and the SA oxide TFT fabricated in this study.        

Active / GI Structure Mobility [cm2/V s] Length [µm] PBTS (PBS) stability [V] Ref.  

ZnO / AlOx BGTC 35.36 10 0.15 (3600 s) [40] 
ZnO / SiO2 BGTC 4.5 100 4.25 (1000 s) [41] 
ZnO & In2O3 / SiO2 BGTC 36 50 1.1 (86,400 s) [42] 
IZO / Al2O3 BGBC 14.40 250 1.97 (7200 s) [43] 
IZO / SiO2 BGTC 8.1 100 1.5 (3600 s) [44] 
IGZO / Al2O3 TGBC 15.1 20 1.8 (10,000 s) [45] 
IGZO / Al2O3 TGBC 9.65 20 0.98 (10,000 s) [46] 
IGZO / SiO2 BGTC 30.3 20  <  0.5 (3600 s) [9] 
IGZO / SiO2 Self-Aligned 9.0 10 0.2 (3600 s) [15] 
IGZO / HfO2 TG – –  <  1 (10,000 s) [47] 
IGZO:H / SiO2 BGTC 26.5 120 2.5 (3600 s) [24] 
ITZO / SiO2 BGTC 68.5 – 1.1 (3600 s) [7] 
ITZO / SiO2 TGBC 21.11 40 2.87 (3600 s) [19] 
ITZO / ZrSiOx BGTC 28.6 20 0.64 (3600 s) [6] 
Al:ITZO / Al2O3 TGBC 35.3 20 0.23 (10,000 s) [16] 
IGZTO / SiO2 BGTC 46.7 300 0.5 (3600 s) [48] 
LiGdZnO / ZrOx BGTC 25.87 10.03 0.05 (3600 s) [49] 
Al:ITZO / SiO2 Self-Aligned 31.1 10 0.016 (10,000 s) This work 
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oxide TFT is highly suitable for driving various electronics including 
displays. These remarkable results could be achieved because the 
device has been optimized by analyzing the changes in the quality 
and interfacial properties of the thin films according to the oxygen 
plasma time, a parameter of PEALD of SiO2. 

4. Conclusion 

We investigated the effect of oxygen plasma time over one cycle of 
PEALD of SiO2. By optimizing this parameter, a remarkably stable high 
mobility SA oxide TFT was successfully fabricated. Because SiO2 was 
directly deposited on the Al:ITZO active layer owing to its TG structure, 
the oxygen plasma time had a dominant effect on the quality of SiO2, 
the properties of Al:ITZO, and the interface between them, causing 
changes in the device characteristics for various reasons. The differ-
ence in the carrier concentration of Al:ITZO according to the oxygen 
plasma time caused the differences in electrical properties, including 
mobility and Vth. XPS depth profile and SIMS analysis showed that the 
PEALD oxygen plasma time difference caused a Vo concentration 
change of Al:ITZO and the modulation of the amount of incorporated 
H. In addition, the stability of PBTS dramatically changed according to 
the oxygen plasma time during PEALD. When the plasma time was 
longer than 2.0 s, a positive shift in the transfer curve was observed 
based on the electron-trapping mechanism. The long oxygen plasma 
time during GI deposition generated Oi and dangling bonds at the 
interface, thereby degrading the stability of the TFTs. When the oxygen 
plasma time was too short, a negative shift of the transfer curve was 
observed based on the H incorporation mechanism. A very short 
oxygen plasma time increased the amount of OH in the SiO2 thin film, 
and H+ drifted into the Al:ITZO under the positive VGS to act as a 
shallow donor. When the oxygen plasma time was 2.0 s, it was free 
from interfacial degradation and SiO2 deterioration, thus high mobility 
and high stability characteristics were secured. The SA structured 
oxide TFT fabricated under an oxygen plasma time of 2.0 s showed a 
high mobility of 31.1 cm2/V·s and an excellent PBTS stability of only 
0.016 V shifting over 10,000 s. This is remarkable even when compared 
with previously reported studies that considered display applications. 
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