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A B S T R A C T

Reducing source-drain resistance (RSD) in oxide semiconductor thin-film transistors (TFTs) mainly impacts the 
performance and reliability of devices and circuits. Oxygen scavenging (OS) is commonly used during process 
integration to reduce RSD, including contact resistance between source-drain (S/D) metal and oxide semi
conductors. Meanwhile, the lower RSD, the better, but the threshold voltage (VT) should be optimized depending 
on the application. Therefore, it is essential to decouple RSD and VT when applying OS.

In this study, the OS effect depending on the S/D metal of amorphous InGaZnO (a-IGZO) TFT was investigated 
from the perspective of decoupling RSD and VT. As a result of comparing Cu, Ti, and Al as S/D metals, when Al, 
which has a high metal–oxygen (M− O) bond strength, was used as the source-drain metal, VT and RSD decreased 
and on-current (Ion) increased compared to when Ti was used. A comprehensive analysis of TFT’s electrical 
characteristics (VT, mobility, Ion), X-ray photoelectron spectroscopy (XPS), subgap density of states (DoS), and 
lateral distribution of thermal equilibrium carrier concentration (n0(y)) indicates that the occurrence and 
diffusion of oxygen vacancy (VO) due to OS in the S/D region cause an increase in subgap DoS and gate-to-S/D 
overlap length (LOV) and a decrease in VT due to an increase in donor concentration in the center of the channel 
(NCH) due to a change in n0(y) profile.

While RSD changes before and after post-annealing are ×1.087 (Cu), ×0.606 (Ti), and ×0.283 (Al), NCH 
changes are ×0.985 (Cu), ×1.267 (Al), and ×1.183 (Ti). The ΔVT’s before and after post-annealing are + 0.119 V 
(Cu), − 0.206 V (Al), and − 0.045 V (Ti), while ΔIon’s are ×0.724 (Cu), ×1.222 (Al), and ×1.193 (Ti). Therefore, 
it is found that Ti is more advantageous than Al in terms of decoupling RSD and VT.

Our result becomes more critical in employing oxide semiconductor TFTs as the back end of line (BEOL) 
devices because the phenomenon of VT being affected in improving RSD using OS can become more severe in 
high-temperature processes. Furthermore, our result suggests that when selecting S/D metals and annealing 
conditions for OS, it is necessary to fully consider not only the RSD reduction but also the degree to which RSD and 
VT can be decoupled.

1. Introduction

Amorphous oxide semiconductor (AOS) thin-film transistor (TFT) 
has a high mobility (>10 cm2/Vs) due to overlapping of metal s-orbitals, 
negligible gate-induced drain leakage (GIDL) due to few electron-hole 
pairs generated, ultra-low off-current (<10− 20 A/μm) due to wide 

bandgap, and CMOS back end of line (BEOL) compatibility. Recently, 
research on AOS TFTs has been conducted not only in displays but also 
in memory applications [1–6]. Therefore, increasing the integration 
density of AOS TFTs and reducing the source-drain (S/D) parasitic series 
resistance (RSD), including contact resistance, is essential. Meanwhile, in 
amorphous InGaZnO (a-IGZO) as a representative AOS material, oxygen 
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vacancy (VO) and hydrogen (H) act as electron donors to determine key 
device parameters such as threshold voltage (VT), subthreshold swing 
(SS), field-effect mobility (μFE), on current (Ion), and bias temperature 
instability.

To control the TFT VT in a positive direction and optimize circuit 
operation, one must reduce the number of VOs. However, unlike Si, as VT 
increases in IGZO, Ion decreases exponentially, and a positive bias 
temperature instability (PBTI) worsens [6,7]. Therefore, VT control and 
Ion control require an independent approach from RSD control, and for 
this, it is essential to accurately understand the VO concentration, which 
determines the carrier concentration.

Reducing RSD and maintaining the target VT is essential to achieve 
high Ion. For this purpose, the carrier concentration should be locally 
increased in the S/D region to form an excellent ohmic contact. Addi
tionally, as the TFT channel gets shorter, a total channel resistance 
(RTOT) is more affected by RSD than carrier concentration in the channel 
center region [8]. Therefore, methods such as plasma treatment [9], H 
diffusion [10], and oxygen scavenging (OS) [1] have been widely used 
to increase the carrier concentration in the S/D region locally and to 
reduce RSD.

From the OS viewpoint, when the metal for the S/D electrode has a 
stronger metal–oxygen (M− O) bond strength than In2O3 (346 kJ/mol), 
Ga2O3 (374 kJ/mol), or ZnO (284 kJ/mol), oxygen is actively removed 

from the AOS active material, forming VO in S/D region and reducing 
RSD [11–13]. Therefore, research is underway to implement an OS layer 
designed to absorb oxygen from the AOS layer. In addition, the OS effect 
may occur more due to thermal energy. In the case of the memory 
process carried out in a high-temperature process, it is necessary to 
determine the S/D metal and thermal budget considering the OS effect 
[14].

Lower RSD is better, but VT should be optimized depending on the 
application. Therefore, decoupling RSD and VT when applying OS is very 
important. Therefore, although it is necessary to analyze how the subgap 
density of states (DoS) and lateral distribution of thermal equilibrium 
carrier concentration (n0(y)) of a-IGZO active layer are affected during 
the OS process, previous studies have rarely verified the effect of S/D 
metal or annealing on DoS and n0(y) during OS. In fact, the lateral 
spread of VO during the OS changes the DoS, n0(y), donor concentration 
in the center of the channel (NCH), the effective length of the gate-to-n+

S/D overlap region (LOV), and effective channel length (Leff), and the 
amount of these changes means the degree to which VT and RSD can be 
decoupled.

In this study, the OS effect depending on the S/D metal of a-IGZO 
TFTs is investigated from the perspective of decoupling RSD and VT. The 
metals used were Cu, Ti, and Al, and the effect of post-annealing was also 
investigated. It was observed through X-ray photoelectron spectroscopy 
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Fig. 1. (a) Cross-sectional view of the BG a-IGZO TFT illustrating the OS effect during the post-annealing process. XPS O1s spectra of IGZO films in the pristine (before 
annealing) (b) Ti-S/D and (c) Al-S/D devices. XPS O1s spectra of IGZO films after post-annealing in (d) Ti-S/D and (e) Al-S/D devices.
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(XPS) that the degree to which the metal absorbs oxygen from IGZO in 
the S/D region varies depending on the type of S/D metal with different 
M− O bond strength. Furthermore, the influence of OS on the channel 
region as well as the S/D region was observed through the experimen
tally extracted subgap DoS and n0(y) profile to compare and analyze the 
degree to which RSD and VT can be decoupled depending on the metal.

2. Device fabrication

The fabricated a-IGZO TFT device has a staggered bottom-gate (BG) 
structure, as shown in Fig. 1a. The fabrication process is as follows. First, 
the 300-nm-thick SiO2 buffer layer was deposited by plasma-enhanced 
chemical vapor deposition (PECVD) on the p+-Si substrate. Then, the 
20-nm-thick Cu was deposited and patterned as a BG electrode by the e- 
beam evaporation and lift-off process. Subsequently, the 40-nm-thick 
Al2O3 as a gate insulator (GI) was deposited at a low temperature of 
80 ◦C using atomic layer deposition (ALD) with Al(CH3)3 (trimethyla
luminum; TMA) and H2O as a precursor. Subsequently, the 35-nm-thick 
a-IGZO (In:Ga:Zn = 1:1:1) was sputter-deposited at room temperature 
with 150 W RF power, a gas flow of Ar:O2 = 3:0.1 sccm, and pressure of 
5 mTorr, and was patterned as the TFT active layer. The 40-nm-thick S/ 
D metal was then deposited and patterned as a S/D electrode by the e- 
beam evaporation and lift-off. Finally, the fabricated device was post- 
annealed at 100 ◦C for 30 min in an air atmosphere. Three cases of S/ 
D metal were compared: Cu, Ti, and Al, and both before and after post- 
annealing were compared.

The channel length (L) was 5 µm and 10 µm, and the channel width 
(W) was 5 µm, 10 µm, 50 µm, and 100 µm. All I-V and C-V curves were 
measured with an HP4156C semiconductor parameter analyzer and an 
HP4284A LCR meter using an alternating current signal at 60 kHz.

3. Results and discussion

Fig. 1a shows a schematic view illustrating OS that occurs between 
IGZO and S/D metal during post-annealing. When considering the 
cation-oxygen binding energy or M− O binding energy at the interface 
between IGZO and electrode, more oxygen is absorbed from IGZO. A 
more significant number of VOs is formed at the interface between S/D 
metal and IGZO in the case that the M− O bond is more robust than In2O3 
(346 kJ/mol), ZnO (284 kJ /mol), and Ga2O3 (374 kJ/mol). Therefore, 
OS metals with different M− O bond strengths, i.e., Cu (284 kJ/mol), Ti 
(672 kJ/mol), and Al (791 kJ/mol) [15,16], were used as the S/D 
electrodes.

Subsequently, this study examined the IGZO layer via XPS, as shown 
in Fig. 1b–e. The measured distribution of the O 1 s (O1s) peak obtained 
from the XPS analysis was decomposed into three bonding types: stoi
chiometric M− O, non-stoichiometric VO, and non-lattice –OH. The M− O 
peak located at 530 eV is due to the O2– ion of the M− O bonding in a- 
IGZO film. While the peak at 531.5 eV reflects VOs, the peak at 532.4 eV 
corresponds to the presence of oxygen species weakly bound to the film 
surface, such as –OH [17,18]. The effect of post-annealing on the atomic 
percent of XPS O1s spectra of IGZO films depending on S/D metal is 
summarized in Table 1.

As shown in Fig. 1b and c, the OS occurs more and the VO peak is the 
highest in Al-S/D (791 kJ/mol) device, which has a stronger M− O bond 
than Ti-S/D (672 kJ/mol) [15,16]. When compared before and after 
annealing, more OS was generated through thermal energy, and in the 

Al-S/D device, OS occurred the most and showed the most significant 
increase in VO peak, compared to Ti-S/D device [Fig. 1d and e]. Table 1
indicates that the rise of atomic VO percent is ×1.187 in Ti-S/D device 
and ×1.293 in Al-S/D device, respectively.

Fig. 2a–c show the transfer curves and μFE’s before and after 
annealing according to S/D metal. Changes in electrical characteristics 
originate from VO generated as OS occurred, consistent with XPS data. In 
addition, VT, SS, and Ion changes before and after post-annealing ac
cording to S/D metal were shown in Fig. 2d–f, where VT was extracted as 
VT = VGS at ID = (W/L) × 1nA at VDS = 1.05 V. When looking at the 
change in VT before and after annealing, VT increased in the Cu-S/D 
device (ΔVT = +0.119 V). This is because the M− O bond strength of 
Cu is weaker than that of In2O3 (346 kJ/mol), Ga2O3 (374 kJ/mol), and 
ZnO (284 kJ /mol), making it difficult for OS to occur and VO being 
passivated by interdiffusion of oxygen during air annealing.

On the other hand, VT decreased in Ti-S/D devices and Al-S/D de
vices, and VT decreased the most in Al-S/D devices (ΔVT: Ti = − 0.045 
V, Al = − 0.206 V). This is because OS occurred the most in Al-S/D 
devices with the strongest M− O bond [14,15], and VO was generated 
the most. Therefore, as OS occurred, the number of VOs, which acts as an 
electron donor, increased, causing an increase in carrier concentration 
and a decrease in VT. After annealing, the Ion also increased the most in 
Al-S/D devices (the change in Ion (ΔIon): ×0.724 (Cu), ×1.222 (Al), and 
×1.193 (Ti)), where Ion = ID at VGS = VT + 2 V and VDS = 1.05 V. The 
ΔIon during post-annealing tends to coincide with the RSD change 
explained in Fig. 3.

Fig. 3a and b show the change of RSD, which is extracted by using the 
channel resistance method [19], before and after annealing according to 
S/D metal. RSD changes after annealing were Cu (×1.087), Ti (×0.606), 
and Al (×0.283). In the Cu-S/D device, RSD increases because the 
interdiffusion of oxygen passivates VO during annealing, and the carrier 
concentration decreases. In the Ti-S/D device and Al-S/D device, RSD 
decreased, and the greatest decrease occurred in Al-S/D devices with the 
strongest M− O bond strength. When OS occurs, the n+ region is formed 
in S/D due to oxygen deficiency of IGZO, lowering RSD, which is 
consistent with previous studies [8,13]. OS generates VOs, forming an n+

region in the S/D region, thereby reducing the thickness of the Schottky 
barrier. Therefore, electrons easily tunnel through the thin Schottky 
barrier and act like an ohmic contact [20].

Subgap DoS determines device characteristics such as VT, SS, μFE, Ion, 
and bias stress-induced instability in a-IGZO active film. In Fig. 4a–f, the 
change of subgap DoS of a-IGZO active film during OS was extracted 
using the monochromatic photonic capacitance–voltage (MPCV) tech
nique [21,22]. This method was described in detail in our previous 
works [21–26], and in our case, a 7mW laser source with a wavelength 
of 2.8 eV optical energy was used. The measured C-V characteristics are 
shown in the insets of Fig. 4a–c. The VO-related peaks in the extracted 
DoS are enlarged in Fig. 4d–f.

Extracted DoS can be modeled as g(E), which consists of the VO 
defect state (gVo), acceptor-like deep states (gDA), and acceptor-like tail 
state (gTA). Furthermore, the DoS model parameters are summarized in 
Table 2. 

g(E) = gVO (E)+ gDA(E)+ gTA(E)

= NVO × exp

(

−

(
EV + EVO − E

kTVO

)2
)

+NDA

× exp

(

−

(
EC − EDA − E

kTDA

)2
)

+NTA × exp
(

−
EC − E
kTTA

)

(1) 

As shown in Fig. 4a, the VO peak, which acts as an electron donor, 
decreased in Cu, and this is due to the interdiffusion of oxygen in the air 
during the annealing process. Fig. 4b and c indicate that the VO peak 
increased in Ti and Al. This is because the VOs created in the S/D region 
by OS diffuse into the channel, and the most prominent change of NVo 
(ΔNVo) (= 8.5 ×1014) was shown in the Al-S/D device, where VO is 

Table 1 
Effect of post-annealing on the atomic percent of XPS O1s spectra of IGZO films 
depending on S/D metal.

O-content Ti pristine Ti anneal Al pristine Al anneal

M− O 58.39 44.69 52.83 37.66
VO 35.03 41.59 39.62 51.22
–OH 6.56 13.04 7.54 11.10
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formed the most due to the strongest M− O bond.
To examine the OS effects on NCH, LOV, and Leff, the n0(y) profile was 

extracted according to S/D metal and post-annealing through C-V 
technique [22,27]. The change of n0(y) during the annealing for OS is 
illustrated in Fig. 5a, where y is the position coordinate along the lateral 
channel length direction. The VOs generated by OS in the S/D region can 

diffuse into the channel, increasing NCH and LOV and decreasing Leff 
[27]. Because in Fig. 5a, the n0(y = LBASE), i.e., NCH, and n0(y = LGRAD) 
determine VT and RSD respectively, the observation of n0(y) during OS is 
essential to speculate the decoupling between VT and RSD and the con
trol of short channel effect (SCE).

The n0(y) profiles extracted at VGS = 0 V according to S/D metal are 

I

I I V V
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V V I
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Fig. 2. (a) Transfer curves and μFE’s of a-IGZO TFTs with (a) Cu-S/D, (b) Ti-S/D, and (c) Al-S/D. Changes of (d) VT, (e) SS, and (f) Ion before and after post-annealing 
according to S/D metal.
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Fig. 3. Extracted RSD’s in the pristine (before annealing) devices with (a) Cu-S/D, (b) Ti-S/D, and (c) Al-S/D. Extracted RSD’s after annealing in the devices with (d) 
Cu-S/D, (e) Ti-S/D, and (f) Al-S/D.
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shown in Fig. 5b–d. After annealing, the n0(y) appears as dopant diffu
sion, as seen in Fig. 5a. When comparing the n0(y) before annealing, it is 
found that the LOV becomes longer in the order of Al > Ti > Cu, as shown 
in Fig. 5b–d. This is because the stronger the M− O bond, the more VO is 
formed due to OS in the S/D area during the process, and the larger the 
VO concentration, the more VO diffusion into the channel increases NCH 
[28].

For Cu-S/D devices, NCH and LOV decreased after annealing, as shown 
in Fig. 5b. This is because the M− O bond strength is weak, OS does not 
occur easily, and oxygen interdiffusion occurs during air annealing. 
When oxygen enters the channel, it passivates VOs and lowers NCH. On 
the other hand, as shown in Fig. 5c and d, NCH and LOV increased during 
post-annealing in Ti-S/D and Al-S/D devices. NCH changes during post- 
annealing are ×0.985 (Cu), ×1.267 (Al), and ×1.183 (Ti). This is 

because, in Ti-S/D and Al-S/D devices, VO is formed due to OS in the S/D 
region, acts as a donor, creates an n+ region, and diffuses into the 
channel. Since the more significant the VO concentration, the better the 
diffusion, the LOV can increase the most in Al-S/D devices [28]. As NCH 
increases, VT decreases, and the extracted n0(y) profile also matches the 
VT change after annealing, as seen in Fig. 2d.

While OS occurs, one can expect only RSD to get lower. However, 
undoubtedly, in Fig. 5b–d, it cannot be avoided that n0(y) and subgap 
DoS change together as VO diffuses into the channel. As more OS occurs, 
NCH increases, VT decreases, LOV increases, and Leff decreases.

Although it was not possible to completely decouple VT and RSD, it 
can be seen that Ti is more advantageous than Al from a decoupling 
perspective. Therefore, when selecting an S/D metal, lowering the RSD as 
much as possible while maintaining the target VT can be more vital in 
choosing the S/D metal and the annealing condition than employing 
simply a metal with high M− O bond strength.

4. Conclusion

As AOS TFTs are being researched not only in the displays but also in 
the memory field, the integration density of AOS TFTs needs to increase, 
and RSD should be reduced accordingly. OS is one of the valuable 
methods for lowering RSD in the process integration. Since OS occurs 
more actively in high-temperature processes, much research is also 
needed regarding the high-temperature stability of AOS TFTs used in 
CMOS BEOL.

In our work, depending on the type of S/D metal of a-IGZO TFTs, the 
degree to which the metal absorbs oxygen from IGZO active film in the 
S/D region and the degree of OS were confirmed through O1s spectra of 
XPS. In addition, we extracted and compared RSD depending on S/D 
metal and before/after post-annealing.

Fig. 4. The changes of subgap DoS before and after post-annealing in the TFT devices with (a) Cu-S/D, (b) Ti-S/D, and (c) Al-S/D. The insets show the measured C-V 
characteristics. The VO-related peaks in the extracted DoS are enlarged in the TFT devices with (d) Cu-S/D, (e) Ti-S/D, and (f) Al-S/D.

Table 2 
Subgap DoS parameters depending on S/D metal and before/after post-anneal 
conditions.

Parameter Cu Ti Al

pristine anneal pristine anneal pristine anneal

NVo (× 1015) 
[cm− 3 eV− 1]

0.85 0.65 0.7 0.8 0.85 1.7

kTVo [eV] 0.4 0.4 0.38 0.35 0.35 0.35
EVo [eV] 1.2 1.2 1.25 1.1 1.2 1.3
NDA(× 1017) 

[cm− 3 eV− 1]
8 8 3.2 3 3.4 2.5

kTDA[eV] 0.45 0.5 0.29 0.35 0.31 0.35
EDA[eV] 0.35 0.15 0.51 0.45 0.62 0.65
NTA(× 1019) 

[cm− 3 eV− 1]
6 6 9 9 6 2

kTTA[eV] 0.02 0.02 0.03 0.03 0.02 0.02
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Through subgap DoS, we verified the impact of OS occurring in the 
S/D region on subgap DoS in the channel area and the quantitative 
change in VOs. Moreover, changes in NCH and LOV due to diffusion of VO 
generated in S/D were observed through n0(y) profiling. Metals with 
stronger M− O bonds absorbed oxygen better from IGZO, showing the 
most significant decrease in RSD and the largest increase in VOs. 
Furthermore, the more OS occurs, the higher NCH is due to the diffusion 
of VO formed in the S/D area. As a result, VT decreases, LOV increases, 
and Leff decreases as more OS occurs.

Therefore, OS has a trade-off relationship in that it lowers RSD but 
reduces VT and Leff. It was confirmed that Ti is more advantageous than 
Al in terms of VT and RSD decoupling, although RSD is lower in Al-S/D 
devices than in Ti-S/D devices. Our approach and results can be help
ful in the process and device optimization of AOS TFT devices from the 
perspective of VT and RSD decoupling and SCE control.
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