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Abstract: In this paper, a facile modifying technique of source/drain regions conductivity was
proposed for self-aligned top-gate In-Ga-Zn-O (IGZO) thin-film transistors (TFTs) by controlling the
process parameter of the passivation layer at relatively low temperatures. The sheet resistance of
the source and drain regions of IGZO was approximately 365 Ω/�, and there was no significant
change within a month. The device parameters of mobility, threshold voltage, subthreshold swing,
and current switching ratio of the fabricated device were 15.15 cm2V−1s−1, 0.09 V, 0.15 V/dec, and
higher than 109, respectively. The threshold voltage drift under negative bias illumination stress was
−0.34 V. In addition, a lower channel width-normalized contact resistance of 9.86 Ω·cm was obtained.

Keywords: InGaZnO; self-aligned top-gate; thin-film transistors

1. Introduction

Nowadays, amorphous indium gallium zinc oxide (a-IGZO) receives significant at-
tention as an active layer of thin film transistors (TFTs) in the display industry because
of its high mobility, very low off-state current, low process temperature, and intermittent
refreshing [1–7]. The typical bottom gate structure of AOS TFTs, including back-channel-
etch and etch-stopper-layer, inevitably suffer from resistor–capacitor delay and image
lagging, which is mainly due to the parasitic capacitance formed by the overlap between
the gate (G)-source/drain (S/D) electrodes [8]. However, the source/drain and gate of the
self-aligned top gate (SATG) structure are located on the same side of the active layer and
have relatively small parasitic capacitance, so they have drawn the attention of more and
more researchers [5,9–14]. The key technical challenge of SATG TFT is how to form source–
drain regions with low resistance. Up to now, several solutions have been put forward to
rise to this challenge, such as ion implantations [9], metal reaction-induced [5,10], plasma
treatment [11], and hydrogen (H) doping in time of interlayer dielectric or passivation
deposition [12,13]. Nevertheless, some problems with these methods cannot be ignored.
Regarding the high activation temperature of ion implantations, guaranteed precise film
thickness with metal reaction-induced, plasma-induced damages effect the plasma as a
result of the uncontrollable rapid hydrogen diffusion of the high-temperature activation
process with hydrogen incorporation. Furthermore, low-resistance IGZO films can also be
prepared by coating with organic interlayer dielectric [15] or ultraviolet irradiation [16],
which may result in an undercut and worse step coverage due to the gate stack directly
formed by one-step dry etching. Based on the key technical challenges of SATG TFTs,
there are currently few reports on the indirect processing of IGZO source–drain regions to
form highly conductive regions in active oxide channels. Thus, in this study, we propose
the vertical diffusion of hydrogen by modifying the hydrogen content of the passivation
layer process to form low-resistance IGZO source–drain regions for indirectly realizing
self-aligns. This simple doping process not only optimizes the process steps for reducing
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the resistance of the source/drain regions but also improves the water and oxygen bar-
rier capabilities of the device. SATG TFTs with good electrical properties and excellent
negative bias illumination stress (NBIS) stability were successfully fabricated under a
low-temperature process.

2. Materials and Methods

First of all, a 200 nm thick buffer layer with SiO2 was deposited on 200 × 200 mm
glass by plasma-enhanced chemical vapor deposition (PECVD). Then, the IGZO with a
thickness of 40 nm was sputtered as an active layer and was patterned using a wet etchant.
Furthermore, SiO2 (SiH4/N2O = 6/94) with the thickness of 300 nm was deposited as a
gate insulating layer (GI) by PECVD at 200 ◦C. Secondly, Mo (30 nm)/ITO (5 nm) was
sputtered as a gate electrode using magnetron sputtering. Next, the gate electrode was
formed by a two-step wet etch of the Mo/ITO stack. After SiO2 (SiH4/N2O = 6/94) or Si3N4
(SiH4/NH3/N2 = 6/22/72) with a thickness of 200 nm was deposited as a passivation layer
(PA) at 200 ◦C., the n+ IGZO extension regions (the size of one side is 25 × 50 µm2) were
automatically formed through the gate. Moreover, the contact holes were exposed by dry
etching. In the end, the ITO with a thickness of 35 nm was sputtered again by sputtering
as a source–drain electrode. It is worth noting that the process temperature during device
fabrication was not higher than 200 ◦C. The channel width of the device was fixed at 50 µm,
and the channel length (L) was 4 µm, 6 µm, and 8 µm, respectively. Figure 1a,b represents
the schematic cross-section and top optical image of the SATG IGZO TFT, respectively.
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Figure 1. (a) The schematic diagram of SATG IGZO TFTs. (b) Top view of SATG IGZO TFT.

The electrical characteristics for the fabricated a-IGZO TFTs were measured using
Keithley 4200. We define the corresponding gate voltage (VGS) when the leakage current
(IDS) is 1 nA as the threshold voltage (VTH) of the TFT device. The mobility (µ) was
calculated according to the following equation: µ = 2L·IDS/W·Ci·(VGS−VTH)2, where Ci is
the gate of the capacitance per unit area. The sheet resistance was measured by the 3 m
mini type four-probe tester in the dark at 300 K. The light source used in the NBIS tests
was white light with a brightness of 10,000 lux by applying VG-Stress = −10 V of 1000 s with
source and drain electrodes grounded. The light source was emitted from the bottom of
the device.

3. Results and Discussion

To verify the effect of the passivation layer process with different hydrogen contents
on device characteristics, SATG IGZO TFTs with three passivation layers were fabricated
without a passivation layer (w/o). SiO2 and Si3N4, respectively, represent the low, medium,
and high hydrogen content in the passivation layer film.

The transfer performance with SATG IGZO TFTs with different passivation is shown
in Figure 2a. When the hydrogen concentration of the passivation layer increases, the µ
increases from 0.31 to 15.15 cm2V−1s−1, threshold voltage (VTH) from 3.91 V to 0.09 V, sub-
threshold swing (SS) from 0.10 V/dec to 0.15 V/dec, and Ion/Ioff increases from 1.17 × 108
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to 2.86 × 109. Figure 2b show the output characteristic of TFT with Si3N4 as passiva-
tion. The output characteristics show good ohmic contact at low drain voltages and low
source/drain resistance [17]. This can be attributed to not only higher electron mobility but
also lower contact resistance [10,18].
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Figure 2. (a) Variation of IDS-VGS transfer curves of SATG IGZO TFTs prepared with different
passivation layers, (b) output curve of SATG IGZO TFT with Si3N4 as a passivation layer.

It can be intuitively seen from Figure 2a that the Ion of the device gradually increases
from ~106 A to ~104 A as the hydrogen content increases. Although the IGZO/GI interface
will have a serious impact on Ion, the fabrication processes of the three devices are basically
the same, that is, the IGZO/GI interface defects should be the same, which can be reflected
from the SS value with no obvious change. Therefore, the increase of Ion is mainly due to
the decrease of the contact resistance. After the passivation layer is deposited, since the
passivation layer contains a high concentration of hydrogen, a large amount of hydrogen
will first pass through the insulating layer from the passivation layer and then vertically
diffuse to the IGZO layer [19]. In addition, because the densified gate can block the diffusion
of hydrogen, hydrogen will vertically diffuse down to the IGZO layer along the edge of
the gate, reducing the resistance and self-aligning to form the IGZO source and drain
regions. Although a small amount of hydrogen will diffuse laterally, it will only remain in
the insulating layer above the channel. As the hydrogen content in the passivation layer
increases, the hydrogen diffused into the IGZO layer must increase, so the formed IGZO
source and drain regions have better conductivity, and the TFT device has smaller parasitic
resistance. At the same time, the channel carrier concentration increases, and the VTH shifts
to the left.

To demonstrate that the contact resistance is reduced, the sheet resistance of S/D
regions in the IGZO was measured. Figure 3a show the variation of sheet resistance of the
IGZO source and drain regions with deposition temperature. The sheet resistance decreases
gradually with the increase of deposition temperature. At 150 ◦C, the sheet resistance
corresponding to the Si3N4 passivation layer is much lower than that of SiO2, but when
the temperature increases to 200 ◦C, the effects of the two passivation layers are similar
and remain basically unchanged. The sheet resistance varies around 365 Ω/�. Therefore,
its resistivity is 1.5 × 10−3 Ω·cm because its thickness is 40 nm. Table 1 summarize the
resistance and device mobility obtained by different treatments for the source and drain
regions of IGZO. In this work, the PA/GI processing approach exhibits low resistivity and
high device mobility and achieves a level comparable to other methods.
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Table 1. This is a table. Tables should be placed in the main text near to the first time they are cited.

Treatment Methods µ (cm2V−1s−1) Resistivity (Ω·cm) Temperature (°C) References

PA/GI 15.15 1.5 × 10−3 200 This Work
Ion implantations 7 - 350 2021 [9]

Metal reaction-induced 13 2.4 × 10−3 200 2021 [10]
Plasma 5.13 2 × 10−3 350 2021 [11]
Zeocoat 18.84 3.8 × 10−4 150 2020 [15]

Interlayer dielectric layer 14 3 × 10−3 250 2019 [13]
ultraviolet irradiation 6.7 3 × 10−5 300 2015 [16]

As shown in Figure 3b, with the passage of time, the two passivation layers have
different changes to the IGZO source and drain regions. The Si3N4 passivation layer
maintained good stability for one month, while the SiO2 passivation layer showed poor
stability. After 3 days, the sheet resistance increased to more than 156 kΩ/�, increased to
about 526 kΩ/� after a week, and exceeded the test limit of the device after a month. This
can be attributed to the low hydrogen content in the SiO2 film, which has an insufficient
degree of influence on the IGZO film. With the increase of the standing time, the hydrogen
in the SiO2 film diffused outward, reducing the hydrogen content in the IGZO film, and
thus the sheet resistance increased.

The contact resistance (RC) was calculated according to the transmission line method.
It includes the contact resistance between the metal and semiconductor and the resistance
of the S/D extension part inside the semiconductor. The following equation may be used
to calculate the Rtot [15]:

Rtot =
VDS
IDS

=
RS
W

L + 2RC (1)

RS is the channel resistance. Figure 3c show the total resistance (Rtot) corresponding to
different L at various VGS. The transmission line method was used to extract the width-
normalized RC (RC·W) and the diffusion distance, as shown in Figure 3d [5]. For SATG
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IGZO TFT with Si3N4 passivation layer, the RC·W values were approximately 9.86 Ω·cm,
and the lateral diffusion distance was only 0.07 µm.

To verify the prospect of passivation in practical applications of SATG IGZO TFT, the
NBIS is shown in Figure 4. As the time of illumination and gate voltage are increased,
the VTH drifts in the negative direction. However, the threshold voltage drift (∆VTH) of
TFTs with w/o or SiO2 is reduced from −1.19 V or −1.04 V to −0.34 V compared to TFTs
with Si3N4. This shows that the Si3N4 can improve device stability. The VTH drift under
NBIS is mainly due to the formation of positively ionized oxygen vacancies under the
combined effect of illumination and negative gate voltage (VO → V+

O /V++
O ) [20]. The

∆VTH for SATG IGZO TFTs with Si3N4 as passivation is as low as −0.32 V, which may
be due to the reduction of positive charge (V+

O /V++
O ) by the formation of substitutional

hydrogen (HO + e−→ H− + VO→ HO), where HO and HO represent a hydrogen atom and
substitutional hydrogen, respectively [21]. In addition, as the hydrogen in the passivation
layer increases, the lateral diffusion of hydrogen remaining in the insulating layer also
increases. In subsequent processes, hydrogen will diffuse from the GI to the IGZO/GI
interface, passivate the VO–related point defects, and reduce the deep donor electron traps
(HO + O2− → OH− + e−) [4,20]. At the same time, hydrogen implantation from GI to the
IGZO/GI interface also increases the carrier concentration and reduces the interfacial trap
states, thereby reducing ∆VTH [22,23].
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4. Conclusions

In this paper, SATG TFTs were successfully fabricated by modifying the hydrogen
content of the passivation layer process under a low-temperature process. The influence of
the passivation layer on the electrical properties was compared, and it was proven that the
modification of the passivation layer process can effectively reduce the resistance of the
source and drain regions of IGZO. The prepared TFT had a low RC·W of 9.86 Ω·cm and
a low lateral diffusion distance of 0.07 µm. The fabricated SATG TFT exhibited excellent
electrical properties with µ of 15.15 cm2V−1s−1 and Ion/Ioff higher than 109, respectively.
Meanwhile, NBIS stability was remarkably improved from −1.19 to −0.34 V.



Nanomaterials 2022, 12, 4021 6 of 7

Author Contributions: Conceptualization, X.L. and J.Z.; methodology, C.P. and X.L.; funding acqui-
sition, X.L. and J.Z.; investigation, C.P., H.H. and M.X.; writing—original draft preparation, C.P. and
H.H.; writing—review and editing, C.P., L.C. and X.L.; supervision, X.L. All authors have read and
agreed to the published version of the manuscript.

Funding: This work is supported by the National Natural Science Foundation of China under
Grant 62174105, Shanghai Education Development Foundation and Shanghai Municipal Education
Commission under Grant 18SG38, and the Program of Shanghai Academic/Technology Research
Leader under Grant 18XD1424400.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data and contributions presented in the study are included in the
article. Further inquiries can be directed to the corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Kim, D.G.; Ryu, S.H.; Jeong, H.J.; Park, J.S. Facile and Stable n+ Doping Process Via Simultaneous Ultraviolet and Thermal Energy

for Coplanar ALD-IGZO Thin-Film Transistors. ACS Appl. Electron. Mater. 2021, 3, 3530–3537. [CrossRef]
2. Wang, X.; Liang, L.; Zhang, H.; Wu, H.; Li, W.; Ning, C.; Yuan, G.; Cao, H. Huge mobility enhancement of InSnZnO thin-film

transistors via Al-induced microstructure regularization. Appl. Phys. Lett. 2021, 119, 212102. [CrossRef]
3. Peng, C.; Jiang, W.; Li, Y.; Li, X.; Zhang, J. Photoelectric IGZO Electric-double-layer transparent artificial synapses for emotional

state simulation. ACS Appl. Electron. Mater. 2019, 1, 2406–2414. [CrossRef]
4. Peng, C.; Yang, S.; Pan, C.; Li, X.; Zhang, J. Effect of Two-Step Annealing on High Stability of a-IGZO Thin-Film Transistor. IEEE

Trans. Electron Devices 2020, 67, 4262–4268. [CrossRef]
5. Peng, H.; Chang, B.; Fu, H.; Yang, H.; Zhang, Y.; Zhou, X.; Lu, L.; Zhang, S. Top-Gate Amorphous Indium-Gallium-Zinc-

OxideThin-Film Transistors With Magnesium Metallized Source/Drain Regions. IEEE Trans. Electron Devices 2020, 67, 1619–1624.
[CrossRef]

6. Sun, J.; Xu, S.; Ren, H.; Wu, S.-T.P. 1:Distinguished Student Poster Paper: Submillisecond-response Polymer Network Liquid
Crystal Cylindrical Microlens Array for 3D Displays. SID Symp. Dig. Tech. Pap. 2013, 44, 989–992. [CrossRef]

7. Zhang, W.; Fan, Z.; Shen, A.; Dong, C. Atmosphere Effect in Post-Annealing Treatments for Amorphous InGaZnO Thin-Film
Transistors with SiOx Passivation Layers. Micromachines 2021, 12, 1551. [CrossRef]

8. Choi, S.; Park, J.; Hwang, S.H.; Kim, C.; Kim, Y.S.; Oh, S.; Baeck, J.H.; Bae, J.U.; Noh, J.; Lee, S.W.; et al. Excessive Oxygen
Peroxide Model-Based Analysis of Positive-Bias-Stress and Negative-Bias-Illumination-Stress Instabilities in Self-Aligned Top-
Gate Coplanar In-Ga-Zn-O Thin-Film Transistors. Adv. Electron. Mater. 2022, 8, 2101062. [CrossRef]

9. Takechi, K.; Lin, F.; He, S.; Yuan, Y.; Tanaka, J.; Sera, K. Short-Channel Top-Gate InGaZnO Thin-Film Transistors Fabricated with
Boron Implantation into Source/Drain Regions. IEEE Trans. Electron Devices 2021, 68, 4161–4163. [CrossRef]

10. Yang, H.; Zhou, X.; Fu, H.; Chang, B.; Min, Y.; Peng, H.; Lu, L.; Zhang, S. Metal Reaction-Induced Bulk-Doping Effect in Forming
Conductive Source-Drain Regions of Self-Aligned Top-Gate Amorphous InGaZnO Thin-Film Transistors. ACS Appl Mater
Interfaces 2021, 13, 11442–11448. [CrossRef]

11. Kim, Y.G.; Bukke, R.N.; Lee, J.; Saha, J.K.; Jang, J. Formation of F-Doped Offset Region for Spray Pyrolyzed Self-Aligned Coplanar
Amorphous Zinc-Tin-Oxide Thin-Film Transistor by NF3 Plasma Treatment. IEEE Trans. Electron Devices 2021, 68, 1057–1062.
[CrossRef]

12. Chen, H.; Chen, J.; Zhou, K.; Chen, G.; Kuo, C.; Shih, Y.; Su, W.; Yang, C.; Huang, H.; Shih, C.; et al. Hydrogen Diffusion
and Threshold Voltage Shifts in Top-Gate Amorphous InGaZnO Thin-Film Transistors. IEEE Trans. Electron Devices 2020, 67,
3123–3128. [CrossRef]

13. Katsouras, I.; Frijters, C.; Poodt, P.; Gelinck, G.; Kronemeijer, A.J. Large-area spatial atomic layer deposition of amorphous oxide
semiconductors at atmospheric pressure. J. Soc. Inf. Disp. 2019, 27, 304–312. [CrossRef]

14. Zhang, Y.-Y.; Shin, S.-H.; Kang, H.-J.; Jeon, S.; Hwang, S.H.; Zhou, W.; Jeong, J.-H.; Li, X.; Kim, M. Anti-reflective porous Ge by
open-circuit and lithography-free metal-assisted chemical etching. Appl. Surf. Sci. 2021, 546, 149083. [CrossRef]

15. Kim, H.E.; Furuta, M.; Yoon, S.M. A Facile Doping Process of the Organic Inter-Layer Dielectric for Self-Aligned Coplanar
In-Ga-Zn-O Thin-Film Transistors. IEEE Electron Device Lett. 2020, 41, 393–396. [CrossRef]

16. Kim, M.M.; Kim, M.H.; Ryu, S.m.; Lim, J.H.; Choi, D.K. Coplanar homojunction a-InGaZnO thin film transistor fabricated using
ultraviolet irradiation. RSC Adv. 2015, 5, 82947–82951. [CrossRef]

17. Bukke, R.N.; Mude, N.N.; Saha, J.K.; Jang, J. High Performance of a-IZTO TFT by Purification of the Semiconductor Oxide
Precursor. Adv. Mater. Interfaces 2019, 6, 1900277. [CrossRef]

18. Taniguchi, S.; Yokozeki, M.; Ikeda, M.; Suzuki, T.-K. Transparent Oxide Thin-Film Transistors Using n-(In2O3)0.9(SnO2)0.1/InGaZnO4
Modulation-Doped Heterostructures. Jpn. J. Appl. Phys. 2011, 50, DF11. [CrossRef]

http://doi.org/10.1021/acsaelm.1c00463
http://doi.org/10.1063/5.0072077
http://doi.org/10.1021/acsaelm.9b00560
http://doi.org/10.1109/TED.2020.3017718
http://doi.org/10.1109/TED.2020.2975211
http://doi.org/10.1002/j.2168-0159.2013.tb06387.x
http://doi.org/10.3390/mi12121551
http://doi.org/10.1002/aelm.202101062
http://doi.org/10.1109/TED.2021.3091420
http://doi.org/10.1021/acsami.0c21123
http://doi.org/10.1109/TED.2021.3051919
http://doi.org/10.1109/TED.2020.2998101
http://doi.org/10.1002/jsid.783
http://doi.org/10.1016/j.apsusc.2021.149083
http://doi.org/10.1109/LED.2020.2964270
http://doi.org/10.1039/C5RA16443E
http://doi.org/10.1002/admi.201900277
http://doi.org/10.1143/JJAP.50.04DF11


Nanomaterials 2022, 12, 4021 7 of 7

19. Chen, C.; Yang, B.; Li, G.; Zhou, H.; Huang, B.; Wu, Q.; Zhan, R.; Noh, Y.; Minari, T.; Zhang, S.; et al. Analysis of Ultrahigh
Apparent Mobility in Oxide Field-Effect Transistors. Adv Sci 2019, 6, 1801189. [CrossRef]

20. Rabbi, M.H.; Billah, M.M.; Siddik, A.B.; Lee, S.; Lee, J.; Jang, J. Extremely Stable Dual Gate Coplanar Amorphous InGaZnO Thin
Film Transistor With Split Active Layer by N2O Annealing. IEEE Electron Device Lett. 2020, 41, 1782–1785. [CrossRef]

21. Bang, J.; Matsuishi, S.; Hosono, H. Hydrogen anion and subgap states in amorphous In–Ga–Zn–O thin films for TFT applications.
Appl. Phys. Lett. 2017, 110, 232105. [CrossRef]

22. Peng, C.; Dong, P.; Li, X. Improvement of solution-processed Zn-Sn-O active-layer thin film transistors by novel high valence Mo
Doping. Nanotechnology 2020, 32, 025207. [CrossRef] [PubMed]

23. Chowdhury, M.D.H.; Mativenga, M.; Um, J.G.; Mruthyunjaya, R.K.; Heiler, G.N.; Tredwell, T.J.; Jang, J. Effect of SiO2 and
SiO2/SiNx Passivation on the Stability of Amorphous Indium-Gallium Zinc-Oxide Thin-Film Transistors Under High Humidity.
IEEE Trans. Electron Devices 2015, 62, 869–874. [CrossRef]

http://doi.org/10.1002/advs.201801189
http://doi.org/10.1109/LED.2020.3034119
http://doi.org/10.1063/1.4985627
http://doi.org/10.1088/1361-6528/abbc25
http://www.ncbi.nlm.nih.gov/pubmed/32987367
http://doi.org/10.1109/TED.2015.2392763

	Introduction 
	Materials and Methods 
	Results and Discussion 
	Conclusions 
	References

