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Abstract: Amorphous In—Ga—Zn—0 (a-IGZO) has been studied as a channel layer in thin-film
transistors (TFTs). To improve the bias-induced instability of a-IGZO TFTs, we introduced yttrium
with high bond enthalpy by magnetron co-sputtering system. The Y-doped a-IGZO (a-IGZO:Y)
films show relatively lower carrier concentration and higher Hall mobility, which is due to the
suppression of oxygen vacancies caused by Y doping. The a-IGZO:Y showed a relatively higher
transmittance in the visible light region compared to non-doped IGZO, which could be due to the
decrease of shallow defect levels caused by oxygen vacancy in the band gap. The a-IGZO without Y
doping showed dramatic changes in electrical properties as times progressed (over 240 h); however,
the a-IGZO:Y showed no significant changes. The a-IGZO:Y TFTs demonstrated a more stable driving
mode as exhibited in the positive gate bias stress test even though the values of V1 and SS were
slightly degraded.

Keywords: TFT channel layer; amorphous transparent conductive oxide semiconductor; magnetron
sputtering; change with time; indium—gallium—zinc—oxide

1. Introduction

Oxide semiconductors have recently drawn attention as channel layer materials in various
optoelectronic devices, such as active-matrix organic light-emitting diodes (AM-OLEDs) and flexible
displays [1-6]. Compared to conventional amorphous/polysilicon thin film transistors (TFTs), oxide
TFTs have several advantages including their low processing temperature and cost, transparency
(wideband gap, >3.1 eV), and good electrical properties (e.g., field-effect mobility) [4,7]. In particular,
amorphous indium—gallium —zinc—oxide (a-IGZO), an oxide semiconductor, is believed to be suitable
for use as the channel layer in TFTs [2,3,8-13]. Despite the amorphous structure, an a-IGZO TFT
shows high mobility (~10 cm? V-1 compared to a-Si:H (~1 cm? V1 s71) due to the conduction
band minimum, which is made of spherically extended s-orbitals of the constituent metals [8,9,11,12].
ZnO-based semiconductors, even those deposited at room temperature, have a polycrystalline structure
with columnar grains. Devices fabricated from these materials suffer from problems associated with
the grain boundaries, such as nonuniformity of the electrical performance over large areas, instability in
response to the atmosphere due to gas adsorption/desorption, and roughness of the film surface [7,14].
The stability of ZnO-based TFT devices remains as one of the most important and critical issues.
Therefore, several studies have been performed on ZnO-based TFTs in an attempt to understand the
deterioration of the bias-induced instabilities [14,15]. However, studies have rarely been conducted on
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a-IGZO doping [10,16,17]. It was proposed that the reliability of ZnO-based TFTs, with positive gate
bias stress and negative bias temperature stresses under illumination, is influenced by the ambient gas
or charge-trapping of electrons, or photon-induced holes, at the interface between the gate insulator
and the semiconductor [7,14,18]. In particular, it is widely known that the electrical performance
characteristics of ZnO-based TFTs are strongly dependent on the oxygen gas content. The reason why
is due to low bond enthalpy between Zn and O (159 k] /mol). The existence of oxygen vacancies in the
a-IGZO thin films affects the stability of a-IGZO TFTs under bias stress, which occurs largely due to
thermally activated creation of ionized oxygen vacancies during device operation [17,19].

In this study, yttrium oxide (Y,0O3) was selected as a dopant of the a-IGZO thin films to suppress
the oxygen vacancies with a low electronegativity (1.22), standard electrode potential (—2.372 V),
and high Y-O bond enthalpy value (719.6 k] /mol) [4,16,17,20]. This paper discusses the effect of the
addition of Y,Oj3 in a-IGZO thin films and its influence on the stability of a-IGZO TFTs.

2. Experimental Details

The IGZO (Inp03:Gaz03:Zn0O = 1:1:1) and Y03 targets were used as sputtering sources. A radio
frequency (RF) power supply was used to vary the RF power to the Y,03 target from 0 to 110 W and
to control the dc power supplied to the IGZO target. To guarantee high reproducibility of the film
characteristics, the base pressure was maintained at 1 x 10> Torr. Deposition of the a-IGZO and Y,0;3
films was carried out in pure Ar gas (purity of 99.9995%) at a total gas pressure of 0.7 Pa onto non-alkali,
glass substrates (Corning 2000, Samsung Corning Precision Glass, Seoul, Korea). The thicknesses of
the a-IGZO and Y,03-doped a-IGZO thin films were constant at approximately 50 & 3 nm.

The thickness of the film was measured using a reflectometer (5T2000-DLXn, K-MAC, Daejeon,
Korea). The electrical properties were estimated from the Hall Effect measurements (HMS-3000, Ecopia,
Gyeonggi, Korea) at room temperature. The transmittance of the films was measured within the range
of 200-1100 nm using a spectrophotometer (UV-Vis 1800, Shimadzu, Kyoto, Japan). In addition, the
associated surface morphologies were observed through atomic force microscopy (AFM, XE-120, PSIA
Corp., Fremont, CA, USA).

The schematic cross-section of the a-IGZO:Y TFTs is shown in Figure 1. The a-IGZO:Y TFTs
employ an inverted staggered, bottom-gate structure. The fabrication process is as follows: To use
a gate electrode layer, n-type silicon wafers, with a resistance less than 0.005 (2 cm, were used.
A 150-nm-thick SiO; layer on the silicon wafers served as the insulating layer. To form a gate electrode
for the gate contact, the SiO, layer was wet-etched by a buffered oxide etch (BOE) for approximately
3.5 min. Subsequently, ultrasonic cleaning was performed for 5 min using trichloroethylene, acetone,
methanol, and de-ionized water to remove impurities on the wafer surface. Toremove residual
moisture, the surface was treated with dry nitrogen gas and dried on a hot plate at 100 °C for 5 min.
Finally, a-IGZO and Y-doped a-IGZO (a-IGZO:Y) layers were deposited by magnetron co-sputtering
with a shadow mask. After deposition, an aluminum layer was deposited by e-beam evaporation
to form the source and drain electrodes. Evaporation for the Al electrodes was carried out at a base
pressure of 2.3 x 10~® Pa, resulting in a channel with a length of 100 um, a width of 1000 um and a
thickness of 100 nm. The electrical properties of the oxide TFTs were measured using a semiconductor
parameter analyzer (EL423, Elecs Co., Ltd., Uttarakhand, India).
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Figure 1. Device structure of the yttrium-doped amorphous In—Ga—Zn—O0O (a-IGZO) thin-film
transistors (TFTs).

3. Results and Discussion

Figure 2 shows the electrical properties of the a-IGZO:Y films as a function of the RF power
applied to the Y,Oj5 target. Generally, an increase in the carrier concentration results in a decrease in
the Hall mobility due to scattering effects. However, the data show that the carrier concentration and
the Hall mobility are proportional. These data can be explained by Adler’s percolation conduction
model [19,21]. The model assumes that carrier transport is controlled by the existence of potential
barriers in the conduction band.

As shown in Figure 2, the a-IGZO:Y films showed the lowest resistivity with RF power 50 W
(applied to the Y,Oj target). The low resistivity can be attributed to the increased carrier concentration
and Hall mobility. These results can also be explained by the effects of Y,O3; doping. In the case of
lower Y-dopant content, the Y-dopant is activated electrically because carrier generation is dominated
mainly by substitution of Y3* ions into the Zn?* sites [17,22]. However, the resistivity increased with
increasing RF power from 50 to 110 W. These data suggest that the easily-ionized yttrium is bonded
with O?~ due to the low standard-electrode potential of the Y-dopant. This is believed to be due to the
reduction of the carrier concentration by inhibiting oxygen vacancy formation [8,9].
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Figure 2. Electrical properties (resistivity, carrier concentration, and Hall mobility) of the yttrium-doped
a-IGZO (a-IGZO:Y) films as a function of radio frequency (RF) power (0-110 W).

Figure 3 shows the transmittance of the a-IGZO:Y thin films as a function of the RF power
(0-110 W) applied to the Y,Os3 target. The a-IGZO:Y films had a relatively high transmittance compared
to that of the undoped, IGZO thin films. In the case of the a-IGZO:Y films, there was no significant
change in the transmittance when the RF power was increased from 50 to 110 W. The Y3* ions combine
preferentially with oxygen anions, which can lead to the suppression of oxygen vacancies. The oxygen
vacancies act as shallow defect levels between the band gaps [17,22]. As a result, the number of oxygen
vacancies can be decreased by increasing the RF power.
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To observe changes in the films over time, they were exposed to room temperature, ambient air
for 10 days. Figure 4 shows the electrical properties of the a-IGZO:Y thin films, as a function of the RF
power (0-110 W), after being exposed to ambient air for 10 days (240 h). Consequently, the resistivity
of the undoped a-IGZO thin films had a relatively higher change than that of the a-IGZO:Y thin films
after 10 days (240 h), which is attributed to decrease in carrier concentration. This means that a-IGZO
showed still low electrical stability due to exhaustion of oxygen vacancy. This suggests that the change
over time, observed in all the thin films, is dominated by suppressed oxygen vacancies due to the
higher Y-O bond enthalpy (719.6 k] /mol). As a result, it was confirmed that a-IGZO:Y films prepared
at 70 W showed high electrical stability, and there was no significant change after 10 days. Therefore,
we selected a-IGZO:Y film as a channel layer for TFTs.
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Figure 3. Transmittance of the a-IGZO:Y thin films as a function of the RF power (0-110 W). Inset
shows transmittance of thin films at 550 nm.
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Figure 4. Electrical properties of the a-IGZO:Y films as a function of the RF power (0-110 W) at the

initial state and after exposure to ambient air for 10 days (240 h): (a) resistivity; (b) carrier concentration;

and (c) Hall mobility.
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Figure 5 shows the Ips—Vpg performance characteristics of the a-IGZO and a-IGZO:Y TFTs. The
Ips—Vps performance characteristics were measured by varying the source-drain voltage in the range
of 040 V while applying the Vg voltage in nine steps from 0 to 40 V with a 5-V sweep. In the case
of the a-IGZO TFTs, the maximum current in the Ipg—Vpg curve was 9.99 x 10~4 A. Compared to
the a-IGZO TFTs, the a-IGZO:Y TFTs displayed a lower maximum (9.03 x 10~ A). This is likely due
to the decreased carrier concentration caused by inhibiting the formation of oxygen vacancies due
to the strengthening of the Y-O bond enthalpy (719.6 kJ /mol). In the case of a-IGZO TFT thin films,
the amplification is enhanced, and the saturation was not stable at high voltage with a rapid increase
of current. On the other hand, in the case of a-IGZO:Y TFT thin films, they showed stable saturation
and amplification that indicating that the Ips—Vpg characteristics are stable.

(@) o0.0012 0V(b) 0.0012 .
—5V — 5y
0.0010 —10V 00010 Y
— 15V — 15V
—20v ——20v
0.0008 | T 00008 2
—_ —30V,, —30v
= 0.0006 | —35VZ, 0.0006 —3%V
2 —40Ve — 40V
0.0004 | 0.0004
0.0002 | 0.0002
0.0000 0.0000
0 1I0 2.0 3I0 40 0 10 20 30 40
Vo [V] Vo [V]

Figure 5. Ipg—Vpg characteristics of the (a) a-IGZO and (b) a-IGZO:Y TFTs.

Figure 6 shows the transfer characteristics of the a-IGZO and a-IGZO:Y TFTs. In the case of the
Ips—V G characteristics, the drain current was measured at varying Vg (—40 to +40 V), while the Vg
in the saturation region was fixed. Saturation mobility (sat) can be calculated using the following
Equation (1):

In = <C0XWHsat
D= == _=at

5T )(VG —Vin)?, Vb > Vb_sat — ViH (1)

where W, is the channel width, L is channel length, and Cpx is the capacitance per unit area of the
gate-insulating layer. The value of the threshold voltage (V1r1), mobility (usat), subthreshold slope (SS)
and the current flicker ratio (I, /0ff ratio) were obtained from the data in Table 1. The characteristic
parameters of the device are summarized in Table 1.
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Figure 6. Ipg—V g transfer characteristics of the a-IGZO and a-IGZO:Y TFTs.
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Table 1. Summary of the extracted electrical characteristics of amorphous In—-Ga—Zn—0 (a-IGZO)
and yttrium -doped a-IGZO (a-IGZO:Y).

Sample Vru (V) Usat (cm? V—1871) Ionsoss Ratio SS (V/dec)
a-IGZO TFT 3.2 10.5 5 x 10° 0.43
a-IGZO:Y TFT 4.6 9.8 9 x 107 0.52

VrH was obtained in the linear region of the transfer-characteristic curve and was found to
increase due to the yttrium doping. As is evident from the shift of V1 from 3.2 to 4.6 V and the
increased SS value, the characteristics of the device seem to have been degraded. However, the current
flicker ratio, which is important for the switching characteristics of the device, is increased with doping.
The mobility is reduced, which is thought to be due to scattering from increased impurities in the film
caused by the addition of the Y-dopant [13]. Moreover, the SS value increased to a small extent, which
is a result of trapping in the thin film due to the addition of impurities. It is possible to confirm the
influence of the Y-dopant on carrier suppression, and the result would indicate that the carrier amount
and the trap density of the thin film can be controlled by the level of dopant.

Figure 7 shows the transfer characteristics of the TFTs with a positive gate bias stress. For the
positive gate bias stress measurements, the TFTs were held at 10 V and changes in Ip—V g curves
measured at intervals of 10 min over the course of 1 h. Generally, the device is damaged by the
deterioration of the gate oxide film due to the stress caused by the continuous voltage, or current,
applied to the gate. In addition, a trapping phenomenon occurs due to the accumulation of charges
between the channel layers and an injection phenomenon occurs in the insulating film so that the
threshold voltage is increased by a decreased number of electrons [23]. As a result of the stress analysis
in Figure 7b, it was confirmed that the threshold voltage shift of the a-IGZO:Y device is small and the
stability at the off current is excellent. Therefore, the stable threshold voltage of the a-IGZO:Y device is
considered to be influenced by the oxygen vacancy suppression caused by the yttrium doping. This
observation suggests that the a-IGZO:Y thin films may be better suited for use in TFT devices when
compared to a pure a-IGZO thin film.
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Figure 7. Transfer characteristics of (a) a-IGZO and (b) a-IGZO:Y TFTs with positive gate bias stress.

4. Conclusions

To improve the driving stability of a-IGZO TFTs, yttrium-doped a-IGZO thin films were prepared
by magnetron co-sputtering. The electrical characteristics of the a-IGZO:Y thin film revealed an
optimal condition for carrier concentration and Hall mobility when the RF power applied to the Y03
target was 70 W. The increased values of V1 and SS, with yttrium doping, indicate that the device
characteristics have been slightly degraded. In addition, the current flicker ratio, which is important
for the switching characteristics of the device, was shown to increase. The yttrium-doped devices
demonstrated a more stable driving mode as exhibited in the positive gate bias stress test. Through
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yttrium doping of a-IGZO, we were able to achieve the goal of carrier control and electrical stability.
It is believed that this work will provide an opportunity to make a stable TFT device.

Author Contributions: Conceptualization, S.K., D.K. and ].B.; Investigation, S.C. and M.Y.; Data Curation, S.K.;
Writing—Review & Editing, S.C. and S.K; Visualization, S.C., S.K., D.K. and J.B.; Supervision, J.B., and P.S.

Funding: This research was funded by the National Research Foundation of Korea (NRF) grant by the Korea
government (MSIT) (No. 2017R1A2B4012144) and the National Research Foundation of Korea (NRF) grant by the
Korea government (MSIP) (No. 2012R1A5A1048294 and No. 2018R1A5A1025594).

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

References

1. Tanabe, T.; Amano, S.; Miyake, H.; Suzuki, A.; Komatsu, R.; Koyama, J.; Yamazaki, S.; Okazaki, K.;
Katayama, M.; Matsukizono, H.; et al. New threshold voltage compensation pixel circuits in 13.5-inch
Quad full high definition OLED display of crystalline In-Ga—Zn-Oxide FETs. In Proceedings of the SID
Symposium Digest, Boston, MA, USA, 3-8 June 2012; pp. 88-91.

2. Yamaguchi, H.; Ueda, T.; Miura, K.; Saito, N.; Nakano, S.; Sakano, T.; Sugi, K.; Amemiya, I.; Hiramatsu, M.;
Ishida, A. 74.2L: Late-news paper: 11.7-inch flexible AMOLED display driven by a-IGZO TFTs on plastic
substrate. In Proceedings of the SID Symposium Digest, Boston, MA, USA, 3-8 June 2012; Volume 43,
pp- 1002-1005.

3.  Wallace, RM.,; Wilk, G. Alternative gate dielectrics for microelectronics. MRS Bull. 2002, 27, 186-191.
[CrossRef]

4. Yabuta, H.; Sano, M.; Abe, K.; Aiba, T.; Den, T.; Kumomi, H.; Nomura, K.; Kamiya, T.; Hosono, H.
High-mobility thin-film transistor with amorphous InGaZnOy channel fabricated by room temperature
RE-magnetron sputtering. Appl. Phys. Lett. 2006, 89, 112123. [CrossRef]

5. Kronemeijer, A.J.; Katsouras, I.; Poodt, P.; Akkerman, H.; Van Breemen, A.; Gelinck, G. Flexible a-IGZO
TFT technology: New developments applications. In Proceedings of the 25th International Workshop on
Active-Matrix Flatpanel Displays and Devices (AM-FPD), Kyoto, Japan, 3-6 July 2018.

6. Wong, M.; Wang, S.; Feng, Z.; Bebiche, S.; Lu, L.; Kwok, H.S. Elevated-metal metal-oxide (EMMO) thin-film
transistor with fluorinated indium-gallium-zinc oxide channel. In Proceedings of the International Display
Manufacturing Conference (IDMC), Taipei, Taiwan, 20-22 September 2017.

7. Seok, M.J.; Choi, M.H.; Mativenga, M.; Geng, D.; Kim, D.Y.; Jang, J. A full-swing a-IGZO TFT-based inverter
with a top-gate-bias-induced depletion load. IEEE Electron Device Lett. 2011, 32, 1089-1091. [CrossRef]

8. Nomura, K; Ohta, H.; Takagi, A.; Kamiya, T.; Hirano, M.; Hosono, H. Room-temperature fabrication of
transparent flexible thin-film transistors using amorphous oxide semiconductors. Nature 2004, 432, 488-492.
[CrossRef] [PubMed]

9.  Hosono, H. Recent progress in transparent oxide semiconductors: Materials and device application.
Thin Solid Films 2007, 515, 6000-6014. [CrossRef]

10. Deng, Y,; Li, Z.; Huang, G.; Zhang, Q.; Luo, C.; Yao, J.; Qin, S. Research on the effects of different
doping methods on top-Gate IGZO TFT. In Proceedings of the SID Symposium Digest of Technical Papers,
Guangzhou, China, 10-12 April 2018; pp. 79-81.

11. Kim, SJ.; Kim, H.T.; Choi, ].H.; Chung, HK.; Cho, S.M. Fabrication of amorphous IGZO thin film transistor
using self-aligned imprint lithography with a sacrificial layer. Appl. Phys. Lett. 2018, 112, 152104. [CrossRef]

12.  Kim, H-R;; Yang, ].-H.; Kim, G.-H.; Yoon, S.-M. Flexible thin-film transistors with vertical In-Ga-Zn-O channel
using atomic-layer deposition on poly(ethylene naphthalate) substrate. In Proceedings of the 25th International
Workshop on Active-Matrix Flatpanel Displays and Devices (AM-FPD), Kyoto, Japan, 3-6 July 2018.

13. Duan, M.; Zhang, S.; Ren, C.; Zhang, L.; Shao, Y. Impact of sputtering power of source/drain metal on
performances of a-IGZO thin film transistors fabricated using wet back-channel-etch process. In Proceedings
of the 2017 IEEE International Conference on Electron Devices and Solid-State Circuits (EDSSC), Hsinchu,
Taiwan, 18-20 October 2017.

14. Chen, Y.-C,; Chang, T.-C; Li, H.-W.,; Chen, S.-C.; Chung, W.-E; Chen, Y.-H.; Tai, Y.-H.; Tseng, T.-Y.; Yeh, F.-S.
Surface states related the bias stability of amorphous In-Ga—Zn-O thin film transistors under different
ambient gasses. Thin Solid Films 2011, 520, 1432-1436. [CrossRef]


http://dx.doi.org/10.1557/mrs2002.70
http://dx.doi.org/10.1063/1.2353811
http://dx.doi.org/10.1109/LED.2011.2157798
http://dx.doi.org/10.1038/nature03090
http://www.ncbi.nlm.nih.gov/pubmed/15565150
http://dx.doi.org/10.1016/j.tsf.2006.12.125
http://dx.doi.org/10.1063/1.5022714
http://dx.doi.org/10.1016/j.tsf.2011.09.033

Coatings 2019, 9, 44 80f8

15.

16.

17.

18.

19.

20.

21.

22.

23.

Lee, K.-H.; Jung, J.S.; Son, K.S.; Park, J.S.; Kim, T.S.; Choi, R.; Jeong, ] K.; Kwon, J.-Y.; Koo, B.; Lee, S. The effect
of moisture on the photon-enhanced negative bias thermal instability in Ga-In-Zn-O thin film transistors.
Appl. Phys. Lett. 2009, 95, 232106. [CrossRef]

Su, B.-Y.; Chu, S.-Y;; Juang, Y.-D.; Liu, S.-Y. Effects of Mg doping on the gate bias and thermal stability of
solution-processed InGaZnO thin-film transistors. J. Alloy. Compd. 2013, 580, 10-14. [CrossRef]

Kwon, Y,; Li, Y.; Heo, Y.W.; Jones, M.; Holloway, P.H.; Norton, D.P; Park, Z.V.; Li, S. Enhancement-mode
thin-film field-effect transistor using phosphorus-doped (Zn,Mg)O channel. Appl. Phys. Lett. 2004, 84,
2685-2687. [CrossRef]

Kamiya, T.; Nomura, K.; Hosono, H. Origins of high mobility and low operation voltage of amorphous
oxide TFTs: Electronic structure, electron transport, defects and doping. J. Disp. Technol. 2009, 5, 468—483.
[CrossRef]

Minami, T.; Yamamoto, T.; Miyata, T. Highly transparent and conductive rare earth-doped ZnO thin films
prepared by magnetron sputtering. Thin Solid Films 2000, 366, 63—68. [CrossRef]

Jeong, ] K; Jeong, ] H.; Yang, H.W.; Park, ].-S.; Mo, Y.-G.; Kim, H.D. High performance thin film transistors
with cosputtered amorphous indium gallium zinc oxide channel. Appl. Phys. Lett. 2007, 91, 113505.
[CrossRef]

Nomura, K.; Kamiya, T.; Ohta, H.; Ueda, K.; Hirano, M.; Hosono, H. Carrier transport in transparent oxide
semiconductor with intrinsic structural randomness probed using single-crystalline InGaO3(ZnO)s films.
Appl. Phys. Lett. 2004, 85, 1993-1995. [CrossRef]

Kim, G.H.; Jeong, W.H.; Du Ahn, B.; Shin, H.S.; Kim, H.J.; Kim, H.J.; Ryu, M.-K,; Park, K.-B.; Seon, ].-B.;
Lee, S.-Y. Investigation of the effects of Mg incorporation into InZnO for high-performance and high-stability
solution-processed thin film transistors. Appl. Phys. Lett. 2010, 96, 163506. [CrossRef]

Powell, M.J.; van Berkel, C.; Franklin, A.R.; Deane, S.C.; Milne, W.I. Defect pool in amorphous-silicon
thin-film transistors. Phys. Rev. B 1992, 45, 4160-4170. [CrossRef]

® © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1063/1.3272015
http://dx.doi.org/10.1016/j.jallcom.2013.05.077
http://dx.doi.org/10.1063/1.1695437
http://dx.doi.org/10.1109/JDT.2009.2034559
http://dx.doi.org/10.1016/S0040-6090(00)00731-8
http://dx.doi.org/10.1063/1.2783961
http://dx.doi.org/10.1063/1.1788897
http://dx.doi.org/10.1063/1.3413939
http://dx.doi.org/10.1103/PhysRevB.45.4160
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Experimental Details 
	Results and Discussion 
	Conclusions 
	References

