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Polycrystalline indium oxide-based thin film transistors (In2O3 TFTs) have attracted 
considerable attention because of high field effect mobility (μFE ~100 cm2 V−1 s−1). 
However, In2O3 TFTs exhibit poor reliability owing to the adsorption and/or desorption 
of gas molecules at the grain boundaries. The incorporation of Zn suppresses the 
crystallization of In2O3. Herein, we systematically studied the effect of Zn incorporation 
into In2O3 TFTs. The crystallization of In2O3 was suppressed when the Zn concentration 
ranging from 25% to 68%. Amorphous IZO TFTs with 25% Zn exhibited the highest 
μFE of 41 cm2 V−1 s−1 and excellent reliability. In contrast, polycrystalline IZO TFTs 
showed a low μFE <12 cm2 V−1 s−1 due to the formation of grain boundaries, and poor 
reliability after positive gate bias, mostly due to electron trapping at the 
polycrystalline/insulator interface. These results render an approach to realize In2O3 
TFTs that show reasonably high μFE and excellent reliability. 
 
1. Introduction 
Transparent oxide semiconductor (TOS)-based thin-film transistors (TFTs), represented 
by amorphous InGaZnO4 TFTs, have been widely employed as the backplanes of active-
matrix flat-panel displays of OLED and LCD TVs. Since amorphous InGaZnO4 TFTs 
exhibit one or two orders of magnitude higher field-effect mobility (μFE ~10 cm2 V−1 
s−1) than that of previously used amorphous Si TFTs (μFE ~0.5 cm2 V−1 s−1), 4 K 
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definition displays (3840 × 2160 pixels) with a frequency of 240 Hz single scan have 
been realized.1-4) In the future, with an increasing demand for higher-definition display 
(8 K with 7680 × 4320 pixels) with high frequencies (480 Hz, single scan), TOS-TFTs 
that exhibit higher μFE (>50 cm2 V−1 s−1) would be required for pixel-driving circuits.5-8) 
 
Among numerous reports on TOS-TFTs showing higher μFE (> 50 cm2 V−1 s−1), In2O3 
TFTs are considered a promising candidate because of their high field effect mobility 
(μFE ~100 cm2 V−1 s−1).9) However, they suffer from the following serious drawbacks: 
In2O3 TFTs typically show poor reliability, especially after applying negative gate bias 
stress, owing to the adsorption and/or desorption of gas molecules at the grain 
boundaries.9, 10) Notably, Zn incorporation suppresses the crystallization of In2O3.11-19) 
Since In2O3(ZnO)m (m = integer) has a complicated layered structure, the crystallization 
does not occur at lower temperatures (<500 °C). Recently, Liang et al. reported that the 
40% Zn-incorporated In2O3 TFT exhibited a high μFE of 53.6 cm2 V−1 s−1.20) However, 
the effects of Zn addition to In2O3 on the electrical properties and crystal structure of 
IZO films, as well as on the TFT characteristics and reliability, have not been 
thoroughly understood. 
 
Herein, we systematically studied the effect of Zn incorporation into In2O3 TFTs using 
Zn-incorporated In2O3 (IZO) thin films with various Zn concentrations. We found that 
the crystallization of In2O3 was suppressed when the Zn concentration was >25%, 
whereas the crystallization of ZnO occurred when the Zn concentration was >68%. 

When the Zn concentration was in the range of 25%–68%, an amorphous structure was 

stabilized. Amorphous IZO TFTs with 25% Zn exhibited the highest μFE of 41 cm2 V−1 
s−1 and excellent reliability. In contrast, polycrystalline IZO TFTs showed a low μFE <12 
cm2 V−1 s−1 due to the formation of grain boundaries, and poor reliability after positive 
gate bias, mostly due to electron trapping at the polycrystalline/insulator interface. This 
study provides an approach to optimize In2O3 TFTs for high μFE and excellent reliability, 
to be useful for the further development of oxide TFTs. 
 
2. Experimental methods 
2.1 Fabrication of IZO films 
IZO (10 wt.% ZnO added In2O3, In2O3(ZnO)m, m = 1, 2, 9, and 20) targets were 
prepared using a conventional ceramic process for the deposition of IZO films. IZO 
films were fabricated on alkali-free glass substrates (EAGLE XG®, Corning®) by pulsed 
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laser deposition (PLD) method at 25 °C using a KrF excimer laser (~1.5 J cm−2 pulse−1, 
10 Hz). The oxygen pressure was maintained at 3 Pa during deposition. Typical 
deposition rate was ~0.3 nm s−1. The Zn concentrations [atomic ratio of Zn/(Zn + In) 
×100 (%)] of the resultant IZO films, measured using inductively coupled plasma mass 
spectrometry (ICP-MS), were 9%, 25%, 41%, 68%, and 86%. The Zn concentration in 
the resulting films differed slightly from the PLD target concentration. After the 
deposition, the IZO films were annealed at 300 °C in air for 0.5 h. 
 
2.2 Structure analyses and electron transport properties measurements of the IZO 
films 
The thickness, density, and surface roughness of the resultant IZO films were measured 
using X-ray reflectivity (XRR, ATX-G, Rigaku Co.). The X-ray diffraction (XRD) 
patterns of the resulting films were also measured. The incident angle of the X-rays was 
fixed at 0.5° while 2θ scanning was performed. The electrical resistivity (ρ), carrier 
concentration (n), and Hall mobility (μHall) of the IZO thin films were measured by a DC 
four-probe method with a van der Pauw electrode configuration. Thermopower (S) was 
measured using a conventional steady-state method at 25 °C with laboratory-made 
equipment.21, 22) 
 
2.3 Fabrication of IZO-TFTs 
We fabricated IZO TFTs (bottom-gate & top-contact type) on alkaline-free glass 
substrates (EAGLE XG®, Corning®) as shown in Fig. 1. First, a 100-nm-thick AlOx 
film, which served as the gate insulator, was deposited by atomic layer deposition 
(ALD) onto an indium tin oxide (ITO)-coated glass substrate. The dielectric permittivity 
(εr) and capacitance (Ci) of the AlOx films were 8 and 70 nF cm−2, respectively. 
Subsequently, 5-nm-thick IZO films with different Zn concentrations were deposited 
onto the AlOx films via PLD under an oxygen pressure of 3 Pa at room temperature 
through a stencil mask. The multilayer film was annealed at 300 °C in ambient air for 
0.5 h. Subsequently, 100-nm-thick ITO source/drain electrodes were deposited by PLD 
through a stencil mask. The channel length (L) and width (W) were 200 and 400 µm, 
respectively. Subsequently, a ~50-nm-thick Y2O3 film was deposited via PLD through a 
stencil mask without substrate heating. This film served as a passivation layer. Finally, 
the TFT was thermally annealed at 300 °C in air for 0.5 h. 
 
3. Results and discussion 
First, we fabricated the IZO films and analyzed their microstructures. Figure 2 shows the 
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XRD patterns of the (a) as-deposited and (b) 300 °C annealed In2O3 (Zn = 0%) and IZO 
(Zn = 9%, 25%, 41%, 68%, and 86%) films. The In2O3 films, both with and without 
annealing, exhibited intense diffraction peaks, indicating their polycrystalline nature. This 
is consistent with previous reports in which In2O3 was crystallized at room temperature.9) 
For Zn concentrations ranging from 25%−68%, a halo is seen at approximately 2θ ~ 34°, 
whereas the diffraction peaks appear for Zn concentrations of 9% and 86%. Thus, a 
moderate amount of Zn in IZO films (Zn%: 25%−68%) stabilizes the amorphous structure 
even after annealing at 300 °C. The IZO films with low (<25%) and high Zn (>68%) 
concentrations crystallized even at room temperature. In Zn-rich area, it should be noticed 
that though 68% Zn is higher than reported Zn ratio of polycrystalline IZO (50 at.%),23) 
films still stay in amorphous phase. In In-rich area, the Zn ratio of 9% Zn films is well 
consistent with the reported crystallization of Zn ratio <16 wt.%.24, 25) 
 
Subsequently, we measured the electron transport properties of the IZO films. Figure 3 
shows changes in carrier concentration (n), Hall mobility (µHall), and thermopower (S) 
as a function of Zn concentration in the IZO films. The n of as-deposited IZO films is 
high (~1020 cm−3 level) and decreases slightly with increasing Zn concentration, 
whereas it decreases significantly to ~1017 cm−3 after annealing (Fig. 3a). This could be 
attributed to the significant suppression of oxygen deficiencies after annealing the 
amorphous IZO films. By contrast, the n values of the polycrystalline In2O3 and IZO 
film with 9% Zn do not suppress significantly as in the amorphous films. This 
phenomenon is probably owing to the adsorption of O2− or OH− ions at the grain 
boundaries that results in the formation of a double Schottky barrier instead of filling 
deficiencies.26) The µHall of the as-deposited films is in the range of 20−30 cm2 V−1 s−1 
regardless of the Zn concentration (Fig. 3b). After annealing at 300 °C, In2O3 film 
exhibited the highest µHall of 22.2 cm2 V−1 s−1. In general, the grain boundaries have a 
relatively small impact on µHall in transparent conductive oxides with high n (>1019 
cm−3) because electrons can tunnel through the narrow width.27) The µHall of the 9% Zn 
film significantly decreased (6.4 cm2 V−1 s−1) after annealing due to grain boundary 
scattering caused by the reduction in n. 
The µHall of the amorphous IZO films decreases gradually after annealing with 
increasing Zn concentration. To understand the carrier electron transport properties in 
detail, we measured the S of the IZO films (Fig. 3c) because S does not strongly reflect 
the film quality compared to electron mobility. The |S| of the as-deposited films is small 
(<50 μV K−1) because of the high carrier concentration of the films. After the annealing, 
the |S| of the amorphous IZO films increases (> 400 μV K−1), reflecting their low carrier 
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concentration (~1017 cm−3).  
 
S reflects the energy differential of the density of states at the Fermi energy, providing 
an estimate of carrier effective mass (m*) of materials.28-30) m* is inversely proportional 
to the mobility (μ = e·τ·m*−1, where e and τ are the electron charge and carrier relaxation 
time, respectively). Figure 4a shows the S values of the IZO films as a function of n 
(log scale) at room temperature. From the relationship between n and S, the carrier 
effective mass (m*) can be determined using the following equations:28) 

𝑛𝑛3D = 4𝜋𝜋 �2.𝑚𝑚d
∗ .𝑘𝑘B.𝑇𝑇
ℎ2

�
1.5
𝐹𝐹r(𝜉𝜉), (Equation 1) 

𝐹𝐹r(𝜉𝜉) = ∫ 𝑥𝑥𝑟𝑟

1+𝑒𝑒𝑥𝑥−𝜉𝜉
𝑑𝑑𝑑𝑑∞

0 , (Equation 2) 

𝑆𝑆 = −𝑘𝑘B
𝑒𝑒
�(𝑟𝑟+2)𝐹𝐹r+1(𝜉𝜉)

(𝑟𝑟+1)𝐹𝐹r(𝜉𝜉)
 –  𝜉𝜉�, (Equation 3) 

where md*, kB, T, h, ξ, Fr, and r are the density of states effective mass (md* = spin 
degeneracy × m* = 2m*), Boltzmann constant, absolute temperature, Planck constant, 
chemical potential, Fermi integral, and scattering parameter of the relaxation time, 
respectively. The observed S is well-fitted with the calculated m0 line in the range of 
0.1−0.2 m0, regardless of the Zn concentration. For IZO with a Zn concentration of 
86%, S is lower than the corresponded simulating value of the linear correlation part, 
which may be due to the presence of nonparabolic-shaped tail states just below the 
bottom of the original conduction band (Fig. 4b). The obtained m* of 0.1−0.2 m0 from 
amorphous IZO is similar to the reported m* of IZO (md*/2 = 0.15 m0), indicating that 
m* does not depend on Zn concentration.31, 32) This indicates that the Zn 4s orbital-
dominated conduction band bottom exhibits a band dispersion similar to that of the In 
5s orbital-dominated conduction band bottom.33) Thus, the addition of Zn to the In2O3 
films stabilizes the amorphous structure without introducing carrier scattering centers. 
 
Subsequently, we fabricated IZO TFTs with various Zn concentrations and measured 
their transistor characteristics. Figure 5a shows the typical transfer characteristics of the 
IZO TFTs at room temperature. In all the cases, the channel length (L), width (W), and 
applied drain voltage (Vd) were 200 μm, 400 μm, and +5 V, respectively. The 
subthreshold swing was extracted from Vg, which required an increase in the drain 
current (Id) from 1 to 10 pA. The threshold voltage was extracted from the slope and the 
x-axis intercept of the Id

1/2−Vg curve. The threshold voltage (Vth) gradually shifted 
positively (i.e., towards zero) with increasing Zn concentration (Table 1). This is owing 
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to the reduction in n in the IZO channel. Figure S1 shows output characteristics of the 
IZO TFTs with 25% Zn. The Id showed clear pinch-off behavior and current saturation 
characteristics at higher Vd.The field effect mobility (µFE) was calculated from the 
saturation transfer characteristics at a drain voltage (Vd) of 5 V using the following 
equation.34) 

𝜇𝜇𝐹𝐹𝐹𝐹 =
�
𝑑𝑑�𝐼𝐼𝑑𝑑

𝑑𝑑𝑉𝑉𝑔𝑔
� �

2

�𝑊𝑊 2𝐿𝐿� �𝐶𝐶𝑖𝑖
,  (Equation 4) 

 
where Ci is the oxide capacitance of the gate insulator (70 nF cm−2 for AlOx). Fig. 5b 
shows µFE as a function of Zn concentration. The µFE values were extracted from Figure 
S2. The µFE value of amorphous IZO TFTs is higher than that of TFT with a 
polycrystalline IZO channel layer due to the suppression of grain boundary scattering. 
The monotonically decrease of µFE is consistent with the trend of µHall (Fig. 3b). The 
best TFT performance was obtained for the amorphous IZO TFT with Zn concentration 
of 25% (μFE = 41 cm2 V−1 s−1, subthreshold swing = 0.10 V dec.−1, Vth = −1.9 V). 
 
Finally, the effects of Zn on the bias stability of IZO TFTs were investigated. We 
measured the transfer characteristics after applying a positive gate bias stress (PBS; Vg = 
+20 V) and a negative gate bias stress (NBS; Vg = −20 V) to the TFTs for up to 5000 s at 
room temperature in air. Figure S3 summarize the changes in the transfer characteristics 
of the IZO TFTs in PBS and NBS. The Vth shifts of the IZO TFTs with various Zn 
concentrations after PBS and NBS treatments for 5000 s are summarized in Figs. 6a and 
6b. Although the effective stress voltage (Vg–Vth) applied to the channel is not constant 
due to the Vth of IZO TFTs varying with Zn concentration (Table S1), no correlation was 
observed between the effective stress voltage and Vth shift. In the NBS test (Fig. 6b), the 
Vth shifts after NBS was negligible, at less than 0.3 V, regardless of the Zn concentration 
or crystallinity. In general, absorbed/desorbed gas molecules on the channel surface play 
an important role in determining the Vth instability in oxide TFTs.35-37) In the present IZO 
TFT, it is considered that the Y2O3 passivation layer formed on the IZO channel 
suppresses gas absorption/desorption, thereby reducing the Vth shift after NBS. By 
contrast, after PBS test (Fig. 6a), the polycrystalline IZO TFTs with Zn concentration of 
9% and 86% showed a large positive Vth shift after the PBS (ΔVth = 0.74 V for 9% Zn, 
ΔVth = 0.8 V for 86% Zn). The Vth shift caused by PBS is considered to be mainly due to 
electron trapping in the channel/insulator. The polycrystalline/insulator interface is 
believed to have a higher density of interface states compared to the amorphous/insulator 
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interface. In the case of IGZO, the surface roughness of polycrystalline IGZO annealed 
at 600 °C is over 4 nm, which is significantly greater than that of amorphous IGZO (<0.4 
nm).38) Degradation of IGZO TFT characteristics (decreased mobility and increased 
subthreshold swing) has also been reported in polycrystalline IGZO TFTs.39) These results 
suggest an increase in the trap state density at the polycrystalline/insulator interface. In 
our case, the root mean square (RMS) surface roughness of IZO films measured by AFM 
is 0.36 nm for amorphous IZO (25% Zn) and 0.80 nm (9% Zn) and 0.90 nm (86% Zn) for 
polycrystalline IZO (Fig. S4). Therefore, we consider that electron trapping at the 
polycrystalline/insulator interface is the main cause of PBS degradation. Thus, it was 
found that the addition of Zn to In2O3 is effective in both enhancing mobility and 
improving reliability. 

 
4. Conclusions 
We studied the carrier electron transport properties of IZO films and IZO TFTs with 
various Zn concentrations (0%, 9%, 25%, 41%, 68%, and 86%). The IZO films with Zn 
concentrations ranging from 25% to 68% maintained an amorphous phase even after 
annealing at 300 °C in air, whereas those with Zn concentrations of 9% and 86% 
underwent crystallization. The carrier effective mass of the IZO films ranged between 0.1 
and 0.2 m0, regardless of the Zn concentration, confirming that both the In 5s and Zn 4s 
orbitals contributed to the carrier transport. Amorphous IZO TFTs with 25% Zn exhibited 
the highest μFE of 41 cm2 V−1 s−1 and excellent reliability. In contrast, polycrystalline IZO 
TFTs showed a low μFE <12 cm2 V−1 s−1 due to the formation of grain boundaries, and 
poor reliability after positive gate bias, mostly due to electron trapping at the 
polycrystalline/insulator interface. Our study reports a method to synthesize In2O3 TFTs 
that show reasonably high μFE and excellent reliability and are useful for the advancement 
of oxide TFT. 
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Table 1. Threshold voltage and subthreshold swing of the IZO TFTs with varied Zn 
concentration. 

 
 
  

Zn concentration (%) Threshold voltage (V) Subthreshold swing (V/decade) 

0 –11.0 N.D. 

9 –8.6 0.25 

25 –1.9 0.10 

41 –4.7 0.13 

68 –3.0 0.26 

86 +0.3 0.11 
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Figure 1. Schematic structure of bottom-gate & top-contact type a-In-Zn-O TFT. 
(a) cross-sectional schematic image (b) top view of IZO TFT. The width and length of 
channel layer was 400 μm and 200 μm respectively. The capacitance Ci of the 100-nm 
AlOx gate insulator was 70 nF cm−2. A 5-nm IZO channel was covered with a Y2O3 
passivation layer to prevent gas adsorption/desorption. 
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Figure 2. Grazing incident XRD patterns of the resultant IZO films. (a) as-
deposited and (b) 300 °C annealed. The incident angle of the X-rays was 0.5°. In2O3 
film with and without annealing shows intense diffraction peaks. For Zn concentration 
of 25%−68%, a halo is seen at 2θ ~34°, whereas diffraction peaks appear for Zn 
concentration of 9% and 86% (triangles), especially after annealing. IZO films with a 
Zn concentration of 25%−68% maintain an amorphous structure even after annealing at 
300 °C. 
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Figure 3. Electron transport properties of the IZO films at room temperature. (a) 
Carrier concentration (n), (b) Hall mobility (µHall), and thermopower (S) of the IZO 
films. After annealing, the n of amorphous IZO films with a Zn concentration of 
25%−86% show low n (<1018 cm−3). The amorphous IZO films showed higher µHall than 
that of polycrystalline films except for the In2O3 film (Zn 0%).  
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Figure 4. Thermopower of the IZO films with various Zn concentrations. S–log n 
plot of the IZO films with various Zn concentrations. The m* of IZO films, except for 
the Zn concentration of 86%, lies between 0.1 and 0.2 m0. (b) Schematic energy 
dependence of the density of states around the conduction band minimum of the IZO 
films. Since the S reflects the energy derivative of the density of states at the Fermi 
energy (EF), the observable S of the semiconductor with a non-parabolic tail state is 
smaller than that of the parabolic density of states. 
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Figure 5. Typical transistor characteristics of the IZO TFTs at room temperature. 
(a) Transfer characteristics (L = 200 µm, W = 400 µm, Vd = +5 V). The threshold 
voltage gradually shifts positively (i.e., towards zero) with increasing Zn concentration. 
(b) Field effect mobility (µFE) of the IZO TFTs. Amorphous IZO TFTs show higher µFE 
than that of polycrystalline In2O3 and IZO TFTs. The highest μFE is ~41 cm2 V−1 s−1, 
which is obtained for 25% Zn. 
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Figure 6. Reliability of the IZO TFTs with different Zn concentrations. (a,b) Vth 
shifts of the IZO TFTs with various Zn concentrations after the application of (a) PBS 
and (b) NBS for 5000 s. The IZO TFT with 25% Zn shows a small Vth shift after the 
application of the PBS and NBS. Amorphous IZO (Zn concentration 25%−86%) TFTs 
show small Vth shifts after PBS compared to that of polycrystalline IZO TFTs. 
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Figure S1. Output characteristics of the IZO TFTs with 25% Zn. The Id showed clear 
pinch-off behavior and current saturation characteristics at higher Vd. 
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Figure S2. Relationship between µFE and Vg in IZO TFTs with various Zn 
concentrations. 
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Figure S3. Change in the transfer characteristics of the IZO TFTs under PBS (Vg =+20 
V) and NBS (Vg =−20 V). The surface of the channel was passivated using a Y2O3 thin 
film. 
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Figure S4. AFM images of IZO films with (a) 9% Zn, (b) 25% Zn, and (c) 86% Zn after 
annealing at 300 °C. The root mean square (RMS) values of amorphous IZO (25% Zn) 
is samaller than that of polycrystalline IZO films (9% and 86% Zn). 
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Table S1. Bias voltage of PBS and NBS applying on channel layer with varied Zn 
concentration. 

 
 

Zn concentration (%) Vg–Vth (PBS) (V) Vg–Vth (NBS) (V) 

9 28.6 –11.4 

25 21.9 –18.1 

41 24.7 –15.3 

68 23.0 –17.0 

86 19.7 –20.3 


