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Abstract 

In2O3 thin-film transistors (TFTs) were fabricated on 

various dielectrics [SiO2 and self-assembled 

nanodielectrics (SANDs)] by spin-coating a In2O3 film 

precursor solution consisting of methoxyethanol (solvent), 

ethanolamine (EAA, base), and InCl3 as the In3+ source. 

Importantly, an optimized film microstructure characterized 

by the high-mobility In2O3 004 phase, is obtained only 

within a well-defined base: In3+ molar ratio. The greatest 

electron mobilities of ~ 44 cm2, for EAA:In3+ molar ratio = 

10, V−1s−1, is measured for n+-Si/SAND/In2O3/Au devices. 

This result combined with the high Ion:Ioff ratios of ~ 106 

and very low operating voltages (< 5 V) is encouraging for 

high-speed applications. 
 (2 line spacing) 

 

1. Introduction 

(1 line spacing) 

Metal oxides electrical properties span from those 

of a conductor, to semiconductor, to insulator, which 

are all the essential materials for thin-film transistor 

(TFT) fabrication.1 Particularly, the attraction of 

semiconductor metal oxides includes high carrier 

mobility, wide band gap, broad visible window, 

tunable doping, and room-temperature film growth. 

So far, metal oxide-based TFTs have not been 

optimized and the majority of these devices have been 

fabricated by vapor phase deposition of the various 

TFT layers.2 However, low-pressure deposition 

processes are expensive to scale for large area film 

production. Solution–processed methods such as 

printing, spin-coating, dip-coating, spraying, 

electrophoresis, and roll coating are promising 

alternatives for inexpensive device assembly.3 

Previous metal oxide-based TFTs fabricated by 

solution deposition exhibit poor performance, in 

particular low field-effect mobilities, low Ion:Ioff ratios, 

and large operating voltages, any of which preclude 

practical applications. 

 

 

 

Fig. 1.  Fabrication of In2O3 TFTs on Si-SAND 

(16.5 nm) substrates. L (channel length) = 

50/100µm, W (channel width) = 5 mm. 
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( iii ) Thermal annealing, ( iv ) Au source and drain contact deposition
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Among metal oxides, In2O3 is a promising n-type 

semiconductor having a wide band gap 

(3.6 ~ 3.75 eV), high single crystals mobility 

(160 cm2/V s), and considerable transparency in the 

visible region (> 90%).4 However, high-quality In2O3 

films are currently prepared by vacuum-based 

processes.5 For example, we recently reported high-

performance In2O3-based transparent TFTs fabricable 

at room temperature by ion assisted deposition (IAD.6 

These hybrid TFTs combine the excellent 

semiconducting properties of In2O3 with a nanoscopic, 

robust, high-k organic self-assembled nanodielectric 

(SAND) as the channel and gate dielectric layer, 

respectively.7 These TFTs exhibit field-effect 

mobilities up to 160 cm2 V−1 s−1, Ion:Ioff = 104, sub-

threshold gate voltage swings of 240 mV/decade and 

operate at ~ 2.0 V.6 These results demonstrate the 

excellent compatibility between In2O3 and SAND, as 

also demonstrated for other semiconductors.8 We 

report here the first demonstration of solution-

processed In2O3 TFTs using SiO2 and SAND on the 

dielectric layer (Figure 1.). Importantly, we 

demonstrate that the use of an optimized base: In3+ 

molar ratio for the In2O3 film precursor formulation 

solution is critical to enable film growth with the 

desired high-mobility In2O3 phase. 
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EAA:In3+ Diel. 
µ  

(cm2/Vs)a 
Ion/Ioff 

Vth 

(V) 

S 

(V/dec) 

0.0 SiO2 0.04 104 42.6 23.8 

1.0 SiO2 0.01 104 44.3 16.0 

5.0 SiO2 0.05 104 54.2 15.3 

7.5 SiO2 0.12 104 38.0 11.4 

10.0 SiO2 0.70 106 29.8 5.7 

12.5 SiO2 0.35 105 44.6 11.2 

15.0 SiO2 0.22 103 36.5 26.0 

0.0 SAND 5.50 104 2.6 0.4 

10.0 SAND 43.7 106 2.2 0.3 
a
 Calculated in saturation from the equation µ = (2ISDL)/[WCOX(VSG-

V )2]

2. Experimental  
(1 line spacing) 

The In2O3 film precursor solutions consist of 

methoxyethanol (solvent), ethanolamine (EAA, base), 

and InCl3 as the In3+ source. After various trial 

experiments, the optimal InCl3 concentration was 

found to be 0.1 M (see Table S1), then the EAA:In3+ 

molar ratio was varied from 0.0 to 15. These 

homogenous solutions were stirred for 30 min at room 

temperature, then spin-coated onto SiO2(300 nm)- and 

SAND(~ 16.5 nm)-coated n++-Si substrates (TFT gate 

contact) at a speed of 1500 rpm. Next, the spin-coated 

films were annealed at 400 °C for 10 min in a tubular 

furnace in air. Note that this temperature was selected 

by monitoring In2O3 film crystallinity by X-ray 

diffraction (XRD) for samples annealed from 200 to 

400 °C (Figure 2A). After annealing, the films were 

cooled to room temperature and the spin-coating 

process was repeated for × times (× = 1 – 4, 

depending on the formulation) until the In2O3 film 

thickness maximizing TFT performance (~30 nm, 

vide infra) is achieved. The TFT structure was 

completed by Au thermal evaporation with a shadow 

mask to define the source/ drain contacts (Figure. 1). 

 

Fig. 2. A. XRD patterns of In2O3 films on Si/SiO2 

substrates annealed at different temperatures 

(EAA:In
3+

 = 10). B. XRD patterns of In2O3 films on 

Si/SiO2 (black lines) and Si/SAND (red lines) 

substrates fabricated from precursor solutions 

with the indicated molar ratio and annealed at 

400 °C. AFM images of In2O3 films on Si/SiO2 

EAA:In
3+

 (C) and Si/SAND (D). 
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3. Results and discussion 
 

The critical effect of the base concentration used in 

these semiconductor formulations is clear by 

analyzing the XRD scans of In2O3 films shown in 

Figure 2B. Independently of the underlying gate 

dielectric, the annealed films deposited from 

formulations without base are textured but they 

exhibit the presence of the low carrier mobility 222 

In2O3 phase.9 However, as the EAA:In+3 molar ratio is 

increased (from 0 to 7.5-10) the 222 In2O3 phase 

disappears and the high carrier mobility 004 In2O3 

phase becomes predominant (Figure 2A). Interesting, 

when the base concentration is increased further (from 

10 to 15), the corresponding films become less 

crystalline. It will be shown that the presence of either 

phase strongly influences TFT performance. 

 

TABLE 1. In2O3-based TFT performance in 

ambient with SiO2 and SAND as gate dielectrics 

for semiconducting films spin-coated from 

formulations with different EAA:In
3+

 molar ratios.  

The morphology and grain size of the In2O3 thin 

films were examined by contact-mode atomic force 

microscopy (AFM). Figures 2C and D show that the 

In2O3 films fabricated on the different dielectrics are 

compact, dense, uniform, and fairly smooth (RMS 

roughness ~ 3 nm on SiO2 and ~ 6 nm on SAND). 

These films are even smoother than those fabricated 

using the vapor-phase IAD process,6 probably because 

of the intrinsic efficacy of the spin-coating technique 

to deposit smooth films. 

After TFT fabrication, the devices were tested in 

ambient conditions. Typical TFT device I-V plots are 

shown in Figure 3 and Table 1 collects transistor 

performance parameters as a function of the EAA:In3+ 

molar ratio and dielectric type. Interestingly, as the 

base:In+3 molar ratio is increased, the field-effect 

mobility tracks the microstructural changes observed 

by XRD. In all cases the greatest mobility is observed 

for an EAA:In3+ molar ratio of 10. For these 

formulations, the In2O3 devices on SiO2 dielctrics 

exhibit reasonable field-effect responses (µ = 0.7 

cm2/Vs; Ion/Ioff = 106) for operating voltages in the 0.0 

- 100 V range. Note that there is an optimal In2O3 film 

thickness (~30 nm) where both the carrier mobility 
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and Ion/Ioff are large (Table S2). Since the Ioff should 

increase proportionally with the semiconductor 

thickness, we are currently investigating the origin of 

this unusual results. Inorganic–organic hybrid TFTs 

fabricated on SAND dielectrics exhibit excellent I–V 

characteristics (Figures 3C, D) with classical/crisp 

pinch-off linear curves and saturation at very low 

operating voltages (0.0 – 4.0 V). Analysis of the n+-

Si/SAND/In2O3/Au device electrical response reveals 

large saturation-regime field-effect mobilities of up to 

43.7 cm2 V−1s−1, encouraging for high-speed 

applications at very low operating voltages (0.0 – 4.0 

V).  

 

Fig. 2. Transfer (A, C) and output (B, D) plots for In2O3-

based TFTs with the following structures: A and B. Si/SiO2 

(300nm)/In2O3 (30nm)/Au (50nm), L=100µm, W= 1000µm. 

C and D. Si/SAND (16.5 nm)/In2O3 (30nm)/Au (50nm), 

L=100µm, W= 500µm. 
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 All the present solution-processed In2O3 

films are colorless and highly optically transparent, 

with films deposited on glass substrates exhibiting an 

average transparency of ~95% in the visible region 

(Fig S1-A). The optical band gap (3.65 eV) was 

estimated from the optical transmittance spectrum by 

extrapolating the linear part of the plot of (αhυ)2 

versus hυ to α = 0 (Fig S1-B). Transmittance and band 

gap results suggest that In2O3 thin films are ideal n-

channel materials for transparent TFT fabrication. 
 

 

4. Summary 

(1 line spacing) 
In conclusion, these results demonstrate that hybrid 

integration of a solution-processed indium-oxide 

semiconductor film with a nanoscopic organic 

dielectric enable TFTs with performance unobtainable 

via conventional approaches. We believe that such 

hybrid TFT strategy is applicable to other metal 

oxide-based TFT structures (bottom-contact, top-gate) 

as well as to other transparent metal oxide 

semiconductors and organic dielectric combinations. 

The key enabler of this process is an In2O3 film 

precursor formulation comprising an In+3 salt and a 

base in a proper molar ratio enabling an optimized 

semiconductor film microstructure. 
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