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Description



 

Abstract—We prepared thin-film transistors (TFTs) in which 

all the layers were fabricated using simple chemical solution-

processed, vacuum-free routes, followed by thermal annealing at 

400°C. A ruthenium oxide (RuO2) film prepared via low-

temperature processing was used for both gate and source/drain 

electrodes. Amorphous lanthanum–zirconium oxide (LZO) and 

zirconium–indium–zinc oxide (ZIZO) films were used as the gate 

insulator and channel layer, respectively, which enabled the 

fabrication of a TFT with the desired  performance at a 

sufficiently low temperature. The ultraviolet-ozone (UV/O3) 

treatment was adopted to channel layer in order to facilitate 

precursor decomposition and condensation processes. As a result, 

the obtained “on/off” ratio, sub-threshold swing voltage, and 

channel mobility were approximately 6 × 105, 250 mV/decade, 

and 5.80 cm2V−1s−1, respectively. This result contributes to the 

development of sustainable “completely printed inorganic 

electronics.” 

 
Index Terms—chemical solution deposition, oxide thin-film 

transistors, transparent amorphous oxide semiconductors, low-

temperature process, Zr-In–Zn–O 

 

I. INTRODUCTION 

Oxide thin-film transistors (TFTs) are attractive building 

blocks for future display and optoelectronic devices because 

of their high-performance characteristics [1-3]. However, 

these TFTs are typically fabricated using cost-intensive 

vacuum-processing methods. Therefore, a lot of researches 

have been conducted on the development of chemical solution 

deposition (CSD) process as a true alternative for the 

fabrication of oxide TFTs [4-6], because CSD can offer many 

advantages such as low fabrication cost, high throughput, 

large area deposition, direct patternability, and direct printing 

of devices. However, these devices are only partially 

fabricated using CSD processes, with the other components 

still produced using conventional vacuum-based processes. 

Therefore, for further cost reduction, it is critical to utilize an 
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all-CSD process in which all of the device components are 

fabricated from solution-derived materials. 

In this study, by using low-temperature solution-

processable RuO2 electrodes for both gate and source/drain 

electrodes, an all-solution-processed high-performance all-

oxide TFT was produced for the first time at a maximum 

process temperature of 400°C. Moreover the combination of a 

solution-processed La–Zr–O (LZO) gate insulator and a Zr–

In–Zn–O (ZIZO) channel layer was contrived to have both 

high performance and good stability. For further improvement 

of TFT performance, ultraviolet-ozone (UV/O3) treatment was 

adopted. 

II. EXPERIMENTAL 

To prepare the TFT, a RuO2 bottom gate (120 nm) was first 

formed using a CSD process. A RuO2 precursor solution (0.35 

mol/kg) was prepared by dissolving ruthenium (III) 

nitrosylnitrate [Ru(NO)(NO3)3, Sigma-Aldrich] in 2-

methoxyethanol at room temperature (RT). The RuO2 solution 

was spin-coated on a SiO2/Si substrate, dried at 250°C for 5 

min, and then annealed at 400°C for 20 min on a hotplate in 

ambient air. Second, an amorphous LZO gate insulator (120 

nm) was deposited via CSD and annealed at 400°C for 10 min 

in O2 using a rapid thermal annealing (RTA) system. In the 

third step, a ZIZO channel layer was formed using a CSD 

process and annealed at 400°C for 20 min in O2 using the 

RTA system. Details of the LZO and RuO2 precursor solutions 

and fabrication processes have been reported previously [7]. 

Fourth, a RuO2 film was fabricated via CSD and dried at 

200°C. Subsequently, the source and drain electrodes were 

patterned using photolithography and a dry-etching process. In 

the fifth step, the channel area was also patterned using 

photolithography and a dry-etching process, followed by post-

annealing at 400°C in O2 for 10 min. The fabricated TFT had a 

bottom gate electrode and a bottom contact structure with the 

channel length and width of 5 μm and 60 μm, respectively. 

For comparison, the devices fabricated with UV/O3 treatment 

for channel layers were evaluated. The details of UV/O3 

treatment condition can be found elsewhere [8]. 

III. RESULTS AND DISCUSSION 

The thermal behavior of the precursor solutions was 

investigated using thermal gravimetric-differential thermal 

analysis (TG-DTA), as shown in Fig. 1. The first endothermic 

reactions involved large weight losses at temperatures below 

110°C, which were due to solvent evaporation at low 
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temperature. Exothermic peaks at approximately 250°C 

(RuO2), 345°C (LZO), and 335°C (ZIZO), which 

corresponded to abrupt weight losses in the TG analysis, 

were observed. These losses were interpreted as the 

decomposition of the metal precursors to the corresponding 

metal oxides. Above these temperatures, no significant 

thermal reactions were observed, indicating that the thermal 

decomposition was complete, and that the organic groups 

were removed. Therefore, the annealing temperature was set 

at 400°C for the fabrication of all of the thin-film layers. 

The crystallization of RuO2 film was initiated at 250°C and 

facilitated with an increase in temperature. Consistently, the 

resistivity decreased at higher annealing temperatures. In 

particular, the 400°C-annealed film exhibited a resistivity of 

4.3 × 10
−4 

Ωcm, which was several times lower than that of the 

reported solution-processed conductive oxides [9] and 

comparable to that of vacuum-processed films [10], even at a 

far lower processing temperature. In addition, atomic force 

microscopy (AFM) and scanning electron microscopy (SEM) 

images revealed a smooth (root mean square (RMS) ~ 2.8 nm) 

and homogeneous surface with particle sizes of 40–45 nm, 

which were suitable for insulator growth. 

The LZO film exhibited a low leakage current density of < 

10
−6

 A/cm
−2

 at an electric field of 1.0 MV/cm, which is 

consistent with the high film density of 4.65 g/cm
−3

, as 

estimated from a X-ray reflectometry analysis. The dielectric 

constant and dielectric loss of the LZO film were determined 

to be 28 and 0.22%, respectively, at a frequency of 10 kHz. 

These values are typical for La-based high-κ dielectrics [11]. 

The large capacitance of the LZO was expected in order to 

realize a high-performance TFT. In addition, an atomically flat 

surface (RMS ~ 0.47 nm) was obtained with no crystalline 

grains, which is a key characteristic of the amorphous state. 

A cross-sectional, high-resolution transition electron 

microscopy (TEM) image of the ZIZO/LZO interface region 

revealed a smooth and uniform interface without voids, 

signifying that there was no evident element interdiffusion 

(Fig. 2(a)). Halo patterns observed in the electron diffraction 

patterns of the ZIZO and LZO layers indicated the amorphous 

state of both layers (Fig. 2(b)), which was consistent with the 

XRD analysis (not shown here). Furthermore, the secondary 

ion mass spectrometry (SIMS) analysis across the ZIZO/LZO 

interface region confirmed the occurrence of negligible 

elemental interdiffusion (Fig. 2(c)). Here, the 
131

OIn
-
 ion was 

selected to eliminate the effect of sputtering and knocking 

during the SIMS measurement of In
+
 ions. Consequently, a 

good MOS interface property was realized in the solution-

derived ZIZO/LZO system. Note that the low-temperature 

process may have also minimized the interdiffusion. 

In order to evaluate the electronic structure of the ZIZO 

films, X-ray photoelectron spectroscopy (XPS) was conducted. 

The O1s spectrum was deconvoluted into three peaks. These 

peaks, centered at 529.9, 531.5, and 532.7 eV, corresponded to 

lattice oxygen atoms in a fully coordinated environment, 

oxygen atoms in the vicinity of an oxygen vacancy, and 

hydroxide related group, respectively [6]. According to a 

semiquantitative analysis of each component for ZIZO films, 

as the annealing temperature increases from 200 to 500
o
C, the 

fraction of both oxide lattices increases from 0.12 to 0.9, 

whereas the fraction of hydroxide decreases from 0.88 to 0.1 

(Fig. 3). In particular, the fraction of oxide lattice with oxygen 

vacancies (VO
..
) rises from 0.11 to 0.35. . On the other hand, in 

order to effectively decompose organic- and hydrogen-based 

contents and to enhance the condensation in the ZIZO gel 

films, an UV/O3 treatment was carried out [8]. As a result, 

lower decomposition temperature and higher conversion rate 

from precursor to oxide were observed (Fig. 3). Particularly, 

both oxide lattices are present when the film is annealed at 
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Fig. 3. Semiquantitative analysis of each component of XPS O1s 

spectra for ZIZO films annealed at different temperatures. 

  
    

  , and M-OH denote the oxide lattice without oxygen 

vacancy, with oxygen vacancy, and hydroxide, respectively. 

 
 

 
Fig. 1. TG-DTA analysis of the precursor solutions. 

 
Fig. 2. (a) High-resolution TEM image, (b) electron diffraction 

patterns, and (c) SIMS profile across the ZIZO/LZO interface region. 

(a) 

(b) 

(c) 



200
o
C, and their fraction (~ 0.9) gets saturated when the films 

are annealed at below 300
o
C. It was also observed that the 

quantity of carbon-related impurities determined from the in-

depth XPS profile of the C1s spectrum was very small in the 

bulk. Such a high-quality channel layer is of great importance 

for the production of high-performance and high-stability 

TFTs. 

The transfer curves (Fig. 4(a)) clearly shows a typical n-

channel characteristic with low operation voltage (less than 

±10 V) because of the large capacitance of the LZO insulator. 

The obtained “on/off” current ratio, sub-threshold swing (SS) 

factor, and electron mobility (μ) were 2 × 10
5
, 164 mV/decade, 

and 0.66 cm
2
V

−1
s

−1
, respectively. The small SS-factor may 

originate from the large capacitance of the insulator and the 

good ZIZO/LZO interface properties, as anticipated from the 

TEM analysis. The transfer characteristics were greatly 

improved with the UV/O3 treatment (Fig. 4(b)). It has been 

reported that the mobility of metal oxide semiconductor films 

depends on the carrier concentration because the carrier 

transport is governed by the percolation conduction over the 

trap states and is enhanced at higher carrier concentrations by 

filling the trap states [1]. In addition, the conduction band 

minimum in metal oxide semiconductors should be primarily 

composed of dispersed vacant s-states with short interaction 

distances for efficient carrier transport, which can be achieved 

in ionic oxide but not obviously in hydroxide [12]. Therefore, 

in both cases, the observed degradation of the device 

performance with a decrease in the annealing temperature is 

related to the decrease of both oxide lattices and the increase 

of hydroxide. The improved mobility in the UV/O3 treated 

TFTs can be attributed to the higher conversion to the oxide 

from the precursor. The performance parameters of TFTs with 

and without UV/O3 treatment as a function of annealing 

temperature are summarized in Table 1. 

 
TABLE 1. ELECTRICAL PERFORMANCE PARAMETERS OF 
TRANSISTORS FABRICATED WITH AND WITHOUT UV/O3 

TREATMENT AS A FUNCTION OF THE ANNEALING TEMPERATURE 

Annealing 

temp. (oC) 

μ (cm2V-1s-1) SS (V/dec.) VT (V) 

Non-

UV 

UV Non-

UV 

UV Non-

UV 

UV 

250 0.0012 0.091 1.10 0.45 2.22 1.67 
300 0.20 1.36 0.39 0.16 1.88 1.60 

400 0.66 5.80 0.16 0.25 2.66 1.62 

500 2.24 7.31 0.18 0.12 2.01 1.98 

IV. CONCLUSION 

A TFT was fabricated using only CSD processing for all of 

the layers, including the gate electrode, gate insulator, channel, 

and source–drain electrodes, at a maximum process 

temperature of 400°C. The UV/O3 treatment is effective for 

lowering process temperature and enhancing the performance 

through decomposition of organic- and hydrogen-based 

elements. This result is promising for the complete printing of 

sophisticated inorganic TFTs that could enable ultra-low-cost 

and low-energy devices.  
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Fig. 4. Transfer characteristics of the TFT: (a) fabricated at 400oC 

without UV/O3 treatment, and (b) with UV/O3 treatment at 

different annealing temperatures. 
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