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1. INTRODUCTION

Amorphous InGaZnO (IGZO) thin-film transistors (TFTs)

have been attracted attention as an active channel layer of

switching in devices for various electronic applications,[1]

including active-matrix organic light emitting diodes

(AMOLEDs),[2] liquid crystal displays (LCDs),[3] and gas

sensors.[4] Compared to traditional amorphous/poly Si thin

film transistors, amorphous oxide semiconductors (AOSs)

that are based on TFTs have great advantages of low

temperature and a low cost process as well as superior

electron mobility and transparency.[5] For mass production to

be practical, higher device performance and better device

instability still remain as some of the most critical issues.

Recently, many efforts have been made to seek alternative

oxide semiconductors that have better device performance

and stability under bias and illumination stress.[6-8] In addition,

a low temperature process, which is below 200°C, is necessary

for flexible and wearable electronics.[9] Several researchers

have studied the improvement of device characteristics

through the modifications of device structure, materials, and

process parameters.[10-12] It has been shown that improvements

to stability and performance of amorphous IGZO (a-IGZO)

TFTs can be achieved by post-treatment on an insulator or

channel layer. Examples of the post-treatment include

thermal annealing, plasma treatment, and ultra-violet (UV)

irradiation.[13-15] However, thermal annealing requires a high

annealing temperature, usually over 300°C,[16] and the

plasma treatment generates the plasma damage in order to

obtain a reasonable device performance. Also, even if UV-

ozone photo-annealing (below 300°C) and the combined

plasma-microwave irradiation for solution-processed a-IGZO

TFTs improve the device characteristics at the comparatively

low temperature, the process time is long and the mobility is

low compared with another process.[17,18] In addition,

nitrogen high-pressure annealing and ion irradiation seem to

have a better electrical mobility.[19,20] However, high pressure

annealing has the relatively worse reliability and ion irradiation

has the limitation of sample size due to the small ion beam

area. These problems can restrict the compatibility and

application to the flexible substrates and large size applications.

In this study, we focused to the improvement of device

performance based on the simple process at low temperature

with the minimized physical stress. The combination of UV
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irradiation and low temperature annealing were attempted on

the channel-layer, so the device performance and instability

of IGZO TFTs could be improved. The origins of electrical

properties were interpreted with respect to the electronic

structure of the band edge states below the conduction band

and band alignment, which are correlated to the chemical

bonding states. 

A combination of UV irradiation and low temperature

annealing at 150°C shows better device characteristics with

smaller oxygen deficient states, smaller band edge states,

and a smaller energy difference between the conduction

band minimum and Fermi level.

2. EXPERIMENTAL PROCEDURE

Heavily doped P-type Si wafers with thermally grown

SiO2 (100 nm) were used as substrates onto which the

InGaZnO (IGZO) films (50 nm) were deposited without the

substrate being heating and by a radio frequency (RF)

sputtering system. The RF power and process pressure were

set to 75 W and 10 mTorr, respectively; these conditions

were controlled by an Ar gas flow rate of 50 sccm. The

active area was defined by using a shadow mask during the

IGZO film deposition. After that, the indium-tinoxide (ITO)

source/drain (S/D) electrode was deposited and re-patterned

by using the shadow masks. The fabricated TFTs had a

bottom-gate structure, and they also had a channel width

(W) and length (L) of 1000 μm and 150 μm, respectively.

Finally, the IGZO TFTs were post-processed with UV

irradiation, 350°C annealing, and the sequential combination

of UV irradiation and 150°C annealing. The schematic

process diagram of prepared samples was systematically

summarized in Fig. 1. Annealing of IGZO TFTs was performed

by using a furnace system for 1 hour and, UV irradiation of

the surface was carried out inside the chamber for

15 minutes. The wavelength and power density of the UV

lamp are 254 nm and 17.69 mW/cm
2, respectively. In order

to analyze the physical and electronic properties of IGZO

films, separated IGZO films were prepared on identical

substrates and underwent the same post-treatments as the

TFT devices. The physical crystallization and its orientation

of the post-treated IGZO films were observed by x-ray

diffraction (XRD), and the surface morphology was investigated

by using atomic force microscopy (AFM). Chemical bonding

states were examined by x-ray photoelectron spectroscopy

(XPS), which used a monochromatic AlKα source and had a

pass energy of 20 eV. The electronic structures, which were

related to changes in the band alignment and band edge

states that below the conduction band, were investigated

by XPS and spectroscopic ellipsometry (SE). The SE

measurements were performed by a rotating analyzer system

with an auto retarder, in the energy range of from 0.75 eV to

5.0 eV and with incident angles of 65°, 70°, and 75°.

3. RESULTS AND DISCUSSION

Figure 2(a) and (b) show the representative transfer

characteristics and the device parameters of the IGZO TFTs,

depending on the post-treatment conditions. The field effect

mobility (μFE) and threshold voltage (Vth) in the saturation

region (VDS = 10.1 V) were calculated by fitting a straight

line to the plot of the square root of IDS versus VGS, according

to the expression for a field effect transistor.[21] The subthreshold

gate swing (S.S) value was extracted from the linear part of

the log(IDS) vs. VGS plot.[22] The device performance had a

significant improvement because of the post-treatment,

which was a combination of UV irradiation and low

temperature annealing at 150°C. Low temperature annealing

of IGZO TFTs that were conducted after UV irradiation,

enhanced the μFE and S.S values from 5.15 cm2/Vs and

0.98 V/decade of the only UV irradiation to 10.14 cm2/Vs

and 0.49 V/decade, which are slightly higher than results

obtained with a high temperature annealing at 350°C. These

results imply that the combination of post-treatments are a

critical factor in changing the charge-trapped defects in the

IGZO semiconductor and/or interface (IGZO/SiO2) because

the field effect mobility and S.S values were improved.[14]

The bias instability of the TFTs with IGZO active layers was

also investigated as a function of post-treatment under

negative bias stress (NBS) condition and with a gate bias of

−20 V after 10, 100, 1000, and 3600 seconds, as shown in

Figure 2(c). As the stress time increased, the transfer

Fig. 1. Schematic process diagram of prepared samples. After the
fabrication of TFTs, post process was divided by three different treat-
ment ; only UV treatment (UV), only annealing at 350°C (350°C),
and the sequential combination treatment of UV and annealing at
150°C (UV&150°C).
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characteristics of IGZO TFTs systematically shifted in the

negative direction, without any significant changes of mobility

or S.S values. The annealing treatment at 350°C showed a

smaller shift in the negative direction of the transfer curves

as compared with the only UV irradiation. The combination

treatments of low temperature annealing after UV irradiation

improved the ΔVth from −3.88 V to −0.45 V, as compared

to the only UV irradiation, which had a corresponded value

with the only annealing treatment at 350°C. This smaller

shift of ΔVth suggested that the charge trapping can be

dominant in the bias instability of oxide TFTs, depending on

the post-treatments, and the origin of charge trapping can be

related to the oxygen-related traps in the channel and at the

insulator/channel interface. 

The physical structure and surface morphology were

dependent on the post-treatments and were investigated by

using XRD and AFM measurements, as shown in Fig. 3(a)

and (b). Regardless of post-treatments, IGZO films had an

amorphous structure. Also, surface morphology and roughness

showed a small variation of RMS roughness with 0.349 nm,

0.324 nm, and 0.335 nm for the only UV irradiation, the

only annealing at 350°C, and combination treatment of UV

irradiation and low temperature annealing at 150°C,

respectively. These changes mean that the physical structure

and surface morphology have very little connection with the

electrical device performance. In order to interpret the

enhancement of device performance and instability in IGZO

TFTs, more discussion is provided below and shows the

electronic structure, including the chemical bonding states,

band edge states that were below the conduction band, and

band alignment.

The chemical bonding states were observed by XPS, and

the changes in oxygen 1s spectra are shown in Fig. 4. XPS

spectra were measured after eliminating the surface con-

tamination of adsorbed OH, C, H2O, etc., and minimizing

the preferred sputtering of light elements by using Ne ions at

500 eV. In order to differentiate the detailed oxygen states,

the oxygen 1s spectra were carefully deconvoluted into three

peaks (O1, O2, O3), by using a Gaussian fitting with the

subtraction of a Shirley type background.[23] The low binding

energy peak (O1) at 530.8 eV is related to the O2− ions on the

metal oxides, indicating In-Ga-Zn-O bonds. The higher

binding energy peak (O3) around 532.8 eV is usually

attributed to chemisorbed or dissociated oxygen or OH

species on the surface of the IGZO films. The peak at the

medium binding energy (O2) is associated with OH bonding

Fig. 2. (a) Transfer characteristics, (b) TFTs parameters including field effect mobility (µFE), and threshold voltage (Vth), subthreshold gate
swing (S.S.), and (c) shift of threshold voltage under negative bias stress (−20 V) of IGZO TFTs with the W = 1000 µm and L = 150 µm as a
function of post-treatments.

Fig. 3. (a) Physical structure, (b) surface roughness of IGZO films as
a function of post-treatments.
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species and with O2− ions that are in the oxygen-deficient In-

Ga-Zn-O bonding matrix. The density of oxygen deficient

bonding state (O2) decreased in the combination treatment

of UV irradiation and low temperature annealing at 150°C as

compared to the only UV irradiation and the only annealing

at 350°C. This result implied that the IGZO films that were

post-treated by combination of UV irradiation and low

temperature annealing have smaller oxygen-related defects

that were generated by the oxygen deficient bonding state

(O2), possibly causing the improvement of the device

performance and instability.[24]

In order to understand the electronic structure of the IGZO

films, including the bandgap and band edge states that were

below the conduction band, complex dielectric function

(ε = ε1 + iε2) were obtained by using SE as a function of post-

treatment conditions in Fig. 5. These spectra were extractedFig. 4. Deconvoluted XPS O 1s core level as a function of post-treat-
ments.

Fig. 5. (a) Imaginary dielectric function (ε2) spectra, (b) band edge states over a narrow energy region and below the conduction band edge, (c)
qualitative comparison between the relative ratio of O2/Ototal from XPS O 1s spectra and defect absorption of band edge states from SE measure-
ment, and (d) schematic energy level diagram that reflect the relative energy position of the Fermi level (EF) and band edge states (D1, D2, D3),
with respect to the conduction band minimum as a function of post-treatments.  
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from a simple four-phase model, which consisted of a

substrate, SiO2 layer, IGZO overlayer, and an ambient layer.

Figure 5(a) shows the imaginary dielectric function (ε2)

spectra. The optical bandgap of IGZO films has a similar

value ~3.40 eV, regardless of post-treatments. These interesting

findings are changes of the unoccupied absorption states

within the bandgap, which are getting to smaller in the

combination treatments. Gaussian fits that used three

different peaks (D1, D2, D3) were performed in the region

of the band edge states; the detailed examination are shown

in Fig. 5(b). According to the post-treatments, the evolution

of the band edge states proved that the shallow band edge

states (D1), (D2) decreased, and, especially, the deep band

edge state (D3) drastically decreased, which is totally related

to the decrease of oxygen deficient chemical bonding states

as shown in the XPS results of Fig. 4.[25,26] Figure 5(c) shows

the relative density of oxygen deficient bonding states (O2)

and the defect absorption of band edge states (D1, D2, D3)

as a function of post-treatments. The combination of UV

irradiation and low temperature annealing at 150°C induced

the decrease of oxygen deficient state and band edge states

that are within the bandgap, which are strongly related to the

enhancement of mobility and improvement of instability

because of the lower possibility of charge trapping being in

the unoccupied states that are within the bandgap.[24] Figures

5(d) show the schematic energy diagram for IGZO films by

using SE and XPS as a function of post-treatment conditions.

The corresponding values of the band-gap (Eg), the valence

band offset (ΔEVB) between the valence band maximum and

Fermi level (EF), the conduction band offset (ΔECB) between

the EF and conduction band minimum, and relative energy

levels of defect states from conduction band minimum

(ΔED1, ΔED2, ΔED3) as a function of post-treatments are

summarized in Table 1. Even if the defect densities are

changed as shown in Fig. 5(a) and (b), there was no energy

shift of ΔED1, ΔED2, or ΔED3 regardless of the post-

treatments. On the other hand, the conduction band offset

(ΔECB) was changed from 0.49 eV to 0.31 eV, depending on

the post-treatments. The combination of UV irradiation

using 254 nm (4.88 eV) and low temperature annealing at

150°C is enough energy because of higher energy than the

bandgap, to excite the electron and to reduce the activation

energy of electron from the occupied states, which causes

the smaller unoccupied band edge states and smaller oxygen

deficient states. Thus, these evolutions enhance the electrical

conductivity due to the less electron trapping, in addition to

the smaller transition energy from Fermi level to unoccupied

conduction band. 

4. CONCLUSIONS

In summary, the device performance and bias stability of

InGaZnO (IGZO) thin film transistors (TFTs) were investigated

as a function of post-treatment with the combination of ultra-

violet (UV) irradiation and low temperature annealing at

150°C. Compared to other post-treatment conditions, such as

UV irradiation or high temperature annealing at 350°C, low

temperature annealing of IGZO TFTs after UV irradiation

enhanced the device performance and bias stability with

field effect mobility of 10.14 cm2/Vs, a subthreshold slope

(S.S) of 0.49 V/decade, a threshold voltage (Vth) of 2.05 V,

and ΔVth below 0.5 V. The improvement of TFTs properties

without structural transformation is explained by the changes

of the oxygen coordination and electronic structures,

including oxygen bonding states, the band edge states, and

band alignment of Fermi level within the bandgap. Under

the post-treatment which was the combination of UV

irradiation and low temperature annealing, IGZO film had

smaller oxygen deficient bonding states and band edge

states. In addition, the Fermi level (EF) is relocated to the

shallow energy level from the conduction band minimum,

which induced the smaller conduction band offset (∆ECB).

These evolutions of the electronic structure are strongly

correlated to the device characteristics of IGZO TFTs,

depending on the UV irradiation and thermal annealing.

From our results, the combinatorial post-treatments at low

temperature can be applied, with a simple modification of

previous process, to the flexible and wearable electronics
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