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ABSTRACT: We developed a method to improve the
electrical performance and stability of passivated amorphous
In−Ga−Zn−O thin-film transistors by simultaneous ultraviolet
and thermal (SUT) treatment. SUT treatment was carried out
on fully fabricated thin-film transistors, including deposited
source/drain and passivation layers. Ultraviolet (UV) irradi-
ation disassociated weak and diatomic chemical bonds and
generated defects, and simultaneous thermal annealing
rearranged the defects. The SUT treatment promoted
densification and condensation of the channel layer by
decreasing the concentration of oxygen-vacancy-related defects
and increasing the concentration of metal−oxide bonds. The SUT-treated devices exhibited improved electrical properties
compared to nontreated devices: field-effect mobility increased from 5.46 to 13.36 V·s, sub-threshold swing decreased from 0.49
to 0.32 V/decade, and threshold voltage shift (for positive bias temperature stress) was reduced from 5.1 to 1.9 V.
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1. INTRODUCTION

Amorphous oxide semiconductors (AOS) are promising
candidates for the active layer in display backplanes because
of their outstanding electrical performance compared to
conventional amorphous Si thin-film transistors (TFTs).1,2

AOS exhibit a number of advantages, including high mobility,
high transparency in the visible range, low processing
temperature, and excellent uniformity.3−5 However, reliability
issues, such as illumination instability, bias/current, and
temperature stress plague common AOS.6−8 These problems,
which lead to deterioration in electrical performance, including
negative or positive threshold voltage (Vth) shift, an increase or
decrease in off-current, and occurrence of the hump effect, have
limited the practical use of AOS, despite their advantages.7,8

In particular, one of the most decisive challenges to adopt
AOS in display backplanes is its vulnerability to light
illumination.9 The reasons for device degradation arising from
illumination are as follows: (i) photogeneration of electron−
hole pairs owing to band-to-band excitation,9,10 which is
generally known as the photoconductivity in semiconductors,
and (ii) phototransition of neutral oxygen vacancies to ionized
oxygen vacancies.11,12 These phenomena are intensified when
the illumination wavelength is shorter, that is, under ultraviolet
(UV) irradiation.
Although UV irradiation is known to degrade electrical

performance, it may also enhance the electrical performance of
solution-processed and vacuum-processed TFTs in the absence
of a passivation layer. Kim et al. reported that appropriate UV

energy readily decomposed oxygen and created ozone when
oxygen was combined with disassembled monomolecular
oxygen in the atmosphere.13 Ozone, attached to the backside
channel under non-passivated TFTs, induced a decrease in off-
current as a result of reduced oxygen vacancies on the back
surface.13,14 In addition, Park et al. reported that UV irradiation
promoted effective densification of AOS by decreasing the
incidence of related impurities and promoting low processing
temperatures during channel fabrication of solution-processed
TFTs.15 Thus, via photochemical activation, UV irradiation
may be used to densify and condense solution-based films
through cleavage of alkoxy groups.15,16 Most efforts related to
UV treatment of TFTs have focused on channel formation to
lower the processing temperature in solution-processed devices
and/or back-surface post-fabrication treatment of the active
layer in the absence of a passivation layer to remove oxygen-
vacancy-related defects.13,14 However, UV treatment during
device fabrication inevitably requires reconstruction of the
overall process and equipment.
To solve this problem, we developed a method for

simultaneous UV and thermal (SUT) treatment of TFTs.
The method is compatible with fab-out TFTs and, thus, with
conventional backplane fabrication processes. The device
performance of vacuum-processed devices with a passivation
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layer has been reported to degrade under UV irradiation, based
on the two mechanisms described above.17,18 However, SUT
treatment improves the electrical performance and stability of
TFTs. To enhance the electrical properties of devices, various
post-deposition treatments have been evaluated: high-pressure
annealing,19 plasma treatment,20 and vacuum annealing.21

These post-deposition treatments are costly and more
complicated than SUT treatment because of the use of vacuum
and pressure. SUT treatment is a low-cost, simple fabrication
process that can be used to improve electrical performance with
high stability. In addition, the SUT treatment step can be
carried out as the last step of the fabrication process, thereby
avoiding interference with existing fabrication steps. Thus, SUT
post-deposition treatment can easily be implemented in
industry. We evaluated the role of separate thermal annealing
and UV treatments and then examined the effects of SUT
treatment. To identify the role of each type of treatment, we
evaluated five different sample treatments: (i) non-treated, (ii)
SUT, (iii) thermal-only, (iv) UV irradiation followed by
thermal (thermal-after-UV), and (v) UV-only.

2. EXPERIMENTAL SECTION
2.1. Fabrication of TFTs. The prepared TFTs had an inverted

staggered structure. Using plasma-enhanced chemical vapor deposition
(PECVD), a 200 nm-thick tetraethyl orthosilicate (TEOS) gate
insulator was deposited at 370°C on 200 nm-thick sputtered Mo gate
electrodes. The channel layer consisted of 50 nm-thick amorphous
In−Ga−Zn-O (a-IGZO, target InO2/Ga2O3/ZnO = 2:2:1 mol %) and
was deposited by sputtering and patterned via photolithography. An
etch-stop layer was then deposited on 200 nm-thick SiO2 at 300°C
using PECVD, and 200 nm-thick Mo was deposited via sputtering as
the photolithographically patterned source and drain electrodes. The

channel length and width of the a-IGZO were 10 μm and 14 μm,
respectively. Finally, PECVD was used to deposit 300 nm-thick SiO2

as a passivation layer at 300 °C. Post-thermal annealing was performed
at 300 °C in ambient air for 1 h.

2.2. Post-deposition Treatments. To investigate the individual
effects of UV irradiation and thermal annealing, we performed five
different post-deposition treatments on fully fabricated devices: (i)
non-treated, (ii) SUT, (iii) thermal-only, (iv) thermal-after-UV, and
(v) UV-only. The fabricated devices were irradiated using a light-
emitting diode based UV lamp with a wavelength of 365 nm and a
photon flux density of 254 mW/cm2. Then, thermal annealing was
carried out at 200°C in ambient air on a hot plate. Both UV irradiation
and thermal annealing were performed for 30 min. Figure 1a shows a
schematic diagram of the device structure under SUT treatment, and
Figure 1b presents a photograph of the experimental SUT treatment,
in which UV irradiation and thermal annealing were simultaneously
performed.

2.3. Electrical and Chemical Measurements. We measured the
electrical characteristics of the devices subjected to different post-
deposition treatments using an HP4156C semiconductor parameter
analyzer in the dark at room temperature. To evaluate the stability of
different post-deposition treated devices, a positive bias temperature
stress (PBTS) was applied (VGS = 20 V and VDS = 0.1 V at 60 °C for
15 000 s), and treated devices were re-measured after 7 days to
evaluate the persistence of the effect of the post-deposition treatments.
To further evaluate the SUT treatment, we also performed X-ray
photoelectron spectroscopy (XPS) to analyze the quantitative and
qualitative changes in surface composition and chemical structure.
Spectroscopic ellipsometry was performed in conjunction with XPS to
measure the optical band gap and to facilitate band alignment with
respect to the band gap and valence band offset.

Figure 1. (a) Schematic illustration of an inverted, staggered a-IGZO TFT under SUT treatment. (b) Photograph of a device under SUT treatment.

Figure 2. Transfer characteristics under different post-deposition treatments: (a) log scale and (b) linear scale.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am405818x | ACS Appl. Mater. Interfaces 2014, 6, 6399−64056400



3. RESULTS AND DISCUSSION
3.1. Electrical Characteristics of Post-deposition

Treated a-IGZO TFTs. Figure 2a shows the log scale transfer
characteristics of the drain current under different post-
deposition treatments, and Figure 2b shows the linear transfer
characteristics of the drain current. As indicated in Figure 2,
SUT-treated devices exhibited superior electrical performance
compared with other treated devices. However, UV-only and
thermal-after-UV treated devices exhibited the hump effect and
an increase in off current. These buildups were attributed to the
creation of additional current paths in the channel layer and an
increase in carrier concentration, respectively.22 In the UV-only
treated samples, UV irradiation induced a broad distribution of
oxygen vacancies that photo-transitioned to ionized oxygen
vacancies near the conduction band minimum on shallow
donor states, photo-generated electron−hole pairs in the sub-
gap region, and photodecomposition of weak chemical
bonds.10−12,23 Among these effects, photo-transitioning was
most related to the induced hump effect when gate bias was
applied.23

In the thermal-after-UV treated samples, decomposed
chemical bonds and ionized oxygen vacancies generated by
UV irradiation were unstable and unlikely to rearrange because
the time interval prior to thermal annealing. In other words,
non-reorganized atoms, which consisted of interstitial atoms
and oxygen species in the sub-gap, acted as charge carriers and
defect sites.22,24 For these reasons, electrical performance
deteriorated under UV-only and thermal-after-UV treatments.
In contrast, thermal-only treated samples exhibited a small
improvement in electrical performance, because thermal
annealing partially induced rearrangement of existing weak
chemical bonds and interstitial atoms in pristine devices. In
SUT-treated samples, decomposition and rearrangement
occurred simultaneously; therefore, SUT-treated devices
exhibited superior electrical performance compared with
other post-deposition treated devices.
Table 1 summarizes the electrical parameters for different

post-deposition treatments, including field-effect mobility

(μFET), on/off ratio, subthreshold swing (SS), and maximum
trapped charge density (Nmax). The μFET was determined by
maximum trans-conductance at a drain voltage of 10.1 V. The
SS value corresponded to the amount of gate voltage change
required to increase IDS by one order of magnitude in the sub-
threshold region. Nmax was extracted from the transfer
characteristics using the relationship
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where k is the Boltzmann constant, T is the absolute
temperature, Ci is the gate capacitance per unit area, and q is
the elementary charge.

3.2. Stability of Post-deposition-Treated a-IGZO TFTs.
Stability is also critical to prolonging device operation in
displays. To compare Vth shift variation under PBTS, different
post-deposition treated devices were measured at VGS = 20 V
and VDS = 0.1 V at 60 °C for 15 000 s. Positive Vth shift
originates from negative charges in the channel region trapped
at the channel/gate insulator interface during stability test-
ing.25,26 Figure 3 shows Vth shift under PBTS for different post-

deposition treatments as a function of stress time. While the Vth
shift of non-treated devices was 5.1 V, the Vth shift of SUT-
treated devices was 1.9 V. The Vth shifts of thermal-only,
thermal-after-UV, and UV-only treatment were 4.8, 5.4, and 6.5
V, respectively. Thus, SUT treatment effectively decreases the
trapped concentration of negative charges and defect sites
caused by interstitial atoms and oxygen vacancies.
We also remeasured the performance of UV-only and SUT-

treated devices after 7 days to determine whether these post-
deposition treatment effects were temporary. Previous reports
suggested that electrical characteristics are altered under UV
irradiation by photo-generated carrier recombination and
ionized oxygen vacancy neutralization.11,12 As shown in Figure
4, the transfer characteristics of UV-only treated devices
gradually shifted upon device aging, while the enhanced
transfer characteristics of SUT-treated devices were maintained,
even after 7 days. Therefore, SUT-treated devices were not
affected by photogenerated carrier recombination or ionized
oxygen vacancy neutralization.

3.3. a-IGZO Chemical Bond Disruptions by SUT
Treatment. Although the mechanisms of UV treatment on
solution-processed TFTs15,16 and ozone treatment13,14 have
been extensively studied, the SUT treatment mechanism has
not been reported. We proposed a simple mechanism,
illustrated in Figure 5. Hosono et al. reported that the bond
energy of diatomic formations for In−O, Ga−O, and Zn−O in
a-IGZO TFTs are ∼1.7, ∼2.0, and ∼1.5 eV, respectively,
calculated using density functional theory.27 The bond energy,
which is determined by chemical bond strength, is defined as
the minimum energy required to dissociate a diatomic species
into individual atoms.28 Therefore, a chemical bond can be
broken when the applied external energy exceeds the bond
energy.27,28 For example, the diatomic In−O, Ga−O, and Zn−
O bonds in the a-IGZO sub-gap region can be broken by UV

Table 1. Summary of the Device Electrical Parameters,
Including μFET, On/Off Ratio, SS, and Nmax for Different
Post-deposition Treatments

sample
μFET (cm2/

V·s) on/off ratio
SS (V/
decade) Nmax (cm

−2)

non-treated 5.49 1.57 × 109 0.49 7.13 × 1011

thermal-only 6.10 1.05 × 109 0.41 5.80 × 1011

SUT 13.36 1.82 × 109 0.32 4.31 × 1011

UV-only 10.21 9.24 × 108 0.76 1.16 × 1012

thermal-after-
UV

7.06 1.38 × 108 0.41 5.80 × 1011

Figure 3. Variation of PBTS-induced Vth shift for different post-
deposition treated devices as a function of the stress time.
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irradiation of higher energy than the bond energy. The UV
irradiation energy was determined by the Planck relationship:

λ
=E

hc

where h, c, and λ are the Planck constant, the light velocity, and
the light wavelength, respectively. From this relationship, at a
wavelength of 365 nm, an energy of 3.4 eV was calculated,
which is higher than the In−O, Ga−O, and Zn−O diatomic
bond formation energies. At this wavelength, the energy was
sufficient to decompose weak and diatomic chemical bonds and
to increase the concentration of defect sites. However, the
thermal energy supplied by 200°C, which is ∼0.04 eV, was not
sufficient to dissociate the chemical bonds. However, it was just
enough to induce atomic rearrangement and reorganization,
due to the activation energy of decomposed atoms and defect
sites, eventually resulting in chemical bond formation and a
reduction in the concentration of defect sites.23,29−32 As shown
in Figure 5a, because of the intrinsic properties of AOS, weak
and diatomic chemical bonds, interstitial atoms, and defect-
related oxygen vacancies existed in non-treated devices.

However, under SUT treatment, UV irradiation induced the
decomposition of weak and diatomic chemical bonds, photo-
transition of oxygen vacancies, and photo-generation of
electron−hole pairs.12,23 As a result, dissociated atoms and
defect sites were more abundant in SUT-treated devices than in
non-treated devices. Upon decomposition, thermal annealing
contributed to the reorganization of dissociated atoms and
reduced the concentration of defects related to interstitial
atoms and oxygen vacancies,29,30 as illustrated in Figure 5b. The
simultaneous decomposition and rearrangement is the essence
of SUT treatment and critical to enhancing device performance.
Therefore, SUT treatment improved the quality of the channel
layer because of a reduction in the concentration of defect-
related oxygen vacancies and an increase in the chemical bonds,
as illustrated in Figure 5c.

3.4. XPS Analysis of Post-deposition-Treated a-IGZO
TFTs. We performed XPS analysis to examine the influence of
SUT treatment on the surface composition and chemical
structural changes related to oxygen. Figure 6 presents the O 1s
spectra for an a-IGZO film with different post-deposition
treatments. The spectra were deconvoluted as Gaussian

Figure 4. Transfer characteristics after post-deposition treatments after 1, 3, 5, and 7 days for (a) a UV-only treated device and (b) an SUT-treated
device.

Figure 5. Proposed, simple SUT treatment: (a) Prior to SUT treatment, (b) under SUT treatment, and (c) after SUT treatment.
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distributions after correcting for the background. The O 1s

spectra were consistently divided into three different peaks

located at 530.1 ± 0.1, 531.0 ± 0.2, and 532.0 ± 0.1. The first

peak is characteristic of a material with a low binding energy

(OI), originating from lattice oxygen related to Zn, In, and Ga

metal−oxide (M−O) bonds. The middle binding energy (OII)

and high binding energy (OIII) peaks correspond to non-lattice

oxygen atoms, such as those in oxygen-deficient (Vo) regions

Figure 6. XPS results for the O 1s peak for an a-IGZO film under different post-deposition treatments: (a) non-treated, (b) SUT, (c) thermal-only,
(d) thermal-after-UV, and (e) UV-only. (f) Comparison of the area for both low binding energy and middle binding energy as a function of the post-
deposition treatment.

Figure 7. (a) Absorption coefficient spectra of the non-treated and SUT-treated devices using spectroscopic ellipsometry. (b) Valence band offset
spectra of non-treated and SUT-treated devices using XPS. (c) Band alignment in non-treated and SUT-treated devices.
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and loosely bonded hydroxyl groups, respectively.33,34 The
SUT-treated devices exhibited an 8% increase in area related to
M-O bonds and a 6% decrease in area related to Vo compared
with non-treated devices. On the basis of our explanation
above, SUT treatment effectively reduced the concentration of
defects related to Vo and promoted atomic rearrangement in a-
IGZO films. In UV-only treated devices, the area associated
with M−O bonds was the lowest and Vo was the highest
because no driving force for reorganizing dissociated chemical
bonds, interstitial atoms, and defect sites existed. Thermal-after-
UV treated devices exhibited fewer M−O bonds and higher Vo
compared with non-treated devices; this result was attributed to
unstable decomposition of chemical bonds and ionized Vo
arising from UV irradiation, which inhibited rearrangement
because of the time interval between UV and thermal
treatments. However, devices treated with thermal-only
exhibited slightly higher M−O bonds and lower Vo than non-
treated devices, which were attributed to rearrangement of
existing weak chemical bonds, interstitial atoms, and defects
originating from the intrinsic amorphous properties of the
material.
In summary, the role of UV irradiation is to decrease the

concentration of M-O and increase Vo, and the role of thermal
annealing is atomic rearrangement31,32 and removal of defect
sites in the channel layer.25

3.5. Band Alignment of SUT-Treated a-IGZO TFTs.
Figure 7a and b shows the optical band-gap and valence band
spectra of non-treated and SUT-treated devices, respectively.
The optical band gap of the SUT-treated device was nearly the
same as that of non-treated devices, suggesting that the overall
atomic composition of the channel layer was not influenced by
SUT treatment.35 The valence band offset decreased from 2.79
to 2.70 eV after SUT treatment, as shown in Figure 7b. This
decrease in valence band offset resulted in an increase in the
conduction band offset from 0.41 to 0.50 eV, as shown in
Figure 7c. The change in conduction band offset suggested a
decrease in carrier concentration arising from a reduction in
Vo

29 and interstitial atoms,36,37 which is consistent with XPS
results. In other words, defects related to Vo

38,39 and interstitial
atoms in the channel layer were reduced, resulting in enhanced
electrical performance and device stability.38−40 Therefore,
SUT-treated devices exhibited superior electrical properties and
stability because of an increase in the concentration of M−O
bonds and a decrease in defects.

4. CONCLUSION
We performed post-deposition SUT treatment on passivated a-
IGZO TFTs to improve the electrical performance and stability
of devices. The μFET increased from 5.49 (non-treated) to 13.36
cm2/V·s after SUT treatment. SUT treatment results in the
highest μFET among the post-deposition treatments evaluated.
PBTS and re-measurement after 7 days were carried out to
investigate stability and durability of the device, respectively.
SUT-treated devices exhibited a small Vth shift of 1.9 V under
15 000 s of bias stress and retained the enhanced transfer
characteristics after 7 days. SUT treatment effectively induced
the accelerated formation of M−O bonds, atomic modification,
and a reduction in defects. In our proposed SUT treatment, UV
irradiation caused dissociation of chemical bonds and increased
the concentration of oxygen vacancies. Simultaneous atomic
rearrangement and modification were induced by thermal
annealing. We concluded that UV irradiation and thermal
annealing should be performed simultaneously to provide

effective decomposition and rearrangement in a-IGZO TFTs.
In summary, SUT treatment, which consists of a simple and
permanent post-deposition treatment without the use of
vacuum or pressure, improved the electrical properties and
stability of devices.
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