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We examined the characteristics of passivation-free amorphous In–Ga–Zn–O thin film transistor (a-IGZO TFT)
devices under different thermal annealing atmospheres. With annealing at higher temperature, the device
performed better at the above-threshold operation region, which indicated the film quality was improved
with the decrease of defects in the a-IGZO active region. The mobility, threshold voltage and subthreshold
swing of a-IGZO TFT annealed at 450 °C was 7.53 cm2/V s, 0.71 V and 0.18 V/decade, respectively. It was also
observed that the a-IGZO was conductive after thermal annealing in the vacuum, due to the ease of oxygen
out-diffusion from the a-IGZO back channel. The oxygen deficiency resultantly appeared, and provided
leaky paths causing electrical unreliability when TFT was turned off. In contrast, the annealing atmosphere
full of O2 or N2would suppress the oxygen diffusion out of the a-IGZO back channel. Theworst Vth degradation
of a-IGZO TFT after positive gate bias stress and negative gate bias stress (NGBS) was about 2 V and−2 V, re-
spectively. However, the Vth shift in the NGBS testing could be suppressed to−0.5 V in vacuum chamber. Ma-
terial analysis methods including X-ray photoelectron spectroscopy and scanning electron microscopy were
used to investigate the change of a-IGZO film after different thermal annealing treatments. The variation of
O 1s spectra with different annealing atmospheres showed the consistence with our proposed models.
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1. Introduction

Transparent amorphous oxide semiconductor (TAOS) has
attracted a lot of attentions for its superior transparent characteristics
and electrical performance, even in amorphous phase [1,2]. Among
TAOS materials, amorphous indium gallium zinc oxide (a-IGZO) is
one of the most popular candidates serving as semiconductor layer
in thin film transistor (TFT) [1,3,4]. However, there are critical issues
exhibited in the oxide TFT, especially for the absorption and desorp-
tion reaction of the oxygen atom with the surrounding atmosphere
[5,6]. As the oxygen species from the ambient atmosphere are
absorbed on the a-IGZO backchannel, they can capture electrons in
the conducting channel and form a depletion region beneath back
channel layer. By following the equation of O2(g)+e−↔O2(s)

− , the re-
sultant buildup of absorbed negative space charges O2(s)

− easily repells
conduction electrons and positively shifts threshold voltage (Vth) of
oxide TFT [7,8]. Previous researches on a-IGZO TFT technologies
mainly focused on the electrical performance and applications, but
the operation models and instability mechanism are still unclear. In
this study, the operation and instability models of a-IGZO TFT can
be clarifyed by adjusting experimental factors including thermal
treatment processes, annealing temperatures and atmosphers. X-ray
photoelectron spectroscopy (XPS) technique was used to analyze a-
IGZO film before and after differenct annealing treatments. Electrical
reliability test also was performed in vacuum and atmosphere cham-
bers to study electrical reliability and the operation models of a-IGZO
TFT device.

2. Experimental details

The passivation-free a-IGZO TFT with bottom gate was fabricated
on a thermal oxide capped n+ heavily doped (100) silicon substrates.
First, a 100-nm-thick silicon oxide film for gate dielectric layer was
thermally grown on the silicon substrate which served as the gate
electrode, in a horizontal thermal furnace at 650 C. Then, a 50-nm-
thick IGZO film was deposited on it by DC sputtering system with a
target of the atomic ratio of In:Ga:Zn:O=1:1:1:4. Only pure argon
(Ar) gas was inserted with the deposition pressure of 3×10−3 Torr
at room temperature. The Ar gas flow was fixed at 10 sccm. Sequen-
tially, a 50-nm-thick ITO was formed serving as source/drain elec-
trodes and all the layers were defined by shadow mask. The channel
width and length of a-IGZO TFT were varied ranging from 1200 to
200 μm. Finally, some of the samples were thermally annealed once
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in a vacuum furnace under a pressure of 10−7 Torr, and the others in
the furnace with O2 or N2 gas flow rate of 10 L/h under the pressure of
8.7×10−2 Torr. Scanning electron microscopy (SEM) was used to an-
alyze the a-IGZO films. The reliability test was conducted in a vacuum
chamber which could achieve 10−6 Torr by the turbo molecular
pumping and the atmosphere environment with a relative humidity
of 50% at 25 °C. The electrical field applied to the gate electrode was
given by 1 MV/cm for 180 min. All electrical measurements were car-
ried out with a semiconductor parameter analyzer, Keithley 4200.

3. Results and discussion

Fig. 1 shows the relationship of the normalized drain current (NID)
versus the gate voltage (VG), at a drain-to-source voltage (VDS) of 10 V
for the a-IGZO TFT before and after thermal annealing at 450 °C under
nitrogen, oxygen, and vacuum environments, separately. The NID was
given by ID× L

W. The Improvement of the NID–VG curve was clearly ob-
served for the a-IGZO TFT with and without thermal annealing treat-
ments. The un-annealed a-IGZO TFT had the lower driving current
and the lager threshold voltage. After the thermal annealing, the on-
current of a-IGZO TFT devices improved by one order of magnitude
from 10−6 A to 10−5 A, and exhibited similar behavior with different
annealing environments. For the O2-annealed a-IGZO TFT and the N2-
annealed one, the NID–VG curves almost were overlapped with each
other, while the ones annealed in vacuum environment had larger
off-current (Ioff) than the others. These results revealed the effect of
different annealing atmospheres on two electrical transport regions
including the above-threshold region and turn-off region.

As the positive gate bias was applied to the a-IGZO TFT, electrons
accumulated at the front channel region near the gate electrode,
and formed a path for carrier transportation. The additional energy
from thermal annealing process led to the material architecture rear-
rangement and structural relaxation, thereby reducing the defects in
a-IGZO film [9–11]. This improvement of a-IGZO film quality covered
the front channel region. The carrier could transfer more smoothly
without being trapped in the defect centers, which led to the large
turn-on current and the smaller threshold voltage. Fig. 2(a) shows
the NID–VG curves of a-IGZO TFT, and Fig. 2(b) and (c) sketch electri-
cal parameters of a-IGZO TFT devices with different annealing tem-
peratures, ranging from 250 °C to 450 °C under N2 atmosphere. The
on-current increased and threshold voltage decreased with increas-
ing thermal annealing temperature. Besides, the subthreshold swing
and on-off current ratio also improved slightly at higher annealing
temperature. This indicates the predominant factor on the above-
threshold characteristic was the annealing temperature, even if the
Fig. 1. Normalized ID–VG curves of un-annealed a-IGZO TFTs and with different anneal-
ing environments in 450 °C.

Fig. 2. (a) Immediate comparison among normalized ID–VG curves of a-IGZO TFTs
annealed at various temperatures in N2 atmosphere. The subpanels (b) and (c) show
the threshold voltage, mobility and subthreshold swing, on-off current ratio, respectively.
annealing atmosphere was different. However, the effect of tempera-
ture couldn't completely explain the electrical performance between
different annealing atmospheres. The a-IGZO TFT device annealed in
vacuum couldn't be turned off easily, and behaving NID 10−6A larger
than others. In the turn-off region, the carriers in the front channel
were depleted by negative gate bias and the only one path for leakage
was the backchannel region. As annealing in vacuum environment,
weakly bounded oxygen was easily desorbed out and formed oxygen
deficiencies on the surface region of the film. Hence, the oxygen defi-
ciencies in a-IGZO formed shallow donor states, which contributed to
the enhancement of electronic conductivity [11,12]. The carriers
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could easily transport at this back channel and form a larger leakage
current.

The microstructure and composition of the a-IGZO films were
characterized by SEM and XPS analyses. Fig. 3(a), (b), (c), and (d)
shows the plane-view SEM images of a-IGZO films un-annealed,
annealed at 450 °C in vacuum, O2, and N2, respectively. In comparison
with the un-annealed sample, the morphology of IGZO with 450 °C
annealing temperatures were dense and uniform, which indicated
that the improvement of above-threshold characteristics could not
be attributed to the formation of polycrystalline IGZO in their chan-
nels. Fig. 4 shows the results of the XPS analysis on O 1s spectrum
in a-IGZO film. The O 1s peaks of a-IGZO with different annealing
treatments were shown in Fig. 4(a). This indicated the thermal
annealing treatment truly altered the oxygen bonding and composi-
tion in the a-IGZO and changed their characteristics. For a detailed
analysis, the spectra of the a-IGZO films un-annealed, annealed in
vacuum, O2, N2 were shown in Fig. 4(b), (c), (d) and (e), respectively.
Three distinct components of O 1s peak at the surface could be fitted
by Gaussian Lorentzian deconvolution, which centered at 530.6±0.3
(peak A), 531.5±0.2 (peak B) and 532.6±0.3 (peak C) eV, respec-
tively. The low binding energy of O 1s spectrum at 530.6±0.3 eV is
attributed to O2− ions on wurtzite structure of hexagonal Zn2+ ion
array surrounded by Zn atoms [13]. This indicated the oxygen formed
a bonding with Zn atom in the a-IGZO film. The medium binding en-
ergy of the spectrum at 531.15±0.2 eV may be associated with O2−

ions in the oxygen deficient regions within the matrix of the a-IGZO
film [14,15]. The highest binding energy peak at 532.6±0.3 eV is usu-
ally attributed to the presence of loosely bound oxygen on the surface
or micro pores of the a-IGZO film, belonging to hydrated oxides spe-
cies such as adsorbed CO3, H2O, and O2 [13].

As seen in Fig. 4(b) and (c), the intensity ratio of peak A to peak B
apparently decreased after the thermal annealing in vacuum, which
indicated the amount of oxygen deficiencies increased. With thermal
Fig. 3. SEM images of surface morphology of (a) un-annealed a-IGZ
energy, the oxygen atoms are easily desorbed out of the surface of a-
IGZO without any obstructions, which is consistent with the observed
variation in the electrical performance. The backchannel of a-IGZO
layer was formed a leaky path when the TFT operated at turn-off re-
gion. In Fig. 4(d) and (e), the curve fitting also revealed the amount
of oxygen deficiencies decreased after annealing in O2 and N2 envi-
ronments. The intensity ratio of peak A to peak B increased apparent-
ly, which indicated the oxygen deficiencies was fewer than the film
annealed in vacuum. When annealed in O2 and N2, the gas pressure
in the chamber can depress the oxygen desorption from the a-IGZO
surface. Besides, the oxygen and nitrogen molecular in the chamber
could fill in the sites of oxygen vacancies generated at high tempera-
tures [16]. Hence, with less oxygen deficient, the back channel of a-
IGZO TFT could be turned off with small leakage current as compared
with the thermal annealed one in vacuum.

To confirm the results in above experiment, an environment-
dependent reliability test was performed to the a-IGZO TFT. As in the
previous researches on oxide semiconductors, the oxygen species
from the ambient atmosphere absorbed into the oxygen deficiencies
at the back channel can capture electrons in the oxide semiconductor,
and generate the negatively charged species (O2(s)

− ), as described by
the following chemical reaction:

O2ðgÞ þ e
−↔O

−
2ðsÞ; ð1Þ

where e− denotes electrons. O2(g) and O2(s)
− represent the neutral and

charged oxygen molecules in the film of a-IGZO TFT. Under positive
gate bias stress (PGBS), more electrons induced in the bulk and formed
the negatively charged species (O2(s)

− ), which easily repelled conduction
electrons in the front channel and cause the positive Vth shift in TFT [7,8].
Fig. 5 shows the Vth shift after gate bias stress with different annealing
treatments, and be tested in different environments. Fig. 5(a) and (b)
presented the electrical reliability in atmosphere and vacuum chamber,
O films and films annealed in (b) vacuum, (c) O2, and (d) N2.
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Fig. 4. XPS O 1s spectrum of a-IGZO films (a) with different annealing environments, the detail curve fitting of results of (b) un-annealed, (c) vacuum annealed, (d) O2 annealed and
(e) N2 annealed a-IGZO films.
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respectively. The value of Vth shift was about 2 V for the O2 and N2

annealed devices under PGBS. It indicated a fewer oxygen absorbed
and transfer to negatively charged species (O2(s)

− ) in a-IGZO film. By
comparing Fig. 5(a) and (b), the shift values of Vth were almost the
same, which implied the amount of negatively charged species (O2(s)

− )
formed in the films was similar. The a-IGZO TFTs annealed in O2 and
N2 performed better quality with less oxygen deficiencies at the back
channel than the one annealed in vacuum. The Vth shift under the
NGBS tests in atmosphere and air was apparently larger than in vacuum.
If the amount of absorbed species was confined in the reliability tests,
the negative gate bias could depleted the electron and prevented the
formation of negatively charged species (O2(s)

− ) where the Vth should
not positively shift.

Under the NGBS, another mechanism could dominate over the a-
IGZO film. Moisture (H2O(g)) adsorption from the atmosphere could
form positively charged species (H2O(s)

+ ) in the surface of film. The re-
action process is proposed as follows:

H2OðgÞ↔H2O
þ
ðsÞ þ e

−
; ð2Þ
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Fig. 5. Variation in Vth of a-IGZO TFTs with time, to which gate bias stress was applied
in (a) ambient and (b) vacuum chambers in dark environment.
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where H2O(g) and H2O(s)
+ represent the neutral and positively charged

water molecules, respectively. The H2O(g) absorbed at the back sur-
face of channel layer forms H2O(s)

+ as electron donors and the carriers
in the film, which could easily accumulate the electron channel in a-
IGZO film [6,17]. This phenomenon causes the negative shift of Vth

under the NGBS. Besides, the absorbed water molecules were charged
at the back surface of the film. It explains that the Vth shift was inde-
pendent of the annealing atmosphere either in O2 or N2, even if the
oxygen vacancies in a-IGZO film decreased. This could also explain
the smaller Vth shift of the device stressed in vacuum. The moisture
was pumped out of the chamber and limited the amount of moisture
absorbed at the back surface of a-IGZO film. The value of Vth shift was
Fig. 6. Schematic operation model of a-IGZO TFTs. The inset form
−0.5 V in this environment and smaller than the one stressed in
atmosphere.

To coordinate the results in above experiment, we propose an op-
eration model to describe the electric performance in the passivation-
free a-IGZO TFT. Fig. 6 shows the schematic cross section of the IGZO
TFT. The black ellipse and triangle represent the absorbed gas species
and moisture in the schematic, respectively. According to the electri-
cal measurement, the channel could be divided into two parts, front
channel and back channel. The region in the bottom of the a-IGZO
film, the front channel, was controlled by the gate electrode. Its qual-
ity affects the characteristic of the above threshold region, such as on
current and mobility, and could be improved by thermal annealing. In
the upper side of the a-IGZO film, the back channel, the gate induce
electric field could not totally control the carrier and might cause a
leakage path by forming excess oxygen deficiencies in thermal
annealing. Besides, it also affects the PBGS reliability of the a-IGZO
TFT by absorbing oxygen species in ambient. However, the back sur-
face of the film influenced the NBGS reliability by absorbing moisture
in the ambient. The degradation could not be released easily only by
adjusting thermal annealing temperatures and atmospheres if sepa-
rating the moisture from the back surface of a-IGZO layer.

4. Conclusion

The passivation-free a-IGZO TFT after different annealing condi-
tions was studied by SEM, XPS analysis and electrical reliability mea-
surements. The NID–VG curve shows an apparently higher leakage
current after the annealing in vacuum than the annealed one in O2

or N2. In XPS O 1s spectra, it was found that the intensity of the sub-
peak at 531.5 eV of the a-IGZO film annealed in vacuumwas apparent-
ly larger than the others. It also indicated the large amount of oxygen
desorption out of the a-IGZO film occurred during the vacuum anneal-
ing, and generating oxygen deficiencies left in the backchannel. The
relationship between electrical characteristics and thermal annealing
temperatures can be well explained in the above-threshold operation
region. With annealing at high temperature in the O2 or N2 atmo-
spheres, the defects were reduced by structural relaxation and per-
form stronger bonding between the oxygen atoms and Zn atoms in
a-IGZO film. Material analysis thereby exhibit the sub-peak intensity
at 530.5 eV was larger than the film annealed in vacuum. The reliabil-
ity test suggested that the oxygen deficiencies were filled with oxygen
or nitrogen atoms, and thereby the difference of Vth shift after gate
bias stress was hardly observed between the TFTs annealed in O2

and N2. Finally, the operation and instability models were reasonably
proposed for the passivation-free a-IGZO TFT in the present work.
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