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This work reported the physical characteristics and electrical performance of amorphous Al-Zn-Sn-0 thin
film transistor (a-AZTO TFT) device under the temperature effects of thermal annealing process and various
gas plasma post-treatments. The thermal annealing at 450 °C could strengthen the oxygen bonding of
a-AZTO film, thereby improving the film quality and TFT device performance. In addition, the oxygen
deficient can be reduced effectively by the O, and N,O plasma treatments, respectively, leading to
enhanced electrical reliability. Also, the optical energy gap of a-AZTO films with O, or N,O plasma treatment
was measured about 3.5 eV, which indicated that all of the a-AZTO films were insensitive to visible light. On

the other hand, the electron mobility of a-AZTO TFT was observed to be promoted after NH; plasma post-
treatment. The improvement could be attributed to a slight doping effect of H™ ions. These results showed
the potential of post-treatments for flat panel displays applications of transparent a-AZTO TFT technology.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

In recent years, thin film transistors (TFTs) using transparent
amorphous oxide semiconductor (TAOS) as a display backplane
technology have attracted a lot of attention for large-sized liquid-
crystal displays and active-matrix organic light-emitting diode displays.
Many candidates of transparent oxide TFTs have been widely studied by
using In-Zn-0 [1], Si-In-Zn-0 [2], Hf-In-Zn-0 [3], and In-Ga-Zn-0
[4] as the active channel layer, owing to their characteristics of
low-power consumption, high-speed operation, high-density integra-
tion, and high process compatibility with the present flat-panel display
industry [5-7]. Although these proposed oxide TFT devices showed
good electrical performance, the large use of rare-dispersive elements,
such as In and Ga, has been a critical issue for the long-term technology
applications. Therefore, rare elements-free oxide semiconductors are
considered to be the promising candidates for the next generation dis-
play device technologies. In this paper, Al-Zn-Sn-0 (AZTO) semi-
conductor material is studied for active channel layer of TFT device.
All components in AZTO thin film are rich and common in the
Earth. For practical operation in FPD applications, it is necessary for
the electronic devices to exhibit a good immunity against the reli-
ability issues known as gate bias stress (GBS) and photo-induced
stress. Even though some literatures showed that the amorphous
AZTO TFT (a-AZTO TFTs) could deposit at room temperature and
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exhibit good electrical performance and reliability [8], the study of
physical characteristic and operation mechanisms is still lacking. In
this study, the effects of thermal annealing and plasma post-treatment
processes are studied in detail. Physical mechanisms for the enhance-
ment of electrical and photosensitive reliability are also proposed
through the analyses of electrical characteristics and X-ray photoelec-
tron spectroscopy (XPS).

2. Experiment

In this work, bottom gate inverted staggered TFT devices using
a-AZTO film as a channel layer was studied. At first, a layer of
100-nm-thick silicon dioxide was thermally grown on n-type silicon
wafers. The a-AZTO films were then deposited by radio-frequency
(RF) magnetron sputtering using an AZTO ceramic plate target that
consisted of ZnO, SnO, and Al,05 (47: 50: 3 mol %). Ar gas flow rate
was set to 10 sccm, and the O, flow rate was set to 2 sccm, and the
sputtering pressure and power were 3 mTorr and 80 W, respectively,
at room temperature. A layer of 100 nm-thick indium tin oxide film
was deposited subsequently by the RF sputtering, and patterned
through a shadow mask as source and drain (S/D) electrodes. The
channel width and length ranged from 200 um to 1000 um, and the
width/length ratio were set from 0.2 to 5. The cross-sectional view
of a-AZTO TFT device structure is illustrated schematically in Fig. 1.
The a-AZTO TFT devices were thermally annealed ranging from
350 °C to 450 °C for 60 min by a thermal furnace in the nitrogen
atmosphere for defect elimination. Another group of TFT devices
after thermal annealing process was post-treated by O, plasma, N,O
plasma, NH3 plasma, respectively, to passivate the defects in a-AZTO
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Fig. 1. a-AZTO TFT device structure.

film. All electrical measurements were carried out at a semiconductor
parameter analyzer, Keithley 4200.

3. Result and discussions

Fig. 2 shows intrinsic electrical characteristics of a-AZTO TFT de-
vices with different thermal annealing temperatures at 350 °C,
400 °C, and 450 °C. Error bar in Fig. 2 (b) presents the difference
between devices in the same process conditions. Its observed thresh-
old voltage was negatively shifted from 12.05 to 2.42 V, while the
mobility increased from 0.15 to 5.58 cm?/V's as the annealing
temperature increased. The improvement in TFT device performance
can be attributed to an enough annealing temperature, which led to
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Fig. 2. The immediate comparison of Ip-V¢ of a-AZTO TFT with different annealing
temperature. (b) The device parameters' error bar with different annealing temperature.
Each error bar includes five different measuring results for each TFT devices.

the lattice structure rearrangement and structural relaxation of
a-AZTO bonding.

XPS analysis was conducted to observe the relationship of oxygen
bonding and annealing temperatures. After different thermal
annealing processes, there was no obvious change in the signal
peaks of elements of Al, Zn and Sn (not shown), while the significant
change of oxygen (O 1 s) peak was observed as shown in Fig. 3. The O
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Fig. 3. XPS analyses of O 1 s spectra for the a-AZTO thin films with furnace annealing at
(a) 350 °C, (b) 400 °C, and (c) 450 °C, respectively. Peak A denotes the lowering
binding peak centered at 529.5 eV, generated from the lattice oxygen ions with
neighboring metal atoms. Peak B is the higher binding energy peak at 530.1 eV
corresponding to 0%~ ion at oxygen-deficient region with the matrix of the a-AZTO
film. Peak C stands for the oxygen desorption or OH™ impurities which centers at
5309 eV.
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1 s peaks centered at binding energies of 529.5 eV, 530.1 eV, and
530.9 eV are related to oxygen in oxide lattices without oxygen va-
cancies (oxygen binding), with oxygen deficient, and with OH™ im-
purities, respectively [9]. It can be clearly seen that the relative area
of the oxygen-deficient-related peak decreased as the annealing tem-
perature increased. The values are 35.6%, 34.3% and 30.8% for the
annealing temperature at 350 °C, 400 °C, and 450 °C, respectively. It
meant the better oxidized stoichiometry was obtained through the
increase of annealing temperatures.

Compared with the a-AZTO TFT without any plasma treatment,
the threshold voltage shift of O, and N,O plasma-treated ones
under positive and negative GBS is shown in Fig. 4 (a) and (b), respec-
tively. The threshold voltage shift (A Vy,) was defined as the variation
of threshold voltage value before and after GBS process. It is clearly
observed AVy, was decreased for the plasma-treated a-AZTO TFT de-
vices. Fig. 5 shows XPS O 1 s peaks of a-AZTO films with O, and N,0
plasma post treatment, respectively, in comparison with the one
without any plasma treatment. The relative area of the oxygen-
deficient-related peak decreased after O, and N,O plasma post treat-
ment. The values are 32.3%, 27.7% and 25.1% for the samples without
plasma treatment, with O, plasma, and with N,O plasma treatment,
respectively. O, and N,O plasma post treatment could enhance oxi-
dizing the a-AZTO film so that it strengthened oxygen atomic bonding
and decreased the density of oxygen vacancies and the oxygen-
related trap states. As a result, the electrical reliability of TFT devices
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Fig. 4. Threshold voltage shift under (a) positive and (b) negative gate bias stress (GBS)
with 0, N,O plasma post-treatment, and the reference sample (w/o plasma
treatment). The gate bias stress conditions were 2.5 MV/cm for positive bias and
—2.5 MV/cm for negative bias stress at room temperature for 2000 s, while source
and drain electrodes connected to ground.
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Fig. 5. XPS analyses of O 1 s spectra for the a-AZTO thin films with furnace annealing at
450 °C and (a) w/o plasma treatment, (b) O, plasma treatment, and (c) N,O plasma
treatment, respectively. Peak A denotes the lowering binding peak centered at
529.5 eV, generated from the lattice oxygen ions with neighboring metal atoms. Peak
B is the higher binding energy peak at 530.1 eV corresponding to O®~ ion at
oxygen-deficient region with the matrix of the a-AZTO film. Peak C stands for the
oxygen desorption or OH™ impurities which centers at 530.9 eV.

with O, and N,O plasma post treatment was obviously improved
after being subjected to PGBS and NGBS testing.

Fig. 6 (a) shows the transparency of a-AZTO film through the vis-
ible spectrum analysis. The transmittance for all samples is greater
than 80% with the wavelengths ranging from 400 nm to 700 nm.
Also, this means that O, or N,O plasma post treatment was not
degrading the transparency of a-AZTO film. It is well known that the
optical transparency of dielectric materials is proportional to their op-
tical band-gap (Eg), which can be theoretically obtained according to
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Fig. 6. (a) The transmittance of a-AZTO film with O, and N,O plasma post-treatment
versus different wavelength lights. (b) The plot of (athv)? versus photo energy (hv)
following Tauc model and Davis and Mott model.

Tauc model [10], and the Davis and Mott model in the high absor-
bance region, as followed:

(ahv)" =D % (hv—Eg)

where a is the absorption coefficient, hv the photon energy, Eg the
optical band gap, and D is a constant. The constant n is usually
equal to 2 for amorphous semiconductors since it gives the best linear
curve in the band-edge region.

The relationships between (ahv)? and the photon energy (h v)
are characterized for a-AZTO films with O, and N,O plasma post
treatment, as shown in Fig. 6b. The absorption coefficient o can
be obtained from the transmittance data by using the equation of
o = ('/4)*In("/1), where d and T are the thickness and the transmit-

Table 1
Band-gap energy for different plasma treated a-AZTO thin film.

Without any 0, plasma 50 s N,O plasma 50 s
plasma treated
Band-gap energy (eV) 3.50 3.54 3.55

tance of the a-AZTO films with O, and N,O plasma post treatment,
respectively. The optical band-gaps, Eg, can be obtained by extrapolating
from the linear region onto the axis of photon energy, as shown in
Fig. 6 (b). The obtained values of optical band-gaps for the -AZTO
films with O, and N,O plasma post treatment are summarized in
Table 1. There is no large difference in the optical band-gaps of all
a-AZTO films.

The negative bias illumination stress (NBIS)-induced instability of
the electrical properties of a-AZTO TFT devices was also investigated
in this study, as shown in Fig. 7. In this stress testing, the gate
voltage (Vi) was fixed at —25 V and the S/D electrodes were ground-
ed under the green light with energy of 2.27 eV and blue light illumi-
nation with energy of 2.85 eV for 2000 s, respectively. Fig. 7a shows
the a-AZTO TFT without any plasma treatment exhibited a negative
threshold voltage shift about — 5.5 V, while almost no electrical deg-
radation was observed during the testing of negative bias and green
light illumination (NBGIS). As reported by Nomura et al. [11], the
high density of occupied subgap states existed in the energy gap of
TAOS near the valence band width with an energy width of ~1.5 eV.
The increase of free carrier concentration in the a-AZTO films can
occur due to the light illumination offering enough photo-energy
larger than 1.7 eV to induce carrier excitation from the deep-subgap
density of state to the conduction band [12]. Besides, a negative bias
was applied with light illumination, resulting in the V2* trapping in
the insulator or a-AZTO/gate insulator interface [13]. Both of the re-
sults contribute to the apparent threshold voltage shift under NBIS.
Compared with NBGIS, TFT device without plasma post treatment
exhibited a large photo-induced leakage current during the negative
bias with blue light illumination stress (NBBIS), which induced a neg-
ative threshold voltage shift about —6.3 V, as shown in Fig. 7 (a) and
(b). This result indicated that the threshold voltage shift increased
gradually as the light photo-energy increased during NBIS for the de-
vice without plasma treatment. Fig. 7 (c) and (d) shows the corre-
sponding threshold voltage variation of all the TFT devices after
being subjected to NBGIS and NBBIS, respectively. The a-AZTO TFT
with O, or N,O plasma treatment shows a significantly low threshold
voltage shift (AVy, ~ 0.1 V) than that without plasma treatment. The
reliability improvement can be attributed to the reduction of deep
trap density, leading to relax the photo-induced excitation behavior.

According to previous literature, it reported that the H atoms always
form O-H bonds by DFT structure relaxation calculations [13]. This indi-
cates that the H doping results in electron doping through the reaction
H (from ambient) + 0~ (in a-IGZO)— -OH (in a-IGZO) + e™. A
similar effect was also reported for ZnO [14,15]. The H doping would
be strong and stable because the doped H atoms form strong O-H
bonds. In this work, NH3 plasma post-treatment was proposed to
study the effect of H doping on a-AZTO TFT characteristics. The transfer
curve of NH3 plasma-treated a-AZTO TFT is compared with the one
without plasma treatment, as shown in Fig. 8 (a) and (b). The threshold
voltage decreased from the 6.1 V to about — 0.1 V after NH5 plasma post
treatment. The electron mobility slightly increased from 3.8 cm?/V s to
3.9 cm?/V sand 4.0 cm?/V s, respectively, for the NH; plasma treatment
duration of 50 sec and 200 sec. According to the XPS O 1 s peaks shown
in Fig. 9 (a), (b), and (c), the relative area of oxygen-hydrogen bonding
in a-AZTO thin film increased from 6.8% to 9.8% after NH; plasma treat-
ment 200 s. As reported by the previous literature, hydrogen atoms
doped to a-IGZO model potentially forms —~OH bonds. The stable O-H
bonds are formed when three cations (Zn-0, In-0, Zn-0) are bonded
to the oxygen ion in the O-H bond, while if only two cations (Ga-0,
Ga-0) are bonded to the oxygen ion in the O-H bond, Eg;r, are large
and such O-H bonds are hardly created [16]. Since Ga-O0 is the strongest
bond among the constituent chemical bonds in a-IGZO, the O-H bonds
are easily formed at the oxygen deficiency site.

Based on above-mentioned results regarding the effect of thermal
annealing temperature, the oxygen deficient increased as the
annealing temperature decreases. A combination of NH; plasma
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Fig. 7. Transfer I-V characteristics for the device without plasma post-treatment during the negative bias illumination stress (NBIS) of (a) blue (b) green lights. Threshold voltage
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five different measuring results for each TFT devices.

treatment and lower-temperature thermal annealing was proposed
to develop a low-temperature fabrication of a-AZTO TFT with im-
proved electrical performance. Fig. 10 shows the transfer characteris-
tics of 350 °C-annealed a-ATZO TFT devices with NH; plasma
post-treatments for different durations. Compared with the 350 °-
C-annealed TFT without NH3 plasma, threshold voltage shifted nega-
tively from + 11 V to about + 6.5 V after NH;3 plasma post-treatment.
On the other hand, the electron mobility increases from 0.5 cm?/V s
to 1.1 cm?/V s and 1.2 cm?/V s, respectively, for NH; plasma treat-
ment duration of 50 s and 200 s. In other words, the electron mobility
enhanced above 130% after NH; plasma post-treatment. In short, we
can effectively promote the conductivity of low-temperature annealed
a-AZTO thin films with NH3 plasma treatment.

4. Conclusions

The physical characteristic and electrical performance of a-AZTO
TFTs with different annealing temperatures and plasma post-treatments
have been discussed in this work. The higher annealing temperature can
strengthen the oxygen bonding in a-AZTO layer, and thereby the electri-
cal performance of TFT device is effectively enhanced. Moreover, O, and
N,0 plasma can oxidize the a-AZTO film and eliminate some of the ox-
ygen deficients. As a result, the reliability of the devices under GBS im-
proves significantly after O, and N,O plasma post-treatment. The
optical energy gap of a-AZTO films with O, or N,O plasma treatment
are about 3.5 eV which indicated that the a-AZTO film is insensitive to
visible light. On the other hand, NH; plasma post-treatment can release
H* ions into the a-AZTO thin film and increase the conductivity of the
thin film as well. A low-temperature annealing process of a-AZTO TFT
fabrication was successfully developed to enhance electron mobility
by associating with NH3 plasma post-treatment.
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