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N2O plasma treatment suppressed the temperature-dependent sub-threshold leakage current of amor-
phous indium–gallium–zinc-oxide thin film transistors (a-IGZO TFTs). For untreated devices, the transfer
curve exhibited abnormal electrical properties at high temperature. The abnormal electrical properties
are explained by the energy band diagrams for both forward and reverse sweep. Above 400 K, holes can
be generated from trap-assisted transition, and drift to the source side which induces source barrier low-
ering. The source side barrier lowering enhances electron injection from the source to channel and causes
an apparent sub-threshold leakage current. This phenomenon, which is experimentally verified, only ap-
pears in the device without N2O plasma treatment, but not in the device with N2O plasma treatment.
The results suggested that the density of states for a-IGZO with N2O plasma treatment is much lower
than that without plasma treatment.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Transparent amorphous oxide semiconductors (TAOSs) represen-
ted by amorphous-In–Ga–Zn–O (a-IGZO) are widely accepted as
channel layers of thin-film transistors (TFTs) in next generation flat-
panel displays because their TFTs have better characteristics than
those of hydrogenated amorphous silicon (a-Si:H) TFTs. For exam-
ple, a-IGZO TFTs exhibit large filed-effect mobility ~10 cm2/V s [1,2],
large on/off current ratio >108 [3], and good stability against elec-
trical stress [4–8]. Furthermore, the low process temperature and
low cost are desirable for large flat panel display applications
[9–13]. Therefore, several applications such as active-matrix liquid-
crystal displays (AMLCDs), active-matrix organic light-emitting-
diode (AMOLED) displays, and electronic paper (e-paper) have been
demonstrated using a-IGZO TFTs as driving/switching TFT arrays.
These mobile displays are often used in harsh environments such as
on hot dashboards in cars. Therefore, it is important to determine to
what extent the performance and reliability of a-IGZO TFTs depend
on temperature. In this paper, we investigate the temperature de-
pendence of the a-IGZO TFT and explain it with energy band dia-
grams. Also, the device further was given negative bias stress under
the different temperatures to confirm that the holes are induced by
thermal-generation. In addition, we propose the fabrication of high-
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performance a-IGZO TFTs with a post treatment of N2O-plasma. The
stability of the untreated and the N2O-plasma treated a-IGZO TFTs
are examined by negative gate-bias stress as well as at different
temperature to realize the influence of N2O-plasma treatment on
the device properties.
2. Experiment

Bottom gate coplanar a-IGZO TFTs were produced on glass sub-
strate in this work. The plasma enhanced chemical vapor deposition
(PECVD)-derived SiOx (300 nm) film as gate insulator was grown at
370 °C, over the patterned Ti/Al/Ti (50/200/50 nm) trilayer gate elec-
trodes. The Ti/Al/Ti (50/200/50 nm) source/drain electrodes were
formed by sputtering and then patterned into the dimension of
channel width/length (W/L)=5–30 μm/10 μm. A 30 nm thick a-
IGZO film was deposited by dc magnetron sputtering system at
room temperature, using a target of In:Ga:Zn=1:1:1 in atomic
ratio, a plasma discharge power of 300 W, and an ambient gas mix-
ture ratio of O2/Ar=6.7% with a working pressure of 5 mTorr. To in-
vestigate the effects of the fabrication conditions on the electrical
stability of a-IGZO TFTs, the fabricated TFTs were divided into two
groups. After defining the active region, one group of TFTs was
treated with N2O plasma to passivate the defects in a-IGZO film.
Finally, all of the devices were capped with a 200 nm SiOx layer
by PECVD at 170 °C, and sequentially annealed in an oven at
330 °C for 2 h. The electrical properties of a-IGZO TFTs with
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Fig. 1. Transfer characteristics for the untreated a-IGZO TFTs at different temperatures.

Fig. 2. Transfer characteristics of a-IGZO TFTs without N2O plasma treatment on active
layer. Measurements were done in dark with forward (Vg=−15–15 V, Vd=5 V) and
reverse (Vg=15 to −15 V, Vd=5 V) sweep.

Fig. 4. Dependence between stress time and Vt shift (ΔVT) during negative bias stress
for untreated device at 300 K and 400 K.
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L=10 μm and W=25 μm were analyzed using Agilent B1500A
Semiconductor Device Analyzer in dark.
3. Results and discussion

The transfer characteristics of a-IGZO TFTs at different tempera-
tures are shown in Fig. 1. As seen in this figure, the curves shift to
the left with increase temperature. Also, the drain current in the
entire Vg region increases with increasing temperature. The thresh-
old voltage (VT) is determined when the normalized drain current
(NID=ID×L/W) reaches 10−9A. Below 400 K, the VT decreases pro-
portionally with the rising temperature. It is well known for oxide
semiconductors that the free electrons in the materials are mainly
generated by oxygen vacancies [14,15]. Thermal excited oxygen
atoms that can leave their original sites induce vacancies with
remaining free electrons at the sites. The excited oxygen atoms
that have left their original sites then move into the interstitial
Fig. 3. Schematic energy band diagram operated in (
sites. The lower VT observed at the higher temperature can be
attributed to these free electrons generated along with the oxygen
vacancies [16,17]. Therefore, the threshold voltage substantially
shifts toward the negative Vg direction with increasing temperature.
Moreover, the transfer curves display an abnormal phenomenon
above 400 k. The transfer curve exhibits an apparent subthreshold
leakage current stretch-out phenomenon at high temperatures. The
stretch-out phenomenon becomes more serious with increase tem-
peratures. Moreover, we measured the devices with forward sweep-
ing (gate voltage sweeps from −15 V to 15 V) and reverse
sweeping (gate voltage sweeps from 15 V to −15 V). An obvious
hysteresis phenomenon (△VH=8.2 V) appears in untreated a-
IGZO TFTs as shown in Fig. 2. The shift of transfer curve in hysteresis
loops is attributed to the interface states. For forward sweeping, the
interface states discharge the trapped carriers initially and then
begin trapping carriers while gate bias sweeps into the sub-
threshold region. In addition, it should be noted that the transfer
characteristics at room temperature (300 K) were reproducible
after the measurements at high temperatures, implying that the
change in the transfer characteristics due to increasing temperature
is reversible.

Next, we discuss the unique behavior of the subthreshold leakage
current for a-IGZO TFTs at high temperatures. There are two distinc-
tive regions in the transfer characteristics. We expediently define
the critical voltage, Vc, which separates the stretch-out and above-
critical regions, as a gate voltage when the NID reaches 10−10A.
When the gate voltage is below Vc, the thermal-induced hole moves
to the source side due to the transverse electric field. Then, the
holes accumulate at the source region that leads to the source side
barrier lowering. The source side barrier lowering enhances electron
injection from the source and causes an apparent subthreshold leak-
age current as shown in Fig. 3(a). Once the gate voltage over Vc, as
shown in Fig. 3(b), the transfer characteristics are dominated by the
barrier between the a-IGZO and source. The barrier height becomes
a) off-state (Vgb0 V, Vd>0 V) and (b) on-state.
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Fig. 5. Transfer characteristics for the N2O-plasma treated a-IGZO TFTs at different
temperatures.

Fig. 6. Transfer characteristics of a-IGZO TFTs with N2O plasma treatment on active
layer. Measurements were done in dark with forward (Vg=−15–15 V, Vd=5 V) and
reverse (Vg=15 to −15 V, Vd=5 V) sweep.

Fig. 8. Dependence between stress time and Vt shift (ΔVT) during negative bias stress
for N2O plasma treated device at 300 K and 400 K.
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much lower with the increase of gate voltage. Holes could not accu-
mulate at the source region because of the lower barrier height.
Thus, for above critical region, the electron injection from the source
depends on the gate voltage. Therefore, the transfer curve separates
into two regions with increasing gate voltage.

In order to further confirm that the hole is induced thermally,
the device was stressed with negative gate bias (Vg=−30 V) at
300 K and 400 K, respectively. The VT was measured before and
after the application of the stress and the shift in VT is plotted in
Fig. 4. At 300 K, the ΔVT almost has no shift under negative gate
bias stress, whereΔVT=VT (t)−VT (t=0). Negative gate bias stress
is often reported to result in negligible changes in VT [18–21]. The
invariability of VT with a negative bias on the gate can be explained
by the lack of holes in channel. However, the VT value was shifted
significantly to the negative direction by 22.6 V after 2000 s stress
Fig. 7. Transfer characteristics of untreated and N2O
time at the 400 K. It is suggested that the thermal-induced hole car-
riers are attracted to the gate dielectric layer by the negative gate
voltage and become trapped in the gate dielectric or at the dielec-
tric/channel interface. The trapped hole could induce more electrons
to the channel to turn on the TFT more easily. Therefore, at 400 K,
the negative bias stress causes a significant negative threshold volt-
age shift.

The transfer characteristics of the N2O-plasma treated a-IGZO
TFTs at different temperatures are shown in Fig. 5. Comparing
with the untreated devices, the N2O-plasma treated a-IGZO TFTs ex-
hibit superior electrical properties. As seen in this figure, the curves
shift to left direction slightly with increase temperature. Also, the
drain current in the entire Vg region increases with the increase
temperature. The improvement in the transfer characteristic indi-
cates the termination of defects at the a-IGZO/dielectric interface
and in the a-IGZO bulk. This can be ascribed to the reduction in ox-
ygen vacancy by N2O-plasma. Moreover, N2O plasma treatment can
significantly suppress the temperature-dependent sub-threshold
leakage current stretch-out phenomenon of a-IGZO TFTs. In addi-
tion, in Fig. 6, the hysteresis phenomenon was suppressed for N2O
plasma treatment at 450 K. The stability of transfer curve in hyster-
esis loops indicates that the interface states reduce significantly
after N2O plasma treatment. Therefore, the N2O-plasma treated a-
IGZO TFTs have superior electrical properties.

In addition, Fig. 7(a) and (b) shows the transfer characteristics of
untreated and N2O plasma treatment devices at 300 K, respectively.
The untreated devices exhibits an apparent hysteresis phenomenon
ofΔVT=1.85 V. On the contrary, the N2O plasma treatment devices
show an insignificant hysteresis phenomenon of ΔVT=0.02 V. For
the untreated devices, the apparent hysteresis phenomenon can be
attributed to the extra trap states generated during the deposition
of SiO2 passivation layer by PECVD [22]. For N2O-plasma treatment
devices, N2O-plasma treatment is applied to a-IGZO active layer and
plasma treatment devices at 300 K, respectively.

image of Fig.�5
image of Fig.�6
image of Fig.�7
image of Fig.�8


Fig. 9. Calculated DOS distribution as a function of the energy (Ec-E) for the untreated
device and the N2O plasma treated device.
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oxygen-rich region is formed near the back channel by the N2O-plas-
ma treatment which effectively prevents the damage during SiO2 de-
position process [23]. Therefore, the N2O treated devices have better
electrical properties when compared to the untreated devices.

In order to confirm the N2O-plasma treated a-IGZO TFTs have su-
perior reliability, the bias stability test is carried out with stress con-
dition of VG=−30 V and VS,D=0 V at different temperature. Fig. 8
shows the shift of threshold voltage for N2O-plasma treated device
during bias stress at 300 K and 400 K. At 300 K, negative gate bias
stress is often reported to result in negligible changes in VT. The in-
variability of VT with a negative bias on the gate can be explained
by the lack of holes in channel. However, comparing with the
untreated devices, the VT value of the N2O-plasma treated a-IGZO
TFTs was slightly shifted to the negative direction after 2000 s stress
time at the 400 K. It is suggested that the hole is still lack in channel
at high temperature due to the less interface states.

Fig. 9 shows the DOS distribution as a function of energy for the
untreated and N2O-plasma treated a-IGZO TFTs. The DOS extracted
reported in the previous work [24]. The total DOS for N2O-plasma
treated device was much smaller than that of the untreated device
over the entire tailing energy range extracted. This further suggests
that N2O-plasma treated devices have superior performance. The
total DOS value at a specific energy is the summation of the interfa-
cial trap density (Nit) and the semiconductor film (Nss) because
both trap states hinder the rise of the EF level at the interface with
increasing VGS (>VFB). Considering that the IGZO channel layers
for both devices were formed under identical deposition conditions,
the difference in the total distribution can be explained by the N2O
plasma treatment. This suggests that the Nit for untreated device is
larger than that of the N2O-plasma treated device. Therefore, the
better performance for N2O-plasma treated device can be attributed
to the reduced Nit at the IGZO interface.

4. Conclusion

In conclusion, the N2O-plasma treatment for a-IGZO TFTs was
discussed in this study. For the untreated a-IGZO TFTs, the transfer
curve exhibits an apparent subthreshold current stretch-out phe-
nomenon at 400 K. The stretch-out phenomenon becomes serious
with increasing temperatures. The devices after N2O-plasma treat-
ment exhibit superior electrical properties. Comparing with the
untreated devices, the N2O-plasma treated device can significantly
suppress the temperature-dependent subthreshold leakage current
stretch-out phenomenon of a-IGZO TFTs. The apparent hysteresis
phenomenon for the untreated devices can be attributed to the
extra trap states generated during the deposition of SiO2 passivation
layer by PECVD, but these trap states did not appear in the N2O-
plasma treated devices. Moreover, the hysteresis phenomenon was
suppressed at 450 K. The stability of transfer curve in hysteresis
loops indicates that the interface states reduced significantly after
N2O plasma treatment.
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