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Abstract— In this letter, microwave annealing technology is
proposed to reduce thermal budget for the manufacture of
transparent conductive oxide thin-film transistor (TFT). With
microwave annealing, a nitrogenated amorphous In-Ga-Zn-O
(a-IGZO:N) TFT fabricated on glass panel behaves as a carrier
mobility of 4.21 cm2/V s and threshold voltage of 2.91 V.
The performance of microwave-treated a-IGZO:N TFT with
annealing process duration of 300 s is well competitive with its
counterpart treated by thermal furnace annealing at 350 C for
1 h. Owing to its low thermal budget and selective heating to
materials of interest, the microwave annealing has great potential
for flexible oxide TFT applications.

Index Terms— Flexible thin-film transistor (TFT), In-Ga-Zn-O
thin-film transistor (IGZO TFT), postannealing.

I. INTRODUCTION

IN the recent years, amorphous indium–gallium–zinc oxide
(a-IGZO) has been attracting substantial attention for the

utility in thin-film transistors (TFTs) and flexible electronics
because of its high mobility and light transparency [1]–[4].
In [5] and [6], the nitrogenated amorphous indium–gallium–
zinc oxide (a-IGZO:N) TFT was proposed and exhibited
good carrier mobility, electrical reliability, and the superior
immunity against UV radiation than those of a-IGZO TFT. The
sputter-deposited oxide semiconductor layer typically requires
thermal annealing at ∼ 400 °C for 30 min or longer to achieve
a satisfactory device performance and stability [7], [8]. For
flexible electronics applications, the limit of process thermal
budget at flexible substrates is one of critical considerations.
In this letter, a high efficient postannealing process is pro-
posed using microwave technology. Among its advantages
include thermal uniformity, rapid heating process, shortened
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Fig. 1. (a) Id –Vg curves of a-IGZO TFTs and a-IGZO:N TFTs with
1P_300s microwave annealing process. The symbol of 1P_300s stands for
the microwave annealed a-IGZO TFTs with microwave energy 600 W for
300 s. (b) The electrical parameters of a-IGZO TFTs and a-IGZO:N TFTs
with 1P_300s microwave annealing. Inset: corresponding average value of
devices in same batch.

manufacturing period, low thermal budget, and suppression of
unexpected species diffusion [9], [10]. Microwave heating is
also characterized by selective heating of materials, which is
impossible with the typical furnace annealing process. This
technology has a great potential for future flexible application
and replaces the traditional thermal furnace annealing.

II. DEVICE FABRICATION

Inverted-staggered TFT devices were fabricated on a
glass substrate for this research. A 100-nm-thick gate
electrode of the MoW layer was initially formed by
dc sputtering. A layer of 200-nm-thick silicon dioxide
(SiO2) film was subsequently deposited using a plasma-
enhanced chemical vapor deposition. The active channel
layer of 50-nm-thick a-IGZO were formed by a dc mag-
netron sputtering with power 100 W and argon (Ar) flow
rate of 10 sccm using IGZO target of In:Ga:Zn:O =
1:1:1:4 at.%. For the formation of a-IGZO:N film, the
50-nm-thick a-IGZO:N layer was deposited using reactive dc
magnetron sputtering with Ar and nitrogen gas flow rates of
10 and 2 sccm, respectively. It was followed that a 100-nm-
thick indium–tin oxide was then formed to act as source/drain
electrodes by RF sputtering. Finally, these samples were
annealed sequentially in a microwave annealing system with
a microwave frequency of 5.8 GHz. The microwave power
used in this letter is 600 W as denoted by 1P. The microwave
annealing durations ranged from 100 to 600 s. The control
sample also was fabricated separately by furnace-annealing
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Fig. 2. (a) Id –Vg curves of a-IGZO:N TFTs with different microwave
annealing processes. (b) The electrical parameters of a-IGZO TFTs correspond
to each microwave annealing condition. Inset: corresponding average value of
devices in same batch.

a-IGZO:N TFT at 350 °C for 1 h under nitrogen ambient
for comparison with the microwave-annealed ones. Electrical
measurements were measured in the dark chamber at the
ambient by Keithley 4200.

III. RESULTS AND DISCUSSION

Fig. 1(a) shows the transfer characteristics curves (Id–Vg)
of a-IGZO TFTs and a-IGZO:N TFTs with 1P microwave
annealing for 300 s at a drain-to-source voltage (VDS) of
10 V. The extracted threshold voltage (Vth), mobility and
subthreshold swing (S.S.) of each device were also compared
in Fig. 1(b). It is observed that the Vth of a-IGZO:N TFTs
decreased from 5.8 to 2.9 V and the mobility increased from
2.4 to 4.2 cm2/V s, compared with that of a-IGZO TFTs.
It can be inferred that the microwave-treated a-IGZO:N thin
film has larger carrier concentration with fermi level closer
to conduction band minimum [4], [11]. Thus, the conduction
electron could easily overcome the energy barrier height in the
channel of device. In addition, the S.S. of microwave-treated
TFT device also has a great improvement with the value
0.4 decade/V.

Fig. 2(a) shows the Id –Vg curves of a-IGZO:N devices with
different microwave annealing conditions, and the electrical
parameters were depicted as shown in Fig. 2(b). At the begin-
ning, the as-deposited a-IGZO:N TFTs had large Vth and was
hardly to be turned on. As the microwave annealing duration
increased from 100 to 300 s with an identical microwave
power, the Vth decreased from 31.9 to 2.9 V and the mobil-
ity was enhanced from 1.5 to 4.2 cm2/Vs. The microwave
annealing process enhanced the bonding of the oxygen ions
with metal atoms and eliminated the defects in the channel, so
that the electrical performance of device improved obviously
[9], [12], [13]. The device performance was, however,
degraded with excess microwave treatment. The microwave-
annealed a-IGZO:N TFTs with a treatment duration of 600 s
degraded slightly because of the creation of defect traps in the
active layer originated from the overheating process. The trap
density (Nt ) could be estimated from the S.S. by the following
equation:

S.S. = loge 10 × kB T/e[1 + e(t Nt + Dit)/Ci ]
where t is the thickness of the a-IGZO:N active layer and Dit
is the interface trap density, assuming the trap tNt dominated

Fig. 3. Vth shift of microwave-annealed a-IGZO:N TFTs as a function of
GBS durations.

Fig. 4. (a) Id –Vg curves of a-IGZO:N TFTs with different postannealing
process, including microwave annealing and traditional furnace annealing.
(b) Electrical parameters of a-IGZO:N TFTs correspond to each postannealing
process. Inset: corresponding average value of devices in the same batch.

and Dit is negligible [14]. The Nt value of a-IGZO:N TFT
with 300 and 600 s microwave annealing was 2.48 × 1017

and 8.71 × 1017 cm−3, respectively. In addition, the phe-
nomenon also existed when devices were annealed with even
high microwave powers. The optimization condition for the
microwave annealing is thereby critical for realistic application
of a-IGZO:N TFT device.

The effects of gate bias stress (GBS) on a-IGZO:N TFTs
with different microwave annealing conditions are studied, as
shown in Fig. 3. In GBS measurements, an electric field of
2.5 MV/cm was applied to gate electrode and source/drain
electrodes were grounded. The Vth shift of microwave-
annealed a-IGZO:N TFTs after positive GBS testing decreased
from the value of 14.9 V with 100 s anneal duration to a
minimum of 6.8 V with 600 s anneal duration. This result
suggests that the increase of microwave treatment duration
could improve the electrical reliability of a-IGZO:N TFTs
by eliminating the defect states in the a-IGZO:N channel
layer [15].

Fig. 4(a) shows the comparison of Id –Vg curves of
a-IGZO:N TFTs annealed by microwave technology and the
traditional thermal furnace. The a-IGZO:N TFTs with 1P
microwave annealing for 300 s exhibited a superior perfor-
mance with a lower Vth and lower S.S. than that of the
350°C furnace-annealed a-IGZO:N TFTs as shown in
Fig. 4(b). The microwave-annealed a-IGZO:N TFTs performed
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Fig. 5. Vth shift of microwave-annealed a-IGZO:N TFTs as a function of
GBS durations.

even uniform electrical characteristics than that of 350 °C
furnace-annealed devices. This indicated that microwave
anneal technology not only provided a highly efficient process
to enhance TFT device performance, but also reduced the
variations in electrical characteristics between devices due to
its desired features of selective heating and volumetric heating.
Besides, the Nt of a-IGZO:N TFTs with microwave annealing
and furnace annealing was 2.48 × 1017 and 4.13 × 1017 cm−3,
respectively. The microwave-annealed device exhibited lower
trap states than that of the furnace-annealed one. After GBS
test, the microwave annealed a-IGZO:N TFTs also revealed a
comparable reliability with the furnace-annealed one, as shown
in Fig. 5. These results were consistent with the electrical
improvement in device performance of a-IGZO:N TFTs.

IV. CONCLUSION

In this letter, we have demonstrated the microwave anneal-
ing technology with low thermal budget and high efficiency to
enhance electrical characteristics of a-IGZO:N TFT fabricated
on glass substrate. With the optimum process condition of
600 W for 300 s in this letter, electrical performance and
reliability of a-IGZO:N TFTs are significantly promoted than
that of the furnace-annealed one at 350 °C for 1 h because of
the reduction of trap state. The proposed microwave annealing
with low thermal budget would also be potential for flexible
oxide TFTs application.
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