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ABSTRACT Herein, highly stable nitrogen (N) doped amorphous indium gallium tin oxide (a-IGTO) thin-
film transistors (TFTs) are prepared and the effects of N-doping are investigated. Compared with undoped
a-IGTO TFTs, a-IGTO TFTs with 6 min N plasma treatment exhibit superior bias stress stability and a
threshold voltages (Vth) closer to 0 V with almost no decline in mobility. In particular, the positive/negative
bias stress threshold shift of N-doped a-IGTO TFTs is substantially reduced in both dark and light
environment. The X-ray photoelectron spectroscopy analysis (XPS) and low frequency noise (LFN) are
employed to study the mechanism of N-doping in a-IGTO TFTs. The XPS results indicate that appropriate
amount of N-doping could enhance the bias stress stability and control the Vth efficiently by passivating
the defects such as oxygen vacancy in a-IGTO films. The LFN results illustrate that the average interfacial
trap density could be reduced by N-doping. Overall, the strategy presented here is effective for preparing
a-IGTO TFTs with enhanced stability for potential applications in future optoelectronic displays.

INDEX TERMS Amorphous indium gallium tin oxide (a-IGTO), thin-film transistors (TFTs), N doping,
bias stress stability, low frequency noise (LFN).

I. INTRODUCTION
Zinc oxide (ZnO) based amorphous oxide semiconductor
(AOS) thin film transistors (TFTs), such as amorphous
indium zinc oxide (a-IZO) and indium gallium zinc oxide
(a-IGZO) TFT, have been widely used in flat panel displays
because of their excellent electrical performance and low
manufacturing cost during past decade [1], [2], [3]. However,
the inferior bias stress stability and low field effect mobility
(usually 1∼10 cm2/V·s) of these ZnO-based TFTs usually
limit their practical applications for ultra-high resolution and
large area displays [4]. Recently, amorphous indium gallium
tin oxide (a-IGTO) as one of the most powerful alternative
and complementary materials to a-IGZO has attracted more
and more attention [5], [6], [7]. By contrast, a-IGTO TFT
has a higher mobility, which is due to the s orbital overlap
of In and Sn is greater than the overlap of In and Zn,
and this finally enhances the permeation conduction path

[8], [9], [10]. In addition, the oxygen bonding energy of Sn
(528 kJ/mol) is stronger than that of Zn (250 kJ/mol), which
could further improve device stability.
As reported in the literatures, a-IGTO TFTs have been well

prepared using various fabrication methods, such as atomic
layer deposition, solution process, and magnetron sputter-
ing [6], [7], [11]. All these devices demonstrate excellent
electrical performance with a relatively low preparation tem-
perature. However, the bias stress stability of a-IGTO TFTs
still needs to be further enhanced, especially the stability in
a light environment. Meanwhile, the significant deviation of
the threshold voltages (Vth) from 0 V is also a problem for a-
IGTO TFTs in low power consumption applications. Hence,
a method that can control the Vth shift and enhance bias stress
stability without damaging mobility needs to be proposed.
Plasma treatment has been demonstrated as an efficient
strategy to modulate the carrier concentration and reduce
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the defect states associated with oxygen vacancies (VO) in
ZnO-based AOS TFTs [12]. Oxygen (O) plasma has been
proved to be effective for reducing VO in a-IGTO TFTs [13].
However, it will significantly reduce the VO concentration
and increase the surface roughness of the film, resulting
in a sharp decline in performance [14]. Nitrogen (N) has
been confirmed to serve as both an acceptor and a defect
binder in a-IGZO TFTs to improve the bias stress stability
of a-IGZO TFTs [15], [16]. Compared with O plasma, N
plasma is considered more friendly to improve the thin-film
properties [14]. In view of this, N plasma treatment is an
ideal strategy to address the issues of a-IGTO TFTs.
Herein, we studied the a-IGTO TFTs with different

N-doping levels via a magnetron sputtering and N plasma
treatment. With appropriate N-doping, the reliability of a-
IGTO TFTs are greatly improved both in dark and light
environment. Simultaneously, the Vth shifted to 0 V alone
with a relative undamaged field-effect mobility (μFE). To
understand the charge trap mechanisms of N in a-IGTO
TFTs, X-ray photoelectron spectroscopy (XPS) and low-
frequency noise (LFN) analyses are carried out. The XPS
results indicate that N plasma treatment could suppresses
the formation of excess VO effectively. The LFN result
demonstrates that N plasma treatment could reduce the
interface trap density in a-IGTO TFTs. All these results show
that N-doping could enhance the stability and control the Vth
of a-IGTO TFTs by passivating the defects and improving
interface quality.

II. DEVICE STRUCTURE AND EXPERIMENTAL
The schematic view of the N-doped a-IGTO TFTs fabricated
and characterized in this study is depicted in Fig. 1(a). First,
20 nm a-IGTO thin film is deposited using radio frequency
(RF) magnetron sputtering on a 100 nm SiO2 coated p+-Si
substrate with a IGTO ceramic target (In2O3:Ga2O3:SnO2
= 7:2:1 mol%). During the deposition process, the RF
power was set as 40 W, the substrate pressure was below
3×10-4 Pa, the Ar gas flow rate was 15 sccm, the sputtering
chamber pressure was maintained at 0.8 Pa, and the substrate
temperature was fixed at 100 ◦C. After the deposition, the
a-IGTO thin film is directly treated in the aforementioned
RF magnetron sputtering system using N2 plasma with a gas
mixing ratio of N2:Ar = 20:40. The plasma treatment times
are 0, 3, 6, 9, and 12 min, respectively. Finally, 100 nm Al
source/drain electrodes are prepared using a direct current
sputtering process. The a-IGTO thin film and Al electrodes
are patterned with matching metal shadow masks, and the
channel length (L) and width (W) are designed to be 120 μm
and 150 μm, respectively.

III. CHARACTERIZATION AND DISCUSSION
All the electrical performance characterizations of the
N-doped a-IGTO TFTs are performed under ambient condi-
tions. An Agilent B2912 analyzer with a Lakeshore probe
station is used for the electrical measurements, and an

FIGURE 1. (a) Schematic view of the N-doped a-IGTO TFTs. (b) AFM images
of a-IGTO TFTs with 0 and 6 min N plasma treatment. (c) Typical output
characteristics of a-IGTO TFTs with 6 min N plasma treatment. (d) Typical
transfer characteristics (with Ids plotted logarithmically) of N-doped
a-IGTO TFTs with different N plasma treatment time at Vds = 1 V. (e) and
(f) Ion, Vth, μFE, and SS of N-doped a-IGTO TFTs with different N plasma
treatment time.

NC300L LFN analyzer is employed for the LFN measure-
ments.
To evaluate the effect of N plasma treatment to the

film surface roughness, the surface topographies of the
a-IGTO thin films with different plasma treatment times
were measured by an atomic force microscope (AFM). The
AFM images for 0 and 6 min are shown in Fig. 1(b). The
results show that the N plasma treatment has an effect on
the surface roughness of the a-IGTO films. The root means
square roughness (RMS) of undoped a-IGTO films is 0.61
nm, and the RMS is reduced to 0.31 nm after N-doping.
A rough interface usually appears as deep valleys that act
as carrier traps and scattering centers [17]. A smaller RMS
result indicates that N plasma treatment could weaken the
surface scattering effect and is benefits to the carrier mobility
and contact resistance between the source-drain electrode and
the a-IGTO thin film. Unfortunately, an excessive treatment
time will introduce physical damage and interface defects to
the film surface and increase the surface roughness [12].
Fig. 1(c) exhibits the output characteristic of a-IGTO TFT

with 6 min N plasma treatment. The gate-source voltage
(Vgs) changes from −10 to 30 V with a 5 V step. The
saturation and conspicuous pinch-off characteristics indicate
that the channel layer can be significantly modulated by
the gate potential. Besides, the gate-drain current (Ids)
increases linearly in the small gate drain voltage (Vds) region
illustrates that the channel layer and the source/drain are
ohmic contact [18]. The transfer characteristic curves of
a-IGTO TFTs with N plasma treatment times of 0, 3, 6, 9,
and 12 min at Vds is 1 V and the Vgs is swept from −30
to 30 V is displayed in Fig. 1(d). All the transfer curves
show a typical n-type characteristics with an on/off ratio
of 107. To better characterize the effect of N-doping in a-
IGTO TFTs, the key electrical performance parameters of
the device are extracted. Fig. 1(e) shows the N-doping effect
on ON-state channel current (Ion) and Vth of the N-doped
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a-IGTO TFTs. The Vth, which is extracted by the horizontal
intercept of the linear region of the I1/2

ds versus Vds plot,
shifts to the right from −5.1 to 1.9 V as the N plasma
treatment time increases from 0 to 12 min. Meanwhile, the
Ion decreases as N plasma treatment time increases. These
results demonstrate that N-doping is a p-type doping for
a-IGTO TFTs. The positive shift of Vth and the reduction
of Ion are interpreted to be associated with the decrease of
electron concentration (ne) [19]. The ne can be calculated
using the following equation [20], [21]:

ne = IonL

qSVdsμFE

where S is the cross-sectional area of the active layer. The
ne value of N plasma treatment time increased from 0 to
12 min are decreased from 2.5×1018 to 0.9×1018 cm-3,
respectively. In general, the VO supply the electrons [12].
Thus, the decrease of ne also proved that N doping inhibits
the generation of VO in a-IGTO TFTs.

The μFE and subthreshold swing (SS) as a function of
N-doping is plotted in Fig. 1(f). The value of μFE can be
calculated by the following equation [22]:

μFE = gmL

WCiVds

where Ci is the capacitance per unit area of SiO2, gm is
the transconductance and is obtained by the equation of gm
= dIds/dVgs. The resulting μFE for 0, 3, 6, 9, and 12 min
N plasma treatment time are 16.3, 15.9, 15.8, 14.9, and
13.1 cm2/V·s, correspondingly. It is delightful that although
ne is obviously decreased as the N plasma time increase,
the μFE is slightly decreased. That is mainly because the
N-doping could inhibit the generation of VO as discussed
in the ne, and the VO usually act as electron traps in the
TFTs [23], [24].
To verify the N plasma treatment could reduce charge

traps, SS of these TFTs are also extracted from the formula:
SS = dVgs/dlogIds. In general, the SS value is related to
the interface trap density (Dit) between the a-IGTO channel
layer and the SiO2. The Dit could be estimated based on the
following equation [25]:

Dit =
(

qSS

kBTln10
− 1

)
Ci
q

where T is the temperature during measurements and kB is
Boltzmann’s constant. It could be seen that the a-IGTO TFT
with 6 min N plasma treatment has a minimum SS compared
with other TFTs, with the resulting Dit of 0.76×1012

cm-2eV-1, which is superior to that of the undoped a-IGTO
TFT with a value of 1.33×1012 cm-2eV-1. These results
demonstrate that the N-doping can also reduce Dit and
improve the interface quality between the a-IGTO and SiO2.
The charge trapping in the gate dielectric and/or at

the channel/dielectric interface would cause a Vth shift
(�Vth) under positive/negative bias voltage stress [26]. To
demonstrate the inhibition of defects by N-doping, the bias

FIGURE 2. (a)-(d) The PBS, PBIS, NBS, and NBIS of undoped a-IGTO TFTs at
Vgs = ±10 V and stress duration of 3600 s.

stress stabilities of a-IGTO TFTs with 0 and 6 min N plasma
treatment at Vgs = 10 V and −10 V, under dark and light
environments, and stress duration of 3600 s are investigated.
Fig. 2(a)-(d) presents the positive gate-bias stress (PBS),

light illumination positive gate-bias stress (PBIS), negative
gate-bias stress (NBS), and light illumination negative gate-
bias stress (NBIS) of undoped a-IGTO TFT, respectively.
The undoped a-IGTO TFT shows �Vth of 3.63 V for PBS
and −3.44 V for NBS, as shown in Fig. 2(a)and(c). When
introducing the illumination condition, the gate-bias stress
stability becomes worse and the �Vth becomes 4.77 V for
PBIS and −4.45 V for NBIS, as plotted in Fig. 2(b)-(d). The
increase in �Vth mainly comes from the photo-desorption
of oxygen-related species under light illumination [27].
Meanwhile, the gate-bias stress of a-IGTO TFTs with 6 min
N plasma treatment is depicted in Fig. 3(a)-(d). Both under
dark and light condition, the N-doped a-IGTO TFT exhibits
a small �Vth for PBS (0.59 V), NBS (−0.62 V), PBIS
(0.81 V), and NBIS (−0.9 V) compared with the undoped
a-IGTO TFT.
The �Vth under gate-bias stress could be attributed to

temporal charge trapping in the channel region and/or at
the interface and the charge trap state results from the VO
has been confirmed [28]. The detailed plots of Vth shift
versus stress time of a-IGTO TFTs with 0 and 6 min
N plasma treatment are depicted in Fig. 4(a)-(b) and a
significant decrease of �Vth can be seen in N-doped a-IGTO
TFT. This result indicates that the N-doping could enhance
bias stress stability of the a-IGTO TFT. In other words,
with appropriate N-doping, the generation of VO could
be effectively suppressed, and finally cause a small �Vth
and enhancement in bias stress stability for a-IGTO TFT.
This conclusion is consist with the previous results and
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FIGURE 3. (a)-(d) The PBS, PBIS, NBS, and NBIS of a-IGTO TFTs with 6 min
N plasma treatment at Vgs = ±10 V and stress duration of 3600 s.

FIGURE 4. (a) The detailed plot of �Vth versus stress time of the a-IGZO
with 0 and 6 min N plasma treatment under PBS and NBS. (b) The detailed
plot of �Vth versus stress time of the a-IGZO with 0 and 6 min N plasma
treatment under PBIS and NBIS. (c) Schematic view of interfaces trap sites
and VO defect states in the a-IGTO TFT. (d)-(f) O 1s XPS spectra of the
a-IGTO thin film with 0, 6, and 12 min N plasma treatment.

discussions about the ne and Dit. The N-doped a-IGTO TFT
obtains a better gate-bias stress stability while compared with
undoped a-IGZO TFT and the relevant reason is that the
traps associated with VO are constantly suppressed by the
N-doping.
Fig. 4(c) depicts the interfaces trap sites and VO defect

states of the a-IGTO thin films. The doping principle lies
that the N would replace these VO and form N-metal
bond by attaching to metal ions after N plasma treat-
ment [12], [14], [29]. To verify the detailed principle of
N-doping, the O 1s and N 1s bonding properties of N-
doped a-IGTO thin films are analyzed by XPS.. The O 1s
spectra of a-IGTO TFT with 0, 6, and 12 min N plasma

FIGURE 5. (a)-(d) N 1s XPS spectra of the a-IGTO thin film with 0, 6, 9, and
12 min N plasma treatment.

treatment are carefully deconvoluted into three different
peaks, centered at 529.9 ± 0.1, 530.7 ± 0.1, and 531.9 ±
0.1 eV, respectively, as shown in Fig. 4(d)-(f) [30]. The area
of O2 = (O2/O1+O2+O3) decreases from 32.6% to 26.7%
to 21.4% as the N plasma treatment time increases from 0
to 6 to 12 min, indicating that the VO are reduced by the N
plasma treatment. This result illustrates the N-doping could
significantly reduce VO defect states in the active channel
layer of the a-IGTO thin films and improve the bias stress
stability, which is consists with the above discussion. The
experimental curve of the N 1s XPS spectra of a-IGTO
thin films with 0, 6, 9, and 12 min N plasma treatment are
exhibited in Fig. 5(a)-(d). As the N plasma time is increased
to 6 and 9 min, the peak shift to higher energy. Besides,
the N-Ga peak start to appear and gradually increased [16].
When the N plasma time increased to 12 min, the peak of
γ -N2 (relating to adsorbed nitrogen molecules or impurities)
is appear, suggesting that there are more defects (non-reacted
N2 molecules) introduced into a-IGTO films if too many
nitrogen atoms were doped [31]. The N 1s XPS spectra
indicates N is successfully doped in a-IGTO thin films.
To further verify the impacts of N plasma treatment to

the trap density, the LFN measurement is carried out for the
a-IGTO TFTs with 0, 6, and 12 min N plasma treatment.
Fig. 6(a) shows the relationship between normalized drain-
current noise spectral densities (SID/I2D) and frequency (f ) of
a-IGTO TFT with 6 min N plasma treatment. It is apparent
that all the curves fit classical 1/f noise model very well when
the (Vgs-Vth) ranging from 1 to 5 V and the f ranging from
1 to 1000 Hz [32]. Subsequently, the LFN measurements of
a-IGTO TFTs with 0, 6, and 12 min N plasma treatment are
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FIGURE 6. (a) Typically normalized LFN spectrum of the a-IGTO TFTs with
6 min N plasma treatment at Vds = 1 V and (Vgs-Vth) ranging from 1 to 5 V.
(b) Typically normalized LFN spectrum of the a-IGTO TFTs with 0, 6, and
12 min N plasma treatment at (Vgs-Vth) = 3 V and Vds = 1 V. (c) Normal-
ized SID/I2D as a function of (Vgs-Vth) log-log plots of he a-IGTO TFTs with
0, 6, and 12 min N plasma treatment at f = 40 Hz and Vds = 1 V. (d) The
calculated Nit as a function of different over drive gate voltage.

conducted to make a comparison at (Vgs-Vth) = 3 V and
Vds = 1 V, as shown in Fig. 6(b). In general, carrier number
fluctuation (�N) and correlated mobility fluctuation (�μ)
are used to explain the origin of the 1/f noise [33]. The �N
theory explains the origin of 1/f noise as the generation-
recombination noise in the electron transitions between the
conduction band of the channel material and the traps in the
oxide layer. While the �μ theory regards the fluctuations in
mobility of free carriers in conducting channel as the origin
of 1/f noise [33], [34]. The relationship between SID/I2D
and (Vgs-Vth) is fitted in Fig. 6(c) at Vds = 1 V and f =
40 Hz. All three TFTs show an approximate slope value
of −2, indicating the origin of 1/f noise is caused by �N
theory [30]. According to the 1/f noise model, the average
interfacial trap density (Nit) within the gate oxide could be
estimated by the following equation [35]:

Nit = SIDC2
i WLf

(
Vgs − Vth

)
γ

q2kBTI2D

where γ is 108 cm-1 for the Si-SiO2 system [32]. The
calculated NIt value of a-IGTO TFTs with 0, 6, and 12 min
N plasma treatment at f = 40 Hz and (Vgs-Vth) changes
from 1 to 5 V is shown in Fig. 6(d). The curve reflects
the approximately uniform oxide trap distribution in each
device. The Nit are calculated to be 1.8×1020, 8.7×1018, and
5.66×1019 for 0, 6, and 12 min N plasma treated a-IGTO
TFTs, respectively. This result is consistent with the above
discussion about Dit estimated from SS. It further proves
that moderate N-doping could reduce defects in the channel

layer, while excessive N plasma treatment will introduce
additional defects to the thin film.

IV. CONCLUSION
In summary, the a-IGTO TFTs with varied N-doping degree
are obtained via a N plasma treatment approach. By rationally
modulating the treating time, superior bias stress stability,
Vth closer to 0 V, and almost no decline in mobility are
simultaneously achieved in the a-IGTO TFTs with 6 min N
plasma treatment. Specifically, the a-IGTOTFTs with 6 min N
plasma treatment shows aVth of−0.5V, aμFE of 15.8 cm2/V·s,
a SS of 235 mV/dec, and a small �Vth for PBS (0.59 V),
NBS (−0.62 V), PBIS (0.81 V), and NBIS (−0.9 V). The
XPS results suggest that N plasma treatment could enhance
the bias stress stability and control the Vth efficiently through
passivating the defects such as VO in the a-IGTO films. The
LFN results indicate N-doping could decreaseNit and improve
interface quality effectively. Therefore, the fabrication of N-
doped a-IGTO TFTs has deep potential for low-power and
high resolution flat-panel displays.
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