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Amorphous N-doped InSnZnO thin films deposited by RF
sputtering for thin-film transistor application

N-doped INSNZnO thin-film transistors were prepared using
radio frequency magnetron sputtering at room temperature.
The influence of RF power on the films’ microstructure and
optical properties was investigated. The results show that

an appropriate RF power can enhance ITZO:N film’s quality,
and reduce the interface state density, which is beneficial to
improving the carrier concentration of ITZO:N TFT. Then, the
device’s performance can be optimized.
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Amorphous N-doped InSnZnO thin films
deposited by RF sputtering for thin-film
transistor application

Zhi-Yue Li, 2 2°¢ Shu-Mei Song,® Wanxia Wang,*® Ming-Jiang Dai,®
Song-Sheng Lin,® Ting-Yong Chen® and Hui Sun () *?

N-doped InSNZnO (ITZO:N) thin films as the active layer of thin film transistors (TFTs) were prepared
using radio frequency (RF) magnetron sputtering at room temperature. The influence of RF power on
the microstructure and optical properties of films was investigated. The relationship between the active
layer quality and the TFT's electrical properties was also studied. The results show that no evident
impacts of RF power are observed on the optical transmittance in the visible range of amorphous
ITZO:N thin films. Their optical band gaps increase from 3.44 to 3.54 eV. An appropriate RF power can
enhance ITZO:N film's quality, and reduce the interface state density, which is beneficial to improving
the carrier concentration of ITZO:N TFTs. Then, the device's performance is optimized. The threshold
voltage of TFTs shows a negative shift as the RF power gradually increases. When the RF power is 60 W,
the ITZO:N thin film is amorphous with a dense microstructure. The corresponding TFT device exhibits
optimal electrical characteristics. Its field-effect mobility, on/off ratio and subthreshold swing are
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1. Introduction

Since ZnO thin film transistors (TFTs) prepared by radio
frequency (RF) magnetron sputtering at room temperature have
been reported by Fortunato and Martins et al. in 2004," TFTs
with ZnO-based thin films as the active layer have drawn much
attention by researchers. Many studies have confirmed that
ZnO films doped with Ga,> Al,® In,*"® Sn”® or other elements®™"
possess good uniformity and low resistivity, which are suitable
for their applications in optoelectronic fields such as flat panel
displays. Among these ZnO-based materials, InSnZnO (ITZO)
composed of In,03, SnO, and ZnO is advantageous due to its
wide bandgap (> 3.2 eV) and high transmittance (> 85%) in the
visible light region.”>™*® The bottom of its conduction band
mainly consisted of In5s and Sn5s orbitals that have strong
divergence and high symmetry, which favors electron
mobility."”*® In addition, the substitution of two In*" ions by

“School of Space Science and Physics, Shandong University, Weihai, 264209,
China. E-mail: sunhuichn@hotmail.com; Tel: +86-15615816261
b Shenzhen Institute for Quantum Science and Engineering,
Southern University of Science and Technology, Shenzhen, 518055, China
¢ Department of Physics, The University of Hong Kong, Hong Kong, 999077, China
4 School of Mechanical, Electrical and Information Engineering,
Shandong University, Weihai, 264200, China. E-mail: wang wanxia@sdu.edu.cn
¢ Guangdong Institute of New Materials, 363 Changxing Road, Guangzhou, 510651,
China

© 2023 The Author(s). Published by the Royal Society of Chemistry

14.66 cm? V™t s7L, >10° and 0.7 V dec™, respectively.

the Zn>*/Sn*" impurity pair results in lattice distortion and
contributes to the formation of defects such as oxygen vacan-
cies and (Sny,)*. This would induce extra free electrons and thus
increase the carrier concentration.'®?° Under these conditions,
the film’s electrical properties are obviously strengthened.
However, for most ZnO-based TFTs, the adsorption of gas
molecules, such as O,, at the back-channel position will capture
the electrons, while their desorption will result in electron
release in the film.>*' This behavior leads to the instability of
the TFT’s electrical properties. This is a major issue in the
practical application of ZnO-based TFTs.

In order to overcome the above impediment, many research
studies have focused on this topic, and some strategies are
proposed. An effective approach to enhance the stability of
ZnO-based TFTs is nitrogen doping. Liu et al. prepared nitro-
genated IGZO TFTs by the sputtering method in 2011. They
found that nitridation could reduce the oxygen adsorption/
desorption near the back channel, which improves the carrier
mobility and the device’s stability.*” Kim et al. also pointed out
that the density of interface trap states was significantly sup-
pressed by nitrogen-doping in ITO TFTs, and the electrical
properties of the device were further optimized.>® Unfortu-
nately, few studies were carried out on N-doped modified ITZO
films to date. In order to improve the performance of ITZO
TFTs, N-doped ITZO active layers were prepared in our previous
study.®* It is found that nitrogen passivates the oxygen defects
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in the device and effectively reduces the interface state density of
TFTs. This confirms that the ITZO:N active layer possesses an
obvious advantage in enhancing the TFT’s performance. However,
the properties of ITZO:N films need to be further optimized by
adjusting the deposition parameters.

In this work, ITZO:N thin films were prepared by RF magnetron
sputtering. The RF power is varied during the film preparation
process. For improving TFT performances, physical and chemical
analyses are quite relevant. The influence of RF power on the
microstructures, chemical compositions, and optical properties of
ITZO:N films and the electrical properties of ITZO:N TFTs were
investigated.

2. Experimental

ITZO:N TFTs were prepared at room temperature by RF magnetron
sputtering (MIS-500B, SKY Technology Development Co., Ltd) at
different RF powers (50, 60, 70 and 80 W). Fig. 1 shows the
schematic structure of the ITZO:N TFT with a top-contact,
bottom-gate configuration. This structure is facile to be fabricated
with minimum damage to the active layer. The ITZO ceramic target
(99.99%, ®76 nm, In,05:Sn0,:ZnO = 30:35:35 at%) was used
during sputtering. The substrate was heavily doped with p-Si (100)
coated with a 200 nm SiO, layer. The sputtering gas Ar/O,/N, flow
rate was maintained at 50/10/4 mL min~ ", and the work pressure
was kept at 0.6 Pa. The channel width (W) and length (L) of TFTs
were fixed as W/L = 1000/200 pm. The ITZO:N active layer thickness
was 35 nm. 90 nm ITO thin films as the source and drain
electrodes were deposited on the ITZO:N active layer by RF
magnetron sputtering.

The thickness of the ITZO:N thin films was measured using a
step profiler (Ambios technology company, USA). The structural
characteristics were investigated using a X-ray diffractometer
(XRD, Rigaku, Japan). The chemical compositions were measured
using an energy dispersive spectroscopy system (EDS, Aztec Xmax
50,UK). The surface morphology was observed via a field emission
scanning electron microscope (FE-SEM, FEI, NanoSEM 450, USA)
and an atomic force microscope (AFM, Oxford Instruments, UK).
The optical transmittance was evaluated using a Cary 100 UV/Vis
spectrophotometer (Varian Company, USA). The electrical perfor-
mance of ITZO:N TFTs was characterized using a 4200 semicon-
ductor characterization system (Keithley, USA).

p-Si< 100 >

Fig. 1 Schematic structure of the ITZO:N TFT.
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3. Results and discussion

ITZO:N thin films were prepared with RF powers of 50, 60, 70
and 80 W, respectively. The corresponding XRD analysis results
are shown in Fig. 2. All the films show an amorphous structure,
which is consistent with the glass substrate. No significant
diffraction peak can be detected, and the halo peaks in this
figure can be attributed to the substrate. It is clear that the
amorphous nature of ITZO:N thin films has not changed with
the increase in the sputtering power. Zhong et al. reported that
the formation of the ITZO amorphous phase is due to the
reorganization of the amorphous network between the hexago-
nal ZnO and ITO.* Besides, the introduction of nitrogen and
the ambient deposition temperature also contribute to lowering
the film’s crystallinity. A similar phenomenon has also been
reported elsewhere.>"*® Since one of the essential factors that
affect device performance is stoichiometry, the atomic concen-
tration of ITZO:N films prepared at different RF powers was
studied. In general, the contents of In, Sn and Zn elements
show minor variations, approximately 35%, 14% and 51%,
respectively. However, it can be seen that In+Sn and Zn show
opposite trends in Fig. 3. This is probably due to the increase in
sputtering power, where indium and tin elements with larger
mass are sputtered more from the target.

Fig. 4a-d show the surface morphology of ITZO:N thin films
fabricated at different RF powers. As can be seen from this
figure, ITZO:N films are composed of small spherical particles.
When the RF power increases from 50 W to 60 W, the root mean
square (RMS) roughness of ITZO:N films decreases from 1.16 to
0.59 nm (see Fig. 4e-f), and the individually distributed grain
density on the film’s surface also significantly reduces. This is
due to the elevated sputtering power providing more energy to
the incident particles, which leads to an increase in their
migration ability and the local bonding order in the growing
film.?”-*® Thus, ITZO:N thin films prepared at 60 W are denser
and smoother compared to the films deposited at a sputtering
power of 50 W. When the RF power further increases to 70 W
and 80 W, the incident particles with excessive energy bombard
the substrate, resulting in the destruction of the surface

Intensity/a.u.

20 40 60 80
20/°

Fig. 2 XRD patterns of ITZO:N thin films deposited at different RF powers.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Atomic concentrations of ITZO:N thin films deposited at different RF
powers.
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structure of ITZO:N thin films. Especially, at a sputtering power
of 80 W, the bombardment of the incident particles with high
energy will induce lots of defects in the film (noted by red
circles in Fig. 4d). This will to some extent degrade the TFT’s
performance. In addition, with high RF power, more sputtering
particles arrive at the substrate and do not have enough time to
migrate, leading to roughness on the film’s surface.”® This
behavior is consistent with the situation of ITZO films reported
by Tong et al.*°

Fig. 5 shows the optical transmittance curves of ITZO:N thin
films prepared with different sputtering powers. The average
transmittance in the visible range (380-780 nm) of ITZO:N
films always approaches or exceeds 90%. For the films prepared
with RF powers of 50, 60, 70 and 80 W, these values are 90.71%,
91.01%, 89.04% and 89.51%. This indicates that the RF power
has little effect on the transmittance of the thin films. All

00 05 10 15 20
pm

Fig. 4 SEM images of ITZO:N thin films deposited at different RF powers: (a) 50 W, (b) 60 W, (c) 70 W, and (d) 80 W. AFM images of (e) 50 W and (f) 60 W.
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Fig. 5 Optical transmittance of ITZO:N thin films deposited at different RF
powers.

ITZO:N thin films possess ideal transmission in the visible
region. Besides, the minor variation of the film’s transmittance
may be related to the incident light scattering caused by the
variation of the grain size and the amount of defects in
the films.

As a direct band gap semiconductor material, the optical
band gaps (Eg) of ITZO:N thin films can be estimated using the
Tauc relation (0hv)* = A(hv — E), where o is the absorption
coefficient, A is a constant and &y is the photon energy. As
shown in Fig. 6, the optical band gaps increase monotonously
from 3.44 to 3.54 eV when the RF power increases from 50 W to
80 W. We speculate that such a tendency may relate to the
Burstein-Moss effect, i.e., the broadening of optical band gaps is
attributed to a higher carrier concentration, which is consistent
with the experimental results of the carrier concentration from the
transfer characteristics measurement (see Table 1).

Fig. 7 shows the transfer characteristic curves of ITZO:N
TFTs. The Vgs is swept from —12 to 25 V while the Vi is fixed at
5 V. The transfer curves of the devices exhibit abnormal
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Fig. 6 Optical band gaps of ITZO:N thin films deposited at different RF
powers.
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Table 1 Electrical properties of the ITZO TFTs prepared at different RF
powers

RF S N2 % 102 rE Vin Nem % 10%7
power W (V dec™") (em™?) Ionjort (em®> V™ 's™) (V) (em™)

50 2.3 2.93 10* 0.13 2.91 0.71

60 0.7 0.83 10° 14.66 1.97 1.25

70 1.1 1.36 10° 1.51 0.32 1.74

80 1.5 1.89 10° 1.06 1.16 2.36

L 1 " 1 L
-10 0 10 20 30
Vo'V

Fig. 7 Transfer characteristic curves of ITZO TFTs deposited at different
RF powers.

properties with hump-shaped features. This behavior indicates
the presence of a main channel and a parasitic channel in the
device. It is considered that the adsorption of water on the
channel, generating a local electric field, may be the main
factor in electrical testing under atmospheric conditions.** It
can be seen from the curves that the subthreshold swing (S) of
devices decreases first and then increases as the sputtering
power increases. S is extracted from the slope of the linear
region of the transfer characteristic curves. It is generally
considered as an indicator of the power consumption of the
devices. The value of S is strongly dependent on the state
density (Ng'®) of the active layer/gate dielectric layer interface

(eqn (1)):

, S x lge C;
NI = —1)— 1
S ( kT /q ) q @

where £ is the Boltzmann constant, T is the absolute temperature in
kelvin, q is the single electron charge, and C; is the gate dielectric
capacitance per area (~1.25 x 10~ ° F cm ™). The electrical proper-
ties of the ITZO TFTs fabricated in this work are summarized in
Table 1. As shown in this table, when the RF power increases from
50 W to 60 W, ITZO:N thin films turn to be denser, and the defects
in the devices correspondingly reduce. Thus, N5 of these TFTs
decreases from 29.33 x 10" cm™” to 8.38 x 10" cm 2. When the
RF power is 70 W and 80 W, the high RF power leads to substrate
damage, which affects the ITZO:N/SiO, interface quality and

© 2023 The Author(s). Published by the Royal Society of Chemistry
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degrades the TFT’s performance. Therefore, the Ng** gradually
increases to 1.36 x 10"? cm™2 and 1.89 x 10'? cm™2, which
results in a high S value.*

The threshold voltage (Vi), field-effect mobility (upg) and
carrier concentration (Ngy) of the TFT can be obtained from
eqn (2)-(4) (gm is the transconductance and V,, is the turn-on
voltage). Their values are listed in Table 1.

ol 174
&m = aT[;SS = Tci,uFE Vos(Vps < Vossat)  (2)
Vips—CONST

w

Ips = i’Cz‘HFE(VGs — Vi) 3)
Ci| Von|

Ncu = 4
cH vy (4)

As the RF power gradually increases, the device changes from
enhancement mode (Vy, > 0) to depletion mode (Vy, < 0).
Kim?*? and Liang®® pointed out that the changes of Vi, and pigg
were determined by Ncy and Ng'®*. When the RF power is 50 W,
the In-0O and Sn-O bonds cannot be broken due to the Ar" ions
possessing low energy. The substitution of In*" ions with Sn**
ions remains limited in the film. The free carriers mainly come
from interstitial Zn and oxygen vacancies. Thus, Ncgy is rela-
tively low.>***> Meanwhile, there are many defects existing at the
interface between the active layer and the gate dielectric layer of
ITZO:N TFTs prepared at 50 W. The electrons are easily trapped
by them. Therefore, the field effect mobility of the device is
deteriorated, and positive Vgs needs to be applied to obtain a
conductive channel.*®

When the RF power is increased to 60 W, Sn-O and In-O
bonds can be broken by Ar" ions with higher energy.>* Along
with the substitution of In*" ions by Zn>*/Sn*" pairs, the defects
such as oxygen vacancies and (Sn,)* tend to be formed,
resulting in generating extra free electrons and improving the
carrier concentration.’®*” Then, |Vy,| decreases due to the
higher number of free electrons.” Moreover, the film is uniform
and compact when the RF power is 60 W, a small amount of
defects exists between the interface of the ITZO:N active layer
and the SiO, gate dielectric layer, resulting in fewer carriers
being captured here. Therefore, the uggz of this device is
significantly better than those of the other three devices.

When the RF power is increased to 70 W and 80 W, the
degradation of the device’s performance is related to the poor
quality of the active layer. The incident particles with excessive
energy bombard the substrate, resulting in lots of defects and
impurities in the films and the interface of the active layer/gate
dielectric layer. These defects could form the trap center or the
scattering center, which could result in a reduction in the
carrier mobility.*® In addition, due to the presence of parasitic
resistance, the concentration of electrons in the channel
increases, causing the threshold voltage to shift negatively.
When the RF power is 80 W, the high deposition rate leads to
an insufficient oxidation reaction in ITZO films. Thus, more
oxygen vacancies are created and the carrier concentration
raises.*® The abundant electrons can form a highly conductive

© 2023 The Author(s). Published by the Royal Society of Chemistry
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channel even under a negative gate voltage.” Thus, the thresh-
old voltage presents a negative value.

The on/off current ratio (Ion/of) Of all TFTs is over 10%. With
the same off current (I,¢), the on current (I,,) increases first
and then decreases with an increase in the sputtering power. In
Table 1, the largest I, fr is obtained when the RF power is
60 W. This is attributed to the optimal ITZO:N active layer
quality and the lowest Ng'** in this TFT, in which the carriers
can be trapped with little possibility. In contrast, when the RF
power is 50 W, fewer carriers in the active layer limit the I,
value of the device. And when the RF power is 70 W or 80 W,
due to the high defect density in these devices, urg and I,
reduce, and the device’s performance degrades greatly.

4. Conclusions

Amorphous ITZO:N films were prepared with various RF sput-
tering powers of 50, 60, 70 and 80 W. The microstructures and
optical properties of ITZO:N films and the electrical properties
of the corresponding ITZO:N TFTs were investigated, subse-
quently. The results show that the content of both In and Sn
elements increases slightly with increasing sputtering power.
The RF power has little effect on the active layer’s optical
transmittance, but strongly affects the optical band gaps of
thin films and the interface quality between the active layer and
the substrate in TFTs. When the RF power is fixed at 60 W, the
ITZO:N active layer with the lowest Ng™* is uniform and
compact. The enhanced carrier concentration in this active
layer makes the device possess optimal electrical properties.
On further increasing the RF power, the quality of the active
layer deteriorates. More electrons can be trapped by the defects,
resulting in the degradation of the device’s properties.
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