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ABSTRACT In this paper, we investigated the performance of an n-type tin-oxide (SnOx) thin film tran-
sistor (TFT) by experiments and simulation. The fabricated SnOx TFT device by oxygen plasma treatment
on the channel exhibited n-type conduction with an on/off current ratio of 4.4x104, a high field-effect
mobility of 18.5 cm2/V.s and a threshold swing of 405 mV/decade, which could be attributed to the
excess reacted oxygen incorporated to the channel to form the oxygen-rich n-type SnOx. Furthermore,
a TCAD simulation based on the n-type SnOx TFT device was performed by fitting the experimental
data to investigate the effect of the channel traps on the device performance, indicating that performance
enhancements were further achieved by suppressing the density of channel traps. In addition, the n-type
SnOx TFT device exhibited high stability upon illumination with visible light. The results show that the
n-type SnOx TFT device by channel plasma processing has considerable potential for next-generation
high-performance display application.

INDEX TERMS Thin film transistor (TFT), tin-oxide (SnOx), plasma, TCAD.

I. INTRODUCTION
Oxide-based semiconductor thin film transistors (TFTs), such
as ZnO, IGZO [1]–[5], have attracted much attention and
been widely studied for high-performance display applica-
tions, owing to their high mobility, good transparency and
low temperature process as compared with amorphous and
poly-silicon TFTs [6]–[7]. However, most of them exhibited
n-type conduction and the performance of p-type oxide-
based TFTs still lag behind due to the lack of p-type
oxide with high hole mobility. In recent years, tin-oxide
(SnOx) semiconductor materials with high intrinsic mobil-
ity have been demonstrated in p-type TFT devices and the
n-type polarity was also revealed in oxygen-rich SnOx condi-
tion [8]–[17], which makes both n-type and p-type property
possible in the same material. It is an important characteristic
for realizing power-efficient transparent circuits by a simple
process. Therefore, it is imperative to develop bipolar oxide

semiconductors like SnOx to allow the fabrication of more
compact CMOS devices. We previously have demonstrated
p-type SnOx TFT devices using the fluorine plasma treat-
ment on the channel [18]. Base on this approach of channel
plasma processing, in this work, we fabricated an n-type
SnOx TFT device with oxygen plasma treatment on the
channel, which exhibited an on/off current ratio (Ion/Ioff) of
4.4x104, a high field-effect mobility (μFE) of 18.5 cm2/V.s
and a threshold swing (SS) of 405 mV/decade. To further
improve the device performance, we performed a TCAD
simulation based on the experimental data to investigate
the effect of the channel traps, which provided an efficient
and economical way to understand the routes of electri-
cal performance improvements. Furthermore, since TFTs
used for full transparent active-matrix display are inevitably
exposed to backlight during operation, it is of crucial signif-
icance to investigate the reliability properties under various

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/

VOLUME 8, 2020 485

https://orcid.org/0000-0002-9725-9566


SHANG et al.: PERFORMANCE INVESTIGATION OF n-TYPE TIN-OXIDE THIN FILM TRANSISTOR

light illumination conditions. High stability upon illumina-
tion with visible light was achieved in our n-type SnOx TFT
device, which is very beneficial for high-performance display
application in the future.

II. EXPERIMENTS
The proposed bottom-gate n-type SnOx TFT devices were
fabricated on an n+-type silicon substrate. First, a 50-nm-
thick high-κ HfO2 was deposited by an e-beam evaporation
system as the gate dielectric, followed by a 400◦C post
deposition annealing (PDA) in the nitrogen ambient for
20 minutes to initiate dielectric activation. Subsequently,
an 8-nm-thick SnOx was dc-sputtered by the Sn target in
the oxygen ambient as the active channel layer, followed
by 200◦C PDA in the nitrogen ambient for 30 minutes.
Then, the SnOx channel layer was treated using the oxy-
gen plasma unit in a reactive-ion-etching (RIE) system with
a pressure of 10 mTorr. Finally, 50-nm-thick low-cost Ni
metals were evaporated by e-beam and patterned by shadow
mask to form the source and drain contact electrodes. The
n+-type silicon was used as both the substrate and the gate
electrode. The TFT devices have a channel width (W) of
520 μm and a channel length (L) of 60 μm. For comparison,
the SnOx TFT devices without the oxygen plasma treat-
ment were also fabricated. In addition, a high capacitance
density of ∼0.3 μF/cm2 was obtained for the Ni/HfO2/n+-
Si MIS gate capacitors, which were fabricated alongside
the transistors. The electrical characteristics of the TFT
devices were measured by HP 4156C semiconductor parame-
ter analyzer at room temperature. The red-green-blue (RGB)
light illumination was provided by a bandpass halogen lamp
with the same illumination intensity of 6 mW/cm2. For the
device simulation, it was performed by utilizing Synopsys
Sentaurus device simulator. The models used in the simu-
lation were Shockley-Read-Hall (SRH) recombination, band
gap narrowing and standard drift-diffusion models.

III. RESULTS AND DISCUSSION
Figure 1 shows the typical transfer ID − VG characteris-
tics of the SnOx TFT device with and without the oxygen
plasma treatment on the channel, and the inset shows the
schematic structure of the TFT device. It was obviously
observed that the SnOx TFT device without the oxygen
plasma treatment on the channel exhibited p-type conduc-
tion. However, after applying the oxygen plasma treatment
on the channel, the TFT device showed n-type conduction,
which can be ascribed to the excess oxygen incorpo-
rated to the channel and converted oxygen-deficient p-type
SnOx (Sn2+ preferred) to oxygen-rich n-type SnOx (Sn4+
preferred) [11]. For the TFT device characteristics, Ion/Ioff
can be obtained from the ID − VG curve and μFE can be
extracted from a gradual channel approximation in the linear
region according to the equation [19]:

μFE= ∂ID
∂VG

· L
W

· 1

VD · CG (1)

FIGURE 1. Typical transfer ID − VG characteristics of the SnOx TFT device
with and without the oxygen plasma treatment on the channel, and the
schematic structure of the TFT device in the inset.

where CG is the gate insulator capacitance per unit. For
the n-type SnOx TFT device, it showed the performances
with an Ion/Ioff of 4.4x104, an SS of 405 mV/decade, and
a high μFE of 18.5 cm2/V.s at the drain voltage of 0.5 V. In
addition, it is well known that the characteristics of the
TFT devices are strongly influenced by the interface trap
states at the interface between the gate insulator and the
active channel layer, because the field-induced carriers are
confined in a very thin region close to the interface. The
interface defects can produce trapping or scattering effects,
resulting in SS degradation. For the TFT device, the density
of interface traps (Nit) at the gate insulator/active channel
interface can be extracted from the equation [20]:

Nit =
[
SS · log(e) · q

kT
− 1

]
· CG
q

(2)

where k, q and T are the Boltzmann constant, the charge
quantity of an electron and the absolute temperature, respec-
tively. For the fabricated n-type SnOx TFT device, an Nit
value of 1.1x1013 cm−2 was obtained, resulting in a mod-
erate SS of 405 mV/dec. Besides, it was found that a hump
occurred in the transfer curve for the n-type SnOx TFT
device, which could be due to the deep-level acceptor-like
states induced by the oxygen plasma process [21].
To further improve the performance of the n-type SnOx

TFT device, we investigated the effect of the density of
channel traps with different levels on the electrical character-
istics of the n-type SnOx TFT devices by TCAD simulation
tools. The parameters of TFT models were decided by
the experimental data. Figure 2 shows the measured and
simulated transfer characteristic of the n-type SnOx TFT
devices with different densities of the channel traps. It can
be observed the simulated ID − VG curve of the device
with the medium density of channel traps was similar with
the experimental data. Device performances were evaluated
by adjusting the channel trap density in the device sim-
ulation. It was notable that the off-state current and the
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FIGURE 2. Measured and simulated transfer characteristic of the n-type
SnOx TFT devices with different densities of channel traps.

SS were obviously decreased as the density of the chan-
nel traps decreasing, thus improving the Ion/Ioff. In addition,
the hump was also affected by the density of the channel
traps, which were mainly defined as the acceptor-like states
in the simulation. As the channel trap density increased, the
above-threshold region shifted more in the positive direction,
which agreed well with the previous report [21]. Figure 3(a),
(b), (c) and (d) show the extracted Ion/Ioff, SS μFE and Nit
values of the simulated n-type SnOx TFT devices as a func-
tion of the channel trap density. These improvements in
the TFT device with the low density of channel traps can
be attributed to the low defect-induced current leakage and
interface roughness, which agreed with the previous exper-
imental report [18]. Therefore, it is believed that our SnOx
TFT device performance can be further optimized by improv-
ing the channel and channel/dielectric interface quality with
optimal approaches of fabrication process.
To investigate the electrical stability of the n-type SnOx

TFT device under visible light illumination, we performed
the electrical measurements in the dark and under the light
illumination at various RGB wavelengths. Figure 4 shows
the typical transfer ID − VG characteristics of the n-type
SnOx TFT device in the dark and under light illumination at
RBG wavelengths (λ), respectively, including the red-light
(λ ∼ 780–620 nm), the green-light (λ ∼ 580–490 nm) and
the blue-light (λ ∼ 470–420 nm). It was found that the trans-
fer characteristics of the n-type SnOx TFT device exposed
to the red-light and green-light was almost unchanged as
compared to the dark condition. With further decreasing the
wavelength to the blue-light, only a slight degradation in
device performances including a higher off-state current and
lager SS was observed.

Figure 5 show the extracted read current ratio (Ilight/Idark)
at the read voltage of VG = −1.8 V for the n-type SnOx
TFT device. The device exhibited an Ilight/Idark of ∼2 under
the illumination of red-light and green-light and a slightly
larger Ilight/Idark of ∼8 under the illumination of blue-light,
which was absolutely lower than that of our previous p-type
SnOx TFT device for the sensor application of the blue-light

FIGURE 3. Extracted (a) Ion/Ioff, (b) SS, (c) µFE and (d) Nit values of the
simulated n-type SnOx TFT devices as a function of the channel trap
density.

detection [22]. It indicates that the n-type SnOx TFT device
has high stability upon the visible light. The high stabil-
ity upon the visible light could be ascribed to the large
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FIGURE 4. Typical transfer ID − VG characteristics of the n-type SnOx TFT
device in the dark and under light illumination at RBG wavelengths.

FIGURE 5. Extracted Ilight/Idark at the read voltage of VG = −1.8 V for the
n-type SnOx TFT device.

bandgap of the n-type SnOx (∼3.6 eV) [23]–[25]. For the
blue-light illumination, the photons has the energy of ∼2.6-
3 eV, while for the illumination of the green-light or red-light
with larger wavelength, the energy of the photons is even
lower. The low photons energy is not large enough to excite
the electrons directly from the valance band into the conduc-
tion band, resulting in the high stability of the device upon
the visible illumination. Furthermore, we also measured the
drain-source current versus drain-source voltage (IDS − VDS)
curves of the n-type SnOx TFT device in the dark and under
the light illumination at RGB wavelengths, as shown in
Fig. 6. It was observed that the leakage current of the n-type
SnO TFT device remained almost the same under the red-
light and green-light illumination as compared to that in the
dark condition, and only increased slightly under the blue-
light illumination, indicating no obvious carrier concentration
and conduction enhancement. These results are in good
agreement with the trend of Ilight/Idark as discussed above.

IV. CONCLUSION
We reported an n-type SnOx TFT device by oxygen
plasma processing on the channel and achieved high perfor-
mances with an Ion/Ioff of 4.4x104, a SS of 405 mV/decade

FIGURE 6. IDS − VDS curves of the n-type SnOx TFT device in the dark and
under the light illumination at RGB wavelengths.

and a high μFE of 18.5 cm2/V.s. More importantly, the n-type
SnOx TFT device exhibited high stability upon the visible
illumination, which could be attributed to the large bandgap
of the n-type SnOx. In addition, TCAD simulation was per-
formed to investigate the effect of the channel traps. These
results show high potential and provide a solution for high-
performance oxide TFTs in future high-resolution display
applications.
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