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Abstract
Non-volatile memory (NVM) devices using carbon dioxide (CO2) and nitrous oxide (N2O)
plasma-assisted tunneling layers have outstanding electrical properties measured at 300 K.
However, the retention characteristics of NVM devices using CO2 and N2O plasma-assisted
tunneling oxides are different at 360 K. The memory window of an NVM device using CO2

tunneling oxide was about 2.01 V (81.7%) after 10 years at 360 K. However, there was retention
charge loss in the NVM device using a N2O tunneling layer at 360 K due to the temperature
instability under negative bias. For an actual NVM device using N2O tunneling oxide, the
memory window was reduced to about 1.58 V (65.6%) after 10 years at 360 K.
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1. Introduction

Low-temperature polycrystalline silicon (LTPS) has been
widely used as an active channel semiconductor of thin-film
transistors (TFTs) because the mobility of LTPS TFTs is
higher than that of the conventional TFTs using amorphous
silicon (a-Si) [1, 2]. For applications such as system-on-panel
displays, many functional devices, including non-volatile
memory (NVM) on glass, are required. In next-generation
displays, the performance of NVM, one of the embedded
functional devices, should be enhanced. It has been found that
using a oxide/nitride/oxide structure in NVM devices
enables low driving voltage, fast programming/erasing,
improved memory retention, and increased endurance [3].
Advancements in ultrathin tunneling oxide have opened the
path to improved performance and reliability for NVMs based

on an oxide/nitride/oxide (ONO) structure [4]. However, for
NVM fabricated on a glass substrate, there were initial diffi-
culties due to the non-uniform surface of excimer-laser-
crystallized poly-Si. According to reports in the mid-2000s,
more than 10 nm thick tunneling oxide was directly depos-
ited, resulting in more than +30 V/−30 V switching voltage;
however, reliability results such as retention, which is a
characteristic of charges held after 10 years, was not good
[5, 6]. Since the late 2000s, it has been possible to form a
tunneling oxide with a thin and uniform thickness about 3 nm
thick using a plasma-assisted oxidation method with nitrous
oxide (N2O) gas. This made switching voltage of about
+10 V/−10/V, 70% retention property after 10 years, and
105 P/E cycles possible [7, 8].

Recently, electronic devices such as smartphones and
virtual reality have come into wide use. In the case of elec-
tronic devices, the heat generated during use can affect device
performance. In the future, where more integration is
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expected, it is essential to improve device performance
through control of heat. Thus, reliability at high temperature
is one of the important issues in electronic devices. For NVM
devices using tunneling oxide formed by N2O plasma-assisted
oxidation method, the electrical characteristics are excellent at
room temperature. However, the effect of heat generation on
the NVM device performance has not been studied. In part-
icular, the incorporation of nitrogen (N) atoms at the insu-
lator/channel interface can increase the temperature
instability under negative-bias stress [9–12]. Thus, it is
necessary to form a high-quality tunneling oxide using a gas
other than N2O. For SiO2 tunneling oxide using other gases,
oxide binding energy should be higher than that of the exiting
SiO2 tunneling oxide by N2O plasma-assisted oxidation. The
O composition in the SiO2 should be high and the defect
density, such as Pb center, should be low.

In this study, the fabrication of high-performance NVM
devices was performed with ultrathin tunnel layers using
carbon dioxide (CO2) and N2O plasma-assisted oxidation
method. The study compared reliability at high temperature
for electronic device applications. The switching and reten-
tion characteristics of NVM devices were characterized at
300 and 360 K.

2. Experimental

A 300 nm thick buffer oxide and a 50 nm- hick a-Si film were
continuously deposited on a glass substrate. The a-Si film was
crystallized using a 308 nm XeCl laser. After the formation of
poly-Si, ultrathin tunneling layers were formed by plasma at
conditions of a substrate temperature of 180 °C and radio
frequency power of 100W. The CO2 and N2O gases were
used as a tunneling oxide via the plasma-assisted oxidation
method. A tunneling oxide of 3 nm, trapping nitride of 15 nm,
and blocking oxide of 20 nm were deposited as a result. It
took 4 and 3 min to form tunneling oxide of 3 nm thickness
using CO2 and N2O plasma-assisted oxidation, respectively.
The thickness of each thin film was measured by an ellips-
ometer (J A Woollam, VASE-VB 250). After the deposition
of a gate electrode, the sample was patterned and treated by
the boron ion shower method for the source and drain regions.
Figure 1 shows a schematic illustration of the NVM devices
with CO2 and N2O plasma-assisted tunnel oxides. After the
fabrication of poly-Si NVM devices with plasma-assisted
CO2 and N2O oxidation, the electrical properties of the NVM
devices were examined with a semiconductor parameter
analyzer (SPA, Agilent 4156C) at 300 K and at 360 K, under
dark conditions. A channel width of 200 μm and channel
length of 50 μm was used for the NVM devices. Furthermore,
for the characteristics of ultrathin tunnel oxides, capacitance-
voltage (C-V) and x-ray photoelectron spectroscopy (XPS)
were also conducted. Furthermore, in this work, the threshold
voltage (VTH) was extracted by (drain current)1/2–(gate
voltage) extraction method [13].

3. Results and discussion

Figure 2 shows the electrical properties of plasma-assisted
tunneling oxides extracted by C-V measurement. The di-
electric constant (εr) and interface trap density (Dit) of both
tunneling oxides were extracted. The εr of the CO2 plasma-
assisted tunneling oxide (sample A) was about 3.2% larger
than that of the N2O plasma-assisted tunneling oxide (sample
B). Generally, SiO2 is known for its hydrophilic properties. It
is expected that CO2 plasma-assisted oxide with relatively
high k-values will have greater hydrophilic properties than

Figure 1. Schematic of NVM devices with ONO structures using (a)
CO2 and (b) N2O plasma-assisted tunnel oxides.

Figure 2. The dielectric constant (εr) and interface trap density (Dit)
results of CO2 and N2O plasma-assisted tunnel oxides.
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N2O plasma-assisted oxide. The Dit of sample A was
2.49×1010 cm−2·eV−1, lower than compared to the Dit

(2.55×1010 cm−2·eV−1) of sample B. Based on the results
of the extracted εr and Dit characteristics, the quality of the 3
nm thick thin tunneling layer obtained through CO2 oxidation
was better than the oxide formed by N2O oxidation.

Figure 3 shows the XPS results of the CO2 plasma-
assisted tunneling oxide (sample A) and N2O plasma-assisted
tunneling oxide (sample B) using Si 2p (oxide) and Si 2p
peak positions. The Si 2p (oxide) peak positions of samples A
and B are 103.7 and 103.0 eV, respectively. The general peak
position of Si4+ (SiO2) is 103.6 eV, which is like the peak
position of A [14]. However, the peak position of B is moved.
The peak intensity and area of Si 2p (oxide) of sample A were
larger by 25.6% and 27.2%, respectively, compared to those
of sample B. The chemical composition ratio of O and Si (O/
Si) obtained by XPS measurement showed that sample A was
12.8% larger than sample B. The Si 2p peak position of A and
B were 99.4 and 98.8 eV, respectively. Compared to the
general Si 2p peak position (99.4 eV), the peak position of A
was similar, but that of B was shifted. This meant the dif-
ference between Fermi-level (EF) and valence-band maximum

(EVBM) had shifted; it also affected the interface between the
oxide and Si along with the change in the energy band dia-
gram [9].

Figure 4 shows the transfer characteristics of the LTPS
NVM devices with CO2 plasma-assisted tunneling oxide
(device A) and N2O plasma-assisted tunneling oxide (device
B) on the glass after programming and erasing. The transfer
properties of the NVM device were measured at room
temperature, where VDS=−1 V. The basic transfer char-
acteristics of NVM devices with devices A and B were as
follows: Device (A), on and off current ratio (ION/IOFF) of
about 7×107, field-effect mobility (μFE) of
54.40 cm2 V−1·s, and subthreshold swing (S.S) of 0.36 V/
decade; Device (B), ION/IOFF of about 4×107, μFE of
40.54 cm2 V−1·s, and S.S of 0.37 V/decade. Based on the
basic transfer characteristics of NVM devices with devices A

Figure 3. XPS results of (a) CO2 and (b) N2O plasma-assisted tunnel
oxides using the Si 2p (oxide) and Si 2p peak positions.

Figure 4. Transfer characteristics of the LTPS NVM devices with (a)
CO2 and (b) N2O plasma-assisted tunneling oxides on the glass after
programming and erasing.
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and B, the electrical properties of device A were better than
those of device B. The programming and erasing properties of
NVM were measured by using the shift of threshold voltage
of transfer characteristics. The devices were programmed by
applying a negative gate voltage up to −15 V for a pro-
gramming pulse time of 1 μs to the control gate where
VS=VD=0, respectively. When a negative gate voltage is
applied to the NVM device on glass, the holes tunnel from the
valence band of the poly-Si through the tunneling oxide, and
are trapped in the forbidden gap of the trapping layer. The
device was erased by applying a positive gate voltage up to
+14 V for an erasure pulse time of 1 μs to the control gate,
where VS=VD=0. When a positive gate voltage is applied
to the NVM device, the electrons tunnel from the poly-Si
through the tunneling oxide. The holes either recombine with
the electrons trapped in the trapping layer, or the trapped
holes may be emitted from the trapped state to the channel.
The ΔVTH of devices A and B is 2.22 and 2.26 V, respec-
tively, at a programming voltage of −15 V and erasing
voltage of +14 V under pulse time of 1 μs. The ΔVTH values
over 2.2 V of both devices are large enough to apply a logic
memory circuit.

Figure 5 shows the charge-retention characteristics of the
NVM devices with CO2 plasma-assisted tunneling oxide
(device A) and N2O plasma-assisted tunneling oxide (device
B) on glass. After applying programming and erasing vol-
tages for 1 μs, the transfer characteristics were measured at
waiting durations up to 104 s. The ΔVTH between the pro-
gramming and erasing states of was 2.21 V for device A and
2.05 V for device B after 104 s. When making the extra-
polation to 10 years, the retention of devices A and B was
about 90% and 83%, respectively, of the initial memory
window, corresponding to a memory window of 2.08 and
1.88 V. Although the NVM device was fabricated on rough
poly-Si, the electrical characteristics of devices A and B
measured at 300 K were sufficient for applying a logic
memory circuit.

Figure 6 shows the charge-retention characteristics of
NVM devices with CO2 plasma-assisted tunneling oxide
(device A) and N2O plasma-assisted tunneling oxide (device
B) measured at 360 K. After applying programming and
erasing voltages for 1 μs, transfer characteristics were mea-
sured at waiting durations up to 104 s. TheΔVTH between the
programming and erasing states of device A was 2.15 V after

Figure 5. Charge-retention characteristics of NVM devices with (a)
CO2 and (b) N2O plasma-assisted tunneling oxides measured
at 300 K.

Figure 6. Charge-retention characteristics of NVM devices with (a)
CO2 and (b) N2O plasma-assisted tunneling oxides measured
at 360 K.
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104 s. When making the extrapolation to 10 years, the
retention of the device A was about 82% of the initial
memory window, corresponding to a memory window of 2.01
V. There was roughly 8% change in the retention property
compared to device A at 300 K. Therefore, the electrical
reliability of device A was sufficient. However, the electrical
property of device B was not sufficient due to the ΔVTH

between the programming and erasing states being 1.58 V
after 10 years. This corresponded to about 66% of the initial
memory window. In particular, after 10 years of applying
programming voltage of −15 V for under 1 μs, the change in
the voltage value (as compared to the reference of 0 V) was
0.65 V, a decrease of 36.7%. At the programming condition
of 360 K and negative bias, the incorporation of nitrogen
atoms at the insulator/channel interface showed temperature
instability [9–12]. Thus the LTPS NVM device using CO2

plasma-assisted tunneling oxide, with its high electrical
reliability, was found to be more adaptable than the device
using N2O plasma-assisted tunneling oxide for data storage in
next-generation display applications.

Figure 7 shows schematic energy band diagrams under
programming status of NVM devices using CO2 and N2O
plasma-assisted oxides as a tunnel layer. We already know
that the film quality of CO2 tunnel oxide is better than that of
N2O tunnel oxide from the analysis using the interface trap
density, dielectric constant, and O/Si composition ratio. The
difference between thin-film qualities is dramatically different
from those at high temperature shown in figure 6. This can be
explained as negative-bias temperature stress due to N. When
applied to NVM with a negative voltage (programming state)
applied at 360 K, it is easy to determine the cause of the
retention characteristic difference. Under programming state
at 360 K, in the case of NVM with the CO2 oxidation tunnel
layer, there are not many holes trapped at the interface
between the poly-Si channel and the tunnel oxide, so many
holes were trapped in storage nitride film. However, in the
case of NVM with N2O oxidation tunnel layer, there are many
holes trapped at the interface between the poly-Si channel and
the tunnel oxide, so the initial threshold voltage difference of
NVM with N2O plasma-assisted tunnel oxide was larger than
that of NVM with CO2 plasma-assisted tunnel oxide. How-
ever, many holes trapped at the interface can be easily taken
off, so the threshold voltage was sharply decreased and the
retention characteristics became worse.

4. Conclusion

The electrical characteristics of NVM devices with CO2

(device A) and N2O (device B) plasma-assisted tunneling
oxides on glass were investigated. At 300 K, the difference in
electrical characteristics between devices A and B was not
significant. However, there was a big difference in electrical
characteristics between devices A and B at 360 K, especially
in terms of retention characteristics. These comparative stu-
dies could be useful in that they show that LTPS NVMs with
CO2 plasma-assisted tunneling oxides could be sufficient for
next-generation display applications.
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