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a b s t r a c t

The data retention ability in metal–oxide–silicon–oxynitride–silicon (MOSOS) devices can
be improved using a thicker tunneling layer and novel multi-stacked oxide–silicon–
oxynitride–silicon–oxynitride (OSOSO) structure. The OSOSO devices showed 7 fold
increase (53.5%) of data retention after a decade compared to OSO devices (6.71%). The
improvement in data retention is attributed to the excellent resistance of the charge
retention due to the redistribution of electric field across the multi-stacked layers.
The spilt storage layer provided a room for storing more charges in different positions
of the layers resulting in �2–3 times increase in memory window. Hence, the
performances of those devices are suitable for data storage application in the system-
on-panel (SOP) display.

& 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Polycrystalline silicon thin film non-volatile memory
(poly-Si NVM) is a key component in flat panel displays
(FPDs) of SOP technology. FPDs with built-in NVM devices
have attracted much attention in SOP [1–3] to support
various multiple applications [4–11], such as; data, image
and signal storage owing to their ability of low-power
consumption, high-charge storage and long-data retention
with low power operation. Many research groups [6–11]
have reported the fabrication and characterization of poly-
Si thin film NVM devices with an oxide–nitride–oxide
(ONO) stacked structure. However, these devices have
some limitations regarding the above mentioned applica-
tions. As described in our earlier publication, the ultra-thin
oxynitrided ONO layer for low temperature poly-Si (LTPS)
NVM devices utilize high power [7]. Again, LTPS NVM
devices with silicon-oxynitride (SiOxNy) tunneling layer
using plasma-assisted oxynitridation is not compatible
with a uniform and ultra-thin tunneling layer [7,10].

Previously, we studied the advantage of oxide–silicon–
oxynitirde (OSO) structure for poly-Si NVM devices [12] that
achieve higher storage capacity and low operating voltage
compared to ONO stacked devices. However, the fabrica-
ted metal–OSO–semiconductor (MOSOS) devices using OSO
stack with a 2.7 nm ultra-thin oxynitride layer on Si sub-
strate provided poor retention characteristics (discussed in
Section 3). To overcome the above issues, a MOSOS device is
considered following two approaches- i) increase the thick-
ness of the tunneling layer and ii) multi-stack structures (i.e.
OSOSO). The concept of multi-layers of Si nanocrystals have
been employed for better data retention and multilevel
charge storage of NVMs [13,14]. In our paper, the tunneling
layer thickness is increased from 2.7 nm to 3.9 nm whereas
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the same charge-trapping and blocking layer thickness are
considered. In addition, we use a novel OSOSO multi-stacked
structure to create a simple and improved metal–insulator–
semiconductor (MIS) type device fabrication.

Our OSOSO stack structure in MOSOSOS (metal–OSOSO–
semiconductor) device contains an ultra-thin double SiOxNy

film as the tunneling layer, double a-Si film as the storage
layer and single Silicon di-oxide (SiO2) film as a blocking
layer on a Si substrate. An improved data retention and large
memory window are shown with the comparison of our
proposed thicker tunneling layer of OSOSO multi-stacked
structure and previously reported OSO structure.

2. Experimental details

A n-type (100) crystalline Si wafer was used as substrate
to fabricate MOSOS and MOSOSOS devices, which was much
cleaner and smoother than the low-temperature poly-Si on
glass used by Jung group [10]. After standard cleaning, the
OSO stack structure was formed with a oxynitride layer of
2.7 nm and 3.9 nm thick using the plasma-assisted oxyni-
tridation method in an inductively coupled plasma-chemical
vapor deposition (ICP–CVD) system. A oxynitride layer was
deposited on Si wafers by nitrous oxide (N2O) plasma
exposure using a N2O gas flow rate of 2.5 sccm, radio
frequency (RF) power of 150W, and substrate temperature
of 300 1C. By controlling the duration of N2O plasma
Fig. 2. C–V hysteresis curve of fabricated MOSOS devices with OSO stack (a)
diagram of the OSO stacked device structure.

Fig. 1. Principles of OSOSO stack structure under erasing and writing mode.
treatment, the different thicknesses of the thin SiOxNy film
were deposited. In addition, amorphous Si (a-Si) film with a
thickness of 10 nm and a SiO2 blocking layer with a thickness
of 20 nm were deposited by ICP–CVD system. The process
condition for a-Si film (charge-trapping layer) were H2/SiH4

gas ratio of 30, RF power of 200W, and temperature of
300 1C, respectively. An a-Si film deposited with above
condition has the maximum charge-trapping sites in a-Si
thin film and interface between a-Si and SiO2/SiOxNy layers.
The detailed process and results can be found elsewhere
[12]. An Al electrode for the MOSOS structure was formed by
thermal evaporation technique.

The treatment of N2O plasma and deposition of a-Si thin
film were repeatedly accomplished by an ICP–CVD system
under the same conditions to fabricate the OSOSO structure.
An OSOSO stack structure was initially formed with an ultra-
thin tunneling oxynitride layer 2.7 nm thick and a-Si charge-
trapping layer with 5 nm thick. The thicknesses of these
layers were measured with spectroscopic ellipsometry (VB-
250, J.A. Woollam) system with a spectrum response range
of 240–1700 nm. The fabricated OSOSO stack structure has
two tunneling and charge storage layer. The Al was evapo-
rated as a gate electrode, after the deposition of SiO2 as a
blocking layer. Then, the high frequency (1 MHz) capaci-
tance–voltage (C–V) hysteresis and retention characteristics
of the fabricated MOSOS and MOSOSOS devices were
investigated by using HP 4192A impedance analyzer.

3. Results and discussion

It is well known that, an a-Si is better charge storage
layer than a Si3N4 layer for fabrication of NVM devices on
glass substrate, because the band gap of a-Si is lower
(�1.7 eV) than that of Si3N4 (�5 eV). Also, a larger band
offsets and existence of the localized trap states in a-Si
provides more room for charge storage [12]. Multilayered
charge storage NVM memories have been suggested by
several researchers [14–16] due to their potential advan-
tage of low charge-loss and a large memory window.
Considering the above fact, a multilevel a-Si stacked
charge storage layers are used in this study.

Our devices contain a double tunneling barrier of SiOxNy

and double trap layer of a-Si:H film. These two trapping
layers provide greater charge storage in NVM devices. The
20/10/2.7 nm thick and (b) 20/10/3.9 nm thick. The inset is a schematic
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principles of the OSOSO multi-stack can be schematically
explained by the energy band diagram, shown in Fig. 1. Let
us take electrons as carrier for example. When the gate
voltage increases, then electrons be able to tunnel [17] into
the upper a-Si layer through available levels in the lower
a-Si layer. Those electrons would be relaxed to the localized
trap centers and stored on the lower and upper trap centers.
Reverse process is applicable for discharging process.

Fig. 2 shows the C–V hysteresis characteristics of the
fabricated MOSOS devices, as a function of two different
tunneling thicknesses. The inset shows OSO stacked device
structures. These two OSO stack structures consist of the
tunneling SiOxNy layer of 2.7 nm and 3.9 nm thick with a top
blocking 20 nm thick SiO2 layer and 10 nm thick a-Si storage
layer, respectively. The stability and tunneling capability of
the ultra-thin SiOxNy layers have been described elsewhere
[7]. When the tunnel oxide is ultra-thin (2.7 nm), the voltage
sweeps from inversion (�10 V) to accumulation (þ10 V)
and back to inversion (�10 V), is increased greatly due to
the flat band voltage shift (ΔVFB) of 6.54 V. The electrons can
tunnel easily through an ultra-thin tunneling barrier at low
electric fields. On the contrary, due to the thicker oxide
(3.9 nm), the ΔVFB values are drastically decreased to 5.87 V.
When the thickness of tunnel layer is 2.7 nm, direct tunnel-
ing (DT) takes place [17,18]. The lowered memory window
indicates the voltage drop over the oxide barrier is insuffi-
Fig. 3. C–V hysteresis curve of fabricated MOSOSOS devices with the
OSOSO stack 20/5/2.7/5/2.7 nm thick. The inset is a schematic diagram of
the OSOSO stacked device structure.

Fig. 4. Charge retention characteristics of fabricated MOSOS devices wit
cient to tunnel electrons from the substrate to a blocking
layer. Therefore, it will be a need of greater sweep voltage up
to 715 V.

As, one can observed from the hysteresis curve in
Fig. 2(b), the ΔVFB of 12.64 V in voltage sweeps range from
�15 V to þ15 V and back to �15 V, which has the largest
memory window. The band diagram and charge storage
mechanisms of the OSO stack devices were explained in our
previous report [12]. In this device, the swept voltages are
higher due to the thicker tunneling layer than in Fig. 2(a).
It is reported that both the DT and F–N (Fowler–Nordhiem)
tunneling current contribute to the injection process for the
thicker tunneling layer of 3.9 nm [18]. When the applied
electric field is high, the F–N tunneling current is dominant.
The small ΔVFB of 6.54 V in MOSOS device with the 2.7 nm
thin tunneling layer device is due to fast discharge of the
injected charge at defect sites of a-Si through the ultra-thin
tunneling layer. A larger hysteresis width is observed in the
3.9-nm-thick SiOxNy (tunneling layer) device than in the
2.7 nm thick SiOxNy device. This is due to the exponential
decrease in the degree of tunneling through the tunnel
oxides as oxide thickness increases. However, the thicker
tunneling layer device prevents the data leakage to ensure a
good data storage capability.

Fig. 3 represents the C–V hysteresis measurements of
the fabricated OSOSO multi-stacked devices. Its structure
consists of a top blocking 20 nm thick SiO2 layer, the double
5 nm thick a-Si storage layer, and double ultra-thin tunneling
2.7 nm thick SiOxNy layer. In this multi-stack structure, the
injected electrons can be stored (i) at the band gap offset
region of the upper and lower a-Si layers (ii) at the trap sites
in both a-Si layers, (iii) at the interface states in a-Si/SiOxNy

layers, and (iv) at the SiO2/a-Si interface traps. Fig. 3 shows
the OSOSO multi-stack has larger ΔVFB than OSO stacks. The
memory window increases steadily from 2.5 to 14.39 V with
increasing applied gate voltage from75 V to715 V. As we
can see, a higher programming bias applied at the gate
results in a wider corresponding hysteresis by DT tunneling
mechanism. Hence the narrow C–V curve in Figs. 2(a) and (b)
corresponds to the charging of only one layer and the wider
one in Fig. 3 to the charging of two layers. The increment of
ΔVFB indicates that more charges are stored in the different
layers of the devices. The charge storage may be enhanced
using OSOSO multi-stack structure in FPD system. The large
h an OSO stack of (a) 20/10/2.7 nm thick and (b) 20/10/3.9 nm thick.
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memory window reveals the high carrier trapping efficiency
for both electrons and holes. These results indicate that the
thicker tunneling layer of OSO stack structure or OSOSO
multi-stack structure increases the memory window about
2–3 times compared to that of the OSO stack structure.

Study the properties of charge retention of the NVM
devices is an important aspect. Fig. 4 illustrates the remaining
memory windows after data retention characteristics for
MOSOS devices with different tunneling layer thicknesses.
The retention characteristics were measured using ΔVFB of
the C–V curve at bias voltage of 710 V fixing the bias time at
10 s. The ΔVFB between the programming/erasing (P/E) states
of the MOSOS device with OSO stack of thicknesses 20/10/
2.7 nm was initially 5.21 V and decreased to 0.35 V after 10
years, as shown in Fig. 4(a). The value of ΔVFB rapidly
decreased due to quick discharge of the injected charges
through the ultra-thin tunneling layer in the defect sites of a-
Si layer. The memory window of this device is 6.71% retained
after 10 years. Therefore, the suppression of this result due to
the ultra-thin tunnel layer is insufficient to block the charge
leakage from the a-Si to the Si substrate at room temperature.
The ultra-thin tunnel oxide layer is not so good for device
fabrication. Therefore, the ultra-thin tunnel oxide devices will
result in poorer retention ability [19].

The retention characteristics of MOSOS devices were
studied with thicker tunneling OSO stack layers of thick-
nesses 20/10/3.9 nm, respectively, and was observed an
improvement of initially 6.03 V and decreased to 3.22 V
after 10 years (shown in Fig. 4). This thicker tunneling
layer gives a high P/E operation voltage of 712 V due to
lowering the electric field on the tunneling layer [19]. As a
conclusion, the 3.9 nm thicker tunnel layer is sufficient to
block the charge leakage from the a-Si to the Si substrate
at room temperature. The longer data retention OSO stack
with the 3.9 nm thicker tunneling layer maintained about
53.39% after 10 years, whereas the 2.7 nm thin tunneling
Fig. 5. Charge retention characteristics of fabricated MOSOSOS devices
with OSOSO stack 20/5/2.7/5/2.7 nm thick.

Table 1
Charge storage and retention characteristics of different MIS type capacitors.

Devices MOSOS (20/10/2.7 nm)

ΔVFB 6.54 V at 710 V
Data retention after 10 years 6.71%
layer of OSO stack maintained about 6.71% after 10 years.
The trapped charges loss can be reduced by increasing the
thickness of the tunnel layer [20,21].

Finally, we investigate the charge retention character-
istics of the MOSOSOS devices (shown in Fig. 5) with an
OSOSO stack of thicknesses 20/5/2.7/5/2.7 nm, respec-
tively. It was initially 3.85 V and decreased to 2.06 V after
10 years. It can be operated 710 V (P/E) bias keeping the
time of 10 s fixed. The multilayer or stacked tunnel/
trapped charge layers concept seems to be a promising
solution due to the redistribution of the electric field
across the tunnel stack compared to a single tunnel layer.
In the single layer memory, electrons pass through one
oxide tunneling barrier, while in the doubly stacked
memory, the tunneling will be governed by the multiple
energy barriers [13], resulting in less charge leakage of
electrons from the a-Si.

Wang et al. [22] reported the charge storage in self-
aligned double stacked Si nanocrystals in a SiNx dielectric.
This device structure is similar to ours. The doubly stacked
a-Si can act as a good storage. As shown in Fig. 4(a), a great
amount of charge loss takes place in the conventional
device, which leads to obtaining only 6.71% of the extracted
data retention in a single ultra-thin tunnel oxide device after
10 years. In comparison, as shown in Fig. 5, the extracted
data retention of the 2.7 nm ultra-thin tunneling layer in the
multi-stacked device remains �54% of data retention.
Therefore, the double stacked tunnel barrier exhibits excel-
lent resistance to the charge retention loss. Improvements of
the charge storage and retention can be undertaken due to
the second tunneling barrier and second trap layer. Table 1
summarizes the electrical properties of all (MIS type)
capacitors for comparison. These results indicate that thicker
tunneling and multi-stacked devices can provide improved
retention characteristics due to the efficient tunneling func-
tion of the modified layer thickness and structure than the
thin tunneling layer devices.
4. Conclusion

The fabrication of the MOSOS and MOSOSOS devices with
an OSO structure with thicker tunneling layer (3.9 nm) and
an OSOSO, a multi-stacked structure with thin tunneling
(2.7 nm) are presented. These devices exhibit improved
retention characteristics with memory window loss after 10
years is �46%. However, this is �94% for thin tunneling OSO
devices with 2.7 nm tunneling layer. Conversely, approxi-
mately 2–3 times larger memory windows were obtained
from thicker tunneling layer of OSO stack or OSOSO multi-
stack based devices. These devices using an a-Si, as charge-
trap layer, could be applied to fabricate a NVM device for the
memory integration of SOP displays.
MOSOS (20/10/3.9 nm) MOSOSOS (20/5/2.7/5/2.7 nm)

12.64 V at 715 V 14.39 V at 715 V
53.39% �53.50%
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