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Abstract—In this paper, we have proposed a simple and
novel way to fabricate poly-Si nanowire (NW)-silicon-oxide-
nitride-oxide-silicon (SONOS) devices with various gate configu-
rations. Three types of devices having various gate configurations,
such as side gated, Ω-shaped gated ΩG, and gate-all-around
(GAA), were successfully fabricated and characterized. The ex-
perimental results show that, owing to the superior gate controlla-
bility over NW channels, much improved transfer characteristics
are achieved with the GAA devices, as compared with the other
types of devices. Moreover, GAA devices also exhibit the best
memory characteristics among all splits, including the fastest
programming/erasing efficiency, largest memory window, and best
endurance/retention characteristics, highlighting the potential of
such scheme for future SONOS applications.

Index Terms—Field-effect transistor (FET), multiple gate
(MG), nanowire (NW), poly-Si, silicon-oxide-nitride-oxide-silicon
(SONOS).

I. INTRODUCTION

S ILICON-OXIDE-nitride-oxide-silicon (SONOS) multi-

layer structure has been widely exploited in recent

charge-trapping Flash applications in view of its potential to

overcome the difficulties presenting in floating-gate Flash

[1]–[3]. SONOS devices replace the poly-Si storage layer used

in floating-gate devices with a nitride-trapping layer in which

the charges are discretely stored in the traps of the nitride.

Unlike the case of using floating poly-Si as the storage site,

a single defect formed in the tunneling oxide would not cause

any catastrophic failure, i.e., all stored charges would not leak

out through the single defect; hence, improved data retention

characteristics can be obtained. In addition, the SONOS struc-

ture has a much-scaled height, as compared with the floating-

gate structure, so the SONOS memory exhibits much stronger

immunity against coupling interference. This is extremely im-

portant in memory device scaling. In addition to main-stream

high-density memory applications, currently, many studies have

also been devoted to investigating the feasibility of applying

SONOS structure to thin-film transistors (TFTs) for the purpose
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of system-on-chip or system-on-panel integration [4], [5]. The

TFT-SONOS array could be vertically stacked to form 3-D

configuration, allowing increased device density without ag-

gressive scaling of device dimensions and also depressed power

consumption.

It is imperative that SONOS-type memory devices possess

low programming/erasing (P/E) operation voltage, high P/E

speed, and excellent reliability. However, some challenging

issues existing in poly-Si TFT-based thin-film memory devices,

such as poor subthreshold swing (SS) and large leakage current,

cause high P/E operation voltages and raise power dissipation

concern. By utilizing nanowire (NW) channel in TFT structure,

the SS and leakage current can be suppressed, owing to better

gate controllability and much reduced cross-sectional area of

leakage path [6]–[11]. Furthermore, since the NW channel is

sensitive to its surface condition, a small amount of charge

storage could change the threshold voltage VTH of memory

device to obtain sufficient memory window [12], [13]. In this

regard, the simulation results carried out by Fu et al. [14] have

pointed out that, for a SONOS device with a cylindrical NW

channel and gate-all-around (GAA) configuration, the electric

field at the channel-to-gate dielectric interface can be three

times higher than that of planar devices. Hence, P/E time or

voltage could be dramatically decreased.

In this paper, we propose and demonstrate a simple and

flexible way to fabricate novel poly-Si NW-SONOS devices

without resorting to advanced lithographical tools such as

e-beam writers. With a slight modification in fabrication pro-

cedure of a previous scheme [10], three different types of gate

configuration, namely, side gated (SG), Ω-shaped gated ΩG,

and GAA, were implemented in the fabricated NW-SONOS

devices. Moreover, the impacts of different gate configurations

on memory characteristics such as P/E efficiency are compared

and discussed. The information should be helpful to clarify how

it affects the operation of NW devices and circuits.

II. DEVICE STRUCTURES AND FABRICATION

The key steps of device fabrication are illustrated in Fig. 1.

First, three dielectric layers consisting of 50-nm bottom ni-

tride, 40-nm tetraethyl orthosilicate (TEOS) oxide, and 30-nm

dummy nitride were sequentially deposited by low-pressure

chemical vapor deposition (LPCVD) on Si substrate capped

with a thermal oxide [see Fig. 1(a)]. After the patterning of

dummy nitride/TEOS oxide stack by anisotropic plasma etch-

ing, further highly selective etching of the TEOS oxide with

diluted HF was subsequently carried out to form the encroached

0018-9383/$26.00 © 2011 IEEE
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Fig. 1. Process flow for fabrication of the three types of poly-Si NW devices with various gate configurations.

Fig. 2. TEM images of the fabricated devices with (a) SG, (B) ΩG, and
(c) GAA configuration.

rectangular-shaped cavities at the two sides of the patterns

[see Fig. 1(b)]. Then, an undoped a-Si layer was deposited

by LPCVD at 560 ◦C. By taking advantage of the excellent

filling capability of LPCVD process, the cavities formed in the

last step could be refilled by the deposited a-Si. An annealing

step was then performed at 600 ◦C in N2, ambient for 24 h

to transform the a-Si into a polycrystalline phase. Afterward,

source/drain (S/D) implantation was performed, and then, the

photoresist patterns covering the S/D regions were generated

by a standard lithographic step. The main splits in this paper

were accomplished by the following steps: For the SG devices,

only an anisotropic dry etch was performed to remove poly-Si

everywhere, except the portions covered by the photoresist or

in the cavities that were shielded by the nitride hardmask [see

Fig. 1(d-1)]. While for ΩG split, additional wet-etch steps were

Fig. 3. Comparisons of the subthreshold characteristics of the fabricated
devices.

performed to remove the nitride hardmask and then the dummy

TEOS by hot H3PO4 and DHF, respectively [see Fig. 1(d-2)],

whereas a portion of the bottom nitride was left intact to

sustain the NW channels. Similar treatments were also ap-

plied to the gate-all-around (GAA) devices, but the bottom

nitride was further removed so that the NW channels are

hanging between the S/D regions [see Fig. 1(d-3)]. Then, all

splits were combined to receive the deposition of an ONO

(4.5/8/10 nm) stack by LPCVD, capped with a 150-nm n+ poly-

Si. The process temperature for ONO stack deposition is 700 ◦C
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Fig. 4. (a) Programming and (b) erasing characteristics of the SG devices.

for SiO2 and 780 ◦C for Si3N4. The dopant activation of the S/D

implant was performed during the ONO LPCVD process. The

poly-Si was sequentially patterned to serve as the gate electrode

[see Fig. 1(e-1)–(e-3)]. A standard metallization scheme was

then performed to complete the device fabrication. For the

purpose of comparison, planar devices with poly-Si channel of

50 nm and same ONO condition were also fabricated.

Fig. 2 shows the cross-sectional transmission electron mi-

croscopic (TEM) pictures of the three types of NW-SONOS

devices. It should be noted that the cross-sectional dimensions

of all NWs are comparable. Owing to the additional etch steps,

the shapes of ΩG [see Fig. 2(b)] and GAA [see Fig. 2(c)]

look more rounded than the SG split. The channel width of

SG devices is about 20 nm for each NW channel, as shown

in Fig. 2(a). For ΩG and GAA devices, the channel width is

increased to 50 and 60 nm, respectively, due to the fact that

extra NW edges are incorporated as the conductive channel.

III. BASIC ELECTRICAL CHARACTERISTICS OF

POLY-Si NW-SONOS DEVICES

Fig. 3 shows typical transfer characteristics of the three types

of NW-SONOS devices stated in Section II. In the figure,

all measured devices have a channel length of 0.4 µm and

equivalent gate-oxide thickness of around 20 nm. It can be

noticed that the GAA device depicts the highest on-current

and the smallest SS (∼150 mV/dec). The drain-induced-barrier-

lowering phenomenon is also negligible for both GAA and ΩG

devices. These observations are expected since the GAA device

has its NW channels surrounded by the gate, ensuring great

gate controllability and suppressed effective defect density per-

unit-gated area. While the SG device has only one of the NW

surfaces under gate modulation, it results in the worst SS and

the lowest on-current.

The aforementioned comparison unambiguously demon-

strates the benefit of using GAA scheme to improve the device

characteristics, although it needs extra etch steps to complete

the structure, as mentioned in the previous section. Another

issue associated with GAA devices is the failure of device

characteristics as the channel is long. Specifically, we found

that the drain current of GAA devices becomes too low to be

measured as the channel length is longer than 2 µm, implying

that the NW channels have been broken. Such phenomenon,

however, does not occur to the SG and ΩG splits. Consider-

ing the difference in process steps and the resulted structure

[see Fig. 1(d)], the failure of long-channel GAA devices is

Fig. 5. (a) Programming and (b) erasing characteristics of the ΩG devices.

Fig. 6. (a) Programming and (b) erasing characteristics of the GAA devices.

Fig. 7. (Left) Simulated electric field distribution along the paths indicated by
the arrows shown in (right) the 2-D simulation profiles of SG and GAA devices.

attributed to the collapse and breaking of the long NWs, which

occurred after they were released and become suspended by

removing the underlying nitride.

IV. P/E CHARACTERISTICS

Since the existence of potential barriers caused by the de-

fects presenting in or near the grain boundaries of the poly-

Si NW channel would hinder the acceleration of the electrons

from source to drain, the channel-hot-electron-injection method

is not appropriate for the programming operation of poly-

Si NW-SONOS device. Therefore, in this paper, we employ

Fowler–Nordheim (FN) tunneling mechanism [15] for all P/E

operations of the fabricated NW devices. The threshold voltage

VTH of the devices is defined as VG@ID = W/L × 5 nA for

simplicity.

Fig. 4 depicts the P/E speed characteristics of SG

NW-SONOS device with gate voltage VG ranging from 10

to 13 V. During the P/E operations, the source and the drain
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Fig. 8. Simulated electric field along channel-width direction (y-direction) in
the oxide at two locations, i.e., X1 [(solid line) near channel surface] and X2
[(dot line) near gate], for an SG device.

were both grounded. The characteristics of planar TFT-SONOS

counterpart with a gate bias of 15 V are also shown in Fig. 4(a).

The experimental results clearly show that SG NW-SONOS

device exhibits faster programming efficiency than planar coun-

terpart. This could be partly attributed to the use of ultrathin

NW channel that could significantly reduce the impact of the

defects presenting in the channel and promote the programming

current (see Fig. 3). Furthermore, due to the much more scaled

channel width W = 20 nm), as compared with planar one

W = 5 µm), fringing-field enhancement at the channel edge

is more pronounced in the SG NW device, further benefiting

the programming speed [16]. The erasing characteristics are

shown in Fig. 4(b) in which the data of planar devices are not

included since only negligible shift in VTH was detected even

as a VG of −15 V was applied. As shown in the figure, the

erasing characteristics show weak dependence on the applied

VG for the SG devices. Such observation might be related to the

nonuniform trapping events happening in this type of devices

and will be addressed later.

Figs. 5 and 6 show the P/E speed characteristics of ΩG and

GAA NW-SONOS devices, respectively, with various VG. As

compared with Fig. 4, the P/E efficiency of ΩG and GAA

devices is obviously improved. Moreover, the GAA device

shows the fastest P/E speed among the three types of devices,

indicating that the gate controllability has great impact on NW

memory characteristics. The much improved P/E efficiency

with GAA and ΩG NW structures is believed to be related to

the increase in curvature of the NW channels and the mulitple-

gated (MG) configuration. Previous works on investigating the

performance of metal–oxide–semiconductor field-effect tran-

sistors and SONOS with NW channel [14], [17] have shown

that the electric field in the gate oxide during operation is

position- and curvature-dependent and favors the P/E operation

for NW with a round-shaped NW. For example, during the

programming operation, the electric field in the tunnel oxide is

enhanced when the curvature of the channel surface increases

[14]. Such argument is also applied to this paper. Fig. 7 de-

picts the simulated electric-field distribution [18] based on the

cross-sectional shapes of the fabricated SG and GAA devices

extracted from the TEM analysis shown in Fig. 2(a) and (c).

In the figure, for simplicity, a SiO2 instead of ONO is used as

the gate dielectric. The strength of the electric field in the oxide

along the paths indicated by the arrows in the inset 2-D profiles

Fig. 9. Fresh, programmed, and erased subthreshold characteristics of the
(a) SG, (b) ΩG, and (c) GAA devices.

is shown and compared for the two cases with a programming

voltage of 10 V. It can be observed that the magnitude of

the electric-field strength near the GAA-NW surface is 60%

larger than that near the SG-NW surface due to the geometry

of rounded structure. This is consistent with the analysis of a

previous work [14] and reasonably in agreement with the faster

P/E operations with the GAA configuration.

Another factor affecting device operation is the uniformity

of electric-field strength during operation. This is related to
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Fig. 10. Endurance characteristics of the (a) SG, (b) ΩG, and (c) GAA devices.

Fig. 11. (a) Subthreshold and (b) transconductance characteristics of an SG device after 1, 1K, and 10K P/E cycles of operation.

the curvature and, thus, the shape of the NW channel. Unlike

the single-crystal Si NW, it is hard to form poly-Si NWs with

their cross-sectional shape of symmetrical circle. The curvature,

and thus the electric field strength, may vary from place to

place at the NW surface. The nonuniform electric field may

result in nonuniform charge trapping and detrapping during

P/E operations [19], [20]. For the SG devices, the appearance

of top and bottom corners would further worsen the situation.

The simulated magnitude of electric field strength along the

channel-width direction (y-direction) for SG device at two

positions in the gate oxide (X = X1 and X2) are shown in

Fig. 8. In this case, a gate bias of −10 V is applied. Apparently,

the electric field is position-dependent and has maximums at

the locations where corner exists. Such electric field distribution

may provoke nonuniform gate current density across the chan-

nel surface [20] and therefore leads to inefficient P/E operation,
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Fig. 12. Subthreshold characteristics of the (a) ΩG and (b) GAA devices after 1, 1K, and 10K P/E cycles of operation.

as shown in Fig. 4. It should be noted that, for simplicity, the

simulation analysis shown in Figs. 7 and 8 are done with the

assumption that the Si layer is monocrystalline. The existence

of grain boundaries in the poly-Si channel may more or less

affect practical device operation. However, we expect that the

influence should not be significant because of the tiny volume

of the poly-Si layer in which very limited amount of defects is

contained [6], [11].

In contrast, for the GAA and ΩG NW devices, the average

curvature at the channel surface is increased, whereas its value

is relatively uniform throughout the NW channel, as compared

with the SG case. This results in improved P/E efficiency,

particularly for the GAA samples. It should be noticed that the

erasing speed of GAA device slows down when erasing time

is sufficiently long (e.g., 0.1 ms with a gate bias of −12 V), as

shown in Fig. 6(b). Moreover, the saturation (absolute) value

of VTH shift is the smallest for a gate bias of −12 V among

all bias splits. This is due to the preponderant electron injection

from the n+ poly-Si gate, leading to a limited saturation level

of VTH. Higher work-function gate material such as p+ poly-Si

or TaN [21] would be helpful to relieve this problem.

The transfer curves of the three types of NW-SONOS devices

at fresh state and specific P/E states are shown in Fig. 9. A

memory window of 1.2 V can be achieved for the SG device

with the programming gate voltage of VGP = 13 V and the

erasing gate voltage of VGE = −9 V, with duration of 100 µs

and 500 ms, respectively [see Fig. 9(a)]. Since the ΩG device

depicts higher P/E speed, an increased memory window of 2 V

can be achieved for the ΩG device by applying VGP = 13 V

and VGE = −10 V with smaller duration of 10 µs and 100 ms,

respectively [see Fig. 9(b)]. For GAA device, memory win-

dows of 2.3, 3, and 3.6 V can be obtained by applying

VGP = 11, 13, and 15 V with the same duration of 10 ΩG,

respectively [see Fig. 9(c)]. Finally, the duration of eras-

ing operation can be reduced to 10 ms with VGE = −10 V

for erasing the programmed GAA device back to the fresh

VTH level.

Fig. 13. Subthreshold swing as a function of P/E cycles for the three splits of
NW devices.

The aforementioned results clearly indicate that the device

with GAA configuration has the largest window and the fastest

P/E speed among the three types of NW-SONOS devices.

Higher average value and better uniformity of the channel-

surface are believed to be the major reasons for the superiority

of the GAA devices.

V. ENDURANCE AND RETENTION

Fig. 10(a)–(c) show the endurance characteristics of the

SG, ΩG, and GAA NW-SONOS devices, respectively. Again,

the GAA device shows the best performance among the test

samples in terms of the smallest closure in window size after

10K P/E++ stressing cycles. For the SG device, it is shown

that the VTH values for both programmed and erased states

slightly decrease after 10K P/E cycles. An opposite trend is

observed for the ΩG and GAA cases, i.e., the VTH values for

both programmed and erased states increase with increasing
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Fig. 14. Retention characteristics of the (a) SG, (b) ΩG, and (c) GAA devices
at room temperature after 1 and 10K P/E cycles of operation.

cycles. Furthermore, the increasing rate becomes larger as cycle

number is larger than 1K.

To gain more insight into these phenomena, the ID–VG

characteristics of the SG device for various P/E cycles (1, 1K,

and 10K) are shown and compared in Fig. 11(a). It is clearly

shown that the SS becomes worse with increasing cycles. The

primary reason for the SS degradation in the SG device could be

ascribed to the nonuniform field strength during the previously

mentioned P/E operations (see Fig. 8), which tends to result

in nonuniform stored charges after cycles of operation. This is

Fig. 15. Retention characteristics of the GAA devices at 85 ◦C after 1 and
10K P/E cycles of operation.

evidenced by the transconductance (GM) versus the VG curves

extracted at erased state in Fig. 11(b). In the figure, we can

clearly see a plateau region appearing in VG ranging from 2.8 to

3.2 V (the arrows shown in the figure are used to elucidate the

trend) after 1K and 10K cycles. This implies that the VTH along

the channel width direction is location dependent and supports

the aforementioned inference.

Fig. 12(a) and (b) depict the ID–VG characteristics of the

ΩG and GAA devices, respectively, during endurance tests.

From the figures, the I–V curve after 1K cycles appears to

be parallel to the fresh one, indicating that excessive electron

storage is mainly responsible for the VTH shift. In the fig-

ures, the I–V curves after 10K cycles show obvious increase

in SS, representing one additional factor responsible for the

VTH increase in the programmed states. Such degradation is

mainly attributed to the generation of additional interface states

at or near tunnel oxide/channel interface generated by the

high-voltage stress during P/E operation. Owing to the much

lower P/E voltages used, as compared with the planar devices

(see Fig. 4), degradation of the oxide/channel interface is not

significant until the cycle number reaches beyond 1K.

Fig. 13 shows and compares the SS versus P/E cycle numbers

for the three types of NW-SONOS devices. As previously men-

tioned, because of the severe nonuniformity in trapped charge

distribution due to the large variation in surface curvature of

the channel, the SG split exhibits obvious rising behavior in

the beginning. Such circumstance is improved with the ΩG and

GAA devices, particularly for the latter that shows the least SS

degradation. The SS value slightly increases in the first 10K P/E

cycles, implying that the ΩG and GAA devices may also suffer

from the nonuniform charge injection effect, although far less

significant as compared with the SG case. The increase in SS

becomes more obvious after 10K cycles as additional interface

traps appear.

The retention characteristics of the SG, ΩG, and GAA

NW-SONOS devices with 1 P/E cycle and 10K P/E cycles

at room temperature (25 ◦C) are shown in Fig. 14(a)–(c),

respectively. Among the three types of NW devices, the GAA

split depicts the largest memory window of about 1.7 and 1 V,

respectively, after 10 years for the devices after single and 10K
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P/E cycles of operation. The major reason for the shrinkage

in window size is the lowering in VTH of the programmed

state. Since the VTH decay rate in programmed state for 10K

P/E-stressed device shows similar trend compared with that for

the first stressed device at room temperature, the trap-to-band

tunneling is considered to be the major charge loss mechanisms

in excess electron state (programmed state) rather than trap-to-

trap tunneling [22]. On the other hand, the VTH of the erased

state for the device after 10K P/E cycles shows larger positive

shift with time than that of the device after 1 cycle of P/E

operation. This is attributed to the detrapping of trapped holes

in the tunneling oxide near the channel surface resulted during

the P/E operations [23].

Fig. 15 shows the retention behaviors of GAA devices at

85 ◦C. The VTH decay rate in the programmed state is observed

to be greater than that at room temperature, leading to a reduced

memory window from the 10-year projection. This indicates

that the emission of trapped electrons from the storage nitride

is accelerated by the thermal-activated process [24]. Since the

energy level of the hole traps is relatively deep in the nitride

and the detrapping of holes contained in the tunneling oxide is

mainly via tunneling mechanism [24], the VTH shift rate of the

erased state should be insensitive to the temperature for both

singly and 10K P/E-stressed devices, as shown in Figs. 14(c)

and 15.

VI. CONCLUSION

In this paper, we have investigated the characteristics of

poly-Si NW-SONOS with various gate configurations fabri-

cated with an ingenious scheme. As compared with the planar

counterpart, the NW devices can be operated with a much

reduced P/E voltage, which is essential for the demand of

green electronics. This is attributed to the enhanced gate con-

trollability with MG configuration and the use of ultrathin

NW structure with reduced impact of defects in the channel.

Among the three types of NW devices, the GAA split exhibits

the best performance in terms of the steepest subthreshold

characteristics, the highest P/E efficiency, the largest memory

window, and the best endurance and retention characteristics.

This is attributed to the increase in the electric field strength at

the NW/tunneling oxide interface owing to the large curvature

and the reduced variation in the curvature value. Hence, the

GAA device possesses the most prominent performance among

the different types of devices characterized in this paper.
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