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Abstract—In this paper, electrical characteristics of small
nanowire fin field-effect transistor (FinFET) are investigated
by using a three-dimensional quantum correction simulation.
Taking several important electrical characteristics as evaluation
criteria, two different nanowire FinFETs, the surrounding-gate
and omega-shaped-gate devices, are examined and compared with
respect to different ratios of the gate coverage. By calculating the
ratio of the on/off current, the turn-on resistance, subthreshold
swing, drain-induced channel barrier height lowing, and gate
capacitance, it is found that the difference of the electrical charac-
teristics between the surrounding-gate (i.e., the omega-shaped-gate
device with 100% coverage) and the omega-shaped-gate nanowire
FinFET with 70% coverage is insignificant. The examination pre-
sented here is useful in the fabrication of small omega-shaped-gate
nanowire FinFETs. It clarifies the main difference between the
surrounding-gate and omega-shaped-gate nanowire FinFETSs
and exhibits a valuable result that the omega-shaped-gate device
with 70% coverage plays an optimal candidate of the nanodevice
structure when we consider both the device performance and
manufacturability.

Index Terms—Coverage ratio, device structure, fabrication,
fin field-effect transistor (FinFET), gate capacitance, nanodevice,
nanowire, omega-shaped-gate, on/off ratio, process technique,
quantum correction model, semiconductor devices, subthreshold
swing (SS), surrounding gate, three-dimensional (3-D) simulation,
turn-on resistance.

1. INTRODUCTION

ILICON-ON-INSULATOR (SOI) devices have re-
S cently been of great interest and relatively present
better scaling-down properties than that of conventional
bulk metal-oxide—semiconductor field-effect transistors
(MOSFETs) [1]-[4]. Double-gate SOI devices have been
proposed and found more attractive electrical characteristics
than that of single-gate SOI devices [5]-[21]. They inherently
have good suppression of short-channel effects (SCEs), high
transconductance, and ideal subthreshold swing (SS). In order
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to further reduce the SCEs, promising device structures, such as
the fin field-effect transistor (FinFET), multiple-gate FinFETs,
and surrounding-gate nanowire FinFETs have been proposed,
fabricated, and demonstrated their fascinating device charac-
teristics [5]-[21]. However, these structures cannot be directly
fabricated with advanced fabrication processes and have inher-
ently encountered several difficulties [7], [8], [11]. Considering
issues of the mass production, omega-shaped-gate nanowire
FinFET structures [5], [6], [9], [20] have been proposed to
make a compromise between the device performance and man-
ufacturability. Device simulation with different physical aspects
and computational models has been widely proposed and used
in studying diverse semiconductor nanodevices [14], [18], [19],
[21]-[58]. However, theoretical calculation and comparison of
the surrounding-gate and omega-shaped-gate nanowire Fin-
FETs using a unified simulation model have never been well
drawn. In addition, a quantitative evaluation of the difference
on these devices’ performance is still unclear. We believe
that any theoretical examinations on the surrounding-gate and
omega-shaped-gate nanowire FinFETs will provide interesting
information for designing any novel structures and benefits
the fabrication of integrated circuits with using these advanced
nanodevices.

In this paper, electrical characteristics of ultrasmall nanowire
FinFETs are numerically explored using a developed quantum
correction simulation. Based on a multidimensional device
simulation [41]-[54], the ratio of the on/off current, turn-on
resistance (Rout), SS, drain induced barrier lowering (DIBL),
and gate capacitance C'g [59], [60] are calculated and com-
pared for a 5-nm nanowire FinFET with the surrounding-gate
and omega-shaped-gate structures, respectively. Device with
the surrounding-gate structure means it has 100% ratio of the
gate coverage. The coverage changing from 70% to 80% for
the device with the omega-shaped-gate structure is compre-
hensively explored in this study. The diameter of the 5-nm
nanowire field-effect transistor (FET) is set to be 10 nm and
the thickness of the gate oxide is with 1 nm. According to
our calculation, it is found that the characteristic difference
between the surrounding-gate and omega-shaped-gate FinFETs
with 70% coverage is insignificant. However, the first structure
possesses slightly better DIBL effect than that the latter one
with different coverage ratios. Taking the thickness of the
silicon film into consideration, the omega-shaped-gate device
with 70% gate coverage provides an attractive alternative in
considering both the device performance and manufacturability.
Overall, the omega-shaped-gate FinFET with a coverage that
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Fig. 1.  Illustrations of the cylindrical nanowire FinFET with: (a) the
surrounding-gate structure and (b) the omega-shaped-gate structure. L is the
channel length, T, is the thickness of oxide, and D is the diameter of the
nanowire FinFET. The two insets, cutting along the white line in (b), show the
cross sections of the structure with 70% and 80%, respectively, where T.; is
the thickness of the channel film.

is larger than 70% may demonstrate a similar performance
to the surrounding-gate FinFET. Our examination presented
here clarifies the geometric effects on the characteristic dif-
ference between the surrounding-gate and omega-shaped-gate
FinFETs. It is useful to develop new fabrication techniques for
ultrasmall omega-shaped-gate nanowire FinFETs.

This paper is organized as follow. In Section II, we state
the investigated device structure and simulation. In Section III,
we calculate several important electrical characteristics of the
studied device structures. Comparison and discussion between
the different device structures with various coverage ratios are
included in this section. Section IV draws conclusions and sug-
gests future works.

II. DEVICE STRUCTURE AND COMPUTATIONAL MODEL

Computationally experimental structures are shown in Fig. 1.
These two devices are the surrounding-gate and omega-shaped-
gate nanowire FinFETs, respectively. An omega-shaped-gate
nanowire FinFET with 100% gate coverage is automatically
equivalent to the surrounding-gate nanowire FinFET. To sim-
plify the investigated problem and clarify the main effect of the
geometric variation on the electrical characteristics for the small
nanowire FinFET, the simulated FinFETSs are with the same di-
ameter D = 10 nm, the gate length L = 5 nm, the channel is
with an uniform doping 10*8cm=3, the source/drain doping is
with 5% 10cm—3 uniformly, the oxide thickness Tox = 1 nm,
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Fig. 2. Electrostatic potential on the channel region of the 5-nm nanowire
FinFET with: (a) the surrounding-gate structure (b) the 80% omega-shaped-gate
structure, and (c) the 70% omega-shaped-gate structure, respectively. The bias
conditionis Vg = 0.8 Vand Vp = 0.05 V.

and the midgap material, such as TiN, is chosen as the gate ma-
terial. Today, the channel length of semiconductor devices is in
the nanoscale regime; it becomes necessary to include quantum
mechanical effects when modeling any FET’s terminal property
[14], [18], [19], [21]-[55], [58]. There have been several ap-
proaches to the modeling of quantum mechanical effects, such
as quantum mechanical methodologies and quantum corrections
to the classical transport models [18], [19], [21]-[55], [58]. A
full quantum mechanical model physically provides one of the
most accurate ways to simulate nanodevices, but it is costly in
the technology computer-aided design (TCAD) simulation of
multidimensional deep submicrometer and nanoscale devices
[22].

To focus on exploring the fluctuation problem of the electrical
characteristics for optimal nanodevice structures, phenomeno-
logical quantum correction model, a density-gradient equation
[41]-[54] together with the classical three-dimensional (3-D)
drift—diffusion model [56], [57] is adopted and solved numer-
ically in this study. A carefully calibrated density-gradient
model [43]-[47] has attracted more and more attention and
successfully demonstrates its validity for efficient modeling of
the quantum mechanical effects in a TCAD simulator using
first-order quantum corrections [41]-[54]. This simulation
quantitatively predicts the main tendency of electrical and
physical properties for the examined device structures. Full
quantum mechanical methodologies definitely will input more
accurate estimation on the characteristics, but it is believed
that our simulation will not be significantly altered. The den-
sity-gradient modeling approach is computationally effective
for incorporating the quantum mechanical effect in a multidi-
mensional nanodevice TCAD simulation [22], [49], [51], [52].
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Electrostatic potential on channel regions from the source to drain for the 5-nm nanowire FinFET with: (a) the surrounding-gate structure, (b) the 80%

omega-shaped-gate structure, and (c) the 70% omega-shaped-gate structure, respectively. The bias condition is Ve = 0.0 Vand Vp = 0.8 V.

To calculate the numerical solution of the multidimensional
density-gradient model [41]-[52] for the studied device struc-
tures, shown in Fig. 1, a robust two-dimensional (2-D)/3-D de-
vice simulation program is developed. Developing this compu-
tational prototype is mainly based on our recent work on nan-
odevice simulations [53]-[57]. Firstly, we decouple the coupled
partial differential equations (PDEs); each decoupled PDE is
approximated with the finite volume method over nonuniform
mesh [51]-[57]. The corresponding system of the nonlinear al-
gebraic equations is then solved with the mixed monotone it-
eration and Newton’s iteration methods [57]. Iterations will be
terminated and postprocesses will be performed when the spec-
ified stopping criteria for inner and outer iteration loops are sat-
isfied, respectively.

III. RESULTS AND DISCUSSION

Figs. 2(a)—(c) and 3(a)—(c) are the computed electrostatic po-
tential for the simulated nanowire FinFET with the surrounding
gate, omega-shaped gate with a coverage ratio of 80%, and (c)
omega-shaped gate with a coverage ratio of 70%, respectively.
The difference of the on state is observed in the channel region
when Vi = 0.8 Vand Vp = 0.05 V is shown in Fig. 2(a)—(c).
Moreover, for Vg = 0.0 V and Vp = 0.8V, the contours of the
off-state potential are shown in Fig. 3(a)—(c). It is found from
those figures that gate electrodes of the omega-shaped-gate de-
vices have a good controllability at the undercut region. Owing
to the good controlling of the undercut regime, the on-current
degradation of the omega-shaped-gate device does not follow
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Fig. 4. Normalized ratio of the inversion charge versus the gate coverage. The
coverage ratio varies from 50% to 97%. The normalization is with respect to
the charge of the surrounding-gate nanowire FinFET under V, = 0.05 V and
VG = 08 V.

the reduction of the gate coverage ratio. That is a reduction
on the coverage ratio of the omega-shaped-gate nanowire Fin-
FETs, which can only slightly influence the electrical character-
istics of devices. As shown in Fig. 4, the plot of the charge ratio
versus the coverage of the gate confirms the calculation results,
as shown in Figs. 2 and 3. The devices are with Vp = 0.0 V
and Vg = 0.8 V, where the calculated total charge is normalized
with respect to the total charge of the surrounding-gate nanowire



LI et al.: ELECTRICAL CHARACTERISTICS ON SURROUNDING-GATE AND OMEGA-SHAPED-GATE NANOWIRE FinFETs 513

10
10°
107 |-
<
=)
108 | ;
7 — Surrounding-gate
) 80% Omega-shaped-gate
10° L / ——— 70 % Omega-shaped-gate
10-10 L Il | | |
0.0 0.2 0.4 0.6 0.8 1.0
Ve (V)
Fig. 5. Ip — Vg curves of the simulated 5-nm nanowire FinFET with the

surrounding-gate and the omega-shaped-gate structures. The solid line is the
result of the surrounding-gate device and the dotted and dashed lines are the
results of the omega-shaped-gate device with 80% and 70% coverage ratios,
respectively.

FinFET. It is found when the gate coverage varies from 50% to
70% that the slope of the normalized charge ratio is approxi-
mately 2 times larger than that of the gate coverage varying from
70% to 97%.

The potential distributions explain the Ip — Vg and Ip —
Vp characteristics for both the surrounding-gate and the omega-
shaped-gate nanowire FinFETs, shown in Figs. 5 and 6, respec-
tively. The Ip — Vg characteristics for the structures with dif-
ferent coverage ratios are shown in Fig. 5. Although the sur-
rounding-gate nanowire FinFET has better characteristics over
the off-state and the subthreshold condition, the on-state current
for all the simulated structures are almost similar with respect to
differentcoverageratios. Moreover, the differenceonthe Ip — Vi
and Ip — Vp characteristics between the surrounding-gate and
omega-shaped-gate devices are quite small, e.g., the largest vari-
ation of the Ip — Vp characteristicsat Vg = 0.6 Vand Vp = 0.8
is approximately 10%, as shown in Fig. 6. The fluctuation of the
drain currentis acceptable when we take the difficulty of the fabri-
cationinto consideration. Theratio of the on/off currentcalculated
from the transfer curves is summarized in Table I. The calculation
isdoneby dividingthe on-currentlevel (i.e., Ip atViz = 0.8 Vand
Vp = 0.05 V) to the off current level (i.e., Ip at Vg = 0.0 V and
Vp = 0.8 V). The ratio of the on/off current is a major concerned
factor in modern gigascale integrated-circuit design. The on cur-
rent is strongly related to the switching speed and the off current
is directly corresponding to the power consumption. Therefore,
a higher ratio of the on/off current is preferred for improving the
circuitry performance. According to the summarized data shown
in Table I, it is found that the surrounding-gate nanowire FinFET
has a slightly higher ratio of the on/off current than that of the
omega-shaped-gate structures. Similarly, this can be explained
due to the channel controllability for these structures, as shown
in Figs. 2 and 3.

Based on numerical simulation, the SS property is also ex-
tracted and shown in Table I. The SS is defined as the gate
voltage that has to be increased for enlarging a decade of sub-
threshold current [56], [57]. This property is highly correlated
with the switching speed and the noise margin of the designed
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Fig. 6. Ip — Vp curves of the simulated 5-nm nanowire FinFET with the
surrounding-gate and the omega-shaped-gate structures.

circuit. It has been found that the SS of the surrounding-gate
device is insignificantly lower than that of the others. That is,
without considering the fabrication stability, the surrounding-
gate structure merely contributes a slight improvement on de-
signing the digital circuit. The SS of the bulk devices tradition-
ally is around 100 mV/decade. However, the SS of all explored
devices shown here is much less than that of the bulk devices.
The significant improvement will be mainly contributed to the
fully depleted effects. We note that the SS is not simply pro-
portional to the coverage ratio of the omega-shaped-gate struc-
ture. It is also affected by the thickness of the channel film.
For device with a smaller coverage, it implies a thinner channel
film thickness. For example, for an omega-shaped-gate structure
with 80% coverage, its channel film thickness is equal to 9 nm.
For the 70% coverage, it is 8 nm. Therefore, according to the
argument of the channel film thickness, the omega-shaped-gate
structure with 70% coverage has a smaller SS than that of the
structure with 80% coverage. Furthermore, owing to the fully
depleted effect, the threshold voltage of the nanowire FinFET
devices is hardly to be adjusted by changing the channel doping
concentration. Altering the work function will be one of the ef-
ficient ways for the modification of the threshold voltage. The
midgap material will be the candidate for gate formation.
Output characteristics of the simulated structures with dif-
ferent coverage ratios could be explored from the results shown
in Figs. 6 and 7, respectively. It can be found that the differ-
ence between the simulated structures with different coverage
rations is very limited. Moreover, in comparing both the on cur-
rent and output resistance, it will be concluded that the higher
gate coverage ratio will result in better device characteristics. To
make it more clear, the omega-shaped-gate device with a cov-
erage ratio of 80% has a higher on-state current, but a lower
output resistance than that of the 70% one. The on-state cur-
rent discussed above is directly related to the operation speed
of the digital circuit. On the other hand, the output resistance
is an important element in designing the analog circuit, i.e., the
higher the output resistance, the better the analog performance.
Accordingly, we can summarize that the omega-shaped-gate de-
vices with a different coverage ratio will be a promising ap-
proach to a different application category and should be subject
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TABLE 1
COMPARISON OF THE CALCULATED ELECTRICAL CHARACTERISTICS FOR THE SIMULATED 5-nm NANOWIRE FinFET WITH TWO DIFFERENT GATE STRUCTURES.
DIBL Is CALCULATED AS THE SHIFT OF V;, WHERE V; IS THE THRESHOLD VOLTAGE. C' Is CALCULATED WHEN V5 = 0.8 V

Device with the Device with the
surrounding-gate structure | omega-shaped-gate structure
Gate coverage ratio 100% 80% 70%
SS 87 mV 97 mV 93 mV
DIBL 0.09V 0.115V 0.10V
Log (Ratio of the on/off current) 2.96 2.21 2.32
Co 4.28x10™"°F 3.8x10™F | 3.68x10"°F
200 104
. . — S ugroundlng-gate Vp=08V |
—— Surrounding-gate 10° |- 80% Omega-shaped-gate i
solk 80% Omega-shaped-gate p ——— 70% Omega-shaped-gate _——
——— 70% Omega-shaped-gate pd 10% /// R
g ~
[¢) < .
g 100 = 107 |
.
10-8 =
50 |-
10° |-
0 | 1 1 | | 1010 L | L | L
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.1 0.2 0.3 0.4 0.5
Vp (V) Vs (V)
Fig. 8. DIBL effects for the simulated 5-nm nanowire FinFET with the
Fig. 7. Calculated characteristics of R, for the simulated 5-nm nanowire  surrounding-gate and omega-shaped-gate structures.
FinFET with the surrounding-gate and the omega-shaped-gate structures where
Ve =06 V. 5x107'8
o . o — Surrounding-gate FET
to further optimization for the nanodevice fabrication. The ef- 431018 | e 80% Omega-shaped-gate
fect of the drain induced channel barrier height lowering in the ~~~ 70% Omega-shaped-gate o
simulated structures with different coverage ratios are shown 8108
in Fig. 8 and also summarized in Table I. It is known that the £
. . ©
DIBL effect will make the devices harder to be turned off at ©
high drain biased situations. Additionally, this effect will also 2x108 |-
suffer the development of the corresponding equivalent-circuit
compact model for integrated-circuit simulation and degrades 1018
the performance of analog integrated circuits. We are found that
the surrounding-gate device has a better ability in suppressing
the DIBL effect. Nevertheless, the improvement is still unpro- L . L L L
. . . . . 0.2 0.0 0.2 0.4 0.6 0.8 1.0
nounced in comparison with the difficulty coming from the man- V.. (V)
G

ufacturability point-of-view.

The plot of the Cg — Vi curve for the simulated structures
is reported in Fig. 9 and the corresponding extracted output is
listed in Table I. The simulation of C — Vi confirms the pre-
liminary consistence of the electrical and physical properties
of the surrounding-gate and omega-shaped-gate nanowire Fin-

Fig. 9. Plot of C'; versus Vi for the simulated 5-nm nanowire FinFET with
the surrounding-gate and the omega-shaped-gate structures where the Vp =
0.05 V.

FETs. Based on a rough estimation form the CV calculation
shown in Fig. 9 and Table I, the capacitance reduction ratio is
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only a half of the decrement on the gate coverage ratio. Those
results also can be verified from the results shown in Fig. 4. It
confirms that our previous simulations on the difference of elec-
trical characteristics between the surrounding-gate and omega-
shaped-gate nanowire FinFETs are very subtle. It could be sum-
marized that the degradation of the electrical characteristics on
the omega-shaped-gate nanowire FinFETs is far less than the re-
duction of the coverage ratio. Consequently, in order to obtain
both device performance and manufacturability of the nanowire
devices, the omega-shaped-gate devices with 70% coverage will
be an attractive candidate.

IV. CONCLUSION

In this paper, we have preliminarily explored the difference of
the electrical characteristics between the surrounding-gate and
omega-shaped-gate (with different coverage ratios) nanowire
FinFETs. Different simulation has been performed on a 5-nm
nanowire FinFET with the developed simulation program,
which is mainly based on a calibrated density-gradient equation
together with the 3-D drift—diffusion model. According to
our theoretical investigation, it has been found that the gate
coverage ratio only contributes a small reduction on the output
device performance. A higher gate coverage ratio does not
necessarily promise better output characteristics. We believe
that the work presented here is useful in the fabrication of the
omega-shaped-gate nanowire FinFETs [7], [8], [61]. It exhibits
a valuable result, which is that the omega-shaped-gate FinFET
with 70% coverage is an optimal candidate of the nanodevice
structure when we consider both device performance and
manufacturability.

However, the physical model considered in the developed
device simulation prototype can be improved and extended by
using full quantum mechanical techniques. It is believed that
full quantum mechanical modeling and simulation [58] will
quantitatively provide more accurate estimation. We are cur-
rently developing a multidimensional full quantum mechanical
simulation and also calibrating the developed 3-D quantum cor-
rection simulation with the fabricated 5- and 10-nm nanowire
CMOS devices. Optimization of the geometric ratio of the
strained omega-shaped-gate nanowire FinFETs with respect to
the device’s diameter and channel length is under investigation.
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