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Abstract In this paper we use the commercial semiconductor device simulator, Sentaurus, to simulate the electrical
characteristics of sub-30nm multiple-gate (MG) silicon-on-insulator (SOI) MOSFETs. The gate configurations of the
simulated MG SOI MOSFETs include: single-gate (SG), two kinds of double-gate (DG), triple-gate (TG), and
gate-all-around (GAA). We examine the effects of the dimensions of the gate length, fin height, fin width, and the transport
models for each gate configuration. The simulation results can serve as the guidelines of device design and they indicate
that as the gate length scales down to 15 nm below, only GAA, TG, and DG configurations with specific fin cross-section

dimensions can meet the device requirements.
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1. Introduction

As the channel length of MOSFETs keep scaling down
within nanometer scale, the short channel effects (SCEs)
become so detrimental that the conventional planar bulk
MOSFET structure shows poor device performance. To
improve the gate control over the channel region, the multi-
ple-gate (MG) MOSFET structure has been proposed and
studied by both fabrication[1-6] and simulation[7-13]. It is
believed that there is a great possibility for the MG MOS-
FET structure to be used in the 22-nm VLSI technology
node and the following nodes. Furthermore, silicon-on-
insulator (SOI) MG MOSFET structure has been considered
as the ultimate device structure in the future. In this paper,
we use the mainstream technology CAD (TCAD) tools in
industry, Sentaurus (which is the product of Synopsys Inc.),
to simulate various gate configurations and dimensions for
the SOI MG MOSFET structure. Most of the previous
simulation studies on SOI MG MOSFETs focused on the
specific gate configurations[8-11]. In this paper, we simu-
late all the possible gate configurations for the SOI MG
MOSFETs: single-gate (SG), double-gate (DQG), triple-gate
(TG), and gate-all-around (GAA) configurations. The simi-
lar simulation study has been made before[7], however, the
gate lengths of the simulated devices are above 30 nm
therein. In this work, we investigate the device characteris-
tics of the SOl MG MOSFETs with the gate length less than
30 nm by 3D TCAD simulation and also examine the
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effects of the transport models on the device simulation
results.

2. Device Structure and Simulation
Approach

Figure 1 shows the simulated gate configurations for the
SOI MG MOSFET structure. The gate configurations in-
clude: SG, DG, TG, and GAA configurations. Note that the
DG configuration has two types: (1) the two gates are in
parallel (DG-1) and (2) the two gates are connected (DG-2).
All gate configurations have 10A gate oxide (SiO,) and 20
nm source and drain regions. For simplicity, we assume that
the junctions are abrupt and there is no overlap or underlap
between the gate and the source/drain. The doping concen-
tration in the source and drain regions is n-type 10 cm™
and that in the channel region is p-type 5x10'™ cm™. The
work-function difference is adjusted to make each simu-
lated device has a threshold voltage of 0.3 V. Simply using
the n” polysilicon gate without adjusting the work-function
difference will result in a negative threshold voltage for the
SOI MG MOSFETs presented here. The supply voltage,
Vpp, is set to be 1 V. The values of the gate oxide thickness,
channel doping, threshold voltage, and supply voltage are
chosen according to the 2009 International Technology
Roadmap for Semiconductors (ITRS). The gate length, fin
height, and fin width are varied from 15 to 30 nm, 10 to 20
nm, and 10 to 20 nm, respectively. In this work, we focus
on examining the effects of the dimensions of the gate
length, fin height, and fin width of the SOI MG MOSFETs.

Device simulation was performed by Sentaurus. Figure 2
shows the simulation flow. First, we use the Sentaurus
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Structure Editor (SSE) to define the desired device struc-
tures and the associated parameters. Then we put the out-
come of SSE into the Sentaurus Device (SDevice) to simu-
late the device characteristics. There are at least two trans-
port models which are available in SDevice: drift-diffusion
(DD) model and hydrodynamic (HD) model. The simula-
tion results of these two models will be shown in the fol-
lowing. The HD model includes the carrier temperature
effect and the energy current in addition to the electron and
hole currents which are considered by the DD model.
Therefore, we expect the simulation results from the HD
model should be more accurate. Besides the DD and HD
models, we also examine the effects of quantum confine-
ment by including the density gradient (DG) model into the
SDevice simulation. To include quantization effects, SDe-
vice uses a potential quantity A, in the classical electron
density formula [14]:

n :NcFl/z[

where N¢ is the effective density of states in the conduction
band and F,( - ) is the Fermi-Dirac integral. Similarly,
there is a A, for holes. For density gradient model, A, is
given by [14]

EF,n —Ec-A, (1)
kT,

n

’Yhz Vz\/; (2)

where v is a fit factor. Since n is A,-dependent, (2) needs to
be solved numerically.
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Figure 1. Different gate configurations for the SOl MG MOSFETSs. The
gate configurations include: (1) GAA, (2) TG, (3) DG-1, (4) DG-2 and (5)
SG configurations
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Figure 2. Simulation flow of Sentaurus TCAD tools [14]
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Figure 3. The I5-V; curves of the GAA MOSFETs with (a) 30-nm or (b)
15-nm gate length and 10x10 nm? fin cross section under different trans-
port models (DD, HD, and HD+DG)

Table 1. The Electrical Characteristics of the GAA MOSFETs with
15-nm Gate Length and 10x10 nm? Fin Cross Section under Different
Transport Models (DD, HD, and HD+DG)

___ Model DD HD HD+DG
Characteristics
SS (mV/dec) 79.7 80.9 86.6
DIBL (mV) 84 99 107
Lon (A) 4.0x10° 5.54x10° 7.16x10°
Lir(A) 1.44x10™ | 222x10™ | 4.22x10™M
Ton/ Lo 2.36x10° 2.39x10° 1.7x10°

Figure 3 shows the Ip-V; curves of the GAA MOSFETs
with 30-nm or 15-nm gate length and 10x10 nm® fin cross
section under different transport models (DD, HD, and
HD+DG). For the 30-nm gate length, the simulation results
of different transport models are very close. However, as
the gate length reduces to 15 nm, the difference caused by
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using different transport model is obvious. Table 1 shows
the electrical characteristics of the 15-nm GAA MOSFET
under different transport models which are derived from
Figure 3. For 15-nm gate length, using either DD or HD
model only may overestimate the subthreshold swing (SS)
and adopting DD model only may underestimate the current
drive. The degradation of SS caused by including the DG
model is due to the increase of the effective oxide thickness
(EOT) as quantum confinement is considered. We believe
that using HD model combined with DG model should be
more realistic for the nanoscale devices. Therefore, all the
following simulation results are based on HD model com-
bined with DG model.

3. Simulation Results and Discussion

There are actually four fin cross sections for the simu-
lated SOI MG MOSFETs as shown in Figure 4: (1) 20x20
nm?, (2) 20x10 nm? (fin height x fin width), (3) 10x20 nm?,
and (4) 10x10 nm?. Figures 5, 6, 7, and 8 show the
drain-induced barrier lowering (DIBL) and the subthreshold
swing (SS) of the SOI MG MOSFETs with these four cross
sections (Figure 4) as the gate length decreases from 30 nm
to 15 nm under different gate configurations. The DIBL is
defined as the difference in threshold voltage when the
drain voltage is increased from 0.05 V to 1 V. As shown in
Figure 5, there is no gate configuration can have a DIBL
value below 600 mV or a SS value below 300 mV/dec for
the 15-nm gate-length SOI MG MOSFETs with the 20x20
nm’ fin cross section. The smaller fin cross section shows
the better DIBL and SS as shown in Figure 8. The GAA
configuration has the best DIBL and SS for any fin cross
section. However, for the 20x10 nm’ and 10x20 nm’ fin
cross sections, the device characteristics of the TG and
DG-1 configurations, respectively, are comparable to those
of the GAA configuration as shown in Figures 6 and 7. The
DG-1 configuration has better performance than the DG-2
configuration except for the 20x10 nm” fin cross section
since the gate width of the DG-1 configuration is small (10
nm per gate) in this case. In general, more gate coverage
results in better immunity against SCEs. Table 2 is the
summary for the device characteristics of the 15-nm
gate-length GAA MOSFETs under different fin cross sec-
tions. The device with the 10x10 nm” fin cross section has
the best device performance and the SS and on-off current
ratio are 86.6 mV/dec and 1.7x10°, respectively.

(1) @

Figure 4. Four fin cross sections for the simulated SOl MG MOSFETs:
(1) 20x20 nm?, (2) 20x10 nm? (fin height x fin width), (3) 10x20 nm?, and
(4) 10x10 nm?. Here the TG configuration is used as an illustration.
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Figure 5. (a) DIBL and (b) SS of the SOl MG MOSFETs with the fin
cross section 20x20 nm? as the gate length decreases from 30 nm to 15 nm
under different gate configurations.
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Figure 6. (a) DIBL and (b) SS of the SOl MG MOSFETs with the fin

cross section 20x10 nm? (fin height x fin width) as the gate length de-
creases from 30 nm to 15 nm under different gate configurations.
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Figure 7. (a) DIBL and (b) SS of the SOI MG MOSFETs with the fin

cross section 10x20 nm’ (fin height x fin width) as the gate length de-
creases from 30 nm to 15 nm under different gate configurations.
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Figure 8. (a) DIBL and (b) SS of the SOl MG MOSFETs with the fin

cross section 10x10 nm? as the gate length decreases from 30 nm to 15 nm
under different gate configurations.

Table 2. Summary for the Device Characteristics of the 15-nm
Gate-Length GAA MOSFETs under Different Fin Cross Sections (Fin
Height x Fin Width)

haracteristics SS
Height (mV/ ](DHE% Ton (A) Lot (A) Lo/ Logr
x Width dec)
20207 3142 | NA | 1.86x10™ | 4.84x107 | 3.83x10°
20 107 137.7 | 243 | 1.2x10* | 2.41x10” | 4.97x10*
10x20m? 133.7 | 230 | 1.31x10™ | 3.81x10” | 3.44x10*
10x 10m? 86.6 | 107 | 7.16x10° | 4.22x10™" | 1.7x10°

4. Conclusions

In this work, we have investigated the effects of various
fin dimensions on the device characteristics of the SOI MG
MOSFETs with the SG, DG-1, DG-2, TG, and GAA con-
figurations. The simulation results indicate that the smaller
fin cross section and higher gate-coverage ratio will result
in the better SCE immunity. The GAA configuration has the
best device performance for any fin cross section. For some
rectangular fin cross sections, the device characteristics of
the TG and DG-1 configurations are comparable to those of
the GAA configuration. For the 15 nm gate length, only
GAA, TG, and DG-1 configurations with particular fin
cross-section dimensions can fulfill the device requirements.
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