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Abstract—In this work, 10nm technology node bulk and
SOl NMOS FinFET transistors are designed and simulated
to meet low power requirements using Sentaurus three
dimensional TCAD simulator. The tradeoffs between bulk
and SOl FinFETs, including electrical and thermal
characteristics, are compared and explained.

Index Terms—Low power applications, Bulk FinFET, SOI
(silicon-on-insulator) FinFET, Short Channel Effects,
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I. INTRODUCTION

FINFET has replaced the position of conventional

single-gate MOSFET in semiconductor industry
during the scaling-down, because it can significantly
reduce the short channel effects by its better gate
controllability over the channel. There are two types
of FInFETs in terms of substrate: one is fabricated on
silicon-on-insulator (SOI) substrates, and one is bulk
FinFET, which is similar with the standard bulk
CMOS fabrication technology.

In this report, 10 nm technology node FinFETs for
low power applications in both SOI and bulk
technologies are designed to meet the specifications
from the 2015 ITRS'). The design details, as well as
the device characteristic differences and tradeoffs
between SOI and bulk FinFETs, will be analyzed.

II. DESIGN DECISIONS AND DEVICE STRUCTURES

In the FinFETs design, the most important
parameters that determine the device performances
are channel doping, source/drain doping, and
dielectric thickness. Here, constant doping profile is
used, to mainly focus on the differences between

bulk and SOI FinFETs. The channel doping should
be low, because lower doping concentration in
channel can give higher carrier mobility, and also
eliminate discrete dopant fluctuation effects on the
threshold voltage. The doping level at source and
drain sites should be high enough to reduce the series
resistance. As for the gate dielectric thickness, it
should be small to provide smaller subthreshold
swing, but not super small, because otherwise the
tunneling will happen. After determine the doping
levels and dielectric dimensions, the work function
of the gate metal needs to be tuned to meet the
threshold voltage requirement.

During the design process, subthreshold swing
requirement is the first to be considered, and the SOI
FinFET is the first structure to be designed. The
subthreshold swing needs to be about 70 mV/dec.
After dope 1x10'¢m™3 Boron in the channel and
1x10%2%°%cm™3 Arsenate in the source and drain, as
well as use HfO, as the gate dielectric material and
set it to be 3 nm, the first simulation was performed.
The subthreshold swing in this case is about 74
mV/dec, which means our initial design is
reasonable but still needs more optimizations. Then
the thickness of the gate dielectric was set to be 2.8
nm, while kept the other parameters unchanged, and
the simulation result turned out to have 72.5 mV/dec
subthreshold swing. Then the source/drain doping
concentrations were decreased to 5%10°cm™3 and
1x10*cm™3 to see whether better subthreshold
swing would be got, because the larger doping
concentration would result in larger electric field at
the drain-channel junction, and then result in larger
drain capacitance. The large drain capacitance can
also degrade our subthreshold swing. Therefore, the
subthreshold swings for 5x10°cm™3 and 1X
10%c¢m™3 source/drain doping are 71.8 mV/dec and
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68.3 mV/dec, respectively. Then the work function
of the gate metal is swept from 4.4 to 4.7 eV, and
4.58 eV turned out to be the one that sets the
threshold voltage at 336mV. This work function is
reasonable, because there are a lot of metals have this
work function, such as Ag, Cu, Mo, Sb, W ete.
Then the bulk FinFET was designed. Except for
keeping the same channel, source, drain doping
concentrations, and the gate dielectric thickness,
bulk doping concentration also needs to be carefully
considered. If the doping concentration is too low,
punchthrough will happen in the bulk, which means
there will be a path for source/drain leakage current,
and gate would have less control over Ip. Therefore,
the slope of loglp vs Vi should be flatter, and the
leakage current will be huge. However, if the bulk
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concentration is too high, the electric field and
junction capacitance at the drain-bulk junction are
large, which will result in large junction leakage and
also junction breakdown. Therefore, in this
simulation,  after = sweeping several  bulk
concentration numbers, 1x107cm™3 boron is
chosen to be doped in the bulk to give better device
performance. Then work function of the gate metal
was tuned to 4.57eV to keep the threshold voltage
still at 336mV.

The structure of the half SOI FinFET is shown in
Figure 1(a), and its doping profile is shown in Figure
1(b). The bulk FinFET half structure is shown in
Figure 1(c), with its doping profile in Figure 1(d).
The structure figures are without Si, in order to show
the gate dielectric and gate matal more clearly.
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Figure 1. The half structure of (a) SOI FinFET and (c) bulk FinFET without Si, and doping profile of (b)
SOI FinFET and (d) bulk FinFET
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The fabrication process of the two types of
FinFETs should be easy, because we are using
constant doping profiles. The standard recipes could
be used. Figure 2 shows the main differences
between SOI and bulk FinFET fabrication™). After
defining the fins, gate will be deposited and
well-etched, and then source and drain can get

implanted.
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Figure 2. The process for fin self-aligned double patterning
lithography scheme for SOI and bulk FinFETs

The designed parameters of the FinFETs are
summarized in Table 1 below.

Table 1. The summary of the dimensions, doping profiles, and
metal work function of designed FinFETs.

Dielectric thickness (nm) 2.8
Gate length (nm) 20
Fin width (nm) 6
Fin height (nm) 42
Channel length (nm) 90
Channel doping (cm™) 1x10!
Source/Drain doping (cm™) 1x10"°
Bulk doping (cm™) 1x10%7 (only for bulk FinFET)
SOI FinFET Bulk FinFET

Metal work function (eV)

4.58 4.57

I1l. SIMULATION RESULTS

The gate voltage was swept from 0V to Vdd
(0.75V) while keeping Vps at both Vdd (saturation
region) and 0.05V (linear region), to see the device
performances in the subthreshold region. Figure 3
shows the loglp vs. Vs curves for both SOI and bulk
FinFET. Subthreshold swing, DIBL (drain induced
barrier lowering), leakage current, and on current
can be calculated based on this plot, and the results
are shown in Table 2.

- = bulk linear
- = bulk saturation
SOl linear
—— SOl saturation
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Figure 3. The loglp vs Vgs curves for both SOI and bulk
FinFET at both linear and saturation regions

Table 2. Comparison of ITRS requirements and simulation
results for SOI and bulk FinFETs.

FinFET type Requirement SOI Bulk
Subthreshold
Swing (mV/dec) 70 68.295 67.888
DIBL (mV/V) / 34.67 31.53
Ton (uA) 637 13.3 12.7
Toff (pA) 100 1.51 1.50
Ton/Ioff 6.37x10° | 8.807x10° | 8.467x10°
Vgt (MV) 336 336 336

Figure 4 below shows Ip-Vp relationships for 0 <
Vp<VddatVgs=0.3V, 0.4V, 0.5V, 0.6V, 0.7V and
0.75V, for both SOI FinFET at 3(a), and bulk
FinFET at 3(b). When Vgs = 0.3V, both devices are
not on because the Vgg is even smaller than the
threshold voltage. For other Vg, from the simulation
results, we can extract saturation drain current Ipey
(when Vpg = Vdd) at different Vs (shown in Table
3) and analyze their relations.
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Figure 4. The Ip vs Vp curves for (a) SOI and (b) bulk
FinFET at Vgs = 0.3V, 0.4V, 0.5V, 0.6V, 0.7V, and 0.75V

Table 3. Extracted Ips, vs Vs simulation data for both SOI and
bulk FinFETs.

Vs (V) 04 [ 05 ] 06 | 07 | 075
SOI FinFET Ipg (mA) | 0.90 | 3.81 | 7.34 | 11.3 | 133
Bulk FinFET Ipg (mA) | 0.88 | 3.50 | 6.82 | 10.7 | 12.7

By plotting Ipsat vs VGs simulation results (shown in
Figure 5), we can see that there is a quite linear
dependence of Ibpsat on VGs instead of a square-law
dependence. A least squares linear fitting for SOI
FinFET gives the linear dependence equation Ipsat =
(35.84 mA/V) x Vas — 13.72 mA, with a fitting
coefficient 12=0.996, and for bulk FinFET, IDsat =
(34.22 mA/V) x Vags — 13.19 mA, with a fitting

coefficient 12=0.994. Both indicate good linear
dependences.
5
14710
+
- /,'
121 P // -]
/'V/ e
N
7z 7
1 ot
s 7
— 7
< 08 45
= P
%] e
006 o7
s 7
.27
L z7 |
0.4 /44{ + SOl simulation results
,z7 — — SOl linear fitting
0.2 27 z # bulk simulation results |
1 g — — bulk linear fitting
0 1 1 1 1 1 1
04 045 05 055 06 065 0.7 0.75
VGS V)

Figure 5. Linear dependence of drain saturation current on
gate voltage

The temperature profiles when Vgs = Vps = Vdd

are also simulated for SOI and bulk FinFETs, as
shown in Figure 6. The thermal contacts are at the
contact of substrate, gate, source, and drain, and the
boundary temperature is 300K. It is obvious that the
temperature in the SOI channel is much higher than
that in the bulk FinFET channel. Figure 7 shows the
maximum temperature in the two FinFETs under
different bias conditions, and this can also prove that
the temperature in bulk is much lower than that in the
SOI FinFET.
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Figure 6. The temperature profile of (a) SOI FinFET and (b)
bulk FinFET when VGS = VDS =Vdd
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Figure 7. The maximum temperature SOI FinFET (dashed
line) and bulk FinFET (solid line)

V. DiSCUSSION

First, from the loglp vs. Vs curves, SOI and bulk
FinFETs have very close performances in terms of
subthreshold swing, DIBL, off leakage current, and
on current.

When sweeping the drain voltage on different gate
voltages, both SOI and bulk FinFETs have nearly
constant drain current. After extracting the saturation
drain current and plot with different gate voltages,
linear relationships between saturation drain current
and gate voltage are shown for both SOI and bulk
FinFETs. This can be explained by velocity
saturation of short channel device. When Vp =
0.75V, the electric field profiles of the channel, for
both SOI FinFET and bulk FinFET, are shown in
Figure 8 below. Since the saturation velocity
happens when the electric field is about 10° V/cm, it
is obvious that the fields in both two types of
FinFETs are high enough to reach velocity saturation
of electron drift. When velocity saturation happens,
Ipsat 18 linearly proportional to (Vgs-Vr) instead of a
square-law dependence for long channel device. The
simulation results clearly show this linear
dependence.
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Figure 8. The electric profile in the channel of (a) SOI
FinFET and (b) bulk FinFET when Vgs = Vps = Vdd

The temperature profiles of both FinFETs indicate
that bulk FInFET has much less self-heating than
SOI. This is because Si has more than 100 times
higher thermal conductivity than SiO,". Therefore,
the SOI substrate prevents heat dissipation, making
the temperature in SOI FinFET much higher than
that in the bulk FinFET. The rising operating
temperature can degrade the carrier mobility, which
then decreases the drain current. Beside, the high
operating temperature also causes reliability issues.

Since the channel of both FinFETs are near
intrinsic, no obvious floating body effects were seen.
Besides, from Ip-Vp curves of SOI FinFET and bulk
FinFET, SOI has slightly larger current than bulk
FinFET. Figure 9 shows the electron mobility of
both FinFETs. The mobility of them are very close.
Therefore, the lower current in bulk is because the
series resistance of bulk is larger than that of SOI
FinFET.
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Figure 9. The mobility profile in the channel of (a) SOI
FinFET and (b) bulk FinFET when Vgs = Vps = Vdd
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Except for the above electrical properties
differences, there are other tradeoffs need to be
considered. For example, SOI FinFET is much easier
to fabricate. From Figure 2 above, shallow trench
isolation (STI) needs to be grown for bulk FinFET in
order to separate the channel in each device, and
multiple doping steps are required, because the
doping concentrations in the bulk are different from
those in the channel to prevent punchthrough.
Besides, the fin shape and height are more difficult to
control in the bulk FinFET. The fin shape in SOI is
often rectangular, while in bulk is always tapered
because of the STI process'”). The tapered fin has
worse Vt roll-off, because the wider fin base has
worse electrostatic control than the top, and the
current density is not uniform along the fin height'®!,

V. CONCLUSION

Both SOI FinFET and bulk FinFET have great
gate control over the channel, which can be seen
from the low subthreshold swing and DIBL, and
their performances are about the same. Besides, both
type of FinFETs have linear relationships between
the drain saturation current and the gate voltage,
which is caused by the velocity saturation inside the
channel. SOI FinFET has less series resistance
because its drain current is larger than bulk under the
same circumstances. SOI has more self-heating than
bulk, because heat cannot dissipate from the
substrate as well as the bulk FinFET, and this may
cause performance and reliability problems.
However, SOI FinFET has much easier fabrication
process and well-controlled fin shape, although the
SOI substrate is more expensive and has more defect
density'”). Therefore, if easier fabrication process of
bulk FinFET can be developed, and rectangular fin
shape can be built, bulk FinFET will be more
attractive to use in the future.
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