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TCAD tools have been largely improved in the last decades in order to support both process and device complementary simulations
which are usually based on continuously developed models following the technology progress. In this paper, we compare between
experimental and TCAD simulated results of two kinds of nanoscale devices: ultrathin body (UTB) and nanoscale Body (NSB)
SOI-MOSFET devices, sharing the same W/L ratio but having a channel thickness ratio of 10 : 1 (46 nm and 4.6 nm, resp.). The
experimental transfer I-V characteristics were found to be surprisingly different by several orders of magnitude. We analyzed
this result by considering the severe mobility degradation and the influence of a large gate voltage dependent series resistance
(𝑅SD). TCAD tools do not usually consider 𝑅SD to be either channel thickness or gate voltage dependent. After observing a clear
discrepancy between the mobility values extracted from our measurements and those modeled by the available TCADmodels, we
propose a new semiempirical approach to model the transfer characteristics.

1. Introduction

Nanoscale silicon-on-insulator (SOI) metal-oxide-semi-
conductor field-effect transistor (MOSFET) based devices
are the building blocks of up-to-date systems allowing
ultrafast data processing. This is in accordance with efforts
to develop new generation of ultrafast computers based on
combined electronic and signal processing on one hand
[1] and advanced generations of nanoscale devices (NSB) for
communication systems [2] on the other hand. Furthermore,
the excellent control of leakage current and short channel
effects, achievable by means of UTB SOI-MOSFET
architectures, makes them good candidates for ultimate
nanometer scale. Consequently, the transport properties’
study of thin semiconductor films has attracted considerable
attention in the recent years.

In this perspective, the use of TCAD tools for predicting
and optimizing such advanced semiconductor devices has
increased recently [3, 4]. Since the nanotechnology’s process
and device evolution is quite rapid, there may appear some
gaps among existing TCAD models. Indeed, TCAD tools

use classic parametric models where some of them tend
to become obsolete for nanoscale devices. For instance, it
is well established that quantum effects and/or interface
effects mainly govern the conduction of modern devices
(e.g., ballistic transport effects or decreasing of the mobility
by decreasing the channel thickness) [5]. Moreover, series
resistance effects are of great importance for such devices and
are the scope of intensive research activities [6–8] as well as
the usage of the Y-function method in the last decades [9–12]
to extract this parameter [13]. In this paper, we show how a
semiempirical model based on gate voltage dependent series
resistance established in a previous work [8] can be integrated
in a TCAD simulator to match nonconventional electrical
transfer characteristics of FD-SOI MOSFETs.

2. TCAD Process Simulation

The layers deposition process was simulated by a commercial
3D TCAD process simulator (Csuprem from Crosslight)
according to the process conditions used to fabricate
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Table 1: Process parameters for deposited layers of fabricated devices.

Layer # Layer name Layer
acronym

Layer thickness
[nm] Function and properties

01 Bulk silicon Bulk 500,000
Substrate p-type boron (1015 cm−3)
Resistivity: 14–22Ω⋅cm
Orientation ⟨100⟩

02 Buried oxide BOX 70

Bulk insulator
O+ implantation energy: 120 keV (2.35 hours)
Dose: 0.39 1018 O+cm−2
Annealing: 1320∘C (6.00 hours)

03a Silicon-On-
Insulator SOI 46 p-type boron (1015 cm−3) regular transistor channel in UTB devices

and nonreduced SOI in GRC devices (source-drain extensions)

03b Gate-recessed
silicon GRS 1.6–6.5 range Thinned transistor channel in GRC devices

03c Pad oxide PAD OX 15 Relieve stress from silicon to nitride at high temperature
04 Gate oxide GOX 26 Gate insulator
05 Polysilicon Poly 220 Gate electrode

06 Nitride 2 Nit 30 Prevent further oxidation of the thin silicon layer during the
implant’s thermal annealing (GRC)

07 Field oxide FOX 700 Active area insulator
08 Silox SOX 350 Contact opening mask for source/drain and gate passivation

09 Polysilicon Poly 220

Source/drain poly contacts
Source/drain doping obtained by phosphorous implant:
dose D = 2.5 1015 cm−2,
energy E = 30 keV,
HTA high temperature annealing T = 1000∘C, (30min)

10 Aluminum Al 500 Source/drain metal contacts

the devices as previously published [8]. In Figures 1(a) and
1(b) we present the simulated 3D structure of the ultrathin
body (UTB) device, having a 46 nm thick body and channel
and 𝑊/𝐿 ratio of 10 (80𝜇m/8 𝜇m) and used as a reference
device. In Figures 2(a) and 2(b), we show the simulated
3D structure of a ten-time reduced 4.6 nm thick channel
obtained by the gate-recessed process, that is, the nanoscale
body (NSB) device, sharing the same 𝑊 and 𝐿 values. As
presented in Figures 1(a) and 2(a), the active region (source,
gate, and drain terminals) is terminated by aluminum con-
tacts (layer 10) in the vertical axis and limited by field oxide
(layer 07) borders in the horizontal axis. The buried oxide
(layer 02) is serving as a barrier between the bulk silicon (layer
01) and the gate-recessed silicon channel (layer 03).

Figure 2(b) represents a zoom-in of the gate-recessed
channel, when the silicon layer was thinned from 46 nm to
4.6 nm. This points out advantage of the recessed process in
which only the silicon channel is thinnedwhile the source and
drain regions and their respective extensions are remaining in
their original (body) thickness. So the series resistance of the
drain and of the source should not be affected a priori by the
thinning process [14].

In addition to Figures 1 and 2, presenting a simulated
TCAD cross-view of the device layers, a complementary list
of the process parameters, most of which are used in the
simulator, was presented in summarizing Table 1. Both the
NSB and UTB devices were modeled in TCAD by applying
almost the same process parameters used in their physical

fabrications. However, the NSB process deviated from its
actual microfabrication in the timing of annealing steps. Due
to quite difficult control of the channel doping and thus of
the threshold voltage in NSB devices, only a single annealing
step was applied after ion implantation for a very short period
(1-2min, 1000∘C) to fit the measured threshold voltage. It
was observed that a slight change in the annealing time
in the simulation could be enough to convert the channel
region into excessively doped silicon due to the donors’
diffusion from the drain and source sides. Furthermore, since
dry oxidation of polysilicon is not available in the used
simulation tool, a deposition (plus annealing for 46 nm) step
was inserted.

3. Electrical Transfer Characteristics

3.1. Measurements versus Simulations. 𝐼-𝑉 measurements
(room temperature and dark conditions) were performed
on both the UTB and the NSB’s devices having a common
channel width and length (𝑊/𝐿 = 80 𝜇m/8 𝜇m = 10) but a
channel thickness (𝑡SI) of 46 nm and 4.6 nm, respectively.
The corresponding transfer characteristics, that is, drain
currents (𝐼DS) versus gate voltage (𝑉GS) from −2 to +2V,
were measured in the linear domain (constant low 𝑉DS =
0.1V) and are presented in Figure 3. In addition we added
the corresponding simulated characteristics (Apsys from
Crosslight) using the default Canali or the so-called “beta”
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Figure 1: (a) 3D cross view and (b) 2D zoom-in of UTB (46 nm thick SOI channel) device, using TCAD process simulation.𝑋, 𝑌, and𝑍 axes
are in micron units
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Figure 2: (a) 3D cross view and (b) 2D zoom-in of NSB device (4.6 nm thick SOI channel), using TCAD process simulation. 𝑋, 𝑌, and 𝑍
axes are in micron units
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Figure 3: 𝐼DS-𝑉GS transfer characteristics (semilog) measured at
𝑉DS = 0.1V forUTB andNSBdevice having a channel thickness (𝑡SI)
of 46 nm and 4.6 nm, respectively, and same𝑊/𝐿 ratio. The default
beta mobility model used in the TCAD device simulator is added as
an initial guess model.

model [15] for the electron mobility as described in the next
paragraph.

By increasing 𝑉GS from −2V to about −1 V, 𝐼DS slowly
decreases, indicating a leakage phenomenon similar to the
Gate Induced Drain Leakage (GIDL) observed for both
classic and SOI-MOSFET devices [16]. The phenomenon is
ignored in the simulation.

For 𝑉GS varying from −1 V to −0.5 V, the observed
increasing steep is related to the subthreshold regime. We
note that the subthreshold slope is strongly degraded by
decreasing the channel thickness and may be due to a poor
interface quality and/or a parasitic gate capacitance induced
by the gate-recessed process. In the 𝐼DS-𝑉GS transfer curve,
the threshold voltage (𝑉

𝑇

) can be defined as the gate voltage
for which the exponential extrapolation of subthreshold
current deviates by 10% from the measured current [17]. This
can be visualized by the highest point of the linear behavior
in the semilog graph representation as shown in Figure 3. We
preferred extracting𝑉

𝑇

from the weak inversion region, since
we argued that the strong inversion region, fromwhich the𝑉

𝑇

value is generally extracted, is already overwhelmed by the
series resistance, for NSB device.

We note that the measured 𝑉
𝑇

value for NSB (−0.8V) is
lower than UTB’s one (−0.4V). However, for UTB’s devices
thinner than 10 nm typically, V

𝑇

is expected to increase by
thinning the channel due to quantum effects as reported [18].
So, in our case, the 𝑉

𝑇

lowering could be rather related to a
degradation of quality gate oxide that may occur during the
thinning process.

3.2. Extraction of Field Dependent Mobility: Default Model
versus Measurement. The TCAD device simulator (Apsys
from Crosslight) uses a default field dependent mobility
model, the so-called “beta”model [15], as described below for
electron carrier:

𝜇
𝑛

=
𝜇0𝑛

(1 + (𝜇
0𝑛

𝐹/Vsn)
𝛽

𝑛

)

1/𝛽𝑛
,

(1)

where 𝜇
0𝑛

is the low field electron mobility, 𝐹 is the electrical
field, Vsn is the electron velocity saturation, and 𝛽

𝑛

is an
exponent parameter (fixed to one as a default value).

The beta model in (1) was used as an initial guess model
with its defaults values. However, in order to have a better
agreement with experimental result, an additional mobility
reduction factor of 0.728 was used for the UTB device. This
factor is reasonable since the electron mobility in SOI film
is expected to be lower than in the bulk. Afterwards, the
same electrical simulation without the reduction factor was
simulated on the 4.6 nm thick NSB device. The simulation
results are presented in Figure 3.

Since 𝑉DS is fixed to 0.1 V, we can extract an a priori
effective channel electron mobility using the following linear
expression of the measured drain current:

𝜇
𝑛

=
𝐼DS

(𝑊/𝐿) 𝐶ox (𝑉GS − 𝑉𝑇) 𝑉DS
. (2)

This expression allows also extracting themobility depen-
dence of the electron mobility from the 𝐼DS-𝑉GS TCAD
simulations.

Figure 4 shows the dependence of the electron mobility
relative to 𝑉GS − 𝑉𝑇, as extracted from (2) for the NSB device
and compared to UTB used for reference. We can notice
a large and unexpected discrepancy between the mobility
values extracted from simulation and measurement for NSB.
In order to get a match for the NSB device, an outstanding
reduction factor of 0.042 should be used in contrast to the
0.728 factor used for UTB. Consequently, unlike UTB, the
default beta model has failed to reproduce our experimental
results for NSB. Note that the split 𝐶-𝑉 technique, usually
employed formobility extraction, was examined in a previous
study [8]. But, we found out that a large series resistance
can deteriorate the 𝐶-𝑉 characteristics consistently with
our experimental results so the channel mobility cannot be
discriminated by this technique for such NSB devices.

4. Methodology for TCAD Simulations of
the NSB Transfer Characteristics

4.1. Limits of TCAD Standard Simulation Models. As a first
approach, the transfer characteristics of the devices were
simulated by existing mobility models which are available in
the TCAD toolbox.

In Figure 5, a fitting of themobility between the simulated
NSB device and experimental result was presented. Using
the same default beta model given in (1) and by introducing
a prefactor of 0.042, obtained from the ratio between the
simulated mobility and measured mobility values of the NSB
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Table 2: Parameter(s) value(s) of the respective standard electron mobility models. Changed value(s) correspond to a nonphysical behavior
of the simulated transfer characteristics (i.e., null transconductance).

Electron mobility model Beta (=1) Intel 1 Intel 2 Lombardi (cgs units)
Parameter(s) Prefactor 𝐸crit (MV/m) 𝛽 𝐸univ (MV/m) 𝛼 𝐵 (107) 𝛼 (105) 𝛽 𝛿 (1014)
Default value(s) 1 4.2 0.5 57.1 1.02 4.75 1.74 0.125 5.82
Changed value(s) 0.042 4.5 1 4.0 1 4.75 1.74 0.125 0.01
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Figure 4:The effective electronmobility versus𝑉GS−𝑉𝑇 relationship
(semilog) extracted from the simulated transfer characteristics using
the default beta model for UTB and NSB devices. For comparison
the electron mobility extracted from the measurement for NSB
device. 𝑉DS is fixed to 0.1 V.

device (see Figure 4), it is possible to get good agreement
with the experimental result of the 4.6 nm device for gate
voltages below −0.5 V (beta modified mobility curve). Above
−0.5 V, the 𝐼DS-𝑉GS characteristics start to deviate from the
experimental data indicating a discrepancy of the betamodel.
It is important to note that a prefactor was preferably used
instead of manipulating the model parameters 𝑉sat and 𝛽 in
(1).

Other existing models of mobility reduction, due to
transverse field (perpendicular to the MOSFET channel),
have been implemented as follows and plotted in Figure 5.

(1) The model “Intel1” based on pisces-2ET manual
(Stanford University) [19] defines a factor to reduce
the mobility under the channel:

𝑟perp =
𝜇

𝜇0
= (1+

𝐸perp

𝐸crit
)

−𝛽

, (3)

where 𝐸perp is the field perpendicular to the SiO
2

/Si
interface and 𝜇

0

is bulk mobility value for electron
in silicon at 300K (1500 cm2⋅V−1⋅s−1). 𝐸crit and 𝛽 are
the critical field and the exponent factor, respectively,
indicated in Table 2.
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Measurement
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Figure 5: 𝐼DS-𝑉GS (semilog) for experimental and simulation data.
The presented NSB’s 𝐼DS-𝑉GS are based on all the available field
dependent mobility models in TCAD device simulator. Default and
changed parameters are presented in Table 2. 𝑉DS is fixed to 0.1 V.

(2) The model “Intel2” also based on pisces-2ET manual
(Stanford University) defines another kind of factor
to reduce the mobility under the channel according
to the so-called “universal mobility curve” as follows:

𝑟perp =
𝜇

𝜇0
= [1+(

𝐸perp

𝐸univ
)

𝛼

]

−1

. (4)

(3) A more refined model called Lombardi’s model [20]
proposes to integrate the contributions to mobility
from different mechanisms as follows:

1
𝜇
=

1
𝜇ac
+

1
𝜇srf
+

1
𝜇0
, (5)

where 𝜇
0

is this time of the mobility due to longitu-
dinal field/hot-carrier effect. The other terms are due
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to acoustic phonons and surface roughness defined,
respectively, by

𝜇ac =
𝐵

𝐸perp
+

𝛼𝑁
𝛽

(𝑇
𝐿

𝐸perp
1/3
)

, (6)

𝜇srf =
𝛿

𝐸perp
2

, (7)

where 𝑇
𝐿

, 𝐵, and 𝑁 are, respectively, the lattice tem-
perature, velocity equivalent factor, and the average
doping concentration (1017 cm−3). At room temper-
ature, for very thin channel, the surface roughness
is the dominant back-scattering mechanism (see [1,
chapter 7]). So we only modified the 𝛿 parameter of
the 𝜇srf component in Lombardi’s model.

The mentioned models were modified to fit the NSB
experimental characteristics till getting a nonphysical behav-
ior (i.e., null transconductance, except the beta model). The
corresponding parameters are shown in Table 2.

The transfer characteristics simulated using all the above
models (default and modified) are added in Figure 5 for NSB
device. However, except the beta model, the modifiedmodels
are still presenting a discrepancy of more than one order of
magnitude compared to the measurement. But even in the
modified beta model the prefactor should be changed by a
small factor leading to very low electron mobility for such
kind of devices (less than 10 cm2 V−1 s−1). These results lead
us to insert the series resistance influence in the transport
model of the NSB device.

4.2. Application of 𝑅SD versus 𝑉GS Model to NSB Device. In
order to describe the NSB measured transfer characteristic
by the influence of a series resistance, we used the gate volt-
age and body thickness dependent series resistance model,
presented in [8] which is considered as the access resistance
(= 𝑉DS/𝐼DS). Consider

𝑅SD =
𝑅
∗

SD0𝑒
−𝑡si/𝑡0

1 + 𝜃∗𝑉GS/𝑡si
, (8)

with 𝑅∗SD0 = 4.54MΩ, 𝑡0 = 1.03 nm, and 𝜃∗ = 1.1 nm⋅V−1.
A resistance extractionwasmade for 𝑡SI = 4.6 nm and gate

voltages between −0.5 and 2V and shown in Figure 6.

4.3. Influence of𝑅SD on the Simulated Transfer Characteristics.
The 𝐼DS-𝑉GS was simulated using the field dependent beta
model without the reduction mobility factor of 0.042. The
series resistance can be included in the TCAD device sim-
ulator as an external lumped element but for a fixed value
of 𝑉GS. Thus we simulated 𝐼DS-𝑉GS characteristics for each
extracted resistance values in the range of −0.5 V to 2V
with 0.5 V steps (six different values according to Figure 6).
The influence of the 𝑅SD voltage dependence on 𝐼DS-𝑉GS
can be simulated by a postprocessing of the above simulated
characteristics which is shown in Figure 7. Indeed, for a given
𝐼DS-𝑉GS curve corresponding to a 𝑅SD given for a particular
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is fixed to 0.1 V.

𝑉GS, for example, −0.5 V, the current value is sampled at this
particular voltage 𝑉GS. The process is then repeated for each
𝐼DS-𝑉GS curve at the 𝑉GS value corresponding to the next
𝑅SD step value.The reconstructed 𝐼DS-𝑉GS characteristic from
the sampled 𝐼DS values is shown as the graph with triangle
symbols in Figure 7.

In Figure 8, we compare our reconstructed characteristic
from Figure 7 (now called 𝐼DS,sim,RSD) to the measured one
and to the simulated one from the beta model with the
reduction mobility factor of 0.042 only (𝐼DS,sim). While the
latter is higher than the measured characteristic, it appears
that reconstructed one is now lower. Mobility reduction and
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𝑉DS is fixed to 0.1 V.

series resistance effect are in competition to reduce the drain
current but each of them is dominating in a particular range
of 𝑉GS values (below −0.5 V and above −0.5 V, resp.). Conse-
quently we suggest unifying both simulated characteristics to
simulate the final current 𝐼DS,sim,final according the following
equation inspired fromMatthiessen’s mobility-like law:

𝐼DS,sim,final = (
𝐼DS,sim𝐼DS,sim,RSD

𝐼DS,sim + 𝐼DS,sim,RSD
)

𝑛

. (9)

It was found that an exponent value of 𝑛 = 0.93 gave the
best fit to the experimental characteristics, as it is presented
in Figure 8.

5. Conclusion

Nanoscale SOI-MOSFET devices were fabricated using a
selective recessed gate thinning process to get channel thick-
nesses scaling from 46 nm down to 4.6 nm. We show that
the anomalous degradation of electrical characteristics of the
latter can be modeled by a gate controlled series resistance
rather than merely by a mobility model. Using TCAD tools,
the devices’ transfer characteristics were simulated using
the series resistance model combined with a factorized
mobilitymodel. Based on simulation results, it could be better
understood that for low gate voltage the degraded electron
mobility may be the dominant factor while at high gate
voltage the series resistance becomes the dominant factor.
Among various tested mobility models we have found out
that the best fit is obtainedwhen combining themodified beta
mobility model with the gate voltage dependent series model.
We suggest that this semiempirical modeling approach may
be useful as a TCAD embedded tool to model the behavior of

other nanodevices for which series resistance and/ormobility
degradation is of a great concern.
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