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A B S T R A C T

Thermal oxidation is a key step for the fabrication of vertical gate-all-around nanowire field-effect transistors
(GAA-NW-FETs). It is used after the etching of nanopillars from the silicon substrate to further thin the
nanowire diameter, remove the etching damage and have good control of the geometry. It can also be used
to grow a gate oxide. Thermal oxidation of silicon nanowires is a self-limiting process. Self-limiting effects,
which are due to the mechanical stress in the structure, need to be accurately modeled to obtain predictive
simulations of nanowire geometry, and so of the GAA-NW-FET channel dimensions, after thermal oxidation.
Moreover, boron segregation during thermal oxidation into the growing oxide results in a considerable dopant
loss from the nanowire. Correct modeling of such effects is also paramount for the investigation and simulation
of the electrical characteristics of nanowire transistors, especially for p-type junctionless GAA-NW-FETs. In this
work, we present a comparison of 2D and 3D TCAD process simulations of the oxidation of silicon nanowires
with experimental data. Based on that, we suggest novel sets of calibrated parameters for stress-dependent
oxidation, relevant particularly for nanowire diameters below 60 nm, and for boron segregation.
. Introduction

Gate-all-around nanowire field-effect transistors (GAA-NW-FETs)
re very promising candidates to obtain better power-performance met-
ics for advanced technology nodes [1], and therefore to meet the re-
uirements of the Power-Performance-Area-and-Cost scaling roadmap
hat replaced Moore’s law. GAA-NW-FETs provide improved gate con-
rol and show excellent short-channel immunity [2]. Vertical GAA-NW-
ETs permit enhanced integration due to their 3D layout configuration,
vercoming physical limitations resulting from 2D layout, such as
ontact placements and interconnect routing congestion [3–5]. Vertical
anowires fabricated by a top-down approach yield high-density arrays
ith very good reproducibility and shape control (position, diameter
nd pitch), using techniques that can be easily integrated into standard
MOS processes [6]. The top-down fabrication of silicon nanowires is
ased on the highly anisotropic plasma etching of planar substrates to
btain nanopillars, followed by a sacrificial thermal oxidation. Sacrifi-
ial thermal oxidation is a key process for the fabrication of nanowires
n electrical devices, as it allows to shrink down the diameter, with
good control of the nanowire dimensions, structural variations, and

ylindrical shape [7], while simultaneously removing residual surface
amage caused by the etching process [8].

∗ Correspondence to: DPIA, University of Udine, Udine, Italy.
E-mail address: chiara.rossi@uniud.it (C. Rossi).

Particularly in industrial environments, Technology Computer
Aided Design (TCAD) methods are widely used to explore, model
and optimize semiconductor fabrication processes and devices, as they
reduce development times and cost and help to obtain optimal pro-
cesses and devices [9]. Thermal oxidation, due to its important role
in controlling the final nanowire diameter, is a crucial step in TCAD
simulations of GAA-NW-FETs fabrication process and must be correctly
modeled to allow a full exploitation of the predictive power of TCAD
tools. The challenge lays therein that the oxidation of vertical silicon
nanowires is a self-limiting process: oxide growth slows down with
increasing time and decreasing size [10]. Self-limiting effects are due
to the mechanical stress in the nanostructures [10,11], arising from the
higher volume occupied by the formed silicon oxide with respect to
the consumed silicon (volume expansion by 125% [12]). In particular,
the stress normal to the silicon–silicon oxide interface (compressive
to the growing new oxide) reduces the surface reaction rate, whereas
the stress in the oxide, in particular the high compressive hydrostatic
pressure in the vicinity of the interface, reduces the diffusivity of
the oxidant [11,13]. Works in literature have addressed self-limiting
oxidation for different oxidation temperatures and times and different
nanostructure sizes. Some of them have reported that the oxidation
vailable online 20 February 2024
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is limited by the surface reaction [7,14,15], others explained it by a
reduced diffusivity of the oxidants [16–19]. Another peculiar aspect
of nanowire oxidation is that the resulting silicon nanowires were
reported to have a circular cross-section [7,12,13,20], despite the
well-known orientation dependence of silicon oxidation [10,21]. The
physical origin of the circular cross-section is still debated and various
explanations have been proposed. Uematsu et al. [12] suggested that
the rounded shape is mainly caused by the stress-induced reduction of
the oxide viscosity, whereas other authors proposed that it is due to
the edge effect [22,23], i.e. the larger oxidation energy barrier of Si–Si
bonds at the edge of a surface.

Thermal oxidation of silicon deeply affects the doping distribu-
tion in the nanowire due to dopant segregation into the growing
oxide and self-interstitial injection into the silicon, especially for p-type
dopants [24,25]. This effect is more pronounced in 3D nanostructures
with respect to bulk devices. In silicon nanowires, in fact, the injected
self-interstitials cannot diffuse efficiently into the bulk, and this re-
sults in increased dopant diffusion and segregation loss. Moreover, the
resupply of dopants in the nanowire from the bulk is limited by the
elongated device geometry. Modeling the resulting doping distribution
is paramount for understanding and optimizing the electrical properties
of the devices, especially for junctionless GAA-NW-FETs, which are
most commonly employed thanks to their reduced fabrication com-
plexity [26]. Accordingly, like self-limited oxidation effects, boron
segregation must be correctly modeled to allow predictive electrical
simulations of the resulting device [27].

In this work, we present TCAD process simulations of the thermal
oxidation of nanowires, including self-limiting effects, using Sentau-
rus Process of Synopsys [28], version U-2022.12. Simulation results,
namely nanowire diameters and doping distributions, are compared
to experimental results of structures fabricated at LAAS-CNRS and
measured with scanning electron microscopy (SEM) and secondary
ion mass spectrometry (SIMS) techniques, as described in Section 2.
Simulations using Sentaurus Process with the default parameters pro-
vided in the AdvancedCalibration U-2022.12 file [29] could not predict
the final diameters of thin and thick nanowires at the same time
sufficiently well and could not assess accurately enough the resulting
boron concentration in the nanowires. The calibration work carried out
to extend the validity of the model provided in Sentaurus Process in the
AdvancedCalibration U-2022.12 file [29], is presented in Section 3.

2. Experimental results

The modeling work is based on experimental data obtained from
the sacrificial oxidation of nanowires performed at LAAS-CNRS. The
nanowires were fabricated by a top-down approach, employing 4-inch
(1 0 0) silicon wafers. Two different types of p-doped wafers with
either high or low resistivity, corresponding to a boron concentration
of about 1013 cm−3 and 3 ⋅1019 cm−3 (3.7 ⋅1019 cm−3 for wafer A
and 2.7 ⋅1019 cm−3 for wafer B), respectively, were used. The pro-
cess flow for the nanowire fabrication (schematically summarized in
Fig. 1.d) starts with the patterning of an array of circular nanopillars
of negative resist by electron beam lithography [30,31]. The array is
then transferred onto the silicon substrate by anisotropic reactive ion
etching (RIE), obtaining vertical nanowires with a height of 210 nm and
diameters in a range from 20 nm to 100 nm. The cleaned nanowires
are then oxidized. Two different oxidation conditions were used: wet
thermal oxidation at 850 ◦C for 5 min and dry thermal oxidation
at 860 ◦C for 66 min. In both cases, the oxidant gas is added only
during the set oxidation phases while the heat-up and cool-down occurs
under nitrogen atmosphere. These two oxidation processes had been
fine-tuned to yield the same oxide thickness on planar samples and
resulted in similar oxide thicknesses on nanowires with comparable
initial diameters. Fig. 1 reports SEM micrographs of nanowires with
different initial diameters (30 nm in Fig. 1.1 and 45 nm in Fig. 1.2)
after RIE (a), sacrificial wet oxidation (b) and oxide stripping (c). The
2

Fig. 1. (a) SEM micrographs of nanowires after RIE, with a diameters of 30 nm (1)
and 45 nm (2). (b) SEM micrographs of nanowires after sacrificial wet oxidation. (c)
SEM micrographs of nanowires after oxide stripping. (d) Scheme of the process flow
for nanowire fabrication.

Fig. 2. SEM micrographs (top view) of selected nanowires after RIE, sacrificial wet
oxidation and oxide stripping.

nanowires show a good geometrical uniformity in the mid-section and
SEM measurements revealed an almost constant nanowire diameter
along the height, except for the top and bottom part, as it can be
seen in Fig. 1. Fig. 2 reports the SEM micrographs of the top view
of selected nanowires during processing. It can be seen that initially
round nanowires after RIE etching present a faceted oxide growth,
indicating an enhanced oxidation rate in the < 110> direction. After
removal of the oxide layer, large nanowires show a circular shape
whereas nanowires with diameter between 70 nm and 30 nm have a
square shape with visible facets corresponding to the (110) and (1-10)
planes. Regarding the smallest nanowires (diameter < 30 nm), while
these planes seem to be present in some cases, the shape becomes
increasingly circular when the diameter decreases. However, it is not
possible to formulate conclusive remarks about the size-dependence of
the shape due to the overall small dimensions. It has to be noted that
the top view SEM micrographs primarily present the circumference of
the nanowire head formation, which exceeds the diameter of the main
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Fig. 3. SEM micrograph of an array of nanowire for SIMS measurements after wet
thermal oxidation.

nanowire, as it can be seen in Fig. 1. It is thus possible that only
the top part of the nanowire is square shaped whereas the mid and
bottom-sections could vary to some degree from the observed shapes.

Extensive SEM measurements of the nanowire diameters (in the
mid-section) have been performed for the entire size range of the
fabricated structures. The measured final nanowire diameters, i.e. after
sacrificial oxidation, as a function of the respective initial nanowire
diameter, i.e. after RIE and before oxidation, will be shown below in
Section 3.1.

The wet thermal oxidation was performed on both high-resistivity
and low-resistivity wafers while dry thermal oxidation was only per-
formed on low-resistivity wafers. As expected from literature [32,33],
boron doping in the considered range, and for the considered oxi-
dation temperatures, does not noticeably affect the oxidation rates.
Accordingly, the two datasets for wet oxidation with the different
doping concentrations were considered together without distinction for
modeling.

To evaluate the boron segregation during oxidation, SIMS mea-
surements of doping profiles were performed along the length of the
nanowires after selected oxidation of samples fabricated from low-
resistivity wafers. The SIMS approach used here was recently developed
to overcome the limitations of standard SIMS techniques for dop-
ing measurements in 3D structures [34]. Large arrays of 100 × 100
nanowires were fabricated as described above. For a complete assess-
ment of boron segregation during all oxidation processes of the full
GAA-NW-FET device fabrication, selected nanowires were further dry
oxidized, after the first sacrificial wet oxidation (725 ◦C for 20 min,
used for gate oxide growth), and characterized. An exemplary SEM
micrograph of a full-scale nanowire array for SIMS measurements after
wet thermal oxidation is shown in Fig. 3. Any oxide layer has been
stripped before embedding the nanowires in an organic resist matrix,
required for the SIMS measurements as described in [34], in order to
measure the remaining dopant concentration in the nanowires. The
measured boron concentrations along the nanowires will be shown
below in Section 3.2.

3. TCAD simulations and model calibration

3.1. Nanowire dimensions and shape after oxidation

For the 2D and 3D simulation of the sacrificial oxidation of the
nanowires, the continuum simulator of Sentaurus Process was used.
Following the concept of Deal and Grove [35], the program considers
the diffusion of oxidant species from the gas–oxide interface through
the existing oxide to the oxide–silicon interface where they react with
the silicon to form new oxide. In 1D, assuming a stationary flow of the
oxidant species, the growth rate of the oxide layer is described by the
Deal–Grove law:
𝑑𝑥𝑜𝑥 = 𝐵 (1)
3

𝑑𝑡 2𝑥𝑜𝑥 + 𝐴
Eq. (1) has two limiting solutions. For short oxidation times, the oxide
growth

𝑥𝑜𝑥 ≅ 𝐵
𝐴
(𝑡 + 𝜏) (2)

proceeds linearly with time with the linear rate constant 𝐵∕𝐴. 𝜏 corre-
sponds to a shift in time to take an initial oxide thickness into account.
For long times, the oxide growth

𝑥2𝑜𝑥 ≅ 𝐵𝑡 (3)

becomes parabolic with the parameter 𝐵 being referred to as parabolic
rate constant.

It can be shown that 𝐵 is proportional to the diffusivity of the
oxidant and 𝐵∕𝐴 is practically proportional to the reaction rate of the
oxidant species with the silicon atoms [35]. The parameters 𝐵 and 𝐵∕𝐴
are temperature dependent and in Sentaurus Process are described by
Arrhenius functions [28]. The pre-exponential factors of the Arrhenius
functions of 𝐵 and 𝐵∕𝐴, referred to as 𝐵0 and 𝐵𝐴0, and the activation
energies (𝐵𝑊 and 𝐵𝐴𝑊 ) can be calibrated using experimental data.
Several additional models are included in Sentaurus Process to model
effects that are relevant particularly in 2D and 3D oxidation setups.
The orientation dependence is accounted for by having three different
reaction rates for different orientations (𝑘

⟨100⟩, 𝑘
⟨110⟩ and 𝑘

⟨111⟩). The
model for stress-dependent oxidation couples the oxidant diffusivity
and the reaction rate to the local stress field through the definition
of activation volumes, namely 𝑉𝐷 and 𝑉𝑘. The activation volume 𝑉𝐷
is a bulk property defined in the oxide and controls the impact of the
hydrodynamic stress on the oxidant diffusivity. The activation volume
𝑉𝑘 is an interface property and controls the impact on the reaction
rate of the normal stress at the reaction front [11]. Additional models
for trap-dependent oxidation, doping dependent oxidation, etc. are also
included but are not detailed here, as they will not be employed in this
work.

The initial structure in our simulations is a silicon nanowire, con-
structed in two fashions: as a 2D structure, i.e. a circular cross-section
of a silicon nanowire as depicted in Fig. 4.a, or as a 3D structure, i.e. a
cylindrical vertical silicon nanowire on a silicon substrate, as depicted
in Fig. 4.b. For the 2D case, the structural support, in the red dashed
box, is needed due to the limitations in the boundary conditions of
Sentaurus Process: a planar substrate (a wafer) is always needed, a
self-standing circular structure cannot be defined. Simulations of wet
and dry thermal oxidation steps, according to the experimental process

Fig. 4. Left: initial structures constructed in Sentaurus Process and used as input for
oxidation simulations: (a) 2D circular silicon nanowire; (b) 3D cylindrical vertical
silicon nanowire on a silicon substrate. Right: (c) 3D nanowire after simulation of
sacrificial oxidation.
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Fig. 5. Simulation results of final nanowire diameter after (a) wet thermal oxidation and (b) dry thermal oxidation, as a function of initial nanowire diameter before oxidation,
using calibrated 𝐵∕𝐴 parameters and the default stress-dependent oxidation model from AdvancedCalibration U-2022.12 (black solid line) and using calibrated 𝐵∕𝐴 parameters and
calibrated activation volume 𝑉𝐷 (blue solid line). Simulation results are compared to experimental measurements, reported with symbols.
Fig. 6. Simulated shape of nanowires with different initial diameters after wet sacrificial oxidation simulation in Sentaurus Process, using (i) the default stress-dependent oxidation
model from AdvancedCalibration U-2022.12 and (ii) the calibrated stress-dependent oxidation model, for the 2D and 3D case (the cross-section at half nanowire height is shown).
conditions described in Section 2, were performed on these 2D and
3D structures, varying the initial nanowire diameters in the range of
the fabricated nanowires, i.e. from 20 nm to 100 nm. The simulations
were initially performed using default parameters for the oxidation
models from Sentaurus Process AdvancedCalibration U-2022.12 [29].
All the simulations were performed enabling orientation dependence,
doping dependence and stress dependence of oxidation. A suitably fine
mesh has been employed for the nanowire to allow a correct repro-
duction of the nanowire diameter and shape after oxidation including
computation of mechanical stress. For 2D structures, the plane strain
assumption is used, i.e. the strain in the third direction is assumed to
be zero. Simulations of the 3D structures give comparable results to
2D structures: the difference between the computed nanowire diameter
values in 2D and 3D (cross-section of the vertical nanowire at half
height) is always lower than 1 nm. We can thus conclude that the plane
strain assumption can be used in 2D simulations for our case (it has to
be noted that the nanowire height of 210 nm in this case is much higher
than the diameter). On the other side, 3D structures are particularly
useful to simulate the oxidation at the bottom and at the top of the
nanowire, where the diameter of the silicon nanowires becomes slightly
higher, as it can be seen in Fig. 4.c and also in the SEM micrographs in
Fig. 1.c, due to increased stress.
4

The simulated nanowire diameters have been calculated from the
area of the silicon nanowire (cross-section at mid-height for the 3D
case) using the area formula of a circle, and are compared to the
experimental data in Fig. 5 for wet and dry oxidation. Starting from
the default parameters of the Sentaurus Process Advanced Calibration,
in a first step, the 𝐵𝐴0 parameters for the exposed orientations in the
nanowires (< 100> and < 110>) were multiplied by the same factor to
fit the measured final diameters for the nanowires with initial diameters
exceeding 60 nm. The resulting black lines are denoted ‘‘TCAD simula-
tions – B/A calibration’’ in both figures. As it can be seen, the curves
describe the experiments in this range very well. For thinner initial
diameters, however, the data deviates from these lines and follows lines
with a smaller slope. We will further on refer to thick nanowires when
addressing nanowires with initial diameters higher than 60 nm and thin
nanowires when addressing nanowires with initial diameters lower than
60 nm. The calibrated pre-exponential factors of the 𝐵∕𝐴 parameters
are reported in Table 1. The respective shapes of selected nanowires
after oxidation are shown in Fig. 6.a for three different initial diameters
as well as for the 2D and 3D cases (cross-section at half height). The
results in Fig. 6.a refer to the case of wet oxidation–dry oxidation gives
similar results (not shown). For the thin diameters, 2D and 3D sim-
ulations results in slightly different shapes, even though the resulting
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Table 1
Set of calibrated parameters.

𝐵𝐴0<100> 𝐵𝐴0<110> 𝑉𝐷

wet 0.09 cm/s 0.125 cm/s 300 Å3

dry 0.28 cm/s 0.392 cm/s 300 Å3

diameter values are comparable. It can be seen that TCAD simulations
predict an almost circular shape only for the thick nanowires. The
simulated shape of the silicon nanowire becomes more squared as the
diameter decreases. Based on the simulation, it thus appears that the
orientation dependence is the predominant effect governing the shape
of smallest nanowires. This, however, represents the opposite trend of
what is observed experimentally.

When going to the regime of thin nanowires, we note that a change
in the 𝐵∕𝐴 parameter just leads to a rigid shift of the whole line but
not to a change of the slope. The smaller oxidation rate for such initial
diameters is a clear confirmation of the self-limited oxide growth re-
ported in literature. To improve the agreement between simulation and
experiment for the entire range of nanowire diameters, we performed
a calibration work focusing on the stress-dependent oxidation model
in Sentaurus Process by varying the activation volumes 𝑉𝑘 and 𝑉𝐷.
Changes in 𝑉𝑘 also resulted in rigid shifts of the black curves and not
in the desired decrease of the slopes for low diameter values. However,
calibrating the value of 𝑉𝐷, it was possible to obtain the desired trend
and a value of 𝑉𝐷 = 300 Å3 (see also Table 1) was found to fit both
the wet and dry oxidation regimes best. The respective simulation
results, denoted ‘‘TCAD simulations — VD 300 Å3’’ in Fig. 5.a and
Fig. 5.b, agree well with the experimental data for the entire range
of nanowire diameters. Fig. 6.b reports the shapes of the nanowires
after wet sacrificial oxidation using the improved model. Again, similar
results are obtained for dry oxidation (not shown). It can be seen that
the resulting shape is rather circular for thick and thin nanowires.
We can conclude that the stress has an important effect on the estab-
lishment of the circular shape of the nanowire during oxidation: even
though the oxidation initially proceeds faster in the < 110> direction
as compared to the < 100> direction, the faster oxidation will also
lead to higher compressive stress and to a reduced oxidant diffusion
so that the orientation-enhanced oxidation is significantly reduced. In
the end, the nanowires will assume a more circular shape than without
the self-limiting effects.

3.2. Boron concentration in nanowires after oxidation

Full 3D TCAD simulations of thermal oxidation were also utilized
to predict the boron loss from the silicon nanowires into the growing
oxide. Exchange of boron between silicon and oxide is taken into
account by the three-phase model implemented in Sentaurus Process
on the basis of the work by Lau et al. [36], and Oh and Ward [37]. It
considers an interface layer in between the silicon and silicon dioxide
phases which is modeled as a 𝛿-layer with a constant concentration
of traps, partly filled with dopants. The traps are coupled by rate
equations to the silicon and oxide phases. The model parameters are
the trapping rate 𝑇𝑆𝑖 of boron atoms from silicon, the emission rate
𝐸𝑆𝑖 to silicon, the trapping rate 𝑇𝑂𝑥 from the oxide, the emission rate
𝐸𝑂𝑥 to the oxide and the trap density. In all simulations, the full stress-
dependent oxidation model with the novel set of calibrated parameters
presented in Section 3.1 was used.

The resulting boron concentration after thermal oxidation was mea-
sured in selected nanowires with high initial doping concentrations
by SIMS as described in Section 2. In a first step, the boron profiles
were compared to TCAD simulation results using the segregation model
parameters from the AdvancedCalibration U-2022.12. The results can be
found in Figs. 7–9. For both the experiment and the simulation, the
reported boron concentrations corresponds to the mean concentration
in a slide perpendicular to the main axis of the nanowire. The abscissa
5

gives the vertical position along the nanowire height direction (axis 𝑥 in
Fig. 4.c) with the origin at the top surface of the substrate (nanowire–
substrate interface). Fig. 7 refers to the sacrificial wet oxidation step
(850 ◦C for 5 min) for samples fabricated on wafers with slightly
different initial doping, i.e. wafer A with 3.7 ⋅1019 cm−3 and wafer
B with 2.7 ⋅1019 cm−3, respectively. Fig. 8 reports the results of the
sacrificial dry oxidation (860 ◦C for 66 min) on samples from wafer
B. In this case, SIMS measurements have more noise due to the low
number of residual boron atoms in the silicon nanowires. Finally,
Fig. 9 shows results for the dry oxidation process used for gate oxide
growth (725 ◦C for 20 min), which is performed after the sacrificial
wet oxidation and wet oxide stripping of nanowires from wafer B.
TCAD simulations were also performed using another set of calibrated

Fig. 7. Average boron concentration in the nanowire cross-section disk, as a function
of vertical position along the nanowire height direction (axis 𝑥 in Fig. 4.c) after
sacrificial wet oxidation (850 ◦C for 5 min). Wafer A (𝑑𝑖𝑛𝑖𝑡 = 75 nm) has an initial
boron concentration of 3.7 ⋅1019 cm−3 and wafer B (𝑑𝑖𝑛𝑖𝑡 = 30, 45 nm) has an initial
boron concentration of 2.7 ⋅1019 cm−3. SIMS measurements are shown with symbols,
TCAD simulations using default segregation model parameters from AdvancedCalibration
U-2022.12 with dotted lines, TCAD simulations using calibrated parameters from [38]
with dashed lines and TCAD simulations with novel calibrated parameters (Table 2)
with solid lines.

Fig. 8. Average boron concentration in the nanowire cross-section disk, as a function of
vertical position along the nanowire height direction (axis 𝑥 in Fig. 4.c) after sacrificial
dry oxidation (860 ◦C for 66 min).
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Fig. 9. Average boron concentration in the nanowire cross-section disk, as a function
of vertical position along the nanowire height direction (axis 𝑥 in Fig. 4.c) after gate
dry oxidation (725 ◦C for 20 min, performed after the sacrificial wet oxidation and
wet oxide stripping).

parameters for the three-phase segregation model, described in [38],
that provided very good results in determining threshold voltages found
to be particularly sensitive to boron segregation, namely for transistors
fabricated in a power MOS process technology involving both n-type
and p-type doping in the channel. The simulation results using these
parameters are plotted with dashed lines in Figs. 7–9. TCAD simulations
with default AdvancedCalibration U-2022.12 parameters and parameters
from Ref. [38] provide good results close to the bulk part of the
structures, i.e. for 𝑥 > 0, whereas they have lower accuracy for the
estimation of boron concentration in the nanowires. For wet sacrificial
oxidation, simulations with default parameters overestimate the con-
centration and simulations with parameters from [38] underestimate
the concentration. Similar results are found for the simulations of a
subsequent gate dry oxidation (after wet oxidation simulation and
oxide stripping) in Fig. 9. It has to be noted that the starting boron
concentration in the nanowire is already wrongly obtained from the
previous simulation of the sacrificial oxidation, as we can see in Fig. 7.
For the case of sacrificial dry oxidation, there is an opposite trend:
simulations with default parameters calculate a lower concentration
whereas simulations with parameters from [38] overestimate the mea-
sured values. Finally, Figs. 7–9 report in solid lines results of TCAD
simulations using a novel set of calibrated parameters, listed in Table 2,
which has been developed in this work. Using this set of parameters, it
is possible to predict more accurately the measured boron distribution
in the nanowire, preserving the good accuracy in the bulk part. Boron
segregation during wet oxidation is very well simulated. Also, the
final boron concentration in the nanowire after gate dry oxidation
(Fig. 9) matches the SIMS data. Finally, better results, compared to
the simulations with existing parameters sets presented before, are
obtained for the sacrificial dry oxidation case, even though the accuracy
is not as good as for the wet oxidation case.

Table 2
Set of calibrated parameters.

Boron

𝑇𝑆𝑖 (cm3 s) 8 ⋅ 10−14 ⋅ 𝑒−2.33∕𝑘𝑇

𝐸𝑆𝑖 (cm3 s) 4 ⋅ 10−14 ⋅ 𝑒−2.2∕𝑘𝑇

𝑇𝑂𝑥 (cm3 s) 1.6 ⋅ 10−12 ⋅ 𝑒−2.5∕𝑘𝑇

𝐸𝑂𝑥 (cm3 s) 2 ⋅ 10−14 ⋅ 𝑒−2.44∕𝑘𝑇
6

4. Conclusion

In this work we have studied, by means of TCAD simulations, the
thermal oxidation of silicon nanowires, a crucial step in the process
flow for the fabrication of GAA-NW-FETs. We have investigated self-
limiting effects and boron segregation in the growing oxide with the
objective to accurately predict the final silicon nanowire diameter
and the resulting doping concentration at the end of the thermal
oxidation steps, which are two key parameters that determine the
electrical behavior of junctionless GAA-NW-FETs. Simulations were
done with Sentaurus Process of Synopsys [28]. First of all, the ac-
curacy of simulation results using the parameters provided in the
AdvancedCalibration U-2022.12 file [29] was assessed and the models
to be improved were identified. Regarding the determination of the
nanowire diameters after thermal oxidation, a calibration work was
performed to extend the validity of the stress-dependent oxidation
model to nanowires with small diameter (i.e. initial nanowire diameters
lower than 60 nm and final nanowire diameters after oxidation lower
than 40 nm) which were not correctly simulated with the existing
model. For this range of diameters, in fact, there is an enhancement of
self-limiting effects and the simulated diameters of silicon nanowires
after oxidation underestimate the measured data. We showed that
by calibrating the stress-dependent oxidant diffusivity model, we can
improve the simulation results and reproduce the measured diameters
in the full range of considered values. Moreover, process simulations
with the new parameter set also predicted the correct circular nanowire
shape, despite the orientation dependence of silicon oxidation. In fact,
while for large nanowire diameters a circular shape can be correctly
obtained in TCAD simulations with the default model parameters in
AdvancedCalibration U-2022.12, for thin nanowires the circular shape
is obtained only with the here presented calibrated parameters. This
result suggests that the stress in the oxide plays a decisive role in
the physical origin of the cylindrical shape. Simulation of doping loss
in nanowires after thermal oxidation due to boron segregation into
the growing oxide was also addressed. The simulated resulting boron
segregation in the nanowire was compared to experimental results
obtained with a novel SIMS approach, described in [34]. Three-phase
segregation model parameters from AdvancedCalibration U-2022.12 and
from Ref. [38] were used and compared. A novel set of calibrated
parameters was developed to obtain a more accurate prediction of
boron concentration inside the silicon nanowires.
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