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Abstract

This work investigates and optimizes a nanosheet-inspired Double-Gate Lateral Double-Diffused
Metal-Oxide-Semiconductor (DG-LDMOS) architecture using Technology Computer-Aided Design
(TCAD) simulations combined with Bayesian Optimization (BO), addressing the limitations of
sequential manual tuning. By progressively expanding the optimization space from individual
parameters to a six-dimensional design space, the optimized nanosheet DG-LDMOS intended for
switched-mode operation achieves an intrinsic ultra-low specific on-state resistance of 0.17 mQ-mm?
and a breakdown voltage of 11.32 V, corresponding to a power figure of merit (FOM) of 738 kW /mm?2.
The results reveal that FOM enhancement originates from coupled geometrical and doping optimiza-
tion, which simultaneously shortens the conduction path, redistributes the lateral electric field, and
enhances near-interface carrier transport. These findings demonstrate the importance of simultane-
ous optimization of strongly coupled device parameters and establish the nanosheet DG-LDMOS
as a physics-based foundation for subsequent three-dimensional Gate-All-Around (GAA) LDMOS
development.
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1 Introduction

LDMOS devices remain central to BCD (Bipolar-
CMOS-DMOS) power technologies because they
combine low on-resistance, high switching effi-
ciency, and CMOS compatibility. As lateral
devices are scaled, however, short-channel effects
and leakage become increasingly difficult to

control. Multi-gate concepts such as double-
gate (DG) and gate-all-around (GAA) structures
improve electrostatic control and can enhance
current drive while suppressing leakage [1-5].

At the same time, low-voltage power device
design still requires a careful trade-off between
breakdown voltage (BV) and specific on-resistance
(Rsp,on), where, as in lateral devices, BV is



enhanced by extending the drift region and opti-
mizing its doping to satisfy the RESURF con-
dition [6], while the on-resistance (Rgson) is
minimized by reducing the device length and
optimizing its width.

This trade-off is captured by the specific on-
resistance, Rgp on = Rds,on X Area, requiring care-
ful balancing of Ry on and BV while controlling
Teax (£ 1x 107 A/pm) and ensuring reliability,
which demands precise electrostatic engineering in
DG structures [7].

Recently, machine learning (ML) has emerged
as a powerful tool for semiconductor device
optimization. By learning complex relationships
between geometry, doping, and material parame-
ters, ML models can efficiently predict key perfor-
mance metrics such as BV and Rgs,on. This data-
driven approach accelerates design exploration
and enables effective multi-objective optimization
beyond traditional trial-and-error methods [8].

In this work, we first demonstrate the challenge
of manually using Technology Computer-Aided
Design (TCAD) simulations to determine the dop-
ing concentration and gate length that optimize
the trade-off between Ry, on and BV, and then
apply Bayesian Optimization (BO) to show that
simultaneous optimization of Ng and L, along
with four other parameters via BO yields a more
uniform lateral field consistent with RESURF
behavior, achieving a figure of merit (FOM) of
738 kW /mm?.

The optimized device simultaneously main-
tains high BV and ultra-low Rgp on, representing
a high-performance point in the BV-FOM land-
scape and demonstrating the clear advantage of
integrating BO with DG-LDMOS design.

2 Simulation and optimization

The 3D GAA-LDMOS shown in Fig. la repre-
sents the target architecture, whereas this study
optimizes the corresponding 2D DG-LDMOS cross
section (A—A’) illustrated in Fig. 1b. This 2D
structure is intended as a first-order approxima-
tion of nanosheet GAA devices, capturing the
dominant electrostatics and relative device trends
[9-11]. Width-direction and corner effects are
deferred to future 3D studies. A DG configura-
tion is employed within a 2D TCAD framework,
with symmetrically biased top and bottom alu-
minum gates (work function 4.1 €V) controlling
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Fig. 1 (a) The proposed 3D GAA-LDMOS showing the
A-A’ cross-section representing the studied DG-LDMOS.
(b) A—A’ cross-sectional view of the optimized DG-LDMOS
structure corresponding to the highest FOM, showing top
and bottom 12 nm SiO2 gate dielectrics and metal gates
symmetrically. Gaussian doping profiles are applied in the
source, drain, drift, and body regions

the laterally isolated channel and drift regions.
The gate dielectric is 12 nm SiOs, and the chan-
nel is formed in a p-body doped as Ny,. The lateral
channel length (L) between the nt source and
the p-body/n-drift junction is set by the p-body
extension (Ly,) and the drift extension (Lg;),
each defined by N, and the n-drift doping Nj.
Ly, is fixed to preserve the p-body—drift overlap,
so the L¢, and depletion geometry are primarily
controlled by Lgr, Np, and Ng.

Simulations are performed using a commercial
2D drift-diffusion TCAD framework with proven
predictive accuracy [12]. The model includes
SRH and Auger recombination, Van Overstraeten
impact ionization [13], mobility degradation,
bandgap narrowing, and Fermi—Dirac statistics.

Gaussian doping profiles are a standard TCAD
approximation of ion-implanted and annealed
dopant distributions in silicon, used in key regions
(p-body, n-drift, source, and drain) to capture
implantation and diffusion effects [14]. The p-body



Table 1 Symbols, descriptions, and bounds of the six
input parameters used in this work

Parameter Description Bounds

Liot Device length  400-800 nm

Whot Device width 200-500 nm

Lg, Drift region 150-550 nm
extension
length

Lg Gate length 300-700 nm

Np Body  doping (0.7-3) x 10'® cm™3
concentration

Ny Drift  doping (0.8-8) x 10'7 ¢cm™3

concentration

peak concentration ensures strong electrostatic
control, while the graded drift region enables effi-
cient electric field distribution and a favorable
BV-Rgp on trade-off.

Electrical characteristics of the device are
extracted from TCAD. BV is the Vpg at avalanche
under off-state bias (Vgs = Vgs = Vsg = 0 V).
eax is measured at Vg = 0V and Vpg = 5 V.
Rgs on is obtained from Vpg/Ips at Vgg = 5V
and Vpg = 0.1 V, then used to compute Rsp on =
Rgson % HP, where the half pitch (HP) is the
source-to-drain length (Liot). Rason iS extracted
from intrinsic TCAD simulations, excluding con-
tact, silicide, and interconnect parasitics, con-
sistent with standard FOM benchmarking. The
estimated parasitic contribution is significantly
smaller than the intrinsic R4son and does not
affect overall FOM trends. Finally, the FOM is
obtained as FOM = BV?/Ry, on (kW/mm?).

Before applying BO, the effects of two key
device parameters, Nq and L, are evaluated inde-
pendently using TCAD simulations. Ny is varied
from 1 x 107 to 8 x 107 cm ™3, while Liot, Wiot,
Ly, L4y, and N, are held constant at 800 nm,
200 nm, 700 nm, 550 nm, and 2 x 10'® cm™3,
respectively. Ly is then varied from 400 to 700 nm,
while Ny is fixed at 3 x 1017 cm ™3 and the remain-
ing parameters retain the values used in the Ng
sweep. The parameter boundaries are determined
based on the device’s structural and physical con-
straints, and the resulting insights significantly aid
in defining suitable parameter ranges for BO.
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Fig. 2 BO-TCAD optimization flowchart

For BO, the objective function is Baliga’s FOM
[15], defined as

2
f(x) = FOM = =¥ 1)

Sp,on

where x = [Lyot, Wiot, Lar, Lg, Np, Ng] denotes
the design parameter vector. A Gaussian Process
(GP) surrogate is used to approximate the FOM,
guided by an Expected Improvement (EI) acqui-
sition function, reducing the number of TCAD
simulations and eliminating costly experimental
iterations. The DG-LDMOS is defined by these six
input variables (x), summarized in Table 1, which
determine the device geometry and electrostatics.

The optimization framework combines BO
with TCAD simulations to identify optimal DG-
LDMOS design parameters (Fig. 2). Extending
prior BO-based transistor optimization studies
[16], this optimization approach is applied to a
nanosheet DG-LDMOS with coupled top and bot-
tom gates, whose stronger electrostatic coupling
and dual-channel conduction increase parame-
ter interdependence. Optimization spaces ranging
from single-parameter cases (Ng and L,) and
a three-parameter set (Liot, Wiot, and Ng) to
a full six-parameter set (Liot, Wiot, Ldr, Ly,
N,, and Ng) are evaluated. Full co-optimization
improves the BV-Rg, on trade-off and achieves a
peak Baliga’s FOM of 738 kW /mm?. BO is initial-
ized with 20 uniformly sampled design points, and



TCAD results are used to train a GP surrogate
model, with EI guiding iterative sampling [17].

3 Results and discussion

Figure 3a illustrates the effect of the drift region
doping concentration, Ng, on BV and Rgpon
through a TCAD parameter sweep without BO.
As Ny increases from 1 x 1017 to 8 x 107 em™3,
Rgpon decreases steadily because the increased
carrier concentration reduces the resistivity of
the drift region. In contrast, BV exhibits a
nonlinear dependence on Ny, reaching approx-
imately 13.96 V at lower-to-intermediate dop-
ing concentrations before decreasing as the drift
region becomes more heavily doped. This behav-
ior reflects the conventional trade-off between drift
resistance and depletion capability in an LDMOS
structure. An Ny of approximately 7.2x10'7 cm ™3
provides a favorable compromise between the two
performance metrics, but the single-parameter
study also demonstrates that tuning Nqy alone can-
not simultaneously maximize BV and minimize
Rsp on-

Similarly, Fig. 3b shows the influence of
gate length, Lo, through a TCAD parameter
sweep without BO. Increasing L, from 0.40 to
0.70 pm reduces Rgp on from approximately 0.82 to
0.66 m§2 - mm?, while BV increases to a maximum
of approximately 13.45 V at L, = 0.60 pm and
subsequently decreases slightly. The reduction in
resistance occurs because the longer gate extends
farther over the drift region, increasing electro-
static modulation of the underlying semiconductor
while the channel length remains fixed. However,
the nonmonotonic BV response indicates that sim-
ply maximizing gate length does not produce an
optimum device. Instead, L, must be coordinated
with the drift geometry and doping profile to
achieve an appropriate electric-field distribution.

Figure 4 presents the initial DG-LDMOS
obtained through manual TCAD optimization,
which achieves a maximum FOM of approximately
255 kW /mm? for Lyt = 800 nm and Wiy =
200 nm.

The corresponding electric-field  profile
exhibits substantial drain-side field crowding fol-
lowed by a rapid decay through the drift region,
indicating that the available drift length is not
fully utilized for voltage support. Consistently,
impact ionization is strongly localized close to
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Fig. 3 TCAD-based optimization results illustrating the
independent effect of two key parameters on the BV-—
Rsp,on trade-off: (a) n-drift doping concentration (Ngq) and
(b) length of the metal gate extension (Lg) over the oxide
layer. In this step, the p-body doping (Np), total device
length (Litot), total device width (Wiot), and drift region
extension (Lgy) are kept constant

the drain-side junction, where the peak electric
field occurs. The on-state electron current density
distribution is also confined to relatively narrow
conduction paths. Together, these characteristics
explain the limited BV—-Rg, on trade-off of the
manually optimized structure and motivate simul-
taneous optimization of the coupled geometrical
and doping parameters.

Figure 5 compares the results of 260 BO itera-
tions for each parameter group, corresponding to
more than 1000 TCAD-evaluated devices in total.
The optimization begins with individual variation
of Nq and Ly, followed by simultaneous optimiza-
tion of three parameters, Lo, Wiot, and Ny, and
finally all six parameters, Liot, Wiot, Ldr, Lg, Np,
and Ng.

Figure 5a demonstrates that increasing the
dimensionality of the optimization space progres-
sively expands the attainable BV-FOM envelope.
In particular, the six-parameter optimization pro-
duces several designs with FOM values exceed-
ing 700 kW/mm? and reaches a maximum of
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Fig. 4 Layout of the initial DG-LDMOS structure prior
to computational optimization (device dimensions: 800 nm
X 200 nm), along with the corresponding (a) doping pro-
file, (b) electric field distribution, (¢) impact ionization
at breakdown voltage, and (d) electron current density at
on-state, Vpg = 0.1 V and Vgg = 5 V, for the initial DG-
LDMOS structure prior to BO

738 kW /mm? while preserving the targeted low-
voltage BV range. The convex hull boundaries fur-
ther illustrate that the improvement results from
access to combinations of parameters that cannot
be reached through independent single-parameter
tuning.

The corresponding BV—-Rg, on distributions
in Fig. 5b provide additional insight into this
improvement. Increasing the number of simulta-
neously optimized parameters shifts the popula-
tion toward lower Rgp, on while retaining suitable
BV, particularly in the region below 1 m€) - mm?
highlighted by the inset.

This indicates that BO is not simply iden-
tifying designs with larger BV or lower resis-
tance independently; rather, it learns combina-
tions of structural and doping parameters that
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Fig. 5 (a) FOM versus BV for different parameter groups,
with convex hulls showing the expanded optimization enve-
lope as more parameters are included. (b) Rsp,on versus
BV for the same parameter groups, highlighting reduced
resistance with multi-parameter optimization

improve both sides of the competing trade-off.
The increasingly favorable performance envelope
therefore demonstrates the importance of account-
ing for interactions between geometry, drift-region
design, and body/drift doping.

Figure 6a summarizes the maximum FOM
obtained for the different BO parameter groups.
The single-parameter optimizations of Ny and
Ly achieve comparable maximum FOM val-
ues of approximately 254 and 260 kW/mm?,
respectively, indicating the limited improvement
attainable through independent parameter tuning.
Expanding the design space to three parameters
(Ltot; Wiot, Na) increases the maximum FOM
to approximately 550 kW /mm?, while simulta-
neous optimization of all six parameters (Liot,
Wiot, Ldr, Lg, Np, Na) further increases it
to 738 kW/mm?. This progressive improvement
highlights the strong coupling among geometri-
cal and doping parameters and demonstrates the
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Fig. 6 (a) Maximum FOM obtained for different
BO input-parameter groups, showing the performance
improvement achieved by increasing the number of simulta-
neously optimized device parameters. (b) Lateral electric-
field profiles in off-state for the optimum devices obtained
from the different BO parameter groups. (c) Lateral elec-
tron current-density profiles in on-state for the optimum
devices obtained from the different BO parameter groups

advantage of BO in identifying favorable param-
eter combinations that cannot be achieved effi-
ciently through sequential single-parameter opti-
mization.

Figure 6b compares the lateral electric-field
profiles extracted 5 nm below the upper Si/SiO,
interface for the optimum designs obtained from
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Fig. 7 Rsp,on versus Lo, for the 5 V optimized DG-
LDMOS

the different BO parameter groups. The single-
parameter Nq and L, cases retain the original
800 nm device length, whereas the three- and
six-parameter optimizations shorten the device
while simultaneously redistributing the lateral
electric field. The multidimensional designs there-
fore achieve a more compact voltage-supporting
region through coordinated adjustment of device
dimensions and doping, demonstrating that the
improved BV—Rgp, on trade-off results from cou-
pled electrostatic optimization rather than inde-
pendent tuning of a single parameter.

Figure 6c compares the electron current-
density magnitude along a lateral cutline located
5 nm below the upper Si/SiOs interface for
the optimum designs obtained from different
BO parameter groups. The single-parameter Ny
and Ly cases retain the initial 800 nm device
length and exhibit similar current-density profiles,
whereas inclusion of the geometrical parameters
reduces Lo to approximately 450 and 400 nm
for the three- and six-parameter optimum designs,
respectively. The multidimensional designs exhibit
substantially redistributed and enhanced near-
interface current density along the shortened
source-to-drain conduction path. Together with
the corresponding reduction in Ry on, these pro-
files indicate that the FOM improvement arises
from the coupled optimization of device geome-
try and doping rather than from variation of an
individual parameter alone.

Figure 7 shows Ry, on as a function of the
selected channel length, L, for high-FOM DG-
LDMOS designs identified through BO. The min-
imum Rgpon occurs near L, ~ 68 nm while
the required BV is maintained. Interestingly, the
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Fig. 8 BV-FOM benchmark of the optimized DG-
LDMOS against reported low-voltage GAA, FinFET,
and LDMOS devices, demonstrating a peak FOM of
738 kW /mm?

shortest explored channel lengths, approaching
approximately 38 nm, do not produce the low-
est resistance. This result indicates that aggressive
geometrical scaling alone is insufficient to max-
imize device performance. At very short Lg,
stronger short-channel effects and increased leak-
age require additional electrostatic control, includ-
ing higher body doping, which can reduce carrier
mobility and offset the resistance benefit expected
from a shorter channel [18]. The optimum Ly
therefore emerges from the coupled optimiza-
tion rather than from simple dimensional scaling.
We recently compared the optimized DG-LDMOS
with a manually optimized planar LDMOS base-
line [19] and found an approximately fivefold
reduction in Rgp, on Without sacrificing BV, despite
a longer optimal channel length (68 vs. 40 nm),
highlighting the superior electrostatic control of
the dual-gate structure.

Figure 8 compares the BV-FOM characteris-
tics of the optimized DG-LDMOS with previously
reported low-voltage power and logic devices [20—
28]. The BO-optimized design occupies a high-
FOM region of the low-voltage performance land-
scape, reaching 738 kW /mm? at a BV of 11.32 V.
Relative to the performance envelope represented
by the selected literature devices, the optimized
structure extends the achievable FOM substan-
tially while operating in a similar low-voltage
range. This comparison emphasizes the poten-
tial of combining multi-gate electrostatic control
with systematic optimization of the lateral device
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Fig. 9 FOM versus BO iteration number for the six-
parameter optimization, showing convergence to near-
maximum FOM within 260 iterations

geometry. It should be noted that the reported
Ry on is intrinsic and therefore excludes contact,
silicide, and interconnect parasitic contributions,
consistent with the TCAD-based benchmarking
approach adopted in this work.

Figure 9 illustrates the convergence behav-
ior of the six-parameter BO process. The best
FOM of 738.3 kW/mm? is first identified at
approximately the 195th iteration within a total
of 260 TCAD evaluations. The rapid increase
in the best-observed FOM during the earlier
iterations indicates that the GP surrogate pro-
gressively learns the high-performance regions of
the design space, whereas subsequent evaluations
mainly refine the solution and verify the surround-
ing parameter region. The absence of substantial
improvement after the optimum is reached sug-
gests that optimization has approached a stable
high-performance region.

It should be noted that the FOM of newly eval-
uated points is not expected to increase monoton-
ically with BO iteration. Once a high-performing
region is identified, the acquisition function con-
tinues to balance exploitation near the current
optimum with exploration of uncertain regions,
explaining the lower-FOM samples observed after
approximately iteration 260. Moreover, because
the optimization is performed with a finite eval-
uation budget, additional iterations could poten-
tially identify a better design, although further
improvement is not guaranteed.

These results are consistent with previous
BO-based semiconductor-device studies [29, 30]
and demonstrate the suitability of surrogate-
assisted optimization for coupled device-design
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Fig. 10 (a) Electric field distribution, (b) impact ioniza-
tion profile at breakdown voltage, and (c) electron current
density at on-state, Vpg = 0.1 V and Vgg = 5 V, for the
optimized DG-LDMOS, corresponding to the best FOM of
738 kW /mm?

spaces where exhaustive TCAD sampling would
be computationally expensive.

Figure 10 presents the electric field distri-
bution, impact ionization profile, and on-state
electron current density of the final BO-optimized
DG-LDMOS corresponding to the maximum
FOM. Compared with the initial manually opti-
mized structure in Fig. 4, the electric field is dis-
tributed more smoothly through the drift region,
with reduced localization near the drain.

The corresponding impact ionization profile is
consequently distributed over a broader portion
of the drift region rather than being concentrated
strongly at the drain-side junction. This redis-
tribution allows a larger portion of the lateral
drift region to contribute to voltage support and
is consistent with improved RESURF-like behav-
ior. In the on-state condition, electron current is
carried along both the upper and lower inver-
sion interfaces created by the symmetric double-
gate structure, increasing the effective conducting
cross-section. These combined electrostatic and
transport improvements enable an intrinsic Rgp on
of 0.17 mQ-mm? while maintaining a BV of
11.32 V.

Table 2 summarizes the highest FOM and
corresponding device dimensions and doping con-
centrations obtained from single-, three-, and
six-parameter BO, alongside those of the initial
TCAD device. The single-parameter studies mod-
ify only the corresponding optimization variable,
whereas the three-input BO jointly optimizes Ly,
Wiot, and Ng, resulting in a substantially more

Table 2 Evolution of key DG-
LDMOS design parameters from the
initial TCAD device through single-
and multidimensional BO studies

Parameter Initial Ng Lg Three Six
BO BO inputs inputs

Liot (nm) 800 800 800 450 400
Wiot (nm) 200 200 200 412 400
Lg (nm) 700 700 640 320 310
Lar (nm) 550 550 550 225 174
N 20 20 20 20 16

Ng’ 55 7.4 55 5.9 2.8

2In units of 10'® cm~3. PIn units of

107 ecm~3.

compact device. The accompanying reduction in
L, follows from the reduced Lo, since the gate
extends over the available lateral device region,
rather than from L, being an independent opti-
mization variable. In the three-parameter study,
Lg; is not an optimization variable; it is manu-
ally fixed at 0.5Liot. In the final six-parameter
study, Lq; is explicitly included in the BO design
space, enabling simultaneous optimization of the
geometrical and doping parameters.

Figure 1l1a presents the full off-state Ip—Vp
characteristic of the best optimized device from
low drain bias through avalanche breakdown. The
drain current remains below the imposed leakage
criterion of 1 x 10713 A/pm throughout the pre-
breakdown operating range and increases sharply
only as the device approaches BV. This result is
important because it confirms that the improve-
ment in FOM is not achieved by accepting exces-
sive off-state leakage or premature punch-through.
Instead, the optimized geometry maintains effec-
tive electrostatic isolation while supporting the
required drain voltage.

The broader relationship between leakage and
optimized performance is shown in Fig. 11b,
where FOM is plotted against Ie.x for the
BO-generated designs. A substantial population
of devices simultaneously exhibits FOM values
above 400 kW /mm? and leakage currents below
5 x 1071 A/pm. Thus, the BO search does
not converge exclusively toward a narrow high-
FOM/high-leakage region; rather, multiple high-
performance solutions remain well within the leak-
age constraint. These results confirm that the
optimized BV—Rg, on trade-off can be obtained
while preserving low off-state current.
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Fig. 11 (a) Off-state Ipn—Vp curve of the optimized device
up to breakdown, confirming that Ije,; remains below
1 x 10713 A/pm throughout the full operating window.
(b) FOM versus leakage current for BO-generated devices,
showing a large population satisfying the leakage criterion,
with many achieving liear < 5x 1075 A/pm at high FOM

4 Conclusion

This work demonstrates a TCAD-assisted
Bayesian optimization framework for sys-
tematically improving the performance of a
nanosheet-inspired DG-LDMOS intended for
low-voltage switched-mode applications. Begin-
ning with individual studies of Nq and Lg, the
analysis shows that single-parameter tuning pro-
vides only limited improvement because BV and
Rsp.on depend strongly on interactions among
the device geometry, drift-region dimensions, and
doping concentrations. Increasing the optimiza-
tion space from one to three and ultimately six
parameters progressively expands the achievable
performance envelope, with the full six-parameter
BO producing the highest FOM.

The final optimized structure achieves an
intrinsic Rep on of 0.17 m€2 - mm? at Lg, ~ 68 nm
while maintaining a BV of 11.32 V| corresponding

to a maximum Baliga FOM of 738 kW /mm?. Elec-
trostatic analysis shows a smoother drift-region
electric field distribution and reduced drain-side
field crowding relative to the manually opti-
mized device, while the dual inversion channels
provide an increased effective current-conduction
region. These results demonstrate that simulta-
neous optimization of coupled device parameters
can substantially outperform sequential manual
tuning and provide a systematic path toward high-
performance nanosheet-based lateral power device
design.

The present 2D DG-LDMOS serves as
a physics-based approximation of the wide-
nanosheet limit and establishes the design
methodology required for subsequent three-
dimensional GAA-LDMOS development. Exten-
sion of the optimization framework to full 3D
structures can incorporate width-direction effects,
nanosheet stacking, corner electrostatics, and
fabrication-related geometrical constraints, pro-
viding a pathway toward more realistic nanosheet
LDMOS optimization.
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