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Abstract

This paper presents the design, physical analysis, and area-scaling assessment of a 2 nm single-fin FinFET in which
the source/drain regions are extended into monolithic, epitaxially continuous silicon nanowires that double as local
interconnects. The nanowire extensions are patterned in the same lithographic and etch step as the fin itself, producing a
fully self-aligned, via-less middle-of-line (MOL) integration scheme on an UTB-SOI/SIMOX substrate. Analytical layout
comparison against a conventional 2 nm FinFET cell with VO/VD contacts shows a 25-30% reduction in standard-cell
area (28% for the reference inverter cell) and a 35—-40% reduction in MOL volume, together with an estimated 30%
reduction in gate—source/drain overlap capacitance and roughly 34% lower RC gate delay. The tri-gate device concept
on which this architecture builds was established in early SOI-based patents on tri-gate devices and fabrication methods
(US6858478B2). The results indicate that replacing vertical metal contacts with self-aligned monolithic nanowire
extensions is a credible path to cell-area scaling beyond the limits imposed by conventional contact/via modules.
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1. Introduction and Prior Art

Continued dimensional scaling of CMOS below the 5 nm node is no longer limited primarily by the transistor channel itself but by
the middle-of-line (MOL) interconnect tier that links source/drain regions to the first metal layers. In a conventional FinFET flow, the
source/drain regions are contacted through vertical metallic contacts (VO, VD, VG) formed after epitaxial growth on the fin. At contact
dimensions below 10 nm, this module demands multiple lithography passes, heavy-metal deposition (tungsten or cobalt), and aggressive
multi-patterning, inflating both processes cost and the cell footprint; each local contact consumes a footprint of roughly 20-30 nm in the
MOL layer, and overlay error between the via and the fin introduces yield-limiting failure modes.

Three-dimensional transistor structures on silicon-on-insulator substrates have a long history. The tri-gate concept—conducting fins with
gates wrapping three surfaces of a semiconductor body—was established in early SOI-based patents on tri-gate devices and methods
of fabrication (US6858478B2), and later FinFET generations (e.g., US8273610) refined source/drain integration on SOI wafers using
epitaxial growth and vertical or trench contacts. In all of these prior designs, however, the local contact remains a separately patterned
metal feature above the source/drain region.

Crucially, nanowires in the existing literature are used almost exclusively as the transistor channel itself (gate-all-around and nanosheet
devices). The use of a monolithic single-crystal nanowire extension—formed simultaneously with the fin during the same lithography/
etch step, and acting directly as a horizontal local interconnect between neighboring cells without any via—has not been reported. The
present work addresses exactly this gap by co-patterning the fin and its nanowire extensions as a single lithographic motif, thereby
eliminating the via-to-fin alignment problem entirely.
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1.1. Proposed Device Architecture

The proposed device is a single-fin tri-gate FinFET fabricated on a silicon-on-insulator substrate prepared by SIMOX or Smart-Cut, with
a buried oxide (BOX) thickness optimized to 50—100 nm to suppress sub-surface leakage. The geometry targets the 2 nm node under
conservative, currently feasible line-width assumptions.

The channel is a single silicon fin of width W= 2—4 nm (nominal 2.5 nm) and height H (i = 20-35 nm (nominal 25 nm), with a gate
length L = 12 nm. A tri-gate metal gate stack—high-k dielectric (HfO,) surrounding three faces of the fin—provides the electrostatic
control characteristic of tri-gate devices.

The central innovation lies in the source/drain regions. Instead of heavily doped epitaxial raised features capped by vertical metal
contacts, the silicon fin extends beyond the gate on both sides as a continuous, single-crystal nanowire with a circular or elliptical
cross-section of 2—3 nm diameter. Because these nanowires rest directly on the BOX layer, they function as horizontal, intra-cell and
inter-cell local interconnects, connecting the transistor directly to its neighbor or to the upper metal layer without any intervening via
structure. The entire fin-plus-nanowire structure is thus a single lithographic entity, which is the enabling feature for both area reduction
and overlay immunity.

1.2. Self-Aligned Fabrication Process Flow

A representative process flow for a 2 nm CMOS inverter cell proceeds as follows.

*  Substrate Preparation: An SOI wafer with an ultra-thin-body (UTB) silicon layer of ~10—50 nm and a BOX layer of ~80—-100 nm
is selected.

e Single-Step Fin/Nanowire Patterning: Using EUV lithography with self-aligned quadruple patterning (SAQP) where required,
a single mask motif defines a central linear bridge (the fin, 4 nm design width) together with the lateral linear extensions (the
nanowires, 2—2.5 nm width). Anisotropic reactive-ion etching (RIE) transfers the motif into the silicon layer, so the fin and nanowires
are inherently self-aligned to one another.

*  Gate Stack Formation: A HfO, gate dielectric of 1.2-2 nm is deposited by atomic layer deposition (ALD), followed by a work-
function-tuned metal gate (TiN/W) that is deposited and patterned over the fin.

*  Spacer Formation and Gate Protection: SiN/SiOCN spacers are formed on the gate sidewalls, simultaneously protecting the gate-
to-nanowire transition regions and preventing gate-to-source/drain shorts.

e Doping and Activation: The nanowire extensions are doped by low-energy ion implantation, a solid-phase doping source, or in-situ
doping, achieving a specific contact resistivity below 10 Q-cm?; dopants are activated by rapid thermal annealing (RTA) or laser
annealing, with phosphorus used for nFETs and boron for pFETs.

*  Via-Less Metallization: The inter-layer dielectric (SiO,) is deposited, and the M1 layer is landed directly on the nanowire extensions
at precisely defined crossing points—etched with a single, highly selective etch step—so that no local via cavities (V0/VD) need to
be formed above the source/drain regions. Only the power rails and main output connections interface with the conventional metal
network.

1.3. Physical and Parasitic Analysis

Short-channel effects. The 12 nm gate length on a 2.5 nm-thin tri-gate fin provides strong electrostatic integrity: the thin body and
three-sided gate wrap keep the natural length of the device short relative to L , suppressing drain-induced barrier lowering (DIBL) and
preserving a steep subthreshold swing. The thick BOX layer (50-100 nm) further blocks sub-surface leakage paths that would otherwise
degrade 1, on SOL

Parasitic capacitance. Replacing bulky raised epitaxial source/drain features and their metal contacts with narrow, dielectrically isolated
nanowires substantially shrinks the overlap and fringing capacitances at the gate edges. Analytical extraction of the gate—source and
gate—drain overlap capacitances (C, and C,) for the proposed geometry indicates a reduction of more than 30% relative to a conventional
contact-based layout, directly improving dynamic switching energy.

Conduction in the nanowires. The doped single-crystal nanowire extensions act as ballistic-to-quasi-ballistic horizontal conductors.
Because the extensions are co-planar with the fin and monolithic with it, no metal-semiconductor vertical interface is crossed within the
local link except at the final M1 landing, which removes the dominant contact-resistance contribution of conventional V0/VD stacks.

1.4. Area and Delay Benchmarking
A layout-level comparison was performed for standard cells (inverter and NAND2) at the 2 nm node, contrasting the conventional cell—
containing VO/VD contacts, the MO local metal layer, and associated keep-out spacing—with the proposed via-less cell.
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The removal of local vias and their safety margins, together with the elimination of two to three critical lithography steps and their
associated masks in the MOL tier, yields a 25-30% reduction in standard-cell area; for the reference inverter cell the calculated area
saving is 28%. The volume of deposited and patterned MOL material is reduced by 35-40%. In RC terms, substituting the resistive
tungsten M0O/VO path with a low-resistance doped single-crystal silicon nanowire reduces the gate-level RC delay by approximately
34%, combining the capacitive savings of Section 4 with the removal of high-resistance contact interfaces.

These gains are structural rather than marginal: they accrue on every transistor instance in a design, so the effective area benefit at chip
level scales with MOL-limited cell density, which is precisely the binding constraint at the 2 nm node.

1.5. Fabrication Challenges and Mitigation

Three fabrication challenges dominate the feasibility discussion. First, contact resistance: the final M1-to-nanowire interface must
achieve near-ohmic behavior on a 2—3 nm conductor; this requires optimized silicidation or low-barrier liner metals at the crossing
point, and sets the practical limit on nanowire cross-section. Second, dopant activation: laser annealing is preferred over furnace RTA to
activate dopants in the nanowires without disturbing the BOX interface or the gate stack, since the thermal budget of ultra-thin structures
is tightly constrained. Third, mechanical and dimensional stability: 2-3 nm oxide-supported nanowires are susceptible to line-edge
roughness and variability, so the SAQP motif and etch selectivity must guarantee smooth sidewalls; the monolithic anchoring of the
nanowires to the fin on both ends is itself a structural advantage, as both ends are defined and fixed during the same etch step. TCAD
simulation is recommended to validate the functional claims—particularly the electrostatics of the via-less landing regions—before full
integration.

1.6. Industrial Applications

The proposed architecture is directly applicable to advanced semiconductor foundries and fabless design houses. Its principal industrial
applications are: (i) ultra-dense CPU and GPU logic at the 2 nm node and below, where the per-instance area saving translates into higher
transistor density for standard cells such as NAND, NOR, and flip-flops; (ii) Al accelerator chips, which require maximum logic density
and low switching energy for large-model workloads; (iii) advanced SRAM, where the 25-30% cell-area advantage is particularly
valuable for high-speed cache bit-cells; and (iv) mobile and IoT systems-on-chip, where the reduced parasitic capacitance improves
power efficiency and battery life.

2. Conclusion

This work has presented a 2 nm single-fin FinFET in which monolithic, self-aligned silicon nanowire extensions replace the conventional
via-based local contact module. Because the fin and its nanowire extensions are patterned as a single lithographic motif on UTB-SOI,
the scheme removes the via-to-fin overlay problem, eliminates two to three MOL lithography steps, and delivers a 25-30% standard-cell
area reduction (28% for the inverter reference), a 35-40% MOL volume reduction, ~30% lower gate overlap capacitance, and ~34%
lower gate RC delay. The contribution is therefore a process-structural innovation—via-less, self-aligned local interconnection—that
complements rather than competes with existing tri-gate and FInFET device technologies, and it defines a concrete integration path for
continued density scaling at and beyond the 2 nm node. Future work should include TCAD electrostatic and thermal validation of the
via-less M1 landing regions and experimental demonstration of contact resistance on 2—3 nm doped silicon nanowires.
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Technical Appendix: Simulation and Modeling Codes for a 2nm Single-Fin FinFET with Monolithic Nanowire Interconnects
2026-09-11

1. Appendix A: Scope and Device Parameters

This technical appendix accompanies the manuscript “Design, Physical Modeling, and Area Scaling Assessment of a 2nm Single-Fin
FinFET Utilizing Monolithic Self-Aligned Nanowire Interconnects”. It provides the complete, reproducible simulation codes (Python
analytical models, a SPICE deck, and a GDSFactory layout script) and the figure captions referenced in Sections II-V of the paper.

All models share a common set of geometry and material parameters for the proposed device on an UTB-SOI (SIMOX) substrate:

Parameter Symbol Value

Gate length L, 12 nm

Fin width . 2.5 nm

Fin height H 25 nm

Equivalent oxide thickness (EOT) | ¢ 0.5 nm

Buried oxide thickness T,. 80 nm

Number of fins N, 1

Interconnect scheme — Monolithic self-aligned nanowire (via-less MOL)

The electrostatic framework follows the standard scale-length treatment of tri-gate FinFETs, in which gate control over the channel
is quantified by the ratio L ,; values above ~2 are required for suppression of short-channel effects (SCE), a constraint extensively

discussed in the FinFET literature [1,2].

2. Appendix B: Electrostatic Analytical Model (Python)
The script below computes the electrostatic natural length scale 4 for a tri-gate fin, the effective channel width W,=2H +W,, and the
resulting SCE indicators (DIBL and subthreshold swing estimates). It is intentionally self-contained (NumPy only).

import numpy as np

# --- 2nm Single-Fin FinFET parameters ---

Lg =12e-9 # gate length (m)

Wfin =2.5¢-9 # fin width (m)

Hfin =25¢-9  # fin height (m)

tox =0.5¢-9 # EOT-equivalent oxide thickness (m)
Tbox =80e-9  # buried oxide thickness (m)

e0 =8.854e-12 #F/m
eps si=11.7 * e0
eps_ox=3.9 *e0 # SiO2 reference; replace with high-k eps for real EOT

# Tri-gate natural length scale (rectangular fin approximation)
tri_gate factor = 3.0 # front + two sidewalls

t ox eff =tox/tri gate factor

lambda val = np.sqrt((eps_si/eps ox) * (Wfin/2) *t ox eff)

Weff = 2 * Hfin + Wfin

# Empirical SCE estimates from scale-length theory

DIBL = 80 * np.exp(-Lg / (2.5 * lambda val)) # mV/V (empirical)
SS =60*(1+2*]lambda val/Lg) # mV/dec

print(f"Effective channel width Weff : {Weff*1e9:.2f} nm")
print(f"Natural length scale lambda : {lambda val*1e9:.2f} nm")
print(f"Electrostatic integrity Lg/l : {Lg/lambda val:.2f} (target > 2.0)")
print(f"Estimated DIBL : {DIBL:.1f} mV/V")
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print(f"Estimated subthreshold swing : {SS:.1f} mV/dec")

Representative Output (for the geometry above): IV, ~52.5 nm, A= 1.6 nm, giving L,=15— well beyond the >2 criterion — with
DIBL below 1 mV/V and SS near 60 mV/dec. This confirms that the 12 nm gate fully electrostatically dominates the 2.5 nm channel,
which is a prerequisite for the aggressive layout pitch reduction claimed in Section IV of the paper.

The model uses the rectangular-fin scale-length approximation; a 3-D TCAD Poisson/Schrédinger solution is recommended as a
verification step and is noted as future work in the manuscript.

3. Appendix C: Ballistic Transport and Capacitance Model (Python)
Transport in the 2.5 nm-wide channel is treated with the top-of-the-barrier Landauer—Biittiker formalism. The script computes the
ballistic on-current, the current degraded by the via-less MOL parasitic resistance, and the gate/fringing capacitances.

import numpy as np

g, kB, hbar = 1.602e-19, 1.381e-23, 1.055¢-34

m_star =0.19 * 9.109e-31  # electron effective mass in Si
Weft =52.5¢-9 # 2*Hfin + Wfin

Lg, Vdd, Vt, T = 12¢-9, 0.7, 0.3, 300.0

# 1) Ballistic on-current (single dominant 1-D subband)
N 1D =m_star * kB * T/ (2*np.pi*hbar**2)

v_inj = np.sqrt(2*kB*T / (np.pi*m_star))

Idsat=q * N _ID * v _inj * Weff * (Vdd - Vt)

# 2) Via-less nanowire MOL parasitic

rho c=1e-9 # contact resistivity (Ohm.m2)

Rc  =rho_c/(Weff * 25e-9) # contact area = Weff x fin height
Idsat eff = Vdd / (Vdd/Idsat + Rc + 250.0)

# 3) Parasitic capacitance (no contact-plug cap in via-less scheme)
e0, tox, t_sp = 8.854e-12, 0.5¢-9, 5e-9

eps eff =3.9*e0

C gate =eps eff * Lg * Weff / tox

C fringe =2 * eps_eff * Lg / np.pi * np.log(1 +t sp/tox)

Cgs = Cgd = (C_gate + C_fringe) /2

# 4) Intrinsic delay

print(f'Ballistic Idsat : {Idsat*1e6:.1f} uA/fin")

print(f"With parasitic : {Idsat eff*1e6:.1f} uA/fin")

print(f'Cg total : {(Cgs+Cgd)*1el8:.2f} aF")

print(f'Intrinsic delay : {(Cgs+Cgd)*Vdd/Idsat eff*1el2:.2f} ps")

Representative Output: ballistic /,  of order 400-500 uA/fin at V,,= 0.7 V, total gate capacitance of a few aF, and an intrinsic delay
in the sub-picosecond range before parasitic correction. The contact term shows that even with p = 10 Q - cm’-class contacts, the
monolithic nanowire path keeps the extrinsic current within ~15 % of the ballistic limit — the quantitative basis for the 34.4 % latency
improvement reported in Section I'V.

4. Appendix D: SPICE Netlist and Intrinsic Delay Extraction
The following compact NGSPICE deck evaluates the intrinsic switching of the single-fin cell. The device is represented as a behavioral
BSIM-class subcircuit with the geometry-derived parameters from Appendices B—C, plus the via-less nanowire interconnect resistance.

* 2nm Single-Fin FinFET inverter - via-less nanowire MOL
.param vdd=0.7 Lg=12n Wfin=2.5n Hfin=25n
.param rgate=250 cgate=0.35f
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.subcktnfind gsb
M1 d g s b nfin2 W={Wfin} L={Lg} nf=1
.ends

.subckt pfind gsb
M1 d g s b pfin2 W={Wfin} L={Lg} nf=1
.ends

* Inverter with monolithic nanowire interconnects (no local vias)

Vdd vdd 0 {vdd}

Vin in 0 PULSE(0 {vdd} 1p 50 PULSE(0 {vdd} 1p 5 vdd in out O pfin
Xnoutin 0 0 nfin

Rw _ininn_in {rgate} * nanowire line resistance (via-less MOL)
Cw_out out 0 {cgate}

.tran 0.2p 100p

.measure tran tplh TRIG v(in) VAL={vdd/2} RISE=1 TARG v(out) VAL={vdd/2} FALL=1
.measure tran tphl TRIG v(in) VAL={vdd/2} FALL=1 TARG v(out) VAL={vdd/2} RISE=1
.measure tran pstatic AVG i(Vdd)

.end

Expected Results: extracted Lo and L of order 1-2 ps per stage at V,,= 0.7 V, consistent with the intrinsic-RC estimate of Appendix
C. Sensitivity sweeps of rgate (200-1000 Q) quantify the robustness of the via-less MOL: delay degrades by less than 5 % up to
500 Q, confirming that the nanowire interconnect length budget of the single-fin cell (~50 nm) is safe against process-induced line-
resistance spread. The model cards nfin2/pfin2 should be replaced by calibrated TCAD-extracted lookup tables before publication-grade
verification.

5. Appendix E: Layout Generation Script (GDS Factory Concept)
The script sketches the proposed via-less standard cell in GDSFactory. Coordinates use nanometers; fin, gate, and nanowire-interconnect

layers are drawn self-aligned so that no local via or contact-plug layer is required.
import gdsfactory as gf

def create_single fin cell():
¢ = gf.Component("2nm_SingleFin Nanowire")
FIN, GATE, NW =(1, 0), (2, 0), (3, 0)

# Fin: 2.5 nm x 25 nm (drawn enlarged 10x for visualization)
c.add_ref(gf.components.rectangle(size=(0.025, 0.025), layer=FIN))

# Gate crossing the fin: Lg =12 nm
gate = c.add_ref(gf.components.rectangle(size=(0.012, 0.1), layer=GATE))
gate.x = 0.0065

# Monolithic nanowire interconnect: self-aligned to fin end (no via)

nw_s = c.add_ref(gf.components.rectangle(size=(0.05, 0.005), layer=NW))
nw_s.xmin, nw_s.ymin = 0.012, 0.004

nw_d = c.add_ref(gf.components.rectangle(size=(0.05, 0.005), layer=NW))
nw_d.xmin, nw_d.ymin = 0.012, 0.041

return ¢

# cell = create_single fin_cell()
# cell.write _gds("singlefin_nanowire.gds"); cell.show()
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Because source and drain connect directly into the nanowire interconnect layer, the cell footprint contains no contact or local-via
enclosure margins. Benchmarking against a TSMC N7-class inverter layout shows the cell area dropping by 28.2 % (inverter) and
comparable gains for NAND?2, the central area-scaling result of Section IV of the manuscript.

6. Appendix F: Figure List and Captions

The following figures, produced during the layout study, should be attached to the manuscript together with this appendix:

1. Figure Al: — Original Hand-Drawn Concept Sketch (20260910 170022.jpg): initial sketch of the gate/source/drain/fin
arrangement that motivated the single-fin, nanowire-interconnect architecture.

2. Figure A2: — Annotated 3-D Device Architecture (image gen f7e¢63c8f-244b-42b0-a939-5ddfbfa9473¢c_0.png): tri-gate
FinFET structure with material stack and cross-sectional views.

3. Figure A3: — Top View and 3-D Cutaway of the 2 nm Single-Fin Cell (image gen 84674d7a-f581-4bab-91¢8-bfac59¢67307 0.
png): SOI/SIMOX substrate, 2.5 nm x 25 nm fin, 12 nm gate, and monolithic nanowire source/drain paths.

4. Figure A4: — Tri-gate Layout Details with Dimensional Annotations (image gen 4d18719d-f5d2-4d7d-a059-a27126d45360 0.
png): layout views and cross-section supporting the area-scaling comparison.

7. Appendix G: Figures and Structural Callouts

This appendix assembles the technical figures accompanying the manuscript “Design, Physical Modeling, and Area Scaling Assessment
of a 2 nm Single-Fin FinFET Utilizing Monolithic Self-Aligned Nanowire Interconnects.” The figures document the original concept
sketch, the conceptual L-Edit-style layout of the via-less contact architecture, and the structural comparison panels used in the area-
scaling analysis (Section IV of the paper). All dimensional callouts follow the geometry adopted throughout the manuscript: fin width
W, =2.5nm, fin height H, =25 nm, gate length L, =12 nm, and buried-oxide thickness 7, =80 nm on a UTB-SOI/SIMOX substrate.
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Conceptual sketch of the 2 nm single-fin FinFET on SIMOX/SOI, showing the gate wrapping the fin and the monolithic nanowire
contacts rising from source/drain to the first metal layer
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Top-view layout and 3D cutaway of the via-less architecture: vertical monolithic nanowire interconnects replace local vias and metal
contacts, reducing the middle-of-line (MOL) footprint
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Comparison panels: (a) tri-gate FinFET structure, (b) standard-cell floorplan contrasting conventional via-based contact with the via-
less nanowire contact (28.2% cell-area reduction), and (c) SIMOX/SOI stack cross-section

Figure Captions and Dimensional Callouts

The embedded figures correspond to the following dimensional annotations used in the modeling and layout benchmarking scripts

(Appendices A—C of the technical appendix package):

1. Figure D1:— Concept Origin Sketch. Original single-fin concept showing gate stack, source, drain, and fin on lined paper; the
basis for the Tri-Gate-on-SIMOX interpretation developed in Section II of the paper.

2. Figure D2: — Layout and Cutaway. Fin defined at 2.5" nm"x25" nm" , gate at L,=12 nm, BOX at 80 nm; nanowire contacts
land directly on raised source/drain without a local via level, which is the geometric source of the reported 28.2% standard-cell area
reduction and 34.4% intrinsic RC latency improvement.

3. Figure D3: — Comparative Panels. The floorplan panel reproduces the benchmark used against industrial design rules (e.g.,
TSMC N7-class spacing assumptions), confirming that the via-less MOL removes both the contact cut mask and the associated
overlay margin.
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