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Po-Jui Chiang®", Yin-Chi Liao?, Sheng-Xin Pan?, Shuo-Hsien Wang?

#National Kaohsiung University of Science and Technology, Department of Electronic Engineering, Kaohsiung, Taiwan

Abstract. Small-data inverse design of nonlinear nanophotonic structures is difficult to trust, because surrogate
labels, near-boundary field probes, and the nonlinear source model can each bias the result. We report a probe-aware
workflow in which a surrogate trained on 35 samples only proposes candidate basins, and all five promoted candidates
are evaluated by direct simulation without pooling inherited labels. Applied to Au nanopillars on an indium tin oxide
(ITO) film, the workflow promotes a 20070 nm pillar with a 1.25x larger r110 total proxy and a 2.03x larger Au-ITO
interface proxy than a 140x70 nm reference at a 0.92 pm pump. Representative free-space measurements give a
corresponding SHG peak ratio of about 2.10 near 460 nm. Probe-offset tests identify which near-boundary metrics
are diagnostic rather than label grade, and an independent exact-face, driven-2w finite-element cross-check closes the
normalized energy balance to within 0.51% and preserves the ranking across 42 unit-norm relative interface-source
cases. Because the pump is well separated from the estimated 1.40 ym ITO epsilon-near-zero wavelength, the design
trend is assigned to localized plasmonic concentration and Au-ITO interface fields rather than to direct ENZ excitation.
The combined evidence supports a normalized-relative geometry ranking, not a calibrated susceptibility, absolute
conversion efficiency, minimum-order claim, or direct ENZ-enhancement claim.

Keywords: Au/ITO hybrid nanopillars, nonlinear nanophotonics, free-space second-harmonic generation, inverse

design, exact-face finite elements, probe-offset sensitivity, experimental benchmarking.
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1 Introduction

Nonlinear nanophotonic structures use optical resonances, field confinement, and engineered
symmetry breaking to enhance weak nonlinear processes in subwavelength volumes. Plasmonic
metasurfaces are especially attractive for second-harmonic generation (SHG), because metal nanos-
tructures concentrate the fundamental field at surfaces, corners, gaps, and material discontinuities
where inversion symmetry is naturally broken.!> Recent reviews and demonstrations show that
resonant antennas, coupled modes, lattice resonances, and double-resonance designs can strongly in-
crease nonlinear signals.*> For early-stage design, however, the same strong localization that makes
plasmonic SHG appealing also makes the computed objective sensitive to geometry, discretization,

and where the near field is sampled.
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ITO is often used as an epsilon-near-zero (ENZ) conducting oxide. Near its ENZ wavelength,
the longitudinal field and phase response can be strongly reshaped, and ITO can exhibit unusually
large optical nonlinearity.®® That mechanism is not invoked here: the 0.92 xm pump is far from
the estimated 1.40 ym ENZ wavelength of the modeled ITO. We therefore describe the structure
throughout as an Au/ITO hybrid and interpret the reported trend as localized plasmonic field
concentration and contact-field redistribution. ENZ-region bulk nonlinearities remain relevant
motivation for future wavelength-tuned studies, but they are outside the physical claim made here.

A second challenge is that the nonlinear source itself is difficult to define robustly in a small-data
workflow. Surface SHG in centrosymmetric media is commonly described by effective surface
nonlinear polarization terms.’'? In a numerical grid, however, the strongest fields often lie exactly
where material assignment, staircasing, and dispersive boundary conditions are most delicate. A
nominally simple change in nanopillar diameter, height, interface overlap, or off-boundary probe
distance can therefore move the apparent nonlinear proxy. For this reason, a useful inverse-design
target should not only be large; it should also reveal which part of the response is stable enough to
use as a label and which part is merely diagnostic.

Machine-learning inverse design has become a standard tool for nanophotonic structures.'*=2
For nonlinear metasurfaces, however, the cost of generating labels is a bottleneck. Large datasets are
hard to obtain, full 2w source-and-radiation calculations are more expensive than linear screening,
and a trained model can easily learn discretization artifacts rather than a physically transferable
response. Adjoint methods are powerful for differentiable electromagnetic objectives,?"*>? but a
fully coupled nonlinear objective with calibrated material coefficients and far-field radiation is more
involved than early screening often permits.

This motivates an intermediate regime between purely heuristic design and fully calibrated

2
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nonlinear-device simulation. The workflow used here computes normalized linear finite-difference
time-domain (FDTD) fields, post-processes them into a Rudnick-Stern-type relative surface-SHG
proxy, separates shell and Au-ITO interface channels, trains a small surrogate for basin discovery,
and promotes candidates only after direct FDTD validation. The surrogate is therefore used as a
search aid, not as the final evidence for a device claim. The final evidence chain is deliberately
conservative: direct labels, resolution gates, probe-offset sensitivity, and a representative free-space
SHG benchmark must all point in the same direction before the promoted geometry is discussed
as a useful candidate. In the experimental branch, fabricated arrays are measured in a free-space
microscope geometry with monitored femtosecond excitation, filtered 2w collection near 460 nm,
and auxiliary linear reflection/scattering checks for alignment.

The present manuscript asks three specific questions. First, can a small inherited surrogate and
a limited C2-A extension identify a stronger Au-ITO nanopillar basin without requiring a large
new nonlinear dataset? Second, once such a basin is found, is the improvement carried by the total
proxy, the absolute Au-ITO interface proxy, or by a fragile interface-fraction metric? Third, does
a fabricated free-space SHG comparison follow the same ranking trend as the simulated channel
proxy? These questions are intentionally narrower than an absolute conversion-efficiency claim, but
they are directly relevant to how small-data nonlinear nanophotonic design can be made auditable.

The main result is a 200x70 nm Au nanopillar on ITO, denoted C2-AS5, that is promoted by
direct FDTD checks. Atr110 and 0.92 pm, it gives a 1.25x larger total proxy and a 2.03 x larger non-
fractional Au-ITO interface proxy than the 14070 nm reference. In the representative experiment,
fabricated 200x70 and 140x70 arrays are pumped at 0.92 ym and collected near 460 nm; the
resulting 200x70/140x70 SHG peak ratio is about 2.10, close to the simulated interface-proxy

ratio. At the same time, the interface fraction is not stable: it changes substantially with resolution
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Small-data screening

Project C data Normalized FDTD elative SHG prox KRR basin search C2-A extension
35;;?);2;?;‘/% — empty + structure runs =>| shell + Au-ITO channels |™| 5-fold cross-validation |== 5 direct candidate labels
polarization inputs R/T/A and field monitors probe-aware diagnostics proposal only no inherited-label pooling
Validation and claim gate
Retain
. - Preregistered gates - pas; normalized-
Direct rerun Mesh + probe audit Exact-face SH field relative basin
unchanged geometry, source, > r70/r90/r110/r130 ’ Z\"g):gr:?:}:‘f;dta\oiztz p2 mixed-HCurl solve
materials and diagnostics 2/3/4 nm offsets energy residual <= 0.03 42 relative source cases Hold
fail diagnostic or
redesign

No absolute-power, calibrated-susceptibility, or minimum-order claim

Fig 1 Workflow overview. Project C supplies 35 inherited training samples for basin proposal only; five C2-A
candidates are evaluated with direct labels and are not pooled into the inherited surrogate. The validation branch applies
the mesh/probe audit and the stated 0.08 dex, 5 x 10~* algebraic-residual, and 0.03 energy-residual gates before a

normalized-relative claim is retained.

and probe definition, and is therefore rejected as a final optimization label. The contribution is thus
not a record nonlinear metasurface, but an experimentally benchmarked, probe-aware validation
chain for early Au/ITO nonlinear-nanophotonic design.

Figure 1 is the logical map for the rest of the paper. The upper screening row corresponds to the
low-cost stage: generate normalized FDTD fields, post-process them into shell/interface SHG-proxy
targets, train the small surrogate, and propose candidates. The lower validation row is the claim filter:
selected candidates are rerun by direct FDTD, checked by resolution and probe-offset diagnostics,
and then compared with a representative free-space SHG measurement. The current result follows
the retained-basin branch of this workflow rather than the absolute-device branch: C2-A5 becomes
the strongest r110 total and absolute-interface design, the representative SHG peak ratio follows the
simulated interface-proxy trend, and the r130 0.91 ;m maximum is kept as a fixed-probe diagnostic

because it fails the stricter probe-offset robustness test.
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2 Device and Simulation Model

The primary screening device is a square-periodic Au nanopillar on a Drude ITO film over glass,
with normal-incidence excitation from the air side. The principal candidate geometries discussed
below are a promoted 200 x 70 nm Au pillar and the retained 14070 nm and 220 x50 nm diagnostic
references, where the first number is diameter and the second is height. The ITO film thickness is
150 nm. The Au pillar is intentionally overlapped into I'TO by 2 nm so that the voxelized model
cannot form an accidental one-cell air gap at the metal-oxide contact. The nominal interface probes
are placed 3 nm above and below the contact plane, and the sensitivity study varies this offset to 2
and 4 nm.

The material model uses a single-pole Drude form

w2

Em W :Eoom_$7 1
() ’ w(w + ivm) M

with Au parameters e, = 9.5, w, = 8.95 €V, and v = 0.069 eV from a Drude-only noble-metal
fit.>® The representative ITO model uses ., = 3.9, w, = 1.78 eV, and v = 0.155 eV, giving an
ENZ estimate near 1.40 pm. Accordingly, the 0.92 ;sm pump used below is not claimed to excite the
ITO ENZ resonance itself; it is chosen because the Au-pillar/ITO unit cell shows a local plasmonic
near-field feature and proxy maximum around 0.90-0.94 pm. In this operating band, the simulated
enhancement is attributed mainly to plasmonic field concentration and the Au-ITO surface/interface
channel, while calibrated ENZ-region bulk nonlinearities remain outside the present model. All

simulations use MEEP FDTD,** z-directed perfectly matched layers (PMLs),> periodic lateral
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Table 1 Unit-cell parameter ranges and fixed validation settings.

Parameter Value or range Role

Au nanorod length = 100-300 nm original 35-point LHS variable
Au nanorod width W 50-150 nm original 35-point LHS variable

Au nanorod height H  30-80 nm original 35-point LHS variable
Period P 400-800 nm original 35-point LHS variable
Polarization angle ¢  0-90 deg original 35-point LHS variable
ITO film thickness 150 nm C2 Au/ITO platform

Au-ITO overlap 2 nm contact-stability setting
Interface probe offset 2, 3, 4 nm sensitivity diagnostic

Shell offset 40 nm near-surface monitor distance

boundaries, and a normally incident Gaussian source. The incident polarization is

Ein(t) = Eps(t)(cosfx +sinfy). (2)

Across material interfaces the linear fields satisfy the standard tangential and normal boundary
conditions

le(EQ—El):O, fl'(DQ—Dl):O'f, (3)

which motivates off-boundary field probes rather than sampling exactly on a dispersive-material
discontinuity. Figure 2(a) shows the retained 140x70 nm reference geometry, and Figure 2(b)
shows the 220 x50 nm diagnostic geometry. In both panels, the shell monitors sample near-metal
field concentration, while the paired Au-side and ITO-side probes define the interface channel used

later for probe-offset sensitivity tests.

3 Surface-SHG Proxy Formulation

The nonlinear target is computed in a linear-plus-post-processing framework. Linear FDTD sup-

plies complex fundamental fields on shell planes and Au-ITO interface probes. These fields are
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Fig 2 Representative three-dimensional Au/ITO hybrid unit-cell architecture. (a) 140x70 nm and (b) 220x50 nm

Au nanopillars on a 150 nm Drude ITO film. The figure marks the incident wave, polarization direction, Au-side

and ITO-side interface probes, and shell monitor surfaces used for proxy extraction; the same model is used for the

promoted 200 x 70 nm candidate.

then converted to a relative surface-SHG proxy using a local surface tensor. This is physically

motivated by surface second-harmonic generation in centrosymmetric media,’~'? but it is not a full

2w reradiation calculation.

For a monitor plane I, the field is decomposed into normal and tangential components,

4)

123 Using normalized Rudnick-Stern-type weights, the local nonlinear surface polarization is approxi-
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mated as

Pf)(Qw) = XLLLEi + XLHII(Eﬁ,l + Eﬁﬂ)?

Pn(?(%) =2 ELEy;, J=12

The shell-channel proxy at frequency index £ is

R =3 [ (PP 1R+ 1PEF) as

qeS

and the Au-ITO interface channel is

in 2 2 2)
B=X [ (IPOF - IRRR + PF) as.
FqﬂAAu

q€L

The reported total target is

Jp = logy, [e+ JM + ]

where e prevents numerical singularities. The corresponding diagnostic interface fraction is

int
int Jk
k7 7shell int °
S+ J)

&)

(6)

(7)

8)

9)

(10)

Equations (7)—(10) define relative labels only. They omit coherent radiation, phase-matched far-field

summation, and bulk ENZ x(® or higher-order nonlinearities.

Algorithm 1. Surface-SHG proxy calculation

Require: Normalized FDTD run, shell planes S, interface probes Z, frequencies wy,
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Ensure: Total proxy vector J and channel diagnostics
1: for each frequency index £ do

2:  for each shell or interface monitor plane I'; do

3: Load complex DFT fields (E,, E,, E.).

4: Assign local normal vector n and decompose £ , E.

5: Compute Pf) and PH(QJ) using (5)—(6).

6: Apply the plane mask: shell-box mask for sidewalls, circular footprint mask for interface
probes.

7: Accumulate shell or interface integral by numerical quadrature over the monitor grid.

8: end for
9:  Store J;, = logygle + J3! + Jin*] and f.

10: end for

4 Small-Data Surrogate and Inverse Design

The small-data inverse-design stage uses a 35-sample Latin-hypercube dataset over the five geo-
metric and polarization variables listed in Table 1. Table 2 makes the transfer boundary explicit.
Project C is the original Au-nanorod screening branch and supplies only the standardized training
coordinates, three relative proxy targets, and the KRR basin-proposal policy. C2 is a separate
AU/ITO nanopillar validation branch comprising five proposed geometries. Its labels are generated
by new direct FDTD runs; they are neither appended to Project C nor used to retrain the reported
cross-validation model. Consequently, Project C errors quantify inherited basin-search performance,
whereas every C2-A ranking claim rests on deterministic reruns, channel decomposition, and probe-

offset diagnostics. For the surrogate stage, the input vector is standardized as z;, and the target
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Table 2 Data provenance and transfer boundary. No C2-A response label is pooled into the inherited Project C surrogate.

Branch Size Origin and labels Role in this work
Project C 35 LHS Original Au-nanorod Train and cross-validate KRR
points branch; five geomet- for basin proposal only

ric/polarization  inputs
and three normalized
proxy targets

C2-A S candidates New AU/ITO nanopillar Deterministic ranking and
direct-FDTD runs with promotion; not used to retrain
shell/interface decomposi- Project C

tion
Exact-face au- 2 geometries, Independent p2 mixed- Test normalized-relative rank-
dit 42 source HCurl pump and driven- ing, energy closure, and radia-
cases each 2w solves tive/absorptive partition

vector is y; = [Jy, J1, J2|. The radial-basis-function KRR model is
), A= (K+ )Y (11)

The prediction at a new design is y(z) = k(z)” A. Five-fold cross-validation gives a KRR mean
absolute error of 0.493+0.123 log;o units, compared with 0.557+0.150 log;( units for degree-1
ridge regression and 0.930+0.311 log;o units for degree-2 ridge regression. Figure 3(a) shows
that KRR is the most competitive inherited-dataset regressor by MAE/RMSE, but these metrics
are not used as C2 Au-ITO label uncertainties. Figure 3(b) shows the corresponding predicted-
versus-FDTD scatter: the spread is acceptable for basin discovery but too large for direct device
ranking without deterministic validation. Algorithm 2 therefore summarizes the validation-gated

candidate-promotion loop used after surrogate ranking.

Algorithm 2. Validation-gated inverse-design loop

Require: Initial dataset D, candidate budget B, direct-FDTD gate, probe offsets Az

Ensure: Accepted label-grade candidate set or diagnostic rejection

10
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Fig 3 Inherited-dataset surrogate performance. (a) Five-fold mean absolute error (MAE) and root-mean-square error
(RMSE) for the linear ridge and KRR models. (b) KRR predicted-versus-FDTD proxy values for the stored train/test
split, used as a visual check rather than a standalone claim of model superiority. The MAE/RMSE statistics motivate
basin discovery but are not C2 nanopillar label uncertainties.

1: Train KRR and ridge baselines on D,.

2: Rank unsimulated or locally refined designs by surrogate score.

3: Select the top B candidates and run direct normalized FDTD.

4: Compute shell and interface SHG proxy channels using Algorithm 1.

5: if flux sanity and proxy extraction pass then

6:  Promote the candidate to label-grade analysis.

7:  Repeat the interface-probe calculation at Az = 2, 3,4 nm.

8:  if total proxy is stable and the physical interpretation does not rely on unstable interface

fraction then

9: Retain the candidate as an absolute-response or diagnostic design.
10:  else
11: Reject the candidate as a probe-definition artifact.

11
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12:  end if
13: else
14:  Reject or rerun the simulation.

15: end if

The probe audit can also be incorporated directly into a future acquisition function instead of

being applied only after ranking. For design x, resolution r, and probe offset §, we propose

Asobust (X) = median, s[log,y J(x;7,9)] — s (m(.;stx logy, J — m(sin logy, J>

— A\ (max log,, J — minlog,, J) , (12)

subject to the existing 0.08 dex spread gate and numerical-residual gates. The first term rewards
a large typical response, while the two range penalties suppress designs whose rank depends on
a particular sampling plane or mesh. A conservative alternative is to replace the median by the
worst-case response. This formulation converts the present probe-offset diagnostic into an active

robustness criterion without treating the unstable interface fraction as a target.

S Results: Candidate Alignment and Channel Decomposition
5.1 Candidate Identification at r110 Own-Peak Points

Candidate alignment is organized as an absolute-channel landscape rather than as an interface-
fraction optimization. A five-point C2-A screen identified a promoted 200x 70 nm candidate,
hereafter C2-AS5, which was then checked at r110 over 0.88-0.94 yum. At the nominal 3 nm
interface-probe offset, C2-AS5 peaks at 0.92 pm with total proxy 1.0344, shell proxy 0.8148, and

absolute Au-ITO interface proxy 0.2195. A follow-up r130 wavelength gate over 0.90-0.94 ym

12
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keeps this nominal 0.92 ;sm point stable, with total proxy 1.0799 and a +0.019 log;( change relative
to r110. The same fixed-probe r130 sweep also resolves a larger neighboring 0.91 pm value, with
total proxy 2.6225, shell proxy 1.5435, and interface proxy 1.0790. That 0.91 pm value is reported
as a refined fixed-probe diagnostic row, not as a label-grade amplitude, because the probe-offset test
below shows a 0.292 log, total-proxy span at this wavelength. The previous 140x70 r110 reference
at 0.90 um gives total proxy 0.8288 and interface proxy 0.1080, while the 220x50 diagnostic
reference at 0.92 um gives total proxy 0.1963 and interface proxy 0.0240.

Thus C2-AS5 has the largest r110 relative proxy in the current label set: its total proxy is 1.25x
higher than 14070, and its interface proxy is 2.03x higher. The interface fraction tells a different,
and less robust, story. In the r70 screen, C2-AS5 had interface fraction 48.3%, but at r110 the
same nominal 3 nm definition gives 21.2%. This drop reinforces the main diagnostic rule of the
paper: exact interface fraction should not be used as a final optimization label. The robust claim is
therefore narrower than simply maximizing a scalar proxy: direct FDTD exposes an r110 relative
total-versus-interface channel landscape in which C2-AS is the retained nondominated point, while
higher-resolution fixed-probe extrema must still be checked for probe-offset stability before being
promoted to label-grade amplitudes.

Figure 4(a) separates the two absolute contributions that make up the channel proxy at the r110
local-peak rows. This panel should therefore be read as an absolute shell-plus-interface comparison,
not as a percentage plot. The C2-A5 200x70 nm candidate is stronger than the 140x70 nm
reference because both terms remain favorable: the shell term stays high, and the absolute Au-1TO
interface term increases from 0.1080 to 0.2195. The 220x 50 nm diagnostic geometry has a useful
local resonance for convergence testing, but Figure 4(a) shows that both its shell and interface terms

are much smaller than those of C2-A5 at r110.

13
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Figure 4(b) recasts the same r110 rows as a design landscape. The horizontal axis is the total
proxy, and the vertical axis is the absolute interface proxy, so the upper-right direction is the desired
direction when the goal is to improve total response without losing the interface channel. In this
view, C2-A5 is the nondominated retained point: it has both the largest total proxy and the largest
absolute Au-ITO interface proxy among the plotted candidates. The marker area in Figure 4(b)
records nominal interface fraction only as a diagnostic. It is not the optimization target, because the
r70-to-r110 drop in C2-AS5 interface fraction already shows that fractional near-boundary quantities
can be strongly resolution- and probe-definition-sensitive. The absolute-channel coordinates are
more useful for ranking than a fraction, but they are not assumed to be automatically probe-invariant;
the r130 C2-AS5 check below explicitly tests that boundary.

Figure 5(a) then tests whether the C2-AS5 channel ranking is a single-wavelength artifact. In
this panel, line style encodes resolution tier: solid curves are r110 rows, and dashed curves are
r130 wavelength-gate rows at the nominal 3 nm probe definition. Color and marker shape encode
channel: circles show the shell proxy, and squares show the absolute Au-ITO interface proxy. With
this convention, the C2-AS5 r110 shell and interface curves both peak at the nominal 0.92 ym point,
while the r130 rerun resolves a larger neighboring 0.91 pm fixed-probe point. This shift means the
refined sweep identifies a 0.91-0.92 pm spectral neighborhood, but it does not by itself promote the
0.91 pm amplitude to a label-grade optimum. Importantly, the fixed-probe 0.91 pm point is not
produced by the interface channel alone: both shell and interface proxies increase at that wavelength.
Figure 5(b) shows the opposite role for the 220x 50 diagnostic geometry: its r110 and r130 spectra
preserve a 0.92 um feature, but the absolute magnitudes remain far below C2-A5, so it is retained

as a resolution diagnostic rather than as a winning geometry.

14
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Fig 4 Channel decomposition at r110 local peaks. (a) Shell and absolute Au-ITO interface proxy contributions for the
promoted C2-A5 200x70 nm candidate, the 140x 70 reference, and the 220 x50 diagnostic geometry. (b) The same
r110 rows plotted as a total-proxy versus absolute-interface-proxy channel landscape. Marker area indicates nominal
interface fraction, which remains diagnostic rather than a standalone optimization label.

Table 3 Candidate alignment and diagnostic rows. C2-AS is the promoted r110 label-grade winner at 0.92 ym. The r130
wavelength gate keeps that nominal point within +0.019 log( units and resolves a larger fixed-probe local maximum at
0.91 pm, but that r130 0.91 um amplitude is retained as a diagnostic row because the probe-offset span is 0.292 log¢
units. The 220x50 r130 row is retained as a resolution-gate diagnostic around its 0.92 pm peak.

Geometry r A Total  Shell Interface f
px/pm pm  proxy  proxy proxy %
C2-A5200x70 110 092 1.0344 0.8148 0.2195 21.2

C2-A5200x70 130 091 2.6225 1.5435 1.0790 41.1
C2-A5200x70 130 092 1.0799 0.6601 0.4198 38.9

140x70 110 090 0.8288 0.7207 0.1080 13.0
220x50 110 092 0.1963 0.1724 0.0240 12.2
22050 130  0.92 0.2419 0.1901 0.0518 21.4

5.2 Field-Distribution Evidence

Figure 6(a) visualizes the promoted C2-AS winner using central MEEP DFT field slices rather
than the proxy monitor planes used for numerical post-processing. Its sidewall and contact-region
enhancement is broad, consistent with the larger absolute shell and interface proxies in Figure 4(a).
Figure 6(b) shows that the 14070 reference has a similar qualitative hotspot pattern but weaker

absolute interface response. Figure 6(c) shows the 220x 50 diagnostic geometry: the field remains

15
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Fig 5 Frequency-resolved shell/interface channel decomposition. Line style encodes resolution: solid curves are r110
rows, and dashed curves are r130 wavelength-gate rows at the nominal 3 nm probe definition. Color and marker shape
encode channel: circle markers are shell proxies, and square markers are absolute Au-ITO interface proxies. (a) C2-AS5
200x70 nm over the 0.88-0.94 pm local basin. The r130 check keeps the 0.92 ;zm nominal pump point close to its r110
value but resolves a larger 0.91 pm fixed-probe local maximum that is treated as diagnostic until it passes probe-offset
robustness. (b) The 220x50 diagnostic geometry over the matched spectral window.

resonant near the contact region, but the absolute proxy levels are lower, matching its diagnostic

rather than winning role in Figure 4(b). Across all three panels, the maps are visual evidence for

hotspot morphology, not a replacement for the quantitative proxy bars.

5.3 Resolution Hierarchy and r130 Wavelength Gate

The validation policy uses three levels. First, low and moderate resolutions identify a candidate
basin. Second, r110 own-peak checks establish the main candidate comparison, including the
promoted C2-AS5 result. Third, the promoted C2-AS5 candidate receives an r130 wavelength gate
over 0.90-0.94 um, and the 220 x50 diagnostic candidate receives an r130 label gate at 0.91, 0.92,
and 0.93 pm. For C2-AS5, the nominal 0.92 pm row changes from 1.0344 at r110 to 1.0799 at r130,
a +0.019 logy shift that is inside the +0.08 log;, amplitude gate. At the same nominal wavelength

and 3 nm probe definition, however, Table 3 shows that interface fraction jumps from 21.2% at r110
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to 38.9% at r130. This same-wavelength contrast is a useful internal control: the total proxy can
pass the resolution amplitude gate while the fractional interface metric still moves substantially,
reinforcing why interface fraction is retained only as a localization diagnostic. The r130 spectrum
also resolves a larger neighboring 0.91 pm fixed-probe point with total proxy 2.6225 and interface
fraction 41.1%. This point is evidence for a nearby spectral feature, but it is not label-grade by
amplitude because the later probe-offset check gives a 0.292 log; total-proxy span, far above the
0.08 logyy gate. The 220x50 r130 check gives a peak at 0.92 yum with total proxy 0.2419 and
interface fraction 21.4%, while neighboring wavelengths give 0.1980 and 0.1522. This confirms that
the 220 x50 feature survives a higher-resolution local wavelength check, but it does not approach
the r110 label-set response of C2-AS.

The convergence ladder in Figure 7(a) and Table 4 is retained as a cautionary control for the
220x50 diagnostic candidate. Figure 7(a) shows that the r70, r90, r110, and r130 spectra all place
the local peak at 0.92 um, so the resonance position is stable under refinement. Figure 7(b), however,
shows that the amplitude still changes with resolution: at 0.92 pm, 170 is lower than r110 by 0.459
logy units, r90 is lower by 0.165 logy( units, and r130 is higher than r110 by 0.091 log; units. This
is close to, but slightly outside, the 0.08 log;, amplitude gate used for the label check. Therefore,
the paper treats the resonance location as robust but keeps the absolute amplitude and interface

fraction in a resolution-qualified category.

6 Probe-Offset Sensitivity and Diagnostic Limits

Probe-offset sensitivity is the key diagnostic that motivates the paper’s current claim boundary.
Figure 8(a) compares 2, 3, and 4 nm off-boundary interface probes for the 140x70 and 220x50

candidates, each at its own r110 local peak. For 140x 70, the total proxy changes only from 0.790
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Fig 7 Resolution ladder for the 220x 50 diagnostic candidate. (a) r70, r90, r110, and r130 total-proxy spectra around
the 0.92 pm local peak. (b) Successive-resolution changes at 0.92 pm relative to the r110 value and the £0.08 log;
amplitude gate. The peak position is stable, while the amplitude remains resolution-qualified.

Table 4 Resolution hierarchy for the 220x50 diagnostic candidate at 0.92 pym. The 160 fine-scan row is a coarse
frequency-scan reference; the r70—r130 rows define the resolution ladder and label-gate comparison.

Run r Total logototal  f™ A vsrll0
px/pum  proxy proxy % logg

r60 fine scan 60 0.3480 -0.4573 252 +0.250

r70 ladder 70 0.0682 -1.1664 8.1 -0.459
r90 ladder 90 0.1342  -0.8721 146  -0.165
r110 label 110 0.1963  -0.7070  12.2 0.000
r130 gate 130  0.2419 -0.6164 214  +0.091

to 0.903 across the offset range, corresponding to a 0.058 logy span. For 220 50, the total proxy
changes from 0.186 to 0.220, corresponding to a 0.074 logy, span. These total-proxy changes are
moderate for an early-stage label.

Figure 8(b) shows why the interface fraction is much less stable. For 140x 70, it changes from
8.8% 10 20.2%; for 220 x50, it changes from 7.2% to 21.7%. The direction of the change is also tied
to which side of the Au-ITO boundary is sampled. This confirms that exact interface fraction should

not be treated as an optimization label in the current formulation. For these two r110 diagnostic
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rows, the total proxy is comparatively more stable than interface fraction and is therefore more
useful for early ranking. The paper does not assume that total proxy is always probe-invariant; the
C2-A5 r130 check below is included precisely to test where that assumption breaks.

The promoted C2-AS5 basin was then subjected to the same 2, 3, and 4 nm off-boundary probe
test at r130. Figure 9(a) shows the total-proxy sensitivity for the two wavelength rows most relevant
to the refined basin, 0.91 and 0.92 ym. At 0.91 um, the total proxy spans 1.969-3.861, or 0.292
logyo units; at 0.92 pm, it spans 0.828—1.553, or 0.273 log;o units. Both spans are more than
three times larger than the £0.08 log;, amplitude gate used for resolution promotion. Figure 9(b)
shows the corresponding interface-fraction sensitivity, with spans of 21.6-60.0% at 0.91 ym and
20.3-57.5% at 0.92 pm. The shell proxy is unchanged because the shell monitors and geometry are
unchanged, but the interface channel increases strongly as the off-boundary probe moves farther
into the ITO-side sampling region. Therefore, the r130 0.91 ym maximum is a useful fixed-probe
warning about a nearby high-field feature, but it is not promoted to a label-grade amplitude. The
retained label-grade statement remains the r110 0.92 pym candidate ranking and its representative
experimental SHG ratio; the r130 C2-AS rows define the next robustness problem rather than closing

it.

7 Free-Space SHG Experiment and Proxy Comparison

Figure 10 shows the free-space optical geometry used for the SHG benchmark and auxiliary linear
alignment. A tunable femtosecond laser in the 0.88—0.94 m range is attenuated, monitored by
a beam sampler and power meter, polarization controlled, expanded, and redirected by a 45°
steering mirror through a 50x, NA 0.65 focusing objective. The sample is mounted on an XYZ

piezo stage. The transmitted second-harmonic signal near 460 nm is collected by a separate
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Fig 8 Probe-offset contrast at r110 own-peak points. (a) Total proxy relative to the 3 nm baseline. (b) Interface
fraction versus off-boundary probe offset. Total proxy is comparatively stable, while interface fraction is strongly
probe-definition dependent.

objective below the sample and routed through dichroic, short-pass, and 460 nm band-pass filters
before spectrometer or photon-counting/imaging detection. A separate dashed branch denotes the
CCD/photodiode alignment channel. No beam splitter is shared between the first-row pump path
and the transmission-side SHG path.

With this measurement geometry fixed, Figure 11(a) summarizes the theory-to-experiment
comparison used here as a free-space consistency check. The simulation predicts a 1.25X increase
in the total surface-SHG proxy for the promoted 200x 70 nm candidate relative to the 140x70 nm
reference, but a larger 2.03 x increase in the absolute Au-ITO interface proxy. The representative
measured SHG peak ratio is 2.10, which is much closer to the simulated interface-channel ratio than

to the total-proxy ratio. This agreement supports the interpretation that the measured free-space

SHG contrast is dominated by the contact/interface hotspot channel, but it should not be overread as
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Fig 9 C2-A5 r130 probe-offset sensitivity at the refined local-basin wavelengths. (a) Total proxy normalized to the 3
nm baseline for 0.91 and 0.92 pm. (b) Interface fraction versus off-boundary probe offset. The shell term is fixed by the
unchanged shell monitors, while the interface channel and total proxy remain sensitive to the near-boundary sampling
definition; the 0.91 pm fixed-probe maximum is therefore diagnostic rather than label-grade.

a calibrated conversion-efficiency prediction because the proxy omits absolute nonlinear coefficients
and coherent 2w radiation.

Figure 11(b) shows representative SHG spectra under 0.92 pm femtosecond excitation. Both
arrays emit near the expected 460 nm second-harmonic wavelength, while the 20070 nm array
has the larger peak above the background. Figure 11(c) shows that the SHG intensity follows an
approximately quadratic pump-power dependence over the displayed mW-scale range, consistent
with a second-order response; the inset repeats the key comparison between the simulated 2.03 x
interface-proxy ratio and the measured 2.10x SHG peak ratio. Because this figure is a representative
device-level check rather than a repeated-array statistics set, the slope uncertainty, fit residuals, and
device-to-device spread are not used as quantitative labels in the present inverse-design workflow.

Figure 11(d) provides fabrication and measurement context. Top-view SEM images verify

the two nominal lateral geometries, AFM maps give heights of 78 + 6 nm for the 140x70 nm

reference and 84 + 6 nm for the 200 70 nm promoted array, and the cross-section SEM confirms Au
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nanopillars on a 150 nm ITO film over glass. The optical micrograph indicates the array and pump
hotspot used for free-space collection. These images establish that the measured SHG comparison
was made on fabricated Au-ITO nanopillar arrays matching the simulation geometry at the level

needed for a representative theory-experiment check.

23



Free-space SHG measurement geometry

Pump delivery and transmission-side SHG collection are shown on physically separate paths
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Fig 10 Free-space SHG and linear optical measurement geometry. The solid red path denotes pump delivery through
a 45° steering mirror and focusing objective. The solid blue path is the physically separate transmission-side SHG
collection path through a collection objective, dichroic, short-pass, and 460 nm band-pass filters. The dashed red branch
denotes auxiliary CCD/photodiode alignment.
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Fig 11 Free-space SHG experiment and proxy comparison. (a) Simulated total and absolute-interface proxy ratios
for the promoted 200x70 nm candidate relative to the 140x70 nm reference, with the measured SHG peak ratio
shown as a representative comparison. (b) Representative SHG spectra under 0.92 pm femtosecond excitation and
460110 nm collection. (c) Pump-power dependence showing an approximately quadratic log-log trend, with an inset
comparing simulated and measured ratios. (d) Sample verification images from top-view SEM, cross-section SEM,
AFM, and optical microscopy. The panel is used as a representative free-space consistency check, not as a statistical

device-to-device variation study.

25



338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

8 Exact-Face Driven-2w Cross-Check

To test whether the FDTD proxy ranking survives an explicit second-harmonic field solve, we
independently evaluated the 140x70 nm Reference and 200x70 nm C2-AS5 geometries with a
frequency-domain finite-element formulation. Periodic p2 HCurl pump fields drive split-domain p2
HClurl fields at 2w through independent order-1 HDivSurface mortar spaces on the exact Au-air and

Au-ITO faces. The normalized mixed system is

Ay u+ B =0, Blu=g, (13)

where g contains unit-norm relative complex coefficients for the two interface-source families.
This is a driven, undepleted-pump calculation: it includes propagation, material absorption, and
upward/downward radiation at 2w, but it does not include nonlinear back-action from the generated
field onto the pump.

The audit spans 42 matched relative-source cases: Au-ITO/Au-air amplitude ratios 0, 0.25, 0.5,
1, 2, 4, and the Au-ITO-only endpoint, with eight relative phases for each nonzero finite ratio. These
coefficients deliberately test ranking sensitivity and are not a calibrated complex Xff). Upward and
downward fluxes are integrated on exact material-side faces, absorption is integrated in Au and
ITO volumes, and weak-form source work provides the energy reference. Table 5 shows that every
predefined numerical gate passes without relaxation.

Absorption remains the dominant normalized energy channel for both geometries, while C2-A5
has a larger radiative fraction over the ensemble (Figure 12). Across all 42 matched source cases,

the C2-A5/Reference normalized source-response ratio ranges from 11.732 to 11.996, with median

11.784. Boundary-excluded mean-field changes are also positive in every reported region: the
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Table 5 Exact-face numerical verification over the matched 42-case ensemble.

Quantity Reference C2-A5 Gate

Pump algebraic residual 4.585 x 107 2338 x 107* <5x 107
2w system residual 1.388 x 107* 4.920 x 107> <5 x 107
Maximum energy residual ~ 0.00467 0.00504 < 0.03

Surface-quadrature change ~ 5.45 x 107 549 x 107* < 0.002
Exact-face area error (um?) 1.72 x 1071  1.72x 107* <1071

median changes are 0.616 dex in the Au core, 0.917 dex in ITO beneath the pillar, 0.956 dex above
the cap, and 0.932 dex in the lateral air shell (Figure 13). Because the relative source coefficients
are unit normalized rather than material calibrated, these values establish only the stability and
direction of the geometry ranking. They are not predictions of the measured 2.10x ratio, absolute

SH power, or conversion efficiency.
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Normalized energy partition across the 42-case interface ensemble

Distributions over unit-norm relative complex Au-air/Au-ITO coefficients

A Radiative fractions B Absorbed fraction
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95%
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92%
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Upward Downward Total radiation Absorbed
. Reference 140 x 70 . C2-A5200 x 70

Fig 12 Normalized exact-face energy partition for 42 matched unit-norm relative complex Au-air/Au-ITO source-
coefficient cases. Boxes span the interquartile range, horizontal lines mark the median, and whiskers show the
minimum-to-maximum range. Absorption exceeds the total upward-plus-downward radiative fraction in every case.
Median upward, downward, and absorbed fractions are 0.81%, 4.91%, and 94.54% for the Reference and 1.20%,
5.48%, and 93.59% for C2-AS, respectively. The maximum relative energy-balance residuals are 0.00467 and 0.00504,
respectively, below the predefined 0.03 gate.
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C2-A5 enhancement relative to Reference

Minimum, median, and maximum across the matched 42-case coefficient ensemble
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Fig 13 C2-AS5 enhancement relative to the Reference in the exact-face driven-2w audit. Markers are medians and
whiskers show the full range over 42 matched unit-norm relative source cases. All quantities are normalized-relative; no

calibrated surface susceptibility or absolute-power inference is made.
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9 Discussion

The present work extends the earlier Project C methodology from a generic surface-shell SHG proxy
to an Au/ITO setting with explicit interface channels, a representative free-space SHG benchmark,
and an independent exact-face driven-2w audit. The main methodological lesson is that small-data
inverse design can remain useful when the surrogate is restricted to basin proposal and every
promoted label is checked by deterministic simulation. The five-fold statistics show only that KRR
is competitive in the inherited Project C window; the C2 contribution is a separate five-candidate
validation branch and is not a new large surrogate data set.

Compared with adjoint inverse design, the present workflow is less powerful but easier to
audit at small scale. Adjoint methods can optimize many degrees of freedom once the objective
is differentiable and coupled to the electromagnetic solver. Here, the screening objective is a
post-processed surface and interface proxy derived from stored linear fields, followed by a smaller
explicit 2w audit. The probe-offset diagnostic remains central because it reveals when an apparently
attractive interface fraction is a sampling-plane artifact; Equation (12) shows how that diagnostic
can become an active penalty in a subsequent design loop.

The operating point is not an ENZ experiment. Although ITO can exhibit large nonlinear
response near its ENZ region,®® the 0.92 ym pump is far from the modeled 1.40 ;zm ENZ wavelength.
The calculation does not include calibrated bulk X(Q), X(3), hot-electron dynamics, nonlocal response,
or heating. The exact-face calculation does include coherent driven-2w propagation, absorption,
and radiation, but only for normalized relative surface-source coefficients and under the undepleted-
pump approximation.

The magnitude of the reported enhancement is also intentionally modest relative to deliberately
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double-resonant plasmonic SHG designs. Reviews of metal-nanostructure SHG emphasize that
resonant antennas, gaps, lattice resonances, and double-resonance mechanisms can produce much
larger signal changes;* for example, a dolmen-type gold metasurface with coupled Fano and surface-
lattice resonances reported a 230-fold simulated SHG-intensity enhancement relative to a single-
resonance case.’ Against that context, the conservative C2-A5 r110 comparison in Figure 11(a)—
2.03x in the absolute interface proxy and 2.10x in the representative SHG peak ratio—should
be read as a within-platform ranking signal, not as a record-efficiency claim. The r130 0.91 ym
fixed-probe maximum sharpens the local proxy landscape but fails the probe-offset robustness gate,

so it is used to motivate a stronger robustness objective rather than to extend the headline label.

10 Limitations and Next Steps

The surface-SHG proxy and the exact-face cross-check are not absolute conversion-efficiency
models. The proxy sums Au-side and ITO-side contributions incoherently and uses normalized
tensor weights; the exact-face solve restores coherent 2w radiation but still uses unit-norm relative
interface coefficients rather than a calibrated complex susceptibility. The r130 0.91 pm fixed-probe
maximum is not label grade because its total proxy varies by 0.292 log; units over the 2—4 nm
probe-offset test. The free-space result is representative rather than statistical, so device-to-device
variation, formal power-law uncertainty, and collection efficiency remain to be quantified. A device-
level claim would require repeated fabricated arrays, calibrated material coefficients, uncertainty
propagation, a robustness-aware objective such as Equation (12), and a coupled treatment if pump
depletion or nonlinear back-action becomes appreciable. The present result is therefore deliberately

limited to normalized-relative ranking under the undepleted-pump approximation.
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11 Conclusion

This work presents a PC-scale, probe-aware inverse-design workflow for Au/ITO hybrid nonlinear
nanopillars, benchmarked by a representative free-space SHG comparison and an exact-face driven-
2w cross-check. The central idea is to separate basin discovery, direct proxy validation, numerical
robustness testing, and physical benchmarking. The workflow combines a provenance-bounded
surrogate, direct MEEP FDTD labels, probe and mesh diagnostics, p2 mixed-HCurl verification,
and filtered 460 nm measurements. It is an auditable normalized-relative screening pipeline rather
than a claim of ENZ-mediated enhancement or absolute conversion efficiency.

Applied to Au nanopillars on an ITO film, the updated C2-A validation identifies C2-AS, a
20070 nm pillar, as the current r110-confirmed winner at 0.92 pm. At this label level, C2-AS gives
total proxy 1.0344 and absolute Au-ITO interface proxy 0.2195. These values are 1.25x and 2.03 x
larger, respectively, than the previous 140x70 nm r110 reference, and the representative free-space
SHG measurement gives a peak ratio of about 2.10 under the same nominal pump wavelength,
following the simulated interface-proxy trend. The C2-AS5 r130 gate over 0.90-0.94 ;zm keeps the
nominal 0.92 pym point within +0.019 log;( units of the r110 value and resolves a larger 0.91 ym
fixed-probe local maximum with total proxy 2.6225, but the 0.91 pm point is retained as a diagnostic
feature because its total proxy changes by 0.292 log;( units under probe-offset variation. Matched
central field-slice maps support the presence of broad sidewall and contact-region enhancement in
the promoted geometry, but they do not remove this probe-definition qualification. The 22050 nm
geometry remains useful, but in a different role: it is a resolution and probe-definition diagnostic
whose 0.92 ;m resonance survives an r130 local wavelength check, while its absolute response

remains well below C2-AS.
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The most important methodological result is that interface fraction is not a robust final opti-
mization label in this formulation, and that even total proxy must pass a probe-offset check before
a refined hotspot amplitude is promoted. C2-AS5 initially appeared strongly interface weighted at
r70, with a nominal interface fraction of 48.3%, but the same candidate drops to 21.2% at r110.
Together with the r110 2/3/4 nm probe-offset tests and the C2-AS5 r130 check, this behavior shows
that near-boundary quantities can be strongly affected by resolution and sampling-plane definitions.
The safer result is a probe-qualified relative-channel landscape: total proxy and non-fractional
interface proxy can identify stronger r110 candidates, while interface fraction and fixed-probe r130
extrema remain diagnostics until they satisfy the same robustness criteria.

The broader contribution is therefore not a record-efficiency metasurface, but a reproducible
validation chain for early Au/ITO nonlinear-nanophotonic design. Its transferable element is the
sequence of provenance control, direct reruns, mesh/probe gates, exact-face energy closure, and
experimental ranking checks. The next stage is to add repeated-array statistics and calibrated
interface coefficients so that the normalized-relative workflow can progress toward device-level

power and efficiency predictions.
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Supporting Information, source files, simulation scripts, and processed representative measurement
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associated with this manuscript.
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