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ABSTRACT

The intrinsically weak nonlinear optical response of existing materials, further constrained by symmetry-forbidden second-
order processes in centrosymmetric media, severely limits efficient frequency conversion in deeply subwavelength, ultrathin
volumes. Addressing this challenge is crucial for the development of nonlinear nanophotonics. Here, we show that atomically
thin, epitaxially grown crystalline silver films circumvent these restrictions through the interplay of vertical electronic quantum
confinement and lateral plasmonic enhancement. We fabricate atomically thin films that exhibit an enhanced nonlinear response
associated with electronic quantum wells, and subsequently pattern them into periodic nanoribbon and nanotriangle arrays
sustaining infrared localized surface plasmon resonances. Strong near-field confinement in these structures further boosts
second-harmonic generation compared to unpatterned films. Precise control over nanostructure geometry enables spectral
tuning of the plasmonic resonance, and consequently, the enhanced harmonic frequency. Our findings establish an approach
for activating robust second-order nonlinearities in quantum-confined metals, where intrinsic size effects and plasmonic
resonances act synergistically. The compatibility of high-quality epitaxial growth with microchip fabrication technology offers
a scalable route toward ultracompact nonlinear optical components for on-chip frequency conversion, sensing, and quantum
photonic applications.

1 | Introduction [1-3]. Traditionally, second-harmonic generation (SHG) has been
realized using bulk non-centrosymmetric crystals such as lithium
Since the discovery of nonlinear optical phenomena, consid-  niobate [4, 5], potassium titanyl phosphate [6], or beta-barium

erable effort has been devoted to identifying materials that  borate [7], where symmetry breaking in their crystal struc-
display substantial nonlinear responses at low optical intensities tures enables efficient second-order nonlinearities. While these
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materials exhibit comparatively strong nonlinear coefficients,
their large interaction volumes and stringent fabrication con-
straints (including phase-matching requirements) limit their
seamless integration with on-chip photonic nanodevices.

To address this challenge, a broad range of alternative SHG
platforms has been explored, including plasmonic metamaterials
[8-10], two-dimensional (2D) materials [11-13], quantum dots [14,
15], and other emerging nonlinear nanophotonic systems [16-18].
Efforts along these directions have focused on the develop-
ment of non-centrosymmetric materials and resonant nanopho-
tonic architectures capable of enhancing nonlinear light-matter
interactions.

Recent years have witnessed major advances in ultrathin non-
linear optical platforms, including layered ferroelectrics, rhom-
bohedral van der Waals crystals, dielectric metasurfaces, and
hybrid resonant nanostructures. For example, ferroelectric NbOI,
nanosheets have demonstrated effective nonlinear susceptibil-
ities approaching the 10° pm/V range together with peak-
intensity-normalized SHG conversion efficiencies exceeding 0.2%
under resonant excitation conditions [19], while rhombohe-
dral 3R-MoS, structures have exhibited resonantly enhanced
nonlinear susceptibilities approaching ~ 800 pm/V together
with SHG enhancement factors exceeding two orders of mag-
nitude in resonant nanodisk geometries [20]. More recently,
periodically poled layered semiconductor structures based on
3R-MoS, have enabled quasi-phase-matched nonlinear fre-
quency conversion efficiencies approaching the 0.1% range over
micrometre-scale interaction lengths [13]. Likewise, dielectric
metasurfaces and quasi-bound-state-in-the-continuum architec-
tures integrated with layered semiconductors have demonstrated
SHG enhancement factors exceeding 10° through strong resonant
field confinement [21].

While each of these novel nonlinear platforms offers distinct
advantages and enhancement mechanisms, atomically thin crys-
talline noble metals provide access to a complementary nonlinear
nanophotonic regime in which conduction electrons are verti-
cally confined, giving rise to quantum finite-size effects and the
formation of quantum-well states (QWS) that modify the metallic
electronic band structure and can enhance the nonlinear optical
response [22-27]. In parallel, plasmonic resonances supported
by such ultrathin crystalline metallic films sustain high-quality,
deep-subwavelength optical confinement at visible and near-
infrared frequencies [28, 29]. Combined with additional lateral
field enhancement enabled through nanopatterning, these ultra-
thin crystalline metallic nanostructures support enhanced SHG
together with strong optical near-field confinement, tunable plas-
monic resonances, scalable fabrication, and direct compatibility
with silicon-based nanophotonic architectures.

The geometry and size of nanostructures critically influence
their plasmonic behavior [30]. Precise control over these param-
eters is essential to ensure that localized plasmon resonances
match the excitation conditions required for efficient nonlinear
conversion. A variety of techniques have been developed to
meet such fabrication demands, including ion-beam milling [31],
colloidal synthesis [32], self-assembly organization [33], electro-
chemical deposition [34], and vapor deposition methods [35],
among others. While each approach offers distinct advantages,

they often fall short in resolution, spatial control, or substrate
compatibility when applied to subnanometer-scale volumes. In
addition, achieving high-quality, scalable, and tunable plasmonic
resonances that enhance the local field strength also requires
minimizing losses, particularly in metallic films, which often
require tuning the deposition parameters [36].

In this work, we overcome fabrication challenges by com-
bining epitaxially grown ultrathin silver films with precise
lateral patterning of periodic nanostructures [28, 29] to achieve
an efficient nonlinear optical response. Using high-resolution
electron-beam lithography (EBL), we fabricate well-defined pla-
nar arrays of crystalline silver nanostructures that enable tunable
plasmonic resonances featuring high quality factors and deep-
subwavelength confinement. Large boosts in SHG are observed,
driven by vertical electronic confinement and lateral plas-
monic enhancement associated with their atomic-scale thickness
(Figure 1). Specifically, we fabricate crystalline silver ribbons
and triangles with thicknesses ranging from 7 to 14 monolayers
(MLs) (i.e., ~ 1.7 — 3.3 nm thickness), (111) surface orientation,
widths in the W = 50 — 400 nm range, and periods P =3 W.
The epitaxial growth of the metal film, followed by surface
passivation with 3 — 4 MLs of gold, bears critical importance to
minimize the density of defects and grain boundaries, resulting in
high plasmon quality, low optical damping, and enhanced SHG.
Our results establish a promising strategy for integrating strong
nonlinearities into nanophotonic architectures, advancing the
long-standing goal of realizing efficient nonlinear optical devices.

2 | Results

We focus on the nonlinear optical properties of atomically thin
(few-monolayer) epitaxially grown crystalline silver films of (111)
surface orientation capped with a few monolayers of gold (see
Methods). The gold capping layer, which closely matches the
lattice constant of silver, grows epitaxially and enhances the struc-
tural stability of the heterostructure while preventing oxidation
of the underlying silver. The growth protocol is optimized to
produce high-quality crystalline films, as explained elsewhere
[28]. Achieving ultrathin noble-metal layers that are simultane-
ously stable and possess high crystalline quality is generally not
feasible with conventional thin-film deposition techniques such
as sputtering [37] or wet-chemical synthesis [38], although recent
approaches based on atomic-level precision chemical etching
have demonstrated nanometer-scale control [26].

Here, we employ epitaxy, which provides a robust and repro-
ducible route to synthesize atomically smooth and laterally
uniform films, which are crucial for sustaining coherent plas-
monic and nonlinear optical responses in a platform suitable
for nanophotonic applications. As an indication of the film
quality, we clearly observe nearly parabolic electronic bands in
angle-resolved photoemission spectroscopy (Figures 1b and S1),
associated with vertical QWS in the metallic films [39]. The
separation between QWS allows us to determine the number of
(111) atomic layers in each film, narrowly distributed around a
central value; otherwise, in a much thicker (bulk-like) film, the
discrete sub-bands overlap due to inhomogeneous broadening,
effectively approaching a continuum-like response. The epitaxial
growth mechanism, implemented under carefully controlled
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FIGURE 1 | Plasmon-enhanced second-harmonic generation (SHG) in ultrathin crystalline silver films. General scheme illustrating the generation
of an enhanced second-harmonic signal driven by vertical electronic confinement and lateral plasmonic near-field enhancement. (a) We consider
atomically thin crystalline metal nanoribbons capped with gold. Pairs of incident photons at the fundamental frequency w are converted into second-
harmonic photons at frequency 2w. The input and output light polarizations are oriented across the ribbons. (b) Dispersion diagrams of electronic
quantum wells in the metal revealed through angle-resolved photoemission spectroscopy (ARPES) performed on films consisting of 7 and 14 Ag(111)
monolayers (MLs), capped with 4 MLs of Au(111) each. (c) Electric near-field enhancement in response to plane-wave illumination calculated for p-
polarized light incident with an angle 6 =~ 13° and field amplitude E,. (d) Measured SHG intensity spectra at different excitation wavelengths 4, (see
labels) for various nanostructure geometries, including the bare silicon substrate and the unstructured metal film for reference, as well as periodic ribbon
and triangle arrays. The metal thickness is 7+4 MLs of Ag+Au. The ribbon width and triangle side are W = 150 nm for 45 = 3.1um and W = 110 nm

for the two other wavelengths, while the period is 3 W in both cases.

pressure and temperature conditions, enables the deposition of
high-quality, low-loss crystalline metal films (see Methods). We
visualize the presence and density of QWS in Figure 1b by
comparing angle-resolved photoemission spectroscopy (ARPES)
measurements of ultrathin films with two different thicknesses (7
and 14 MLs of silver). We aim to exploit the vertical confinement
of conduction electrons in these films to enhance SHG [27]: as the
film becomes thinner, electronic states are increasingly quantized
in the out-of-plane direction, giving rise to more widely separated
QWS (Figure 1b); this enhanced level spacing produces a more
atomic-like optical response and, consequently, stronger nonlin-
ear behavior; in this regime, the out-of-plane electron dynamics
departs from the quasi-harmonic behavior characteristic of the
bulk metal; equivalently, the QWS no longer resemble the nearly
equally spaced ladder states of a parabolic potential.

It is also well established that nonlinearities can be boosted in
nanoparticles through the mediation of plasmonic resonances
[40-42], which strongly enhance the near field, creating favorable
conditions for efficient SHG. To harness this effect, we pattern
our epitaxially grown crystalline metal films into periodic nanos-

tructures using EBL, enabling precise control over the lateral
geometry (i.e., shape, size, and periodicity; see Figure S2) and the
resulting plasmonic resonances. At the plasmon frequency, the
electric near field can be substantially enhanced relative to the
incident field, as schematically illustrated for a dipolar resonant
ribbon in Figure Ic.

In this work, we combine these two approaches (i.e., vertical
electronic confinement provided by atomically thin crystalline
metal films and lateral plasmonic confinement introduced
through electron-beam patterning of the same films) to produce a
strong second-harmonic response from otherwise centrosymmet-
ric noble-metal crystals. As illustrated schematically in Figure 1d,
we investigate SHG under different excitation wavelengths from
silver ribbons with thicknesses of only a few atomic monolayers
(7 ML silver capped with 4 ML of gold in this figure) and
lateral widths ranging from tens to hundreds of nanometers. The
response of nanoribbon arrays is compared with that of extended
films, the substrate signal, and nanotriangles of similar lateral
dimensions. The presence of an unpatterned metal film produces
alarge boost in the SHG signal relative to the bare substrate, while
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Spectral and geometrical dependence of SHG enhancement. (a) Scheme of the structures under consideration, consisting of Au-capped

Ag-ribbon arrays (width W, period P = 3 W). (b,c) Calculated and FTIR-measured reflectance spectra for different ribbon widths. (d) Measured SHG
enhancement of the ribbon arrays relative to the SHG signal of the homogeneous metal film for three different incident light wavelengths 4, as a function
of ribbon width. (e) FTIR-measured reflectance at the three excitation wavelengths for the same sample as in (d). Silver ribbons lie on a Si substrate,
have a fixed thickness of 11 MLs of Ag(111), and are capped with 4 MLs of Au(111).

lateral nanostructuring further enhances the nonlinear response,
with the highest enhancement found for ribbons. The effect is
strongly wavelength-dependent, as illustrated by the presence
of additional spectral structure adjacent to the second-harmonic
wavelength when the fundamental wavelength is 4, = 1.975 or
2.3 um, in contrast to the sharper response for 4, = 3.1 um. In
the following, we present a more quantitative study of the SHG
generated by atomically thin silver nanoribbons, considering
only the SHG signal originating from the region of interest and
neglecting any residual contributions observed in the spectra
shown in Figure 1d.

To investigate the enhancement of SHG through engineered
plasmonic resonances, we fabricated a set of periodic silver ribbon
arrays on a silicon substrate. The period-to-width ratio was set to
P/W = 3 (see Figure 2a). In the fabrication process, the width W
was varied from 50 to 150 nm in steps of 20 nm, and from 150
to 400 nm in steps of 50 nm. We also examined the thickness
dependence of SHG by comparing silver films of 7, 11, and 14 ML
(~1.65,~2.60, and ~ 3.31 nm, respectively), each of them capped
with 4 ML of Au (~1 nm). Representative secondary-electron-
emission (SEM) images are shown in Figure S2.

To determine the spectral position of the plasmonic resonances,
we first simulated the reflectance spectra (see Methods) and
then validated the results experimentally using Fourier-transform
infrared spectroscopy. Measurements were performed over a
broad infrared spectral range from 1.2 to 5 um, using a gold mirror
as a reference. Simulated and measured reflectance spectra
are plotted in Figure 2b, c, respectively, for ribbons patterned

on 11 ML silver films with increasing widths (colored curves),
showing a good overall agreement. The small discrepancies in
peak amplitude likely arise from experimental imperfections,
including defects in the silver layer, small deviations from the
nominal ribbon dimensions, and limitations associated with the
EBL fabrication process. We corroborate a scaling of the light
wavelength at which the plasmon emerges as « /W /d with
ribbon width W and film thickness d, as predicted in a previous
study [28]. Such a scaling is maintained for all film thicknesses
under consideration (see Figure S3). Based on these results, we
correlate the linear optical response with the nonlinear optical
measurements, as discussed below.

The resonant plasmonic ribbons significantly enhance the SHG
efficiency compared with a planar metal film of the same
thickness (see Figure 2d). Note that this enhancement originates
from the response of the ribbons to polarization along their width,
as confirmed by examining the dependence of the SHG signal
on the polarization of both the exciting light and the generated
output (see Figure S4). In particular, we focus our nonlinear mea-
surements on excitation wavelengths of 1.98, 2.3, and 3.1 um. The
largest enhancements for each excitation wavelength occur when
the ribbon width is resonant with the fundamental (excitation)
wavelength (cf. Figure 2d, ). These results corroborate that near-
field enhancement in plasmon-resonant structures increases the
SHG signal. Conversely, for ribbon widths that are off-resonance
at a given excitation wavelength, the SHG response can be even
weaker than that of a planar metal film of the same thickness. We
attribute this reduction to the smaller effective lateral interaction
area of the ribbons compared with a continuous planar film when
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no plasmonic enhancement is present. Absolute SHG powers are
shown in Figure S5 for 2.3 um excitation as a function of the
average pump power. A clear quadratic dependence is observed
in the intermediate regime, followed by saturation at sufficiently
high powers. Using an analysis analogous to that reported in
Ref. [27] for unpatterned films, these results correspond to large
effective SHG susceptibilities.

We further compare the experimentally measured and theoreti-
cally calculated enhancement ratio of the SHG signals produced
by ribbon-patterned and unpatterned films for Ag films of three
different thicknesses (7, 11, and 14 ML silver, from top to bottom,
respectively, all coated with 4 ML gold) as a function of the
ribbon width W and for excitation wavelengths 4, = 1.98 um
(left), 2.3 um (center), and 3.1 um (right).

For the experimental data (solid curves), the enhancement factor
is obtained by normalizing the peak SHG power measured from
the patterned ribbon arrays to that measured from an unpatterned
film of the same thickness under identical illumination condi-
tions. The SHG conversion efficiencies of the unpatterned silver
films, which serve as the reference for the reported enhancement
factors, are shown in Figure S8. The procedure used to extract the
SHG conversion efficiencies is illustrated in Figure S5, following
the model described in Ref. [27].

In the theoretical calculations, owing to the centrosymmetric
crystallographic structure of the bulk metal, we describe the SHG
signal in terms of the nonlinear surface susceptibility, which is
assumed to be local, independent of crystallographic orientation,
dominated by the normal component x3'¢, and unaffected by
film nanostructuring. Under these assumptions, the susceptibil-
ity enters as an overall multiplicative factor in the calculation of
the far-field SHG amplitude and, consequently, cancels when tak-
ing the ratio of the nonlinear intensities generated by patterned
and unpatterned films. The induced second-harmonic surface
polarization density is given by the product of the nonlinear
susceptibility and the square of the normal component of the
fundamental near field, and is therefore also directed normal
to the surface. By virtue of reciprocity, the far-field amplitude
generated by this polarization density at the detector position can
be evaluated from the surface-normal field induced by a plane
wave incident from the detector direction at the second-harmonic
frequency. The nonlinear signal is thus obtained from the surface
integral of the squared fundamental surface-normal near field
multiplied by the reciprocity-related second-harmonic surface-
normal near field (see Methods). Given the in-plane translational
invariance of the samples under the illumination conditions
considered here, this surface integral reduces to a contour integral
(see Figure S10).

The dependence of the SHG enhancement on ribbon width is in
qualitative agreement with theory for all excitation wavelengths
and film thicknesses considered. The enhancement is peaked at
wavelength- and thickness-dependent ribbon widths that are also
consistent with the resonances identified from the reflectance of
the structured films (Figure 3j-1). The SHG enhancement exhibits
a significantly more pronounced modulation than the FTIR
reflectance, as expected from the nonlinear nature of the process.
In addition, the finite spectral bandwidth associated with the
pulsed excitation can be neglected relative to the spectral width

of the underlying plasmonic resonances. Some discrepancies in
magnitude are observed between the experimental and theo-
retical enhancement ratios. These discrepancies are generally
smaller than one order of magnitude, except for the thinnest
film thickness at the shortest wavelength. We attribute them pri-
marily to simplifications in the theoretical model, which ignores
nonlocal effects and assumes a uniform nonlinear susceptibility
that is independent of crystallographic orientation and unaffected
by the strong surface-curvature variations at the ribbon edges.
Additional effects not included in the model may also contribute,
including quantum finite-size effects that modify the surface
response, particularly at the smallest thicknesses, as well as
imperfections in the fabrication process.

Overall, the observed SHG behavior is consistent with that
expected from localized plasmon resonances, as the highest
enhancements are observed where the linear reflectance is
peaked (Figure 3j-1), corresponding to ribbons that are resonant
at the respective values of the incident wavelength 4,, undergoing
plasmon-enhanced local-field confinement. As the ribbon width
deviates from the resonance condition, the SHG signal gradually
decreases due to the reduced overlap between the fundamental
mode and the plasmonic resonance. This behavior highlights the
critical role of geometrical tuning in achieving optimal nonlinear
conversion. By systematically engineering the ribbon width, SHG
can be selectively enhanced at specific excitation wavelengths,
providing a versatile degree of tunability in plasmon-enhanced
nonlinear structures. The present results should stimulate quan-
titative predictions of the SHG yield from full electronic-structure
calculations that account for the surrounding environment
and track the many-body dynamics of thin crystalline metallic
structures under strong external illumination.

The SHG enhancement discussed in Figure 3 focuses on nanorib-
bon arrays. Comparable and consistent behavior is observed for
other geometries, such as periodic nanotriangles (Figure S6), with
similar trends after normalization by the metal filling fraction,
reflecting geometry-dependent field confinement.

3 | Conclusions

In summary, we have demonstrated a double mechanism for
SHG enhancement from laterally patterned ultrathin crystalline
metallic films: on top of the nonlinear enhancement associated
with vertical quantum confinement of conduction electrons [27],
we observe plasmonic confinement associated with plasmon
resonances that produce strong lateral optical-field confinement
in patterned nanostructures. We based our results on experi-
mental measurements in good agreement with electromagnetic
simulations. Similar levels of SHG enhancement are observed
for different types of structures, such as ribbon and triangle
arrays, which are compared in Figure S6. A key ingredient in
this study has been the stability of the films, consisting of 7-
14 ML of silver passivated with 4 ML of gold. Looking ahead,
lateral engineering of the patterned nanostructures could produce
even larger enhancement, including double resonances (i.e., at
both the fundamental and the second-harmonic frequencies).
Lattice resonances in periodic structures could produce addi-
tional boosts of the SHG signal. Other frequency-conversion
processes, including spontaneous parametric down-conversion,
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FIGURE 3 | Variation of SHG enhancement with Ag film thicknesses. (a-i) Experimentally measured (solid curves) and theoretically estimated
(dashed curves) SHG enhancement, referenced to the corresponding unpatterned ultrathin metal film, as a function of ribbon width for different film
thicknesses (7 ML (a-c), 11 ML (d-f), and 14 ML (g-i) of Ag) and incident light wavelengths (15 = 1.98 um (a,d,g), 2.3 um (b,e,h), and 3.1 pm (c,f,i)).
All samples are coated with 4 ML Au. (j-1) Measured reflectance at the SHG excitation wavelengths as a function of ribbon width for the thicknesses

considered in panels (a-i) (color-coordinated curves) at the same fundamental excitation wavelengths.

should also be explored to take advantage of the strong spatial
confinement offered by patterned ultrathin metallic films, with
potential applications in nanoscale lasers and field amplifiers.
Overall, these results offer a promising route toward integration
of ultrathin nonlinear plasmonic platforms into sophisticated
silicon photonic circuits, enabling on-chip frequency doubling
and other nonlinear optical functionalities. Such systems are
amenable to miniaturization and tuning, rendering them strong
candidates for next-generation nanophotonic devices.

4 | Methods
4.1 | Fabrication of Atomically Thin Silver Films
Crystalline gold-capped silver films were deposited in an ultra-

high vacuum (UHV) chamber with a base pressure of 1.0 X
107° mbar on substrates consisting of 4 x 12mm? n-doped

Si(111) chips with a resistivity of 120 — 340 Qcm, corresponding
to a dopant concentration of 1.3 — 3.7 X 10"3cm=3. This doping
concentration ensured a sufficient electrical conductivity for
surface science applications and smooth deposition without
compromising the plasmonic and optical performance of the
Ag-Au hybrid films.

For the processing of the films, the Si(111) substrates were first
degassed overnight in UHV at 900K, and then flashed to 1400K
for 20 — 30s to remove the native oxide layer. The temperature
was subsequently lowered to 600 K, maintained for 30 min, and
then cooled to room temperature, producing an atomically clean,
defect-free Si(111) surface with a 7 X 7 reconstruction.

Silver atoms were evaporated from an electron-bombardment
evaporator, with the deposition rate calibrated to sub-monolayer
accuracy using a quartz crystal microbalance, and verified by
photoemission probing of the characteristic 1 —2ML Ag(111)
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surface states [43]. Film growth followed a two-step procedure:
Ag was deposited with the substrate cooled to 100 — 120K, and
then slowly annealed to room temperature [44]. The typical
deposition rate was ~ 0.3 ML/min, although comparable quality
was obtained for rates between 0.1 and 0.5 ML/min. A few (~
4) MLs of gold were then deposited for film passivation. The
deposition temperature, maintained near 100K, was found to
be the key parameter for achieving high-quality films. Scanning
tunneling microscopy was also used to verify that the surface
exhibits sub-atomic-monolayer RMS roughness (Figure S9).

4.2 | Fabrication of Periodic Nanostructure Arrays

Periodic nanoribbons and nanotriangles of varying sizes were fab-
ricated from these crystalline Ag-Au thin films using a CRESTEC
EBL system. The films were first spin-coated with a negative-tone
ARN 7520.07 resist at an angular velocity of 4000 revolutions per
minute for 1 min, yielding a final resist thickness of ~ 150 nm.
To preserve metal film quality, no baking was applied after spin-
coating. The electron-beam source was operated at 50 keV with a
current of 50 pA. The area dose of the ARN 7520.07 resist was set
to 400 wC/cm?. An optimum dwell time of 0.7 s was found from
a series of test exposures covering the 0.1 — 1.0us range around
the theoretical estimate of 0.72 us. These tests were carried out
by fixing the write field of the EBL exposure at 60 um with a
discretization step of 6 nm. Patterns were exposed in a raster-
scanning mode. EBL-exposed regions in the chips were developed
by immersion in an AR 300-73 developer for 1.5 min, followed
by immersion in DI water for 30 s. The exposed regions resulted
in the formation of a patterned resist mask according to the
geometrical requirements of the particular nanoparticle arrays.
Pattern transfer was carried out by argon plasma dry etching in
an Oxford PlasmaLab 80 Plus reactive ion etching (RIE) system,
where physical sputtering removed the unprotected Ag-Au thin
film regions, thereby yielding the final nanoparticle arrays.

4.3 | Optical Characterization

Plasmon spectra were acquired in the far field using a Bruker
Hyperion Fourier-transform infrared (FTIR) spectrometer oper-
ating over a spectral range of ~1.2 — 16 um. Measurements were
carried out in a reflection geometry under normal incidence with
linear polarization across the ribbons, using a gold mirror as a
reference for normalization.

4.4 | SHG Measurements

SHG measurements were conducted using a modified focus-scan
setup [27] (Figure S7), in which the SHG signal was recorded
as the sample was translated along the optical axis through the
excitation focus. Lateral positions were probed by moving the
tilted sample within the focal plane. The excitation consisted of
linearly p-polarized Gaussian pulses (orthogonal to the long axis
of the nanoribbons and perpendicular to a side of the equilateral
triangles) with pulse duration 7 &~ 200 fs and repetition rate f =
76 MHz, generated by an optical parametric oscillator pumped
by a Ti:Sapphire laser. The center wavelength A, was tunable

from 1.975 to 3.1 um. Slight daily variations in pulse duration and
repetition rate were observed and accounted for.

A half-wave plate and polarizer ensured linear polarization, while
two 20 mm lenses focused the excitation beam (waists o = 11.8,
13.8, and 17.0 um characterized for 1, = 1.975, 2.3, and 3.1 pm,
respectively, estimated from the intensity I(x, y) o« e=***"/%” ag
a function of lateral position (x, y) relative to the maximum). For
the corresponding SHG signals, a reduction of the waist by \/5
was assumed. Excitation from the back side avoided substrate
absorption of the nonlinear signal emitted from the metallic
structures placed on the front side. At the silicon interface, the
incident angle was refracted from 45° in air to 6 = 13° inside
the substrate, as estimated from Snell’s law with the refractive
index of the material [45]. After collimation, the nonlinear signal
was isolated with transmission filters, coupled into a multimode
fiber, and detected by single-photon detectors based on InGaAs
or Si (1, = 1.975 um). Signal spectra were verified using a Nireos
interferometer-based spectrometer via Fourier-transformed auto-
correlation. Power drifts during acquisition were below 1% over
20 — 30 min.

The average excitation power P,,. was measured before the
focusing lens, and the SHG power Pg;; was extracted from
the detector count rate, with both corrected for optical trans-
mission. The SHG response was characterized as a function
of excitation power for each region of interest. A quadratic
dependence was observed and fitted, while detector dark counts
and saturation were included in the model. The SHG conversion
efficiency was defined as 7 = Igyg peax /I g,pcak. The excitation peak
intensity inside the silver film followed as Ij e = 2Ppear/A,
where P is the peak power of a single pulse and A the
illumination area. For oblique incidence, an area A = nog secf
was approximated for an ellipse defined from the beam waist
o, and incidence angle 6 inside the silicon. The peak power
was obtained from the average power as Ppe,x = (fohape/ S T) Paves
where the factor f,,p. = 0.94 corrects for lateral Gaussian pulse
profiles.

4.5 | Theoretical Calculation of Enhancement
Factors

We define the enhancement ratio as the SHG intensity produced
upon transmission of light through nanostructured ultrathin
metal films divided by that produced by extended homogeneous
films. For simplicity, we restrict our calculations to ribbon arrays,
although the approach can be readily extended to periodic
arrays of triangles or other geometries by integrating over the
two-dimensional in-plane coordinates.

We assume that the SHG intensity scales with the squared
magnitude of the second-harmonic polarization, which, as a
rough approximation, is taken to be locally proportional to the
square of the linear electric field at the fundamental frequency
w. The electric near fields E}® and E]F right outside the surfaces
of the metal nanoribbons (NRs) and uniform thin films (TFs),
respectively, are obtained numerically, as detailed below. For
homogeneous films, the numerical results are in close agreement
with the analytical theory for planar interfaces [46].
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Because the crystal lattice of the metal is centrosymmetric, we
only consider an SHG surface polarization in both the structured
and uniform films. This quantity is proportional to the nonlinear
surface susceptibility, which we assume to be local, independent
of surface orientation, and unaffected by nanostructuring (i.e.,
identical in the two configurations). We further assume that
the surface susceptibility is dominated by the surface-normal
component y3 L l |- Consequently, the susceptibility enters the SHG
far-field intensity as an overall multiplicative factor that cancels
when taking the ratio of the nonlinear intensities generated by
patterned and unpatterned films.

We thus have a surface polarization oriented perpendicular to
the metal boundary, whose magnitude is proportional to the
nonlinear susceptibility and to |E,, | |*. To determine the radiation
reaching the detector, we invoke electromagnetic reciprocity
rather than explicitly propagating the emitted second-harmonic
field. Specifically, the coupling to the detected far-field mode
is obtained from the normal electric-field component at 2w
generated when the structure is illuminated from the detec-
tion direction. The resulting SHG amplitude can therefore be
expressed as an integral over the metal surface involving the
product of the local fundamental-field factor [E, ]* and the
corresponding reciprocal field at the second-harmonic frequency
E,, . For the illumination geometry considered here, transla-
tional symmetry along the invariant in-plane direction allows the
surface integration to be reduced to a one-dimensional contour
integral, as illustrated in Figure S10. From these considerations,
the enhancement ratio reduces to

}i ds [ MR (r, )] ENRL(rS)

<1)
Jas e B,
TF

SHG enhancement =

where the integrations are performed along the NR and TF
boundaries, respectively. For the NR, the path forms a closed loop
around a single ribbon, whereas in the TF it follows the upper
and lower interfaces over a distance equal to the period of the
corresponding patterned structure. We use s as the arc-length
parameter along the respective contours. This model is used to
generate the theoretical results shown in Figure 3.

4.6 | Simulation of Optical Electric Fields

Near fields in the nanostructures were calculated from 2D sim-
ulations in the frequency domain using COMSOL Multiphysics,
introducing periodic boundary conditions along the lateral direc-
tion of array symmetry to emulate the periodic structure, and
perfectly matched layers along the out-of-plane direction. We con-
sidered a p-polarized incident plane wave impinging on the air-Si
interface at an angle of 45° and in-plane orientation as in the
experiment. A Drude-like permittivity €,,(w) = €, — @} /[w(w +
i§y)] was used for the metals, with parameters hiw, = 9.17 eV,
hy =21 meV, and ¢, = 4 for silver, and hw, =9.06 eV, hy =
71 meV, and ¢, = 9.5 in gold, as extracted by fitting measured
optical data [47]. A correction factor £ was introduced to account
for additional damping produced by imperfections introduced
during the fabrication process (see main text). More precisely,

results are fitted with £ = 3, 5, and 7 for films containing 14, 11,
and 7 Ag MLs, respectively.
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