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ABSTRACT: Metasurfaces leveraging nonlocal resonances enable narrowband
spectral control and strong near-fields, with applications spanning augmented
reality, biosensing, and nonlinear optics. However, the large spatial extent of these
modes also poses new challenges: finite-size effects often deteriorate the
performance of practical, footprint-limited devices. Here, we develop a
spatiotemporal coupled-mode theory model that intuitively and quantitatively
captures how finite size affects the scattering response of nonlocal metasurfaces.
This reveals that, when the modal propagation length becomes constrained by the
physical interaction length, the scattered field shows strong interference fringes
and line width broadening. We derive an expression for the quality factor that
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incorporates an additional edge-loss channel, demonstrating that the stored energy and eftective lifetime scale exponentially with the
interaction length. We validate these predictions experimentally using position- and momentum-resolved spectroscopy on a 30-ym-
wide metasurface. Overall, this work formalizes the impact of finite size on the scattering response of nonlocal photonic systems, and

provides handles on how to minimize the impact of finite-size effects in metasurface design.
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B INTRODUCTION

Over the past decades, planar arrays of resonant nanostruc-
tures—metasurfaces—have evolved from simple optical
components mimicking their bulk counterparts to complex
systems performing a multitude of novel functions."” Using a
variety of materials and geometries to tailor the scattering
response of dielectric or metallic nanostructures, local
metasurfaces can sculpt the spatial phase profile of an
impinging wavefront with deeply subwavelength resolution.
Increasingly, though, optoelectronic technologies require
narrowband selectivity and strong light—matter interactions
that are difficult to achieve with deeply subwavelength meta-
atoms, whose quality (Q) factors tend to be low.

Nonlocal metasurfaces, which harness spatially extended
modes such as guided- mode resonances’ > and quasi-bound
states in the continuum,®”® have emerged as a promising
alternative to local metasurfaces.” These long-lived resonant
states can support extremely high Q-factors,'’™'? thereby
delivering tremendous spectral resolution and near-field
enhancements. Recently, it was even shown that nonlocalities
can be engineered with locally varying features to simulta-
neously command both the spectral and spatial degrees of
freedom.">™"° Combined, these properties enable wide-ranging
applications in biomolecular sensing,m_18 coherent light
sources,'” "' free-space modulators,zz_24 mixed-reality eye-
wear,”>*° nonlinear optics,”’~>” optical image processing,”””'
thermal metasurfaces,””*’ and wavefront shaping.**™*® 1t is
therefore compelling to embrace nonlocal metasurfaces in the
move toward ultracompact optical devices.
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In the pursuit of miniaturizing meta-optical devices, the
lateral dimensions of metasurfaces are increasingly compressed
to fit within limited footprints. Whereas the impact of finite
sizes can largely be ignored for local metasurfaces, with only
select works investigating them,””™* the inherent delocaliza-
tion of high-Q resonances in nonlocal metasurfaces implies
that finite-size effects can no longer be neglected.”>""*
Indeed, not long after the introduction of guided-mode
resonant gratlngs,43 “#* it was realized that finite sizes can
degrade their performance.”” > While these early works
established the importance of finite-size effects on the
resonance line width, they were often limited to empirical
observations, system-specific approximations, or limited to
simple scaling laws for the effective modal propagation
length,52 lacking a unified modeling framework that quantifies
the spatially dependent excitation as well as the spectral fringes
that are commonly observed around the resonance frequency.
This trend persists today, as nonlocal metasurfaces are still
typically simulated as infinitely periodic because finite arrays
come with excessive computational costs in full-wave solvers
and are not naturally captured using temporal coupled-mode
theory.”™> As a result, the resonant response of fabricated
devices is often influenced by the unpredictable corollaries of
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finite size, which has already motivated mitigation strat-
egies“’%_58 and theoretical investigations.sg’60 Nevertheless, a
broadly applicable predictive modeling framework has so far
remained elusive.

Here, we develop a model that intuitively and quantitatively
captures how a finite lateral footprint reshapes the scattering
response of guided-mode resonant metasurfaces. We use
spatiotemporal coupled-mode theory (STCMT), a recent
extension of temporal coupled-mode theory that captures
spatial inhomogeneity.”' ~** Our model explicitly accounts for
excitation of a traveling wave that can reradiate within a finite
aperture due to the limited grating width. We show that when
the physical interaction length becomes comparable to the
modal propagation length, finite-size effects fundamentally
modify the optical response, giving rise to excitation position-
dependent interference fringes and line width broadening.
Crucially, we derive expressions for the effective Q-factor and
stored energy, demonstrating that both scale exponentially
with the interaction length L, which is defined as the distance
over which the mode interacts with the grating after excitation
at xy, i.e., the scattering aperture (Figure la). We validate the
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Figure 1. Nonlocal metasurface with finite-size effects. (a) Incident
field s,(x', @) centered at x, excites a right-propagating quasi-guided
mode with amplitude a(x, t). The mode has an interaction length L,
over which it decays through intrinsic loss (I'y,) and reradiation
(T)- Power reaching the right edge of the grating at x = W cannot
radiate to free-space, and is represented by power flux P.q,. The
scattered field is denoted s_(x, w). (b) Modeled reflectance for an
infinite, and (c) a finite metasurface array, respectively, showing the
impact of finite size on the scattering response near the resonant
frequency @, or in-plane wavevector k...

model experimentally by fabricating a 30 ym-wide metasurface
and performing position- and momentum-resolved reflectance
spectroscopy. The measurements show remarkable agreement
with the theory, directly confirming the predicted size effects
and enabling quantitative extraction of the intrinsic and
radiative loss rates while accounting for the finite scattering
aperture. Altogether, this work establishes STCMT as an
invaluable tool for designing and interpreting footprint-limited
nonlocal metasurfaces.

B RESULTS

In this work, we study the effects of finite size on the optical
response of a reflective guided-mode resonator. Here, the
structure consists of a waveguide backed by a reflector and
with a subwavelength grating of period A patterned over a
finite width W (Figure la). The scattering problem is
described in terms of a single modal parameter a(x, t) that is
excited from free-space by a spatially localized input field
s.(x"). Compared to an infinite metasurface, lattice truncation
can fundamentally alter the scattered field s_(x) near the
resonant frequency @, or, equivalently, the in-plane wavevector
k, s introducing fringes and broadening the resonance (Figure
1b,c).

To determine the origin of the finite-size effects observed in
Figure 1c, we first start with an infinitely periodic system. We
consider a quasi-guided mode that is characterized by a
dispersion that is linearized around a point (@, f3,) as

Q(f) = wy — il + (B - ) (1)

where f} is the phase constant, v, is the group velocity, and I" =
I + ey is the rate at which the mode decays due to internal
(nonradiative) and external (radiative) mechanisms, respec-
tively (Figure 1a). To achieve such dispersion, we design a
dielectric hexagonal boron nitride (hBN) waveguide on a gold
(Au) back-reflector that supports the fundamental TE, mode
(Figure 2a). The waveguide is capped with a low-index
dielectric polymer, specifically chemically semiamplified resist
(CSAR), in which a subwavelength grating is patterned with
period A = 368 nm and duty cycle of 36%. In this system, the
duty cycle governs the radiative coupling (I'.), while
nonradiative losses (I',) are incurred evanescently in the Au
layer. We optimize the geometry to achieve mirror-like
background reflection over the relevant bandwidth.

The periodic perturbation in the CSAR layer breaks the in-
plane translational symmetry and folds the dispersion of the
guided mode into the light cone (Figure 2b). The
subwavelength periodicity restricts scattering to the zeroth-
order direct reflection channel, with the diffracted orders
constituting both left- and right-propagating evanescent waves
owing to the grating’s symmetric design. From full-wave
simulations (Figure 2c), we find that the coupling between
these modes is negligible except in the vicinity of k, = 0 yum™",
and consequently, we can treat them as independent linear
modes over most of the relevant k, range (this is verified in
Supporting Information Figure S2). This is not a general result,
and a parabolic dispersion arises at the band edge when the
coupling between forward and backward propagating modes is
non-negligible.’ We attribute the minimal mode coupling to
their predominant confinement in the continuous waveguide
layer (Figure 2a) and to the relatively weak scattering efficiency
of the low-contrast grating.

The dispersion is obtained numerically using an eigenmode
solver by modeling the grating as an effective medium, which
directly yields most of the physical parameters in the
dispersion relation, eq 1. However, since the eigenmode is
computed for a closed system, we must obtain I',,, by fitting
the simulated response of the driven structure (Figure 2c).
While I', may in principle depend on frequency or be
modified by mode hybridization, we find that a constant value
of T, = 7.4 X 10" 57" is sufficient to accurately reproduce the
full-wave response over the bandwidth considered here
(Supporting Information Figure S2).
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Figure 2. Semi-infinite guided-mode resonator. (a) Full-wave simulation of the electric-field profile Re(Ey) of the quasi-guided mode in a resonator
comprised of a semi-infinite CSAR subwavelength grating on a hBN waveguide with an Au back-reflector. (b) Calculated TE, guided-mode
dispersion, where the grating is modeled as an effective medium. The grating folds the dispersion into the first Brillouin zone (=z/A to +x/A),
shown by vertical dashed lines, with the portion that lies within the light cone indicated by the gray shaded region. (c) Simulated momentum-

resolved reflectance (Ir/*) showing the corresponding dispersion.

The decay rate sets the resonance lifetime and is closely
related to the quality factor, which is formally defined as the
ratio of stored energy U in the resonator to the rate of energy
dissipation Py,

Q = wol — &
Ploss 2r (2)
as well as the modal propagation length,
v
L =2
For (3)

which governs the characteristic length scale over which
nonlocality must be considered (i.e., the nonlocality lengthéz).
When an impinging wave launches a right-propagating mode at
x' = x, the resulting excitation interacts with the structure over
a finite length L = W—x,. In the semi-infinite limit, L/L, — oo,
the array size negligibly perturbs the resonant response (Figure
1b). Conversely, in the short-grating limit, L S L,, finite-size
effects critically impair the theoretical performance (Figure
lc). At w/c = 9 ym™, we find L, = 11.9 ym and Q = 132,
which reduces to L, = 6.4 ym and Q = 96 at /c = 11.5 ym™!
due to increased optical losses in the Au layer at higher
frequencies.64

The infinitely periodic limit discussed so far is typically the
starting point of metasurface design, but it is clear that if the
lateral dimensions of the metasurface are close to the
propagation length L, then, we may expect significant finite-
size effects. In the following, we will discuss how to take these
finite-size effects into consideration using STCMT.

Finite-Size Effects

Generally, the spatiotemporal equation of motion for a system

with one input port and a locally linear dispersion is written

62
as

Oa(x, t) oa(x, t)
+v
ot & ox

_ / K(x, %)s, (', £)dx’ )

This equation describes the propagation of a single modal
amplitude a(x, t) that is excited from free-space by an incident
wave s, (x’, t) with coupling coefficient x. The parameter a(x,
t) is normalized such that its absolute value squared gives the
instantaneous stored energy in the nonlocal mode per unit

+i(wy — il = v )alx, t)

area, while Is,I* captures the input power density. As the mode
propagates along the structure, it radiates to free-space (with
coupling described by d) to build up the scattered field s_(x, t)
(also normalized such that Is_I* is the outgoing power density)
in interference with the nonresonant background, described by
Cs,(«, t) (additional details in Supporting Information Section
S2):

s (%) = / (Clx, #)s,(x') + d(x, x)a(x'))dx’ )

Although the mode has a nonlocal spatial distribution, we
assume scattering is purely localized.> As a result, the
scattering coefficients C(x, «’), k(x, x’), and d(x, x") become
proportional to 5(x — «’) (Supporting Information Section
S2). In the steady state, eqs 4 and S then reduce to

(ai _ ,-/;)a@c) = K(x)s,(x) (©)

s_(x) = =5, (x) + d(x)a(x) (7)

where we introduced the complex propagation constant 3 = 8
+ io with attenuation rate a = l/Lp = l—‘/ug in the standard
waveguide form. In addition, we assumed a perfectly reflective
off-resonant response over the bandwidth of interest, i.e, C =
—1.

To apply the STCMT framework to finite-size effects that
arise upon truncating the metasurface grating to a width of W,
we simply take the coupling coeflicients to be nonzero in space
only over the same width,

k(x) = d(x)" = J2I, eTO(x)O(W — x) (8)

where /2@, is the familiar radiative coupling term from
temporal coupled-mode theory* and the phase factor (¢,
with ¢ = 27/A) encodes in-plane momentum matching
between the guided mode and free-space radiation. Crucially,
the Heaviside functions (®) restrict coupling to the finite
interval x € [0, W]. Note that the standard TCMT identities
IxI* = 1d* = 2I",, and Cd* = —k are satisfied. For the reference-
plane convention used here (C = —1), this relation reduces to
k = d*. This is consistent with the fact that in-coupling from
the incident wave to the guided mode supplies the grating
momentum ¢, whereas out-coupling from the guided mode to
the reflected wave removes q. The two coeficients therefore
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Figure 3. Spatiotemporal coupled-mode theory of a finite-size guided-mode resonator. (a) Real-space input field Is,(x")* (salmon) and the
corresponding scattered field Is_(x)I* (purple), calculated for a P,, = 1 W excitation at o = 22 ym (L = 8 ym) and NA = Ky max/ko = 0.4. The inset
shows that the modal amplitude a(x) is not fully decayed at x = W. (b) Corresponding transverse-momentum representation of the input field |
S, (k,)I*. The resulting scattered field IS_(k,)I* shows broadening and fringes arising from the finite scattering aperture when compared to the semi-
infinite response IS™I* (blue, dashed). (c) Evolution of Q.4 (top) and reflectance (bottom) as a function of x,, for fixed k,/k, = —0.13, with the
propagation length L indicated with respect to the edge of the grating (vertical, dashed). Q. tends to the semi-infinite limit (horizontal, dashed) as
L increases. (d—h) Corresponding reflectance dispersion showing x,-dependent interference fringes and line widths.

carry opposite spatial phase factors. This is different from the
conventional reciprocal TCMT relation & = d, which assumes a
modal basis invariant under time-reversal. The traveling guided
mode considered here carries nonzero momentum and, under
time-reversal, is mapped onto the mode with opposite
momentum. Microscopic reversibility therefore relates the in-
coupling coefficient of the mode at  to the out-coupling
coefficient of its time-reversed partner at —f3, such that k; = d_g
rather than k4 = dﬁ.65

To capture the essential physics of interest here, we find that
it is sufficient to model only a single, right-propagating mode,

A2 P
u(x) — ext / et/}(x—x )equ s+(x')dx'
g 0 ©)

While this simplification strictly speaking violates reciprocity
(due to the absence of a backward propagating mode), we find
this approach justified in the regime where the interaction
between the forward and backward modes is negligible. In the
designed metasurface, owing to the low-index-contrast grating,
this condition is satisfied except near k, = 0 um™" (Figure 2c),
which allows the two modes to be treated as approximately
independent linear branches over most of the relevant
momentum range. However, the approximation may break
down in higher-index-contrast systems, where distributed
coupling can substantially modify the dispersion and both
counter-propagating modes must be included explicitly.”’ We
emphasize that the STCMT framework remains applicable in
this regime, but the scalar Green’s function must be replaced
by a matrix-valued formulation describing the coupled modes.

The preceding equations provide us with a method to solve
the reflected field from a finite nonlocal metasurface. In

general, the easiest way to solve for the reflection involves
numerically integrating eq 9 to find the mode amplitude, and
then inserting this into eq S. In certain cases, however, these
equations can readily be solved analytically: for example, when
the resonance line width is much narrower than the NA of
excitation (@ < k,,,), We can approximate the diffraction-
limited input field as a &-function (the validity of this
approximation is confirmed in Supporting Information Figure
S3). This collapses the reflection coefficient r(k,) = S_(k,)/
S.(k,) to a compact closed form,

2I° .
V(kx) =_1+ ext' (1 _ e—(a+1Ak)L)
v(a + iAy) (10)

or similarly in terms of @ (full derivation in Supporting
Information Section S3). Here, the first factor recovers the
familiar Lorentzian dependence on detuning A, = k,—k, .o
while the exponential term encodes the effects of finite size via
the interaction length L. The prevalence of these effects is
governed by the relative magnitudes of L and L. In the short-
grating limit, L < L,, the finite aperture produces oscillatory
spectral features and apparent resonance broadening, whereas
in the long-grating limit, L >> L, the finite-size term vanishes
and eq 10 reduces to the standard one-port temporal coupled-
mode expression.”*

In the following, we apply the model to a finite metasurface
with width W = 30 pym illuminated by a coherent, diffraction-
limited input field arising from the Fourier transform of a one-
dimensional entrance pupil with numerical aperture NA =
kymax/ko = 0.4. The excitation launches a right-propagating
quasi-guided mode that decays through absorption and
radiation. As the mode reaches the edge of the grating at x
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Figure 4. Position-dependent line width and interference pattern. (a) Optical micrograph of the fabricated resonator. Inset: atomic force
micrograph of the subwavelength grating. The green star marks the excitation position (xy = 9 um). (b) Horizontal linecut through the center of
the reflected beam imaged in real-space. Inset: same image recorded with a longer exposure to reveal the low-intensity features, scaled to match the
intensity in the main panel. (c) Corresponding reflection imaged in momentum space (Fourier plane). (d—h) Measured momentum-resolved

reflectance at different incident positions x,, confirming the predicted interference fringes and line width variation.

= W, any remaining power cannot radiate to the far-field as it
continues propagating in the unpatterned region (quantified by
Pedge). The finite width W thus restricts the mode’s interaction
length, or scattering aperture, to L = W—x, However, for
metasurfaces with more abrupt and strongly reflective
terminations, the reflected wave can interfere coherently with
the counter-propagating mode excited directly by the incident
beam, making the response dependent on both the amplitude
and phase of the edge reflection. If both edges are reflective
and the propagation length is long enough for repeated round
trips, Fabry-Pérot-like standing-wave resonances in the plane of
the metasurfaces could occur. Engineering the phase and
amplitude of such edge reflections therefore offers oppor-
tunities for high-Q metasurfaces within footprint-limited
geometries.56

Figure 3a shows the input and output fields at frequency k, =
w/c=9.7 yum~" and centered at x, = 22 um, corresponding to
an interaction length L = 8 ym. We observe strongly localized
excitation with characteristic sinc fringes (in salmon), and a
reflected field that is only slightly reduced in amplitude (in
purple), since most of the incident power is distributed among
nonresonant k-vectors. However, when looking at the mode
amplitude, we clearly observe an excitation that is launched at
x, right-propagates and exponentially decays (Figure 3a,
inset). At this frequency, the propagation length is L, = 10.6
pm such that the mode amplitude only reduces to e~/ 4 ~ 0.47
before reaching the edge of the scattering aperture at x = W,
and finite-size effects cannot be ignored.

While, in real-space, the effects of lattice truncation appear
to be mild, the same cannot be said about Fourier space
(Figure 3b). The angular scattering response still exhibits a
resonant dip at k,/ky = —0.13 (in purple), consistent with the
semi-infinite structure (in dashed blue), but the overall
response deviates strongly from a simple Lorentzian line

shape. Instead, the resonant feature is modulated by a sinc-like
envelope set by the finite scattering aperture, with pronounced
fringes arising from coherent interference between radiation
emitted from different positions along the grating. We note
that Ir(k,)I* can locally exceed unity due to a redistribution of
power within the angular spectrum and does not imply optical
gain; the total scattered power is limited by the incident power
minus the power dissipated through absorption and the power
that “escapes” at the edge of the patterned region.

Moving the point of excitation along the sample changes L
and systematically reshapes the spectral (Figure 3c) and
angular response (Figure 3d—h). As the beam approaches the
right edge (x, — W), the interference pattern becomes more
pronounced and the fringe spacing increases as Ak, = 277/L,
in direct analogy with Fraunhofer diffraction from a rectangular
aperture. Conversely, moving x, farther away from the right
edge reduces the fringe spacing. Ultimately, at the left edge (L
= 29 um), the response appears indistinguishable from the
infinite array (Figure 3d). In this case, the normalized
propagation length is L/L, = 2.7 and the mode decays to
eI 2 0.06 before reaching x = W—providing an indication
of the relative sizes required to obtain unperturbed perform-
ance.

Due to finite-size broadening, the Q-factor cannot be
inferred directly from the spectral width of the resonant
feature. We therefore define an effective quality factor for the
finite scattering aperture from the stored energy and total
power leaving this region,

Qi (L) = oy = 221 — )
P]oss + Pedge 2r (11)

where Py = v la(W)P is the guided power crossing the
boundary of the patterned region. The resulting Q¢ vanishes
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as L — 0, while approaching the semi-infinite limit (Q.¢ — 130
at kg = 9.7 um™") as L > L, (Figure 3b). Together, these
findings underscore the detrimental impact that finite size can
have, even for a resonance with a moderate semi-infinite Q-
factor.

Experimental Validation

To fabricate the designed metasurface, we use a dry-transfer
technique®® to stamp 143 nm-thick mechanically exfoliated
hBN onto a prepatterned 30 ym-wide Au back-reflector. We
then spin-coat a 222 nm layer of CSAR and pattern the
subwavelength grating via electron-beam lithography. Here, we
utilize the etch-free approach—where the grating is patterned
in a low-index resist rather than shallow-etched in the
waveguide itself—to minimize fabrication imperfections and
allow rapid prototyping.'"'***%” Atomic force microscopy
reveals excellent uniformity and confirms that the fabricated
grating matches the design (Figure 4a).

We mount the completed sample in a diffraction-limited
optical microscope and illuminate it with a focused
monochromatic laser beam (20X objective, NA = 0.4) at k,
=9.7 um™", centered at x, = 9 ym. In contrast to the STCMT
model, the symmetry of the grating leads to the excitation of
two counter-propagating guided waves from the illumination
spot. Figure 4b shows a horizontal linecut through the real-
space reflected intensity profile imaged on the camera. When
recorded with a longer exposure time, a delocalized radiation
pattern and exponential decay away from x, become apparent,
characteristic of a leaky guided resonance (inset of Figure 4b).

By inserting a Bertrand lens, we image the back-focal
(Fourier) plane of the microscope objective to obtain the
scattered field in momentum space (Figure 4c). Two resonant
features are observed as dips in the reflectance at k,/k, & +
0.13. Because the excitation is off-center, the left- and right-
propagating guided waves experience different interaction
lengths. From the phase-matching condition of the forward
mode, k, + g = ff, we obtain k,/ky = —0.13 and we therefore
identify the feature at negative k, as right-propagating. This
assessment is directly corroborated by the back-focal plane
image, where this branch exhibits a narrower resonance than
the branch at k,/k, = +0.13, owing to its longer interaction
length L.

To study the position dependence of the resonant lineshapes
in more detail, we scan the laser spot over the metasurface
from x = 0 ym to x = W = 30 ym in 1 pm steps. At each
position, we sweep the laser frequency and record the
momentum-resolved reflectance. Figure 4d—h shows the
measured dispersion at five representative incident positions.
When the metasurface is illuminated near its center (Figure
4f), the response is symmetric and both counter-propagating
modes exhibit a narrow resonance while already showing an
interference pattern indicating that the finite sample size affects
the response. As the spot is moved toward the left (Figure 4e),
this symmetry is broken: the right-propagating branch narrows
(due to a longer L) while the left-propagating branch broadens,
eventually becoming barely discernible near the edge (Figure
4d). This trend reverses when moving to the right edge (Figure
4g,h), consistent with the swapped interaction lengths
experienced by the two guided waves. To further illustrate
this modal evolution, we plot the position-dependent angular
reflectance at a fixed ky = 9.7 um™" (Figure Sa), emphasizing
how both the resonance line shape and the interference fringes
vary with the excitation position. Overall, these observations
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Figure S. Comparison between model and experiment. (a) Measured
reflectance versus excitation position x, and transverse momentum k,,
at k, = 9.7 um™'. (b—d) Representative momentum-resolved
reflectance linecuts (green) at selected x,, overlaid with the global
STCMT fit (purple). The fitted lengths L are indicated. (e) Quality
factor Q.¢(L) inferred from the global STCMT fit, with the extracted
propagation length L, indicated (dashed line). Points represent fits
performed independently at each linecut; the shaded band indicates
the corresponding model discrepancy (one standard deviation)
relative to these pointwise fits.

are in excellent agreement with the STCMT predictions
(Figure 3).

Motivated by this qualitative correspondence, we next
extract the intrinsic decay rates, Iy, and I',,, by fitting the
measured reflectance, while fixing # and v, from the eigenmode
dispersion to reduce the parameter space (Figure 2b). To
capture experimental deviations, we introduce Ak, to describe
a small systematic offset in the phase-matching condition, and
AL to account for a reduced effective interaction length
(scattering aperture). The latter may arise from a nonabrupt or
displaced optical boundary in the fabricated metasurface,
particularly because the grating and gold back-reflector do not
terminate at exactly the same position. Figure Sb—d shows
representative linecuts at three excitation positions x,, with the
STCMT fitted separately to the left- and right-propagating
branches (since the STCMT was developed for a single mode
only). The model accurately reproduces the reflectance data
across the scanned range for Ak, ~ 0.08 ym™' and AL =~
—1.0S um, including many of the smaller fringes around the
resonant dips. From these fits, we obtain [y, & 7.1 X 10" 57!
and I, ~ 6.5 X 10" s7', corresponding to a propagation
length L, ~ 88 um. Via eq 11, we then retrieve the
experimental Qug(L) curve with Q. — 107 as L > L, (Figure
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Figure 6. Maximizing stored energy by matching illumination width to the grating. (a) Stored energy (U) as a function of incident NA, calculated
for varying grating widths W/L, (color) under sinc excitation in the center (L = W/2) with constant total incident power P = 1 W. Inset: the
optimal NA extracted at each width (colored data points) is well approximated by NA,, & 0.685 1o/ W (light blue curve). (b) Stored energy versus
NA (brown curve) for the W = 30 um grating discussed in the main text, with four highlighted data points corresponding to (c) the normalized
incident intensity profiles Is,(x)I* for the same four NA values. The grating boundaries are indicated (dashed lines); incident field outside the
grating (gray shaded region) does not contribute to resonant energy build-up.

Se). Although the extracted radiative rate agrees closely with
the modeled value IS = 7.4 x 10" 57!, the nonradiative rate

ext

exceeds the modeled [ = 3.9 X 10" s™" by almost a factor of
2, which we attribute to additional dissipation due to surface
roughness, polymer residues, and spatial inhomogeneity. As a
result, the experimental L, and Q are smaller than the modeled
values (Figure 3c). To nevertheless assess the model
discrepancy, we refit Q.; independently at each x, (data
points in Figure Se) and use this to define an uncertainty range
on Q. (shaded region). These pointwise fits reproduce the
same overall trend, further supporting the validity of our
model.

Design Principles

Although this work focused on a specific guided-mode
resonant metasurface with a moderate Q-factor to demonstrate
the impact of finite size, we stress that our observations apply
more broadly. In principle, any propagating nonlocal mode
that can be described by a locally linear dispersion will feature
a Q-factor approaching the semi-infinite limit as 1—e™2"/r,
Concretely, our design advice for reaching the long-grating
regime, in which finite-size effects can mostly be neglected, is
to fabricate a metasurface with a physical width of 5X the
modal propagation length. This ensures that a mode excited in
the center of the structure (L/L, = 2.5) decays to about 8% of
its original amplitude and the effective Q-factor reaches 99.3%
of the theoretical value. Of course, it may be interesting to
operate in the limit of a size-constrained grating. Remarkably,
in this regime, the quality factor is primarily governed by the
mode’s transit time to the edge (Supporting Information
Section S4). This implies that, for strongly footprint-con-
strained devices, high-Q requires increasing the interaction
time within the fixed footprint by engineering flat bands, i.e.,
slow light, provided that intrinsic dissipative losses remain
sufficiently low.*"%®

Another aspect that we have not examined so far is the
impact of the NA (spot size) of the driving field, which relates
to the experimental design rather than the sample size. In
general, for an infinite grating, it is favorable to minimize the
angular bandwidth such that all of the incident power is
concentrated at k, ... This can be particularly important for
applications requiring the highest possible light-matter
interactions, such as nonlinear optics.

In the following, we consider a finite-NA sinc-beam to
explore how the stored energy U in the resonator is maximized
by matching the spot size to the grating width (details in
Supporting Information Section S4). Keeping the total
incident power fixed at an arbitrary value of Py, = 1W, we
vary the NA to control the diffraction-limited spot size. We
then evaluate

w
U= /o (12)

by plugging the solution of the mode amplitude, eq 9 for
various normalized widths W/L, (Figure 6a), observing a
pronounced maximum that is captured well by the simple
coherent aperture-overlap,

/w(x)s+(x)dx (13)

Note that U does not vary monotonically with NA, but rather
features a maximum at some optimal NA value. For a sinc-
beam centered on the grating (L = W/2), we find the optimum
to be NA,, ~ 0.685 Ao/W. While the numerical prefactor
depends on the specific excitation conditions assumed here,
the overall scaling NA,,, o« 4,/W holds generally.

To explore the origin of this maximum, let us again consider
the 30-pum-wide metasurface discussed throughout this work
(Figure 6b). We choose four representative numerical
apertures to show that for a finite grating, as NA — 0 the
illumination profile s,(x) starts to extend well beyond the
grating window [0, W], and an increasing fraction of the
incident power cannot excite the resonant mode (Figure 6¢).
On the other hand, if the NA increases, an increasing fraction
of the incident power is at wavenumbers outside of the
resonant wavenumber, increasing reflection and reducing
power coupled into the resonance. As a result, U is maximized
when the spot size is matched to the grating width, or vice
versa, reflecting the trade-off between matching the real-space
footprint and matching the resonance in momentum space.

In sum, we have formalized the relations among the modal
propagation length, physical metasurface footprint, excitation
spot size, and critical performance metrics of nonlocal
metasurfaces, which is especially relevant amid the recent
push toward ultrahigh Q-factors. Our work provides
practicable design guidelines that can be leveraged to reach

a(x)Pdx

https://doi.org/10.1021/acsphotonics.6c00860
ACS Photonics XXXX, XXX, XXX—XXX

920z Jequisidas 60 uo isenb Aq ypd-0980029 soIuOI0YdsIe/HZ8Z£289/0980029"SO1UO0ydsoR/L 20 L 0L /1op/pd-a[onie/spyode/Bio soe sqnd woy papeojumoq


https://pubs.acs.org/doi/suppl/10.1021/acsphotonics.6c00860/suppl_file/ph6c00860_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsphotonics.6c00860/suppl_file/ph6c00860_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsphotonics.6c00860/suppl_file/ph6c00860_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.6c00860?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.6c00860?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.6c00860?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.6c00860?fig=fig6&ref=pdf
pubs.acs.org/journal/apchd5?ref=pdf
https://doi.org/10.1021/acsphotonics.6c00860?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Photonics

pubs.acs.org/journal/apchd5

the theoretical line width and maximize the light-matter
interaction: (i) to achieve a Q-factor close to that of the infinite
array, the metasurface needs to be over five propagation
lengths long, and (ii) to maximize the stored power in the
resonator, the array size must be matched to the central lobe of
the incident beam.

B DISCUSSION AND CONCLUSIONS

We present the effects of a finite lateral extent on the optical
properties of leaky-wave metasurfaces. In particular, we
leverage the STCMT framework to derive approximate
analytic expressions for the spectrospatial scattering response
of a guided-mode resonator with a truncated grating. This
reveals that, when the interaction length is on the order of or
shorter than the guided wave’s propagation length, the
scattered field shows strong interference fringes that can
exceed unity reflectance due to a redistribution of spectral
weight in momentum space, as well as a reduction of the
effective lifetime and therefore the energy stored in the
resonator. To validate these results, we fabricated the described
metasurface and performed position- and momentum-resolved
reflectance spectroscopy. These measurements demonstrate
the finite-size effects, observing an excellent agreement
between theory and experiment. More generally, our model
offers a straightforward method to predict the maximum
achievable quality factor in a limited footprint given the
theoretical dispersion of the guided wave. This further
establishes STCMT as a valuable technique for both
qualitatively and quantitatively capturing the scattering
response of real-world nonlocal meta-optical elements.

Our results are directly relevant to emerging applications,
including resonant spaceplates, where a reduction in the
quality factor may limit the achievable compression ratio, while
finite-aperture interference could distort the complex—amg)li-
tude response required to emulate free-space propagation.ét’70
More broadly, the versatility of STCMT leaves many
promising avenues for further inquiry, such as the use of in-
plane reflectors to increase the effective interaction length by
trapping light within a finite scattering aperture.***” Other
directions include metasurfaces exhibiting quadratic dispersion
arising from quasi-bound states in the continuum or strongly
coupled counter-propagating leaky waves, as well as two-port
systems for modeling transmission-based meta-optics.”*"*"*!
Altogether, the framework presented here provides fundamen-
tal insights into the impact of finite size on the resonant
response of these emerging photonic systems—an essential
step toward technological integration in augmented reality,
biosensing, and nonlinear optics.
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