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Periodic arrays of nanoholes perforated in metallic thin films interact strongly with light and
produce large electromagnetic near-field enhancements in their vicinity. As a result, the optical
response of these systems is very sensitive to changes in their dielectric environment, thus making
them an exceptional platform for the development of compact optical sensors. Given that these
systems already operate at the shot noise limit when used as optical sensors, their sensing capabil-
ities can be enhanced beyond this limit by probing them with quantum light, such as squeezed or
entangled states. Motivated by this goal, here, we present a comparative theoretical analysis of the
quantum-enhanced sensing capabilities of metallic nanohole arrays with one and two holes per unit
cell. Through a detailed investigation of their optical response, we find that the two-hole array sup-
ports resonances that are narrower and stronger than its one-hole counterpart, and therefore have
a higher fundamental sensitivity limit as defined by the quantum Cramér-Rao bound. We validate
the optical response of the analyzed arrays with experimental measurements of the reflectance of
representative samples. The results of this work advance our understanding of the optical response
of these systems and pave the way for developing sensing platforms capable of taking full advantage
of the resources offered by quantum states of light.

I. INTRODUCTION

Periodic arrays of nanoholes drilled in metallic films
support lattice resonances arising from the coherent in-
teraction between the localized surface plasmons sup-
ported by the individual holes [1, 2]. These resonances
appear at wavelengths commensurate with the period-
icity of the array and, due to their collective nature,
give rise to strong and spectrally narrow optical re-
sponses, which result in quality factors much larger than
those of the localized plasmons of the individual holes
[1-3]. Lattice resonances are at the origin of the phe-
nomenon known as extraordinary optical transmission
(EOT) [1, 4-6], in which nanohole arrays display a trans-
mittance orders of magnitude larger than the predictions
of classical aperture theory [7]. Thanks to these prop-
erties, periodic arrays of nanoholes have emerged as an
ideal platform for the development of a variety of ap-
plications including nanoscale light emission [8, 9], color
filtering and printing [10, 11], multispectral imaging [12],
and second harmonic generation [13].

Of particular interest is the use of these systems as
optical sensors [14-21]. The strong field enhancements
produced by the lattice resonances in the vicinity of the
array, together with their large quality factors, enable the
detection of small variations in the dielectric environment
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of the array through the measurement of the changes in
its optical response. For these reasons, metallic nanohole
arrays are being used to detect, for instance, biomolecules
[22] and viruses [23]. However, even for an ideal optical
sensor, the sensing threshold is ultimately limited by the
properties of the light used to probe it. When using
a classical electromagnetic field, this threshold is mani-
fested as the shot noise limit [24]. Therefore, the only
way to increase the sensitivity of a given optical sensor
without using more photons (i.e., increasing the intensity
of light) is by extracting more information from each pho-
ton [25-27]. This goal can be achieved through the use
of quantum states of light, such as squeezed or entangled
states, as was originally proposed and later demonstrated
for interferometry applications [28-31]. More recently, it
has been shown that plasmonic structures can preserve
the quantum properties of light [32-36], which has led
to the development of different quantum-enhanced plas-
monic sensors capable of achieving sensitivities beyond
the shot noise limit [37-41]. Periodic arrays of nanoholes
are particularly suited for this goal, as recently demon-
strated [42]. However, in order to better exploit the ad-
ditional resources provided by quantum states of light, it
is necessary to adequately engineer the optical response
of the nanohole arrays.

In this article, we present a comprehensive theoreti-
cal analysis of the optical response of periodic arrays of
nanoholes perforated in metal films, with the focus on
understanding how they can be designed to take full ad-
vantage of the quantum resources provided by squeezed



light. In particular, we investigate the reflectance spec-
tra of nanohole arrays perforated in gold films with either
one or two holes per unit cell. This geometry is simple
enough to enable accurate fabrication, while still allowing
us to study the impact of multiple holes and symmetry
breaking in the same unit cell. We explore the effect that
the different geometrical parameters have on the optical
response of these systems and find that two-hole arrays
support narrower lattice resonances that lead to more
pronounced dips in reflectance, and, therefore, are better
suited for sensing applications. We verify these theo-
retical predictions by measuring the reflectance of rep-
resentative sample arrays fabricated using electron-beam
lithography and metal lift-off. With the knowledge of the
optical response of the arrays, we calculate fundamental
sensitivity bounds that can in principle be achieved if the
arrays are illuminated with squeezed states of light. We
analyze these fundamental sensitivity bounds for certain
levels of squeezing, as well as the effective enhancement
with respect to the sensitivity obtained using classical il-
lumination. Our work provides valuable insight for the
design of plasmonic sensors based on nanohole arrays ca-
pable of exploiting the quantum resources of squeezed
light to achieve detection thresholds beyond the classical
limit.

II. RESULTS

The systems under study consist of periodic arrays of
circular nanoholes with diameter D drilled in gold films
of thickness ¢, which are placed on top of silicon sub-
strates. We consider arrays with one and two holes per
unit cell, as shown in Figs. 1(a) and (b). The arrays
have a rectangular unit cell with periods along the z and
y axes given, respectively, by a and b. In the case of the
two-hole array, the center-to-center distance between the
holes is d. The arrays are excited with an electromagnetic
plane wave of wavelength A, traveling in the negative z
axis, with a magnetic field of amplitude Hy polarized
along the y axis. To calculate the optical response of the
arrays, we rigorously solve Maxwell’s equations using a
finite element method (FEM) approach implemented in
the commercial software COMSOL Multiphysics (see Ap-
pendix A for details).

We envision a sensing protocol in which the variations
of the dielectric environment above the array are detected
through the measurement of changes in its reflectance.
Therefore, the ideal nanohole array would have an opti-
cal response that, around the wavelength of operation,
displays both a steep slope and a large reflectance. This
can be achieved by designing a nanohole array that sup-
ports a lattice resonance in the relevant spectral range.
For normal incidence, the longest-wavelength lattice res-
onance supported by a periodic array appears at a wave-
length slightly larger than the largest periodicity [1].
Based on that, we chose the arrays to have a period-
icity @ = 784nm and b = a/2. This ensures that their
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FIG. 1. (a,b) Schematics of the periodic arrays of circular
nanoholes under consideration with one (a) and two (b) holes
per unit cell. (c) Calculated reflectance spectra for arrays
with periods @ = 784 nm and b = a/2, with one (orange curve)
and two (green curve) holes per unit cell. In both cases, the
thickness of the gold film is ¢ = 80nm and the diameter of
the holes is D = 210nm. For the two-hole array, the center-
to-center distance between the holes is d = 315nm. For com-
parison, we also plot the reflectance spectrum of a two-hole
array with d = a/2 = b (purple curve). Notice that this array
is equivalent to a one-hole array with a square unit cell with
period b along the z and y axes. (d) Magnetic field calculated
20nm above the array surface, at the resonance wavelength
of the one- (orange curve, A = 815nm) and two-hole (green
curve, A = 798nm) arrays of panel (c). The color encodes
the magnitude of the enhancement, while the arrows indicate
the direction of the magnetic field. (e) Induced surface charge
(color plot) and current (arrow plot) on the top surface of the
one- and two-hole arrays calculated at the same wavelengths
as in panel (d).

lattice resonances are located around A ~ 800 nm, which
corresponds to the wavelength used in previous quantum-
enhanced plasmonic sensing experiments [42].

Figure 1(c) shows the calculated reflectance spectrum
for a one- (orange curve) and two-hole (green curves) ar-
ray. In both cases, the diameter of the circular holes
is D = 210nm and the thickness of the gold film is
t = 80nm. For the two-hole array, the center-to-center
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FIG. 2. Reflectance spectra for one- and two-hole arrays with periods a = 784 nm, b = a/2 and different values of hole diameter
D, gold film thickness ¢, and distance between holes d, as indicated in the legends.

distance between the holes is d = 315 nm. This value of
d ensures that the holes are well separated and, together
with the values of the other parameters, makes it possi-
ble to fabricate high quality arrays. As anticipated, both
arrays display a lattice resonance around A = a, which
results in a narrow dip in the reflectance spectrum. The
dip is sharper and more pronounced for the two-hole ar-
ray, and its minimum is located at shorter wavelengths.
Expectedly, for the two-hole array, the characteristics of
its lattice resonance depend strongly on the distance be-
tween the holes, as we explore further below. In partic-
ular, when d = a/2 = b, the system becomes a one-hole
array with a square unit cell with period b along the x and
y axes (see the purple inset to Fig. 1(c)). Consequently,
its reflectance spectrum, indicated by the purple curve,
does not show any features in the range of wavelengths
under consideration, since its longest-wavelength lattice
resonance is located at A ~ b.

In order to gain insight into the physical origin of the
lattice resonances supported by the nanohole arrays, we
analyze both the magnetic field and the induced surface
charge in the unit cell at the resonance wavelength. In
particular, the color maps in Fig. 1(d) represent the en-
hancement of the magnetic field intensity on a plane par-
allel to the array located 20 nm above it, while the arrows
indicate the direction of the field. In both cases, the mag-

netic field oscillates along the x axis with a period a and
is almost uniform along the y axis, exactly as expected
for the longest-wavelength lattice resonance of a periodic
system [43, 44]. By examining the magnetic field around
the hole of the one-hole array, we observe that it is simi-
lar to that of a magnetic dipole oriented along the y axis,
which is consistent with previous studies of the response
of holes in metallic films under normal incidence illumi-
nation [1, 45]. This is further supported by the corre-
sponding induced surface charge (color plot) and current
(arrows) displayed in panel (e). Interestingly, analyzing
all of these quantities for the two-hole array, we observe
that, in that case, the two holes give rise to a single effec-
tive magnetic dipole. This closely resembles the lattice
resonances with subradiant character investigated in pe-
riodic arrays of nanoparticles with two-particle unit cells
[46]. Such resonances emerge in the spectrum as a re-
sult of a symmetry breaking in the geometry of the array
that results in a partial cancellation of the radiation pro-
duced by each of the elements in the unit cell. As a con-
sequence, these resonances present a subradiant or dark
character that leads to reduced radiative losses, which, in
turn, produce much sharper spectral features than stan-
dard lattice resonances [46, 47]. In the nanohole arrays
considered here, the symmetry breaking is produced by d
being different from a/2, which transforms an array with



one hole in a square unit cell into an array with two holes
in a rectangular unit cell. As a result of this, the two-hole
array displays a sharper and more pronounced dip in re-
flectance than the one-hole array with rectangular unit
cell, thus making it a better platform for sensing applica-
tions. Notice that other symmetry breaking mechanisms,
such as the use of two holes with different diameters, have
been investigated in the past for nanohole arrays perfo-
rated in a silicon film [48]. Besides this, there are many
more available mechanisms that have been proposed and
investigated to reduce radiative losses, including the use
of bound states in the continuum, anapole modes, and
topological phases [49, 50]. This opens the possibility
for the design of more complicated geometries that could
produce even narrower resonances.

To complete the characterization of the nanohole ar-
rays, we investigate the impact that the hole diameter,
the gold film thickness, and the center-to-center separa-
tion have on their optical response. Figure 2 shows the
reflectance spectrum of one- and two-hole arrays with
a = 784nm, b = a/2 and different values of D, ¢, and d,
as indicated by the legends. In particular, panels (a)-(d)
analyze the effect of varying the diameter of the holes.
Examining these results, we observe that for all cases,
an increase in D results in a more pronounced dip in re-
flectance. However, while for the one-hole array the dip
shifts to longer wavelengths as D grows (panel (a)), the
opposite is true for the two-hole arrays (panels (b)-(d)).
This difference can be attributed to the more complex re-
sponse of the two-hole unit cell, which is determined not
only by the size of the holes but also by the separation
between them. Indeed, comparing the results of panels
(b)-(d), we observe that as d grows and approaches a/2,
the reflectance dip both becomes weaker and shifts to-
wards shorter wavelengths.

The effect of the thickness of the gold film in the re-
flectance of the arrays is analyzed in panels (e)-(h) of
Fig. 2. We observe that, for all of the arrays under con-
sideration, an increase in ¢ has two main effects, both of
which arise from the increase of free carriers in the sys-
tem. First, it results in a more pronounced reflectance
dip. Second, it makes the reflectance outside the lattice
resonance approach unity. Therefore, the combination of
these two effects contributes to obtain a reflectance spec-
trum with steeper features. However, it is expected that
this behavior saturates as t becomes significantly larger
than the skin-depth of gold.

In order to validate our theoretical calculations, we
fabricate three representative nanohole arrays and mea-
sure their reflectance spectra (see Appendices B and C
for details). The corresponding results are plotted in
Fig. 3 with solid curves. The scanning electron micro-
scope (SEM) images on the right show representative ar-
eas of the different arrays fabricated (the scale bars cor-
respond to 1.5 ym). We compare the experimental mea-
surements with theoretical calculations (dashed curves),
which are performed using the averaged values of the
different geometrical parameters extracted from a statis-
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FIG. 3. Comparison between experimental measurements of
the reflectance spectrum (solid curves) and the correspond-
ing theoretical calculations (dashed curves). The specific pa-
rameters for the theoretical calculations are extracted from
a statistical image analysis of the SEM images shown on the
right (the scale bars represent 1.5 um). Specifically, for panel
(a) D = 171nm, a = 781nm, and b = 389nm; for panel
(b) D = 204nm, a = 781 nm, b = 389nm, and d = 310 nm;
and for panel (c¢) D = 208nm, a = 781 nm, b = 389 nm, and
d =391 nm. In all of the cases, the thickness of the gold film
is t = 80 nm.

tical analysis of the SEM images using the image analysis
package of Matlab. The uncertainty in the value of the
extracted parameters is always below 2%. In all of the
cases, the thickness of the gold film is ¢ = 80 nm. Panel
(a) shows the reflectance spectrum for a one-hole array
with geometrical parameters D = 171nm, ¢ = 781 nm,
and b = 389 nm, as extracted from the SEM images. The
theoretical calculations using these parameters predict a
dip around 800 nm, which is in very good agreement with
the experimental measurements considering the absence
of free parameters in the theoretical calculations. As ex-
pected from our previous analysis, the dip in reflectance
becomes sharper and more pronounced for the two-hole
array analyzed in panel (b), for which D = 204nm,
a = 781nm, b = 389nm, and d = 310nm. Again, the
experimental results are in very good agreement with
the theoretical calculations. In both panels, the small
differences between the theoretical calculations and the
measurements can be attributed to fabrication imperfec-
tions as well as finite-size effects [51]. To complete the
cases analyzed in Fig. 1(c), we show, in panel (c), the re-
sults for a two-hole array with D = 208 nm, a = 781 nm,
b = 389nm, and d = 391nm. Since d ~ a/2, this sys-
tem is effectively a one-hole array with a square unit cell
with period b along the x and y axes. Therefore, it does



not support any lattice resonance in the spectral region
under consideration, as confirmed by both the experi-
mental measurements and the theoretical calculations.
The experimental measurements shown in Fig. 3 serve
to validate our theoretical analysis and confirm that the
symmetry breaking in arrays with two holes per unit cell
leads to sharper lattice resonances.

Having completed the characterization of the optical
response of the nanohole arrays, we are now equipped to
investigate the sensitivity that they can reach when used
as optical sensors to detect small changes in the refractive
index of the dielectric environment above them. The sen-
sitivity S of such a sensor is defined as the inverse of the
smallest change in the refractive index that it can detect,
which is quantified by the uncertainty in the estimation
of the refractive index An = /(n?) — (n)%. Since, in
our particular case, we detect refractive index changes
through the measurement of the reflectance of the array,
we can write the sensitivity of a single measurement as
[40]
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Here, AR is the uncertainty in the estimation of re-
flectance, OR/OA is the slope of the reflectance spectrum,
and 9\/0n quantifies the variation of the optical response
of the array with a change in n.

The value of AR is fundamentally limited by the quan-
tum Cramér-Rao bound (QCRB), which provides the
lowest possible uncertainty in the estimation of a param-
eter irrespective of the detection technique. The QCRB
depends on the response of the system and the proper-
ties of the light that is used to probe it. When a co-
herent state of light is used, the sensitivity is limited by
the shot noise limit [25]. This limit can only be sur-
passed through the use of quantum correlated states of
light, such as entangled or squeezed states [40]. Here, we
analyze the effect on the sensitivity of using a bright two-
mode squeezed state (bTMSS) [52] of light in a configura-
tion in which one of the modes probes the nanohole array
and the other one is used as a reference [42]. The use of
bright quantum states of light constitutes a good choice
from a practical perspective as the sensitivity scales with
the number of probing photons [53]. Although a Fock
state [54] or a vacuum two-mode squeezed state [55] can
make better use of quantum resources, it is difficult to
generate them with a power large enough to actually sur-
pass the absolute sensitivities achieved by classical de-
vices [56-58]. The quantum correlations in a bTMSS
are characterized by the squeezing parameter (, which
is determined by the gain and efficiency of the nonlinear
parametric process used to create it [52]. Neglecting all of
the losses external to the sensor, the QCRB for the esti-
mation of the reflectance in the configuration considered
here is given by [53]
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FIG. 4. (a) Sensitivity normalized to v/N, where N is the
number of probing photons, (left axis, solid curves) for the
one- (orange curves) and the two-hole (green curves) arrays,
as a function of wavelength when probed with a bTMSS. Dark
and light curves correspond to values of the squeezing param-
eter ¢ = 0 (which corresponds to a coherent state) and ¢ = 2,
respectively. The geometrical parameters of the arrays are
those of Fig. 1(c): a = 784nm, b = a/2, t = 80nm, D = 210
nm, and d = 315nm. For reference, we plot the reflectance
of the arrays with dashed curves using the right axis. (b)
Quantum enhancement factor, F', as a function of ¢ for the
two arrays of panel (a).

where N is the number of photons used to probe the sen-
sor. The fundamental sensitivity bound of the nanohole
arrays results from an interplay between their reflection
spectra and the QCRB for the estimation of reflection
ARPTMSS [59] "and can be calculated with Eq. (1).

Figure 4(a) displays the spectrum of the fundamen-
tal sensitivity bound normalized to v/N (left axis, solid
curves) for the one- (orange curves) and two-hole array
(green curves) when illuminated by one of the modes of
the bTMSS while the other mode is used as a reference.
In particular, we focus on the one- and two-hole arrays of
Fig. 1(c) with a = 784 nm, b = a/2, t = 80nm, D = 210
nm, and d = 315nm. We extract R/O\ directly from
the reflectance spectra of Fig. 1(c), and calculate O\/On
by repeating the corresponding calculations replacing the
air above the arrays with a medium of refractive index
14 én with dn < 1. Notice that, as shown in Fig. 5,
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FIG. 5. Shift in the wavelength corresponding to a constant
value of reflectance as a function of the change in the re-
fractive index of the environment above the array, which is
defined as n = 1 + dn. Panels (a) and (b) show the results
for the one- and two-hole arrays, respectively. The geomet-
rical parameters of the arrays are as in Fig. 4: a = 784 nm,
b=a/2,t =80nm, D =210 nm, and d = 315nm. Ex-
amining the results of panels (a) and (b), we observe that,
for both arrays, the slope of the curves, which corresponds
to OA/On appearing in Eq. (1), is effectively constant within
the range of wavelengths under consideration. In particular,
it takes the values OA/On = 824nm and d\/On = 796 nm for
the one- and two-hole arrays, respectively.

OAX/On is effectively constant for the one- and two-hole
arrays in the range of wavelengths under consideration.
We consider two different values for the squeezing pa-
rameter: ¢ = 0 (dark curves), which corresponds to a
coherent state and determines the shot noise limit, and
¢ = 2 (light curves). A squeezing parameter of { = 2 cor-
responds to approximately —15 dB of intensity difference
squeezing, which represents a high but experimentally at-
tainable level of squeezing [60]. As anticipated from our
previous analysis, the two-hole array achieves sensitivi-
ties more than two times larger than its one-hole counter-
part. This can be directly attributed to the steeper slope
of its reflectance spectrum. Indeed, comparing the sensi-
tivity with the reflectance spectra of the arrays, which is
shown with dashed curves (right scale), we observe that
the wavelength at which the maximum sensitivity occurs
is not at the resonance or at the maximum transmis-
sion, but results from an interplay between the slope of
the reflectance and the reflection QCRB [59]. Further-
more, comparing the results obtained for { = 0 (dark
curves) and ¢ = 2 (light curves), we conclude that the
sensitivity is increased by almost a factor of two when
probing the nanohole array with a bTMSS instead of a
coherent state. This enhancement is analyzed in more
detail in Fig. 4(b), where we plot the quantum enhance-
ment factor F. This quantity is defined as the ratio of
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FIG. 6. Predicted experimental sensitivity for the arrays
studied in Figs. 3(a) and (b), normalized to v'N (left axis,
solid curves) as a function of wavelength when probed with a
bTMSS. The orange curves correspond to the one-hole array
of Fig. 3(a), while the green ones displays the results for the
two-hole arrays of Fig. 3(b). In all cases, dark and light curves
correspond to values of the squeezing parameter ¢ = 0 and
¢ = 2, respectively. The geometrical parameters of the arrays
are D = 171nm, a = 781 nm, and b = 389nm (one-hole ar-
ray, orange curves) and D = 204nm, a = 781 nm, b = 389 nm,
and d = 310 nm (two-hole array, green curves). For reference,
we plot the experimentally measured reflectance spectra of
the arrays with light solid curves using the right axis, along
with the corresponding cubic spline fits overlaid with dashed
curves.

the spectral maximum of the sensitivity bounds achieved
with and without squeezing,

maxy S(()

Fle) = maxy S(0)

Examining the results of Fig. 4(b), we observe that as
¢ grows from 0 to 2, F approaches a value of ~ 1.8.
Interestingly, the one-hole array shows a slightly larger
F'. This is the result of the dependence of the sensitivity
on the slope of the reflectance and the reflectivity QCRB,
which degrades with lower reflection. As can be seen from
Fig. 4(a), while the two-hole array has a steeper slope, the
one-hole array has a larger reflectance at its wavelength
of maximum sensitivity. However, we emphasize that the
two-hole array shows a larger absolute sensitivity for all
values of (.

To complete our study, we compute the expected
sensitivities for the experimental samples discussed in
Figs. 3(a) and (b). In order to minimize the effect of
the noise of the measured spectra on the calculation, we
fit the measured reflectance using a cubic spline. The re-
sults of the fitting as well as the experimental reflectance
spectra are plotted in Fig. 6 using the right axis with
dashed curves and light solid curves, respectively. The
orange curves denote the one-hole array, with parame-
ters D = 171nm, a = 781 nm, and b = 389 nm, while the
green curves show the results for the two-hole array with



parameters D = 204nm, a = 781 nm, b = 389 nm, and
d = 310nm. Assuming, again, that these samples are
probed with a bTMSS with a squeezing parameter (, we
calculate the first two terms in Eq. (1) using the fitted
data. For d\/dn, we use the values extracted from Fig. 5,
since the required measurements could not be performed
with our experimental setup. The results of the sensitiv-
ity are shown in Fig. 6 using the left axis. The dark and
light curves correspond to ( = 0 and ¢ = 2, respectively.
Analyzing these results, we conclude that the enhance-
ments are very similar to the theoretical predictions of
Fig. 4 with overall lower sensitivities, as expected from
the broader resonances and lower reflectance achieved ex-
perimentally.

IIT. CONCLUSIONS

In summary, we have investigated the use of the lat-
tice resonances supported by periodic arrays of nanoholes
perforated in metallic films for quantum-enhanced sens-
ing. To that end, we have performed a comprehensive
theoretical analysis of the optical response of nanohole
arrays with either one or two holes per unit cell. We
have shown that both of these systems support strong
lattice resonances that give rise to narrow dips in their
reflectance spectrum and analyzed how their characteris-
tics depend on the different geometrical parameters. Im-
portantly, we have found that the interplay between the
size of the holes and their separation results in the two-
hole arrays displaying a sharper and more pronounced
dip in the reflectance spectrum, which, in addition to pro-
viding an extra parameter to tune their response, makes
them better suited for sensing applications. We have
confirmed these predictions through the fabrication and
measurement of the reflectance of sample nanohole ar-
rays. To complete our study, we have performed a theo-
retical analysis of the fundamental bounds for the sensi-
tivity to changes in the dielectric environment that these
nanohole arrays can achieve when probed with classical
and squeezed states of light. We have found that the two-
hole arrays reach sensitivities more than double those of
their one-hole counterparts. In all cases, the sensitivity
is enhanced by a factor close to two when the arrays are
probed with light in a bTMSS with squeezing parameter
of 2. The results of this work advance our understanding
of the response of periodic arrays of nanoholes and pave
the way to use them as sensors capable of exploiting the
quantum resources of squeezed light to achieve detection
thresholds beyond the classical limit.
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Appendix A: Electromagnetic Calculations

All of the electromagnetic calculations presented in
this work were obtained from the rigorous solutions
of Maxwell’s equations using a finite element method
(FEM) approach implemented in the commercial soft-
ware COMSOL Multiphysics. In all cases, we assumed
the array to be placed in the zy plane with the silicon
substrate below (i.e., z < 0) and the origin located at
the center of the hole, for the one-hole arrays, and at the
center of the line connecting the holes, for the two-hole
array. We used tabulated data taken from references [61]
and [62] for the dielectric functions of gold and silicon,
respectively. The arrays were excited by a plane wave
propagating along the negative z axis with the magnetic
field polarized parallel to the y axis. Due to the periodic-
ity of the system, we needed to simulate one unit cell with
periodic boundary conditions. However, we exploited the
fact that, for both the one- and two-hole arrays, the unit
cell has a fourfold reflection symmetry with respect to the
xz and yz planes. This allowed us to restrict the simula-
tion domain to one quarter of the total unit cell. There-
fore, we chose the boundaries of the simulation domain
parallel to the zz and yz planes to be perfect magnetic
and perfect electric conductors, respectively, while in the
direction parallel to the z axis the domain was truncated
using perfectly matched layers (PML) to simulate an ex-
tended space. Upon solving Maxwell’s equations, we ob-
tained the value of the electric and magnetic fields at
all points in the simulation domain and used them to
calculate the total power leaving the simulation domain
along the positive and negative z axis. Using these val-
ues, normalized to the power of the incident plane wave,
we computed the reflectance and transmittance of the ar-
ray. Each calculation was checked for convergence with
respect to the mesh and simulation domain sizes.

Appendix B: Fabrication of Nanohole Arrays

The nanohole arrays were fabricated on 1-10 Ohm.cm
p-type (100) silicon with 35 nm thermal oxide using elec-
tron beam lithography (EBL) and metal lift-off. We
used 4% polymethyl methacrylate with molecular weight
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FIG. 7. Experimental white light spectroscopy setup for the characterization of the reflectance spectrum of nanohole arrays.
GT: Glan-Thompson polarizer, bbf: broadband fiber, bbBS: broadband balanced (50/50) beam splitter, A/2: broadband half-

wave plate, L;:

achromatic lens. The lenses used for the 4-f optical system, L1 and Lo, have focal lengths f; = 400 mm and

f2 = 30mm, respectively, while the one used for the one-to-one imaging system, L3, has a focal length f3 = 30 mm. The iris is

placed at the Fourier plane of the white light fiber output tip.

950,000 in anisole as the EBL resist. After spin coating
at 5000 rpm for 30 seconds, the EBL resist was baked at
170°C for 5 minutes. Positive tone EBL was performed
using a 30kV scanning electron microscope. After elec-
tron beam exposure, the pattern was developed out using
methyl isobutyl ketone/isopropyl alcohol 1:3 for 60 sec-
onds. After descum in oxygen plasma, a stack of 2nm
Ti/80nm Au was deposited in an electron gun evapora-
tor. The sample was then soaked in acetone for lift-off.

Appendix C: Reflectance Measurements

The reflectance spectra of the fabricated nanohole
arrays were measured with a white light spectroscopy
setup. As shown in Fig. 7, light from a broadband
halogen lamp (Osram 64641-HLX-G6.35, A = 550 nm —
1100 nm) was coupled into a multimode broadband fiber
(Ocean Optics P1000-2-VIS-NIR) to obtain uniform illu-
mination at the output of the fiber. Since the response of
the nanohole arrays is polarization dependent, we used a
Glan-Thompson polarizer (GT) to linearly polarize the
light after the fiber. The electric field polarization of
the light was then aligned to the z axis, along which the
symmetry is broken for the two-hole arrays as defined
in Fig. 1, with a broadband half-wave plate (\/2). We
then used a 4-f optical system, composed of two achro-
matic lenses, L; and Lo, with focal lengths f; = 400 mm
and fo = 30mm, respectively, to demagnify and image
the fiber output tip (1 mm diameter) to the plasmonic
nanohole structure (size of 120 pm x 120 um). Finally,
we used a one-to-one optical system composed of a lens,
L3, with focal length f3 = 30 mm to allow enough space

for the necessary translation stages to mount and align
the nanohole array to the probing white light. This op-
tical system produced an image of the output tip of the
fiber at the array with a size (waist diameter) of 75 ym.
Given that the sharp response of the lattice resonances
is due to a collective plasmonic effect, excitation with a
field as close to a plane wave was needed. Therefore, an
iris was placed at the Fourier plane of the 4- f optical sys-
tem (400 mm to the right of Lq) to filter the high spatial
frequencies (k-vectors) of the light from the multimode
fiber.

The probing light was reflected from the plasmonic
structure and retraced its own path. To separate it from
the incident light, a broadband balanced 50/50 beam
splitter was placed between the half-wave plate and the
4-f optical system, as shown in Fig. 7, to pick off half of
the reflected light. The light was then fiber-coupled to a
CCD spectrometer (Thorlabs model CCS100) to measure
its spectrum. For all the measurements, the integration
time of the spectrometer was kept at 500 msec and the
measured spectra were averaged 100 times.

The silicon substrate on which the nanohole arrays
were fabricated was designed to contain a region with a
uniform gold film of the same thickness and dimensions as
the gold film used for the arrays. The reflectance spec-
trum from the uniform gold film served as a reference
to eliminate the effects of optical losses in the charac-
terization system. Measurements with the white light
spectroscopy setup described above were performed for
the light reflected from the reference gold layer and the
nanohole structures. The ratio of these measurements
was then calculated to obtain the normalized reflectance
spectra for the nanohole arrays shown in Fig. 3.
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