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A deep metal grating enables quasi-phase-matched simulta-
neous excitation of two counterpropagating surface plasmon
modes by means of its +1st and —2nd diffraction orders. The
resulting angular reflection spectra of the scattered —1st and
zeroth orders exhibit three interleaved zeros and maxima
in a range centered around the Littrow angle. The spec-
tra differ thoroughly from the usual reflection dip resulting
from single-order plasmon coupling that produces strong
absorption. The zeroth and —1st orders exhibit two cross-
ing angles enabling high-sensitivity common-mode detection
schemes designed to reject variations in source power and
environmental noise. The proof of concept and experimen-
tal assessment of this new surface plasmon resonance (SPR)
sensing scheme are demonstrated by monitoring gases in a
pressure-controlled chamber. A limit of detection (LOD) of
2 x 1077 refractive index unit (RIU) was achieved.

© 2023 Optica Publishing Group under the terms of the Optica Open
Access Publishing Agreement
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Introduction. The present work deals with the detection of a
(bio)chemical or physical event by an optical wave propagating
along a surface excited by free-space coupling. The surface wave
is a surface plasmon polariton at a metal—dielectric interface, as
shown in a previous work [1] for the potential measurement
in electrolytes, and by Liedberg et al. [2] for biosensing. The
method of coupling to surface plasmons has mainly been that of
the Kretschmann—Raether configuration [3]. An incident wave
tunnels through a thin metal film deposited on a high refractive
index medium and is coupled to the plasmon that propagates
along the interface with the sensing medium. The monolithic
grating coupling approach [4] provides far richer functionality,
particularly by applying the distinctive effect of resonant reflec-
tion [5,6]. On this point, Dostdlek et al. authored an exhaustive
review of grating-coupled plasmon sensors [7] which was com-
pleted by another recent review by Cao et al. [8]. Even though
the surface plasmon resonance (SPR)-based prism interroga-
tion is much more developed commercially, it suffers from the
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compactness limits of this configuration, whereas the grating-
based SPR configuration can be considered as promising for its
integration and its large volume fabrication potential. The physi-
cal or (bio)chemical measurand is usually monitored by locating
the reflection peak (in the case of a dielectric waveguide) or dip
(in the case of a plasmon) in the wavelength or in the angular
zeroth order Fresnel reflection spectra. Recently, sensitivity as
high as 30,000 nm per refractive index unit (RIU) was achieved
for biomolecule detection [9], 1500 nm/RIU in aqueous media
[10] and 85.65°/RIU for various analyte sensing applications
[11]. Whereas the distinctive effect of resonant reflection from
a grating-coupled dielectric waveguide mode cannot manifest
itself in a plasmon mode because of its large dissipative loss
(except in the symmetrical thin metal film system propagating
long-range plasmon mode [12]), the plasmon coupling effect
proposed here produces quasi-lossless reflection peaks of the
zeroth and —1st orders. This effect, termed “Plasmon-triggered
switching effect” by the authors, was discovered a few years
ago while searching for new anti-counterfeiting metallic fea-
tures for innovative security solutions using a thin metal grating
layer involving plasmon coupling [13]. The effect occurs only
in the very particular case of deep metal gratings. Such an effect
was recently used to measure the refractive index of aqueous
solutions [14]. The aim of the present paper is to highlight the
preeminence of the switching effect in a sensor configuration
by providing a more detailed description of the principle and
of the performances of the sensor when used to measure vari-
ations in the refractive index. We demonstrate the ability of
the sensor to detect variations in the air refractive index via a
pressure change with enhanced accuracy thanks to appropriate
digital processing. Our description is completed by a video (see
Visualization 1) that illustrates plasmon coupling. The following
section presents a simplified electromagnetic phenomenology of
the plasmon-mediated interference effect, followed by its experi-
mental demonstration as a refractive index sensor operating with
gases to determine the limit of detection (LOD) for refractive
index sensing.

Electromagnetic model of zeroth/-1st order plasmon-
triggered switch used as an SPR sensor. The new plasmon
resonance effect described here occurs on a metal grating
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Fig. 1. Common-mode plasmon sensing scheme.

structure of period A very similar to the usual diffractive plas-
mon couplers from monochromatic TM free-space waves under
oblique incidence 6; in a medium of refractive index n. The basic
coupling scheme by a diffracted order m is described by Eq. (1)
that gives the plasmon propagation constant 8 as a function of
the resonant incidence angle 6, at wavelength A:

2r

= )

2r .
B =n—sinf, + m

A

However, there are two important novel characteristics that make
the approach completely different from the usual SPR cou-
pling at the metal-dielectric interface. The first concerns the
opto-geometrical conditions, i.e., the relationship between wave-
length A and the grating period A: their ratio is such that the —1*
order Littrow angle 6, given by sin(6,) = 1/(2nA) correspond-
ing to the incidence angle which is equal to the —1* reflected
order angle, is smaller than 30° whatever the value of n, as
illustrated in Fig. 1. This is to ensure that the zeroth and —1st
reflected diffraction orders only have a propagating character in
the incidence medium; the higher +1st and —2nd orders have
to be evanescent to prevent the reflected power being shared
between more than two orders.

In the above condition, an angular scan of the incident wave
exhibits exactly two dips in the reflected angular spectrum due to
the forward propagating plasmon excitation by the +1st grating
order, and the backward propagating plasmon by the —2nd order.

The second novel characteristic concerns the very nature of
the coupling mechanisms involved. The grating depth (d) used
in most plasmon applications that exhibit a reflection dip is a
few tens of nanometers [15] for operations in the visible or near-
infrared (NIR) range. A greater depth generates a fundamentally
different reflection spectrum. Numerical results using the Chan-
dezon method [16,17] applied to a sinusoidal grating with a
period of 850 nm illuminated by a TM-polarized 850-nm wave-
length beam are shown in Figs. 2(a) and 2(b) in the case where
the sensing medium is air (n = 1). The angular reflection spectra
of the zeroth and —1st orders are observed to evolve with the
grating depth: the two well-separated standard reflection dips at
the synchronous plasmon excitation angle at small grating depth,
in the range of 40 nm (i.e., when the phase matching condition
between the incident k-vector, the grating K-vector, and the prop-
agation constant of the plasmon is satisfied) transform into broad
zeroth order constructive interference maxima at the previous
synchronous plasmon excitation angles with cancelation of the
—Ist order under the Littrow angle [18]. This is an effect of the
non-negligible —3rd grating order at large depth that couples the
two couterpropagating plasmon modes. The red angular spectra
in Fig. 2(c) at the optimal grating depth (around 280 nm) thus
exhibit three interleaved zeros and maxima with two crossing
points (cross marks), at angles of 13° and 62°, respectively. The
video (see Visualization 1) describes the angular spectrum and
the E-field amplitude near the grating—air interface.
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Fig. 2. Efficiency (color bar) versus grating depth and incidence
angle for (a) zeroth reflected order, and (b) —1st reflected order for
a sinusoidal gold grating (¢ =-32 + 1.26j at wavelength A=850 nm)
of period A=850 nm with air cover. (c) Angular spectra of the —1st
and zeroth reflected orders for 40 nm and 280 nm grating depths,
and (d) zoom on (c) at the crossing point 6;= 62° with changes in
the refractive index cover medium in the range of 1073,

(b)
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Fig. 3. (a) Incident beam and reflected zeroth and —1st orders
in direct space. (b) Diagram of Ewald’s reciprocal space; counter-
propagating plasmon modes of propagation constant 5, Ks: grating
constant with 3K = 8.

There is almost no trace of plasmon absorption loss in
Fig. 2(c). The two maxima of the zeroth order correspond to plas-
mon mode excitation where the absorption loss is even smaller
than at the maximum corresponding to the —1st order under
Littrow incidence. This balanced spectrum pattern with large
maxima occurs as long as no higher diffraction orders have a
propagating character over the angular range considered. The
plasmon mode propagation constant 8 = n.k, (n, is the plas-
mon effective index) is so close to the wave vector k, = 27/1 in
the incidence medium that the following relationship must hold
between the grating K-vector (K; = 27/A) and the propagation
constant 5: 3K; > 8 over the angular range as sketched in the
reciprocal plane in Fig. 3(b).

A coupled-mode phenomenological model was developed
[19] to account for this depth-dependent angular spectrum and
for the absence of excess loss. The explanation is illustrated in
Fig. 3 using the reciprocal space diagram in Fig. 3(b) and the
corresponding direct space of the propagating orders in Fig. 3(a).

The reflection spectra result from generalized interference
in the zeroth and —1st order directions between coupled and re-
radiated plasmon fields with the major contribution of the strong
3rd order intra-plasmonic coupling between counterpropagating
plasmon modes due to the large grating depth despite the slight
phase mismatch between their propagation constant +£ and the
spatial frequency 3K of the 3rd grating order.

The large grating depth induces a large radiation coefficient
that prevents the plasmon modes having a long propagation
length before being re-radiated into the incident medium, thus
limiting plasmon absorption loss. An increase in the cover
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Fig. 4. Reflectance of the zeroth (red) and —1st (black) orders as
incidence angle 6; varies from O to 64°.

medium refractive index, or the presence of a nano-(bio or func-
tional) layer at the surface, causes the angular pattern shown in
Fig. 2(c) to shrink. However, this pattern exhibits two crossing
points between zeroth and —1st order spectra at two incidence
angles [Fig. 2(c)] where the two reflected power signals can be
measured in two directions simultaneously with a quasi-linear
relationship between measurand and detected power. Sensitivity
is then proportional to the slopes of the crossing curves. As illus-
trated in Fig. 2(d), refractive index changes of 10~ in the medium
bounding the metal-air interface will lead to a shift of the angu-
lar spectra of Af,,. For a specific crossing point (e.g., the angle
on the right-hand side of the Littrow angle, that is 6= 62°), effi-
ciencies of the zeroth and —1st reflected orders will vary linearly
in opposite directions, which will correspond to a differential
efficiency measurement of AR,,. This operating angle repre-
sents scanning-less common-mode detection, with rejection of
source fluctuations and environmental perturbations. This moti-
vates the use of such phenomena as an optical sensor, comprising
at least two fixed detectors and a collimated laser diode (as illus-
trated in Fig. 1). The experimental assessment of the proposed
sensor scheme as a refractometric sensor, measuring variations
in the air refractive index in a pressure-controlled chamber, is
described in the next section.

Experimental assessment. The sample tested here was a
sinusoidal photoresist grating of 850 nm period and 230 nm full
depth printed by laser interference lithography and subsequently
coated with a gold layer 80 nm thick by thermal evaporation (see
Supplement 1, S1: Fabrication process). Modeling confirmed
the gold was thick enough to produce the same optical response
as that obtained with thicker layers. The design of the grating
produces an optimized angular spectrum according to Fig. 2(c)
and two crossing points on either side of the Littrow angle. The
first experiment consisted of plotting the angular spectrum of the
zeroth and —1st reflected orders under ambient conditions, scan-
ning the incidence angle from 0 to 64°. Using a rotation stage and
a photodetector, the reflectances of both orders were measured
versus the incidence angle of the TM-polarized collimated beam
from a 850-nm stabilized semiconductor laser diode. Figure 4
plots measured efficiencies (crosses) and simulated efficiencies
(solid lines) using Chandezon’s method. Modeling considers the
real grating profile obtained by atomic force microscopy (AFM)
measurements, in particular the roughness of the gold coating,
which was recently demonstrated as a key parameter especially
for deep metallic gratings [20]. The roughness shifts and broad-
ens the resonances, thereby shifting the second crossing point to
a smaller angle. However, the angular response keeps the same
tendency. Figure 4 shows that the measured spectra are very
close to the simulated ones, considering the grating roughness
measured to an average value of 7 nm.
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Fig. 5. (a) Photograph of the optical sensing setup. (b) Schematic
diagram of signal acquisition and processing to calculate the LOD.

The grating was then inserted into a custom-made vacuum
chamber with a window such that the air pressure could be var-
ied, thereby slightly altering the refractive index of the sensing
medium. As illustrated in Fig. 5(a), the collimated TM-polarized
beam issued from the laser diode, identical to the one previously
used to measure the angular spectra in Fig. 4 and located out-
side the pressure chamber, impinges on the metal grating. The
incidence angle corresponds to one of the measured crossing
points (~55°). This incidence angle enables both detectors to be
positioned on the same side of the incident beam (as illustrated
in Fig. 1). The detectors—Si photodiodes integrated with a tran-
simpedance amplifier—convert the output currents (/, and I_;)
into voltages.

As shown in Fig. 5(b), analog voltages were acquired at
a sampling frequency of 2.5 kHz and converted into digital
data using an analog-to-digital (ADC) converter then low-pass
filtered (sliding average filter) to improve the signal-to-noise
ratio. The output signal is the normalized difference of these
filtered data, thereby increasing sensor sensitivity compared to
the simple difference (see Supplement 1, S2: Signal processing).

In this proof of concept, the variation in the refractive index
was achieved by varying the air pressure in the chamber using a
vacuum pump at constant temperature following the Edlén equa-
tion relating refractive index to pressure (linearly) [21]. There
is therefore a direct function between the detected signal and
pressure, assuming a linear response of the detectors. Pressure
was measured using a piezo-resistive sensor inserted into the
vacuum chamber, acquired and converted into digital data using
the same ADC module.

The sensitivity (S) of the sensor was calculated using Eq. (2)
from the normalized difference (D) between the signals from the
two photodetectors that vary in opposition while the refractive
index of the air varies. The expected change in the refractive
index of the air was computed using the Edlén equation [21] and
the measured change in pressure in the chamber. This enabled
measurement of the direct and real-time difference in the two
signals, canceling common perturbations, assuming identical
detectors (see Supplement 1, S3: Metrology):

AD

:A_nd'
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orders and normalized difference (red) versus time. (b) Variation
in pressure (black) and normalized difference (red) versus time.
Calculated transfer function: (c) refractive index variation versus
pressure variation, and (d) normalized difference versus variation
in the refractive index.

The LOD was then calculated using Eq. (3) with the sensitivity
[Eq. (2)] and the measured noise taken as the standard deviation
op of the normalized difference (D) over time:

30,
LOD = —. 3
< (3)

Figure 6(a) plots the photodetector signals and the correspond-
ing normalized difference, while Fig. 6(b) plots the variation
in pressure and the normalized difference acquired during the
experiment, which consisted of dropping the pressure from 1
atm (1015 mbar) at =3 s to 300 mbar (up to =12 s) in the
vacuum chamber. The two graphs show that the normalized and
measured difference in pressure are very close, despite small
delays which are explained by the response time of the degassing
and desorption of molecules adsorbed at the surface of the gold
grating. Note that the common-mode noise and parasitic pertur-
bations of the two diffracted orders near =10 s and t =20 s are
canceled using the difference [Fig. 6(a)]. Figure 6(c) plots the
refractive index versus the pressure variation [at 25°C and 35%
relative humidity (HR)] from the Edlén equation and Fig. 6(d)
is the normalized difference of the signals versus the change in
refractive index, the latter obtained using the measured pressure.
The slope of this curve gives the experimental sensitivity (S)
around 96 RIU™' with a correlation coefficient R* of 0.992.
Finally, the LOD was obtained from the calculated sensitivity
and the standard deviation (0p) of the normalized difference
signal according to Eq. (2) using the measured standard devi-
ation (30p) of 5.7 x 107°. The experimentally achieved LOD is
2x 1077 RIU, which is state of the art for SPR-based sensors,
while offering a simplified and compact optical scheme.
Conclusion. Our results demonstrate a new SPR-based
approach that allows high resolution, yielding to an LOD in the
range of 1077 RIU, and very simple sensor implementation based
on the different intensity measurement of diffracted orders. The
approach is based on the switch effect exploiting low-loss surface
plasmon detection between two propagating reflected orders,
which occurs only in the very particular case of deep metal
gratings. Further improvements to the sensor can be envisaged,
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mainly miniaturization and transducer optimization and fabri-
cation, as well as improvements to signal processing to increase
the sensitivity and the LOD. This is a promising approach for the
production of new cost-effective, high-sensitivity, and compact
optical sensors.
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