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Abstract—We introduce and numerically investigate a high-quality resonant structure formed by
a dielectric low-order diffraction grating combining materials with high refractive index contrast.
The proposed structure is capable of supporting multiple plasmonic modes owing to hybridization
effects, modes having the characteristic of exhibiting remarkable sensing response to the change of
the environment refractive index yet limited figure of merit. To improve the figure of merit, the
proposed architecture is modified by adding a layer of semiconductor gain medium, as it can compensate
the internal losses. The result is an active sensor showing multi-modal lasing behaviour, with very
low threshold and large mode spacing. It is found that the device shows switchable response upon
modification of the pump amplitude or polarization, a very important feature when it comes to sensing
devices. Finally, the achieved figure of merit is 3400RIU−1, one order of magnitude higher than the
passive case and much higher than the theoretical limit for sensors based on Kretschmann configuration.
Thus, the proposed architecture possesses great potentials as an optical sensor for bio-detection and
environmental monitoring.

1. INTRODUCTION

Over the past several decades, considerable efforts have been devoted to engineer electronic and photonic
band structures for controlling the emission properties of optical devices [1, 2]. Nanophotonic structures
with controllable coupling between photonic and electronic resonances are particularly interesting since
they provide an impressive ability in tailoring light-matter interaction. In this respect, they have
been exploited to explore intriguing phenomena such as optical resonances [3], electromagnetic induced
transparency [4], plasmonic hybridization [5], and lasing [6, 7] together with fascinating applications such
as optical storage devices [8, 9], photocatalytic processes [10, 11], high performance photovoltaics [12],
on-chip lasers [13, 14], and optical sensors [15–19].

In particular, plasmonic-based optical sensors can benefit from the use of nanophotonic structures
for a wide range of applications with improved performance. Indeed, either under the form of localized
surface plasmon resonance (LSPR) [20] or surface plasmon polariton (SPP) [21], plasmonic-based sensors
have the peculiarity to address operations at the nanoscale (subwavelength dimensions) featured by
remarkable enhancement of the local electric field, leading to an extremely high sensitivity to the
variations of the surrounding dielectric environment. Therefore, plasmonic-based optical sensors have
been widely used in various real-time and label-free sensing applications [22].
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Numerous sensor architectures relying on plasmonic-based mechanisms have been proposed [23, 24].
Among different sensing schemes, a well-developed method for SPPs generation is based on prism-
induced total internal reflection, and it is applied in Kretschmann and Otto configurations [13, 25].
Although this approach exhibits significantly improved sensing performance, it also suffers from the
disadvantage of requiring bulky sizes. Furthermore, the need of metallic materials for the generations
of plasmonic-modes carries the inherent issue of ohmic losses in turn resulting in broad spectrum line
widths. This issue becomes especially important at the subwavelength range, as it jeopardizes the
further improvement of sensitivity and resolution.

In this work, we design and numerically study an active plasmonic grating structure consisting
of a semiconductor gain medium sandwiched between a thin silver film and a high-contrast grating
(HCG). Indeed, by combining the dielectric/metal interface to the low diffraction orders originating
from the HCG, SPPs can be generated. The four-level gain medium is added in between the metal
and HCG with the aim of realizing a pronounced hybrid-lasing behaviour with ultra-low threshold
and extremely narrow linewidth. In particular, switchable lasing is observed by modifying either
the pump intensity or the polarization. Finally, the compact laser device displays versatile sensing
function through multiple responses associated with different generated modes, with an ultra-high
sensing figure of merit (FOM) reaching values up to 3400RIU−1. This FOM, besides being much
higher than the corresponding value for the passive case (i.e., gain medium free), represents also
a remarkable improvement with respect to the state-of-art of active plasmonic sensors with a FOM
around 1000RIU−1 [6, 26]. Thus, the proposed device shows multi-mode switchable lasing operation
and remarkable sensing performance, hence indicating great potential in applications such as high
performance sensors also in liquid environments and multiband optical communication device.

2. STRUCTURE DESIGN AND MODE ANALYSIS

Figure 1 shows the geometrical and materials arrangement of the structure, with the materials refractive
indexes chosen for λ = 1.55µm. The structure starts with a SiO2 bottom substrate (n = 1.46)
followed by a 200 nm silver layer (Ag, n = 0.16 + i11.35). Then, when no lasing is considered (passive
case), 100 nm InGaAsP-like buffer layer (n = 3.3) is added on top of the silver, as it can enhance the
occurring resonances and control the generation of SPPs. Afterwards, a one-dimensional (1D) silicon
nitride (Si3N4, n = 2.0) rectangle-shape grating defined by periodicity P , width W and thickness T
is arranged on the top of the buffer layer to modulate the permittivity of metal/dielectric interface
for SPPs generation. The detailed material parameters are described in Table 1, and the values of
refractive index for the given materials are obtained from [27–30]. For the practical fabrication, the
deposition of different layers can be implemented by the advanced thin film processing technologies,
such as magnetron sputtering, metal organic chemical vapor deposition (MOCVD), and pulsed laser
deposition (PLD) methods. In the step of Si3N4 grating processing, a 500 nm layer of stoichiometric
silicon nitride can be firstly grown by low-pressure chemical vapor deposition. Then, it can be patterned
through using the electron beam lithography (EBL) method.

In order to demonstrate the biosensing function, we consider that the entire structure is immersed

Table 1. Geometrical and material parameters of the proposed device.

Material Dimension and shape Refractive index (λ = 1550 nm)

H2O ∞ (analyte) 1.33

Si3N4

Pgrating = 1160 nm

2.0Wstrip = 464 nm

Tgrating = 500 nm

InGaAsP TInGaAsP = 100 nm 3.3

Ag TAg = 200 nm 0.16 + i11.35

SiO2 ∞ (substrate) 1.45
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in water (n = 1.33) in order to mimic a biological environment and illuminated by a TM-polarized (E
// x-axis) broad-spectrum light source traveling downward along the z-axis. To rule out the effect of
finite size, we assume translational periodicity along x direction with Si3N4 stripes being infinitely long
in y direction. Finally, the whole structure is simulated by Finite-Difference Time-Domain (FDTD)
method, and the sensing performance of the device is numerically analyzed. The detailed simulation
method is shown in S1 section of supplementary material.

Excited with normally incident radiation, the structure responds forming a photonic and a
plasmonic modes, the former generated by the dielectric grating and the latter due to the presence
of a dielectric/metallic interface. Meanwhile, the introduction of Ag layer plays a significant role in the
generation of photonic and plasmonic modes. When there is no Ag layer, these two modes disappear
(see Fig. 1 in supplementary material). In addition, further investigation indicates that these two
modes undergo strong coupling condition [31] as clearly demonstrated in Fig. 1(b). In particular, the
interaction of the two modes is verified by mapping the reflectance upon sweeping the grating period P ,
resulting in a clear anticrossing behaviour characterized by a Rabi splitting of the order of 5meV [32–
34]. The strong coupling behaviour is further confirmed by observing the electric field profiles which
show two different situations, a mode confined in the metallic layer (left dashed line) and a grating
localized mode (right dashed line). Apart from TM-polarized (E // x-axis) pump, we also modified the
pump polarization from TM- to TE-mode and studied the influence on the mode properties. As shown
in Fig. 2 in supplementary material, we note that the tuning of pump polarization not only introduces
an weakening of the two modes, but also excites another mode at 1.664µm when the pump polarization
is 30◦, and it becomes more obvious with the pump polarization angle.

(a)

(b) (c)

Figure 1. (a) Structure diagram of the hybrid plamsonic-grating sensor. (b) Reflectance map under
different periods from 1µm to 1.24µm. The insets show the electric field distributions of the photonic
and plasmonic modes generated in the structure at the crossing points between the two vertical white
dashed lines (period equal to 1.04µm and 1.16µm) and the reflectance maxima. (c) Reflectance spectra
under different Si3N4 grating thickness for P = 1.16µm and W = 0.464µm.
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To further analyze the hybrid behavior originating from dielectric/metal interface coupling to the
photonic grating, the following equation based on wavevector matching condition can be employed [35]:

k0nen sin θ +m
2π

P
= ±k0

√
Re(εAg)εeff

Re(εAg) + εeff
(1)

where k0 is the wave vector in vacuum; nen is the refractive index of the ambient medium (water in the
present case); θ is the angle of incidence with respect to the z-axis; m is the diffraction order; εAg is
the complex permittivity of silver; and εeff is the permittivity of an effective medium here comprising
100 nm of InGaAsP, Si3N4 stripes, and the environment material (i.e., all the materials on top of the
metallic layer). For normally incident illumination, Eq. (1) leads to:

λm =
P

m

√
Re(εAg)εeff

Re(εAg) + εeff
(2)

With these considerations in mind, we investigate the reflectance properties of the structure as
the thicknesses of the Si3N4 grating elements is varied, namely the value of εeff . Fig. 1(c) shows the
calculated reflectance for various grating-element thicknesses ranging from 0.5 to 0.8µm. These results
show two distinct modes, associated with the first and second order Bragg resonances of the grating.
Interestingly, the first-order mode (m = 1), which occurs at wavelengths between 1.55µm and 1.63µm,
is much more sensitive to the variation of the grating thickness than the second-order mode (m = 2)
located at around 1.52µm. A clear red-shift is indeed observed only for the m = 1 mode as the thickness
of the grating elements increases. This behaviour can be understood through Eq. (2), and the value of
εeff can be calculated through this formula, then neff =

√
µεeff (where µ is the permeability of Si3N4,

and µ ≈ 1 for nonmagnetic material). Indeed, upon an increase of T from 0.5 to 0.8µm, the m = 1
mode correspondingly shows a large variation of neff from 1.2 to 1.4, while the value of neff for m = 2
mode keeps constant at 1.8.

The different properties of the two aforementioned modes are also reflected by their different
bulk sensing performances. From Fig. 2(a) it can be seen that by altering the liquid environment
refractive index the two modes exhibit different responses according to the peak position shifting. With
a refractive index change of 5× 10−4RIU (Refractive Index Unit), the peak shifting of m = 2 mode is
only ∼ 0.08 nm, while m = 1 mode returns a wavelength variation as large as ∼ 0.5 nm. Furthermore,
both the modes show a linear dependence on the environment refractive index, as depicted in Fig. 2(b),
a behaviour in good agreement with previous investigations [38, 39]. In terms of bulk sensitivity SB,
namely the peak shift per RIU defined as ∆λ/∆n, where ∆n is the change of bulk environment index,
the value achieved by m = 2 mode is only 160 nm/RIU, while the sensitivity of m = 1 mode is about
1000 nm/RIU. This remarkable value is nearly four times larger than the recently reported advanced
GMR sensor [36], a result suggesting a great potential for high performance sensing applications.

(a) (b)

Figure 2. (a) Reflectance spectra of m = 1 and m = 2 modes with different environment refractive
indexes. (b) Linear resonance peak shift of m = 1 mode (red line) and m = 2 mode (black line) as the
function of environment refractive index.
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However, due to the non-negligible loss of metal, even after the optimization of the structural parameters,
the calculated full width at half maximum (FWHM) of the m = 1 mode results in several nanometers,
and even tens of nanometers in other reports [37, 38], which significantly suppresses the figure of merit
FOM = SB/FWHM of the sensor. In particular, in the present case the m = 1 and m = 2 modes
show FOM as low as ∼ 363RIU−1 and ∼ 19RIU−1, respectively. Therefore, for improving the sensing
performance of the proposed device, we develop one kind of active sensors through the employment of
gain material to overcome the cavity losses and provide sharp lasing peaks with high sensing figure of
merit.

3. LASING REALIZATION AND MODE DYNAMICS

Polarization-tunable multimodal plasmonic lasing has been recently reported based on gold nanoparticle
superlattices [1]. Nevertheless, the introduced design requires complex fabrication process and possesses
limited tunability. Here, we propose a hybrid plasmonic-grating laser through the replacement of the
dielectric buffer layer with InGaAsP gain medium, achieving low threshold lasing and large tuning
range over 100 nm around 1550 nm wavelength. The achieved results suggest that the proposed high
performance IR tunable laser could be indeed meaningful to the nanoscale development of optical
communication devices besides providing a good solution for ameliorating the limited FOM due to the
aforementioned metallic loss.

To properly understand the mechanisms underneath the lasing behaviour of the hybridized
structure, we have integrated a four-level one-electron system of semiconductor gain medium into our
FDTD model [40]. In this respect, the geometrical parameters allowing for a proper overlap between
the strongest mode (i.e., m = 1 mode) and the gain spectrum of InGaAsP at 1.55µm are given by
P = 1.16µm, T = 0.5µm, and W = 4.64µm (as mentioned, the m = 2 mode is located at 1.52µm
regardless the grating thickness variation, see Fig. 1(c)). Under the excitation of a TM polarized pump
at 1.064µm, a pronounced lasing for m = 1 and m = 2 modes can be observed from the input-output
light curves shown in Fig. 3. In particular, it is found that the m = 1 mode has a lower threshold (red
line, ∼ 2.35×106V/m) than that of m = 2 mode (black line). In this regard, the laser intensity profiles
shown in Fig. 3(a) can be understood by stressing two specific aspects related to the m = 1 mode: i) this
mode has much narrower linewidth 2.8 nm leading to a Q factor much higher than that for the m = 2
mode (Qm=1 ∼ 560, Qm=2 ∼ 164) or, in different words, for the m = 1 mode case, the gain medium
has to compensate a limited number of optical loss channels, surely a lower number than that for the
m = 2 case; ii) The position of m = 1 mode is much closer to the center wavelength of the gain spectrum
(1.55µm), hence more gain can be exploited for lasing [1]. Another interesting behaviour emerging from
Fig. 3(a) is that with the increase of the pump amplitude, the m = 1 output rapidly decreases after
the rise of m = 2 mode. In detail, this behaviour is illustrated in Fig. 3(b), clearly showing a modes
competition manifesting at pump amplitude equal to 2.8× 106V/m. This mode competition behaviour
could be attributed to the significantly different field distributions of the two modes, with the m = 2
mode confining more of its electric field inside the gain material than the m = 1 mode. Hence, the
m = 2 mode can achieve a lager confinement factor f , which is the fractional overlap of electric field
profile inside the gain medium to the whole plasmonic mode profile over the spatial dimension. The f
factor can be calculated through the following formula [41, 42]:

f =

∫
gain

|E2(x, z)|dxdz∫ +∞

−∞
|E2(x, z)|dxdz

(3)

where
∫
gain |E

2(x, z)|dxdy represents the integral of electric field intensity of the plasmonic mode in

the InGaAsP layer, and
∫ +∞
−∞ |E2(x, z)|dxdz indicates the total integral of electric field intensity over

the (x, z) cross section of the hybrid plasmonic grating. After calculating the f factors by using the
field distributions of the two modes (see Fig. 3(c)), it was found that the m = 1 mode possesses a
much smaller confinement factor f = 0.04 than the m = 2 with a value equal to 0.25. Such a large
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(a) (b)

(c) (d)

Figure 3. (a) Input-output light curve of m = 1 lasing mode (red line) threshold at 2.35 × 106V/m
and m = 2 lasing mode (black line) with threshold at 2.75×106V/m. (b) Lasing spectra under different
pump amplitudes, indicating mode competition behavior. (c) Mode profile of m = 1 mode (left) and
m = 2 mode (right). (d) Population inversion as the function of time under different pump amplitudes.

difference facilitates the predominance of the m = 2 mode so that with larger pump fluence more energy
is harvested by m = 2 mode, in turn inducing a stronger stimulated emission.

The mode competition behavior can also be analyzed through the variation of the population
inversion. Fig. 3(d) displays the temporal evolution of inverted population for different pump levels. The
curves show a decrease of the inverted population lifetime upon increase of the pump amplitude, since
the stimulated emission induced a shortened lifetime for the inverted populations [43]. Interestingly, a
small slope appears when the pump amplitude reaches 2.8 × 106V/m (red curve in Fig. 3(d)), which
suggests the simultaneous coexistence of m = 1 and m = 2 modes.

To further explore the dependence of mode dynamics on the pump source, the polarization of pump
was gradually tuned from TM (E // x-axis) to TE (E // y-axis), as depicted in Fig. 4(a). Under TM
pump excitation and for the same pump amplitude, e.g., 2.80× 106V/m, we observe the coexistence of
m = 1 and m = 2 at 1.53µm and 1.55µm, respectively. However, when the pump polarization is turned
to 60◦ from TM, both the modes are replaced by a new mode at 1.674µm. This polarization dependence
phenomenon can be explained as follows: (i) One-dimensional gratings are polarization-selective, hence
the TE/TM modes can be excited separately under different pump polarizations; (ii) The semiconductor
gain medium has a wide gain spectrum, which provides enough tolerance for a proper overlapping with
both TE and TM modes [40]. Fig. 4(b) shows the lasing behaviour for the 1.674µm mode, indicating a
very low threshold at 1.85× 106V/m, much lower than that for m = 1 and m = 2 modes. The inset is
the typical field distribution of lasing mode obtained at the same pump amplitude, and the hot spots
between grating strips indicate that the low order diffraction modes possess much stronger intensity.
Therefore, when the pump is horizontally polarized (E // x-axis), the output lasing peaks are primarily
of TM characteristics. In contrast, when the pump is vertically polarized (E // y-axis), the lasing mode
shows TE mode features. All these findings demonstrate that pump polarization is indeed a tool for
controlling the switching between multi-mode and single-mode lasing, which might be promising for
applications in optical sensing.
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(a) (b)

Figure 4. (a) Lasing peaks under different pump polarization (TM/0◦, 30◦, 60◦ and TE/90◦). The
m = 1 and m = 2 lasing modes can be seen at 0◦. (b) Input and output light curve of TE lasing mode
excited by TE pump polarization; inset, typical field distribution profile obtained at 2.80× 106V/m.

4. ACTIVE SENSING AND PERFORMANCE

Finally, to validate the proposed laser design as a refractometric sensor, the spectrum responses from
different modes were investigated, and the results are shown in Fig. 5. All the considered modes
display distinct red-shifting for a change in the environment refractive index equal to 5 × 10−4, as
depicted in Fig. 5(a), an important result as this polarization independent response can be exploited
for multifunctional operations in biological applications when water, glucose, and even urea [44] are
considered as environment materials. In terms of sensitivity, the results show that for m = 2 mode SB

is only 150 nm/RIU, while for m = 1 mode it reaches 850 nm/RIU. The distinct sensitivity difference is
due to the field profile properties of two modes: m = 1 mode is on the top of gratings and shows much
stronger localized field; however, m = 2 mode is localized within the buffer and Ag layers, resulting in a
weaker interaction between light and matter. Interestingly, for the active case the sensitivity results are
smaller than that for the passive case. However, due to the narrow spectral linewidth (only 0.25 nm),
the FOM value for the m = 1 mode is equal to 3400RIU−1, almost one order magnitude higher than
for the passive case. This is an remarkable finding as in the field of optical sensors FOM offers more
comprehensive information on the evaluation of the sensing performance [45].

(a) (b) (c)

Figure 5. (a), (b) and (c) are lasing peaks of m = 1, m = 2 TM and TE lasing modes at 1.550µm,
1.530µm and 1.674µm, respectively, with different environment RI from 1.3300 to 1.3320.

Table 2 summarizes the sensing performance of different modes obtained by controlling the pump
polarization. We note that different modes possess different linewidths and different sensitivities, thus
resulting in different figure of merits. Although there has been a number of reports on sensors based
on plasmonic structures [46], hybrid resonators [47], and even based on active laser devices [48], this
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Table 2. Comparison of sensing performance of different modes when lasing occurs.

Mode Wavelength (µm) FWHM (nm) Sensitivity (nm/RIU) FOM (RIU−1)

TM(m=1) 1.550 0.25 850 3400

TM(m=2) 1.529 0.56 150 600

TE 1.674 0.38 580 1526

is the first time that polarization was exploited as a tool for developing high-performance (i.e., high
FOM) sensors. Furthermore, all the reported FOMs, regardless the considered mode, are much higher
than the theoretically predicted upper FOM limit for sensors based on Kretschmann configuration [49]
making the present approach very attractive.

5. CONCLUSIONS

In summary, we have designed and numerically studied a plasmonic device supporting plasmonic modes
through the use of dielectric subwavelength HCGs. The device exhibits sensing functionality in liquid
environment as it can identify refractive index change with high sensitivity, yet limited FOM. In
order to improve the sensing figure of merit, we have then modified the proposed architecture in a
way to compensate the internal losses by adding a layer of active material, demonstrated by a clear
pump-dependent lasing behaviour. Furthermore, and most importantly, a strong pump polarization
dependence of the lasing mode was observed, hence representing a very valuable method for tuning the
lasing wavelength within a 140 nm range. Finally, we tested the sensing performance by checking the SB

and FOM values, with the results suggesting multiple responses from different modes, a very different
situation from conventional plasmonic sensors. In fact, modes generated under different polarization
pumps display higher FOM values than the passive device (lasing-free). In particular, we have achieved
an ultra-high FOM value of 3400RIU−1 at 1.55µm. These findings strongly suggest that the proposed
innovative laser device may represent a feasible platform to achieve ultra-high performance refractive
index sensing, a platform that can be readily applied also to biological environments.
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