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We demonstrate the viability of using high-order modes in localized optical resonances combined with
gain media to dramatically reduce the linewidths of absorption spectra. Our theoretical study provides a
rational design route for small-footprint absorption with a high quality factor, which is typically a trade-
off for plasmonic light absorbers. Specifically, we design and numerically investigate a metal-insulator-
metal absorber and a graphene Salisbury screen. Additionally, we study the potential application of these
structures in sensing in order to achieve higher performance compared with conventional sensors based on
the fundamental mode. Our approach, which can readily operate in a multiplexed fashion, has the potential
for sensing minute amounts of analytes with a high figure of merit.

DOI: 10.1103/PhysRevApplied.11.044030

L. INTRODUCTION

Plasmonic nanostructures are routinely used to manip-
ulate light at the nanoscale. Localized optical resonances
constitute a basic ingredient in these structures. In partic-
ular, the collective oscillations of free electrons in con-
ducting materials, known as surface plasmon resonances
(SPRs), are able to interact strongly with external light
and highly concentrate the electromagnetic intensity in the
near field [1]. SPRs further facilitate energy conversion at
the nanoscale, for example, through the generation of hot
carriers [2,3] and localized heating [4,5]. These appealing
features have triggered intense research activities over the
last two decades aimed at designing and exploiting dif-
ferent structures for nonlinear optics [6,7], ultrasensitive
molecular detection via surface-enhanced Raman scatter-
ing (SERS) [8,9], photochemistry [10,11], and nanofabri-
cation [12,13], among other feats. Additionally, the design
of light absorbers with high performance [14—19] is very
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appealing owing to their ability to strongly dissipate
incoming light in any desirable spectral range. These opti-
cal elements are useful in several promising applications,
including improved solar energy harvesters [20,21], novel
photodetectors [22,23], refractive-index sensors [24,25],
and selective thermal emitters according to Kirchhoff’s law
[26-29].

Absorbers are generally categorized into two types:
broadband [30,31] or narrowband [15,16], depending on
their absorption bandwidths. Reducing the bandwidth to
an ultrasmall value is one of the longstanding goals in
this field, which could enable higher-quality nanodevices
for photodetection, sensing, and thermal emission. Various
kinds of delocalized optical resonances are commonly used
to realize ultranarrowband absorption [32-37] (e.g., lattice
resonances [32—-35] and guided-mode resonances [36,37]).
This preference is partially due to their plasmonic-photonic
hybrid-mode nature that features low dissipation rates. For
localized resonances, in order to improve the quality fac-
tor O (= wo/Aw, where wy is the peak frequency and
Aw is the full frequency width at half maximum), uti-
lizing destructive interferences in complex structures to

© 2019 American Physical Society
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reduce radiative damping rates of the optical modes has
been tried [38].

In this paper, we propose an alternative way consist-
ing in utilizing high-order localized resonances combined
with gain to realize high Q-factor perfect absorption within
structures with small spatial extension. We consider a high-
order optical mode that exhibits much smaller coupling
strength with external light than the fundamental mode.
Therefore, the energy stored in the high-order mode dis-
plays a small radiative decay rate. Simultaneously, gain
partially compensates the intrinsic Ohmic losses in metal
elements, leading to a small resistive decay rate. According
to the critical-coupling condition from coupled-mode the-
ory, perfect absorption with an ultrasmall bandwidth can
be achieved when these two rates are equal.

In what follows, this concept is firstly demonstrated
in metallodielectric core-shell cylinders, which support
Mie resonances [39,40]. Then, we apply the idea to two
popular planar absorbers: metal-insulator-metal (M-1-M)
structures and graphene Salisbury screens. They both val-
idate the concept. Apart from their performance as light
absorbers, the two structures also hold great potential for
sensing [15,41]. This appealing feature is due to their
highly confined near field and easy tunability of the res-
onance frequency through changing the geometrical size
or doping level. Commonly, sensors based on localized
resonances provide the opportunity to sense tiny vol-
umes of analyte, even down to a nanometer-sized light
focal spot [42]. But their spectra are broad, which lim-
its the achievable improvement in the figure of merit
(FOM) (see below). Based on our proposed small-footprint

ultranarrowband absorbers, we further show that their per-
formance for sensing exceeds that of sensors based on
solely fundamental modes.

II. ULTRANARROWBAND LIGHT DISSIPATION
IN A NANOCYLINDER

A. Theory and methods

Figure 1(a) shows the core-shell cylinders under con-
sideration. The relative permittivity of the gold shell
is approximated using a Drude model [43], &, =1 —
w, /(@ + iwy,), where fiw, = 6.98 eV, y, =0.11 eV.
The core is a dielectric, which can be further doped with
various gain materials. Then, the total electric response
is &4 = &p + Egain. It is composed of a background term
gp = 2.25 (i.e., silica) and a Lorentzian gain term [44,45]
Egain = Y0/ (@ — wy + iyp). Here, wy and y, are the gain
frequency and bandwidth, respectively. In this section, we
take Rhodamine 800 to provide the gain effect, whose
emission wavelength Ag (=2mwc/wyp) is 711 nm, and y, =
0.04wq [45]. The explicit expression of F' shows that it
is proportional to the population inversion of the gain
material [45]. Therefore, it reflects the gain level and also
includes a saturation effect. We emphasize that the required
values of F for our structures (see below) are smaller
than its upper limit [45]. So, they are realistically attain-
able. Incidentally, we set F' = 0 when we want to exclude
gain.

Modes with different orders (e.g., dipolar, quadrupolar
mode, and other higher-order modes) can be excited by an
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(a) Schematic view of the two silica/gold core-shell structures here considered. (b) Normalized absorption cross sections

of core-shell cylinders supporting a dipolar mode without gain (blue curve), a quadrupolar mode without gain (red dashed curve), or
a quadrupolar mode with gain (red solid curve) at 711 nm. (¢) Normalized magnetic fields of a quadrupolar mode (peak A) and a
dipolar mode (peak B), respectively, corresponding to the features labeled in the blue curve of (b). (d) Normalized magnetic fields of
a quadrupolar mode (peak C) and a dipolar mode (peak D), respectively, associated with the red dashed curve in (b). (¢) Radiative and
resistive decay rates of a quadrupolar mode (related to peak E) at different gain levels. (f) Normalized magnetic field of the quadrupolar
mode (peak E) of the red solid curve in (b) under the critical-coupling condition. Frames in (c),(d),(f) share the same color and line
type as spectral curves in (b). Also, |Hp| is the magnetic field amplitude of the incidence wave.
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external plane wave with its magnetic field polarized along
the cylinder axis. Each mode is associated with a radiative
decay rate (;aq) and a resistive decay rate (4s). They char-
acterize the mode energy dissipation speeds either through
coupling to the far field or generation of Joule heat in the
metal. The absorption can reach a maximum value when
the two decay rates are equal [46], a condition generally
known as critical coupling. Specifically, for the cylinder
discussed here, we have the absorption cross section of a
single mode given by [47]

2_)‘ Vrad Yres
7 (w— wO)z + (Vrad + )’res)2 ’

Cabs =2 (1)

where the prefactor of 2 accounts for two degenerate
submodes because of the structure’s rotational symmetry.
One can find the upper limit to be Capsmax = (2A/7)/2,
which can be achieved when both critical-coupling and
on-resonance conditions are satisfied.

In the numerical experiments that we discuss next, we
use the eigenfrequency solver of the commercial software
COMSOL [48] to compute the two decay rates. The method
is discussed in Appendix A. Because the cylinder as well as
the other two studied structures (see below) are all invari-
ant under translations along one direction and we consider
the magnetic fields of the incidence light to be parallel with
the direction, the resulting magnetic field associated with
the near field also satisfies this condition. In the compu-
tation, a circular simulation region is used, defined by a
scattering boundary. The structure (i.e., a core-shell circle)
is located at the center. The distance between the structure
and the scattering boundary is set to be larger than the light
wavelength. In the simulations of absorption spectra, plane
waves at different wavelengths going toward the positive
x direction are set as the background fields in the fre-
quency domain solver. Then, scattered fields are computed.
In the two-dimensional (2D) structure, the absorption cross
section in units of meters is equal to the absorbed energy
of the total fields (units of W/m) divided by the incidence
intensity (units of W/m?).

B. Results and discussion

In many applications, the fundamental dipolar mode
is typically preferred and no gain medium is involved.
Because the mode has large coupling strength with the
external light, it is therefore easily accessible. Design I,
presented in Fig. 1(a), illustrates such a case. As indicated
by peak B of the blue curve in Fig. 1(b), its maximum
absorption is achieved at 711 nm. The corresponding nor-
malized scattered magnetic field is shown in panel B of
Fig. 1(c). The geometric parameters of the core-shell cylin-
der are ; = 34.9 nm and r, = 44.3 nm. Obviously, the
incidence light can excite higher-order modes at shorter
wavelengths. For example, the small peak A at 516 nm
reveals a quadrupolar mode. Panel A of Fig. 1(c) displays

the corresponding field distribution, which has a character-
istic four-lobed pattern, but is far from being a well-defined
quadrupolar mode [see Fig. 1(f), discussed below]. The
reason lies in the large mismatch between the two energy
decay rates. Although the peak absorbance induced by the
dipolar mode can be high, the bandwidth is large with a
full wavelength width at half maximum FWHM = 85 nm,
leading to a low Q factor (approximately 8). This results
from the large radiative and resistive decay rates associated
with a typical fundamental mode.

Adopting gain-assisted higher-order modes can address
this problem. For the sake of a fair comparison, we use
the eigenfrequency solver to find a new core-shell cylin-
der design II, which holds a quadrupolar mode at the same
wavelength (i.e., 711 nm) as that of the dipolar mode of
design I. The new structure’s geometric parameters are
r1 = 40.2 nm and r, = 45.0 nm. The red dashed curve in
Fig. 1(b) shows its normalized absorption cross section.
Peaks C and D correspond to its quadrupolar mode and
dipolar mode, respectively. Their field distributions are
shown in Fig. 1(d). Then, we add gain (Rhodamine 800,
discussed above) into the silica core. Figure 1(e) depicts
the dependences of the two decay rates of the quadrupo-
lar mode on gain strength F. Within the explored range,
with increasing optical gain, the values of the radative
decay rates y;aq remain almost the same, while the resistive
decay rates ;g become increasingly smaller. The critical-
coupling condition is achieved around F = 0.2075. The
red solid curve in Fig. 1(b) is the normalized absorp-
tion cross section under this condition. We can see from
the peak E that nearly perfect absorption [Cyps/(2A /) =
0.48] is produced at the target wavelength. Furthermore,
the bandwidth is dramatically reduced to a value as small
as 1 nm. The reason why the peak absorption is slightly
below the upper limit (i.e., 0.5) is that, here, absorption is
dominant, but does not fully originate in the quadrupolar
mode. It is also influenced by the nearby dipolar mode. The
field distribution related to peak E is shown in Fig. 1(f),
which confirms an efficient excitation of the quadrupole
mode assisted by gain.

The imaginary part of the relative permittivity of
the doped dielectric can be written as Im{ggin} =
—F/[(Aw/yp)? + 1], where Aw = w — wy. We can find
that a small gain bandwidth y; can also contribute to a
reduction of the linewidths of the absorption spectra. In
order to clarify its role in our structure, we additionally
show in Fig. 2 the absorption spectra with y; taking differ-
ent values. The red curve in Fig. 2 is the same as the red
solid one (peak E) in Fig. 1(b). Although one can observe
that the absorption bandwidth increases with increasing
gain bandwidth, it remains as small as approximately 1.5
nm when y takes a considerably large value of 0.4wy. This
reveals that the ultranarrowband is a unique advantage,
mainly resulting from the combination of a high-order
mode and gain, rather than from the small gain bandwidth.
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FIG. 2. Normalized absorption cross sections related to the
peak E in Fig. 1(a) when the gain bandwidth of the gain medium
takes different values.

Incidentally, we also note that a single structure is only
able to dissipate a small fraction of energy of an inci-
dence plane wave or Gaussian beam. As we discuss below,
arranging several such structures together can address this
problem.

1. METAL-INSULATOR-METAL ABSORBER
A. Theory and methods

Now, we apply the same idea to solid-state planar
absorbers, which are usually made up of periodic arrays
of subwavelength structures. For this type of absorber,
coupled-mode theory has also been used as a well-
established formalism for the analysis of the absorbance
by using the two decay rates [36,49]: 4 = 4YaqVres/[ (0 —
®0)* + (Vrad + Vres)?]. Again, we can see that the max-
imum absorbance can be achieved on resonance under
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the critical-coupling condition. In this section, we focus
on the popular M-I-M absorbers. The inset of Fig. 3(a)
shows a single unit. A dielectric spacer (g, = 1.75%, i.e.,
Al,O3) with thickness ¢ is sandwiched between a contin-
uous gold film and a gold strip. The width and the height
of the strip are w and d, respectively. Also, a denotes the
period. The upper and lower metal elements can inter-
act strongly if the dielectric layer is thin enough. When
carefully designed, the impinging plane wave with mag-
netic field along the strip can induce antiparallel electrical
currents in the two metal elements, therefore generat-
ing a remarkable magnetic resonance in the gap [15,16].
When considering gain, this section adopts the same
gain medium (i.e., Rhodamine 800) as that in the last
section.

Here, we study both infinite and finite arrays of M-I-M
absorbers. The performance of infinitely large structures
is presented in Figs. 3(a)-3(c), where we compare struc-
tures supporting only a fundamental mode without gain to
others supporting a higher-order mode with gain. In the
simulations, periodic boundary conditions in the x direc-
tion and perfect matching layers (PMLs) in the y direction
are adopted. A port below the upper PML illuminates a
plane wave toward the structure. The distance between the
port and the structure is set to be larger than the light
wavelength. The performance of finite arrays for light
absorption and sensing is displayed in Figs. 3(d) and 4,
respectively. In the simulation of Fig. 3(d), a substrate
(an opaque metal film plus a thin dielectric layer) with a
width of 6 um is assumed to be freely standing in air. A
finite number of metal ribbons sit on the substrate. PMLs
are assumed in all four directions. The distances between
the PMLs and the structure are set to be larger than the
light wavelengths. A 2D Gaussian beam with its waist
equal to 711 nm (i.e., the resonant wavelength) is taken to

(d) Small footprint absorber
1 | O ——
0 g 075 |Beclls ]| A
3 \ N unit cells
0.5 g 05 cells | |
17 - !
e
0.25 < 0.25
0 0
704 711 718 705 115 725

Wavelength (nm) Wavelength (nm)

Absorption properties of infinite one-dimensional (1D) arrays illuminated by plane waves (a)—(c) and finite arrays illuminated

by Gaussian beams (d). (a) Absorption spectra of the absorbers, respectively, supporting a fundamental mode without gain (blue curve),
a higher-order mode without gain (red dashed curve), or a higher-order mode with gain (red solid curve) at 711 nm. The inset depicts
the structure. (b) On-resonance normalized magnetic fields under the two different conditions considered in (a). The frames share the
same color and line type as spectral curves in (a). (c) Absorption spectra at different incidence angles. (d) Absorption spectra for finite
arrays of different size (i.e., number of unit cells). Both (c¢) and (d) correspond to the higher-order-mode structures.
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FIG. 4. (a) A schematic view of a nanodevice for gas sens-
ing. Grooves are filled with the targeted gas of index .
(b) Absorption spectra when the gas takes different indices.
The solid (dashed) curves correspond to the structure utilizing
a higher-order (fundamental) mode.

normally illuminate the structure. The waist is at the inter-
face between the dielectric spacer and the metal ribbons.
The whole system is symmetric with respect to the central
vertical line.

In the simulation of Fig. 4, the same Gaussian beam
is set as the excitation source with its waist at the inter-
face between the gold groove and the air. The detected
gas with refractive index »n is assumed to fill the groove.
The thickness of the wall of the groove is larger than the
light wavelength. The three sides (left, right, and bottom)
of the groove are enclosed by gold PMLs. The three
sides (left, right, and top) of the air are also enclosed
by air PMLs. The size of the groove itself is discussed
below.

B. Results and discussion

For M-I-M absorbers, researchers normally use a funda-
mental mode as displayed by the field profile in the upper
panel of Fig. 3(b). Its absorption spectrum is indicated
by the blue curve in Fig. 3(a) with complete absorption
at 711 nm. The geometric parameters are w = 48 nm,
d =30 nm, t =12 nm, and a = 250 nm. We note that
the large FWHM (approximately 70 nm) leads to a fairly
low Q factor (approximately 10). In order to achieve high-
0 perfect absorption, we follow a method similar to that
shown in the last section to adopt a new M-I-M structure,

which holds a higher-order resonance at the target wave-
length (i.e., 711 nm). The dielectric spacer is doped with
the gain medium. When the geometric parameters take
values of w =476 nm, d =20 nm, t = 10 nm, and a =
520 nm and the gain strength F is tuned to 0.171, com-
plete absorption with FWHM =2 nm is achieved [red
solid curve in Fig. 3(a)]. The Q factor is enhanced up
to approximately 356. The on-resonance field distribution
is displayed in the lower panel of Fig. 3(b). If no gain
medium is involved (i.e., F = 0), the peak absorbance dra-
matically drops to about 0.2 as shown by the red dashed
curve in Fig. 3(a). Figure 3(c) shows the angle-dependence
absorption of the higher-order-mode structure with gain.
The resonance blueshifts and becomes much weaker when
the incidence angle is increased to 30°, which is due to the
spatially large optical resonance mode compared with the
light wavelength.

We have so far investigated absorbers with an infinite
period, in line with many previously published numeri-
cal studies. Now, based on this kind of high-Q localized
resonance, we can realize small-footprint ultranarrowband
absorbers, which is demonstrated in Fig. 3(d). All geo-
metric parameters (of the ribbon and the period) and
material parameters are the same as those of the high-
order-mode infinite arrays. We can observe that the peak
absorbance grows remarkably when the unit cell number
increases from 2 to 8. Specifically, as indicated by the
yellow curve, a small-area absorber, which consists of 4
unit cells (about 1.5 times the beam waist), can dissipate
80% of the incoming light energy with a bandwidth less
than 3 nm.

These properties are useful for sensing small volume
analytes with a higher FOM compared with using the
fundamental resonance. Figure 4(a) presents a sketch
of the designed sensor. The absorber, which consists
of 8 unit cells, is integrated onto the bottom of a
gold groove. This means that the width of the groove
is 4.16 um. The depth of the groove is assumed to
be 1 um. The solid curves in Fig. 4(b) illustrate the
dependence of the absorption spectra on the gas refrac-
tive index (see figure legend). For comparison, we also
do calculations of a sensor that utilizes the absorber
based on the fundamental mode as described in Figs.
3(a) and 3(b) without changing the other parameters
(i.e., the depth and width of the groove). This means
that there are 16 unit cells in the absorber. The results
are indicated by the dashed curves. We find that while
the sensitivity (S = AA/An), which measures the vari-
ation of peak wavelengths per refractive index unit
(RIU), of the higher-order-mode structure (25 nm/RIU)
is smaller than the one based on the fundamental mode
(83 nm/RIU), its FOM = S/FWHM is one order of mag-
nitude larger. The FOMs of the higher-order-mode and
the fundamental-mode structures are 8.3/RIU and 0.8/RIU,
respectively.
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IV. GRAPHENE SALISBURY SCREEN

A. Theory and methods

Apart from the visible range, absorbers working in the
MIR region are of great interest as well, especially for
applications in sensing of molecular vibrational bonds and
thermal imaging [50]. In this context, graphene plasmons
have raised huge expectations owing to their outstanding
optical properties in this spectral range [51,52]. Perfect
absorption has been demonstrated both theoretically [53]
and experimentally [54]. Here, we shift our focus from the
conventionally used dipolar resonance to higher-order res-
onances, showing that narrower linewidths are possible. A
unit cell of the structure is shown in the inset of Fig. 5(a). A
thick dielectric layer with thickness ¢ (&5 = 2, i.e., GaF;)
separates a graphene nanoribbon and a gold film. The
width of the ribbon is w and the period is a. The surface
conductivity of the graphene layer is described by a Drude
model o = (¢?/mh?)iEr(w + it~ "), where T = ,uEp/ev%
is the intrinsic inelastic lifetime. In the simulation, we
assume Ep = 0.8 eV, u =2.5x 10* cm? V™! s7!, and
vr = 10° m s~'. Here, we take Er’* ions as a gain
medium when the gain is needed, whose emission wave-
length is Ay = 2800 nm, and the gain bandwidth is
yo = 0.03w, [45].

In what follows, we carry out an analysis along sim-
ilar lines as in the previous section. Firstly, we focus
on infinitely large structures that support either a fun-
damental dipolar mode or a higher-order mode at the
same wavelength (2800 nm). The results are presented in
Figs. 5(a)-5(c). Then, we also investigate finite arrays for
small-footprint high-Q absorption [Fig. 5(d)] and sensing
(Fig. 6), respectively. The setups that we consider in our
simulations, including boundary conditions, beam types,
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and domain sizes, are almost the same as those in the
previous section. The difference is that the waists of the
Gaussian beams in Figs. 5(d) and 6 are equal to 2800 nm.
Correspondingly, the width of the substrates is extended
to 12 um to support the finite arrays and totally block
transmission of the incident light. In the simulations of
sensing, as indicated in Fig. 6(a), the graphene ribbon
array is covered by a 10-nm-thick molecular layer, whose
width is 3.5 um (see below). The molecular layer is sim-
ply described as a refractive index that increases with
increasing molecular density [55].

B. Results and discussion

In the design of the screen, we set the filling fraction of
the graphene ribbon to be 0.5 (i.e., w = a/2). When w, a,
and ¢ take values of 16, 32, and 885 nm, respectively, the
ribbon holds a dipolar resonance at 2800 nm under normal
incidence. The field distribution is shown in the upper
panel of Fig. 5(b). Its absorption spectrum [blue curve
in Fig. 5(a)] illustrates that perfect absorption is achieved
with FWHM = 5 nm. Next, we reconfigure the absorber
with w = 214 nm, a = 428 nm, and ¢ = 481 nm, so that
it holds a higher-order resonance at the same wavelength.
The critical-coupling condition can be realized, when a
proper strength of gain (F = 0.0018) is added into the
dielectric layer to partially compensate the intrinsic Ohmic
loss of the system. Then, as indicated by the red solid curve
in Fig. 5(a), perfect absorption is achieved with a narrower
linewidth FWHM = 0.8 nm. The lower panel of Fig. 5(b)
displays its on-resonance field distribution. If there is no
gain involved, the peak absorbance drops to around 0.5
(red dashed curve). Figure 5(c) presents the dependence
of the absorbance on wavelength and incidence angle. One
can observe that the ultranarrowband feature is robust over

(c) Absorbance (d)  Small footprint absorber
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Absorption properties of infinite 1D arrays illuminated by plane waves (a)-(c) and finite arrays illuminated by Gaussian

beams (d). (a) Absorption spectra of absorbers supporting a fundamental mode without gain (blue curve), a higher-order mode without
gain (red dashed curve), or a higher-order mode with gain (red solid curve) at 2800 nm. The inset depicts the structure under consid-
eration. (b) On-resonance normalized magnetic fields under the two different conditions examined in (a). The frames share the same
color and line type as spectral curves in (a). (c) Absorbance as a function of incidence angle and wavelength. (d) Absorption spectra
for finite arrays of different size (i.e., number of unit cells). Both (c¢) and (d) correspond to the higher-order-mode structures.
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a large angular range. The absorbance remains about 0.5
when the angle is increased to 80°.

In the same way as for the configuration in Fig. 3(d)
discussed in the previous section, Fig. 5(d) shows the
absorption performance of a finite screen. All parame-
ters are the same as those of the infinite structure that
holds a high-order mode. Thanks to the large optical cross
section and robust angle of the graphene ribbon, 20 unit
cells, which span about 1.53 times the beam waist, are
enough to fully dissipate the incoming light; meanwhile,
the bandwidth remains close to 1 nm.

The ultraconfinement of the near field provided by
the graphene plasmons renders this material particularly
promising for molecular sensing [41]. Based on the small-
footprint high-Q absorber, we have the capability to sense
tiny volumes of the sample with improved FOM compared
to its counterpart relying on the fundamental resonance.
The sensor, which supports the high-order resonance and
involves gain, consists of 8 unit cells. The molecular layer
with width 3.5 um fully covers these cells. For compar-
ison, we replace the high-order resonance structure with
one that holds the fundamental resonance without gain. At
the same time, we maintain the widths of the ribbon array
and the molecular layer to be the same, which means that
the fundamental-mode structure contains 107 unit cells.
Figure 6(b) displays their absorption spectra with various

(a)
7
(b) :
———- n=1.000 I;Iigh order mode
——— n=1.002 4~ i
8 075 —— n=1.004 q
§ n=1.006
S 05
8 Fundamental mode ~
< ’ N
\
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= 2 "E.. E\ : : ~|
2790 2800 2810
Wavelength (nm)

FIG. 6. (a) Schematic view of a nanodevice for thin molecular
layer sensing. The molecular layer with a thickness of 10 nm is
characterized by a refractive index n. (b) Absorption spectra for
different molecular layer indices. The solid (dashed) curves cor-
respond to the structure utilizing the higher-order (fundamental)
resonance.

layer indices tuned from 1 to 1.006. Although their sen-
sitivities are almost the same, the high-order-resonance-
based sensor holds a larger FOM (944/RIU) compared
with its fundamental-mode counterpart, whose FOM is
131/RIU.

We note that the absorption of the finite structure
supporting the fundamental resonance is fairly low (see
dashed curves) compared with its infinite counterpart [blue
curve in Fig. 5(a)]. We attribute this effect to the small dis-
tances between adjacent ribbons (¢ — w = 16 nm), which
leads to a strong near-field coupling between them. As
a consequence, the optical mode is partially of lattice
resonance in nature. Therefore, in this case, a much larger
finite structure is necessary to recover the performance of
the infinite array.

V. CONCLUSION

In summary, we have provided a general route to reduce
the bandwidth while maintaining perfect absorption in a
plasmonic system. We have realized this through using
high-order optical resonances combined with proper gain,
pumped by either light or electrical means. We demon-
strate this strategy through numerical simulations of three
different structures based on different absorption mecha-
nisms. We further exploit these results to achieve improved
performance in refractive-index sensing.

Incidentally, even better performances can be expected
if much higher-order resonances are used. We hope that the
present work stimulates further investigations for apply-
ing our method to customize absorption in other plasmonic
systems. Finally, we expect that this idea can also benefit
ultrahigh-quality-factor absorber/emitter designs in dielec-
tric nanophotonics [56], where a gain medium is perhaps
not needed because of the low intrinsic loss. Nevertheless,
plasmonic systems have their unique advantages for some
applications such as hot-electron generation with small-
footprint structures, as well as switchable photodetectors.
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APPENDIX: NUMERICAL METHOD USED TO
COMPUTE RESISTIVE AND RADIATIVE DECAY
RATES

We describe in detail the method used to obtain Fig. 1(e).
The structure in the corresponding COMSOL simulation is
described at the end of Secs. Il A. For a specific core-
shell structure, we obtain the frequency of a desired opti-
cal eigenmode via the eigenfrequency solver. The solved
eigenfrequency @ = wy + Yot is a complex number, where
wy denotes the angular frequency of the eigenmode, while
Vot = Vres + Vrad 15 the sum of two decay rates: resistive
and radiative. The exact values of these two rates can
be calculated as [57] Yies = Yiot X Wres/(Wres + Wraa) and
Viad = Yiot X Wiad/ Wies + Wraq). The internally dissipated
power Wi, which is equal to the Ohmic loss partially com-
pensated by optical gain, can be obtained by 2D integration
of the absorbed power density P = (1/2)gqwoIm{e,}|E|?
over the whole structure. Here, & is the vacuum permit-
tivity and ¢, is the relative permittivity of either the lossy
metal or the doped dielectric. The out-flux power W4 can
be readily obtained by using a built-in function, which
performs 1D integration of the normal component of time-
averaged Poynting vector (S) = (E x H) along a closed
contour enclosing the structure.

Apart from isolated structures, this method can also
be applied to infinitely extended ones (e.g., the M-I-M
absorber and the graphene Salisbury screen, although we
omit the results for simplicity). The difference with respect
to finite structures is that now the contour for 1D integra-
tion of the Poynting vector can be taken as a straight line,
which is placed above the structure and connects the two
periodic boundaries in a single unit cell modeling. Then,
the integral collects all the radiatively emitted power going
to the upper space. Incidentally, for a graphene ribbon, the
otherwise zero-thickness interface, which is specified by
the surface conductivity o, can be replaced by a finite-
thickness layer described by its relative permittivity e&,.
The formula &, = 1 + io/(wtey) [58] is used to connect
the two quantities, where the graphene ribbon thickness ¢
is adjusted in order to make the optical response (e.g., the
absorption cross section) based on the two methods identi-
cal. Then, the 2D integration of the absorbed power density
can be carried out as usual.
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