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We have designed a sphere-graphene-slab structure so that the electromagnetic wave can be well confined in
the graphene due to the formation of a bound state in a continuum (BIC) of radiation modes. Based on such
a bound state, we have realized strong optical absorption in the monolayer graphene. Such a strong optical
absorption exhibits many advantages. It is ultrasensitive to the wavelength because the Q factor of the
absorption peak can be more than 2000. By taking suitable BICs, the selective absorption for S and P waves
has not only been realized, but also all-angle absorption for the S and P waves at the same time has been
demonstrated. We have also found that ultrasensitive strong absorptions can appear at any wavelength from
mid-infrared to far-infrared band. These phenomena are very beneficial to biosensing, perfect filters and
waveguides.

n recent years, there has been a great deal of interest in studying the optical properties of graphene due to the

abundant potential applications within a wide spectral range from terahertz (THz) to visible frequencies'*°. As

an ultra-thin two-dimensional (2D) carbon material, graphene is widely used in the transparent electrodes and
optical display materials'™, it has also been applied in opto-electronics such as photodetectors, optical modula-
tors, and so on*>”. The strength of interaction between graphene and electromagnetic (EM) waves plays a central
role in these applications. However, a single sheet of homogeneous graphene absorbs only 2.3% of normal
incidence light in the visible and near-infrared range. It is similar weak in the mid-infrared and far-infrared
range. Thus, various methods to improve the interaction between graphene and EM waves have been proposed.
For example, the combination of graphene with conventional plasmonic nanostructures'®™'¢, fabricating peri-
odically patterned graphene or placing it in an optical microcavity'’ .

On the other hand, analogous to the localized electrons with energy larger than their potential barriers, light
bound states in the continuum (BIC) have also attracted much attention®'*°. It has recently been shown that it is
in principle possible to ideally confine an optical mode within the radiation continuum, realizing an ideal optical
bound state surrounded by symmetry-compatible radiation modes®'~*. Motivated by these investigations, in this
work we combine the above two ways, and explore the possibility to realize strong absorption of graphene by
using BICs.

Results and discussion

We consider a double layer structure consisting of monolayer dielectric spheres with a square lattice and a
dielectric slab as shown in Fig. 1(a). The distance between two neighbor spheres is taken as a, the relative
permittivity and relative permeability of spheres are marked by ¢, and p;, respectively. The relative permittivity
and permeability of the dielectric slab are expressed by ¢; and ;. For nonmagnetic materials, u; = pz = 1. By
choosing appropriate parameters of the structure, we construct a BIC at the interface between the monolayer
dielectric spheres and the dielectric slab, and realize to trap EM waves at such a position. Then, we put a sheet of
monolayer graphene at such a position and explore the interaction between external EM fields and the graphene.

Bound states in the continuum between monolayer dielectric spheres and a slab. Figure 1(c) and (e) show the

reflectivity (R) of the double layer structure as a function of the reduced wavelength ;“/a and the component of
wave vector k, for the S wave and the P wave, respectively. Here the dielectric constants of spheres are taken as &, =
4.0804, which correspond to Si3N,, and the dielectric constant of the slab is taken as ¢; = 12.96 corresponding to
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Figure 1| (a) Diagram of the sphere-slab structure and coordinate. The spheres are arranged in a square lattice with the lattice constant a. The

radii of spheres are 0.3a. The slab is placed next to the spheres and the thickness is 0.3a. (b) shows the absolute value of the electric field in one primitive cell
at ’l/a=2.72. The incident wave is along Z-axis normally to the XY-plane, the amplitude of the incident field is 1 and the polarization is along X-axis.
Red coordinate represents the field intensity distribution along the X-axis at the interface between the spheres and the slab (Y = 0, Z = 1.1); Blue
coordinate corresponds to the field intensity distribution along the Z-axis at X = 0.01 and Y = 0.01. (c) and (e) describe the reflectivity R as a function of
the reduced wavelength )~/a and the component of wave vector k, for S and P wave, respectively. Because the resonant peaks are too sharp to be displayed,
we highlight the bound states with dashed lines. The boundary between the black and colored region is the light line. The corresponding reflectivity for the
S and P waves at various incident angles are given in (d) and (f) as a function of the reduced wavelength ;“/a.

Si. The radii of the spheres are r = 0.3a and the thickness of the slab is The sharp resonant features are clearly visible in Fig. 1(c) and (e)
also taken as D = 0.3a. The results are obtained by the layer- corresponding to the existence of trapped electromagnetic modes
multiple-scattering method™. (quasistationary states) in the structure. For example, we observe a
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common resonant mode for both S and P waves at j’/a =2.72 with the
normal incident light. With the increase of k,, such a resonant mode
for the S wave splits into three (S1, S2 and S3), the resonant mode for
the P wave does not split (P1). Comparing them, we find that the
modes S2 and P1 are overlap in all-angle range, they changes small
with the increase of k,, This means that the change of such a resonant
mode is also small with the change of the incident angle. This can be
seen more clearly from Fig. 1(d) and (f).

Figure 1(d) and (f) show the corresponding reflectivity for the S

wave and the P wave as a function of the reduced wavelength )“/a
at various incident angles, respectively. The solid line, dashed line
and dotted line correspond to 0 = 0°, 5°, and 10°, respectively.
For the S wave, the resonant peak showed a clear separation with
the increase of the incident angle. In contrast, the positions of
resonant peaks for the P wave keep unchanged with the change
of the incident angle.

The phenomenon originated from the formation of BICs in the
structure. In order to disclose it, in Fig. 1(b) we plot the electric field
intensity at /l/a=2.72 in one primitive cell along the X-axis (red
coordinate) and Z-axis (blue coordinate) at the interface between
the sphere and the slab. Here the incident wave is along the Z-axis,
which is normally to the XY-plane. It is shown clearly that the EM
field is mainly localized at the interface between the spheres and the
slab, where the BICs appear. These BICs are generally understood as
the result of the interference mechanism as described in Refs. 21-29,
which depend on the structure and k, for a polarized wave at some
certain frequency. This is the reason why we can observe the above
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phenomenon of mode splitting. Furthermore, this also imply that we
can design BICs with proper choice of structure parameters®'.

Ultrasensitive optical absorption in grapheme. In the following, we
study the absorption properties of monolayer graphene when it is
put at the interface between the monolayer dielectric spheres and
the dielectric slab as shown in Fig. 2(a). In order to study the
absorption properties of monolayer graphene in such a structure,
we have developed layer-multiple-scattering method to include the
graphene layer. Details of our calculated method are provided in
the Methods section. Based on such a method, we have calculated
absorption (A) with different tunable variables of the system. The
absorption is defined from the requirement of energy conservation
A=1-T-R. Here T and R represent the transmittance and reflectivity,
which are defined as the ratio of the transmitted, respectively the
reflected, energy flux to the energy flux associated with the incident
wave. In our calculations, the lattice constant is taken as a =
5.5185 um, the other parameters for spheres and the slab are taken
identical with those in Fig. 1. At room temperature 300 K and for
mid-infrared wavelengths, the conductivity of monolayer graphene

may be approximated with a Drude-like expression®*~
iezEp
()—z 27. )
rh*(w+it—1)

(1)

where w is the angular frequency, Ep represents Fermi level of
graphene and the electron relaxation time 7 is taken to be 0.3 ps
based on typical values of the carrier mobility™.
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Figure 2 \ (a) Schematic diagram of the sphere-graphene-slab structure. (b), (c) and (d) show the absorption as a function of wavelength A under the
normal incident wave. Here a is taken as 5.5185 um. (b) Various thickness of the slab at r = 0.3a. (c) Various sizes of the sphere at D = 0.3a.
(d) Different Epat r = 0.3a and D = 0.3a. The other parameters are identical with those in Fig. 1.

| 5:8266 | DOI: 10.1038/srep08266



-1.5 -1.0 -0.5 0.0 0.5

X/a

1.0 1.5

~—0.5

-

Y/a

~<0.0

e 0.000
05 | e

00 —

.05 -0.5

Xla

Figure 3 | Distributions of the electric field intensity in the sphere-graphene-slab structure at the resonant absorption case. Here 1 = 15 um,
a = 5.5185 um, r = 0.3a and D = 0.3a. The other parameters are identical with those in Fig. 1. (a) Distributions of the electric field intensity in the
XZ-plane at Y = 0. (b) Distributions of the electric field intensity in the XY-plane for one primitive cell with Z = 0.5,Z = 0.8, Z = 1.1 and Z = 1.39.

Figure 2(b), (c) and (d) displays the calculated results of absorp-
tion as a function of wavelength for different tunable variables of the
system. As we can see, a sharp strong resonant absorption peak
always appears at some certain parameters. For example, the absorp-
tion of the resonant absorption peak, which appears at A = 15 um as
shown in Fig. 2(b), can be close to 60%. The Q factor of such a

A
resonant peak is 2156.3. Here the Q factor is defined by Q= A—;,

where /r is the center wavelength of the peak and A/ represents full
width at half maximum of the peak. This means that the absorption
peak is very sensitive to the wavelength. Furthermore, the resonant
absorption peak strongly depends on the thickness of the slab as
shown in Fig. 2(b), significant change of the peak magnitude can
happen by tuning size of spheres when the thicknesses of the double
layer are fixed as shown in Fig. 2(c), the absorption peaks are also
tunable by the external electric field due to the electric field depend-
ence of the Fermi surface of graphene as shown in Fig. 2(d). These
phenomena are very benefit for biosensing, perfect filters and
waveguides.

In order to disclose physical origin of the above phenomenon, in
Fig. 3 we plot the distributions of the electric field intensity in the
structure at the resonant absorption, which correspond to the res-
onant absorption peak at 4 = 15 um in Fig. 2(b). Figure 3(a) and (b)
show the electric field intensity patterns in XZ-plane at Y = 0 and
XY-plane for one primitive cell with various Z, respectively. The
distributions of the electric field in the structure is very similar to
that shown in Fig. 1(b), although the monolayer graphene has been
put in the double-layer structure. We can see the maximum of field
intensity appears in the graphene layer by the formation of BICs,
which leads to strong interaction between the EM field and the
graphene. This is the reason why there is such a strong absorption
for the monolayer graphene in the present structure.

Another advantage of such a design is that the resonant absorption
peak can appear in the broad frequency range by choosing para-
meters of the structure. This is because the appearance of BICs
strongly depends on the structure parameters. Through choosing
suitable structure parameters, we can construct BICs and realize
resonant absorptions of EM wave at any wavelength from mid-infra-
red to far-infrared band. For example, the resonant absorption peak
appears at 4 = 15.0 um when the lattice constant is taken as a =
5.5185 pm as shown by the solid line in Fig. 4. It appears at 4 =
29.9 um, 44.8 um and 59.6 um (see dashed line, dotted line and

dash-dotted line), respectively, when the lattice constant becomes
11.037 wm, 16.556 pum and 22.074 pm.

However, the feature of absorption peaks also exhibits some dif-
ferences with the change of wavelength because the conductivity in
graphene is a function of wavelength. With the increase of lattice
constant, the shape of the absorption peak can be broaden and the Q
factor will decrease. Thus, broad absorption peaks with low Q factor
can also be obtained by designing. For example, as a = 22.074 um,
the Q factor of the absorption peak becomes 469.6. In such a case, the
absorption has been below 40%. The sharp absorption peak with high
Q factor has contributed to the ultrasensitive absorption devices. It is
also beneficial to designing absorption devices with high error-tol-
erant rate by using absorption peaks with low Q factor.

The above discussions only focus on the case of wave with the
normal incidence. In fact, the resonant absorption depends on the
incident angle of the wave. This is because the BICs are related to the
incident angle of the wave as shown in Fig. 1. The angle properties of
absorption peaks depend on the choice of BIC modes, which can be
seen clearly in Fig. 5. The solid and dotted lines represent absorption
modes for the S wave and the P wave, respectively. Figure 5 shows the
positions of absorption peaks as a function of the wavelength A and
the incident angle 0. It is seen clearly that the corresponding between
the curves in Fig. 5 with those in Fig. 1(c) and (e) is very well.

Through the choice of BIC modes, the different situation of select-
ive absorption can be realized. For example, curves S2(P1) and S4(P2)
in Fig. 5, corresponding to curves S2 and S4 in Fig. 1(a) and P1 and P2
in Fig. 1(b), represent all-angle resonant absorptions for the S wave
and the P wave at the same time. In contrast to the curve S4(P2), the
curve S2(P1) is not very sensitive to the wavelength. When the wave-
length is taken between 15.25 um and 19.25 um, the angle dependent
resonant absorption peaks only exist for the S wave (curve S1 in
Fig. 5), it is transparency for the P wave. Similarly, it is transparency
for the S wave, the angle dependent resonant absorption peak only for
the P wave (except a special point) is still exist as shown by curve P3.
That is to say, we can realize different cases of selective absorption for
the S wave and the P wave by designing the structure.

Conclusions

Based on the BICs, we have designed sphere-graphene-slab struc-
tures to improve the interaction between the EM wave and the gra-
phene, and realize strong absorption of EM field in the monolayer
graphene. Such an absorption exhibits the following features:
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Figure 4 | Absorption for the sphere-graphene-slab structure as a function of wavelength / at various lattice constants under the normal incident wave.

The other parameters are identical with those in Fig. 1.

(1) The absorption peak can become very sharp, its Q factor is
more than 2000, thus, it is ultrasensitive to the wavelength.
By taking suitable structure parameters, ultrasensitive strong
absorption peak can appear at any wavelength from mid-infra-
red to far-infrared band. In the condition of certain structure
parameters, the position of absorption peak can be also tunable
by the external EM field.

Taking suitable BICs, not only we can realize all-angle absorp-
tion for the S wave and the P wave at the same time, but also can
realize the selective absorption for the S wave and the P wave,
respectively.

2

3)

In the above discussions, only square lattice are taken for the mono-
layer spheres, in fact, for the other periodic structures such as triangular
lattice, similar phenomena can be found. The calculated results and
discussion will be given in the Supplementary Information.

19
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Figure 5 | The absorption peaks as a function of the wavelength / and the
incident angle ¢. Here a = 5.5185 um. The solid lines and circle dotted
lines represent absorption peaks for the S wave and the P wave,
respectively. The other parameters are identical with those in Fig. 1.

Methods

In this section, we provide the calculated method. We consider a sheet of monolayer
graphene with conductivity o is sandwiched between a homogeneous nonmagnetic
medium with ¢, on the left-side and a homogeneous nonmagnetic medium with ¢, on
the right-side. At the boundary we have

i x (B, —E;)=0, )

7 x (H, —H,)=0E,,. (3)

Here 7 is the direction of the normal unit vector, El and ﬁl represent the EM fields

in the left medium, E, and H, correspond to the fields in the right medium, E /) is the
electric field component parallel to the interface of two mediums. As the single-layer
graphene is quite thin, the effect of graphene on the scattering properties of the object
has been attributed to the interfacial effect®®*.

With the incident wave from the left-side, the transmission and reflection coeffi-
cients at the interface can be expressed as

7612 — 291z and Rs(12) — q1z — G2z — OHyT (4)
q1z t Gaz T OGO iz +qaz + OUy0
for the S wave,
2 g g
Tp? = LT b T and Rp1?) = ,4; I ql on (5)

& & e & &y & &

e Ex80

for the P wave. Here jiy and &, are permittivity and permeability in vacuum and g;. is
the normal component of the wave vector g;.

Based on the above analysis, we extend the layer-multiple-scattering method™ to
include graphene layer. This method can calculate the transmittance, reflectivity and
absorption of light by a slab of an infinite photonic crystal, which consists of a stack of
identical slices parallel to a given surface. The electric fields outside each slice can be

_+
treated as E,

+ -
in»Eyy and E,;, which represent the incident wave along + z direction and

BE ~+
the corresponding transmitted wave and reflected wave, and E,,, E,, , and E,; rep-
resent the corresponding waves along — z direction. These waves can be expanded as
a set of plane waves

_+ 3 ~t
Eittr.) = Z Z [Ez‘n(tmf)];i exp (iK, )i, (6)
i=1 g
where
o -
e =yt @ -k, +2)). (7)

Here q is the wave vector, g is the reciprocal lattice vector corresponding to the given

primitive lattice, k /18 the reduced wave vector which lies in the surface Brillouin
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zone. Outside the graphene, the relationships between the incident and the trans-
mitted (reflected) waves are

3

[Eoli=">  Ni[Eul; 8)

i'=1

[Eyli = Ny [Euls (9)

=1

where the s = +(—) denotes a wave propagating to the right (left) and i = x, y, z. For
given w and g, the matrices N have the form

N¥ cos? ¢+ N;’J sin? ¢ (N¥ — N;,’J) sindcosd 0
N¥ = (N —Nf/) singcos¢p N sin? ¢+N;‘I cos’p 0 |,
0 0 N¥

(10)

where ¢ is the azimuthal angle of g,, with respect to the x-axis and g, is the parallel
component of g. The elements in matrices N* are N;* * =T, N+~ = p®D,

N7+ =R and N7~ = T, where T9/) = Tp04), 767 = s, 79 = Az 1),
qi=
R4/ = RpD), R = R and RIT = —RI) .

We can further define the vectors ;ll and ;l, to construct four matrices Q'(n =
LILIILIV) for this monolayer graphene and the plane waves outside the graphene as

(11)

More details about the Q" matrices and the successiveness of different slices can be
found in Ref. 30. In this way, we can calculate the absorption of the monolayer
graphene using layer-multiple-scattering method mentioned above.

~+ -t - -t -+ - = -
I 1T 1 IV
Etr :QEm ’Erf:Q Ein ‘Erf:Q E; Etr:Q Eivx'
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