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We propose a highly compact structure for near total light absorption in a monolayer of graphene in the visible.
The structure consists of a grating slab covered with the graphene monolayer. The grating slab is separated from a
metallic back reflector by a dielectric spacer. The structure supports a guided resonance in the visible. We show
that such a structure enhances light–matter interactions in graphene via critical coupling by matching the external
leakage rate of the guided resonance and the intrinsic loss rate in the system. We also show that, by using the
dielectric spacer between the grating and the metallic mirror, near total absorption in the graphene monolayer can
be achieved in the visible without the need for thick multilayer dielectric mirrors. The proposed structure could
find applications in the design of efficient nanoscale visible-light photodetectors and modulators. © 2018Optical

Society of America

https://doi.org/10.1364/JOSAB.35.003153

1. INTRODUCTION

During the past few years, graphene has been the subject of a
great amount of research for developing optoelectronic and
photonic devices, owing to its unique electronic and optical
properties [1–13]. However, the absorption rate in graphene
is limited due to its ultra-thin monolayer structure. A sus-
pended pure graphene monolayer (∼0.34 nm thickness) exhib-
its absorption of ∼2.3% in the near-infrared to visible spectral
range [7]. This weak absorption limits the efficiency of gra-
phene-based devices. Although absorption enhancement in gra-
phene in the near infrared has been extensively investigated in
recent years [14–20], increasing light absorption in graphene in
the visible is still a challenge due to parasitic absorption from
other materials at visible wavelengths. As an example, the use of
metallic reflectors results in significant suppression of absorp-
tion in graphene in the visible, due to parasitic losses in the
metal. Even though losses could be greatly reduced by using
multilayer dielectric Bragg mirrors instead of metallic mirrors,
the use of dielectric Bragg mirrors not only greatly adds to the
physical footprint of the device, it also makes the fabrication
process more complicated since it requires material deposition
of several layers [21,22].

Recently, total absorption in a graphene monolayer in the
optical regime using the concepts of critical coupling and
guided resonance was reported [22]. It was demonstrated that
a photonic crystal structure backed by a mirror greatly enhances
light–matter interactions in the graphene monolayer. In some

related recent studies, enhanced absorption in a graphene
monolayer was reported in structures with metallic reflectors
in which graphene was placed on top of a dielectric slab, while
a dielectric grating structure was deposited on the top surface of
the graphene layer [20,23–25]. In such a structure, with proper
choice of dimensions and materials, one can enhance light–gra-
phene interactions by exploiting critical coupling between the
graphene monolayer and a guided resonance mode of the gra-
ting. The fabrication of such structures is challenging since dep-
osition of materials on top of the graphene layer is required. In
addition, this process can degrade the quality of graphene [26]
and makes the addition of contact electrodes to graphene
complicated.

In this paper, we propose a grating slab structure covered by
a graphene monolayer that supports a guided resonance at
visible wavelengths and enhances light–matter interactions in
graphene via critical coupling. We use a metallic back reflector
that makes the proposed structure very compact with an overall
thickness of less than one wavelength. In addition, the grating
slab is separated from the metallic back reflector by a dielectric
spacer. We show that, by using the dielectric spacer between the
grating and the metallic mirror, near total absorption in the
graphene monolayer can be achieved in the visible without
the need for thick multilayer dielectric mirrors. In addition,
in our proposed structure no deposition on top of graphene
is required, resulting in a simple fabrication process, in which
the quality of graphene is not compromised. We find that in
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the proposed structure the absorption in the graphene mono-
layer is enhanced to ∼100% at visible wavelengths, making this
structure suitable for the design of efficient nanoscale visible-
light photodetectors and modulators.

2. DESIGN AND THEORY

Figure 1(a) shows the schematic of the proposed structure. A
graphene monolayer is placed on top of a grating slab, which is
separated from a metallic back reflector by a dielectric spacer.
The grating slab consists of high-index and low-index dielectric
rods with refractive indices nh and nl , respectively, which are
periodically repeated. An appropriate choice of the periodicity
of the grating slab results in phase-matched coupling between
the guided mode of the slab and free space fields, forming a
guided resonance. We choose the grating slab materials and
physical dimensions to create a guided resonance at visible
wavelengths in the slab.

Dielectric Bragg mirrors are preferred over metallic back re-
flectors, because the proximity of metals to the resonant fields
leads to parasitic absorption in the metal, resulting in suppres-
sion of the absorption in graphene [22]. However, since dielec-
tric Bragg mirrors require at least five to seven pairs of
alternating dielectric layers for maximum reflection, they
greatly add to the overall thickness of the structure [21,22].
In addition, the fabrication of dielectric Bragg mirrors is rela-
tively more complicated, since it requires deposition of multiple
layers. On the other hand, using metallic reflectors results in
more compact structures with a simpler fabrication process.
Here, we therefore choose an aluminum (Al) back reflector sep-
arated from the grating slab by a dielectric spacer, which pre-
vents the formation of strong surface plasmon resonances on
the surface of the metal. This design approach enables us to
almost eliminate parasitic absorption in the metal, leading to
near total light absorption in graphene at visible wavelengths.
We found that, since in our structure we minimize the coupling
of the guided resonance fields with the metallic back reflector,
the choice of metal does not significantly affect the results.

A. Design of the Structure

We design the grating slab to support only the zeroth order
diffraction outside the slab at the wavelength of interest
(λ0 � 600 nm), to prevent any optical loss through higher

order diffracted waves, and only the first order diffraction inside
the slab, giving rise to the first guided resonance of the slab
(Fig. 2). By matching the external leakage rate of this guided
resonance with the intrinsic loss rate in the system, we satisfy
the critical coupling condition, resulting in enhanced absorp-
tion in graphene. We start with the grating diffraction equation
for the reflected waves [27],

nr sin θrm � ninc sin θinc � m
λ0
P
, (1)

where nr and ninc are the refractive indices of the materials in
which the diffracted and incident waves propagate, respectively
(Fig. 2). In addition, m is the diffraction order, while θinc and
θrm are the angles corresponding to the incident and diffracted
waves, respectively. Finally, P and λ0 are the period of the struc-
ture and the wavelength of interest, respectively. Here, we
choose λ0 � 600 nm. The material above the structure is
air, so that nr � ninc � 1. Since the incoming wave is normally
incident on the grating slab, we have θinc � 0. This simplifies
Eq. (1) to

sin θrm � m
λ0
P
: (2)

To eliminate any diffraction order higher than the zeroth order
(m � 0) outside the slab, we choose the periodicity
P � 300 nm, which is smaller than the wavelength of interest
λ0. Then, for any m ≠ 0 we have jm λ0

P j > 1, so that all higher
diffraction orders are eliminated [Eq. (2)]. By tuning the thick-
ness of the dielectric spacer H [Fig. 1(b)], the zeroth order dif-
fraction will also be eliminated, resulting in near total light
coupling to the guided resonance of the grating slab. For
the transmitted waves, the grating diffraction equation becomes

nt sin θtm � ninc sin θinc � m
λ0
P
: (3)

Here θtm is the angle of the mth transmitted wave, and nt is the
effective refractive index of the grating slab, satisfying the fol-
lowing equation [28]:

n2t �
n2hn

2
l

f n2l � �1 − f �n2h
, (4)

Fig. 1. (a) Schematic of a structure for enhancing light absorption
in a monolayer of graphene (shown as a transparent green layer at the
top of the structure) using a grating slab, a dielectric spacer (silica), and
a metallic back reflector (aluminum). (b) Cross-sectional view of the
structure shown in (a). Incoming light polarization is along the
x direction. The light is normally incident from above.

Fig. 2. Diffracted waves in the grating slab. Here, θinc, θrm, and θtm
are the angles of the incident wave, of the mth reflected wave, and of
the mth transmitted wave, respectively.
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where f � w
P is the fill factor. The effective refractive index nt

should be tuned in such a way that only the first diffraction
order exists in the slab, and higher diffraction orders are evan-
escent. Imposing these criteria to Eq. (3), we obtain

j sin θt1j �
λ0
ntP

< 1, (5)

and

j sin θt2j � 2
λ0
ntP

> 1: (6)

Substituting P � 300 nm and λ0 � 600 nm in Eqs. (5) and
(6) above, we obtain 2 < nt < 4. This is the range for the
effective refractive index nt , allowing the formation of the first
diffraction order in the slab and also eliminating all higher dif-
fraction orders. If we choose nt to be in this range by tuning the
fill factor f , we can match the leakage rate of the guided res-
onance out of the slab to the intrinsic loss rate in the system, so
as to satisfy the critical coupling condition, and enhance the
absorption in graphene to ∼100%.

It should be noted that the existence of a guided resonance is
due to total internal reflection from the boundaries between the
grating slab and the surrounding materials. We therefore
choose silica (SiO2) for the dielectric spacer with refractive in-
dex nSiO2

∼ 1.4, which is smaller than nt . We also choose the
thickness of the grating slab to beD � 150 nm, which is much
smaller than the operating wavelength of 600 nm, to keep the
resonator modes to zeroth order in the transverse direc-
tion [22].

B. Critical Coupling Condition

We account for the numerical simulation results for the struc-
ture of Fig. 1 using coupled mode theory. The guided mode in
the grating slab is a resonance with stored energy jaj2 at the
resonance frequency ω0, interacting with input and output
waves of amplitude u and y, respectively, with power given
by juj2 and jyj2. If the time rate of amplitude change for
the guided resonance in the grating slab without any input
wave is given by the external leakage rate γe , then, using energy
conservation and time reversibility arguments, it can be shown
that the energy transfer rates between the incoming wave and
the cavity and between the outgoing wave and the cavity are
both proportional to 2γe [22,29]. Considering a material loss
rate σ, which includes both graphene and metal losses, the sys-
tem can be described by the following equations [22]:

_a � �jω − γe − σ�a�
ffiffiffiffiffiffiffiffiffiffi
�2γe�

p
u, (7)

y �
ffiffiffiffiffiffiffi
2γe

p
a − u: (8)

Using these, we obtain the reflection coefficient

Γ � y
u
� j�ω − ω0� � σ − γe

j�ω − ω0� � σ � γe
, (9)

and the absorption

A � 1 − jΓj2 � 4σγe
�ω − ω0�2 � �σ � γe�2

: (10)

Equation (10) shows that, if the external leakage rate is equal to
the intrinsic loss rate in the structure (γe � σ), the critical

coupling condition is satisfied, and all of the incident light
power is absorbed on resonance (ω � ω0). In the grating slab
structure of Fig. 1, the external leakage rate of the guided res-
onance in the slab can be controlled by the fill factor f � w

P.
Thus, by tuning the width w of the high-index dielectric rod in
the slab, it is possible to achieve critical coupling.

3. RESULTS

We use full-wave finite-difference time-domain (FDTD) sim-
ulations (Lumerical FDTD Solutions). Graphene is modeled as
a two-dimensional (2D) material based on its surface conduc-
tivity [30]. The surface conductivity is tuned to give 2.3% light
absorption in a single graphene layer suspended in air in the
visible and near-infrared wavelength ranges [7]. We use a plane
wave with electric field polarization along the x direction to
excite the structure [Fig. 1(b)]. Periodic boundary conditions
and perfectly matched layer (PML) boundary conditions are
used in the x and y directions, respectively. The absorption
in the monolayer of graphene is given by [18,30,31]

Pabs�ω� �
1

2

Z
P
σgr�ω�jE�ω�j2dl , (11)

where σgr�ω� is the surface conductivity of graphene, and
jE�ω�j2 is the intensity of the local electric field on the surface
of graphene.

We choose gallium phosphide (GaP) (n ∼ 3.3) and titanium
dioxide (TiO2) (n ∼ 2.6) as the high-index and low-index di-
electric materials, respectively, in the grating slab. We use ex-
perimental data for the refractive indices of GaP, TiO2, and Al
[32–34]. Although silicon (Si) (n ∼ 3.3–3.4) has almost the
same refractive index as GaP, the band gap of silicon is
∼1.1 eV, which makes silicon opaque at visible wavelengths.
On the other hand, GaP has a band gap of ∼2.26 eV, which
makes it transparent at wavelengths longer than ∼548 nm.
TiO2 is a lossless dielectric in the entire visible range. The
widths of the high-index and low-index dielectric rods are
chosen to be 30 nm and 270 nm, respectively, in one period
of the grating slab [Fig. 1(b)]. In other words, the fill factor is
f � w

P � 0.1, and from Eq. (4) we obtain nt ∼ 2.67.
Figure 3 shows the numerically calculated absorption spec-

tra in the graphene monolayer for the structure of Fig. 1,
optimized for maximum absorption around the operating
wavelength of 600 nm. The spectra of Fig. 3 show near total
(∼95%) absorption in the graphene monolayer at the wave-
length of 605 nm. Thus, we achieve near total absorption
in an atomically thin layer of graphene in the visible wavelength
range. In addition, the width of the resonance is very narrow
with less than ∼2 nm full width at half-maximum. This is an
attractive feature of the structure for applications related to
photodetectors and modulators. About 5% of the incident light
power is absorbed in the metallic back reflector.

The electric and magnetic field amplitude profiles of the
guided resonance in the resonator are shown in Fig. 4(a)
and 4(b), respectively. As these profiles reveal, the fields are
mostly confined in the grating slab region, thus minimizing
the parasitic losses in the metal. The proposed structure can
therefore be used as a high-performance and compact system
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to efficiently enhance light–matter interactions in the graphene
monolayer at visible wavelengths.

Figure 5 shows the reflection from the structure as a func-
tion of the silica spacer thickness H , when the incoming free
space plane wave is normally incident from above. Owing to
Fabry–Perot effects in the silica spacer, its thickness H greatly
influences the reflection from the structure. In the optimized
structure we choose the silica thickness to be H � 300 nm.
For this thickness the reflection from the structure vanishes,
and all of the incident power is absorbed. We also found that
varying the silica spacer thickness has no significant effect on
the resonance wavelength of the guided mode. The effect of the
thickness of the silica spacer can also be understood using the
concept of the effective impedance of the structure [35]. When
the silica spacer thickness isH � 300 nm, the effective imped-
ance of the structure matches the impedance of free space,

resulting in the elimination of the zeroth diffraction order,
and near perfect light coupling to the guided resonance of
the grating slab at the wavelength of 605 nm. It should be
noted that, for silica thicknesses H below 200 nm, because
of the proximity of the metallic surface to the strong guided
resonance fields of the grating slab, parasitic surface plasmon
resonances at the metal–silica interface greatly suppress absorp-
tion in graphene. As a result, the smallest silica spacer thickness
for which reflection vanishes and near total absorption in
graphene occurs in the structure is H � 300 nm.

In Fig. 6 we compare the overall absorption spectra of the
structure of Fig. 1 calculated using full-wave FDTD simula-
tions to the spectra obtained using coupled-mode theory. To
obtain the coupled-mode theory results, we perform FDTD
simulations with the graphene monolayer removed and alumi-
num replaced with a perfect electric conductor, and we save the
electric field as a function of time at multiple locations in the
grating slab. For this lossless structure, we then calculate
the Fourier transform of the average electric field at these
locations, and fit the spectrum with a Lorentzian function,

Fig. 3. Calculated absorption spectra in the graphene monolayer for
the structure shown in Fig. 1 for normally incident light. GaP and
TiO2 are used as the high-index (nh ∼ 3.3) and low-index (nl ∼ 2.6)
materials, respectively, in the grating slab. The widths of the high-in-
dex and low-index dielectric rods in the slab are 30 nm and 270 nm,
respectively. The period of the structure P, the slab thickness D, and
the silica spacer thickness H are 300 nm, 150 nm, and 300 nm, re-
spectively. Near total absorption occurs in the visible (λ0 ≃ 605 nm).

Fig. 4. (a) Electric and (b) magnetic field amplitude profiles for the
structure of Fig. 1 at the wavelength of 605 nm. The boundaries of the
grating slab, silica spacer, and metallic back reflector are indicated with
dashed white lines. All other parameters are as in Fig. 3.

Fig. 5. Reflection from the structure of Fig. 1 for normally incident
light as a function of the silica spacer thicknessH . All other parameters
are as in Fig. 4. For silica thickness of H � 300 nm, the effective
impedance of the structure almost matches the one of free space, re-
sulting in close to zero reflection, and near perfect coupling of free
space incident light to the guided resonance of the grating slab.

Fig. 6. Overall absorption spectra of the structure of Fig. 1 for nor-
mally incident light, calculated using full-wave FDTD simulations
(red circles), and coupled-mode theory (solid line). All parameters
are as in Fig. 3. The theory is in excellent agreement with the simu-
lations in the vicinity of the resonance peak.
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corresponding to the guided resonance of the grating slab. The
center frequency of the Lorentzian gives the resonance fre-
quency ω0, and the half-width at half-maximum gives the ex-
ternal leakage rate γe [22]. When we repeat the calculation for
the lossy system, including the graphene monolayer and the
aluminum back reflector, the half-width at half-maximum gives
us σ � γe , and we can therefore obtain the intrinsic loss rate σ
of the structure. We finally substitute the calculated parameters
in Eq. (10) and obtain the coupled-mode theory results shown
in Fig. 6. We observe that in the vicinity of the resonance the
coupled-mode theory results are in perfect agreement with the
full-wave FDTD simulation results. Away from the resonance,
the coupled-mode theory results deviate from the simulation
results, since the coupled-mode theory does not account for
the losses of the system at off-resonance wavelengths [22].

In Fig. 7, we investigate the effect of the grating slab thick-
ness D on the absorption spectra of the structure of Fig. 1. If
the thickness of the slab is decreased, the guided resonance
shifts to shorter wavelengths. Similarly, increasing D pushes
the resonance to longer wavelengths. Thus, after achieving
the critical coupling condition, one can adjust the resonance
wavelength of the structure by tuning the grating slab thickness
D, while maintaining near total absorption in the graphene
monolayer. However, it should be noted that GaP becomes
opaque for wavelengths shorter than ∼548 nm. Therefore,
one cannot decrease the grating slab thicknessD to achieve near
total absorption in the graphene monolayer at arbitrarily short
wavelengths.

Finally, in Fig. 8 we show the absorption spectra as a func-
tion of wavelength and angle of incidence for the structure of
Fig. 1. The magnetic field of the incident wave is along the z
direction. We observe that there is a broad angular range where
strong absorption occurs. We also observe that the resonance
exhibits frequency splitting and a substantial shift as the angle
of incidence is varied.

We note that the absorption spectra of our proposed struc-
ture exhibit anisotropy with respect to the polarization of the
incident light, similar to graphene nanoribbon structures

[36–39]. In other words, the absorption spectra for light with
the electric field along the x direction are different from the
absorption spectra for light with the electric field along the
z direction. We also note that here the proposed nanostructure
was optimized for electric field polarization along the x direc-
tion (Fig. 1). We found that for electric field polarization along
the z direction the absorption spectra also exhibit peaks in the
visible wavelength range. However, to achieve near total light
absorption in the monolayer of graphene for electric field
polarization along the z direction the proposed nanostructure
would have to be optimized for this polarization to achieve the
critical coupling condition.

4. CONCLUSIONS

In this paper, we achieved near total light absorption in a gra-
phene monolayer in the visible wavelength range through
enhancing light–matter interactions between the fields of the
guided resonance of a grating slab and the graphene monolayer.
We showed that an appropriate design of the structure enables
critical coupling between the guided resonance and the gra-
phene monolayer, resulting in intensified absorption in gra-
phene. We also showed that using an appropriate dielectric
spacer minimizes coupling of the guided resonance fields with
the metallic back reflector, preventing any absorption suppres-
sion in graphene due to parasitic losses in the metal.

In our design, the graphene monolayer is placed on top of a
grating slab and is not covered by other structures, so that the
quality of graphene remains high and the fabrication process is
relatively simple. While in this paper we designed the structure
for graphene, the same design approach can be applied to
achieve near total absorption in the visible in other atomically
thin materials. The proposed structure could find applications
in the design of nanoscale optoelectronic devices.

Funding. National Science Foundation (NSF) (1254934).

Fig. 7. Calculated absorption spectra in the graphene monolayer for
the structure shown in Fig. 1 for normally incident light. Results are
shown for different grating slab thicknesses D. All other parameters are
as in Fig. 3. The absorption peak can be tuned over a wide wavelength
range.

Fig. 8. Absorption spectra as a function of wavelength and angle of
incidence for the structure of Fig. 1. The magnetic field of the incident
wave is along the z direction. All other parameters are as in Fig. 3.
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