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ARTICLE INFO ABSTRACT

Keywords: With the aim of improving UV light trapping capability in monolayer graphene, a nanomesh metamaterial
Dielectric metamaterial absorber is proposed, which exhibits the polarization-insensitive feature due to the geometrical symmetry.
UV-light trapping Through the functional combination of magnetic resonance and UV mirror, the absorption of unpolarized UV

Monolayer graphene

Ao o light in monolayer graphene can reach 99.5% under normal incidence. The absorption enhancement is induced
Polarization-insensitive

by the magnetic resonance mode between the dielectric silica nanomesh and the calcium fluoride base layer.
The effects of geometric parameters on the absorption spectra are systematically investigated. The proposed
structure shows insensitive to manufacturing deviations, which can maintain at a high UV absorption rate
of more than 99% within the nanomesh width ranging from 50 nm to 90 nm. Furthermore, after delicate
optimization of the geometric parameters, two sharp resonances with absorbance more than 90% can be
excited simultaneously inside the absorber. Our work provides an important theoretical guide for the design
of optoelectronic devices based on two-dimensional materials in the UV range.

1. Introduction

In recent years, graphene has become one of the most popular
two-dimensional (2D) materials from UV to terahertz ranges due to
its fast and broadband optical response [1-5], high carrier mobility,
extraordinary band structure, and unique mechanical strength and flex-
ibility [6-9]. Within the spectral range from mid-infrared to terahertz,
graphene supports a robust plasmonic response, which significantly
enhances the light-graphene interaction. However, in the range from
UV to near-infrared (NIR), due to the absence of plasmonic response,
monolayer graphene can only absorb a very tiny fraction of the normal
incident light (~2.3% for the visible-NIR range, and less than 9% for
the UV range [10,11]). Several studies have used graphene with mul-
tiple atomic layers to improve the absorption efficiency. However, the
superior performance of graphene as a 2D material will undoubtedly
degrade, such as photonic and electron conduction efficiencies [12-14].

Therefore, numerous methods have been intensively studied to
strengthen the interaction between monolayer graphene and the inci-
dent light, such as configurations with subwavelength-scale patterning
inside graphene layers [15,16]. Nevertheless, they will not only makes
manufacturing more complicated and expensive, but also cause irre-
versible damage to the electronic and photonic properties of monolayer
graphene, whose band structure is very sensitive to atom-scale damage
and environmental contaminant.

* Corresponding authors.

Unlike the conventional studies from visible to terahertz spectrum
range, the many-body effects of graphene should be taken into account
for the high excitation energy of UV light [17]. Graphene and metals in
the UV band exhibit totally different properties from those in the longer
wavelength range. It might be much more difficult for precise fabrica-
tion of nanoscale features applied on graphene with shorter wavelength
range, thus a series of new material and structural engineering which
can be learned from other fields are required for trapping UV light in
the unpatterned monolayer graphene [18-20]. A previous study has
achieved high optical absorption in graphene by using an unpatterned
graphene/medium/metal structure [21]. However, the configuration
required specific angle control and polarization manipulation for the
incident light.

In order to increase the absorption efficiency of UV light in graphene
under normal incidence, plasmonic devices based on periodic Al nanos-
tructured arrays have been developed to excite the plasmon within the
UV spectral range [22,23]. Unfortunately, most of the incident energy is
dissipated in the lossy Al due to the considerable inherent loss of metal.
Several periodic dielectric grating arrays are used to trap light for total
absorption. However, these efforts mainly focused on the infrared range
and require additional polarization manipulation [24,25]. Therefore,
a metamaterial absorber for enhancing UV light-graphene interaction
with polarization-insensitive property is quite in demand.
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In this work, we propose a graphene-based UV metamaterial ab-
sorber with near-unity optical absorption inside graphene. It consists
of all-dielectric materials except for graphene and possesses the char-
acteristic of polarization independence. We conduct a systematic inves-
tigation on the geometric design, material selection, and polarization
properties for the configuration of proposed absorber in the UV band.
After rigorous structural optimization, the absorption of UV light inside
graphene can be increased up to 99.5%, which is more than 10 times
larger than that inside suspended graphene. Moreover, the electric and
magnetic field distributions are investigated to reveal the absorption
mechanism.

2. Structural design and numerical simulations

The schematic illustration of the all-dielectric photonic structure is
exhibited in Fig. 1, which shows that the central symmetric silicon
dioxide (SiO,) nanomesh is prepared on the surface of the calcium
fluoride (CaF,) layer. Then the monolayer graphene as the absorption
material is transferred and sandwiched between them. The laminated
structure with almost perfect reflection is formed by the dielectric
layer with a high refractive index layer (ZrO,) and low refractive
index (Na3AlF¢), while the transparent substrate (SiO,) also acts as a
part of the UV mirror. The geometry of the metamaterial is described
by t,, w, t,, and p as shown in Fig. 1. The numerical simulation is
conducted by the commercial software COMSOL Multiphysics. The
periodic boundary conditions are adopted in the x-axis and y-axis,
respectively. The normal incident light is introduced from above along
z-axis direction. In our design, the dielectric layers of SiO,, CaF,, ZrO,,
NasAlFg and substrate are assumed to be nonmagnetic (4 = u,) and
optically lossless with the refractive index of 1.48, 1.45, 2.60, 1.33
and 1.48, respectively. The UV mirror is optimized with 5 layers of
ZrO, (26.9 nm thick) and 4 layers of Na3AlF¢(52.6 nm thick) for
nearly-total reflection under normal incidence. Based on the many-body
effects in the UV range, monolayer graphene could be considered as a
2D conductive surface with a dispersive conductivity ¢, which can be
described by the equations of the Fano model [26],
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where 4, h, and c represent the free space wavelength, Planck con-
stant and the speed of light in vacuum, respectively. ocg(4) is the
continuum background from the calculation of a many-body system,
which represents the response away from the singularity [27]. The Fano
parameter g = —1 denotes the intensity of the excitonic transition to the
unperturbed band transitions and the asymmetry of the conductivity
line shape. ¢ is the normalized energy by width I'=0.78 eV relative to
the resonance energy E, = 5.02 eV of the perturbed exciton. Optical
simulations are performed to optimize the parameters of the structure
for complete UV light absorption.

3. Results and discussion

Initially, we investigate the polarization dependence of incident
light by comparing the absorbance of nanograting and nanomesh
structures under s-polarized and p-polarized incidence, respectively,
as shown in Fig. 2(a) (the schematic drawings of the two structures
are shown in the inset). The nanograting structure exhibits relatively
high absorbance under s-polarized incidence, while the absorbance is
rather low under p-polarized light incidence, which indicates obvious
polarization dependence. In contrast, the nanomesh structure with
the same geometric parameters has a relatively high UV absorbance
inside graphene for both s-polarized and p-polarized incidence, which
is attributed to the central symmetry of the nanomesh structure. The
maximum UV absorbance peak is larger than 80% at 4 = 273 nm and the
absorbance spectra of the two polarizations are identical, which solves
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Fig. 1. Schematic drawing of the proposed UV absorber based on graphene. The
symbols w, p, 7, and ¢, represent the width of nanomesh, period of nanomesh, thickness
of silica nanomesh layer and thickness of CaF,, respectively.

the problem of polarization dependence of the nanograting structure.
Moreover, as shown in Fig. 2(b), owing to the polarization dependence
of grating structure, the absorbance inside graphene is only 65% at
273 nm under unpolarized incidence. In order to reveal the mechanism
of the absorption enhancement, the magnetic field and electric field
distributions of the nanomesh structure are plotted in Fig. 2(c) and
Fig. 2(d). A remarkable magnetic dipole resonance appears around
the graphene layer at 4 = 273 nm while the off-resonance state is
observed at 4 = 332 nm. For an optimized structure, the presence of
magnetic resonance induces the concentrated electric field parallel to
the graphene layer and contributes to the enhanced UV absorption
inside graphene as shown in Fig. 2(d). This phenomenon can be further
explained by t he quantitatively calculation of optical absorption.
In graphene, the optical absorption is determined by the following
equation [28],

A(A):%-n(i)»k(ﬂ)-/ |E|* av (3)
14

where ¢ and A are the speed and wavelength of light in free space,
V is the volume of graphene, and E, is the local electric field. Based
on Eq. (3), the absorbance is proportional to the square of local electric
field intensity. Apparently, the absorbance of UV light inside graphene
is significantly improved at 4 = 273 nm due to the strong enhancement
of in-plane electric field.

We next consider the influence of the SiO, layer thickness on the UV
absorption. As ¢, increases from 10 nm to 150 nm as shown in Fig. 3(a),
the UV absorbance peak exhibits a redshift from 268 nm to 282 nm due
to the increment of the effective resonant wavelength of the magnetic
dipole. When 7, is set at a low value of 10 nm, the maximum absorbance
is relatively low, which is due to the confinement of the magnetic
resonance mode (MRM) inside the CaF, layer while the corresponding
electric field enhancement is intensively concentrated in this layer. As
shown in Fig. 3(b), when 7, = 30 nm, MRM is obviously changed due to
the much stronger in-plane electric field concentration on the graphene
surface compared with 7, = 10 nm. Along with the further increase of
t,, there is an optimum value of 100 nm. As shown in Fig. 3(b) when
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Fig. 2. (a) Comparison of absorbance between nanograting and nanomesh structures under different polarizations. (b) Comparison of absorbance between nanograting and nanomesh
structures for unpolarized light. (¢) Magnetic field distributions and (d) Electric field distributions for w = 111 nm, p =220 nm, ¢, =30 nm and 7, = 120 nm.
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Fig. 3. (a) Absorbance of graphene as a function of 4 and #,, where p =220 nm, w =90 nm and 7, = 120 nm. (b) Comparison of magnetic field distributions under different 7, for
p =220 nm, w =90 nm and #, = 120 nm. (c) Absorbance in graphene as a function of 4 and w, where p =220 nm, ¢, = 100 nm and #, = 120 nm. (d) Comparison of magnetic field

distributions under different w for p =220 nm, ¢, = 100 nm and 1, = 120 nm.

t; = 100 nm, the in-plane electric field induced by the MRM is highly
confined on the graphene surface leading to the highest UV absorption
of 99.5% at A = 278 nm. As ¢, changes to 150 nm, the MRM moves
gradually away from the surrounding environment of graphene surface,
which leads to the decrease of maximum UV absorption rate.

We further consider the effect of w variation on the absorption of
graphene, as demonstrated in Fig. 3(c). In this discussion, the period
is fixed at p 220 nm. As w increases from 10 nm to 130 nm,
the maximum absorption peak shifts from 264 nm to 284 nm. When
the filling factor determined by w/p is small enough (w 10 nm),
the intensity of the localized electric field parallel to the graphene
surface is relatively weak, which leads to an insufficient absorption
enhancement. This is mainly because the MRM cannot be effectively

excited due to the tiny filling factor as shown in Fig. 3(d). As w becomes
larger, the electric field mode is obviously enhanced, resulting in a
significant increase of absorbance. For the width ranging from 50 nm
to 90 nm, the maximum absorbance ratios remain above 99%. As w
is set as the optimized value of 90 nm, the obvious MRM leads to
the significant concentration and enhancement of in-plane electric field
in the graphene surface, then a near-unity absorption is achieved at
A = 278 nm. As w increases and approaches p, the filling factor w/p
is almost equal to 1. Electric fields cannot be concentrated due to the
attenuation of MRM in the nanostructure, resulting in the dramatic
reduction of UV absorption.

After discussing the effects of the thickness and width of SiO, layer,
we investigate the influence of the nanostructure period p and the
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Fig. 4. Absorbance in graphene as a function of 1 and p, where w =90 nm, 7, = 100 nm and ¢, = 120 nm. (b). Absorbance in graphene as a function of 1 and #,, where p = 220 nm,

t, =100 nm and 7, = 120 nm.

CaF, thickness 7, on the UV absorption as demonstrated in Fig. 4. As
shown in Fig. 4(a), when p is chosen as 180 nm, the MRM cannot
be effectively excited, resulting in a relatively low absorbance. With
the increase of p, the MRM is excited and strengthened, while the
absorption rate increases dramatically. The MRM is not completely
excited until p increases to 220 nm. Meanwhile, the maximum in-
plane field on the graphene surface is induced, which results in the
corresponding maximum absorption rate of 99.5% at A =278 nm. With
the further increase of p, the absorption peak has a redshift and the
absorbance slightly drops down. These results indicate that there is an
optimum value of the period for the maximum UV absorption.

We finally study the influence of CaF, thickness on the UV absorp-
tion spectrum. As shown in Fig. 4(b), when 7, changes from 80 nm
to 135 nm, the resonant wavelength has a redshift from 262 nm
to 282 nm. The red-shifted range is significantly larger than that
caused by the change of ¢, originating from the fact that the reso-
nance has a dominant mode region in the CaF, layer. Accordingly, the
change of t, seriously affects the absorption enhancement caused by
the interference. Particularly, when ¢, reaches 205 nm, the absorption
enhancement caused by interference can even be comparable to the
absorption peak of magnetic resonance, resulting in dual absorption
peaks in the UV band. It provides a new way for the application of
UV double resonance spectroscopy [29,30].

4. Conclusion

In summary, we propose a polarization-independent near-unity
metamaterial absorber in the UV range based on the
monolayer graphene. The use of all-dielectric materials avoids the
intrinsic loss inside metal materials. Meanwhile, the existence of the
UV mirror leads to a higher reflection rate of UV light and more energy
loss inside monolayer graphene. Due to the electric field enhancement
caused by magnetic dipole resonance in monolayer graphene, an opti-
mized metamaterial absorber can achieve a UV absorption rate up to
99.5%. Besides, it reveals an excellent polarization-insensitive property
due to the geometrical symmetry, which brings more convenience in
light path construction and device integration of UV absorption. In
addition, by adjusting the thickness of the CaF, layer and the period of
the unit cell properly, double resonances with absorption rates more
than 90% can be observed in the spectrum. The proposed absorber
greatly enhances the light-matter interaction for near-unity UV absorp-
tion in sub-nanometer 2D materials, which has a great potential for
the development of high-performance optoelectronic devices in the UV
range.
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