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Enhancing the light-matter interaction of graphene is an important issﬁor related photonic devices and applications.

“Shenzhen Research Institute of Xiamen University, Shenzhen, 51 805_&
In view of its potential ultraviolet applications, we aim to achigve ektremely high ultraviolet absorption in graphene

without any nanostructure or microstructure patterning. anipulating the polarization and angle of incident light,
the ultraviolet power can be sufficiently couple tZ%estu dissipation of graphene based on single-channel

coherent perfect absorption in an optimized multilaye mﬁ‘lm structure. The ultraviolet absorbance ratios of single

and four atomic layers graphene are enhanced \R7771*4~°o and 92.2%, respectively. Our research provides a simple

and efficient scheme to trap ultraviolet li r developing promising photonic and optoelectronic devices based on
graphene and potentially other 2D m erigls.\

As the most fascinating 2D Q, graphene has received great attention in photonic research from ultraviolet
(UV) to terahertz ranges, a 1{:15 byosted the development of advanced optics from nano-optics to angstrom-optics.”
4 In the past few y ars,p\eiw\toptlcal absorbers based on graphene have attracted a surge of research interests due to
its extraordinary “elecfronic and photonic properties for optoelectronic devices.>® A number of graphene-based

the visible, infrared and terahertz ranges have been reported for a variety of potential

applications, su%h asyphotovoltaics, photonic detection, optical modulation and thermal transfer. ”- In order to enhance
light-graphene.nteraction, almost all of the proposed perfect absorbers require subwavelength-scale patterning inside
or outgide aomic graphene layers, and these pattern designs usually rely on technological processing in microscale or

}s&ﬂe regimes, which will not only increase the fabrication cost dramatically, but also introduce undesirable
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Publish i<|i]ag1 1ge and contaminant to the ultrathin graphene layers in practical fabrication and degrade their ultimate electronic
and photonic performance. On the other hand, in spite of these investigations, there is seldom research about the
schemes to achieve extremely high UV absorption in monolayer graphene, which is also potentially promising for
many applications, including UV detection, UV photoluminescence, Raman microscopy, chemical sensing, flame

monitoring and space communication.'’!3 In this work, we are motivated to enhanc&é‘%wtion with monolayer
T

graphene using simple and practical structure configurations without any patter@aphe e.

The thickness of monolayer graphene is much smaller than the UV, 5%\ so it can be assumed as a 2D
conductive surface with a wavelength-dependent conductivity . U ik&wg@l study of graphene from visible
to terahertz, the many-body effects should be taken into account ig thelUV range.'* Due to the saddle-point singularity
in the electronic bands, ¢ displays a pronounced and asymmet(gp'eak‘a)a free space wavelength of about 268 nm, as
shown in Fig. 1 (a). Under this condition, ¢ can be expr ssM%ﬂowing equations based on the Fano model,"

(1) = () gt 6)’

2

()

2)

where 4, & and c denotes the free spase wavelength, Plank constant, speed of light in vacuum, respectively; ¢ is the

normalized energy by wi relative to the resonance energy E;= 5.02 eV of the perturbed exciton; ocg(4)

is the continuum back@roun taitéd by the calculation for a many-body system, which describes the response well

away from the si glf(a)ity.1 ¢ Fano parameter g = - 1, which determines the strength of the excitonic transition to

the unperturbéd band4ransitions and the asymmetry of the conductivity line shape. As can be seen from Fig. 1(b), the
£
ce

optical ansmi )}{rough a suspended graphene monolayer is higher than 91% in the UV range, and the theoretical

modelli basedS)n a finite element method (FEM) indicates good agreement with an experimental measurement from
ﬁ

li rature.lg8 Based on the spectrum in Fig. 1(b), the absorbance in the UV range is higher than the visible, but the

'hi,shes absorbance in suspended graphene is still less than 9%, which implies a pressing demand for high UV-
S

graphene interaction efficiency for further applications.
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Publishin g [norder to achieve extremely high UV absorption in monolayer graphene without patterning, we propose a simple
and realizable methodology based on manipulating the polarization and incident angle of light on an optimized
multilayered thin film structure. In our design, a metallic substrate with an optical thickness is adopted as a mirror
layer to block optical transmission, and a dielectric layer with an effective subwavelength thickness is introduced to
enhance UV absorption in graphene. Both the dielectric/ glraphene/lég (DGM)  structure and

graphene/dielectric/metal (GDM) structure are investigated and compared, as sh wnh:ig. 2(a) and Fig. 2(b). In view
own 1

of the intrinsic optical absorption in various metals and material expenses as Fig. 2(c), aluminum (Al) is

selected as an ideal choice as the mirror layer due to its low UV loss al 1(;) QQ&it as a thickness of 50 nm, and

1.19

—
alumina (AL,Os) is used as the dielectric material."” Numerical an analyticgl thods are adopted to optimize and

enhance UV absorption of graphene for the following discussh@

We first consider the general effects of DGM and GDM s ctu‘%‘s on UV absorption enhancement of graphene

with polarization and angle manipulation of incident li\gh\No I'and oblique incidences for both p- and s-polarized

~

lights are investigated, as shown in Fig. 3. Particular continuous ultrathin hexagonal boron nitride (ABN) layer of

—_—

1 nm is used to isolate graphene from aluminu

boron nitride doping in graphene.?’ Insthis \e,%

comparable optical conductivities for eqlm{'fmparison and further discussion. The #BN is assumed to be optically

tron doping for the DGM structure, which is different from the

raphene monolayers for both GDM and DGM structures have

lossless,?! because its band gap is vmbjnough and beyond the discussed UV wavelength range larger than 240nm.>*
24 In the UV range, graphehe a?s as'a lossy conductive surface, and it is infeasible to excite plasmon polaritons by p-
polarized light and ii/ ce stro U?G—graphene interaction like that in the terahertz and infrared range, where only the
intra-band transi on“ﬁk the optical response.?’ As shown in Fig. 3(a) and Fig. 3(b), the optical absorbance
under p-pol 1zec}l@%r both structures does not show remarkable enhancement, the UV absorbance for the DGM

lowﬂf than the suspended graphene, and the UV absorbance for the GDM structure under normal

structur ;s\ev

incidence is slightly enhanced with a broad absorption band extended to the visible range. In contrast, the optical
—

a orbanCSin Fig. 3(c) and Fig. 3(d) under s-polarized light for both structures indicates predominant narrow-band

‘Hasabs ion enhancement with extremely-suppressed visible absorbance (almost zero), especially under the oblique
-
idence of 85°. Besides, Fig. 3(c) and Fig. 3(d) demonstrate that the optical absorbance evolves from a broad band

to a narrow band with a dominant peak at A = 314 nm in the UV range, as the incident angle increases from 0° to 85°,

and the GDM structure shows an overwhelming advantage of UV absorbance enhancement up to 63.1% versus the

3
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Publish mgl 1 structure with an absorbance of only 18.2%. The enhancement for the UV absorbance peak of graphene for both
structures can be attributed to coherent perfect absorption for the one-port UV network,?®?” in which the polarized
light enters a multilayered structure of ultrathin films with a metal mirror through a single channel using a critical
coupling angle. The perfect absorption originates from destructive self-interference and dissipation in the lossy
material layers, including graphene and aluminum. The GDM structure is much rn{ vantageous than the DGM

structure, because it has more light absorption contributed to graphene instead al@num based on the absorbance

calculation for different materials. \

We next analyze why s-polarized light has much better absorption-enhanegment than p-polarized light, as shown
in Fig. 3. Graphene can be assumed as a non-magnetic (i.e. perm‘sab ity ,u:uo ) 2D material with in-plane isotropy,
and the optical loss in graphene is induced by its conductive 2[(@facﬂjith in-plane Ohmic dissipation, so the optical
absorption is only determined by the electric field compgnent p. llé'ro the graphene surface. The electric field of an

N

s-polarized light is always parallel to the graphene sur his provides an essential condition to significantly

\

enhance the absorption of graphene under the critical eQupling condition for a certain oblique incident angle; whereas

the electric field of a p-polarized light forvario hci&ent angles is not always parallel to the graphene surface and

only the parallel component of electrigfield N s to the optical loss of graphene, so the optical loss in graphene

is gradually reduced as the incident angl%’es larger and larger. As can be observed in Fig. 4 for the full-wave
FEM simulation of a GDM stfucture,*¢compared with the p-polarized light, the s-polarized light has much higher in-

plane field intensities su oun?ng raphene layer at 1 = 314 nm, which gives rise to enhanced surface current

densities on the sing{ yer ¢

and much more ?1)sorpt1 in graphene. Since p-polarized light is infeasible for high absorbance in graphene and

taléf hexagonal carbon atoms, and leads to much stronger light-graphene interaction

the GDM stmicture onstrates considerable potential for absorption enhancement, we focus on investigations with

/
or t];é GDM structure in the following discussions.

s-polari egi.lig

We fur eveal the physics insight by an analytical method. For the one-port UV network, the scattering-matrix
equation cbj be simplified as b1 = ra;, where 7 is the total reflection coefficient of the GDM structure, a; and b, are
>coﬁ'fplex scalars for the input and output wave amplitudes, respectively. Based on the Fresnel-Airy formalism, r

can be expressed as below
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Here, 7, represents the Fresnel coefficient from medium i to medium j as shown F®3(d), Si=2nN;d;cosb; /2 is the

r

phase factor in medium i, and N;, d; and 6; are the complex refractive index, thiekness*and light angle for medium i.

The effective complex refractive index of graphene can be represented b 'ts‘grfagconductivity. 2 Based on Snell’s

—
law, we define 6; = arcsin (NV; siné, /N;), which can be complex-valuged and denote loss in medium 7. The field Fresnel

reflection coefficient #; for s-polarized light from medium i to@dium be expressed as below

o

N, cos 6, cos
( N, cos W\Q\H}
9\\ 5)
The optical skin depth of aluminum is /[2 A)], where k(L) is the imaginary part of the wavelength-
dependent complex refractive index of altminum, d it is less than 15.1 nm in the discussed spectral range. Hence,

the thickness of 50 nm aluminum layerq u h to block the transmittance 7' (i.e. T=0), and the total absorbance

in the structure is 4 = Ag + Ay=1 - re R is the total reflectance, and Ag and Aa; denote the fractions of

absorbance in graphene and aluminum, respectively. 4 and 4 becomes larger simultaneously, as the coherent perfect

oa{:he(yp

absorption is graduallyza
graphene, R = |r? 54 ual tozero. According to equation (3) and (4), we can obtain the equation ry3+rs4-e?#2 =

changing the incident angle. In order to reach the maximum absorbance of

0, if graphene o@ess. This implies a self-interference mode, which can be related to a resonance condition

to A situation where the complete round-trip phase accumulation inside the structure is 2z. The coherent

perfect absorptlon n be achieved with a UV resonance for 4 = 1 at a critical angle.

The t al absorbance of the GDM structure as a function of incident angle and wavelength is further calculated
n an tlcal method using characteristic matrices for thin films.?® The analytical result in Fig. 5(a) indicates perfect
s1stency with the FEM simulation result in Fig. 5(b), and these results show that the GDM structure completely
absorbed the light in the UV range, when the critical coupling angle is 84.1° and the wavelength is 313 nm. For the

angle range from 80.7° to 86.2°, the total absorbance in the UV range is extremely high (larger than 95%), and the

5
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Publish ”[t)g& rbance is originated from the loss in both graphene and aluminum. Although the light power is partially dissipated
in aluminum, most of the light power is absorbed by graphene under the critical coupling angle, as shown in Fig. 5
(c). For an alumina layer of 40 nm, graphene absorbs up to 63.5% of UV light at the wavelength of about 314 nm
under the incidence of 84.2°, which is basically consistent with the critical coupling angle for absolute absorption of
the GDM structure, and graphene maintains the absorbance ratios of over 50% for inf t angles from 74.5° to 87.8°.
Based on above analysis for Fig. 5(a) ~ Fig. 5(c), we can generally optimiz thegtical coupling parameters for

coherent perfect absorption of a GDM structure in order to reach the maximumyabsorption in graphene. Fig. 5(a) ~

Fig. 5(c) also demonstrate that a critical angle determines the max u& al absorbance at a certain central
e

wavelength for a given thickness of alumina. Therefore, in Fig.[5(d), we illuminate the critical angle coupling

conditions for maximum absorbances at various central waveléngths b ing the thickness of alumina layer within

the subwavelength limit. Fig. 5(d) indicates good agreeme between‘tDe analytical model and FEM simulation, and

L
demonstrate the optimization mechanism of maxw nc

e for different UV central wavelengths in
combination with distinct critical angles.

Finally, we investigate the effects of the alu hﬂﬁakness and the atomic layer number in graphene, because the

UV central wavelengths and incidentangles\aresalso tightly related with these two factors. As shown in Fig. 6(a),

when we change the thickness of alumina from 10 nm to 100 nm under 85° incidence of s-polarized light, the

absorption band has a red shi froh)UV range to the visible range. As the thickness of alumina increases from 27

nm to 55 nm, the absorption p?ak ition varies from 240 nm to 400 nm. The peak shift is attributed to the change

of phase factor in th@‘é e{ as demonstrated in the above analytical method for coherent perfect absorption.
n of

Based on the ex es?i) se factor f; = 2nN; d; cos®; /A, the wavelength of absorption peak should be changed

proportionall§ to the*thickness of alumina, in order to maintain the minimum reflection derived from equation (3) ,

£
(4) and SL\Th one/éan tune the thickness of the alumina thin film for a GDM structure in order to confine the light
a

trappingion gr &ene in the UV range. Based on the discussion about the dielectric thickness, we optimize the
a O;EanCSOf graphene with various numbers of atomic layer, and each maximum has been achieved at A = 268 nm
‘un,$er the“corresponding thickness of alumina and incident angle, as observed in Fig. 6(b). The maximum absorbance
rai es?om 71.4% to 92.2% in the UV range, as the number of graphene atomic layer gradually raises from 1 to 4.

This is because the optical conductivity of graphene becomes larger as the number of atomic layer increases,!* which

leads to more UV dissipation in graphene. The monolayer graphene has a narrower UV absorption band with high

6
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Pub||sh|n1g[ ression of visible absorption, while the 4-layer graphene possesses a broader band with higher absorbance,
partially extended to the visible range. With the optimized alumina thickness and coupling angle, larger conductivity

of graphene induces lower loss in aluminum and higher optical absorption in graphene with a broader band.

In summary, we propose to a simple thin-film structure for extremely high U\?{)sorption in graphene without
patterning by single-channel coherent perfect absorption. The work provides an fﬁs')ent od to trap UV light in

graphene for developing high-performance UV devices.
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FIG. 1. Opticakonductivity o of graphene as a function of free space wavelength A. Inset is the band structure of graphene with
-

saddle point singularity at the M point. (b) Experimental and theoretical results of optical transmittance through monolayer
graphene. Ig
}2. 2., Schematic drawings for (a) DGM structure and (b) GDM structure and (c) optical absorbance of various metals under
noral incidence
FIG. 3. Optical absorbance ratios of graphene for both structures under various polarizations and incident angles ¢

based on the FEM modelling: (a) p-polarized light on the DGM structure, (b) p-polarized light on the GDM structure,
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Publishilﬂg:.‘—polarized light on the DGM structure, and (d) s-polarized light on the GDM structure. All the thicknesses of
alumina are fixed at 40 nm.
FIG. 4. Electric field distributions on the GDM structure for p- and s-polarized light under 85°incidence, where |E,|
denotes the amplitude of the electric field component parallel to the graphene surface.
FIG. 5. (a) Analytical modelling and (b) FEM simulation for total absorbance of the GDM structure, and (c) simulated

absorbance of graphene for the GDM structure, as functions of free space waveléngth and incident angle for s-

polarized light and an alumina layer of 40 nm. (d) Critical angles for maxi absorbance at various central
wavelengths with optimized alumina thicknesses. Q\

FIG. 6. (a) Absorbance of monolayer graphene as a function of wavelength and alumwm
polarized light is 85° on a GDM structure. (b) Optimized absorbance ratios of graphene with thémaximum at A =268 nm, in which

where the incident angle of s-

various atomic layers correspond to relevant alumina thicknesses d and critieal.couphi @65 0.
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