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Enhanced absorption in heterostructure composed of
graphene and a doped photoniccrystal
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The optical absorption in heterostructure composed of a graphene and a doped photonic crystal is investigated theoretically.
The absomtion of the heterostructure is enhanced greatly due to photon localization. The absormptance can be tuned by
varying either the incident angle or the thickness of graphene film. The number of absorption peaks can be tuned by varying

the thickness ofdielectric defect.
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1. Introduction

Graphene is currently the subject of intense research
in both theoretical and experimental sides. The interest is
driven by its unique electrical and optical properties [1-8].
These properties led to numerous important applications in
optoelectronic and nanophotonic devices such as
transparent electrodes, ultrafast lasers, polarizers, and
photodetectors. A unique optical property of graphene is
that its absorption is nearly constant over the visible and
near- infrared regions [9-12].

Although graphene exhibits almost uniform absorption
within a large wavelength range, its optical absorption in
graphene is minimal, which is detrimental to the
fabrication of some optoelectronic devices, such as the
optical detectors. Therefore, various approaches have been
proposed to enhance the absorption of graphene, including
using exciting plasmons in doped graphene nanostructures,
combining graphene-based one-dimensional photonic
crystals(PCs) containing a x-cut lithium niobate layer [4],
graphene-based hybrid nanostructure cavity [5], forming
periodically patterned graphene, and integrating graphene
with microcavities [13-20]. In this context, the enhanced
absorption of some two-dimensional materials, such as,
black phosphorus, hBN have been reported [13-16].
Besides, multilayer graphene structures can also hold
unusual optical response owing to the interaction of charge
carriers with the electromagnetic waves in the different
layers. Nevertheless, few works have been dedicated to the
study of optical absorption enhancement in heterostructure
composed of a graphene and a doped photonic crystal.
Compared with the previously reported methods to
enhance the absorption of graphene using nanostructures

or by putting graphene in microcavities, it is relatively
easy to prepare graphene films on the top of bulk materials
or one dimensional photoic crystal [20].

In the present paper, we theoretically investigate the
optical absorption in heterostructure composed of a
graphene and a doped photonic crystal. We deposit
monolayer, two graphene layer and three graphene layer
on the top of doped photonic crystal (the interaction
between layers is ignored when the number of graphene
layers increased). The absorptance of graphene film on
one dimension photionic crystal with defect is enhanced
greatly duo to photon localization. The absorptance can be
tuned by varying either the incident angle or the thickness
of graphene film. The number of absorption peaks can be
tuned by varying the thickness of dielectric defect.

2. Absorption of a doped photonic crystal

A doped photonic crystal structure denoted
(BC)*D(BC)*, B(C) and D  represent the
high(low)-refractive-index materials and defect layer,
respectively. Their refractive indices are described by
n; =n;+k;i, j=B,C,D, in which n;(k;)is the real
(imaginary) part of the refractive index Because the
imaginary part of the refractive index is proportional to the
absorption coefficient, we define k; as the absorption
coefficient of the materials in this paper. The thicknesses
of B, C, and D are denotedd;,d., andd, , respectively.
The periodic number of the structure is N. In our
calculations, we choose n;=n, =35, n.=1456 ,
kg =k. =0.00007 , d.=80nm [21]. The optical
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thicknesses of B and C are assumed to satisfy
ngds =n.d. . The thickness of the defect layer is
dp =3.141d; . In this paper, the transfer matrix method
[22-24] is used to calculate the transmittance (T) and
reflectance (R) of the heterostructure, and their
absorptance (A) as follows:

R= |I’|2 _ My, 790 + MM — My — M7, Q)
My, 770 + My 77077, + My + M7,

T=|tf = 2l @
My, 775 + My 776704 + My + My 77,

A=1-T-R 3

where 7, :\/Z/\/y_j,ll—sinze/gjyj for TE polarization,
and 7, :J;Tj/\/gﬂfl—sinza/gjyj for TM polarization.

n,and 7, are the incident and exit media for the
corresponding 7 parameter, respectively. m, ,m, ,
m,,, and m,, are the elements of total transfer matrix.

cos(k/d,)  ——sin(k)d,)
in;sin(k)d,)  cos(k/d;)

wherek/ =w/c, [e,1; cosé; is the z component of the

wave vector. @, is the ray angle in jth layer which is

related to the Snell’s law of refraction.

Fig. 1 shows the absorption of the structure
(BC)*D(BC)” as a function of absorption coefficient kp and
wavelength A4 for normal incidence. One can see that the
absorbance of the defect mode is nonmonotonic and
reaches a maximum at kp=0.005 with increasing the
absorption coefficient kp. This result conflicts with the
conventional viewpoint that the absorption of defect mode
will be enhanced with increasing the absorption coefficient
of the defect. The reason is that the absorption coefficient
of the defect increasing results in an impedance mismatch
at entrance face of the structure, which leads to stronger
reflectance. In other word, fewer EM waves of the defect
mode will enter the structure. So the absorbance decreases
when the defect layer has a larger absorption coefficient.
Therefore, it is impossible to enhance absorbance by
increasing the absorption coefficient of defect for photonic
crystal with a lossy dielectric defect.
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Fig. 1. The absorption of the structure (BC)*D(BC)* as a

function of absorption coefficient Kp and wavelength A

for normal incidence, B(C) and D represent the

high(low)-refractive-index materials and defect layer,
respective

3. Enhance absorption with graphene

To let all of the light of defect mode enter the
structure and make the absorption enhancement, a
heterostructure G(BC)D(BC)" is employing, where G and
(BC)ND(BC)" represent the graphene film and a doped
photonic crystal, respectively. Graphene is described by
the wavelength-dependent index

complex refractive

n(1) =3.0+C,4/3i(C, =5.446um™) in the visible range

[6,20], and the thickness of a graphene monolayer is 0.34
nm. It is considered here are composed of a graphene film
and one dimensional photonic crystal with defect, as
shownin Fig. 2.

BO)Y (CB) N

Fig. 2. (Color online) Schematic diagram of a

heterostructure G(BC)D(CB)" composed of a graphene

film Gand doped photonic crystal (BC)ND(CB)". N is
total period number
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For normal incidence, the optical absorption spectra
of the heterostructure G(BC)"D(BC)" without and with the
graphene films of different thickness are shown in Fig. 3,
where G;, G, and Gz denote monolayer, two layer and
three graphene, respectively(the interaction between layers
is ignored when the number of graphene layers increased).
The absorption coefficient of the defect layer is
k, =0.004. It can be seen that the optical absorption of
graphene monolayer is about 2.3% and independent of the
wavelength in the visible wavelength region (see black
dashed line in Fig. 3). This is consistent with refer. 20. The
optical absorption of the doped photonic crystal
(BC)MD(BC)™ without graphene films is about 28.5% (see
blue dotted line in Fig. 3). In contrast, when a graphene
monolayer is prepared on top of the doped photonic crystal,
the maximum absorption is about 31.8%and the absorption
peak appears at 612 nm (see green solid line in Fig. 3).
Moreover, as the layer number of graphene increases, its
absorption becomes stronger. Three graphene layers can
achieve an absorptance of about 37.6% (see red solid line
in Fig. 3). It is about 16 times larger than that of the
graphene monolayer without the doped photonic crystals.
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Fig. 3. The absorptance of graphene as a function of

light wavelength for heterostructures with and without

graphene layer at normal incidence: single graphene

(black dashed line), heterostructures without graphene

layer(blue dotted line), heterostructures with single

graphene layer (red solid line) heterostructures with
three graphene layer (green solid line)

To reveal the physical origin of the enhanced
absorption in heterostructures containing graphene, we
numerically calculated the magnetic fields intensity
distribution |H| for the heterostructure G(BC)"D(BC)"
with a graphene monolayer and the doped photonic crystal
(BO)ND(CB) at 4 =612nm. The results are presented in
Fig. 4. The thickness of the graphene monolayer in the
schematic diagram is 100 times its actual thickness, as
shown in Fig. 4(a). One can see that there are strong

localized magnetic fields between the interface of the
graphene and the heterostructure (BC)*D(BC)* within the
dielectric defect layer at the wavelength 1 =612 nm,
which greatly enhances the absorption. This is because the
coupling effect can realize stronger localized EM field in
G(BC)'D(BC)N than in (BC)"D(BC)M to enhance
absorption. Without the graphene film, the absorbance of
defect mode for the structure (BC)ND(BC)" is 28.5%, as
shown blue dotted line by Fig. 3. The reason is that there
are still strong localized EM fields within the defect layer,
as shown in Fig. 4(b)
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Fig. 4. The magnetic fields intensity at A =612 nm (a)

the heterostructures composed of a graphene film G and

the doped photonic crystal (BC)ND(CB) ,(b) the doped
photonic crystal (BC)'D(CB)N

4. The effect of incident angle

Moreover, the oblique incidence of light was
considered for both transverse electric (TE) and transverse
magnetic (TM) polarizations. Fig. 5 display the absorption
spectra of the heterostructure G(BC)"D(BC)" for TE and
TM waves at oblique incidence. It can be seen that the
absorption peak moves toward shorter wavelengths with
increasing incident angle for both TE and TM modes. For
the TE mode, when incident angle & increases, the
absorption is enhanced. For example, the absorptance of a
graphene monolayer (three graphene layer) can be about
39.2% (41.7%) at 6=60", and the center wavelength of
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the absorption peak is about 591 nm (see blue dotted line
in Figs. 5(a) and 5(b)). The feature is fully consistent with
light propagation in an optical micro-cavity. The resonance
condition of a micro-cavity can be described as
2Lk, =2mz, where m is an integers. L is optical path
of the spacer layer, k, =kcosé, k is the wave vector of
light, and @is the propagation angle of light in spacer
layer, leading to a resonant wavelength in micro-cavity of
A oc cos @ [20].
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In the TM mode, as the incident angle increases, the
absorption of the heterostructure G(BC)'D(BC)N is
reduced. For example, the absorptance of a graphene
monolayer and three layer graphene with heterostructures
are about 20% and 26% at @ = 60° , respectively.(see blue
dotted line in Figs. 5(c) and 5(d)). The reason is that the
electric field component is no longer parallel to the
graphene sheet for TM mode, the absorption of graphene
is reduced.
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Fig. 5. The absorptance of graphene on doped photonic crystal (BC)ND(CB)" as a function of the light wavelength for different
incident angles:(a) the graphene monolayer for TE, (b) the three graphene layer for TE, (c) the graphene monolayer for TM, (d)
the three graphene layer for TM

5. The effect of thickness of dielectric

Finally, the number of absorption peaks can be tuned
by varying the thickness of dielectric defect of the
heterostructure. Fig. 6(a)-6(d) correspond to dp=104 nm,
312 nm, 416 nm and 520 nm, respectively. We can see that
absorption peak is split into, two, three and four as the
thickness of defect increases. The larger the thickness
value is, the more absorption peaks are formed. The
splitting of the absorption peak can be explained by using

the tight-binding approach [25-27]. Hence we can generate
as many absorption peaks as desired simply by adjusting
the thickness of dielectric defect. This feather is of
technical importance because these absorption peaks can
be used as the fabrication of some optoelectronic devices,
such as the optical detectors.
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Fig. 6. The absorptance of graphene on doped photonic

crystal (BC)ND(CB)M as a function of the light

wavelength for different thickness of dielectric defect at

normal incidence: (a) dp =104 nm, (b) dp = 312 nm, (c)
dp=416 nm (d) dp=520 nm

6. Conclusion

In summary, we investigated the optical absorption of
graphene layer prepared on the top of a doped photonic
crystal theoretically. It is found that the absorption of
graphene on heterostructure can be enhanced by about
sixteen times under normal incidence light. The
absorptance of the heterostructure can be tuned by varying
incident angle and thickness of graphene. The number of
absorption peaks can be tuned by varying the thickness of
dielectric defect. Our proposal is very easy to implement
using the existing technology and may have potentially
important applications in optoelectronic devices.
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