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C 1eJIbI0 HCCJIEIOBAHUA XaPAKTEPUCTUK MOTJIOLIEHUA OJHOMEPHOro rpad)eHoBOro (h)0TOHHOTO KPH-
CTaJIjIa METO0M MAaTPHUIIGI IEPeX0/[a TeOPETUUYECKH 1 YMCIEHHO MPOAHATN3UPOBAHO OBEIeHNEe MO/IbI
TE B nuanasone ot 300 mo 1000 am. IIpoaHaau3upoBaHbI TapaMeTPhl, BINAIONINE HA XapaKTEePUCTH-
KM MOTJIONIEHMS: YroJl BBOJA M3JIYYE€HUA, CTPYKTYPa (DOTOHHOTO KPHMCTAJJIA, YMCIO cI0eB rpadena,
MOKa3aTejb mpejiomjeHus nedexTHoro ciaoa. [lokaszano, yro morjoneHue B rpageHe Moker ObITH
CYIIECTBEHHO YBeJINYeHO myTeM opMupoBanusa mukpopesdonatopa ®acpu—Ilepo B nedextHom caoe
¢doTorHOro Kpucrajuia. IIMKOBBIM 3HAYEHHEM, IIOJ0KEHUEM U IIMPUHON II0JI0CHI IIOTJIOMEHU I MOKHO
YIPaBJIATH IIyTeM HU3MEHEHHNsA yKa3aHHBIX BbINIe MapaMeTpoB (oTOHHOrO Kpucrajia. Pe3yiabraTsl
paﬁo'rm OTKPBIBAIOT HOBbIE€ BOSMOKHOCTHU MIPUMEHEHU A (l)OTOHHBIX KPHUCTAJJIOB.
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In order to study the absorption characteristics of one-dimensional graphene photonic crystal,
the TE wave of 300—1000 nm was analyzed theoretically and numerically based on the transfer
matrix method. The effects of incident angle, the structure of the photonic crystal, the number of
graphene layers and the refractive index of the defect layer on the absorption characteristics are
analyzed. The results show that the absorption of graphene can be greatly improved by using the
micro Fabry—Pérot cavity formed by the defect layer of the photonic crystal. The peak, the position
and the bandwidth of the absorbance can be adjusted by changing the above-mentioned parameters
of the photonic crystal. This study provides a way to expand the application of photonic crystals.
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INTRODUCTION netic wave in some frequency bands can not be
In 1987, Yablonovitch and John respectively propagate in the photonic crystal, resulting in
proposed the concept of photonic crystal [1, 2]. photonic band gap. If a defect layer is intro-
Because of its periodic structure, electromag- duced into the photonic crystal, a propagation
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electromagnetic wave mode with narrow spec-
trum can be generated in the band gap, simi-
lar to the impurity level in the forbidden band of
a doped semiconductor, and the propagating
electromagnetic wave in the band gap will pro-
duce a local light enhancement effect in the
doped layer [3]. These characteristics make pho-
tonic crystal an ideal tool to control electromag-
netic wave propagation according to our wish-
es. In recent years, photonic crystals have been
widely used in the fabrication of micro resona-
tors, efficient zero threshold lasers, wide-band
mirrors, ultra narrow filters and optical wave-
guides [4, 5].

In 2004, Novoselov and Geim prepared gra-
phene [6] by mechanical stripping method.
Because of its zero gap energy band structure,
strong ductility, good conductivity, fast re-
sponse speed and high mobility, graphene has
become the research focus in recent years.
Theoretical calculation shows that only 2.3%
of white light can be absorbed by single-layer
graphite [7], which greatly limits the applica-
tion of graphene in the photoelectric equipment.
However, because graphene has the thickness of
the atomic layer, it is almost completely trans-
parent under the visible light, and has very good
flexibility and ductility, it’s application will be a
great improvement of photoelectric devices.

In recent years, some researchers have com-
bined graphene with photonic crystals, expect-
ing to use the special structure of the photonic
crystal to increase the light absorbance of gra-
phene [8-13]. Ning et al. found that the light
absorbance of the photonic crystal with this
structure is much higher than that of the single
graphene sheet [14]. Wu et al. designed a metal
graphene photonic crystal to make the peak
absorbance of light wave reach nearly 95% [15].
In this paper, a cavity structure is formed in the
1D photonic crystal with graphene defect layer
in the middle of the cavity. Because the light
wave is reflected back and forth in the Fabry—
Pérot cavity [16], it can improve the light ab-
sorbance of the graphene thin layer and realize
the perfect absorption of light in theory. On this
basis, the relationships between the absorp-
tion characteristics and the structure and some
parameters of the photonic crystal are discussed,
and nearly perfect absorbance is obtained
in a compact 1D photonic crystal containing
a graphene layer.

PRINCIPLE AND MODEL
In this paper, the defect layer is used as the ca-
vity in the middle of the photonic crystal, and
the graphene layer is inserted in the middle of
the defect layer. When light enters the cavity, it
is repeatedly reflected between the mirrors on
both sides of the defect layer, so that the pho-
ton is strongly localized in the cavity. Because
every reflected light passes through the gra-
phene layer, the absorption of light by the gra-
phene is greatly improved. Based on this the-
oretical consideration, a model is designed as
shown in Fig. 1. Medium C is inserted into the
photonic crystal with periodic arrangement of
A and B, and graphene layer G is embedded in
the middle of C to form the defect layer of the
photonic crystal, i.e. the formula for the struc-
ture under consideration can be expressed as
(AB)"CG,C(AB)” in Fig. 1. Here, N is the num-
ber of periods of the photonic crystal before
the defect, M is the number of those after the
defect, and g is the number of graphene mono-
layers.

According to the definition of absorption co-
efficient, a general equation can be derived when
light is normally incident on a slab of medium
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In Eq. (1), k£ is the absorption coefficient,
n is the actual refractive index, and d is the
thickness of the medium, A is the wavelength.
I is the transmitted light intensity, I, is the
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Fig. 1. The dielectric materials A and B are arranged
periodically, and medium C and graphene G.
The electric field E; is incident at 0 angle, reflecting
the electric field E,, and transmitting the electric
field is E,.



incident light intensity, and R is the fraction of
reflected light. For graphene, its reflectivity R
is negligible, and I/I, ~ (1 — na) [7], where a is
the fine structure constant. So Eq. (2) can be
reduced as

A
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ln(l—noc):Clg, (2

where, considering as usual the graphene thick-
ness dy = 0.34 nm, C; ~ 5.446 pm™*

In Ref. [17], the measured spectra were com-
pared with the fitting curves to find the best n
value that can reproduce the experimental data,
as shown in Fig. 2. It can be seen from the figure
that the fitting curve is in good agreement with
the experimental results when n = 3.0. Therefore,
the complex refractive index of graphene in the
visible light range can be obtained
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Fig. 2. In Ref. 17, the experimental or theoretical
transmittance (T) spectra of single-layer graphene
and double-layer graphene are shown in the figure.
Curve 1 is the theoretical value of single-layer gra-
phene when n = 3.0, £ = C{A/n, curve 5 corresponds
to the result of double-layer graphene; curve 2 is the
experimental observation result of single-layer gra-
phene transmittance by Nair et al., curve 6 corre-
sponds to the result of double-layer graphene; curve
3 is the result of Johnson and Dresselhaus using the
three-dimensional band model. The calculation re-
sult of graphene, curve 7 corresponds to the result
of double-layer graphene; curve 4 is the theoretical
value when n = 2.6, k = 1.3, curve 8 corresponds to
the result of double-layer graphene.
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In this paper, we consider incident TE wave.
According to the theory of optical films [18], the
relationship between the electromagnetic field
components parallel to the interfaces on both
sides of the interface of the it single-layer film is
E.
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where E;, H; are the electric field and magnetlc
field components at the interface between the it
and the (i + 1) layers, and
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A is the incident wavelength, d; is the thickness
of the i*" layer, n, is its refractlve index, €y, Mo
are the perm1tt1v1ty and permeability in vacuum
respectlvely, and 0, is the light propagation angle
in the i*h layer. In the graphene layer, the angle 6,
is complex, the above formulation is still apphc—
able. In theory, there are two ways of dealing with
a graphene sheet [19—20]: one is to consider it as a
two dimensional plane with surface conductivity
o> the other is to regard it as a thin layer of me—
dlum with permittivity e, = 1 + ic,/(0ggdg) =
and they are consistent w1th each other due to
negligible thickness of graphene compared with
thicknesses of dielectric layers. For a photonic
crystal with N layers, we have

En Ey Ey
=MyMy 1...MyM;| 2|=M|_°|, (5)
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where, M is the transfer matrix of the photon-
ic crystal. In Fig. 1, the incident electric field is
E;, the reflected electric field is E,, the transmit-
ted electric field is E;, and the transmission co-
efficient is

_E _ 2R

= . (6)
E; APy+BRyPy,;+C+DPy 4
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The transmittance is T = [t and both sides of
the one-dimensional periodic structure shown in
Fig. 1 of the model are air, so we have Py = Py,;.

The reflection coefficient is

_E, AR +BByPy,1—C—DPy

r=—-= » (7)
E; APRy+BPyPy.1+C+DPy

the reflectance is R = |r[?, and the absorbance is
A=1-T-R.

RESULTS AND ANALYSIS

In the following, the refractive indices of the
dielectric layers are taken as n, = 1.5, n, = 3.0,
and the thickness is d, = 100 nm, d, = 50 nm, so
n,d, = nydy, that is, the optical thickness of the
two dielectric layers is the same. The refractive
index of the defect layer is taken to be n,= 1.3,
and the thickness is d, = 50 nm. The absorption
characteristics of the structure are calculated
when the electromagnetic wave with wavelength
between 300 and 1000 nm is incident. The nu-
merical results and analysis are given in the fol-
lowing from the viewpoints of different angle of
incidence, periodic structure, number of defect
layers, refractive index of the defect layer.

INFLUENCE OF INCIDENT ANGLE

ON ABSORPTION CHARACTERISTICS

Let N =2, M =4, g =1, the incident angle 0 is
set in the range of 0—80°, increasing by 20° in
turn. The absorbance of the TE wave is calculat-
ed, and the results are shown in Fig. 3.

It can be seen from Fig. 3 that the photonic
crystal has obvious absorption peaks for the inci-
dent light waves of all angles, and the absorption
peaks are all in the visible light band. Moreover,
along with the increase of the incident angle, the
absorption peak of the photonic crystal increas-
es first and then decreases, the position of the
absorption peak moves to the short wavelength
direction, and the secondary absorption peak in
the short wavelength side increases with the in-
cident angle. We can see from the figure that the
maximum absorption peak value of the structure
occurs at an incident angle between 40 and 80°.
Numerical result shows that, when the incident
angle 6 = 73° the maximum absorption peak
value reaches 97.55% at wavelength 464 nm,
which is 42.4 times of the light absorbance of
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Fig. 3. Construct an (AB)ZCGIC(AB)4-type photonic
crystal. When the incident angle 0 is in the range of
0-80° and increases by 20° in turn, the absorption
coefficient of TE wave is calculated. Curve 1 is the
absorption coefficient at 6 = 0°, curve 2 is the ab-
sorption coefficient at 6 = 20°, curve 3 is the absorp-
tion coefficient at 6 = 40°, curve 4 is the absorption
coefficient at 6 = 60°, curve 5 is the optical absorp-
tion coefficient at 6 = 80°.

single graphene sheet in natural state. In the
micro Fabry—Pérot cavity formed by graphene
and the defect layer, the longer the distance of
wave propagation is, the greater the absorptiv-
ity of light wave is. When the incident wave
changes from normal incidence to oblique inci-
dence, it will inevitably lead to the change of the
propagation distance of light wave in the cavity
structure, so it will lead to the change of absorp-
tion peak value, and the incident angle will have
an impact on the phase difference of light wave
propagation. When the incident angle changes,
the position of absorption peak will also change.

INFLUENCE OF PERIODIC STRUCTURE

ON ABSORPTION CHARACTERISTICS

Now let us set g =1, n,= 1.3 and the incident an-
gle 6 = 73° while maintaining N = 2, for M = 2,
3, 4, 5, 6, 7, etc., the absorbance calculated for
the TE wave is displayed in Fig. 4.

It can be seen from Fig. 4 that with the in-
crease of the period number M behind the defect
layer, the peak value of the absorbance of the
photonic crystal tends to grow. The peak value
is only 13.55% when M = 2, and it becomes
99.65% when M = 7. The absorbance of the pho-
tonic crystal is greatly improved, the position of
the absorption peak moves slightly to the long
wave direction with the increase of M, and fi-
nally stabilized at 464 nm. When M is increased



further, it is found that when M > 8, the absor-
bance reaches a saturation value of 99.89%.
In the case of keeping other structures un-
changed, increasing the number of periods be-
hind the defect layer will increase the probabil-
ity that the transmitted light wave will be re-
flected back to the cavity, leading to an increase
in the absorbance of the graphene layer.

If we set g = 1 and incidence angle 0 = 73°,
when M = 8, and N is taken as 2, 3, 4, 5, etc. re-
spectively, the calculated absorptivity of the TE
wave is shown in Fig. 5.
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Fig. 4. When incident angle 6 = 73° and other condi-
tions remain unchanged, the absorption coefficient
of TE wave with different periods M is calculated.
Curve 1 is the absorption coefficient at M = 2, curve
2 is the absorption coefficient at M = 3, curve 3 is
the absorption coefficient at M = 4, curve 4 is the
absorption coefficient at M = 5, curve 5 is the opti-
cal absorption coefficient at M = 6, curve 6 is the
absorption coefficient at M = 7.
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Fig. 5. Incident angle 6 = 73°, and other conditions
remain unchanged, the absorption coefficient of TE
wave with different periods N is calculated. Curve 1
is the absorption coefficient at N = 2, curve 2 is the
absorption coefficient at N = 3, curve 3 is the ab-
sorption coefficient at N = 4, curve 4 is the absorp-
tion coefficient at N = 5.
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It can be seen from Fig. 5 that with the increase
of the number of periods N in front of the defect
layer, the peak value of the absorption of the pho-
tonic crystal for the incident light wave shows
a significant decreasing trend. When N = 2,
the absorption rate is 99.89%, when N = 3, the
absorption rate has dropped to 51.54%, and when
N = 4, the absorption rate is only 13.27%. When
the value of N isincreased further, the absorbance
of light waves by photonic crystals becomes negli-
gible. If there are too many periods before the de-
fect, it will increase the probability that the light
wave is reflected, which will also lead to the de-
crease of the absorbance of graphene. Therefore,
we can see that when the periodic structure of the
photonic crystal is changed, the light absorption
of graphene will be greatly affected.

THE EFFECT OF THE GRAPHENE LAYER
ON ABSORPTION PROPERTIES
First, let us consider the influence of the num-
ber of thin layers of single-layer graphene on the
absorption characteristics. Let the parameters
N =2, M = 8, the incidence angle 6 = 73°, and the
number of layers of graphene g = 1, 2, 4, 6, and
8 respectively, the absorbance of the TE wave is
computed and the result is displayed in Fig. 6.
As shown in Fig. 6, when the number of gra-
phene monolayers in the defect layer increases,
there are obvious changes in the absorption
bandwidth in the range between 450 and 500 nm
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Fig. 6. When the incident angle 6 = 73° and the pe-
riod number N = 2, M = 8, the number of graphene
layers g changed, the absorption coefficient of TE
wave was calculated. Curve 1 is the absorption coef-
ficient at g = 1, curve 2 is the absorption coefficient
at g = 2, curve 3 is the absorption coefficient
at g = 4, curve 4 is the absorption coefficient at
g = 6, curve 5 is the absorption coefficient at g = 8.
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for the absorption peak and in the position of
the absorption peak. When g = 1, the absorption
peak appears at 465 nm, and the peak value is
99.89% . With the increase of the number of thin
monolayers of graphene, the absorption peak be-
comes lower, the absorption peak moves towards
the long wave direction, and the absorption
bandwidth also becomes wider. At g = 8, the ab-
sorption peak appears at about 475 nm, the peak
value is 30.77%, and the absorption band width
is obviously wider than that for g = 1. In the
short wave range, a series of absorption peaks
appear with the increase of graphene monolay-
ers. As graphene is a kind of lossy dielectric with
complex dielectric constant, with the increase
of graphene monolayers, the total thickness of
graphene increases, and the damping of plasma
wave on graphene surface increases, resulting
in the increase of half width and reflectivity, so
the bandwidth increases. As the number of layers
increases, the reflection increases, so the absorp-
tion decreases. In addition, with the increase of
the number of graphene monolayers, the resonant
mode of the microcavity has a red shift, which
makes the spectrum of the enhanced photoelec-
tric field red shift, so the main absorption peak
moves to the long wavelength direction, and the
interaction between graphene layers makes the
absorption of the short wave increase.

INFLUENCE OF REFRACTIVE INDEX

OF DEFECT LAYER ON ABSORPTION
CHARACTERISTICS

Taking N =2, M = 8, g = 1 and increasing the
refractive index of the defect layer from 1.3 to
0.5, we calculate the absorbance of the TE wave,
and the result is shown in Fig. 7.

It can be seen from Fig. 7 that with the in-
crease of the refractive index of the defect lay-
er, the absorption peak position of the photonic
crystal generally moves to the long wave direc-
tion, and with the increase of the refractive in-
dex, the main peak in the long wave range be-
comes smaller, and the secondary peak in the
short wave range becomes larger. When n,= 2.3,
the maximum absorbance of the photonic crys-
tal is 99.95% at 615 nm, while at n, = 3.3, the
secondary peak of the absorbance exceeds the
main peak. The results show that the refractive
index of the defect layer has an obvious effect
on the optical absorption of the photonic crystal.

Absorption coefficient

Wavelength, nm

Fig. 7. When the incident angle 6 = 73°, the period
number N = 2, M = 8, g = 1, and the refractive in-
dex n, of the defect layer changed, the absorption co-
efficient of TE wave was calculated. Curve I is
the absorption coefficient at n, = 1.3, curve 2 is the
absorption coefficient at n, = 1.8, curve 3 is the
absorption coefficient at n, = 2.3, curve 4 is the
absorption coefficient at n, = 2.8, curve 5 is the
absorption coefficient at n,= 3.3.

CONCLUSION

In summary, graphene-containing
(AB)Y CGgC(AB)M -type photonic crystals is stu-
died, and the TE wave absorption characteris-
tics of one-dimensional photonic crystals is an-
alyzed from several aspects, such as changes
in incident angle, periodic structure, the num-
ber of graphene monolayers, and refractive in-
dex of defect layers. It is found that with the
increase of the incident angle, the absorption
peak of the photonic crystal increases first and
then decreases, and the position of the absorp-
tion peak moves to the short wave direction;
with the increase of the period number behind
the defect layer, the peak value of the absorp-
tion increases, while with the increase of the pe-
riod number of the photonic crystal before the
defect layer, the peak value of the absorption in-
creases. When the number of graphene mono-
layers in the defect layer varies, the absorp-
tion peak value, the peak position and the ab-
sorption bandwidth have obvious changes; the
refractive index of the defect layer also has a
great influence on the absorption characteris-
tics. Based on the conclusion, in designing the
absorbing device with the photonic crystal con-
taining graphene, we can get the nearly perfect
absorbing characteristics of the photonic crys-
tal device by adjusting the above parameters
properly.
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