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Abstract; To enhance the absorption of graphene for optical waves in near-infrared communication wavelengths, a
graphene-based absorber based on a periodic parity-time( PT) symmetry structure was proposed, which consists of the
top graphene layer and the underlying periodic PT-symmetry unit. The absorption properties of graphene in the wave-
length range of 1 450 —1 650 nm are systematically studied by the transfer matrix method( TMM ). The results show
that by optimizing the graphene composite PT-symmetry micronano structure parameters, a 35-fold absorptance en-
hancement was achieved for the normal incidence near-infrared light in the studied wavelength range as compared to
the free-standing graphene absorption. Meanwhile, for the oblique incidence near-infrared light with angle ranging
from 0° to 30°, the average absorptance of the TE and TM polarization light is also enhanced by 19.7 and 54 folds,
respectively. The structure has high-intensity absorption characteristics for the near-infrared light, which can be wide-

ly used in the design of devices such as absorbers, photodetectors and infrared optical sensors.
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1 Introduction

Optical absorber has been extensively used in
photoelectric conversion system, photoelectric detec-
tion, military stealth and other fields. Therefore,
improving the absorptance of the absorber for a spe-
cific band of light wave has always been the focus of

scholars''?!.

Graphene, as one of the most promis-
ing two-dimensional nanomaterials, exhibits excel-
lent electrical and optical properties, and conse-
quence, graphene-based absorber has been attrac-
ting increasing interest, especially in the develop-
ment of efficient absorbers based on graphene and
other one-dimensional photonic crystals (1D-PC) "'
For instance, Gao et al. proposed a visible full-band
optical wave absorber using graphene and 1D-PC
composite structure, and a full-band absorptance of
the visible optical band can reach 0.88""". Zhu e
al. also designed a composite structure composed of
the heterogeneous structure of the graphene and pho-
tonic crystal (PC) , by adjusting the external magnetic
field and Fermi energy, each absorption band can
have an absorption of more than 99% , and under
certain conditions, a near-perfect 100% absorption
can be achieved'”’. Wu et al. propose a 1D gra-
phene-based multilayer structure which composed of
traditional dielectric material and graphene, the ab-
sorptance of the structure can be maintained higher
than 80% "', For designing graphene-based optical
devices with excellent integrated properties, such as
optoelectronic detector and optical communication
device, the absorptance of graphene needs to be fur-
ther enhanced.

When the conventional PC structure is used to
improve the graphene absorptance, the structure has
no gain effect on absorbed light waves. Even if the
structure achieves perfect absorption of the light
wave in the research wavelength, it still affects the
practical use of the structure for the weak light wave
signal. While for the PC structure satisfying the par-

4]

ity-time ( PT) symmetry conditions'™*’ | the unique

optical transmission and reflection phenomena will

15-17]

be generate' , and therefore the PT-symmetry PC

structure could be also an excellent option to be used

to heighten the absorption of graphene compared
with the conventional PC structure.

Therefore, in the current paper, inspired by
the fantastic optical transmission characteristic of the
PT- symmetry structure, a novel graphene-based PC
structure was developed based on the well-estab-
lished theory of PT-symmetry. By utilizing the trans-
fer matrix method (TMM ), we have theoretically
studied the effect of rear PT-symmetry structure on
the absorption properties of top graphene layer. The
efficient graphene absorption was obtained by fine PT-
symmetry microcavity design and detailed parameter
analysis and optimization. Compared the conventional
PC structure, the proposed structure not only has high
absorption properties, but also has attractive advanta-
ges such as simple structure and small mode volume,
which provides a reference for the design and prepara-

tion of graphene-based optical devices.

2  Model and Theoretical Calculation

The overall structure were designed as shown
schematically in Fig. 1, each dielectric layer can be
simply represented as G ( AB)" in Fig. 1 (a) or as
G(AB)" in Fig. 1(b). Thereinto, N represents the
unit cell number of the rear PT-symmetry structure,
G deputies graphene layer, which was placed to the
foreword-side of the PT-symmetry photonic crystal.
For the underlying structure, the gain-loss layers
were formed by doping quantum dots in the substrate
dielectric silica, denoted by A and B, respectively.
The refractive index of A or B layer can be described
as ™,

N, = ngo, 0, (1)

Ny = Ngo, — N, (2)
where n, is the refractive index of the loss layer, n,
is the refractive index of the gain layer. ng, and n,
are the real and the imaginary component of the re-
fractive index respectively. The imaginary compo-
nent n, characterizes the relationship between the
system gain, the concentration of doping quantum
dots and the distribution excited state quantum dots.
When the underlying structure satisfies the PT-sym-
metry condition, the absolute value of the imaginary

component n, of layer A is tantamount to layer B.
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N, denotes the dielectric constant of the basal silica,
which can be described by the Sellmeier dispersion

. . . . [19]
relation as a simple approximation' " ;

CA

”:J Le 2

Incidence |

(1 =1,2,3), (3)

Graphene layer

(a)G(AB)"

where A is the wavelength, C, is the oscillator
strength constant, the values of C,, C,, C, are 0.7,
0.41, 0.9, respectively; A, is the characteristic os-

cillator wavelength, the values of A, A,, A, are

68, 116, 9 896 nm, respectively.

(b)G(BAYY

Fig. 1 (a)Schematic diagram of the 1D PT-symmetry PC structure G(AB)". (b)Schematic diagram of the 1D PT-symmetry PC

structure G(BA)".

For the graphene layer on the top, the optical
properties are closely related to its complex surface

Its effective dielectric constant can
]

conductivity .
be expressed as'’

- (4)

e. =1+ m,
where g, is the vacuum dielectric constant; d, =
0.34 nm is the thickness of monolayer graphene; w
is the angular frequency of incidence light; o is the

surface conductivity of graphene, under random-

phase approximation, which can be expressed as;

O-G = a-in + 0’0\1!’ (5)
thereinto :

S ie* | |2 = fi(w +i/7) (6

dmh |2u + Hi(w +i/7)

ie’k,T
_ M -
g e N e 21 kT 1 ]7
o wh (o + i/7) kBT+ n(e +D

(7)
where i = h/21 is the reduced Planck constant; e is
electron charge; k, is Boltzmann constant; T =300
K is the Kelvin temperature; w is the chemical po-
tential, which determined by the electron concentra-
tion and can be controlled by the gate voltage V> ;
7=0.5x%x10"" s denotes the relaxation time of gra-
phene layer.

The transmission matrix method( TMM ) is used

to study the absorption characteristics of the structure
in this paper. Based on the system of Maxwell equa-
tions, the relationship between adjacent space fields
can be calculated by the TMM , the transmission ma-
trix of the ith monolayer can be defined by the fol-

lowing matrix >’ ;

cosb, - isinﬁi
Mi = T)i ) (8)
- jm,sind, cos0,
where 7, is the impedance of the ith dielectric layer,

e
for TE and TM polarization light, 5, = L, -

i
0

|e
cosh and m, = [-> « n./cosf, respectively; 8, =
)

2 onod -

.+ d, - cosf is the phase shift; 0 represents
c

the incidence angle, d; represents the thickness of
the ith dielectric layer; j = +/ -1 is imaginary unit;
g, and u, represent the vacuum dielectric constant
and vacuum magnetic conductivity respectively; ¢
and o represent the speed of light in vacuum and in-
cidence light angle frequency respectively. For the
designed microcavity structure G (AB)" with N + 1
layer medium, it can be regarded as a cascade of
N 41 transmission matrices, when light is transmit-

ted in the layered structure, its transmission equation
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M, ., and transmission coefficient ¢ as well as re-

total »

flection coefficient r, can be expressed by the follow-

tota

ing formulas:

‘ N+1 m m
M — M(; (MAMB)W — HMl — [ 11 ]2:|’
i=1

total
My My

(9)

; _ 27,
. (my, +m,n)n, + (my +myun,)’
(10)
_ (my, + mpmy)n, — (my + my,m,)
Tiotal = )
(my, + mpm)m, + (my + my,m,)
(11)
then, the transmission T, = |t | and reflection

R

? can be obtained, respectively.

total — ‘ Tiotal

The absorption of graphene layer can be de-
scribed by the following two processes. Firstly, when
incidence light transfers into the underlying PT-sym-
metry photonic crystal structure through the graphene
layer, the initial absorption of incidence light is
caused by graphene. And secondly, the Bragg re-
flection of incidence light is produced by the bottom
layer PT-symmetry photonic crystal structure, when
the reflected light passes through the graphene layer,
ignoring other scattering losses in this scenario, the
absorption of graphene can be derived by Poynting

. [6
vector expression - . :

2
[
=1 -r =5 (L=rp),  (12)
T

where r,, and t,, represent the reflection coefficients
and transmission coefficients of the underlying PT-

symmetry structure, respectively.

3  Numerical Results and Discussion

We focus on the incidence light absorption
properties of graphene for important infrared commu-
nication wavelength, and chose A, =1 550 nm as
the center wavelength in this paper. Meanwhile, to
make the rear structure meet the PT-symmetry condi-
tion, the refractive index of AB layer meets the con-
jugate symmetry condition, the optical thickness of
AB layer should be equal, from which we deter-
mined the optical thickness of the AB layer as d, =

dy =ng, /4n,. We first take the imaginary component

n,=0.15 and N =5 for the underlying PT-symmetry
PC, the chemical potential u =0.38 eV, thickness
d;, =0.34 nm for the monolayer graphene. Other
structure parameters are given in part 2.

In order to research the effect of structure type
on graphene absorption and the absorption properties
of PT-symmetry structure without graphene layer. In
Fig.2(a), we plot the graphene absorption spectra
of different structures and the absorption spectra of
PT-symmetry structure ( BA)" and (AB)" without
graphene layer. From Fig. 2 (a), we observe that
there is an obvious absorption peak, with a FWHW
of nearly 200 nm (from 1 450 nm to 1 650 nm) ,
which is centered at the wavelength 1 550 nm, the
difference is that the absorption of the structure
G(BA)" is significantly greater than that of the
structure G( AB)". Meanwhile, for the PT-symme-
try structure (BA)" and (AB)", The structure ex-
hibits negative absorption due to the gain effect on
the incidence light, and thus enhancing the absorp-
tance of the graphene layer. Next, we calculate the
average absorptance of graphene in the wavelength
range of 1 450 — 1 650 nm for different period num-
ber N. Results presented in Fig.2(b) show that for
the selected wavelength range, the graphene absorp-

tance of structure G( BA) " is greater than that of

(a) 1F
= 0 -
2 —G(BA)
jy L
=< = (BA)"
-2r ., ', - -(AB)\'
1 hd 1 1
1200 1400 1600 1800
A/nm
(b)
o 0.180 F T GBA)
< s (Y N
g 0144t G(AB)
S 0108
S 0072f
&
5 0036}
z o
4

Fig.2 (a) The absorption spectra of graphene and PT-sym-
metry units under different structures. (b) The aver-
age absorptance of graphene as a function of the period

number N for different structures.
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structure G(AB)" at different period N, and the av-
erage absorptance is the largest when N =6.

For better illustrating the difference in the aver-
age absorptance of graphene layers in the two struc-
tures for the same period, we plot the transmission
and reflection spectra of structure G (AB)" and
structure G (BA)" when the period N =6, respec-
tively, and the results are shown in Fig.3(a) and
Fig.3(b). As can be seen from Fig. 3, the trans-
mission at differents wavelengths is almost identical
for both kinds of the structures, but the reflection
exhibits some numerical difference. In the wave-
length range of 1 450 — 1 650 nm, the average re-
flection of structure G ( BA)" is significantly larger
than the structure G ( AB)". The reason for this
difference can be explained by the group velocity of
light waves in different media. First of all, when the
group velocity of light in the gain medium is lower
than the lossy medium, there will be a longer action
time between light wave and the gain medium, then
external pump energy will be more converted into the
electromagnetic energy of incidence light, thus pro-
ducing the phenomenon of increased reflection'”’.
The gain and loss of the light wave in the two struc-
tures are unbalanced, and consequencely, the reflec-

tion amplification occurs in some wavelength range.

(a) 4

T&R
)

—Transmission spectra
—Reflection spectra

0 1 1 1
1450 1500 1550 1600 1650
A/nm
(b) 4

T&R
)

I —Transmission spectra
—Reflection spectra

0 1
1450 1500 1550 1600 1650
A/nm

Fig.3 (a) The transmission and reflection as a function of
the light wavelength for the structure G(AB)". (b)
The transmission and reflection as a function of the

light wavelength for the structure G(BA)".

At the same time, the group velocity of the gain me-
dium in structure G ( BA)" is smaller than that in
structure G(AB)", so the reflectivity of structure
G(BA)" is larger.

We can know from Eq. (12) that the reflection
of the underlying structure is the key factor affecting
graphene absorptance. When the structure reflection
is enhanced, it will cause further enhancement of
the absorptance of graphene to the incidence light.
the absorptance of graphene is more efficient in
structural G(BA)" compared to structural G(AB)".
Therefore, the structure G (BA)" and N =6 is se-
lected for the following studies.

Fig. 4 (a) depicts the eigen-spectra of the
structure G(BA)" with the change of the imaginary
component n,. We can observe from Fig.4 (a) that
as n, increased, the imaginary component of the
transfer matrix eigenvalues fluctuate between - 1
and 1, and tend to zero when n, is greater than 1.04,
which indicates that the imaginary component of the
transfer matrix eigenvalues ceases to be imaginary
when n, is greater than 1.04. For our optimized sys-
tem parameters, n, =1.04 is the PT-threshold of the
structure G(BA)". For the values of n, greater than
the PT-threshold, the structure will no longer have an

amplification effect on the incident light™’. Therefore

(a) 1

0.5 PT-threshold
S 0
E

-0.5

_1 1 1 1

0 02 04 06 08 10 12
nL
(b)
—n,=0.20

g 3+ —n=0.50
& —n=0.74
2 2T —n=088
= b —n=098

0 -
1450 1500 1550 1600 1650
A/nm

Fig.4 (a)Eigen-spectra of the transfer matrix for the struc-
ture G (BA)". (b) The absorption spectra of gra-
phene under different imaginary components of the re-

fractive index.
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it is meaningful to consider only the structure eigen-
values less than the n, value corresponding to the
PT-threshold value.

The matrix eigenvalue of the imaginary part
partly reflects the level of action of the structure on
the incidence light waves, at some specific matrix
eigenvalues, the structure will produce exotic optical

) which will enhance the graphene

phenomena
absorptance of the light wave. In Fig.4(b) , we plot
the absorption spectrum of the graphene at these dis-
crete n, values when the matrix is near +1, it can
be seen that for the structure G(BA)", the absorp-
tion of graphene shows great distinctions as we
change the imaginary component n,. For clearly il-
lustrating the effect of n, on graphene absorptance,
Tab. 1 lists the matrix eigenvalue corresponding to
different discrete points n, and the average absorp-

tance A in the wavelength range from 1 450 nm to

1 650 nm.
Tab.1 Matrix eigenvalue and average absroption of the

structure G (BA)" under different n,

n, Matrix eigenvalue A
0.20 0.0107 +0.9915i 0.0107 -0.9915i 0.812 4
0.50 -0.1918 -0.9972i -0.1918 +0.9972i  0.616 3
0.74 -0.262 +0.9984i -0.262 -0.9984i 0.292 3
0.88 —-0.5486 -0.9886i -0.5486 +0.9886i  0.124 5
0.98 0.7918 +0.9384i 0.7918 -0.9384i 0.088 2

As can be seen from Tab. 1, for eigenvalues
where the imaginary part tends to — 1 or 1, only
when the real part tends to 0 (n, =0.20) , the aver-
age absorptance of graphene to light waves in the
wavelength range from 1 450 nm to 1 650 nm rea-
ches the maximum. Therefore, we can determine the
imaginary component n, of AB layer in the PT-sym-
metry structure based on the matrix eigenvalue,
thereby enhancing the absorptance of graphene.

The wavelength value corresponding to the right
edge of the absorption band is related to the chemi-

cal potential of graphene' "’

, so changing the chemi-
cal potential of graphene will affect the graphene ab-
sorptance. As can be seen from Fig. 3, the enhance-

ment effect of the proposed structure on graphene ab-

sorption is more obvious in the wavelength range of
1 450 —1 650 nm. In order to study the influence of
the chemical potential on graphene absorptance in
the wavelength range, we determine the chemical
potential from 0.38 eV to 0.42 eV according to the
change rule of the graphene absorption band in liter-
ature' "' In Fig. 5(a) and (b), we plot the ab-
sorption spectrum of the structure G (BA)" and the
single layer graphene versus wavelength at different
chemical potential u =0.38, 0.39, 0.40, 0.41,
0.42 eV, respectively. By comparing Fig.5(a) and
(b), it can be seen that for the proposed structure
G(BA)", the graphene absorptance is greatly en-
hanced under the same chemical potential. Mean-
while, it can also be seen that the right absorption
band edge has obvious red shift and the absorption
band broadens with p decreasing.

Tunability of the graphene absorption by the
chemical potential could be explicated via the de-
pendence of the graphene refractive index on its
chemical potential. Taking Eqs. (4) — (7) into ac-
count, it is obvious that the absolute value of the &,
increases when we increase the chemical potential,
which in turn makes an increase in the total refrac-
tive index of the graphene layer. For confirming the
phenomenon that the edge of absorption band red
shift with the increase of chemical potential w more
intuitively , the variation curves of the real and imag-
inary parts of the graphene dielectric constant are
given in Fig.5(c) and Fig.5(d), which are plotted
with the chemical potential changes from 0. 38 to
0.42 eV, respectively. It can be seen from Fig.
5(c¢) and (d) that for different chemical potentials,
the spike in the real part of the graphene dielectric
constant( real &) corresponds to the sudden fall of
the imaginary part ( imaginary &), furthermore, as
the chemical potential decreases, the feature of the
real and imaginary parts of the graphene permittivity
have a celerity red shift in the investigated wave-
length range from 1 450 nm to 1 650 nm, which is
the dominating reason for the edge of absorption band
red shift with the increase of chemical potential u.

Therefore, combining the change curves of the

real and imaginary parts of the graphene refractive
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Fig.5 (a)The absorption spectra of single-layer graphene with different chemical potential w. (b)The absorption of single-layer

graphene with different chemical potential u. Real parts(c) and Imag parts(d) of the complex permittivity of graphene

for different chemical potential w.

index in Fig.5(c¢) and (d), we can conclude that,
to allow the structure to obtain a better absorption
effect, the chemical potential value should be taken
within the range of less than 0.38 eV. Without loss
of generality, we choose the chemical potential u =
0.38 €V for the following calculation.

The dielectric constant of graphene is not only
related to the chemical potential, but also to the ex-
ternal temperature. We further calculated the ab-
sorptance of graphene at different temperatures, the
results shown that as the temperature changes from
250 Cto 400 C, the average absorptance of gra-
phene from 1 450 nm to 1 650 nm is close to 0. 812,
the change of external temperature has little effect on
the absorption of graphene. Therefore, the working
environment of the proposed structure is not strictly
limited by temperature.

In the following section, we investigate the in-
fluence of incident angle of light wave on the absorp-
tion properties of graphene in TE and TM modes( see
Fig.6). The graphene absorber designed in this pa-
per has a PT-symmetry periodic structure, therefore,
when the incidence light transfers into vertically (0 =
0°), the absorber has a very high polarization insen-
sitivity, the average absorptance obtained by inci-
dence light with TE polarization wave and incidence

light with TM polarization wave are almost identical,

which can reach 0. 812 (35 folds than free-standing
graphene). When the incidence angle € of incidence
light changes, the absorption of TE polarization wave
and TM polarization wave by the absorber should be
discussed respectively.

Fig. 6 (a) plotted the absorption of TE polariza-
tion wave as a function of wavelength at different in-
cidence angles from 0° to 30°. It can be seen that
with the increase of incidence angle, the absorption
peak moves to the short-wave direction ( from 1 550
nm to 1 460 nm ), meanwhile the absorption peak
decreases from 4. 038 to 0.348, and the average ab-
sorptance of light wave (from 1 450 nm to 1 650 nm)
decreases from 0. 813 to 0. 123. As shown in Fig.
6(b), for the TM wave, the absorption peak also
moves to the shortwave direction with the increase in
the incidence angle, but the difference is that the
absorption peak and the average absorptance in-
crease first and then decrease with the increase of
incidence angle, when the incidence angle is around
20°, the absorption peak and the average absorp-
tance reach the maximum of 56. 63 and 2.578, re-
spectively. According to the analysis of the results,
when the incidence angle changing from 0° to 30°,
the average absorptance of the TE and TM polariza-
tion lights can be enhanced by 19.7 and 54 folds,
respectively. Therefore, for TM polarization light,
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graphene has the highest average absorptance at
wavelengths 1 450 —1 650 nm, which indicates that
the structure is most sensitive to TM polarization
light, and it should be pointed out that the larger the
average absorptance value is, the better the absorp-
tion performance of graphene-based device is.

Since the underlying structure satisfies the PT-
symmetry conditions, the absorptance of the top
graphene layer is greatly enhanced for the studied
wavelength range. Therefore, compared with other
similar structures, the structure G ( BA)" proposed
in this paper has excellent absorotion performance.
For the graphene absorber proposed by Liu et al. ,
although the absorptance is also improved, the ab-
sorption bandwidth is very small'®’ | therefore, for

graphene-based photodetectors, the detection of

(a)

4l TE mode

_9:00 § 0.8

3F —6=5° 2
- —0=10° 5 061
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& = 6=20° 3 0.4}F
2 2F --6=25° B
2 """ 6=30° § 0.2}

! =< 1 1
1L 0 10 20 30
6/(°)
0 | Zia s Bl S 5. B 1
1450 1500 1550 1600 1650 1700

A/nm
Fig. 6

light waves in a larger bandwidth cannot be real-
ized. Meanwhile, it is worth noting that this paper
mainly investigates the enhancement effect of the
structure on graphene absorptance in the near-infra-
red band from 1 450 nm to 1 650 nm, which is an
important communication band at the center of
1 550 nm. Therefore, we optimized the parameter
of the structure on the basis of the central wave-
length of 1 550 nm so that the resonance coupling
effect of the structure at the central wavelength is
the strongest, so as to realize the enhancement of
graphene absorptance. Therefore, enhanced ab-
sorption of graphene to light waves of other wave-

lengths can be realized by changing the location of

the central wavelength and optimizing the structural

parameters.
(b) 60
i TM mode
S0 " —0=0° 3
h—g=5 &
n =
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40F  -h=15 E
= :: = 9:200 2
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(a)The absorption of graphene in TE mode as a function of the light wavelength for different incidence angles. (b) The

absorption of graphene in TM mode as a function of the light wavelength for different incidence angles.

4 Conclusion

In conclusion, we studied the near-infrared op-
tical absorption of graphene layer prepared on top of
a 1D PT-symmetry PC theoretically. We found that
the proposed absorber has excellent absorption in the
1 450 —1 650 nm wavelength range, when the imag-
inary component of the refractive index n, = 0. 20,
the period number N =6, the graphene chemical po-
tential u =0.38 eV, the average absorptance of gra-
phene on the 1D PT-symmetry PC can be enhanced
by about 35 folds under normal incidence light ( for

the TE and TM wave ). The results also show that
for the TE and TM polarization light with the inci-
dence angle changing from 0° to 30°, the average
absorptance can be enhanced by 19.7 and 54 folds,
respectively. These characteristics indicate that our
proposal has certain reference significance for the
design of graphene-based photodetector, absorber as

well as communication devices.

Response Letter is available for this paper at:http://
cjl. lightpublishing. c¢n/thesisDetails # 10. 37188/ CJL.
20210322.
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