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The dual-channel nearly perfect absorption is realized by the coupled modes of topological interface

states (TIS) in the near-infrared range.

An all-dielectric layered heterostructure composed of photonic crystals

(PhC)/graphene/PhC/graphene/PhC on GaAs substrate is proposed to excite the TIS at the interface of adjacent PhC with
opposite topological properties. Based on finite element method (FEM) and transfer matrix method (TMM), the dual-
channel absorption can be modulated by the periodic number of middle PhC, Fermi level of graphene, and angle of incident
light (TE and TM polarizations). Especially, by fine-tuning the Fermi level of graphene around 0.4 eV, the absorption of
both channels can be switched rapidly and synchronously. This design is hopefully integrated into silicon-based chips to

control light.

Keywords: one-dimensional photonic crystals, graphene, topological interface states

PACS: 78.67.Pt, 42.70.Qs, 42.25.Bs, 78.67.Wj

1. Introduction

Photonic crystals (PhC), as an artificial periodic dielec-
tric material with periodicity in one, two or all three or-
thogonal directions, have been intensively investigated since
Yablonovitch!!! and John!?! independently proposed the con-
cept of PhC in 1989.8! Similar to the electronic band gaps
in semiconductor, PhC can prohibit electromagnetic waves
in some specific frequency zones called the photonic band
gaps.[* 01 In recent years, the studies of photonic topological
insulators have attracted much attention due to their extraor-
dinary properties including the elimination of backscattering
and immunity to structural disorder.!”="! Particularly, topolog-
ically protected edge states in PhC show broad prospects in
the application of integrated photonic circuits and ultrahigh-
speed information processing chips.[!'”! For one-dimensional
(1D) PhC system, topological interface states (TIS) exist at the
interface of the adjacent PhC with different topological prop-
erties. The existence of TIS can generate a sharp transmis-
sion peak within the photonic band gaps and a highly localized
electric field around the interface,!!!"'?) which is promising to
be used to enhance the light-matter interactions. ]

Graphene has been demonstrated as a good candidate for
photonic and optoelectronic devices due to its unique charac-
teristics, including the ultrahigh charge carrier mobility, ex-
tremely wide spectral range, and dynamical tunability via ex-
ternal doping or bias voltage.!'¥ In the range from mid- to
far-infrared, the optical properties of graphene are similar
to those of Drude-type materials, and strong resonance ab-

sorption can be achieved through plasmonic resonance.!!>-18]
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However, graphene is almost transparent with an absorptiv-
ity of 2.3% in the visible and near-infrared range,!'”! which
largely limits its substantial application in photon detection
and photoelectric conversion.??! To overcome such shortcom-
ings, optical interface states, such as Tamm plasmon polari-
tons (TPP) and TIS, can be introduced to enhance the light
absorption of monolayer graphene.>!->°! For TIS and TPP,
strong field localization can be realized at interface, which
plays an extremely important role in the enhanced absorp-
tion of graphene. The strong field localization strengthens
the interaction between graphene and incident light; thus, the
higher absorption efficiency can be achieved. Lu et al. numer-
ically and theoretically investigated high-efficiency light ab-
sorption of monolayer graphene via TPP in the near-infrared
range.>!l Wang et al. achieved multichannel terahertz per-
fect absorber by TPP in the far-infrared range.*?! Lin et al.
theoretically presented a tunable light absorption of graphene

e.[28] Also in visible range, Hu et

using TIS in visible rang
al. theoretically accomplished dual-band absorption enhance-
ment by strong coupling of TPP and TIS in 1D topological
PhC heterostructure/Ag hybrid system.[?*! Nevertheless, the
near-infrared absorption enhancement with graphene through
the coupled modes of TIS in all-dielectric topological PhC het-
erostructure system has not been reported.

In this work, we propose to achieve dual-channel absorp-
tion enhancement with graphene by the all-dielectric topologi-
cal PhC heterostructure in the near-infrared range. The mono-
layer graphene is placed at the interface of adjacent PhC with
opposite topological properties, where TIS can be excited. The
dual-channel nearly perfect absorption can be obtained due to

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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the coupled modes of TIS. We numerically and theoretically
analyze the influence of pairs number of PhC in the center and
incident angle (TE and TM polarizations) on the dual-channel
absorption curves based on finite element method (FEM) and
transfer matrix method (TMM), respectively. Besides, the
dual-channel optical switches can be realized by controlling
the Fermi level of graphene.

2. Results and discussion

As shown in Fig. 1, the structure used to realize the cou-
pled modes of TIS is composed of PhC-F (alternating Ng (=4)
pairs of Si/SiO,/Si)/graphene/PhC-M (alternating Ny (= 2)
pairs of Si0,/Si/Si0;)/graphene/PhC-B (alternating Ng (= 8)
pairs of Si/Si0,/Si) on a GaAs substrate. A plane wave of TM
polarization (magnetic field is perpendicular to the x—z plane)
or TE polarization (electric field is perpendicular to the x—z
plane) is incident on the proposed structure from surrounding
medium (Si) along the positive z axis with an incident angle
6 in x—z plane. Here, the parameters of the proposed structure
are a; = 690 nm, by = 822 nm, a, = 205 nm, b, = 170 nm,

and dy = 2000 nm for GaAs substrate. The parameters of PhC-
F and PhC-B are the same, except for the number of pair (Vg
and Ng). The refractive indices of Si, SiO,, and GaAs are
ny = 2.82, np = 1.46 and ns = 3.4, respectively.!'039 We set
the thickness of monolayer graphene dy = 0.35 nm. The sur-
face conductivity of monolayer graphene is o, which is cal-
culated according to the Kubo formula!>>-!]
ieE; ie?

—————+-—1Ln
mh (o+it-1)  4nh

Og =

2E;— (0+it ') h
2FE¢ + ((D—‘ril’fl)h
i2¢2kgT

Ex
+————1Inlexp| —— | +1{,
i (o+it 1) { p< kBT> ]

where FEf is the Fermi level, 7 is electron—phonon relaxation

ey

time, e is the charge of an electron, kg is the Boltzmann’s con-
stant, o is the radian frequency, and # is the reduced Planck’s
constant. The permittivity & of graphene can be written as
& = 1+iogn/(kdy), where nn (=377 Q) is the impedance of
air. Here, the Fermi level Er is 0.2 eV, T is 300 K, relaxation
time 7T is uE¢/(ev?), DC mobility u is 10000 cm?/V-s, and
Fermi velocity vy is 1 x 10% m/s.

Si SiOy GaAs [l Graphene
bl a1/2 b2/2 as CLl/2 b1 Clb
> > - > >
L XX ] L XX ] L XX ]
L8
| PhC-F I PhC-M

” PhC-B |

Fig. 1. Schematic diagram of the 1D all-dielectric PhC heterostructure consisting of PhC-F/graphene/PhC-M/graphene/PhC-B on a GaAs
substrate. In each unit cell, a single layer of SiO, (or Si) is sandwiched between half layers of Si (or SiO3) for PhC-F(B) (or PhC-M). And the
light illuminates from surrounding medium (Si) along the positive z axis.

The band structures of PhC-F(B) and PhC-M are shown
in Figs. 2(a) and 2(b) for the on-axis propagation, respectively.
The Zak phase (0 or 1) of m-th isolated band can be calculated
by[32!

9’%‘41(:/ 1 / g(z)u;;l?q(z)aqum"q(z)dz dq’ (2)

BZ unit cell

where BZ refers to Brillouin zone, €(z) is space permit-
tivity, and u, 4(z) denotes the Bloch eigenfunction of elec-
tric field at the m-th isolated band. Here, the Zak phase
of the lowest Oth band can be obtained by exp (i6f%) =
sgn[l — (& Ma) / (€pMa)], Where &, &, and U, Uy are the rel-
ative permittivity and permeability, respectively. For non-

magnetic dielectric materials (u; = Uy = 1), when the in-
version center of the PhC has a low refractive index (&, <
&), QOZak is 0; on the contrary (& > &), GOZak is m. The
Zak phase at higher band can be determined by the con-

dition sin(27n;d;/A) = 0, where A is the wavelength, n;

and d; (i = a or b) represent the refractive index and length
of inversion center slab, respectively. The Zak phase 8%
(m > 1) will be & if A falls in the band; otherwise, it will
be 0.1331 The Zak phase of each band is marked by green
number for PhC-F(B) and PhC-M in Figs. 2(a) and 2(b).
The topological properties of n-th gap can be determined by
sgn[(—1)"(—1)"exp (i X"} 67%) ], where the integer 1 is the
number of crossing points under n-th gap.*?! The positive and
negative topological properties of each gap are represented by
magenta and blue, respectively. It has been confirmed that
the TIS will appear at the interface of the adjacent PhC, when
the gaps of the adjacent PhC with opposite topological proper-
ties have overlap frequency region.*¥ According to Figs. 2(a)
and 2(b), the 4th gap of PhC-F(B) and the 1th gap of PhC-
M have opposite topological properties and a good overlap
(corresponding to wavelength range of 1500-1655 nm), so
the TIS and highly localized electric field can be generated
at the interfaces of PhC-F/PhC-M and PhC-M/PhC-B. When
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the thickness of PhC-M is thin enough (Ny = 2), the coupling
between the two TIS at the interfaces of PhC-F/PhC-M and
PhC-M/PhC-B can occur, and the coupled modes of TIS are
excited. Here, the coupled modes of TIS are actually a con-
ceptual extension of the TIS. The PhC-M shows opposite signs
of the reflection phases to the PhC-F and PhC-B. This leads to
coupling of TIS and consequently to mode splitting in overlap
band gaps. 3!

PhC-M

(a) (b)

250 250f /7
N
o 200
E; 150 150F
g
g 100 100¢
3

50 50

—0.5 —0.5 0 0.5

qA/(27) qA/(2m)

Fig. 2. Photonic band structure for PhC-F(B) (a) and PhC-M (b).

In this work, all numerical simulation results are obtained
by the commercial software COMSOL Multiphysics based on
FEM, and the periodic boundary condition are set in the x
direction. In addition, we theoretically analyze the propaga-
tion features of the proposed all-dielectric PhC heterostructure
by TMM. 3! Figure 3(a) shows the absorption and reflection
curves for TE polarization at normal incidence (6 = 0°) with
(solid lines) and without (dots) graphene layer. It can be found
that two absorption peaks appear for the PhC heterostructure
with graphene layer, corresponding to the absorption value of
96.7% at 1564.8 nm and 97.9% at 1632 nm. However, the
absorption is almost zero, and the two reflection valleys also
appear at 1564.8 nm and 1632 nm for the PhC heterostruc-
ture without graphene layer. It is believed that the two ab-
sorption peaks in the PhC heterostructure with graphene layer
are attributed to the excitation of the coupled modes of TIS.
And the full width at half maximum (FWHM) of two absorp-
tion peaks are 1.6 nm and 3 nm, respectively. According to
the definition of quality factor (Q), i.e., A/AA, we obtain the
quality factors for two absorption peaks, which are 978 at
1564.8 nm and 544 at 1534.6 nm, respectively. To illustrate
the coupled modes of TIS, the calculated electric field distri-
bution of E, and profile of |E,|?> at 1564.8 nm and 1632 nm
are shown in Figs. 3(b) and 3(c), respectively. Obviously, the
field and energy are mainly localized near the interfaces of
PhC-F/PhC-M and PhC-M/PhC-B, which are also the posi-
tion of the graphene layers. In addition, the calculated elec-
tric field distribution of Ey is antisymmetric about the center
of PhC-M (z = 0 nm) in Fig. 3(b), and the calculated elec-
tric field distribution (E)y) is symmetric about the center of

PhC-M (z = 0 nm) in Fig. 3(c). Because the two TIS can be
excited at the interfaces of PhC-F/PhC-M and PhC-M/PhC-
B, the TIS generated at the two interfaces can couple with
each other, resulting in coupled modes of TIS, named anti-
symmetric mode (the absorption peak at 1564.8 nm) and sym-
metric mode (the absorption peak at 1632 nm), respectively.
Due to the coupled modes of TIS, the highly localized electric
field and energy at the interface enhance the interaction be-
tween light and graphene, and the dual-channel near-infrared
absorption is achieved. Then, we study the influence of Ny
(the pair numbers of PhC-M) on TIS-TIS coupling, as shown
in Fig. 3(e). We calculate the absorption curves when Ny is
2,3,4,7, and 10 based on FEM (black lines) and TMM (red
dots). Clearly, as Ny increases, the absorption peaks corre-
sponding to the coupled modes of TIS (anti-symmetric and
symmetric modes) gradually move closer, and only a perfect
absorption peak remains when Ny = 10. Figure 3(d) shows
electric field distribution of E, and profile of |Ey|* at absorp-
tion peak (1601.7 nm) corresponding to the absorption value
0f 99.9% and Q of 517 when Ny = 10. For our proposed all-
dielectric PhC heterostructure with smaller Ny, the two TIS at
the two interfaces can more strongly interact with each other,
which leads to greater splitting for the coupled modes of TIS in
wavelength regime. On the contrary, the interaction between
TIS at the two interfaces gradually weakens, the two coupled
modes of TIS gradually move closer. When Ny = 10, the
interaction between TIS almost disappears and light is com-
pletely absorbed at the interface of PhC-F/PhC-M due to TIS,
so only one absorption peak is retained. Thus, owing to the
coupled modes of TIS, the dual-channel absorption enhance-
ment with graphene can be achieved, and the dual-channel ab-
sorption enhancement can be adjusted by changing NMy. When
Nwu is large enough (My = 10), the single channel perfect ab-
sorption can also be achieved.

The effect of the Fermi level of graphene (Er) on the dual-
band enhancement absorption is also investigated. The imag-
inary parts of permittivity of graphene with Fermi level and
wavelength are calculated as shown in Fig. 4(a). Obviously,
When Fermi level is around 0.4 eV, the imaginary parts of
permittivity of graphene will rapidly change from 17 to O as
Fermi level increases. It leads to a rapid decay of absorption.
Fermi level Ef can be actively changed by chemical doping
and electrical or thermal stimulation.®”! Figures 4(b) and 4(c)
depict absorption of numerical simulation as a function of the
wavelength and Er at normal incidence (6 = 0°) when Ny = 2
and 4, respectively. It can be clearly observed that absorption
does not have significant variations at Er of less than 0.4 eV,
but when Ey is slightly greater than 0.4 eV, the absorption ex-
periences a significant drop. This is consistent with the result
obtained by Fig. 4(a). As shown in the insets in Figs. 4(b)
and 4(c), when E; increases from 0.36 eV to 0.42 eV, the peak
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absorption for wavelength 1564.8 nm, 1632 nm, 1591.3 nm
and 1611.3 nm drops from 93.1% to 6.5%, 96.5% to 7.4%,
90.1% to 6.8%, and 92.8% to 7.1%, respectively. It means
that the dual-channel absorption can be rapidly adjusted at the

L(a) (<)

can also be selected by adjusting Ny;.

same time by changing E; around 0.4 eV. This phenomenon
is valuable for many practical applications, including optical
switches, modulators, etc. Besides, the working wavelength

(a) 1.0 1.0 (d) 150
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= 0.4 04 ¢ £
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Fig. 3. (a) Comparison of absorption and reflection curves with and without graphene for the proposed structure. The electric field distribution of
E, and profile of |E,|? at 1564.8 nm (b) and 1632 nm (c) with graphene when Ny = 2. (d) The electric field distribution of Ey and profile of |E,|? at
1601.7 nm with graphene when Ny = 10. (e) Absorption curves at Ny = 2, 3, 4, 7, and 10 based on FEM (black lines) and TMM (red dots).
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Fig. 4. (a) Imaginary parts of permittivity spectra of graphene with Fermi level. Absorption as a function of the wavelength and the Fermi level
of graphene (Ef) when Nyp = 2 (b) and 4 (c). The insets of (b) show absorption versus E¢ at 1564.8 nm and 1632 nm, respectively. The insets
of (c) show absorption versus Ef at 1591.3 nm and 1611.3 nm, respectively.

Finally, the influence of the incident angle 6 on the dual-
channel absorption is investigated for TE and TM polariza-
tion. Figures 5(a) and 5(c) show the absorption as a function
of the wavelength and the incident angle 6 for TE and TM

087804-4

polarization, respectively. The results calculated by TMM are
also shown in Figs. 5(a) and 5(c) by cyan dots. The geomet-
ric parameters of the structure are the same as those used in
Fig. 3(a). As shown in Figs. 5(b) and (d), for TE and TM po-
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larization, the absorption curves at the incident angle 6 is 0°,
5°,10°, and 15° are calculated by FEM (solid lines) and TMM
(dots), respectively. Obviously, it can be seen that the results
obtained by FEM and TMM are identical. Due to the depen-
dence of the gaps on the polarization and angle of incident
light, 38! the change of the incident angle 6 will have an impact
on the overlap range of gaps for the TE or TM polarization.
Here, For TE and TM polarizations, when the incident angle 6
varies from 0° to 15°, the overlap range of gaps changes from
1500-1655 nm to 1380-1550 nm and 1500-1655 nm to 1400—
1525 nm, respectively. Also, the blue shift for the coupled

modes of TIS happens. For TE polarization, the wavelengths
corresponding to the dual-channel absorption peaks vary from
1564.8 nm and 1632 nm to 1468.5 nm and 1525.4 nm. And the
dual-channel absorption peaks both exceed 90% at 0 of less
than 8°. For TM polarization, the wavelengths corresponding
to the dual-channel absorption peaks vary from 1564.8 nm and
1632 nm to 1443.5 nm and 1509.6 nm. And the dual-channel
absorption peaks both exceed 90% at 0 of less than 12°. Thus,
the dual-channel absorption enhancement induced by coupled
modes of TIS is robust and has a certain tolerance to incident

angle for TE and TM polarization.

1450 1500 1550 1600 1650
Wavelength (nm)
1 TE
®) | =15 o TMM
—FEM
1(0)
R0
—
5 | 0=>5
2
<
1(0
(O}
0
1450 1500 1550 1600 1650

Wavelength (nm)

Absorption

1450 1500 1550 1600 1650
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1 T™M
(d) L 20 =15° o TMM |
ﬁ —FEM
1(0)
0 =10°
1(0) p==
0=5°
1(0
Ol
0
1450 1500 1550 1600 1650
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Fig. 5. Absorption as a function of the wavelength and the incident angle 6 for TE (a) and TM (c) polarization, respectively. The cyan dots
represent the results of TMM in (a) and (c). Absorption curves based on FEM (solid lines) and TMM (dots) at 6 = 0°, 5°, 10°, and 15° for TE

(b) and TM (d) polarization.

3. Conclusion

In summary, an all-dielectric heterostructure consisting of
PhC-F/graphene/PhC-M/graphene/PhC-B on GaAs substrate
is proposed. TIS can be excited on the interfaces of PhC-
F/PhC-M and PhC-M/PhC-B, where the coupled modes of TIS
are generated through coupling between TIS. Due to the exis-
tence of the coupled modes of TIS, the highly localized elec-
tric field and energy at the interface promote the strong in-
teraction between light and graphene, the dual-channel near-

infrared absorption enhancement is realized. By increasing
Nm, the dual-channel nearly perfect absorption can be modu-
lated to single channel perfect absorption. The dual-channel
absorption drops sharply by fine-tuning the Fermi level of
graphene around 0.4 eV. Besides, the dual-channel absorption
can be modulated by changing angle of incident light (TE and
TM polarization). The simple all-dielectric layered system of
the proposed heterostructure makes it promising for applica-

tions in optical absorbers, switches, sensing and modulators.
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