IEEE Access

Multidisciplinary : Rapid Review : Open Access Journal

Received September 17, 2020, accepted October 8, 2020, date of publication October 28, 2020, date of current version November 10, 2020.

Digital Object Identifier 10.1109/ACCESS.2020.3034320

Low-Threshold and Tunable Optical Bistability
Based on Topological Edge State in
One-Dimensional Photonic Crystal
Heterostructure With Graphene

YUXIANG PENG 1, JIAO XU"“1, SHENPING WANG !, HU DONG""!, YUANJIANG XIANG "2,
XIAOYU DAI“2, JUN GUO"“3, SHENGYOU QIAN"“1, AND LEYONG JIANG !

!School of Physics and Electronics, Hunan Normal University, Changsha 410081, China

2Institute of Microscale Optoelectronics (IMO), Shenzhen University, Shenzhen 518060, China

3Jiangsu Key Laboratory of Advanced Laser Materials and Devices, School of Physics and Electronic Engineering, Jiangsu Normal University, Xuzhou 221116,
China

Corresponding authors: Shengyou Qian (giansy @hunnu.edu.cn) and Leyong Jiang (jiangly28 @hunnu.edu.cn)

This work was supported in part by the National Natural Science Foundation of China under Grant 11774088, Grant 11704119, Grant
11874269, and Grant 11704259; in part by the Hunan Provincial Natural Science Foundation of China under Grant 2018JJ3325 and Grant
2018JJ3557; in part by the Guangdong Natural Science Foundation under Grant 2018 A030313198; and in part by the Science and
Technology Project of Shenzhen under Grant JCYJ20190808143801672, Grant JCYJ20190808150803580, and Grant
JCYJ20180305125036005.

ABSTRACT In this article, we present a theoretical analysis of the optical bistability phenomenon of the
transmitted light beam in a graphene-based one-dimensional photonic crystal heterostructure in terahertz
frequency range. This low-threshold optical bistability originates from the enhancement of the local electric
field owing to the excitation of topological edge state at the interface between the two proposed one-
dimensional photonic crystals. The results of calculation and simulation show that the hysteretic behavior
and the threshold of optical bistability can be adjusted continuously by changing the applied voltage of the
graphene. Moreover, the optical bistability of this structure also can be modified by the angle of the incident
light and the number of graphene layers. Our findings provide a new method for realizing low threshold
and tunable optical bistability in terahertz range, indicating excellent application prospects in the field of

all-optical switches and other optical bistable devices.

INDEX TERMS Graphene, low-threshold, optical bistability, topological edge state mode.

I. INTRODUCTION

Optical bistability (OB) is a phenomenon where light is
used as a means to control light [1], [2], and two sta-
ble output light intensities can be obtained from one input
intensity. OB phenomenon provides an effective way for
the realization of optical storage [3], information process-
ing [4], phototransistors [5], all-optical switches [6], and
other devices. At present, extensive research has being done
into the generation and regulation of optical bistability
in micro/nanostructures, such as the reports on hyperbolic
metamaterials [7], nonlinear magnetoplasmonic nanoparti-
cles [8], spinor polariton condensates [9], and Fabry-Perot
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cavity [10]. Due to the low nonlinear refractive index of
traditional nonlinear optical materials, it is difficult to reduce
the incident light power significantly while keeping the
OB phenomenon obvious. In this case there is a need for
larger size and higher incident light intensity to produce
the nonlinear response required by OB in optical bistable
devices. But this requirement conflicts with the essence of
integrated optics for small size and low power consumption,
it is not very practical for high-density integrated circuits
and optical paths. In recent years, graphene, as a two-
dimensional honeycomb monolayer material with excellent
optical and electric qualities, has become the focus of OB
research [11]-[13]. Scholars are working on the strong non-
linear effect [14] and tunable conductivity [15] of graphene
to realize the generation and regulation of OB phenomenon.
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The OB excitation pathway based on graphene has been
reported in various structures like graphene-covered nonlin-
ear interfaces [16], dielectric/nonlinear graphene/dielectric
heterostructures [17], graphene-wrapped dielectric nanow-
ires [18], etc. At present, reducing the threshold switch power
is still the main goal of optical bistable research in optical
communication systems. It is feasible to achieve low thresh-
olds in tunable OB devices based on the strong nonlinear
effect of special media or the enhanced local field of different
nanostructures. For example, there are studies on low thresh-
old OB in graphene/one-dimensional grating structures [19],
graphene surface plasmon OB [20], and graphene Tamm
plasmon-induced OB [21].

Although the basic principle of OB is very clear, the exci-
tation schemes for low-threshold and simple-structured OB
are still challenging work. Recently, the topological edge
state mode (TES) in one-dimensional photonic crystal (PhC)
has gained in popularity because of its unusual features
such as topological protection, backscattering elimination,
and local field enhancement [22]. TES modes have been
extensively studied in various schemes and structures includ-
ing the one-dimensional periodic potential and ultra-cold
atom system of optical lattices [23], resonant photonic crys-
tals [24], multilayer graphene systems [25] and complex
photonic lattices [26]. The expected local field enhance-
ment phenomenon will appear at the interface where TES
exists [27]. This means the properties of TES provide a pos-
sibility for lowering the threshold of OB. The question arises
as to whether we can produce low-threshold tunable OB
phenomenon in graphene-based one-dimensional photonic
crystals on the basis of TES excitation.

In this article, we study the OB phenomenon of the trans-
mitted and reflected light beams in a one-dimensional pho-
tonic crystal heterostructure with graphene, the TES-based
OB study on one-dimensional photonic crystal structure with
graphene provides a new approach to the research of tunable
low-threshold OB and the design of optical bistable devices.
The findings can be summarized as follows: (a) in this well-
designed structure, the TES mode appears at the interface of
photonic crystals and creating positive conditions for lower-
ing the OB threshold; (b) the TES-based threshold value of
OB is reduced significantly, and the adjustable conductivity
of the graphene can be used to achieve dynamic adjustment
of OB.

Il. THEORETICAL MODEL AND METHOD

In this heterostructure there are two photonic crystals—PhC1
and PhC2. A layer of graphene is situated at the interface of
these two PhCs as shown in Fig. 1. For the convenience of
calculation, the photonic crystals are seen as a layered struc-
ture; the transmitted and reflected electromagnetic waves in
each layer of the medium are marked as F and B; each
layer of medium (from left to right) is numbered 1 to 16,
and the background material air is numbered 0 and 17, and
the black dots are the ellipsis representation of the middle
layer. We assume that each layer of the PhC is alternately
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FIGURE 1. Schematic diagram of the proposed TES structure, where the
graphene is inserted between two PhCs and the light illuminates from the
left to the right at an incidence angle of 6. Here, the period of each PhC is
defined as T=4.

superposed by medium A and B, whose thicknesses satisfy
dAl = 270/Lm,, dA2 = 275,um, and de = 170,um. The
period of each PhC is defined as T=4; ¢4 and ¢ denote
the dielectric constants of medium A and B, respectively.
The refractive index is set to be 1.46 for medium A and
2.82 for medium B and the refractive index of A (TPX) is
1.46 and B (TiOy) is 2.82 [28], [29]. The heterostructure
can now be fabricated because the transfer and prepara-
tion techniques of PhC and graphene are relatively mature.
Besides, since graphene is a two-dimensional material with
single-atomic-layer, we consider using electrical conductivity
to characterize the graphene. In order to obtain as large a
third-order nonlinear conductivity as possible, the incident
wave is assumed to be in terahertz band and the external
magnetic field is not taken into consideration under random-
phase. Then, for the graphene, the isotropic conductivity on
its surface would be 69 = inter + Ointra, Where o4 denotes
the intra-band conductivity, oj,,, denotes the inter-band
conductivity. According to the Pauli Exclusion Principle,
graphene cannot generate inter-band transition in terahertz
band. Therefore, the inter-band conductivity should not be
considered [30]:
2
oo~ — ()
mTh*(w +1i/7)

In this equation, e is the electric charge and w is the angular
frequency of the incident light; Er stands for the Fermi
energy, T represents the relaxation time of the graphene,
refers to the reduced Planck’s constant, and Er = h,/mnop
(npp is the carrier density). Then, we can use the following
equation to express the three-order nonlinear conductivity
coefficient of the graphene without regard to two photon
coefficients [31]:

9ie4v%-

T8 lEred @
F

where vr denotes the Fermi velocity of electrons and vp ~

106m/ s. It can be seen from (1) and (2) that both the linear

o3 =
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and nonlinear conductivity coefficients are susceptible to the
Fermi energy of graphene. This provides us a feasible way of
flexibly regulating optical bistable devices with graphene.

In this article, we assume that the graphene is parallel to
the x-axis and the electromagnetic field propagation is in the
direction of z-axis. The graphene is located at z=0. Then,
we can use ¢ = o0y + 03 |E3y (z= 0)|2 to describe the
conductivity of the graphene. If we only consider the case
of TE polarization, the electromagnetic field of the incident
air layer would be:

EOy = E; etkozlz4-4(dar+dp1)] pikxx
+E, ¢~ ko:lzA4(da1+dp1)] pikex

Hy = — & E;etko:lat4(dar+dpy)] pikex
PR
+ 202 g omikoslet4(dar+dpn)] gikex . 3)
How
Ho, = X Eieika[z+4(dA1+d31)] etknx
How

+ X E o ikocleH4(dar+dp)] pikex
Kow

The electromagnetic field of the transmitted air layer would

be:

Ey7y = E, etko:lz—4da2+dp2)] pikex

koz Eteikoz[z_4(d/*2+d32)]eikxx
o )

Hine = 2 gibocle—4dia+do] ikin
How

Hy7y = —

where E; is he amplitude of the incident electric field, E,
is that of the reflected electric field, and E; is that of the
transmitted electric field; kg is the wave vector in vacuum;
go and o are the permittivity and magnetic conductivity of
the free space. Thus, the following equation is constructed to
express the electric field and magnetic field of each medium
layer in PhC:

Eny = Fryetkel(ndag+mds)] gikox

+Bl—[ e_iklz[2+(ndAg+mng)] eikxx

Hppy = — kez Fryeikeelzt(ndag+mdpe)] yikex
How

_{__ZZ BHe_ik{z[Z"r(ndAg“FWldb’g)]e[kxx , (5)
[ow
kx ike [z (ndpo+mdp,)] Likyx
HHZ = —FI—[e ¢zIZ Ag Bg) plKx
ow

_|__xBne_ik§z[Z+(ndAg+mng)] eikxx
e

where [ = {1,2,3...16}, ¢ = A,B, g = PhCl1, PhC2,
andn,m = {0,1,2,3,4}. ko = w/c, ky = ko/e0sin6, and
kgy = \/kZe; — k?; 6 is the incident angle. As a precondition
for this research, the electromagnetic fields on both sides of
the graphene should be continuous, then we can build the
following equation according to the boundary conditions at
the interface between two adjacent media where z=0.

E9y(0) = E8y(0)
Hg:(0) — Hox(0) = OES}V(O)

6)
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FIGURE 2. (a) The transmittance spectra and (b) reflectance spectra of
individual PhC1 (black solid line) and PhC2 (red dot-dashed line); the
band structure of (c) PhC1 and (d) PhC2; each gray band indicates a
bandgap with a positive topological phase, while the brown ones indicate
those with negative topological phases.

Finally, after calculating with the above formula, the OB
phenomenon can be obtained.

IIl. RESULTS AND DISCUSSIONS
The relationships of the incident wavelength to the trans-

mittance and reflectance of PhC1 and PhC2 are shown
in Fig. 2(a) and 2(b), respectively. The bandgap width of
PhC1 near the 300um wavelength is greater than that of
PhC2, which is consistent with the band diagram at 1 THz
in Fig. 2(c) and 2(d). It can be seen from Fig. 2(c) and 2(d) that
there are four gaps in the 0.6-1.3THz frequency range, the q
represents the normalized frequency. It is noteworthy that the
bandgaps near 1 THz are classified as broad bandgaps that
present varied topological features. Therefore, it is possible
to obtain TES at the interface between PhC1 and PhC2 by
adding up the ZaK phases near 1THz [32]. In other words,
the TES effect is excited at the interface between PhC1 and
PhC2, and the local field enhancement, as shown in Fig. 3(c),
is generated [29].

Based on the transfer matrix, we draw the transmittance
spectrum, reflectance spectrum, and the electric-field distri-
bution of the composite photonic crystal structure, as shown
in Fig. 3(a), Fig. 3(b), and Fig. 3(c), respectively. The period
of the proposed structure is 4, which helps us to control
the peak of TES at the 1THz band. After amplifying the
transmittance peak and reflectivity dip of the structure, it is
found that the fitting curves conform with typical Lorentzian
lines. This means there is Lorentz resonance at the interface
of the PhC heterostructure [33]. In contrast, the peak values
of the transmittance and reflectance of the whole composite
structure are reduced with the introduction of graphene, indi-
cating the possibility for the emergence and regulation of OB
owing to the strong nonlinear effect and adjustable charac-
teristics of graphene. Fig. 3(c) shows the electric field distri-
bution. Obviously, the electric field is significantly enhanced
at the interface of the photonic crystal heterostructure, and
an unusual optical phenomenon appears, thus proving the
existence of TES.
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FIGURE 3. (a) The transmittance spectra and (b) reflectance spectra of
the “PhC1+PhC2” heterostructure (black dot-dashed line) and “PhC1+
graphene +PhC2"” (red solid line) heterostructure; the calculated electric
field of (c) the PhC heterostructure and (d) the PhC heterostructure with
graphene.
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FIGURE 4. Dependence of (a) the transmittance and (b) transmitted
electric field on the incident electric field for different Fermi energy Ef of
graphene. The pink dashed line shows the calculation results of COMSOL
Multiphysics. Here, A = 300um, 7 = 0.6ps,0= 0°.

Next, we discuss the OB phenomenon in graphene-based
one-dimensional photonic crystals on the basis of TES exci-
tation, which changes with the incident electric field under
different parameters. It can be seen from (2) that the third-
order nonlinear conductivity is relatively strong on the basis
of the 1THz frequency range. At the same time, the local field
enhancement at the PhC interface is obtained by TES. This
leads to an increase of E in the graphene conductivity formula
o = 00 + o3 |[E|?, which in turn strengthens its nonlinear
part. In simple terms, we can excite the OB phenomenon with
an extremely low-threshold through the graphene-based one-
dimensional PhC heterostructure by TES. After introducing
the concept of TES, we found that the threshold of OB
under TES effect is several magnitude orders lower than the
threshold excited by other structures [21].

As shown in Fig. 4(a), we have also calculated the rela-
tionship between the transmittance and incident electric field

VOLUME 8, 2020

under different levels of graphene Fermi energy. As the Fermi
energy increases, the upper and lower thresholds (i.e. |Eil,,
and |E;| ,,,) rise, and so does the threshold width. The OB
threshold also increases with the graphene Fermi energy,
while the transmittance of the graphene-based PhC het-
erostructure continues to decrease. We can assume PhC1 and
PhC2 as two Bragg mirrors, then, combine (1) and (2), the two
conductivity formulas of the graphene, to obtain the scatter-
ing matrix expression of the entire structure [34], [35]:

1 -1 - }r h 1}
M, = phc 7
phcl tphc] |: irphcl i 1 ( )
1 -1 = |rphe2]
Mpper = phe2| |
phe2 Iphc2 |:’r phea| 1
M = Mphcl 'Mgraphene . Mphc2: (8)

where ¢ and r are the transmission and reflection amplitudes
of the photonic crystal, respectively, and |¢t|> + |r|> = 1.
We can use transmission coefficients to express the correla-
tion of the incident electric field with the transmitted electric
field:

E; 1

= =
E; M|

. Iphclphe2
¢ [1=]rpnet] |rphea| = (| rphet [+ |7phe2 D] = (rpne2)? + 1|
)
where { = uoc(og + o3 |Et|2)/2. Here, E;, the transmitted

electric fied, is assumed to be a purely real number, and ¥ =
|Ei|*, X = |E;|?, then we get:

Y =X MO,
[roc(oo + 03X)] [1 - |rphcl| : |rphc2|]
2tphcl 'tphCZ

I =

where
_ [roc(oo + 03X)] (|rphcl| + |rph62|) _ }rphCZ}z +1
2tphcl * Iphc2

2tphcl * Iphc2 ’
(10)

According to (10), the incident electric field is largely a
multivalued function of the transmitted electric field. The
condition required for the existence of OB is that the discrimi-
nant A of the derivative function of (10) must be greater than
zero, so that there is one Y value corresponding to three X
values:

 (Repgo)* (1 — 1)°

A (1)
N [6Rc,uoao — 4R3U()U32(CM0)3] (|l’2|2 - 1)
(ti2)*
(M)’ R* (0003)° (Bp20c — 24)
(ti12)* ’
R=1—|rllr2| = Irl—lrl. (11)

From the calculation we know A > 0 and the two zeros of
the derivative function would satisfy:

00
Xext,l N -

Xext,2 ~ -2 (12)
303

03"
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Combined it with (10) to transform AY = Yy, 1 — Yex 2 into:

N2 4.3
AY = (ﬁz - @> e E*.(13)
2437 27) \ @) (w+1/0° )2 )

where AY is the absolute value of the difference between
the upper and lower thresholds of OB. Fig. 4(b) shows the
multivalued curve between the transmitted and the incident
electric field. Whenthe Fermi energy in graphene’s nonlinear
conductivity increases from 0.04 eV to 0.07 eV, the OB
threshold increases rapidly, and the hysteresis loop width
also rises significantly. When graphene increases to a large
value, the transmittance of incident wave decreases sharply,
indicating that the large Fermi energy of graphene has con-
siderable loss for the transmission of incident wave, which
may not be conducive to the realization of low-threshold
optical bistable devices in the 1THz band. It can be seen from
the changing regularity in Fig. 4(a) and Fig. 4(b) that the
transmittance jumps from about 0.02 to 0.18 with the increase
of the incident electric field. In comparison, the transmitted
electric field shifts from 0.35 x 10°V/m to 1.02 x 10°V/m
at a Fermi energy level of 0.05 eV, which is about 45% of the
incident electric field. And as the Fermi energy rises, there
is a gradual increase in the transmitted electric field despite
the decline of the transmittance, indicating the enhancement
of local field at the interface of the PhC structure by TES
and the resultant increase in the transmitted electric field.
It can be seen from Fig. 4 that the low threshold of OB
phenomenon can be stimulated from the TES. Unlike pho-
tonic crystal with magneto-optical layer [36], the structure
is different, the transmittance and reflectance are different,
and the mechanism used to achieve low threshold is differ-
ent. The pink dashed line in Fig. 4 shows the calculation
results of COMSOL Multiphysics. The curve plotted at a
Fermi energy level of 0.05 eV is taken as reference; the
finite element (FEM) method is applied to check the linear
and nonlinear response effects of the proposed structure, and
the rigorous coupled-wave theory is adopted to verify the
accuracy of the numerical results. In the FEM method, the set-
ting of structural parameters is consistent with the mathe-
matical calculation. According to the figures, the results of
COMSOL multi-physics calculation are consistent with the
transfer matrix method, which reflects the correctness of the
conclusions of this article. It is shown that the TES effect is
susceptible to the Fermi energy of graphene, which could help
in controlling the threshold value of OB by merely adjusting
the Fermi energy. Therefore, it provides an effective method
for controlling OB by the applied voltage. Meanwhile, it plays
a very active role in reducing OB thresholds.

In addition, we found that OB is also subject to the relax-
ation time (t) of the graphene. As shown in Fig. 5(a), the
optical hysteresis loop and width have a tendency to increase
with the relaxation time, resulting in a gradual decrease
of the OB threshold. When the relaxation time (t) satis-
fies T = 0.5ps, the hysteresis width would be A |E;| =
|Eilup — |Eil down = 0.52 % 103V /m; when the relaxation time
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Thershold Electric fields

fulfills T = 0.8ps, the hysteresis width would be A |E;| =
0.89 x 10°V/m. Overall, the OB threshold is reduced by
0.37x 10°V/m, and the hysteresis width is widened by nearly
1.7 times. Besides, the hysteresis curve will disappear and
the OB will not exist if the relaxation time is small enough
that |E;|,, and |Ei|4,, tend to superpose with each other.
Compared with the OB excited by traditional micro/nano
metal devices, the OB excited by the proposed structure on the
basis of TES effect has flexible thresholds and controllable
hysteresis width. The dynamically tunable characteristics of
graphene provide another feasible way for the fabrication and
design of optical bistable devices.

The OB is influenced not only by the graphene parameters
in (13) but also by the angle of incident light and the number
of graphene layers (see Fig. 6). With other parameters remain
unchanged, the hysteresis width and the threshold value of
OB continue to rise when the incident angle increases from
0 = 0°to 8 = 6°. As shown in Fig. 6(a), the OB phenomenon
still exists in the transmitted electric field when the incident
angle has been reduced to & = 0°. This is mainly because the
TES excited by the vertical incidence of light in the proposed
PhC structure could enhance the local field enhancement and
create the necessary conditions for the appearance of low-
threshold OB. Since the thickness of single-layer graphene
is very thin (only 0.34nm), its electrical conductivity can
be approximated by ¢ ~ Noo(N < 6) [37], [38]. The
hysteresis width is about A |E;| = 0.68 x 105V/m when the
number of graphene layers is N=1, and the hysteresis width
is about A |E;| = 4.29 x 10°V/m at N=4 in Fig. 6(b). It can
be concluded that the threshold and hysteresis width of OB
increase simultaneously with the number of graphene layers.
The above results have proved that it is possible to control OB
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FIGURE 6. Dependence of (a) the angle of incident light ¢ and (b) number
of graphene layers N for the transmitted electric field on the incident
electric field. Here, A = 300um, Ef = 0.05 eV, 7 = 0.6ps.

by adjusting the incident angle and the number of graphene
layers.

Finally, the graphene-based one-dimensional photonic
crystal heterostructure can also calculate the low threshold
OB phenomenon of the reflected light beam in terahertz
frequency range. The behavioral regulation mechanism of
graphene for reflected OB phenomenon is similar to the
above. Conclusively, the tunable nonlinear conductivity of
graphene is also a deciding factor in the realization of low
threshold reflective OB.

IV. CONCLUSION

In summary, we have theoretically studied the OB phe-
nomenon in graphene-based one-dimensional photonic
crystals on the basis of TES excitation at terahertz band. The
results show that the TES has a positive effect of reducing
the threshold value of OB. The excitation of TES can sig-
nificantly increase the intensity of the local electric field in
the proposed structure, and finally realize the low threshold
OB phenomenon by enhancing the third-order nonlinear
conductivity of the graphene. Meanwhile, through further
calculations, we know that the hysteresis width, as well as the
upper and lower thresholds of the OB phenomenon, is flexibly
regulated by the graphene conductivity and closely related to
the number of graphene layers and the incident angle of the
light. Finally, the correctness of the mathematical calculation
results is further verified by numerical simulations. The struc-
ture proposed in this article is simple, easy to prepare, novel
mechanism and tunable. We have every reason to believe
that the TES-based low-threshold tunable OB in the proposed
one-dimensional photonic crystal structure with graphene has
practical applications and excellent potential for innovating
new all-optical switches.
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