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Abstract: In this paper, we study the nonlinear optical bistability (OB) in a symmetrical multilayer
structure. This multilayer structure is constructed by embedding a nonlinear three-dimensional Dirac
semimetal (3D DSM) into a Fabry—Perot cavity composed of one-dimensional photonic crystals. The
OB phenomenon stems from the third order nonlinear conductivity of 3D DSM. The local field of
resonance mode could enhance the nonlinearity and reduce the thresholds of OB. This structure
achieves the tunability of OB due to the fact that the transmittance could be modulated by the
Fermi energy. It is found that the OB threshold and threshold width could be remarkably reduced by
increasing the Fermi energy of the 3D DSM. Besides, we also found that the OB curve depends heavily
on the angle of incidence of the incident light, the structural parameters of the Fabry—Perot cavity,
and the position of the 3D DSM inside the cavity. After parameter optimization, we obtained OB with
a threshold of 10° V/m. We believe this simple multilayer structure could provide a reference idea
for realizing low-threshold and tunable all-optical switching devices.
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1. Introduction

Optical bistability (OB) is a typical optical phenomenon, which refers to the nonlinear
optical phenomenon where an input light intensity corresponds to two output light intensi-
ties that can be converted into each other within a certain range, and at this time, there is a
hysteresis loop similar to the “S” shape between the input and output light intensities [1,2].
Due to the nonlinear characteristics similar to the hysteresis curve, OB has been widely
used in fields such as optical communication and photonic computing, biosensors [3],
all-optical switching [4], optical transistors [5], and optical memories [6]. Currently, the
main goal of studying OB is to reduce the threshold of OB to achieve practical OB devices.
Generally, researchers” methods to reduce the OB threshold can be classified into two rough
categories: the first category is to take advantage of resonant structures such as photonic
crystal micro-cavities [7], Fabry-Perot (FP) cavities [8], fiber Bragg grating cavities [9], and
surface plasmon resonance [10,11] to lower the OB threshold by achieving localized field
enhancement effect; the second category is to use nonlinear materials with high nonlinear
coefficients and add them to micro-nano structures to enhance the nonlinear effect of the
system and achieve the goal of reducing the OB threshold. For example, a novel bistable
resonator-free all-optical waveguide device based on indium tin oxide as nonlinear epsilon-
near-zero material has been reported [12]. In addition, studies have shown that graphene
has superior optoelectronic properties and can fully utilize its advantages in the field of OB,
with its most prominent feature being its great nonlinear properties. Furthermore, graphene
has characteristics such as tunable conductivity and ultra-fast modulation speed, making it
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a favorite of researchers [13,14]. Currently, researchers are eagerly reporting on the method
of reducing the threshold of OB by adding graphene to composite structures [15-17]. How-
ever, optical bistability schemes based on graphene micro/nanostructures also face many
challenges in practical preparation. Recently, people have turned their attention to another
type of bulk material similar to graphene, namely three-dimensional Dirac semimetal
(3D DSM). Three-dimensional DSM is a bulk medium, and its volume electrons form
a three-dimensional Dirac cone, which is also known as “three-dimensional graphene”.
Although 3D DSM is called “three-dimensional graphene”, unlike the two-dimensional
Dirac fermions on the surface of graphene, 3D DSM has three-dimensional Dirac fermions
in the volume. The unique electronic structure of 3D DSM gives it many peculiar properties.
Previous reports have shown that 3D DSM not only has similar properties to graphene
in controlling the dielectric constant by adjusting the Fermi energy but also exhibits high
electron mobility [18], good stability, strong coupling with light, and the ability to avoid
the huge metal losses that occur in traditional metal metamaterials [19]. It is worth noting
that the nonlinear refractive index coefficient of 3D DSM in the terahertz range is relatively
high [20]. Therefore, we observe that the OB phenomenon can be observed at lower incident
electric field ranges. Based on these advantages, 3D DSM stands out as a candidate material
for constructing nonlinear optical devices in the field of OB, providing a new perspective
for designing flexible and controllable nonlinear OB devices.

As is well known, the simplest approach for implementing OB is the FP cavity struc-
ture, which can create the conditions necessary for the occurrence of OB by filling the cavity
with a nonlinear medium. By increasing the intensity of incident light, the refractive index
of the nonlinear medium in the FP cavity changes, resulting in a nonlinear bistable relation-
ship between the input and output light intensities. Traditionally, the FP cavity consists of
two mirrors. However, with the development of one-dimensional photonic crystals (1D
PCs), researchers have found that 1D PCs have potential applications in the field of OB.
Therefore, the use of two 1D PCs instead of two mirrors in the traditional FP cavity to
achieve OB has attracted widespread attention. Currently, many optical devices based on
photonic crystal FP cavity structures have been reported, such as optical absorption, optical
filters, and nonlinear effects. Therefore, we imagine what changes would occur in the
cavity if we used two 1D PCs instead of the two mirrors in the FP cavity and fill the cavity
with 3D DSM. Will the hysteresis phenomenon still occur in such a new FP cavity? And
what impact will 3D DSM have on the hysteresis phenomenon? Based on this question, we
theoretically propose a photonic crystal FP cavity based on 3D DSM, which is placed at
the center of the FP cavity. We found that 3D DSM can provide strong nonlinear effects
for the structure, and the unique band structure of 1D PC can increase the flexibility of
controlling OB. Moreover, the threshold and hysteresis width of OB can be regulated by
tuning parameters such as the Fermi energy of 3D DSM, incident angle, relaxation time,
period of 1D PC, length of FP cavity, and position of 3D DSM in the cavity. Therefore,
we believe that the photonic crystal FP cavity structure based on 3D DSM has potential
applications in the field of nonlinear terahertz devices and nanophotonics, providing a
reference for achieving low threshold and tunable OB.

2. Theoretical Model and Method

We consider a FP cavity multilayer structure composed of two symmetric photonic
crystals, filled with 3D DSM and pure water, as shown in Figure 1. 3D DSM is a bulk
material which not only has linear /nonlinear conductivity characteristic similar to graphene
but also is very easy to prepare. Under the current conditions of micro and nano processing
technology, the preparation of multilayer structures as shown in Figure 1 is already a very
mature means. The 3D DSM is placed in the middle of the cavity, and the medium C
is placed on both sides of the 3D DSM. Medium C is pure water with a refractive index
of n, = 1.33 and a thickness of d.. In fact, if pure water were replaced with an aqueous
solution, this structure could also find potential applications in the field of biosensors.
We will not delve into this discussion here for now. The photonic crystal is composed
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of dielectric materials A and B with a cycle of m = 4, where the refractive index of
dielectric material A is n, = 1.5 and dielectric material B is glass with a refractive index
of n, = 2.3 [21]. We know that the loss in the actual material has a significant impact
on the performance of optical devices. However, for OB, what we are more concerned
about is the threshold of the entire structure and the movement of the entire curve in the
left and right directions. Therefore, we did not additionally consider material loss in the
manuscript. The thicknesses of A and B are d, and dj, respectively. The central wavelength
is set as A¢ = 300 um, and the cavity length is set to L = 150 um. The thickness of dielectric
material A and Bis set as d,;, = A./4n,;, and the thickness of medium C is also set as
de. = Ac/4n.. The initial parameters of 3D DSM are set as Er = 1 eV, T = 0.2 ps, and
dp = 40 nm. The direction perpendicular to the photonic crystal is set as the z direction,
and the incident electromagnetic wave is assumed to be TE polarization. It should be noted
that the technology for preparing such multilayer dielectric structures is relatively mature,
and because the 3D DSM is a bulk medium, the technical difficulty in manufacturing is
reduced. Overall, it is feasible to apply the structure proposed in this paper in practice.

Figure 1. Schematic diagram of photonic crystal multilayer structure based on 3D DSM.

Ignoring the effects of external magnetic fields and random phase approximation, we
can use the semi-classical Boltzmann transport equation with relaxation time approximation
to calculate the 3D DSM linear intraband optical conductivity in the terahertz range, as
expressed in Equation (1) [22]:

2 E 2 2
eV =g 4 T (ksT) [2Liz<—e_"BFT> + ( Er ) + L

, 0

03721 —iwt hlor ksT 3

where 0 = ¢2/4h, T is the relaxation time of the 3D DSM, kj is the Boltzmann constant,
T is temperature, £ is the reduced Planck constant, vr = 10® m/s is the Fermi velocity of
the electrons, Lis(z) is the polylogarithm function, and Er is the Fermi energy of the 3D
DSM. It should be noted that we ignored the random phase approximation and adopted
a simplified model. This is also a commonly used method in many similar works. The
calculation of OB here considers the terahertz band. In the terahertz band, there is almost
no difference between the linear intraband optical conductivity of 3D DSM under random
phase approximation and the approximate model. Besides, the third-order nonlinear optical
conductivity of the 3D DSM is expressed as Equation (2) [22]:
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[

On this basis, we can write the third-order polarization of the 3D DSM as the following
expression:
x® =ie® /egw, 3

where ¢ represents the permittivity of vacuum. In addition, the linear complex refractive
index of the 3D DSM is denoted as follows:

np =n+ik =\/14ic() /eqw. (4)

From the above expressions, it can be found that the third-order polarizability x(®)
of 3D DSM is bound up with the linear inband optical conductivity ¢(!), and the linear
complex refractive index np is bound up with the third-order nonlinear optical conductivity
o®), while regulating the Fermi energy Er and relaxation time 7 can regulate ¢!) and o(®).
This provides convenient circumstance for effectuating a tunable OB.

The reflectance and transmission of the entire construction is calculated by making use
of the transfer matrix method. As shown in Figure 1, we set the light beam to propagate
along the z-axis, with the 3D DSM parallel to the x-axis and y-axis, and the 3D DSM is
placed at z = 0. The transmission matrix of the photonic crystal and the transmission
matrix of the aqueous tier inside the cavity can be expressed as follows:

ko -
M, - i(_)s (ki=d;) —zi sin (k;.d;) 5
—igsin(kj.d)) cos (ki.d;)
where j = {A, B,C}, kj, = (konj)z — (ky)2 is the constituent of medium j disseminating

following the z-axis, ko = w/c is the wave vector in vacuum, d i is the thickness of medium
J» ky = ko sin 8 is the constituent of the incident wave disseminating follow the y-axis, and
6 is the incident angle.

Then, we canvass the transmission matrix of the nonlinear medium layer, which is the
3D DSM layer in this article. The transmission matrix of a Kerr-type nonlinear material can
be expressed as the following equation [23]:

t& exp(—ikz1dp) + = exp(ik,dp) exp(—ik,dp) — exp(ik,_dp) ©
%[exp(fikﬂdp) —exp(ikz—dp)] k,ﬁ—; exp(—ikz+dp) + k,j—o’ exp(ik;—dp) |’

where k. is the z-component of the forward-propagating wave vector, k,_ is the z-
component of the backward-propagating wave vector, and their expressions are given
by Equation (7):

Nf—=

ke =/ (konp)? — (ky)2(1+ Us +2U5)2, 7)

2.(3)
ng‘;%%kg |A+ |2, where A, and A_ are the amplitude of vibration of the forward
and backward waves, separately. The wave vectors k, and k,_ can be obtained by

disposing of the coupled nonlinear equations below with the aid of the following equation:

1 1\ ! ?
i) -|( ) "(»)
= k. ko (MpMy)
( t (koljD) (kopp) P

where U is the transmitted intensity, p = y/eopok3 — B2/ (kopio). If we can calculate a set

with Uy =

U, (8)

of coupled nonlinear equations about Uy and U_ through fixed-point iteration, we can
obtain the specific expression of the transmission matrix Mp of the 3D DSM layer [24].
First, we set the initial value U1 = 0, and then we seek the stable solutions of U and U_
through multiple iterations. Once the solution of U is determined, we can calculate the
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transmission matrix Mp of the 3D DSM layer using Equations (6) and (7). Therefore, the
transmission matrix of the entire structure can be determined as follows:

MZ(MBXMA)mXMCxMDXMCx(MAXMB)m, (9)
The transmission coefficient of the structure can be worked out as follows:

pr

t= ,
[Mn + Mlzpf} pr+ [le + Mzzr’f}

(10)

1
where py = (k% - k;) * /ko, and M;; is an element of the 2 x 2 matrix M. Finally, we can

obtain the relevance between E; and E;, and observe the obvious OB phenomenon by
adjusting the parameters.

3. Results and Discussions

In this section, we first talk over the relevance between the transmitted electric field E;
and the incident electric field E; under various Fermi energies in 3D DSM, while keeping
the other values as those mentioned in Figure 1. Furthermore, it should be noted that
since this work is purely theoretical, we did not consider the influence of edge effects on
multilayer structures. The key factor in realizing OB in this study is the large nonlinear
conductivity of Dirac semimetals. Specifically, when we fill 3D DSM into the FP cavity,
we observe a significant change in the relevance curve between E; and E;, resulting in a
hysteresis loop in the transmission curve. This is because the conditions required to achieve
OB become easier to satisfy when the 3D DSM are filled into the FP cavity. Figure 2 clearly
illustrates the effect of changes in Fermi energy on the threshold of optical bistability. From
Figure 2, it can be seen that an increase in the Fermi energy can slightly lower the threshold
of optical bistability. Although the threshold reduction is not significant, it cannot be denied
that it is beneficial after all. However, the increase in the Fermi energy also leads to a sharp
decrease in the threshold width, and even causes the disappearance of bistable phenomena,
which is something we do not want to see. From Figure 2a, we can see that when E; is small,
the transmitted electric field E; gradually raises with the incident electric field E; until a
specific value, at which point the transmitted electric field E; undergoes a jump. However,
when E; is large, E; gradually decreases with E; up to a specific value, at which point E;
undergoes a jump. In the case of the double stable curve at Er = 0.8 eV in the figure, when
E; gradually increases from a small value to |E;| = 2 x 107 V/m, the transmitted electric
field E; undergoes an upward mutation, and the value of |E;| = 1 x 10”7 V/m at this point
is called the upper threshold field of the switch. However, when the incident electric field
E; gradually decreases from a large value to |E;| = 1 x 107 V/m, the transmitted electric
field E; undergoes a downward mutation, and the value of |E;;,,,, = 1 X 107 V/m at this
point is called the lower threshold field of the switch. In addition, the hysteresis width
is denoted as A|E;| = |Ei,,, — [Eil goon = 1 ¥ 107 V/m. Moreover, from Figure 2a, we can
also observe that as the Fermi energy Er of the 3D DSM increases, both the upper and
lower threshold fields of the OB (|E;|,, and |Ej[4,,,,) raise, and they move to higher light
intensity ranges to the right. We describe this phenomenon in detail in Figure 2b. As
shown in the figure, as Er of the 3D DSM increases, the hysteresis loop between E; and E;
gradually increases, and its hysteresis width also significantly widens because the speed
of the upper threshold field of the OB moving to the right is much faster than that of the
lower threshold field of the OB. Additionally, we can find that, although reducing Er of
the 3D DSM is advantageous for lowering the OB threshold, when the Fermi energy Er
decreases to a certain extent, the hysteresis width disappears and the OB curve vanishes as
well. In summary, the discovery of the above laws is beneficial for us to regulate the OB
threshold and hysteresis width by adjusting Er of the 3D DSM, providing a pathway for
people to regulate the OB phenomenon through external electric field control.
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Figure 2. (a) Dependence of |E¢| on |E;| for different Fermi energies; (b) the influence of the Fermi
energy of the 3D DSM on threshold.

Next, we will discuss the impact of incident angle variations on the OB curve. We
set the Fermi energy as Er = 1 eV, and other values were kept consistent with Figure 1.
As illustrated in Figure 3, the threshold size and hysteresis width of the OB change with
the incident angle, indicating that the OB phenomenon is highly sensitive to the incident
angle, which follows a similar pattern to the discussion on the 3D DSM Fermi energy Er in
the previous section. As shown in Figure 3a, increasing the incident angle of the structure
causes the transmittance curve to shift towards higher light intensities, and the hysteresis
width gradually increases with increasing incident angle. Meanwhile, the dependence of E;
on E; also exhibits a similar variation tendency; the above rule is reflected in Figure 3b. We
take = 5° and 6 = 10° as examples to analyze the changing pattern in detail: when § = 5°,
|Eily, = 2.98 x 10° V/m, |Ej| 455, = 6.60 x 10° V/m, and the hysteresis width A|E;| =
232 x 10° V/m; when 6 = 10°, |Ej[,,,, = 4.34 x 10° V/m, |Ei|45,, = 8.05 x 10° V/m, and
the hysteresis width is A|E;| = 3.54 x 10° V/m. These calculated results confirm the above
pattern well. In addition, as shown in the OB line at # = 0° in Figure 3b, although the
hysteresis width gradually narrows with decreasing incident angle, even when the incident
angle decreases to 0°, there is still a hysteresis width in the relevance curve between E; and
E;. Therefore, it can be proven that the method of using the 3D DSM-based photonic crystal
FP cavity to achieve low-threshold and tunable OB can also be implemented under vertical
incidence conditions without requiring specific incident angles. Compared to certain
traditional methods of achieving low-threshold OB, this method has more advantages and
is easier to implement.

Transmittance
=3 =3 =3 I
5 & &»® o

et
S

6
|E;| (10° V/m)

Figure 3. Under various incidence angles, the relationship between (a) transmittance, (b) |E;| and |E;|.



Coatings 2024, 14, 705

7 of 9

Furthermore, we investigate the influence of relaxation time and photonic crystal
period variations on the OB phenomenon while keeping other relevant values unchanged.
On the one hand, as illustrated in Figure 4a, we observe that the change in the relevance
between E; and E; exhibits the same trends as those seen in the OB threshold and hysteresis
width for different relaxation times. In the wake of decreases in T, the OB threshold also
decreases. However, when |Ej|,, and |E;|;,,, both gradually increase but |E;| 4oy, increases
faster than |E;|,, the hysteresis width rapidly narrows. For instance, when, |E;|,,, = 4.02 x
107 V/m, |Ei|jpn = 1 x 10° V/m, and the hysteresis width is A|E;| = 3.92 x 10" V/m,
and when T = 0.2 ps, |Eil,,, = 1.78 x 10°V/m, and |Ei|zp,, = 6.11 x 10° V/m, it is
A|E;| = 1.17 x 10° V/m. Simulation results reveal that the OB curve vanishes when the
relaxation time expends to T = 0.1 ps. Therefore, while reducing the relaxation time can
effectively lower the OB threshold, it cannot be reduced to an excessively low level, as this
will cause the OB phenomenon to disappear. On the other hand, as showed in Figure 4b, we
find that the impact of photonic crystal period variations on the OB phenomenon is highly
similar to that of relaxation time. The OB threshold decreases as the photonic crystal period
decreases, and the hysteresis width between E; and E; narrows. Thus, careful consideration
is required in choosing both the relaxation time and photonic crystal period to ensure
optimal OB phenomenon production and the fabrication of more reasonable and practical
OB devices.

4
|E; (107 V/m)

Figure 4. The relationship between E; and E; at (a) different relaxation times and (b) different photonic
crystal periods.

Regarding the relevance between E; and E;, we observed that the OB phenomenon
is not only sensitive to the relaxation time, photonic crystal period, and 3D DSM Fermi
energy but also to the cavity length of the FP cavity and the position of the 3D DSM layer
in the cavity. Firstly, with the cavity length fixed at L = 150 um, we studied the effect of
the placement of the 3D DSM layer in the cavity on the OB phenomenon. The position
of the center point of the 3D DSM layer can be represented as Lp = 75 um. As shown
in Figure 5a, as the position of the 3D DSM layer in the FP cavity changes, the resulting
OB phenomenon also changes, with a corresponding change in the threshold size and
hysteresis width, thus achieving flexible control of the OB phenomenon by adjusting the
position of the 3D DSM layer. Additionally, the cavity length of the FP cavity should satisfy
kL = mr, where the frequency is inversely proportional to the cavity length L. Therefore, by
adjusting the cavity length L, the OB phenomenon can be controlled. Figure 5b shows the
changes in the hysteresis curve after changing the cavity length. It can be observed that as
the cavity length increases, the threshold size and hysteresis width of the OB phenomenon
both increase significantly. Thus, we believe that the cavity length of the FP cavity can be
an important means of controlling the OB phenomenon.
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Figure 5. (a) Variation of the cavity length and (b) relevance between E; and E; for different positions

of the 3D DSM layer inside the cavity.

4. Conclusions

In conclusion, we have studied the OB phenomenon in a photonic crystal FP cavity
based on 3D DSM. By utilizing the unique band structure of the photonic crystal, the
resonant effect of the FP cavity, and the extraordinary nonlinear properties of 3D DSM, we
have achieved low-threshold OB at terahertz frequencies, which can be flexibly controlled
in terms of threshold size and hysteresis width. Our theoretical studies have shown that
embedding 3D DSM in a FP cavity can significantly enhance the hysteresis behavior. By
adjusting parameters such as the Fermi energy of the 3D DSM, the incident angle of the
beam, the relaxation time, the cavity length of the FP cavity, and the position of the 3D DSM
layer in the FP cavity, the OB phenomenon can be further controlled. Through numerical
simulations, we have found suitable 3D DSM and structural parameters and obtained an OB
curve with a threshold of 10° V/m. Our research provides new ideas for achieving tunable
low-threshold OB at terahertz frequencies. We are firmly convinced that the construction
described within this article for realizing OB is relatively simple, has advantages in the
manufacture of practical OB devices, and has an extensive range of applications in the field
of nonlinear optical devices.
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