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Owing to the enormously enhanced oscillating wave, a minute variation of the incident light intensity will give rise to
a change in the dielectric constant of the Kerr nonlinear medium and lead to a bistable reflection with an ultra-low threshold
intensity, which is closely related to the angle of incidence and the thickness of the Kerr nonlinear medium. The criterion
for the existence of optical bistability is derived. Our bistability scheme is simple and not limited to the TM-polarization.
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1. Introduction

Optical bistability, which is characterized by an S-shaped
hysteresis loop, allows two stable outputs for one single in-
put and offers many intriguing applications, such as all-optical

121 optical memories,®! and optical diodes.*!

switchings, |
There are two critical factors to realize the bistability, one is a
resonant behavior and the other is positive feedback. To sat-
isfy the latter critical factor, various proposed schemes draw
support from the external stimuli, including the electro-optic
effect,’] and the magneto-optic effect.!®! In contrast, the all-
optical bistability is an internal stimulus scheme, where an ab-
sorbed or a Kerr nonlinear medium is utilized, and therefore
the electronic bottleneck can be excellently avoided. Unfor-
tunately, the needing for an extremely high incident light in-
tensity is hard to solve. For reducing the all-optical bistabil-
ity threshold intensity, new materials have been synthesized
to possess a high Kerr nonlinear coefficient,’! or the light-
matter interaction is enhanced by using the field enhancement
effect in the photonic crystal micro-cavities,®°! the Fabry—

Pérot (FP) resonators,10-11 12-14]

I fiber Bragg grating cavity,!
and the surface plasmon resonance (SPR).!">~17) Among them,
the SPR is a relatively simple approach, however, only the TM
polarization mode can be supported.

By extending the guiding layer to a millimeter scale, the
symmetrical metal-cladding waveguide (SMCW) is capable
of exciting the polarization-independent!'8! ultra-high order

modes (UHMSs), which are highly sensitive to the variation

DOI: 10.1088/1674-1056/abe118

U9 or material constant.[?°! More-

of structural parameters
over, the enormously enhanced oscillating wave in the guid-
ing layer has been demonstrated such that it can enhance the
light-matter interaction, e.g., the Raman scattering,*->?! the
optical trapping, >3] and the RGB lasing.!** Based on the os-
cillating wave field enhancement effect, an SMCW structure
with a Kerr nonlinear medium inside the guiding layer is pro-
posed to realize the all-optical bistability with an ultra-low
hysteresis loop threshold intensity. Compared with the SPR
approach, our bistability scheme is no longer limited to the
TM-polarization. In addition, to optimize the angle of inci-
dent, the criterion of the optical bistability is deduced and dis-
cussed in this paper.

2. Structure and principles

The schematic of an SMCW structure, whose guiding
layer is composed of a Kerr nonlinear medium and a glass
layer, is illustrated in Fig. 1. The guiding layer is sandwiched
by a thin metal film on the top side and another thick metal
substrate underneath. From top to bottom, their thicknesses
are denoted as h3 = 45 nm, h, = 10 um, #; = 0.5 mm and
ho = 300 nm, respectively. For the Kerr nonlinear medium, its
dielectric constant is dependent on electric field intensity and
can be written as

e =+ E], )
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where 85, 95(3) and E are the linear part of dielectric constant,
the Kerr nonlinear coefficient and the electric field intensity in
the Kerr nonlinear medium, respectively. As an example, their
values are set to be sé =2.4025 and X(S) =4.4x10"17 m*/V?
[polyDCHD-HS (Ref. [25])]. Both metal films are supposed

A=1.06 um) can be deduced from the Drude model. The di-
electric constant of air and the glass are labeled as &, = 1 and
€1 = 2.25, respectively.

According to the Helmholtz equation,?%! the distribution
of the transverse electric (TE) field in each layer of the SMCW

to be silver, whose dielectric constant (€3 = —57.8 +10.6 at  can be described as follows:
|
Agexp —(x4(x—h3)]+B4exp[a4(x—h3)], hy < x < oo,
Az exp —O£3x)+B3 exp(agx), 0<x<h;s,
E,(x)= —0x) + Byexp(onx), —hy <x <0, (2)

[
(
Ajzexp(
Ajexp|
Agexplato(x+ /1 + ha)],

where A; and B; are the electric amplitudes of the plane waves
\/B?—k3¢g; is the at-
tenuation coefficient, § is the propagation constant along the

traveling upward and downward, o; =

Z direction, and ky = 27/ A is the vacuum wave vector.

incident light reflected light
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|
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Fig. 1. Schematic of SMCW inserted with a Kerr nonlinear medium in
the guiding layer.
Because &, depends on the electric field intensity E; in the
Kerr nonlinear medium, therefore all the values of A; and B;

r32 + rarairioexp(—20uhy ) + [ra1 + rioexp(—2ai by ) exp(—20nh)

o (XJrhz)] + By eXp[Otl (erhz)],

—h—hh<x< 7]12,
—oo < x < —hy — hy,

can be calculated from a given E, based on the boundary con-
tinuity conditions, and the prime denotes the initial condition
of supposing Aj, = 1 in the thick metal substrate. The electric
field in the Kerr nonlinear medium is an oscillating wave, thus
its electric field intensity E), can be written as

Ej=\/Ay’ +B,*/V2, 3)

which is different from the given E; since the actual Ag in the
thick metal substrate is not equal to 1. Therefore, the actual Ag
can be re-determined as the ratio E; /E ! and then all values of
A; and B; can be re-calculated from this newly determined Ag.

The reflection coefficient is/27}

r= ﬂ — r43 + 13210 eXp(—2a3h3)
Ay 1+rgzrpoexp(—203h3)°

“

where

_%ito

3210 =

is the Fresnel reflection coefficient at each interface and the
subscripts i,j = 0, 1, 2, 3, 4, refer to the thick metal sub-
strate, glass guiding layer, Kerr nonlinear medium, thin metal
film, and air, respectively. The reflectivity is given by R = |r|?.
Furthermore, the light intensity in the Kerr nonlinear medium
(Ikerr), the incident light intensity (/) and the reflected light
intensity (I;) are expressed as!?8!]

1
IKerr = Eeﬂan |E2‘27 (@)
1
I, = 580014 |A4|2, (6)
1
I = 5806114 |B4,|2 , (N

where &) and c are the dielectric constant and the speed of light
in vacuum, and n; is the refractive index in the ith layer of
the SMCW. Because the guiding layer is coated by two metal
films, the excited ultrahigh-order mode propagates in z direc-

1+ mn1rio eXp(—ZOt]h] ) =+ r32[7'2] “+ro eXp(—ZOC]]’H )} exp(—2a2h2) ’

Y o — O

tion in the guiding layer, leading to the oscillating periodic-
distributed electromagnetic energy along the z axis, where the
period is determined by the propagation constant, 3, of the
excited mode.[?1 Therefore, the oscillating wave field in the
Kerr nonlinear medium is greatly enhanced with respect to the
incident light intensity. The amplify factor is defined as

Ap = IKerr/Iin; (8)

which can reach up to 100 and is the core reason for the
SMCW enabling an ultra-low threshold intensity. The char-

acteristic equation for a four-layer SMCW can be expressed
[30]
as

o3
Khy = mm+ arctan <>
K

K o
+ arctan { ?1 tan [arctan(’:) - thl] } , )

2 1
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where K; = 4/ k(z)si — B2 are the transverse wavenumbers in the
air gap and m is the mode order. In this structure, the thickness
of the guiding layer is extended to submillimeter scale, which
enables the mode order to reach much larger than 1000. Thus,
the polarized-dependent terms can be disregarded, due to the
fact that their value is much less than mz. Here the TE polar-
ization is selected to perform the calculation and simulation,
and the analytical procedure of the transverse magnetic (TM)

mode is quite similar.

3. Results and discussion

Firstly both materials inside the guiding layer are sup-
posed to be linear. There are several reflection dips with an
extremely small full width at half maximum (FWHM) in the
reflectivity spectrum (see Fig. 2(a)) and each one corresponds
with an ultra-high order mode, which is highly sensitive to the
variation in the material constant. To reveal the high sensi-
tivity, one selected reflection dip (6; = 5.962°) is enlarged in
Fig. 2(b). It indicates that an increment in the dielectric con-
stant of the Kerr nonlinear medium from 2.4025 to 2.4035 with
a step of 0.0005 would lead to an obvious right shift of the res-
onant angle. Moreover, the resonant angle 6; has a significant
linear correlation with the dielectric constant &, i.e., 6; o< &
(not shown in the figure), while the shape of the reflection dip
curve changes little. Consequently, if the angle of incidence is
fixed at 6, = 5.965°, the reflectivity is initially high (see point
A, green star), then jumps to low (see point B, red star), and
finally raises back to high again (see point C, blue star).

1.0
(a)

e 2 2
B o ®
T T T

Reflectivity

e
o
T

|
|
1
|
|
|
|
|
|
|
L

1

4 6 8 10
Incident angle (°)

=)
o
ok

-
o

E——TT ST

(b)

e
e
T

NS
ol 4
\_ ”
L1
(U
€9 = 2.4025 .
— - £9=2.4030
....... €2 =2.4035 IRt
0 1 1 | .--' 1
5.94 5.95 5.96 9-9655 97 5.98
Angle of incidence (°)

o
=)
T

Reflectivity
o
i

Fig. 2. (a) The reflectivity spectrum of the SMCW with both linear
mediums in the guiding layer, (b) reflectivity of one selected reflection
dip with different dielectric constant &;.

As given in Eq. (2), the light coupled into the guiding
layer is guided laterally in the form of an oscillating wave field
instead of the evanescent field. The dependence of the amplify
factor A, on the angle of incidence for the selected reflection
dip is shown in Fig. 3(a). The maximum value of A, over 100
can be obtained when the angle of incidence gets close to the
resonant angle. Once the resonant condition is slightly dissat-
isfied, the incident light intensity is almost totally reflected and
the amplify factor A, decreases dramatically. Since the metal
substrate is thick enough to prevent the light transmission, the
absorption can be simplified to A = 1 — R. Figure 3(b) shows
the dependence of absorption on the angle of incidence (see
black circle). It reveals that there is a good linear relationship
between the amplify factor A, and the absorption A, namely,

A, =bA, (10)

where b = 105.16 is the linear fitting parameter.
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Fig. 3. (a) Amplify factor Aj as a function of the angle of incidence.
(b) Absorption (black circle) and its Lorentz fitting curve (red curve) as
a function of angle of incidence, where the resonant angle 6; and the
FWHM of absorption peak 6, are 5.962° and 0.002°, respectively.

When the Kerr nonlinear medium is inserted into the
guiding layer, there exists an S-shape curve of the relation-
ship between the reflected light intensity and the incident light
intensity. To explain the origin of the bistable reflection, the re-
flectivity as a function of the angle of incidence is also shown
in Fig. 4(a). The initial angle offset is set as AQ = 6, — 6, =
0.003°, where 6;, = 5.965° is the fixed angle of incidence and
6 = 5.962° is the resonant angle corresponding to the initial
state that the incident light intensity is zero. At the beginning,
6in = 5.965° locates at the reflection dip’s right edge, where
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the reflectivity is extremely high and therefore a tiny fraction
of incident light intensity is coupled into the Kerr nonlinear
medium. Consequently, the reflected light intensity increases
approximately linear with the increasing incident light inten-
sity along the upper branch curve because the dielectric con-
stant & and the reflectivity remain almost unchanged. How-
ever, if the incident light intensity exceeds the high thresh-
old intensity I, (point B), the reflected light intensity suddenly
jumps to a small value (point C). Physically, the down-switch
phenomenon can be understood as follows: an increment in
the incident light intensity increases the electric field intensity
in the Kerr nonlinear medium and then the dielectric constant
&, which serves to move the resonant angle in the direction
of the angle of incidence and to obtain a larger amplify factor

)
o

A, in the Kerr nonlinear medium. Thus, a positive feedback is
established to cause the resonant angle to change from 5.963°
at point B (see the upper panel in Fig. 4(b)) to 5.966° at point
C (see the lower panel in Fig. 4(c)). With further increase
in the incident light intensity, the reflected light intensity in-
creases linearly again along the lower branch curve since the
fixed angle of incidence 8;, = 5.965° now locates at the reflec-
tion dip’s left edge. In contrast, with the incident light intensity
decreases from point C, the reflected light intensity decreases
along the lower branch curve to point D (low threshold inten-
sity 1), then abruptly switches up to point A and further de-
creases along the upper branch curve to zero. The underlying
physics for the up-switch phenomenon is similar to that of the
down-switch.

1.0

&E« 1.0
g __.__.________.\:-"T’ ;’ 0.8
E RN 70.8 Z 0.6
& / 3
.‘? 40r / /(/ > % 04
Z B /7 106 £ & 0.2
g 0 7/ Pae 2
3 7 | - e 0
E A 7 /’ | - _‘E 1.0
+ ] 1 3
= . |- 0.4 T >
EO 20 B 4, | '/ m E 08
; 7 W = 0.6
9] // b ] 3
‘5 4_.. II / /1 0.2 é 0.4
ot ) 7 -
| L
< N 5 | r 0.2
o 0 L 1 L 0 0 L
0 20 L 40 I 60 80 5.955 5.960 5.965 5.970

Incident light intensity (kW /cm?)

Angle of incidence (°)

Fig. 4. (a) The reflected light intensity and the reflectivity with respect to the incident light intensity, (b) and (c) the corresponding reflection
dips at point B and point C, where the resonant angles are 5.963° and 5.966°, respectively, and the angle of incidence is fixed at 6, = 5.965°.

4. Criterion of optical bistability

In the following, we derive the criterion for the existence
of optical bistability. As shown in Fig. 3(b), the absorption
can be well approximated by a Lorentz fitting curve (see red
curve) with an expression

T 4(6, — 6;)2 + 62
where a is the fitting parameter related to the magnitude of the
peak, 6;, is the angle of incidence, 6, = 0.002° is the FWHM
of absorption peak, and 6, = 5.962° is the resonant angle.

It has been revealed that the increment in the electric field
intensity of the Kerr nonlinear medium Ik, leads to an in-
crease of the dielectric constant &, which gives rise to a right
shift of the reflectivity dip. Combined 6; o & with Eqgs. (1)
and (5), it is found that the resonant angle is also linearly de-
pendent on the electric field intensity in the Kerr nonlinear

medium. The expression is
6, = Gr/ +dIKerr7 (12)

where 6/ is the resonant angle for the case Ixer= 0 and d is
the fitting parameter. Substituting Eqgs. (8), (10) and (12) into

Eq. (11), one can obtain

j - Ikerr £ 4(6in - er/ - dlkerr)z + 9}%
U 24 6 '

Combined the expression R = I;/I;, with Egs. (8) and (10),

the relationship between the electric field intensity in the Kerr

13)

nonlinear medium /i and the reflected light intensity /. can
be expressed as

Lerr = bA I
kerr — 1—A r-

By replacing Ikerr in Eq. (14) with Iy, the incident light inten-

(14)

sity fj, can be described as a cubic function of the reflected
light intensity I;, namely

AbI \2
. A _ r 2
L AL ﬂ4(9m 6! dl_A) + 67
" 1—-A2a 6h '

As shown in Fig. 4(a), when optical bistability exists, there

s)

must be three values of reflected light intensity I, correspond-
ing to an incident light intensity f;,. Two of them correspond
to the upper branch curve and the lower branch curve, respec-
tively, while the middle one is an unstable state. At the down-
switch and up-switch positions (see point B and point D in
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Fig. 4(a)), the derivative of I, with respect to I; equals zero.
Therefore the criterion for the existence of optical bistability
is such that the following equation

dl, A =& bdA \* , . bdA
KT 1—A2a9h'[12<1—A) le = 16(8 = 8) 74 &
+4(9m9r’)2+9}?} =0 (16)

has two distinct roots, which can be satisfied when A > 0.
Therefore, one can obtain
V3

|6in — 6] > = 6n. (17)

Because the angle of incidence is initially fixed at the right
edge of the reflection dip, the criterion for the existence of op-
tical bistability is then written as

V3

Oin >9r’+79h. (18)

For the selected reflection dip with a resonant angle 6] =
5.962° and an FWHM 6, = 0.002°, the angle of incidence
must be larger than 5.9637° to obtain the optical bistability.

= 50 -
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Fig. 5. (a) The S-shaped bistable reflection curves with different an-
gles of incidence, (b) the reflected light intensity with respect to the
incident light intensity at two lower angles of incidence (6;, = 5.9637°
and 6;, = 5.9636°) to illustrate the criterion for the existence of optical
bistability.
The S-shaped bistability reflection curves with a differ-
ent angle offset AG = 6;, — 6/ have been shown in Fig. 5(a).
The incident angle decreases with a step of 0.0004°. The re-

sults reveal that both the high threshold intensity /, and low

threshold intensity I; decrease with the decrease of the in-
cident. Moreover, the high threshold intensity I, decreases
faster than the low threshold intensity /. Thus, the range of
the hysteresis loop becomes narrower with reducing the an-
gle offset slightly. In addition, Fig. 5(b) illustrates the situa-
tion where the criterion of optical bistability is taken into the
consideration. As the incident angle decreases from 5.9637°
to 5.9636°, the hysteresis loop initially is obvious and then
disappears because the criterion of optical bistability is bro-
ken, which agrees to the theoretical calculation (Eq. (18)). As
a result, the obtained minimum value for the low threshold
intensity I is 15.16 kW/cm? and the high threshold inten-
sity I is 15.36 kW /cm?. Compared with the previous results
found,?%32] which are of megawatt scale, our result is much
lower. In the simulation process, it is also found that if the
angle of incidence is fixed, both the high threshold intensity
and the low threshold intensity /; also decrease with a thick-
ened Kerr nonlinear medium since the resonant angle shifts to
the direction of the angle of incidence (result not shown in the
text). Therefore, with this criterion, the ultra-low threshold in-
tensity can be obtained conveniently by optimizing the angle
of incidence and the thickness of the Kerr nonlinear medium.

5. Conclusion

In summary, we have presented an SMCW structure
which contains a Kerr nonlinear medium in the guiding layer
to achieve a bistable reflection with an ultra-low threshold
via the oscillating wave field enhancement effect. Owing to
the high sensitivity of the excited ultra-high order mode, the
threshold intensity is closely related to the angle of incidence
and the thickness of the Kerr nonlinear medium. This device
could have potential applications in all-optical switch and stor-
age.
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