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In this paper, a thin film of oil red O coated by partial dielectric mirrors (PRFORO) operating as an optical bistable
device is proposed. The equation of the output–input intensity relation considering nonlinear absorption inside
PRFORO is derived and the optical bistability (OB) of PRFORO is shown. Additionally, the influence of the non-
linear refractive, absorptive coefficients of oil red O (ORO), reflective coefficient of mirrors, and the thickness of
thin film on the OB is numerically investigated and discussed. As a result, the threshold switching power is lower
than 19 mW; the minimum power of output up-state is larger than 40µW for the optimal PRFORO designed with
an ORO concentration larger than 0.1 mM; the thickness of the thin film is longer than 0.1 mm; and the reflective
coefficient of mirrors is lower than 93%. The proposed model is suitable for all-optical switches, optical images,
and signal processing. ©2020Optical Society of America

https://doi.org/10.1364/AO.391634

1. INTRODUCTION

When an optical nonlinear dispersive (or absorptive) medium,
whose reflective index (or absorbance) depends on light inten-
sity, due to the nonlinear coefficient n2 (or nonlinear absorptive
coefficient α), is placed in an optical like-cavity system such as
Fabry–Perot (FP) [1–4], Mach–Zehnder [5,6], and Michelson
interferometers [7,8], or ring cavity [9–11], light is reflected
back and forth in the nonlinear medium with different phases
that interfere with each other. This can lead to rapid transmis-
sion switching and hysteresis. The hysteresis (or bistability)
of output light depends on the phase matching of reflected
light rays. It means that the transmittance of those systems
is a function of the refractive index, which is controlled by
the output intensity [12]. Those “so-called” optical bistable
devices (OBDs) are used as spatial light modulators [4], optical
ultrahigh-speed switches, and image processing [3]. The combi-
nation of some bistable devices is realized as logic gates “AND,”
“OR,” and “NOT” [13,14]. When using the conventional
nonlinear medium as liquid and gas having the low and positive
nonlinearity (0< n2 < 10−10 cm2/W), the threshold switch-
ing power must be high enough to generate an ON-state (the
up-state of output power) [13]. Even when the dichloroethane
with a nonlinear refractive coefficient of n2 ≈ 10−7 cm2/W
is used to design the nonlinear Fabry–Perot interferometer

(NFPI), its threshold switching power could be higher than
decades of watts [4]. Moreover, there are disadvantages when
using the liquid or gas because it needs the thick medium (a
cuvette to hold them must be thick), demanding a big interfer-
ometer configuration. Since technological development of the
InSb, GaAs, and Te semiconductor bulks [2], GaAs-AlGaAs
quantum wells [3], nonlinear ferroelectric [15] and polystyrene
nonlinear photonic crystals [16] with a nonlinear refractive
coefficient in the range of n2 =∓(10−8

÷ 10−7) cm2/W
[17], the threshold switching power of OBD is reduced to
hundreds of milliwatts, or even less [3]. Using those solid
materials, the OBD can be designed by a thin film (TF) coated
with partial dielectric mirrors (PDMs) on its interfaces [15]
or with quantum mirrors [18]. Moreover, in previous works,
the high nonlinear coefficient (n2 ∼ 10−6 cm2/W) has been
found in the electromagnetic-induced transparency (EIT)
atomic medium [19], and the all-optical switch (AOS) has been
theoretically proposed [9–11,20–22]. Unfortunately, there
are disadvantages when using EIT atomic systems for optical
integrated circuits (OICs): i) it is necessary to use no fewer than
two laser sources with different wavelengths at the same time
[10,11]; ii) the density of the atomic medium must be high
(∼2.5× 1011 cm−3), so it needs a long atomic vapor cell (7 cm)
[11]; and iii) consequently, it must use a ring cavity with long
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length and the OBD’s size must be in decimeter scale at least,
which is similar to that using the Mach–Zehnder interferometer
[5]. It could be expected that the OBD as well as the AOS could
be used for OICs in the future. Fortunately, recently many
organic dyes with the high nonlinear refractive coefficient of
n2 =∓(10−8

÷ 10−5) cm2/W (as in semiconductors and the
EIT medium) are synthesized and used for laser limiting [23]
and AOS [24]. The dried TF of organic dyes as Orange G, Acid
Blue 29, and oil red O (ORO) with a thickness below a mil-
limeter is used to design the laser limiter of the detector [25,26],
nonlinear optical tweezers [27,28], and nonlinear microscope
objective [29]. Previous successes are an opportunity to propose
a PRFORO operating as an OBD. Moreover, in almost all pre-
vious works [2,4,13,14], the absorption effect in the equation
describing the output–input intensities has not yet been consid-
ered. So, when using ORO with high nonlinear absorbance, the
output property of PRFORO will be investigated at the same
time as both nonlinear effects: absorptive and dispersive (Kerr
effect) ones. Moreover, the influence of the principle parameter
on the output properties that determine the configuration of the
OBD has not been investigated yet in detail.

In this paper, we present a proposed model of PRFORO. The
equation describing the output–input relation of light inten-
sities considering the nonlinear absorbance are derived. The
influence of the ORO concentration, thickness of TF, reflec-
tion coefficient of PDMs, and initial phase shift on the output
properties are investigated. Finally, discussion of the optimal
configuration of PRFORO with low threshold switching power
and highest light transport efficiency (LTE) also are shown.

2. MODEL FOR SIMULATION

We consider a TF with thickness d of ORO with nonlinear
refractive coefficient n2 and nonlinear absorption coefficient
β [cm/W]. It is coated by PDM, with a reflection coefficient R
on its surfaces. The model of PRFORO is illustrated in Fig. 1.

A laser beam with electric amplitude A0 irradiates into
PRFORO at an incident angle α. A part is reflected at angle α,
and another one is refracted through the front mirror at angle
γ . The reflection, refraction, and transmission amplitudes of
laser light (Bi , Ci , Di , i = 1, 2, 3 . . .m) through PRFORO are
described by ray optics, illustrated in Fig. 2.

Fig. 1. Simulation model of proposed PRFORO.

Fig. 2. Optical paths of light through PRFORO.

Using the optical scheme of rays (in Fig. 2), we derive the
input–output relation of input and output laser intensities. We
consider the approximations that the reflection coefficient of the
PDM is high enough so that the intensity of light propagating
back and forth inside PRFORO does not change; the input and
diffraction angles are small; the linear absorption is negligible
(to choose the laser wavelength in the inside high transmission
spectrum of ORO), and then the nonlinear absorption and
dispersion play the main role.

The electric field of input light E in can be simplified as the
following:

E in = A0exp[i(ωt − kz− ϕ0)], (1)

where ω= 2πc/λ is the angle frequency, k = 2π/λ, the
wavenumber, λ, the wavelength, c , light velocity, z, position in
the propagation direction, and ϕ0, the initial phase. The reflec-
tion, refraction, and transmission of light continue to be shown
in Fig. 2. We have the set of relations of light ray amplitudes,

|B1| = |A0|
√

1− R
|C1| = |B1|

√
Re−dβ|B1|

2
= |A0|

√
R(1− R) e−dβ|A0|

2(1−R)

|D1| = |B1|
√

1− Re−dβ|B1|
2
= |A0| (1− R)e−dβ|A0|

2(1−R)

 , (2)

|B2| = |A0| R
√
(1− R)e−dβ|A0 |

2(1−R)

|C2| = |B2|
√

R = |A0| R
√

R(1− R) e−dβ|A0 |
2(1−R)

|D2| = |B2|
√

1− Re−dβ|A0 |
2(1−R)

= |A0| R(1− R) e−2dβ|A0 |
2(1−R)

 .

(3)

Finally, we have an expression for the mth transmitted ray,

|Dm | = |A0| Rm/2(1− R)m/2 e−mdβ|A0|
2(1−R). (4)

As shown in Ref. [30], the path difference of two neighboring
rays is given as

1s = 2dn/
√

1− sin2γ , (5)

where

n = n0 + n2 Ic = n0 + n2|A0|
2(1− R) (6)

is the refractive index of ORO, n0 is the linear index, and
Ic = (1/2)c |A0|

2(1− R) is the light intensity inside
PRFORO. The path difference relating to phase shift [31] is
given as the following:
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θ =
2π1s
λ
+1ϕ, (7)

where 1ϕ is the phase shift by the initial refraction. Using
Eqs. (5)–(7), we have

θ =
4πn2d |A0|

2(1− R)

λ
√

1− sin2 γ
+ 2δ, (8)

where

2δ ≈
4πn0d

λ
√

1− sin2γ
+1ϕ (9)

is the total initial phase shift, called the cavity phase tuning [32].
In fact, we can chooseα ≈ γ = 0, so

θ =
4πn2d |A0|

2(1− R)
λ

+ 2δ, 2δ ≈
4πn0d
λ
+1ϕ. (10)

Then, the output light is the sum of all transmitted rays,
i.e., we have

Iout =

m∑
i−1

|Di |
2e j iθ . (11)

Substituting Eqs. (4) and (10) into Eq. (11), using relations
I = (1/2)c |A|2, 1− cos θ = 2sin2(θ/2), and with rearrange-
ments, we have the output–input relation of intensities as the
following:

Iout

{
1+

4Re−dβ(1−R)Iin(
1− Re−dβ(1−R)Iin

)2 × sin2 (φ + δ)

}

=
(1− R)2e−dβ(1−R)Iin(
1− Re−dβ(1−R)Iin

)2 Iin, (12)

where

φ =
2πn2d

(
e−dβ(1−R)Iin − 1

) (
1+ Re−dβ(1−R)Iin

)
λ (1− R)

Iin. (13)

Using Eq. (12), we will simulate the optical bistability (OB)
of PRFORO and influence of parameters as ORO concentra-
tion, thickness of TF, and reflection coefficient of PDM, and
initial phase shift on threshold switching power (TSP) Pth,max

and minimum power of output up-state (MPoS) Pout,min. To
obtain OB, we choose the first period of the sine function only.
We use the following approximation:

sin (φ + δ)= sin(∓kπ + φ + δ)≡ sin
(
φ′ ± δ′

)
, (14)

whereφ′ =
⌈
φ+δ

π

⌉
is the remainder of division φ+δ

π
, and δ′ is the

modified phase shift that satisfies the condition, δ′� φ′ <π .

3. SIMULATION RESULTS AND DISCUSSION

We use the TF of ORO with different concentrations C [mM]
in acetonitrile solvent. The nonlinear refractive index (n2) and
nonlinear absorptive (β) coefficients change corresponding
to the ORO concentration. As shown in previous work [33],

the ORO has a transmission coefficient of about 90% at wave-
lengths longer 530 nm. The coefficients n2 andβ of ORO at the
wavelength of 532 nm are approximately inverse and directly
proportional to the concentration C , respectively (see Figs. 3
and 4).

In the evaporating process, the thickness of TF is controlled
from d = 0.18 mm to d = 0.26 mm. We consider PDM hav-
ing the reflection coefficient R = (93÷ 97)%. The output
property of PRFORO is investigated by using the laser beam
with wavelength λ= 532 nm, beam radius W = 1 µm , and the
average power tuned in the range Pin = (0÷ 300)mW. Using
Eqs. (12)–(14), the OB is simulated and presented in Fig. 5.

We can see that with a given collection of parame-
ters, the TSP, Pth,max, is about 230 mW and the MPoS,
Pout,min, is about 480 µW, which means that the LTE is
E tran = Pout,min/Pth,max = 2.08× 10−3. It is about 10 times
higher than that of the NFPI using dichloroethane (see Fig. 6),
where E tran ≈ 1× 10−4 for the case of n2 = 1× 10−7 cm2/W,
d = 2 mm, and R = 95%; E tran ≈ 2.5× 10−4 for the case
of n2 = 1× 10−7 cm2/W, d = 10 mm, and R = 90%.
The enhancement of E tran of PRFORO in comparison to
NFPI depends mainly on the improvement of the nonlin-
ear refractive coefficient [|n2| ∼ 10−6

[cm2/W] (see Fig. 3)
> n2 = 10−7

[cm2/W] (see Fig. 6)].
Moreover, from the results obtained in previous work [4],

shown in Fig. 6, we see E tran depends not only on the nonlinear
refractive index coefficient, but also on the thickness of the non-
linear medium and the reflection coefficient R . That means that

Fig. 3. Nonlinear refractive index coefficient (with minus sign) ver-
sus concentration of ORO; experimental data (black) and its trend line
(red).

Fig. 4. Nonlinear absorptive coefficient versus concentration of
ORO; experimental data (black) and its trend line (red).
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Fig. 5. OB of PRFORO with C= 0.02 [mM], d = 0.18 mm, R =
93%, and δ′ = 0.015π .

Fig. 6. OB of NFPI using dichloroethane with n2 = 1×
10−7 cm2/W, d = 10 mm, R = 90%, (rectangles) and d = 2 mm,
R = 95 % (triangle); theoretical (dashes); experimental (dots) [4].

Pth,max and Pout,min depend on the principal parameters used to
design PRFORO. Using data in Figs. 3 and 4, the dependence
of Pth,max on the ORO concentration (C [mM]) is presented
in Fig. 7. We see Pth,max and Pout,min reduce with the increase
of the concentration. The attitudes of the two curves in Fig. 7
are similar; hence, the E tran is nearly constant and equals to
2.08× 10−3. Although E tran does not change with the increase
of the ORO concentration, the reduction of Pth,max will be of
interest. The reduction of Pth,max shows that the higher ORO
concentration is, the stronger the nonlinear absorptive and
dispersive effects in PRFORO are, corresponding to higher
nonlinear absorptive and refractive coefficients (see Figs. 3
and 4).

The above consideration is confirmed by studying the
dependence of Pout,min and Pth,max on the thickness of
TF (see Fig. 8). From Fig. 8, it is clear that Pout,min and
Pth,max reduce with an increase of the thickness d . The LTE,
E tran, reduces slightly (E tran = (2.08÷ 2.0)× 10−3 versus
d = (0.18÷ 0.26)mm). So far, we can conclude that the
increase of the TF thickness is similar to the increase of the ORO
concentration, which causes the increase of both nonlinear
absorptive and dispersive effects.

Fig. 7. Pth,max (blue) and Pout,min (red) versus C for the case of d =
0.18 mm, R = 93%, δ′ = 0.015π .

Fig. 8. Pth,max (blue) and Pout,min (red) versus d calculated for the
case of C = 0.1 [mM], R = 93%, δ′ = 0.015π .

As shown in Fig. 1 and Eq. (12), the OB depends also on
the interference between forward and backward fields inside
PRFORO, i.e., it depends on the reflection coefficient R of
PDM.
δ′ = 0.015π , d = 0.26 mm, C = 0.1 mM are fixed; the

OBs of PRFORO with a different value of the reflection coeffi-
cient R are simulated and illustrated in Fig. 9. The dependence
of Pout,min and Pth,max on R are presented in Fig. 10. We see
that as Pout,min decreases and Pth,max increases, E tran decreases
powerfully from 2.08× 10−3 to 0.3× 10−3 with an increase
of R . This behavior can be explained by following reasons:
i) increasing of R results in the enhance fields’ interference,
i.e., the increase of the number of back and forth propagations
inside PRFORO; ii) it also causes the fields inside PRFORO
and output transmission to be lower; iii) then the reduction of
the fields inside PRFORO results in the resonant condition to
be unsatisfied; iv) so that Pin and the Pth,max must be increased.
Finally, the reflection coefficient R of PDM is decreased to
increase E tran.

To choose the initial phase shift, accuracy would be a difficult
problem in the experiment. Therefore, we have calculated the
OB with different initial phase shifts (see Fig. 11). Clearly, we
see that the small phase shift does not influence the shape of OB,
i.e., and the output property of PRFORO.

From all results obtained above, in order to obtain the opti-
mal PRFORO operating as an OBD with the lowest TSP
(Pth,max ≤ 19 mW) and the highest LTE, (E tran ≥ 2× 10−3),
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Fig. 9. OB of PRFORO with C = 0.1 mM, δ′ = 0.015π ,
d = 0.26 mm, and R = 93% (red); R = 94% (magenta); R = 95%
(green); R = 96% (cyan); R = 97% (blue).

Fig. 10. Pth,max (blue) and Pout,min (red) versus R calculated for the
cases of C = 0.1 mM, δ′ = 0.015π , d = 0.26 mm.

Fig. 11. Pth,max (blue) and Pout,min (red) versus δ′ changing from
0.015π (red) to 0.065π (blue) calculated for the cases of C = 0.1 mM,
R = 93%, d = 0.26 mm.

it is necessary to choose the parameters as follows: the concen-
tration of C ≥ 0.1 mM, the thickness of TF, d ≥ 0.26 mm, and
the reflection coefficient of PDM of R ≤ 93%. It can operate
as an OBD used to design an AOS, an optical image, and signal

Fig. 12. Spatial redistribution (a) of laser Gaussian beam (b) by
NFPI [4].

processors. The PRFORO proposed could be used for a laser
beam’s redistribution, and NFPI has been investigated [4]
(see Fig. 12).

4. CONCLUSION

The partial reflection coated TF of ORO with high nonlinear
absorptive and refractive coefficients operating as the OBD is
proposed. The output–input relation of intensities concerning
the nonlinear absorptive effect is derived and the OB simulated.
We have investigated the influence of the main parameters as the
concentration of ORO in acetonitrile solvent, thickness of TF,
and the reflection coefficient of partial dielectric coated mirrors
on the OB, especially on the threshold switching power and
MPoS. The obtained result is the optimal collection of parame-
ters to design an OBD with a lower threshold switching power
and high LTE. Moreover, our model is easy to design: the OBD’s
size is on the millimeter scale, much smaller than that using an
EIT medium. This would provide an incentive to experimental
investigation for all-optical switching, optical images, and signal
processing.
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