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Quadratic Electro-Optic Kerr Effect:
Applications to Photonic Devices

Montasir Qasymeh, Michael Cada, and Sergey A. Ponomarenko

Abstract—We propose novel applications of the quadratic
electro-optic Kerr effect to photonic devices. Specifically in this
work, two new illustrative examples are described, namely an
electrically controlled multistable switch (ECMS), and an electri-
cally tunable Bragg grating (ETBG). Their functionality is based
on the third-order nonlinearity in an isotropic medium. On one
hand, we note that the first key feature is the all-optical as well as
electro-optical control/tunability. This can be achieved only in the
third-order nonlinear material as opposed to a more frequently
used linear electro-optic effect exploited in optical crystals. On the
other hand, the second important key feature is the availability
of integrated and compatible materials that show third order
nonlinearity. In the first application proposed here, ECMS, the
interplay between the quadratic electro-optic and all-optical
Kerr effects is crucial for its tunable operation and leads to an
interesting feature of storing an electrical information optically. In
the second example, ETBG, employing the quadratic electro-optic
effect makes it attractive thanks to the existence of the third-order
nonlinearity in many interesting isotropic materials that are suit-
able for device integration. Devices such as modulators, switches,
mixers, variable attenuators or optical limiters can be designed.

Index Terms—Integrated opto-electronics, nanocrystals, optical
nonlinearities, photonic devices.

I. INTRODUCTION

PHOTONIC DEVICES utilizing nonlinear optics have been
studied, designed and implemented over the last several

decades. Indeed, the history of the nonlinear optics goes back
as early as 1875 when Kerr [1] showed that a dc biasing elec-
tric field can induce a birefringence in optically isotropic media.
The birefringence was proportional to the square of the dc elec-
tric field. This Kerr effect can be described by a third- order
nonlinear susceptibility. Consequently, the following years, and
especially since the sixties of the last century, have seen an ex-
tensive interest of the researchers in the possible practical ex-
ploitation of the nonlinear optical phenomena in nonlinear op-
tical devices. Mainly the second-order and the third-order op-
tical nonlinearities have been studied and employed.

It is known that the second-order nonlinear phenomenon that
exists in various optical crystals induces the linear electro-optic
effect, while the quadratic electro-optic phenomenon and the
associated all-optical responses appear in third-order nonlinear
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media, including isotropic materials. Many structures and de-
vices have been proposed, designed, implemented and tested
over the years. For example, the second-order nonlinearity has
been exploited in electro-optic modulators [2], or for efficient
second-harmonic generation [3] whereby the lithium niobate
material has offered one of the best operating parameters. On
the other hand, the third-order nonlinear effect has been utilized,
most of the time, for all-optical switching and all-optical bista-
bility [4], four-wave mixing or for soliton generation in optical
fibers [5].

Although the use of well-known linear electro-optic materials
for implementing various functional devices has been concep-
tually and principally successful, material problems still exist.
Most optical crystals possessing strong linear electro-optic ef-
fects are not compatible with and/or suitable to device integra-
tion technologies. The scalability is also a problem and has some
fundamental limitations due to, again, material and technolog-
ical issues. The third-order nonlinearity, on the other hand, ex-
ists in a wide variety of commonly used materials that can be
integrated and have already been used in microelectronics and
for optical waveguide components. Also, all-optical effects can
be utilized in device functionality, which is not the case with the
linear electro-optic materials.

The problem with the third-order nonlinearity, however, is
that this effect is very weak in most materials. Therefore, when
a figure of merit of a device functionality is considered, the
linear electro-optic materials offer superior operational param-
eters. The promise of the development of new materials that the
material and technology researches have been focussing on in
recent years is quite attractive, as it falls under the umbrella of
nanotechnology. Structures, materials and devices are being de-
veloped on the nanometer scale, thus promising a potential to
open a new world of scalability and integration.

Meanwhile, it is well known that reducing the size of the op-
tical materials structures to a nanoscale (diameter smaller than
the Bohr exciton in a bulk crystal of the same material) would
lead to significant (orders of magnitudes) enhancements of the
third-order optical susceptibility due to the confinement effect.
It is thus believed that the electro-optic and all-optical devices
based on the third-order nonlinearity may offer an attractive al-
ternative solution for integrated opto-electronics. Therefore, al-
though the challenge to design, implement and develop practical
devices by building such structures based on the third-order non-
linearity appears still quite difficult, the promise exists and the
potential seems to be realistic for the foreseeable future.

In this work, a different use of the third-order nonlinearity is
considered. Since any third-order nonlinear medium exhibits a
property of being able to support all-optical and electro-optic
effects simultaneously, an interplay between the electro-optic
and all-optical Kerr effects is suggested as a functional phe-
nomena potentially exploitable in novel photonic devices. A
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thorough theoretical treatment is presented in [6]. It should be
noted that this new interplay can only be realized with the help of
a quadratic as opposed to a more frequently used linear electro-
optic effect. Therefore, novel designs of electrically controlled
all-optical devices can be introduced. Two illustrative examples
are discussed below, namely an electrically controlled multi-
stable switch (ECMS) and an electrically tunable Bragg grating
(ETBG).

The paper is organized as follows. In Section II, the relevant
theoretical background is briefly reviewed. In Sections III and
IV, the proposed applications are described, including some nu-
merical simulations. Section V addresses the critical material is-
sues, and Section VI summarizes the results and conclusions.

II. THEORETICAL BACKGROUND

Let us consider a superposition of a dc electric field and el-
liptically polarized optical field, propagating along the axis in
a Kerr-like nonlinear medium. The dc field is along the axis
such that

(1)

where and are the Cartesian components of the optical
field, are unit vectors, and is the strength of the dc
field. The field evolution in the medium is governed by the well
known nonlinear wave equation

(2)

Here is the electric displacement. The nonlinear polarization
field of a Kerr-like nonlinear medium can be represented
as

... (3)

Here is the third-order dielectric susceptibility.
For isotropic media whose dielectric response is of electronic

origin, the third-order dielectric susceptibility tensor is known
to take the form [5]

(4)

Further, we assume that lies well below any resonant fre-
quency of the medium. It then follows that can be con-
sidered frequency independent such that one can safely neglect
nonlinear dispersion and absorption [7]. On substituting from
(1) and (4) into (3), we conclude that the nonlinear polarization
at frequency can be expressed as

(5)

where

In this work, we will, for the most part, restrict ourselves to
the case of linearly polarized optical fields such that .
Solving the nonlinear equation in (2) along with the polarization
in (5) enables one to describe accurately the behavior of using
the concept of an effective nonlinear refractive index of the form

(6)

where , , and is a linear refrac-
tive index of the medium. In (6), the first two terms specify the
linear and quadratic (electro-optic Kerr effect) response of the
medium, whereas the last term describes the familiar all-optical
Kerr nonlinear response.

III. ELECTRICALLY CONTROLLED OPTICAL MULTI STABILTY

Optical multistability occurs in systems that exhibit more
than one stable optical output for a given optical input. In last
decades, there was intensive interest in optical multistability
as a potential functional candidate for applications in optical
switching, optical communications and in optical computing.
One of the first investigated structures for optical multistability
was the Fabry–Pérot resonator filled with a nonlinear material.
This resonator was first studied by Gibbs [8]. The optical
multistability of such a system can be explained by observing
the multiple outputs with the hysteresis transfer function being
a consequence of unstable output ranges.

In this work, we show that such hysteresis transfer function
properties are controllable by an external biasing dc electric
field. This leads to the optical output stability being electrically
controlled for a given optical input. A tunable all-optical device
could in principle be constructed as a result. A phase operational
diagram is then introduced that illustrates such a functionality;
namely, that the output stability states are determined by the ac-
tual values and the history of both the electrical biasing and the
optical input. In other words, optical mutistability is dually (op-
tically and electrically) controlled in a memory manner.

To demonstrate the effect, let us consider a Fabry–Pérot res-
onator of length filled with a nonlinear refractive material.
The cavity mirrors are assumed identical and lossless. The mir-
rors’ reflectance, , and transmittance, , satisfy a standard re-
lation, i.e., . It is straightforward to show that the
transfer function between the input light intensity, , and the
output light intensity, , is [7]

(7)

The transfer function is defined as ; the con-
trol parameter , employing the introduced concept of the effec-
tive refractive index in (6), is given by ,
where , , and

. Here is the phase of the mirrors’ re-
flectivity; , and .

As can be seen from the transfer function in (7), the biasing
dc electric field controls the hysteresis of the resonator; this
is a direct consequence of the interplay between the quadratic
electro-optic and self-phase modulation effects. In Fig. 1, the
input-output intensity relation is shown, using a nonlinear ma-
terial with m V . Each hysteresis loop
in the figure corresponds to a different dc bias. The biasing dc
fields are , V m, V m,
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Fig. 1. Input–output characteristic for different biasing dc electric fields.

Fig. 2. Optical output as a function of the biasing dc electric field for different
optical inputs.

V m, and V m. The dashed lines
are the unstable optical outputs for given dc electric fields that
cause the multistabilities. For example, on applying the external
dc field and increasing the input intensity, the output in-
tensity will increase until it jumps from point to point . On de-
creasing the optical input from there on, the optical output would
jump back from point to . These transition bistable values are,
however, quite different for different biases. It is thus clearly
seen in Fig. 1 that the dc electric field controls the required op-
tical input for bistable switching as well as the corresponding
output values. It could be noted that, for example, some outputs,
which are unstable, become stable, and vice versa, for different
biases. This tuning property offers a promise for designing novel
electrically tunable/reconfigurable all-optical devices.

An interesting question arises whether and how the system
evolution will change if the biasing dc field is a control param-
eter while the optical input remaines constant. To answer this
question, one can employ the linear stability analysis [9] that
will describe the output stability behavior depending on the dc
bias. We now consider the situation such that all characteristic
evolution times, including the cavity round-trip, and the cavity

decay time are much longer than a typical time, associated with
the dynamics of the control parameter . Therefore, the time re-
sponse of the system is characterized by a single response time
of this control parameter, and the control parameter evolution is
governed by the following phenomenological rate equation [10]

(8)

Here is a relaxation time. Note that the response time is equal
to zero at the equilibrium value

Now, let us perturb the control parameter from its equilib-
rium value by . The time response to a small
perturbation can be described by the following differential equa-
tion:

(9)

The solution for such a small perturbation can be obtained
straightforwardly from (9) as

(10)

where is a constant.
It follows that all stable optical outputs can be realized pro-

vided that

(11)

One can now construct a phase diagram of all possible stable
optical outputs for a given input as a function of the external
dc electric field. Fig. 2 maps the entire possible stable optical
outputs space as a function of the external dc electric field with
different optical inputs being a parameter. It can be concluded
from Fig. 2 that the dependence of the system evolution on
the external dc field exhibits a hysteresis-like character as well.
Namely, the value of the optical output, at a certain dc field, de-
pends on the history of that dc field. For example, considering
a given optical input W m , starting from the ini-
tial point , and having the optical output W m ,
increasing the dc basing field will drive the operating point to
follow the arc . Further increase of the dc biasing field
will cause the operating point to jump from position to posi-
tion , where W m . It follows that on decreasing
the external dc field to the same initial value one can cause the
operating point to shift to position , where W m .

Such an optically stored electric hysteresis control is a novel
feature that can be potentially utilized in the future applications.
For example, this hysteresis effect can be used to store electrical
signal (information) optically since the optical system here can
remember and store the action of the past electrical signal be-
havior. For efficient optical electric signal’s storage, i.e., low
electric signal amplitude, one can use higher optical input. Fur-
thermore, a dc electrical offset can be employed. For example,
in Fig. 2, by using optical input W m , and a dc
offset of 8 V m to bias the initial operating point at point ,
an electrical signal with amplitude less than 3 V m can be
stored optically by changing the optical output from the point

to the point while passing through the arc .
This will change the optical output from W m
to W m while the electrical signal is not there
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Fig. 3. Optical output as a function of the biasing dc electric field for different
optical inputs.

any more, i.e., optical storage of an electrical signal has been
achieved.

One can obviously expect to have more efficient hysteresis
behavior, both electrical and optical, by employing materials
with stronger nonlinearity. For example, in order to examine the
behavior in more detail, Fig. 3 maps the entire possible stable
optical outputs space as a function of the external dc electric
field with different optical inputs being a parameter, in analogy
to Fig. 2. The third-order nonlinear susceptibility was taken as

m V .
It is seen in Fig. 3, that in order to observe the dual hysteresis

behavior, the needed optical inputs and the electrical bias are
smaller than in Fig. 2. In comparison, using an optical input

W m and a dc offset of 2 V m to bias the ini-
tial operating point at the point , an electrical signal with am-
plitude less than 1.5 V m can be stored optically by changing
the optical output from the point to the point while passing
through the arc . This will be changing the
optical output from W m to W m .
Thus, the optical system remembers the electrical signal effi-
ciently.

IV. TUNABLE BRAGG GRATING

Bragg gratings have a variety of applications in optical com-
munications, e.g., as filters, gain flatteners, and dispersion com-
pensators [11]. They also find use in other fields such as medical
applications [12] or civil structures [13]. Controlling (tuning)
the dispersion relation and thus the photonic (Bragg) bandgap
electronically offers a new free parameter for the system de-
signer and, as a result, enhances the system flexibility for the
implementation of new functionalities.

An electronically tunable Bragg grating (TBG) can be con-
structed based on the third-order nonlinearity discussed here.
The potential of the external electric field assistance in the third-
order nonlinearity becomes apparent when it is instrumental to
the functionality of the Bragg grating structure. The key fea-
ture is the well-known dispersion property of Bragg gratings

whereby their dispersive response is very strong if one operates
sufficiently close to the Bragg resonance [14]. This takes place
even when the refractive index changes are very small.

A simple analytical model below demonstrates the effect of
the external electric field on one-dimensional periodically lay-
ered medium. Let us assume a medium with a periodic refractive
index of the form

(12)

where is the linear refractive index, is the period, and is
an integer. One can approximate the structure’s reflectivity by
[14]

(13)

Here is the length of the periodic media, is the linear cou-
pling coefficient, and the parameter is given by

, where is the phase mismatch factor. The bandwidth
of the main reflectivity peak (the bandwidth of the transmittance
forbidden frequency zone) can then be approximated by

(14)

with being the geometrical average of the linear refractive
index, and being the speed of light in vacuum.

Assuming now low light intensity such that one can neglect
the all-optical effects, and applying a dc electric field in the di-
rection of the optical field polarization, (13) and (14) can be
used. The effective refractive index concept, introduced by (6),
can also be employed with the last all-optical term there being
omitted. Taking the periodic layered media that has the fol-
lowing refractive index distribution:

(17)

The effect of the biasing dc field can be described by exploiting
(13) and (14). The corresponding parameters can be expressed
as

(18)

Here is the nonlinear susceptibility of the first and the
second layer materials, respectively, and is the light wave-
length. If one considers a special case such that the nonlinear
susceptibility of the second material’s layer is very small, the
parameters in (18) can be simplified as

(19)
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Fig. 4. Bragg reflectivity with different biasing dc electric fields.

Fig. 4 shows the reflectivity of a periodic layered media of
two materials, which has the Bragg frequency equal to 193 THz.
One of the materials is assumed to have m V ,
while the other material is linear.

One can see from the figure that the external dc electric field
controls the reflectivity’s amplitude and the lower and upper cut-
offs of the band edges. In this illustrative case, the reflectivity
peak value changes from 0.95 to 0.75 by changing the dc electric
field from 0 to 10 V m. At the same time, each band edge of
the main bandgap is shifted by 2.7357 THz. One notices that it
is the band edge shift that is quite pronounced.

In Fig. 5 the silicon nanocrystal with
m V is employed as the first material. The Bragg

lower edge frequency lies at 1065 nm. Here the other mate-
rial has a negligible nonlinear susceptibility. In this case, the
reflectivity peak value changes from 1 to 0.98 by changing
the dc electric field from 0 V m to 10 V m. At the same
time, each band edge of the main bandgap is shifted by 1.7764
THz. One should note that, as stated before, the potential of the
external electric field assistance in the third-order nonlinearity
becomes apparent in the Bragg grating structure, if one operates
it sufficiently close to the Bragg resonance.

On the other hand, as a very conservative example, let us con-
sider one of the layered materials be ordinary glass with an ex-
tremely small nonlinearity of m V , and
the other material be air. A change in the dc bias from 0 V m
to 10 V m will have no noticeable effect on reflectivity’s peak
amplitude. However, the main band edges will shift by 10 MHz,
which is certainly a measurable value even at optical frequen-
cies and thus potentially usable in new devices.

This type of a tunable Bragg grating with characteristics illus-
trated in Figs. 4 and 5 suggests possible novel applications. For
example, an opto-electronic amplitude modulator or an electri-
cally controlled switch can be designed. Also, a fast electronic
mixer or an electrically controlled pulse shaper for short optical
pulses with carrier frequency close to the band edge appears fea-
sible, or a variable electrically controlled optical attenuator or
a limiter are realistic and very attractive. The grating material
could be any of the known material systems that are suitable

Fig. 5. Bragg reflectivity with different biasing dc electric fields (sil-
icon-nanocrystal).

for monolithic integration and possesses the third-order nonlin-
earity, including glass, III-V or II-VI compound semiconduc-
tors, organic materials, or low-dimension structures, to mention
just a few examples. Moreover, using the high index-contrast pe-
riodic structures (photonic crystals) in two or three dimensions
certainly appear very appealing considering the added electrical
control the Kerr medium offers.

V. MATERIALS

A material with a large enough third-order optical nonlin-
earity still represents a fundamental challenge to implementing
efficient photonic devices based on nonlinear optics. One of the
lately most studied techniques to enhance the nonlinearity is a
low-dimensional structured material. The nonlinear response of
the low-dimensional materials has been theoretically and ex-
tensively experimentally investigated [14]–[30]. Most of the re-
search attention has been directed towards the resonant active
nonlinearity regime that results from exciton states, where the
incident light contains frequencies close to or slightly above the
fundamental absorption edge. The enhancement of the excitonic
binding energy caused by the quantum confinement effect in
such structures can lead to drastic increases in the third-order
optical nonlinearity.

However, employing a dc electric field requires the off-res-
onance nonlinearity regime that results from the anharmonic
motion of bound electrons, where the light frequencies are well
below the absorption edge and within the transparency region.
Therefore, our search for a suitable medium should be directed
towards a nonlinear material in its transparency regions, which
is possessing a large nonlinearity.

Fortunately, it has been reported theoretically [21] and
experimentally [22]–[25] that the three-dimensional quantum
confinement can enhance and control the nonlinear optical
properties in the transparency region. For example in [22], a
nonresonant nonlinearity of the photoluminescent 75% porosity

-type microporous silicon is reported at photon wavelengths
spanning the middle-gap region of the sample. The reported
nonlinear susceptibility values were m V
at nm, m V at 900 nm, and
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m V at 860 nm, respectively. The exper-
imental results revealed no evidence of two-photon absorption,
which means that the nonlinearity values were all refractive.
Another experimental work of characterizing high-porosity
freestanding porous silicon sample can be found in [23], where
the nonlinear refractive index values, signs and the pure refrac-
tion nature in the transparent region all agreed with the above re-
ported values. Another important experiment is reported in [24],
where the measured third-order optical nonlinear refraction of
nanostructure silica nanoaerogels was quite large compared to
that of bulk silica, with a value of m V . A
high figure of merit, , was observed for 0.07 cm
density with m W. ZnO nanoparticles coated
by surfactant molecules were synthesized by microemulsion
method in the experiment reported in [25]. The third-order
optical nonlinearity of ZnO composite nanoparticles with
different interfacial chemical environment were investigated.
The sign and the magnitude of the real part of and the
nonlinear absorption coefficient, , at 790 nm were measured
as m W and m W,
respectively, for ZnO–DBS composite nanoparticles with
DBS being the anionic surfactant, dodecyl benzene sulfonate.
The values for ZnO–CTAB composite nanoparticles with
CTAB being the cationic surfactant, cetyltrimethyl ammo-
nium bromide, were m W and

m W, respectively. The ultrafast nonlinear
response time ( fs) measured by the time-resolved
pump-probe technique at an excitation wavelength of 647
nm suggests that the optical nonlinearity below the bandgap
originated mainly from a rapid electronic polarization process
or a virtual process such as the optical Stark effect.

Another important low-dimensional material for nonlinear
optics is the organic molecules material. It can be processed
easily into a stable solid-state material, and it is flexible in terms
of molecular design. Several interesting experimental results
have been reported for such materials. For example, an exper-
imental measurement of a nano-optical material based on the
nonconjugated conductive polymer, poly ( -pinene) doped with
iodine has been reported in [26], that showed a large third-
order nonlinearity at m. The value of

m V was, at its maximum, about 50 times larger
than that of nitrobenzene. Also, experimental observations of a
large third-order optical nonlinearity in the fullerene containing
polyurethane films at m have been reported in [27]
with m W. An interesting property of this
material is that it has a zero nonlinear absorption coefficient at

m, thus a large figure of merit is obtained.
Another important material is the semiconductor

quantum-dot array embedded in an organic medium [28]. For
organic–CdS nanocomposites, large two-photon absorption
in the visible and near infrared regions are experienced when
the CdS nanoparticles have relatively large particle sizes,
about 3 nm or larger, yet still within the limits of confinement
requirements [29]. For smaller particles, the exciton bands
are shifted toward the blue, and the nonlinear response in the
visible and near infrared regions, away from resonance, is
expected to be mostly real. An experimental measurement of a
cadmiun sulfide-dendrimer nanocomposite with nanoparticle
sizes of 2.2 nm has been reported in [30]. Large nonlinear
coefficients and low nonlinear absorption losses were
observed at nm. The nonlinear susceptibility was

m V and the nonlinear absorption coefficient
was m W.

Although, as briefly outlined above, a significant progress has
been made to synthesize and produce a relevant material with
a sufficiently large third-order nonlinearity, indeed, further re-
search is still needed. Availability of applicable materials with
large nonlinearities and low losses at suitable operating wave-
lengths is an ongoing challenge that, clearly, keeps many inter-
esting device designs, including some parts of the proposals in
this work, within a conceptual rather than practical domain.

VI. CONCLUSION

The applicability of a biasing dc electric field in third-order
optical nonlinear media to photonic devices has been discussed
and modeled. Two illustrative novel applications based on this
quadratic electro-optic Kerr effect have been proposed. First,
electrically controlled optical multi-stability has been investi-
gated whereby it was found that the biasing dc electric field
can control the optical multi-stability transfer function. It was
also shown that the electrical controllability offers memory-type
functionality where the value of the optical output, at a certain
dc field, depends on the history of that dc field. Thus, an attrac-
tive way of storing electrically encoded information is envisaged
via a state of the optical field. Second, a simple tunable Bragg
grating has been analyzed. A modulator/switch, a fast opto-elec-
tronic mixer, a variable attenuator, or an optical limiter could be
designed exploiting such a dispersive structure or a similar con-
figuration (interferometer, resonator etc.).

Since the third-order nonlinearity exists in many materials
suitable for photonic devices and their integration, the exploita-
tion of the quadratic Kerr effect offers ultra-fast functionalities
and opens up new possibilities (isotropic materials, integration,
scalability, cost) that cannot be otherwise realized with com-
monly used linear electro-optic materials. Also, since the off-
resonant nonlinear response of many optical media well below
the saturation point is Kerr-like, the presented results are appli-
cable to a wide variety of photonic materials and they may offer
viable alternatives for future generations of efficient opto-elec-
tronic devices, components and systems.
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