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Nonlinear photonic crystals made from polystyrene materials that have Kerr nonlinearity can exhibit
ultrafast optical switching when the samples are pumped by ultrashort optical pulses with high intensity
due to the change of the refractive index of polystyrene and subsequent shift of the band gap edge
or defect state resonant frequency. Polystyrene has a large Kerr nonlinear susceptibility and almost
instantaneous response to pump light, making it suitable for the realization of ultrafast optical switching
with a response time as short as a few femtoseconds. In this paper, we review our experimental progress
on the continual improvement of all-optical switching speed in two-dimensional and three-dimensional
polystyrene nonlinear photonic crystals in the past years. Several relevant issues are discussed and
analyzed, including different mechanisms for all-optical switching, preparation of nonlinear photonic
crystal samples by means of microfabrication and self-assembly techniques, characterization of optical
switching performance by means of femtosecond pump-probe technique, and different ways to lower the
pump power of optical switching to facilitate practical applications in optical information processing.
Finally, a brief summary and a perspective of future work are provided.
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digital information data and the optical fiber commu-
nication industry for transporting information at high
speeds, huge amounts, and long distances. It is now
hard to imagine life without a computer, mobile phone,
and Internet. Nonetheless, the ever-increasing demand
for faster information transport and processing capabil-
ities has never gone to an end. Demand on higher-level
information technology in our data-hungry society has
driven enormous progress in the silicon microelectronics
industry and we have witnessed a continuous progres-
sion towards smaller, faster, and more efficient electronic
devices in the past, current, and future days. Nonethe-
less, the downscaling of the size of these devices has also
brought about a wide variety of fundamental and techno-
logical challenges. Currently, two of the most daunting
problems preventing significant increases in the micro-
electronic processor speed are thermal and signal delay
issues associated with electronic interconnection. Opti-
cal interconnects, on the other hand, possess an almost
unimaginably large data carrying capacity, and may offer
interesting new solutions for circumventing these prob-
lems. Photons are good carriers for information and en-
ergy because they have much faster transfer speed, better
parallel degree, and more capabilities of frequency carrier
than electrons.

In this context, more and more attention has been
drawn to the realization of large-scale ultrasmall all-
optical or optoelectronic integrated circuits that allow
fast information processing and easy coupling and con-
nection with the microelectronic circuit. Several schemes
have been proposed and seriously explored and exam-
ined, including those based on photonic crystal devices
[1-3] and plasmonic devices made from metal nanostruc-
tures [4, 5], which are able to realize optical devices on
the wavelength scale of light signals. Great efforts have
been extensively made not only in the design and re-
alization of different types of high performance optical
functional elements that are necessary for constructing
an integrated optical circuit, but also in the development
of a new chip-scale device technology that can help infor-
mation transport and connection between nanoscale de-
vices at optical frequencies and bridge the gap between
the world of nanoscale electronics and microscale pho-
tonics.

In the way to pursue an all-optical integrated circuit,
different composite functional elements have been de-
signed, optimized, and brought into reality by state-
of-the-art microfabrication technologies on silicon-on-
insulator (SOI) or other III-V semiconductors platform.
These technologies include electron-beam lithography,
focused ion-beam (FIB) lithography, and X-ray lithog-
raphy, in combination with wet and dry etching tech-
niques. Two categories of optical devices are considered:
the passive devices that include waveguides, cavities, fil-
ters, waveguide bends and splitters, interferometers, and
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so on, and active devices that include nanolasers, mod-
ulators, optical switches, photodetectors, and so on. To
bring these elements and devices into practice and more
importantly into large-scale integration for useful optical
signal processing applications, several fundamental and
technological obstacles need to be overcome. The first
is the idea and scheme to design high performance de-
vices, mainly through large scale numerical simulations
and optimizations. The second is use of high accuracy
microfabrication technologies, which is now pretty ma-
ture due to the long history of the microelectronics in-
dustry. The third is to find high performance materials
based on which these devices are realized. The ordinary
semiconductors cannot satisfy all special demands for
different signal processing functionalities. For instance,
although silicon photonic crystals have large photonic
band gaps due to the large refractive index of silicon
(n = 3.4) around the telecommunication wavelength of
1.55 um and allows for building of many useful devices
based on defect states, silicon is not a good material
for photoemission that promises for nanolasers. Another
example is that all semiconductors do not have large
enough optical nonlinearity, so it is hard to make practi-
cal high speed optical switches and modulators based on
microscale photonic crystal devices. It is thus very im-
portant to develop suitable materials that are compatible
with semiconductor photonic crystal devices.

All-optical switching is an essential component in all-
optical networks. Compared with the traditional electro-
optical switching, all-optical switching has the obvious
advantage of ultra-fast time response, which meets the
need of high-speed information processing. Many re-
searchers have concentrated on this aspect for a long
time. Several materials, ranging from dielectrics to semi-
conductors and organics, have been investigated to char-
acterize their linear and nonlinear properties for all-
optical switching. Friberg et al. reported the first
demonstration of a nonlinear dual-core fiber coupler
switch capable of substantial complete all-optical switch-
ing at subpicosecond rates [6]. Almeida et al. realized an
all-optical switching on a silicon chip by the structure of
ring resonator [7, 8]. Sasaki et al. proposed an all-optical
switching in a composite thin film of silver and polymer
matrix containing photochromic dye [9, 10]. However,
there are still several main challenges for the practical
application of all-optical switching: very high pump in-
tensity, low switch contrast, and the response time limits
set by the materials or the physical principles themselves.
Therefore, searching for nonlinear materials that possess
a larger third-order (namely, Kerr) nonlinear suscepti-
bility (X(S)) and designing more suitable structures that
can effectively enhance the inner field at the nonlinear
areas are two effective ways to improve the performance
of all-optical switching.

Compared with the traditional semiconductor mate-
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rials, such as silicon, InP, or GaAs, conjugated organic
molecules and polymers [11, 12] possess a relatively large
third-order nonlinear susceptibility and femtosecond re-
sponse time, which are of great importance to the re-
alization of all-optical switching. Note that the third-
order optical nonlinear susceptibility is on the order of
10712 ¢cm? /W for usual conjugated organic molecules and
107 em?/W for traditional semiconductor materials.
Moreover, by introducing dye molecules [13-15] or gold
nanoparticles [16] into the polymer thin films, the third-
order nonlinear susceptibility will become even larger.
On the other hand, the photonic crystal, which has pe-
riodic dielectric or metal-dielectric arrays in one-, two- or
three-dimensional space, is a very good arrangement to
provide the high field enhancement effect in the nonlin-
ear optics areas. The photonic crystal, first proposed by
Yablonovitch [17] and John [18] in 1987, can control the
propagation of electromagnetic waves in the same way as
periodic potential in a semiconductor crystal affects the
electron motion by defining allowed and forbidden elec-
tronic energy bands. Because of coherent Bragg scatter-
ing by the periodic arrays, the photonic crystal has the
property of band gap effect [19-25], and light waves with
the frequencies located within the band gap are forbidden
to propagate. When a disorder (such as line or point de-
fect) is introduced into the periodic structures artificially,
there will be localized defect modes in the band gap fre-
quency regions [26-34]. Because of the combination of
these two effects, photonic crystals have found potential
applications in a wide variety of areas such as inhibition
of spontaneous emission [35-39], high-reflecting omni-
directional mirrors [40-43], low-loss waveguides [44-48],
photonic crystal fibers [49-52], optical filters [32, 53-55],
diodes [56, 57], all-optical switching [58—63] and so on.
By introducing nonlinear optical materials into pho-
tonic crystal structures, the optical properties can be
tuned by an external drive, such as a strong pump laser.
This tunable property is important for all-optical switch-
ing or modulators. Nowadays, many researches of all-
optical switching have turned to nonlinear photonic crys-
tal structures, which involve Kerr nonlinear materials in
the structure. In theory, Fan et al. proposed an ana-
lytic theory to study the switching dynamics in photonic
crystal microcavities [64]. Soljacic et al. investigated
properties of hybrid systems of photonic crystal micro-
cavities incorporating a highly nonlinear ultraslow light
medium, and found that such systems can enable ultra-
fast nonlinear all-optical switching at ultralow (even sin-
gle photon) energy levels [65]. In experiment, Tanabe et
al. reported an all-optical switching in the telecommuni-
cation band with extremely low switching energy (a few
100 £J), high switching contrast (about 10 dB), and high
speed (about 50 ps) on the silicon chip by using pho-
tonic crystal nanocavities [66]. Hu et al. reported ultra-
fast and low-power photonic crystal all-optical switching
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based on strong optical nonlinearity enhancement due to
excited-state inter-electron transfer [15]. The switching
operation power is reduced by four orders of magnitude,
and the ultrafast response time is on the order of one
picosecond.

It is the aim of this review paper to discuss ultrafast
optical switching based on nonlinear photonic crystals.
Several aspects of basic physical and material science
problems will be addressed. We illustrate the fundamen-
tal physical principles of all-optical switching in nonlin-
ear photonic crystals and highlight the recent experimen-
tal progress that we have made to continually increase
the switching speed to its limit. The arrangement of this
article is as follows. In Section 2 we present the funda-
mental physical principle of all-optical switching in non-
linear photonic crystals with several different operation
routines. In Section 3 we discuss several materials science
schemes to realize nonlinear photonic crystal structures
for all-optical switching application. The detailed exper-
imental preparations, arrangements and measurements
in two- and three-dimensional nonlinear photonic crystal
all-optical switching are shown in Sections 4 and 5, re-
spectively. In Section 6 we further discuss ways towards
low-pump-power and high-switching-contrast all-optical
switching. Finally, we summarize this review in Section

7.

2 Principles of all-optical switching in nonlin-
ear photonic crystals

Generally speaking, all-optical switching in nonlinear
photonic crystals can be classified into two kinds. In the
first kind, the switching exploits the nonlinearity of the
material by controlling the intensity of the input signal,
and this utilizes a sort of self-switching effect where the
input pulse will trigger optical switching by itself. In the
second kind, the nonlinearity is exploited by launching
a control beam to trigger optical switching for the input
signal which can maintain a relative low level of intensity.
Nonlinear photonic crystal provides new mechanisms to
realize all-optical switching based on different nonlinear
effects.
usually used in photonic crystal structures are analyzed,
which include photonic band gap edge shift, defect mode
shift, optical bistability effect, and two-photon absorp-
tion effect.

In the following, several mechanisms that are

2.1 Band gap edge and defect mode shift

According to the basic electromagnetic theory of pho-
tonic crystals, the band gap is strongly dependent on
the refractive index of each composite material. There-
fore, for a nonlinear photonic crystal with a composite
material exhibiting Kerr nonlinearity, the refractive in-
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dex will change dynamically under the incident high-
intensity pump beam, which will lead to the shift of
the photon band gap [67-69] [see the schematic of Fig.
1(a)]. When the signal light is just located at the band
gap edge, its transmission energy will change dynami-
cally with respect to the pump beam as the signal light
either sees the pass band with high transmissivity under
no pump light or the band gap with low transmissivity
under pump light. The contrast in the transmission sig-
nal intensity will realize the “on” and “off” state of an
optical switching. More interestingly, because the optical
switching is driven by the external pump light, the major
properties of the switching, which is the response speed
and switching contrast, can be well controlled by the in-
tensity and pulse duration of the pump light. Suppose
that the nonlinear material has a very fast (say, almost
instantaneous) optical response to the driven light, the
response time of the switching should be on the order of
the duration time of the pump light pulse. This means
that it is possible to utilize state-of-the-art ultrashort
pulse laser technique, in particular the femtosecond laser
technique, to realize a super-fast switching speed (down
to a few femtoseconds) that is several orders of magni-
tude larger than the traditional optoelectronic switching
(tens of picoseconds).

There is another unique property for photonic
crystals—existence localized defect modes that are easy
to engineer and control [30, 70, 71]. When a defect is
intentionally introduced into the periodic arrays in an
appropriate way, a high transmission state will appear in
the band gap with a sharp and narrow resonance peak,
and this corresponds to a defect mode. The defect state
will also shift with the change of refractive index. Sim-
ilar to the situation of band gap edge shift, the shift of
defect state can also be exploited as a controllable opti-
cal switching under external pump light. Such a picture
is depicted in Fig. 1(b). By suitable designing, the de-
fect mode shift can be made to be much more sensitive
than the band gap edge shift upon a tiny change of re-
fractive index. This may be very useful to reduce the
pump power of all-optical switching. More details will
be discussed in Section 6.
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2.2 Optical bistability effect

Optical bistability is an important effect for many non-
linear optical devices. When this effect is combined with
photonic crystals, it shows promising prospects in opti-
cal switching. A system with optical bistability has two
stable resonant transmission states, dependent on the in-
put and the history, and this feature can be utilized to
serve as optical switching, which basically belongs to the
category of self-switching scheme. Two factors should
be satisfied in the nonlinear system: nonlinear interac-
tion between the nonlinear material and input optical
field, and the feedback process. Figure 2 shows the typ-
ical output—input curve of an optical bistability system.
When the input intensity is zero, the wavelength of the
input light (A1) is longer than the resonant wavelength
of the nonlinear system (Agr), that is A\; > Ar, which is
shown in Fig. 2(a). For simplicity, we suppose the third-
order nonlinear coefficient of the system is ny > 0. The
resonant condition of the system is (ng + n2)l = kg,
where ng is the linear refractive index, I is the local
light intensity at the nonlinear material, and & is an in-
teger. When increasing the intensity of the input light,
the resonant intensity I is increased, so Ag will shift to a
longer wavelength (ny > 0), and it is closer to the input
wavelength Aj, which will further increase the resonant
intensity (with I increasing). In this process, the positive
feedback happens, following the procedure as:

Iin 7= Ar T—= (A1 = Ar) |

When the input intensity increases to a certain value,
Iy, a sudden increase of output intensity will happen,
and the output intensity jumps from the lower branch to
the higher branch, which corresponds to the resonance
between the nonlinear system and the input light. Af-
ter this jump, when the input intensity further increases,
the resonant wavelength A still shifts to the longer wave-
length, which will be away from the input wavelength Ap,
and the negative feedback happens. On the other hand,
when the input intensity is at the high branch initially,
the opposite process will happen. Simply speaking, when
the input light is weak, the output is low, and this cor-
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Fig. 1 Schematic picture of optical switching utilizing (a) the band gap edge shift and (b) defect mode shift under the
high-intensity pump light upon a Kerr nonlinear photonic crystal. Black and red curves correspond to the transmission

spectrum before and after external pump light.
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Fig. 2 (a) Schematic to show the principle of optical bistability, and (b) the input-output curve of optical bistability.
There are two steady states, which operate at lower and higher beam intensities. The dashed line corresponds to an unstable

state of the system.

responds to the “off” state. On the contrary, when the
input light is strong, the output is sharply and nonlin-
early increased, and this corresponds to the “on” state.
The output signal intensity for the “on” state and the
“off” state has a sharp contrast due to nonlinear bista-
bility. It can be seen clearly that the input light pulse
itself is enough to perform optical switching function-
alities merely by nonlinear coupling with the resonant
state.

In a photonic crystal with Kerr nonlinearity, a reso-
nant cavity can serve as the basis for optical bistabil-
ity. Nonlinear coupling between the input light, which
might transport through a single-mode photonic crystal
waveguide, and the cavity will lead to optical bistabil-
ity following the same physical procedure as described
above in Fig. 2. All-optical switching in nonlinear pho-
tonic crystals based on optical bistability has been stud-
ied theoretically [64, 70, 72-77]. A great advantage for
photonic crystal cavity is that a high quality (Q) fac-
tor nanocavity can be designed at will and realized ex-
perimentally, and this can greatly lower the input light
power level that is sufficient to ignite considerable optical
bistability. Nonetheless, due to the difficulty in creating
a nonlinear photonic crystal with strong enough Kerr
nonlinear coefficient and accessible infrared signals with
high enough power level at nanoscale, the concept of op-
tical bistability switching in photonic crystals has yet to
be demonstrated experimentally even with the help of
signal enhancement in high-@ resonant cavity.

2.3 Two-photon absorption effect

Two-photon absorption effect [78-80] can also be used
to realize all-optical switching in photonic crystals [81].
The usual materials that possess a large two-photon ab-
sorption cross section are mostly semiconductors, such as
silicon, GaAs, and some organic polymers. This makes it
possible to realize two-photon absorption optical switch-
ing in semiconductor photonic crystals with good band
gap and defect mode performance. One way to achieve

ultrafast optical switching in silicon is by exploiting its
ultrafast nonlinear optical properties. The idea is to in-
crease the density of free carriers in silicon and enhance
its refractive index by using an intense ultrashort laser
pulse at the electronic band-edge of silicon. Optically
excited electrons and holes induce ultrafast alteration of
refractive index in silicon, causing a shift in the optical
Bragg diffraction of the photonic crystal from its orig-
inal position [82] or a shift in the resonant frequency
of a photonic crystal microcavity. Nowadays, many re-
searches have demonstrated the properties of all-optical
switching with two-photon absorption in silicon [81, 83,
84]. Nonetheless, the free-carrier absorption effect has
a limit in the response time, which is on the order of
sub-nanosecond. This makes it difficult to pursue much
faster optical switching speed that is well below the sub-
picosecond level by this two-photon absorption scheme.

The optical bistability scheme and two-photon absorp-
tion scheme rely merely on the input light signal to gen-
erate nonlinear optical effect that is sufficiently strong to
induce a jump between “on” and “off” state of photonic
crystal resonant modes. This requires either strong Kerr
optical nonlinearity or large two-photon absorption cross
sections. This has brought about a serious problem in
the material part. Because light signal transporting in a
photonic crystal integrated circuit is usually weak due to
low-efficiency injection of light power from a single-mode
fiber into the photonic crystal chip, it is currently diffi-
cult to trigger an observable self-switching effect in the
nanoscale system made from usual semiconductor mate-
rials.

Taking this difficulty into full account, in the past
several years our work has been focused on the design,
realization, and characterization of ultrafast all-optical
switching in nonlinear photonic crystals under external
pump light of a femtosecond laser pulse with very high
peak power level. We have demonstrated successfully ef-
ficient optical switching based on band gap edge shift or
defect state shift in two- and three-dimensional nonlin-
ear photonic crystals with a response time scaled down
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to a few femtoseconds. At the same time, different ap-
proaches have been exploited to lower down the pump
light level and increase the effective nonlinear coefficient.
We have found that a compromise might be needed be-
tween response speed and power level in practical appli-
cations.

3 Nonlinear materials for all-optical switching

The above discussions on the physical principles for dif-
ferent schemes of optical switching in nonlinear photonic
crystals have clearly indicated the importance of appro-
priate nonlinear materials for realizing high performance
all-optical switching. Three main types of nonlinear ma-
terials have been extensively used in tunable photonic
crystals: dielectrics, semiconductors, and polymer mate-
rials.

3.1 Dielectric materials

Most of the nonlinear dielectric materials are ferroelec-
tric inorganic crystals, such as the potassium dideu-
terium phosphate (KDP) crystal, the lithium niobate
(LiNbOg3) crystal, barium titanate (BaTiOs) crystal and
so on. These ferroelectric materials exhibit significant
photorefractive effect that allows the crystal to change
its refractive index under illumination of external light
wave. Although the crystal growth technology for these
materials has been highly developed and their optical
nonlinear susceptibilities are sufficient for most current
photonic applications, they have some disadvantages in
all-optical switching applications. One feature is the con-
straint of working with only single crystalline materials
and another is the relatively slow optical switching time,
which is in the millisecond range.

Another attention on nonlinear dielectric materials is
paid to silica fibers [51, 85, 86]. In silica fibers, the third-
order nonlinearity is dominant as the second-order non-
linearity disappears because of the symmetry in the mi-
croscopic atomic level. Although the third-order nonlin-
ear susceptibility of silica fibers is very small, the nonlin-
ear effects, such as self-phase modulation (SPM), cross-
phase modulation (XPM), and third-harmonic genera-
tion, are still obvious due to the very long interaction
length. Petropoulos et al. reported all-optical switch-
ing based on the SPM effect of a highly nonlinear ho-
ley fiber made from pure silica [87], and Sharping et al.
proposed an all-optical switching based on the XPM ef-
fect of photonic crystal fibers [88]. Nowadays, the pho-
tonic crystal fiber is still an important material to real-
ize all-optical switching. As silica fibers mainly depend
on their long distance to accumulate and amplify Kerr
nonlinearity, they are not suitable for the creation of mi-
croscale/nanoscale all-optical switching devices that will
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be placed in the background of an integrated optical cir-
cuit.

3.2 Semiconductor materials

Semiconductor materials have played a great role in the
microelectronic technologies, and they are now also a
very good platform for creating photonic crystal inte-
grated devices and chips because of their relatively large
refractive index in the telecommunication wavelength.
Nowadays, all-optical switching and modulators have
been demonstrated with III-V compound semiconduc-
tors [89, 90]. For silicon, a more popular and important
semiconductor material, it is harder to achieve the same
performances of all-optical switching due to its relatively
weak optical nonlinearity and bad optoelectronic proper-
ties. Despite the difficulties, more and more efforts have
been made on the silicon or silicon-on-insulator (SOI)
structures [7, 82, 91, 92] in order to realize all-optical
switching on silicon photonic crystal structures.

The basic nonlinear effect on semiconductor materials
is the two-photon absorption, as has been discussed in
Section 2.3. As a result, the speed of these all-optical
switches is limited by the effective carrier relaxation
time, whose value is sub-nanoseconds for silicon micro-
ring cavities [7] and about 100 ps for line defect photonic
crystal nanocavities [66]. The relaxation time can be
shortened by ion implanted semiconductors, which allows
for a faster switching recovery time for photonic crystal
optical switching. Recently, Tanabe et al. reported an
all-optical switching with the response time of 70 ps us-
ing ion-implanted silicon photonic crystal nanocavities
[93]. Further downscaling of the optical switching re-
sponse time will encounter enormous difficulties.

3.3 Polymer materials

Because of the development of synthetic, physical and
theoretical chemistry, organic polymer materials have at-
tracted much attention. Organic polymer materials are
of major interest because of their relatively low cost,
ease of fabrication and integration into devices, higher
laser damage threshold, fast nonlinear optical response
time, and off-resonance nonlinear optical susceptibili-
ties comparable to or exceeding those of ferroelectric
In the field of photonic crys-
tal all-optical switching, the widespread nonlinear poly-
mer materials include liquid crystal, polystyrene, poly-
methyl methacrylate (PMMA), and polyphenylene viny-
lene (PPV). An earlier tunable photonic crystal in ex-
periment [94] primarily focused on electro-optic and
thermo—-optic band edge tuning via infiltrated liquid
crystals since Busch and John proposed the concept of
tunable photonic crystal by means of infiltrating liquid
crystal into the void regions of an inverse opal photonic

inorganic crystals [11].
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crystal structure [95]. However, the molecular reorien-
tation processes responsible for changes in the refractive
index of liquid crystal typically occur in a time scale
ranging from milliseconds to seconds, and this strictly
prohibits rapid band edge tuning. In regard to obtain-
ing an ultrafast response speed, polystyrene [15, 58, 96],
PMMA, and PPV have received many considerations due
to the femtosecond response time and relatively large
third-order nonlinear susceptibility in these polymer ma-
terials.

In addition to the aforementioned three types of non-
linear materials, there are still some new artificial ma-
terials that are exploited to realize all-optical switching.
These include metal materials with surface plasma effect
[97] and quantum dot [98] or quantum well materials
with optical tunability through nonlinearity.

In the past several years, we have carried out a se-
ries of experiments on all-optical switching in photonic
crystal structures made from the nonlinear material of
polystyrene. We have made extensive efforts to continu-
ally improve the optical switching response time to its
limit. In 2003, our first experiment [99] was demon-
strated in an organic three-dimensional polystyrene opal
photonic crystal structure, whose response time is several
picoseconds. However, the transmission contrast, which
is an important evaluation index for optical switching,
is as low as 8% under the peak intensity of a pump
laser of 14.4 GW/cm?. With improvements on the
quality of the photonic crystal sample, the band gap
edge becomes steeper, which reduces the pump inten-
sity and increases the transmission contrast. In 2005,
we realized all-optical switching with the response time
of 10 ps in two-dimensional polystyrene photonic crys-
tal structures, which were based on the principle of
band gap edge shift [58] and defect mode shift [100],
respectively. The transmission contrast was as high as
65%. We also realized all-optical switching [96] in three-
dimensional polystyrene opal structure in the same year,
whose response time was as short as 120 fs, and the
contrast was about 45% under the pump intensity of
27.5 GW/cm?. An all-optical switching with 20 fs re-
sponse time was then demonstrated in a two-dimensional
polystyrene photonic crystal in 2006 [101]. In 2009, we
fulfilled an all-optical switching of 10 fs [102] in a three-
dimensional polystyrene opal nonlinear photonic crystal
system. In Sections 4 and 5, we will review our progress
in all-optical switching experiments.

4 All-optical switching in two-dimensional
nonlinear photonic crystals

Since the basic physical phenomenon of photonic crystals
is based on Bragg scattering in periodic lattice struc-
tures, the repeating regions of high and low dielectric
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constants have to be of the same length scale as half
the wavelength of electromagnetic waves. So for the
visible or infrared wave, the length scale of scatter-
ing units is on the order of 100 nm, which brings a
major challenge for the fabrication of two- and three-
dimensional photonic crystal structures. Nowadays, with
the rising development of semiconductor technology,
micro-fabrication technology and other micro/nano ma-
nipulation and characterization technologies, the study
of two-dimensional photonic crystals has been focused
on photonic crystal slabs. Photonic crystal slabs are
two-dimensional photonic crystals “etched” into slabs
of semiconductors or other substrates, where the two-
dimensional band gap confines light in the parallel plane
of the slab and the total internal reflection confines light
within the slab. Our two-dimensional experiments are
based on polystyrene photonic crystal slabs. In the
following, we review our experimental details in two-
dimensional structures, including the fabrication of pho-
tonic crystals, the experimental arrangements and the
measured results of photonic crystal all-optical switch-
ing.

4.1 Preparation of two-dimensional polystyrene pho-
tonic crystals

In the two-dimensional photonic crystal experiment, we
use polystyrene powder with normal molecular weight of
8 million (Fluka Chemie Company, Switzerland). First,
the polystyrene powder is dissolved in toluene with a
weight ratio of about 1:100. The spin coating method
[103], which is the preferred method for the application
of thin, uniform films to flat substrates, is then used to
fabricate a thin film slab of polystyrene on a quartz sub-
strate, which is pre-cleaned carefully. The thickness of
the thin film is about 300 nm, which is measured by a
surface profiler (Model Dektek 8, DI Company, USA).
Changing the concentration of the polystyrene toluene
solution, or changing the rotation speed during the spin
coating process, the thickness of the thin film will be
changed. We can select optimized experiment conditions
as desired. Finally, a focused ion beam etching (FIB) sys-
tem (Model DB235, FEI Company, USA) is employed to
prepare the periodical patterns of the two-dimensional
photonic crystal. Before etching the periodical patterns,
a thin gold layer with thickness of about 15 nm is sput-
tered onto the surface of the polystyrene film, which is
used to make up for the weak electrical conductivity of
polystyrene. After the etching process, the thin gold
layer is wiped off by the potassium iodide (KI) solution
where the weight ratio of iodine (I3), potassium iodide
and distilled water is 1:1:4. In addition, because the re-
quired periodical patterns are much larger than the area
that we can finish once, (the required patterned area is
about, 3 um x 100 wm while the area that we can etch
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once by FIB is about 10 pm x 10 pm) the multiple screen
joint technology is used during the process of etching by
FIB. By this method, good quality photonic crystal sam-
ples are fabricated. The scanning electron microscopy
(SEM) images of developed photonic crystal samples are
depicted later in Figures 4, 8 and 10.

4.2 Experimental measurement system

In this subsection, the basic experimental setup for char-
acterizing the performances of all-optical switching in a
two-dimensional nonlinear photonic crystal is presented.
In order to introduce the incident light into our photonic
crystal thin film structures, three major coupling tech-
niques that are widely used in two-dimensional photonic
crystals can be used: the prism coupling, fiber coupling,
and the grating coupling, respectively. Prism coupling
[58, 104] is a traditional but effective method to real-
ize coupling between the incident light and the optical
thin film. It is based on the principle of evanescent field
coupling. The incident light is totally reflected at the
prism base, and under certain conditions [105], light en-
ergy can be transferred into the film by optical tunneling.
This method is very simple, easy to operate, and it is
suitable for photonic crystal structures with a relatively
large area.

In two-dimensional silicon-based photonic crystals, the
small mode profiles and complex optical phase within the
periodic structures make it difficult to use the conven-
tional direct coupling from free-space beams or through
prism-based techniques to inject light signals into the
photonic crystal. For example, in structures of high
vertical index contrast, such as silicon-on-insulator or
GaAs—AlO,, light is strongly confined in a thin high re-
fractive index layer of a few hundred nanometers and
coupling light into these waveguides becomes a seri-
ous problem. To overcome this obstacle, a fiber edge-
coupling technique [106] is developed to realize efficient
input and output connection of light signals with the mi-
crostructure. To further improve the coupling efficiency
from fiber to photonic crystal waveguides or cavities, a
novel fiber taper coupling technique based on the evanes-
cent field theory is proposed [107-109]. However, high
insertion loss between the fiber and the microstructures
and the positioning instability are still main problems
that will affect the coupling efficiency greatly. Grating
coupling [110], an out-of-plane coupling technique be-
tween a standard single-mode fiber and a waveguide, is
proposed to tackle these problems [111]. The grating
coupling approach has some major advantages. There is
no need for a cleaved facet; light can be coupled in and
out everywhere on the chip; it is suitable for low loss and
broadband operation, and the coupling efficiency can be
improved. Thus, the technique has attracted much at-
tention [112-114].
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In our experiments, the prism coupling method is used
to realize the input and output of polystyrene thin films.
The pump—probe technique is used to measure the ul-
trafast optical switching signals. A typical experiment
setup is depicted in Fig. 3. Two laser pulses (either
from the same pulse laser or from two different pulse
lasers) are usually used in this experiment. Their pa-
rameters, such as the wavelength, pulse duration, pulse
repetition, or the energy of pump pulse, can be tuned
according to designs. The optical delay line, which is
actually a precision positioning stage, is introduced to
the pump light path to adjust the optical length dif-
ference between the pump and probe laser pulses. The
output signals from the prism-film coupling system are
detected by a monochromator, amplified by a photomul-
tiplier tube, and finally received by the lock-in amplifier,
which is controlled by a computer. There are three lenses
in the optical path, which are used to focus the pump
light, the input and output probe light that couple with
the prism. In addition, except for a beam splitter, many
total reflection mirrors are used to reduce the loss of
laser energy. By this experimental arrangement, we can
measure the linear or nonlinear transmission spectra and
the time response with different pump energies for two-
dimensional nonlinear photonic crystals. Most of our all-
optical switching experiments in two-dimensional nonlin-
ear photonic crystals are performed with this system by
only changing the parameters of the incident pump or
probe lasers according to our needs.

YAG

Chopper 8

s

Sample

Delay line

Computer

Fig. 3 Schematic configuration of the experiment setup for two-
dimensional photonic crystal optical switching.

4.3 Experimental results

Although the physical principle is simple, the experiment
operations are still difficult. Here, we will show our main
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experimental progress in two-dimensional photonic crys-
tals all-optical switching based on the principles of band
gap shift and defect mode shift. The all-optical switch-
ing experiments with response time of 10 ps [58] and
20 fs [101] are discussed here.

4.8.1 Optical switching based on the band gap edge shift

In the early stage of our experimental exploration, we
adopted the scheme of band gap edge shift to realize
optical switching with the response time of 10 ps [58].
Here, we will discuss in detail the experimental design,
sample fabrication, measurement process and results of
two-dimensional photonic crystal switching based on the
band edge shift.

In this experiment, a 1064 nm laser (with a pulse dura-
tion and pulse repetition rate of 20 ps and 10 Hz, respec-
tively) from YAG laser (Model PL2143B, Ekspla Ltd.,
Lithuania) was used as the pump light, while a laser
(pulse duration 10 ps and repetition rate 10 Hz) from
an optical parameter amplifier (OPA) (Model OPA-740,
CAS) with a wavelength range from 450 nm to 650 nm
and pumped by the same YAG laser was used as the
probe laser. We had performed extensive numerical stud-
ies by means of the multiple scattering method [115] and
determined that the optimized lattice constant and the
radius of the air hole are 220 and 90 nm, respectively.
The polystyrene photonic crystal sample was fabricated
by using the FIB microfabrication method as mentioned
above, and its scanning electron micrograph (SEM) im-
age is shown in Fig. 4. The photonic crystal has a square
lattice geometry.

200 nm

Fig. 4 SEM image of a typical two-dimensional polystyrene pho-
tonic crystal made from drilling air holes in polystyrene thin film
deposited on a silica substrate.

With the sample at hand, the subsequent experimental
measurement process was arranged as follows. First, we
measured the linear transmission spectrum of the pho-
tonic crystal. The result is shown in Fig. 5, from which
we can find that due to the good quality of the periodical
lattice of air holes, the gap edge is very steep, a feature
that is very suitable for all-optical switching. Then the
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nonlinear interaction was detected by the experimental
setup depicted in Fig. 3. The probe laser was incident
along the I'-X direction of the two-dimensional photonic
crystal by the prism coupling technique, while the pump
laser was incident normally to the upper surface plane of
the photonic crystal. Before measurement, the approxi-
mate synchronal position where the optical path differ-
ence is almost zero should be found and recorded as a
reference point. Then the delay line was tuned by an
automatic controller to change the time delay between
the pump and probe light. By careful measurement, the
transmittance changes of the probe light with respect
to the time delay under the pump-probe method were
recorded, and the result is shown in Fig. 6.
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Fig. 5 Measured transmission spectrum of polystyrene photonic
crystal. The arrow denotes the spectral position of the probe light.
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Fig. 6 Measured time delay curve that characterizes the opti-
cal switching response of the polystyrene photonic crystal. The
peak intensity of the pump laser is 16.7 GW/Cm2. The signal light
corresponds to the short wavelength band edge of 519 nm.

Figure 6 clearly reveals the optical switching effect tak-
ing place on the polystyrene photonic crystal under ex-
ternal pulse laser pump. Because of the positive third-
order nonlinear susceptibility of the polystyrene mate-
rial, the band gap shifts to the long wavelength direc-
tion (red shift). Because the probe signal is located at
the short-wavelength band edge, the probe light trans-
mittance will increase and thus a peak appears in the
time delay curve. The transmission contrast of the “off”
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and “on” states is about 65% under the pump intensity
of 16.7 GW/cm?. The maximum transmission with the
transmissivity of 85% is achieved when the pump and
probe pulses are of zero time delay and overlap com-
pletely in the temporal domain, which corresponds to the
“on” state. The minimal transmission with the trans-
missivity of 20% happens when the two pulses are far
away from synchronization, which is in the “off” state
of optical switching. On the other hand, we can mea-
sure the response time of the optical switching from the
full width at half maximum (FWHM) of the time de-
lay curve, which is around 20 ps according to Fig. 6.
The response time is close to the pulse duration of the
pump light. This indicates that the optical switching re-
sponse time of the nonlinear photonic crystal is limited
by the experimental time resolution, such as the dura-
tion of pump pulse. This method of extracting the time
response was previously used by Shimizu and Ishihara
[116].

To better understand the optical switching properties,
the dynamical shift of the photonic band gap was also
studied. We measured the shift of the two photonic band
gap edges which correspond to the probe wavelength of
519 and 627 nm, respectively. The results are shown in
Fig. 7, from which we can find that the long wavelength
band edge shifts notably more than the short wavelength
band edge. This behavior can be understood from the
basic knowledge about photonic band structures. Ac-
cording to this theory, the low-frequency modes at the
dielectric band mainly concentrate their energy in the
high-dielectric constant regions, while the high-frequency
modes at the air band mainly concentrate their energy in
the low-dielectric constant regions [3]. In our photonic
crystal structure, the nonlinear material has the high-
dielectric constant, and its refractive index changes with
the pump pulse. As a result, the pump light will affect
more the refractive index of polystyrene when it excites
the low-frequency modes than when it excites the high-
frequency modes. Therefore, the long-wavelength band
gap edge will shift by a larger quantity. The simulation
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results of band gap shift at the long and short wave-
length band edge are also shown in Fig. 7 (lines). Good
agreement is achieved between theory and experiment.
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Fig. 7 Measured (symbols) and calculated (lines) shift of the

photonic band gap edges with different pump intensities. Both the
short and long wavelength band edges are examined.

Polystyrene, as an organic conjugated polymer, pos-
sesses a relatively large third-order nonlinear suscepti-
bility and very fast (down to a few femtoseconds, almost
instantaneously) response time. From the above analy-
sis, the optical switching response time of the nonlinear
photonic crystal is mainly limited by the time resolution
of experimental measurements, which is largely deter-
mined by the duration of the pump pulse. So if the
pump and probe pulse is significantly shortened down to
the femtosecond scale, the femtosecond response time of
all-optical switching may be achieved.

Based on this consideration, a homemade Ti:sapphire
laser (TFS-1, Institute of Physics, Chinese Academy of
Sciences) with a pulse duration and pulse repetition rate
of 25 fs and 80 MHz was used as the incident probe
and pump pulse. Because the central wavelength of the
Ti:sapphire laser is located at around 800 nm, the op-
timized lattice constant and the hole radius were found
via numerical simulation to be 350 and 115 nm, respec-
tively, for which the band gap of the photonic crystal is
near 800 nm [101]. The SEM image and measured linear
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Fig. 8 (a) SEM image of the photonic crystal and (b) measured linear transmission spectrum, which indicates the band

gap edge located at about 800 nm.
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transmission spectrum of this photonic crystal is shown
in Fig. 8.

In the current experiment to characterize the optical
switching properties, the pump and probe lights have the
same wavelength. The experimental setup is similar to
that shown in Fig. 3 except that the OPA system is re-
placed by a total reflection mirror, and a beam splitter
with an intensity ratio of 1:9 was used to separate the
incident laser pulse into the pump and probe pulses. The
pump light had an intensity of about 13 GW/cm?. In
the experiment, the probe light was selected to have a
wavelength of 806 nm, which is located at the short-
wavelength band edge of the photonic crystal. The syn-
chronization of the two femtosecond pulses with the du-
ration of 25 fs was also needed before recording the ex-
perimental data. For this aim, a finer stage was used in
the arm of optical delay line. The measured time delay
curve of optical switching signals is shown in Fig. 9. The
all-optical switching of the polystyrene photonic crystal
has reached an ultrafast response time of 20 fs, which is
measured from the FWHM of the time delay curve. The
transmittance contrast is from 33% to 78% when the
system changes from the “off” state to the “on” state.

90

80

70

Transmittance /%

oo b v v ey
—60 =20 0

Time delay /fs

Fig. 9 Measured transmittance change depending on the time
delay between pump and probe beam. The solid lines represent
the exponential fits of the experimental points.

The above optical switching is based on the princi-
ple of the band gap edge shift. The performance of the
devices will be largely influenced by the quality of the
photonic crystal samples. If the periodicity is very good,
the band gap edge will be very steep, which in turn will
make a larger switching contrast under the same or even
lower pump power. Generally speaking, a defect mode
will provide a steeper edge than the band gap edge in the
photonic crystal system due to its fine resonance nature.
For this reason, in our works we also paid much attention
to all-optical switching based on the defect mode shift in
nonlinear photonic crystals.

4.8.2  Optical switching based on the defect mode shift

In this part, we will show the all-optical switching
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with the response time of 10 ps in a two-dimensional
polystyrene photonic crystal with a defect [100]. In this
experiment, the 1064 nm laser (with a pulse duration and
pulse repetition rate of 20 ps and 10 Hz, respectively)
from YAG laser (Model PL2143B, Ekspla Ltd., Lithua-
nia) was used as the pump light, while a laser (pulse
duration 10 ps and repetition rate 10 Hz) from an OPA
(Model OPA-740, CAS) with a wavelength range from
450 nm to 650 nm and pumped by the same YAG laser
was used as the probe laser. What we needed to do first
is to design a structure whose defect mode is located at
the wavelength range of the OPA laser. The SEM image
of the fabricated polystyrene photonic crystal is shown
in Fig. 10. The crystal has a square-lattice structure,
with the lattice constant and radius of the air hole being
220 nm and 90 nm, respectively. A line defect is intro-
duced right at the center of the sample, with the width
(center-to-center distance between two adjacent rows of
air holes) being 310 nm. The patterned area is about
2.5 um x 100 pm.
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Fig. 10 SEM image of a two-dimensional polystyrene photonic
crystal with a line defect located at the center. The lattice con-
stant and the radius of the air hole are 220 and 90 nm, respectively.
The width of the line defect is 310 nm.

The measurement method used in this experiment is
the same as in the above photonic crystal switching ex-
periments based on the band gap edge shift. The exper-
imental results of the transmission spectrum and time
delay curve are shown in Fig. 11. The quality factor
of the defect mode is around 140. We find that the re-
sponse time of the switching is around 10 ps, and the
contrast of the “on” and “off” state is about 70% (from
20% to 90%) under the pump intensity of 18.7 GW /cm?.
In addition, the defect mode shifts with different pump
intensities were detected and the results are shown in
Fig. 12(a). The experimental measurement results agree
well with the calculation results obtained by the multiple
scattering method, as shown in Fig. 12(b).

So far, we have made a detailed review of our all-
optical switching experiments with the response time of
10 ps and 20 fs in two-dimensional polystyrene photonic
crystals based on the band gap edge or defect mode shift.
Deliberate pump-probe technique in combination with
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Fig. 11 (a) Measured transmission spectrum of the two-dimensional defect photonic crystal shown in Fig. 10. (b) Measured
transmittance changes of the probe light as a function of the time delay between the pump and probe pulse. The wavelength
of the probe light is 545 nm and the pump intensity is 18.7 GW/cm?.
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Fig. 12 Shifts of defect mode under different pump intensities.

ultrafast pulse laser technique allows us to character-
ize the properties and performances of these all-optical
switching structures. The realization of these structures
heavily relies on state-of-the-art microfabrication tech-
nologies, which is rather expensive and size limited. To
obtain a large area nonlinear photonic crystal sample
with lower expense, we turn to exploit other fabrication
methods. One excellent candidate is the self-assembly
technique, a chemical approach that allows synthesis
of three-dimensional polystyrene opal photonic crystals
with good crystalline quality and large area. Extensive
experiments have been carried out to characterize the
optical switching properties of these three-dimensional
nonlinear photonic crystals, which will be discussed in
the next section.

5 All-optical switching in three-dimensional
nonlinear photonic crystals

Because of the development of state-of-the-art micro-
fabrication technologies, good quality photonic crys-
tal samples can be fabricated readily and most of the
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(a) Experimental results and (b) calculation results.

studies on the visible photonic crystal are focused on
two-dimensional photonic crystals because of the rela-
tive ease of fabrication. Nonetheless, extensive efforts
have also been made toward visible and infrared three-
dimensional photonic crystals continually ever since the
concept of photonic crystals was raised. Different meth-
ods are diligently exploited to realize three-dimensional
photonic crystal structures in the infrared and visible
bands. Among them, there are two prominent and effi-
cient schemes: holographic lithography method [117] and
self-assembly method [118].

The self-assembly method is easy to operate and is
able to grow samples with a large area, so this tech-
nique has received more and more attention and many
improvements have been introduced. The earlier stud-
ies of self-assembly methods include the repulsive elec-
trostatic interactions [119-121], gravitational sedimenta-
tion [122], electrophoresis [123], physical limited method
[124], templating method [125] and so on. These meth-
ods were found to involve obvious disadvantages, such
as long preparation time, difficult control of the growth
progress, bad crystalline quality, and complex prepara-
tion techniques. The vertical deposition method, first
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proposed by Jiang and Colvin in 1999 [126], has been
proven to be successful for fabricating a high quality
three-dimensional opal photonic crystal. Since its pro-
posal, the method has received much attention, and now
it has become the widely used method to fabricate three-
dimensional photonic crystals.

However, there are still some limitations in the tradi-
tional vertical deposition method. First, the growth time
is still long, which usually needs several days. Second,
many factors in the growth process cannot be controlled
efficiently. Third, if the diameter of spheres is too small,
such as less than 200 nm, the quality of samples will
be affected by Brownian motion. On the other hand,
if the diameter of spheres is too large, such as bigger
than 600 nm, the spheres will deposit to the bottom of
the container by the effect of gravitational settling. To
solve the above main problems of the traditional vertical
deposition method, several improved methods were pro-
posed, such as the temperature gradient method [127],
mechanical agitation method [128], accelerated evapora-
tion method [129], and isothermal heating evaporation-
induced self-assembly [130]. These methods have the
common characteristics of keeping spheres suspended
in the dispersion by convective flows, which can over-
come the gravitational settling, and allow for easy con-
trol. However, these methods are not very suitable to
our polystyrene spheres. Recently, a new self-assembly
method called the pressure controlled isothermal heating
vertical deposition method (PCIHVD) was developed by
Meng’ s group [131]. The new method is highly effective,
easy to control and operate, has good repeatability and is
suitable for various sphere diameters. Using this method,
a series of high quality polystyrene three-dimensional
opal photonic crystal samples has been successfully syn-
thesized. The PCIHVD method has proven to be very
suitable for preparation of high quality three-dimensional
polystyrene photonic crystal samples. In contrast, our
earlier polystyrene opal photonic crystals were prepared
by the traditional vertical deposition method and their
optical performance was not as good.

5.1 Preparation of three-dimensional polystyrene pho-
tonic crystal samples

In this subsection we briefly introduce the PCI-
HVD method in application to the synthesis of three-
dimensional polystyrene nonlinear photonic crystals.
The schematic diagram of the synthesis experimental
setup is shown in Fig. 13. The vial containing a colloidal
suspension consisted of polystyrene spheres and deion-
ized water is immersed in an isothermal deposition bath.
A clean glass substrate is fixed in the center of the vial.
The vial is sealed and connected to the pressure control-
ling system. The pressure controlling system is just a
vacuum pump connected to the deposition vial with a
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soft suction pipe. The pressure in the growth chamber is
measured using a mercury vacuum gauge. The vacuum
pump is started and the pressure is precisely adjusted in
the growth chamber with a needle valve. The tempera-
ture and the pressure in the deposition vial will become
steady in 3 minutes.

Pressure controlling

Sl %

Suction-pipe

Substrate fixer

[P

Isothermal

Glass

substrate \

Gilass deposition vial

Fig. 13 Schematic of the experimental equipment for PCIHVD
method to fabricate three-dimensional opal photonic crystals.

As is known, the critical condition for successful syn-
thesis of opal photonic crystals is that the deposition rate
of the spheres is matched with the evaporation rate of
the solvent. Because the evaporation rate of the solvent
is a function of temperature and the vapor pressure, in
order to optimize the sample quality with different di-
ameters of spheres, a variety of conditions with differ-
ent combinations of temperature and pressure should be
experimented, from which we try to find an optimum
condition for a certain diameter of spheres. In addition,
our experimental results show that the thickness of sam-
ples is dependent on the concentration of the suspension.
Generally speaking, the samples are thicker when the
concentration of suspension is higher. However, there is
a saturation phenomenon where the thickness of a sam-
ple does not increase obviously any more when the con-
centration increases. More cracks will appear when the
sample becomes thicker, leading to degraded crystalline
quality. Therefore, there is also an optimum concen-
tration of the suspension for the polystyrene photonic
crystal. We have explored optimized growth conditions
for the sphere diameter of 235 nm, 360 nm, 451 nm,
596 nm and 1000 nm, respectively. The SEM images of
these samples are shown in Fig. 14(a)—(e). The corre-
sponding transmission spectra are displayed in Fig. 15.
The strong attenuation at the band gaps and the steep
band gap edge clearly indicate that good periodicity and
optical quality have been achieved in these samples.

5.2 Experimental setup for all-optical switching char-
acterization

In this subsection, we present our experimental setup
to characterize all-optical switching in our three-
dimensional polystyrene opal photonic crystals. The
pump-probe technique is also used. The coupling prob-
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(b)
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Fig. 14 Top view SEM images of polystyrene photonic crystals synthesized by the PCIHVD method under the optimal
growth condition with the sphere diameter of (a) 235 nm, (b) 360 nm, (c) 451 nm, (d) 596 nm and (e) 1000 nm,

respectively.
100
80 - p‘ ﬂ
é q
§ 60 —— (235 nm)
E —— (360 nm)
= —— (451 nm)
E 40 1 — (35 em)
g —— (1000 nm)|
& 20 U
0= T r - T T
400 800 1200 1600 2000 2400 2800
Wavelength /nm

Fig. 15 Measured transmission spectra for the photonic crystals
shown in Fig. 14.

lem in these large-area three-dimensional photonic crys-
tal structures is much simpler compared with the situa-
tion of two-dimensional photonic crystals. Our samples
fabricated by the PCIHVD method has a face-centered
cubic structure and its (111) plane is parallel to the sur-
face of the substrate, namely, the I'-L crystalline di-
rection is perpendicular to the surface. For this reason,
we often use the directional band gap of I'-L for opti-

cal switching experiment. Only the scheme of band gap
edge shift under the external pump light is considered in
this system. As useful defects are difficult to deliberately
introduce into the three-dimensional photonic crystal in
a controllable and accurate way, the defect mode shift
scheme is not exploited for realizing all-optical switch-
ing. Although the opal photonic crystal does not have a
complete band gap due to low index contrast and struc-
tural symmetry, it suffices to only consider a directional
band gap for the current purpose. In this regard, the
three-dimensional photonic crystal behaves like a one-
dimensional photonic crystal, namely, a periodic multi-
layer distributed Bragg reflector.

The pump or probe laser can be just simply set to be
normally incident upon the upper surface of the sample.
When the pump and probe beams have the same wave-
length, a small angle between the two beams is needed
for splitting the beams passing through the sample. Gen-
erally, the angle is controlled within 10°. Figure 16a and
16b show the experimental setup when the pump and
probe light have different frequencies and when they have
the same frequency, respectively.
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Fig. 16 Experimental setup for characterization of optical
switching in three-dimensional polystyrene photonic crystals when
the pump and the probe light have (a) different frequencies and
(b) the same frequency.

5.3 Experimental results

In this subsection, we discuss our all-optical switching
experiments in three-dimensional polystyrene photonic
crystals in detail. The all-optical switches with the re-
sponse speed of 10 ps [99], 120 fs [96] and 10 fs [102] are
presented.

5.8.1 Optical switching with the response time of 10 ps

This is our first all-optical switching experiment,
which was demonstrated in 2003. At that time,
the self-assembly growth technique of three-dimensional
polystyrene photonic crystals was not very good. Fig-
ure 17 shows the measured transmission spectrum of our
best sample with the sphere diameter of 220 nm.

We measured the optical switching signal with the ex-
perimental setup shown in Fig. 16(a). The 1064 nm
beam (with the pulse duration and pulse repetition rate
of 35 ps and 10 Hz, respectively) from a YAG laser
(Model 571-C-10, Continuum, CA, USA) was used as the
pump light. The beam (pulse duration 35 ps and repe-
tition rate 10 Hz) from an OPA (Model OPA-740, CAS,
Beijing, China) pumped by the YAG laser was used as
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the probe light. We measured the transmittance change
of the probe light beam as a function of the time delay
between pump and probe light at the short-wavelength
band gap edge of 540 nm and the long-wavelength band
gap edge of 580 nm. The results are shown in Figure
18. Although the results were not very good, which was
attributed mainly to the bad quality of the polystyrene
sample, the change of transmissivity was still observed.
This suggested that we must improve the quality of the
opal photonic crystal to a considerable extent in order to
observe comprehensible optical switching performance.
Great efforts were made toward this end in the subse-
quent years, and things got much better when the PCI-
HVD approach was developed [131, 132].
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Fig. 17 Measured transmission spectrum of three-dimensional
photonic crystal with the sphere diameter of 220 nm.

5.8.2  All-optical switching with the response time of
120 fs

In order to realize more efficient all-optical switching
in three-dimensional polystyrene photonic crystals, we
managed to improve the quality of samples mainly by
means of the PCIHVD synthesis method and designed a
much faster optical switching experiment [96]. The nat-
ural thing of choice was to introduce the state-of-the-art
femtosecond pulse laser technique into our experiment.
At that time, a suitable ultrafast pulse laser available
was the 800 nm output from a Ti:sapphire laser (TSA-
10, Spectra-Physics Co., USA), whose pulse duration and
repetition rate are 120 fs and 10 Hz, respectively. The
femtosecond laser was used as the pump light. Mean-
while, the tunable output with the pulse duration of 120
fs and repetition rate of 10 Hz from an OPA pumped by
the second harmonic of the same Ti:sapphire laser was
used as the probe light. The sample with the sphere
diameter of 240 nm was prepared by the above PCI-
HVD method. Very good quality of samples had been
achieved according to the SEM images and measured op-
tical transmission spectrum in Fig. 19.

The switching signal was measured with the experi-
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Fig. 18 Experimental results of the transmittance change of probe light with respect to the time delay between the pump
and probe light. The probe wavelength and peak intensity of the pump laser are (a) 540 nm, 14.4 GW/cm? and (b)
580 nm, 40.4 GW /cm?, respectively.
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Fig. 19 SEM images and measured transmission spectrum of the polystyrene opal photonic crystal sample with the sphere
diameter of 240 nm. (a) Surface SEM image, (b) cross section SEM image, and (c) the transmission spectrum.

ment setup shown in Figure 16a. The probe beam was equal to the pulse duration time of the femtosecond laser.
selected at the short-wavelength band edge of 561 nm.

The experimental curve is depicted in Fig. 20. The ris- 599 Al optical switching with the response time of 10
ing time the optical switching curve is about 120 fs, and fs

the transmissivity jumps from 17% to 62% under the

pump intensity of 27.5 GW/cm?. Basically, the resolved In the above experiments, we have shown that the ob-
response time of the nonlinear photonic crystal is almost  servable response time of the switching with comprehen-
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Fig. 20 Measured transmittance of the probe light beam as a

function of the time delay between pump and probe pulses. The
wavelength of the probe light is 561 nm and the pump intensity is
27.5 GW/cm?.

sive resolution is almost equal to the pump pulse dura-
tion. If the duration of the pump beam becomes shorter,
the response time of switching will also become shorter.
This is because the response time of switching is deter-
mined by the slowest progress of the photonic crystal
system. The response time of the polystyrene polymer
material was reported to be as short as a few femtosec-
onds, which means that the material itself is nearly in-
stantaneous in response to external excitation light to
change its refractive index under the usual condition of
light pulse duration. In order to see to what extent the
above simple law of switching response time can be fur-
ther scaled down to the regime of extremely short light
pulse, we proceeded to design a further experiment in
the hope of demonstrating all-optical switching with a
response time approaching the response time limit of
the nonlinear material of polystyrene. The experiment
was performed and accomplished in 2007. The result
indicated a resolved response time of about 10 fs. To
our knowledge, this is the fastest all-optical switching
demonstrated in any optical material system.

The ultrafast laser output from a chirped-mirrors
Ti:sapphire laser (Horizon-10, CAS, Beijing) with the
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duration of several femtoseconds was adopted in our
experiment. The pulse duration and repetition rate is
about 8 fs and 80 MHz, respectively. The Fourier trans-
form spectrum as well as the interferometric autocorre-
lation signal of the pulse laser is shown in Fig. 21(a)
and (b), respectively. The pulse laser covers a very wide
spectrum range from 600 nm to 1000 nm with the cen-
ter located at around 800 nm, indicating a very narrow
pulse duration down to two to three laser optical cycles,
namely, 6-9 femtoseconds. The autocorrelation signal is
more direct to reflect the time-domain properties of the
pulse laser. The curve in Fig. 21(b) has a full width at
half maximum of about 8 fs, which means that the laser
pulse has a duration of about 8 fs.

The three-dimensional sample with a sphere diameter
of 360 nm was prepared by the PCIHVD method under
optimized synthesis conditions that was particularly de-
signed for this size of sphere. The SEM picture of the
synthesized polystyrene opal photonic crystal sample is
displayed in Fig. 22(a). The corresponding measured lin-
ear transmission spectrum is shown in Fig. 22(b). The
central wavelength of the band gap is located at 800 nm.
The short-wavelength band gap edge appears steeper
than the long-wavelength band gap edge, so the probe
beam in this experiment is selected at the wavelength of
785 nm, which is located at the short-wavelength band
gap edge.

The experiment setup is shown in Fig. 16(b), due to
the same frequency range of pump and probe beams.
We should point out that this experiment needs to be
under very precise control in order to have comprehen-
sive results. As both the pump and probe beam are
ultrafast pulses with the duration of several femtosec-
onds, the synchronization will be greatly degraded and
even disappear when the deflection of the optical path
difference is longer than 3 um. By precise positioning
and careful tuning of the optical delay path, as well as
hard control of the stability of the femtosecond laser, the
time delay curve for optical switching was obtained and
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Fig. 21 (a) Fourier transform spectrum and (b) corresponding interferometric autocorrelation signals of the pump pulse

laser beam.
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Fig. 22 (a) SEM images and (b) measured transmission spectrum of the polystyrene opal photonic crystal sample with

a sphere diameter of 360 nm.
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Fig. 23 (a) Measured and (b) calculated transmittance change with respect to the time delay between pump and probe
light. The wavelength of the probe light is 780 nm and the pump intensity is 20.6 GW /cm?.

is depicted in Fig. 23. From the FWHM of the curve the
response time of this all-optical switching is found to be
about 10 fs, also close to the pulse duration time. The
contrast of transmittance change for this optical switch-
ing is only 25% (from 25% to 50%), considerably smaller
than the contrast value in the similar three-dimensional
sample with much slower response time as 120 fs (shown
in Fig. 20), or the contrast value in the two-dimensional
sample with similar response time as 20 fs (shown in Fig.
9). Possible reasons for this relatively low contrast of sig-
nals include too short pulse duration time, instability of
the pulse laser, not steep enough band gap edge, and
inaccuracy for determination of the delay path, and so
on. It seems that the optical switching response speed
for the current nonlinear photonic crystal has been close
to its limit set by the finite intrinsic material response
time of polystyrene.

6 Efforts to lower pump energy

To evaluate the overall performances of an all-optical
switching, one needs to take into account three major
parameters, which are threshold power of pump pulse,
response time (speed of switching) and switching con-
trast. So far, all-optical switching with a response time

of 10 ps, 20 fs in two-dimensional polystyrene photonic
crystals and a response time of 10 ps, 120 fs and 10 fs
in three-dimensional polystyrene photonic crystals, have
been successfully demonstrated in our previous experi-
ments and have been discussed in great detail. It seems
that 10 fs is almost the low limit of response time for
these polystyrene structures. Such an optical switching
is already several orders of magnitude faster than tra-
ditional optical switching based on the scheme of semi-
conductor two-photon absorption effect. Nonetheless, an
ultrafast response speed is not everything for an optical
switching that wishes to have practical meanings. An-
other very important aspect that one needs to consider
seriously is to lower the pump intensity to a level that
is readily accessible to current practical systems. In our
experiments so far, the pump power is in a relatively
high level, which is on the order of 10 GW /cm?. In this
section, we will address the problem of how to reduce the
pump power in our nonlinear photonic crystal structures.

As is known, for polystyrene material with third-order
Kerr nonlinearity, the change of its dielectric constant
under strong pump light can be set as: Ae = x®)I. This
simple relation implies that two improvements may be
used to reduce the pump power. One is to increase the
third-order nonlinear optical susceptibility of the Kerr
nonlinear material. The other is to design suitable struc-
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tures, such as photonic crystal structures with high-@
resonant cavity, to enhance the local field at the areas
of nonlinear materials, and this is equivalent to reducing
the incident pump power. Many studies have been made
along these two feasible routines to realize practically
useful ultrafast all-optical switching. In the following we
will discuss the recent developments and challenges on
this issue.

6.1 Enlarge third-order nonlinear susceptibility of non-
linear materials

In order to enhance the third-order nonlinear susceptibil-
ity of nonlinear materials, one can exploit resonant and
nonresonant optical processes in the microscopic molec-
ular level. A nonlinear optical process is said to be non-
resonant when the wavelengths involved are far from any
electronic transitions that directly lead to light absorp-
tion. Resonant processes generally have much larger non-
linear susceptibilities, but are slower because real elec-
tronic excitations occur. Besides, they also involve con-
siderable absorptive loss of optical energy. Nonresonant
processes, as they involve only virtual electronic excita-
tions, are essentially instantaneous, and can avoid atten-
uation of optical signals [133].

There are two widely used methods to enhance the
third-order optical nonlinearity in nonlinear photonic
crystals. One way is to harness local field enhancement of
surface plasmon resonance (SPR) in the composite sys-
tem involving tiny metal nanoparticles embedded in the
matrix of organic polymer to obtain large third-order
optical nonlinearities [134, 135]. The other way is to
make use of excited-state induced enhancement of third-
order optical susceptibility in 7 -conjugated molecules
[133, 136, 137].

6.1.1 Enhancement by surface plasmon resonance via
metal nanoparticles

In recent years, many works have reported the enhance-
ment of third-order nonlinearity in composite systems
made from the combination of metal nanoparticles and
other nonlinear materials. Structures involving dis-
persed nanoparticles by spin coating method [138] or
shell coated nanoparticles by certain chemical synthesis
methods [135] have been observed to have large third-
order nonlinear susceptibilities. SPR is a resonant ef-
fect that can be fully exploited to enhance the third-
order nonlinear susceptibilities. One significant feature
of SPR is the enhancement of the electric field near the
metal particles, which in turn can enhance many kinds
of photoexcitation processes (such as third-order nonlin-
earity) occurring near the metal particles as long as the
photoexcitation and SPR occur at the same wavelength
[139]. The shape of metal nanoparticles, dielectric envi-
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ronment, and structure are several important parameters
for determining the SPR frequency and the optical non-
linearity properties. A significant challenge for enhanc-
ing the optical nonlinear response in materials is control-
ling the geometric structure of metal nanoparticles and
achieving a high particle filling factor in the process of
implanting these particles into host matrixes.

Because SPR is basically a resonant effect, the en-
hancement effect is somewhat limited to only happen
efficiently at the resonant wavelength of metal nanopar-
ticles. Large third-order optical nonlinear responses are
observed at the SPR wavelength but decrease dramat-
ically at wavelengths far from the SPR. On the other
hand, when SPR takes place, the absorption effect of
light is also greatly enlarged, and this will degrade the
overall optical performance of nonlinear optical materi-
als. In this regard, an important issue is to design a com-
posite matrix material with large third-order nonlinear
susceptibility and simultaneously low linear absorption
coefficient.

6.1.2 Enhancement by excited-state introduction

In conjugated organic polymers, such as polystyrene,
Garito et al. pointed out the possibility of obtain-
ing larger optical nonlinearities by populating polymer
molecules on excited states under nonresonant conditions
[133, 136]. In a recent work, Hu et al. proposed a new
strategy to associate the resonant and nonresonant pro-
cesses together [15]. They fabricated a two-dimensional
photonic crystal on the composite matrix made from
polystyrene doped with coumarin 153 (C153). The dye
molecule C153 absorbs light from the pump beam, which
is a resonant excitation, and then transfers its energy di-
rectly and efficiently to the polystyrene molecule. The
polystyrene molecule exhibits a nonlinear response in a
very different wavelength window far from absorption,
which is a nonresonant process. In this method, the res-
onant process provides much larger nonlinear suscepti-
bility, and the absorption of optical signal is avoided due
to the nonresonant process. The third-order nonlinear
optical susceptibility on the order of 10~7 esu has been
reached in their composite material. As a comparison,
for pure polystyrene material, the third-order nonlinear
susceptibility is on the order of 1079 esu.

6.2 Harnessing local field enhancement in resonant
nanostructures

The above scheme has been focused on enhancing the
nonlinear susceptibility of polystyrene material in the mi-
croscopic level of molecules and electrons, namely, to en-
large the quantity of x® in the formula of Ae = y®)T.
Another scheme is to utilize the macroscopic effect of
electromagnetic fields to enlarge the local field intensity
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at the position of nonlinear materials, namely, the quan-
tity of I in the formula of Ae = x(®I. This scheme
has offered more flexibility to achieve this purpose as a
wide variety of artificial nanostructures can be designed
at will by computer simulations and brought to practice
by state-of-the-art microfabrication technologies. An op-
timized structure with giant local field enhancement can
become very important for the realization of low-power
all-optical switching. A typical example for this purpose
is the high-Q resonant cavity. On the other hand, ap-
propriate optical structures can also be designed to have
their optical properties exhibit high sensitivity upon a
tiny change of material properties, such as the refractive
index. Many interferometric structures belong to this
category. In essence, in order to take advantage of the
structural flexibility in the macroscopic level, one should
manage to find photonic structures that are sensitive to
the change of outer optical field. Different devices such
as Mach—Zehnder interferometers [140-142], directional
couplers [62, 143], ring resonators [7, 144], and photonic
crystal cavities [64, 65, 75, 145] have been considered
and explored. In the following we will address briefly
the principal mechanism of each device that is built on
the platform of photonic crystals.

6.2.1 Photonic crystal Mach—Zehnder interferometers

A Mach—Zehnder interferometer with zero path-length
difference is shown in Fig. 24. The incident beam is di-
vided into two arms. The relative phase of the two arms
will determine the intensity of the output light. The in-
tensity transmitted through the interferometer is a func-
tion of the optical frequency and depends on the optical
path length difference and the propagation coefficient. If
the path length difference is an even multiple of wave-
length, the output will be maximum, while if the path
length difference is an odd multiple of half-wavelength,
the output will be minimum. For a nonlinear Mach—
Zehnder interferometer, one of the arms is replaced by
a nonlinear optical waveguides. The optical output is
modulated by the phase difference between the linear
and nonlinear arms caused by nonlinear effects, such as
Kerr effect. The transmitted intensity with or without
the pump power will be changed.

Fig. 24 Schematic diagram of a Mach—Zehnder interferometer in
two-dimensional photonic crystals.
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Because of the optical interference process of two
beams in the Mach—Zehnder interferometer, the output
intensity will be very sensitive to small change of phase
caused by nonlinearity. By optimization of several geo-
metrical parameters including the lengths of each arm,
the lattice, and the radius of air holes, all-optical switch-
ing with low pump power can be realized [146]. Notice
that this device does not involve significant local field
enhancement. The nonlinear effect is amplified by trans-
porting light for a path that is long enough to accumulate
sufficient phase shift so that it can be detected. In this
regard, it is the interferometric effect of light here that
lowers down the pump power.

6.2.2 Photonic crystal directional couplers

The schematic diagram of a photonic crystal directional
coupler is shown in Fig. 25, where the two waveguides
have Kerr nonlinearity. If the two nonlinear waveguides
are close enough to each other, light confined within one
of the waveguides can jump to the other after propagat-
ing a distance known as coupling length L.. Suppose
that the input is from port 1 and the length of coupling
waveguide is an odd multiple of L.. The output from
port 3 will be maximum without Kerr nonlinearity, while
the coupling length L. will change under the pump beam,
which will reduce the output from port 3. The change of
output intensity from port 3 can be harnessed to serve
as all-optical switching. Based on this principle, many
studies of all-optical switching have been carried out with
low pump power [62, 143]. The key for lowering down
the pump power in this device is also the interferometric
effect.

Port 1 Port 4

Port 2

Fig. 25 The schematic diagram of a photonic crystal directional
coupler. The signal is input from port 1, and the output signal
is detected at port 3, whose intensity sensitively depends on the
coupling length in the central region of the device that can be
modulated by Kerr nonlinearity.

6.2.3 Photonic crystal high quality factor cavities

In recent years, photonic crystal cavities with a very high
quality factor and an ultrasmall modal volume have been
demonstrated by the Noda group [147, 148]. Because of
the large enhancement of optical nonlinearity and low
group velocity achieved by virtue of localized photonic
states in defects with high @ factors in photonic crystals,
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many nonlinear optical devices such as low threshold op-
tical limiting elements, nonlinear optical diodes and all
optical switching can be implemented.

In the usual structures of photonic crystal all-optical
switching based on the band edge shift or defect mode
shift, the probe beam is often located at the band edge
mode or at the defect mode, while the pump beam is of-
ten located at the pass band. Here, we will show theoret-
ically that the pump power can be significantly reduced
by using a setup where the probe beam is located at the
high-@Q cavity mode with a very narrow line width. Fur-
thermore, if the central wavelength of the pump pulse
is also set to match with this or another high-Q cavity
mode, the pump power will be reduced further due to the
large field enhancement within the photonic crystal, and
more importantly there is no extra prolonged response
time of all-optical switching [145].

High-@ cavity modes have very narrow line width in
the transmission spectrum and thus exhibit very steep
pass band (miniband) edge, which will facilitate low-
pump all-optical switching. When the probe beam is
located at the high-Q cavity mode, it is very sensitive to
the change of refractive index due to the very narrow line
width of the cavity mode, and very high switching con-
trast will be obtained due to the steep band edge. We
have made numerical simulations on all-optical switch-
ing in a simple one-dimensional nonlinear photonic crys-
tal structure with a resonant cavity of different qual-
ity factors of the cavity mode. Here the probe light is
matched with the cavity mode, while the pump beam
is located at the conduction band. The threshold pump
power that is needed to cause a sufficiently large Kerr
nonlinearity and refractive index change of polystyrene
so that the switching contrast above 95% is determined.
The results are summarized in Table 1. It can be found
that the pump power can be efficiently reduced with
the increase of the cavity mode quality factor, follow-
ing approximately an inverse proportional law. On the
other hand, due to the increasing lifetime of cavities, the
switching time is prolonged. The pump power is as low
as 63 MW /cm? for the probe beam with the quality fac-
tor of about 2 x 10°, which is three orders of magnitude
lower than the pump-power with the quality factor of
331. However, the switching time is 735.27 ps, which is

Ye LIU, et al., Front.

Phys. China, 2010, 5(3)

about 470 times longer than the switching time with the
quality factor of 331. It seems that compromise needs to
be invoked between fast switching speed and low pump
power.

The above scheme has been investigated extensively
by many groups. Villeneuve et al. theoretically pro-
posed a tunable single-mode waveguide microcavity in
photonic crystals for ultrafast all-optical switching, and
the required operation power is as little as 10 pJ [149].
Almeida et al. realized an all-optical switching with its
time response of 450 ps on a silicon photonic integrated
device by employing a strong light-confinement structure
of ring resonator to enhance sensitivity to small changes
in the refractive index, and the energy of the control light
pulse is as low as 40 pJ [150].

Table 1 Calculated results of pump power with different qual-
ity factors of cavity mode. The wavelength of the probe beam
matches the peak wavelength of the cavity mode, while the central

wavelength of the pump beam is set at the pass band of photonic
crystal.

Period Quality Pump power Switching Switching
factor /(GW-cm—2) contrast time /ps
5 331 70 96.5% 1.55
6 830 39.4 96.8% 2.87
7 2080 17.5 98.2% 7.31
8 5170 4.375 95.1% 19.08
9 12883 1.575 95% 48.98
10 32096 0.7 96% 118.52
11 79909 0.175 96.2% 295.96
12 199158 0.063 95.8% 735.27

Although the life time of high-Q cavity will restrict the
response time of all-optical switching when the probe
beam is located at the cavity mode frequency, this
method can be efficient when the desirable response time
is not very fast, which is true in many practical appli-
cations. In this case, we find that when the wavelength
of the pump beam is also located at the high-Q cavity
mode, the pump power can be further reduced.

We have made numerical simulations on this prob-
lem also on the above simple one-dimensional nonlinear
photonic crystal model structure. In the simulation, the
probe light is matched with one cavity mode, while the

Table 2 Consumed pump power under different quality factors of the cavity mode. The wavelengths of both pump and probe beams
are located at the same peak wavelength, which matches the resonant wavelength of the cavity mode.

Maximum power

Period Quality factor Pump power /(MW-cm~2) Switching contrast Switching time /ps
enhancement factor
5 331 96.88 1200 95% 1.21
6 830 244.65 525 97% 2.95
7 2080 611.3 84 98.7% 7.70
8 5170 1506.92 21 98.5% 19.69
9 12883 3791.35 1.32 95.3% 49.67
10 32096 9166.47 0.21 97% 121.51
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pump light is matched with another cavity mode. The
calculated pump power that is needed to cause a suffi-
ciently large switching contrast is summarized in Table 2
for different @ factors for the cavity mode resonantly cou-
pled with the pump light. Here the wavelengths of both
pump and probe beams are located at the same peak
wavelength, which matches the resonant wavelength of
the cavity mode. The pump power reduces with increas-
ing the @ factor associated with the pump beam, also ap-
proximately in an inverse proportional law. This means
that if high-@Q cavity modes are designed both for probe
and pump light in nonlinear photonic crystal structures,
the enhancement will be a multiplication of these two
individual effects. This dual scheme is expected to of-
fer an efficient way to realize very low power all-optical
switching in nonlinear photonic crystals.

In the above we have analyzed several schemes to en-
hance Kerr nonlinearity in nonlinear photonic crystals
in order to have ultrafast optical switching on a pump
power level that is accessible to most general applica-
tions in optical information processing. The problem can
be attacked from both the microscopic and macroscopic
point of view, by either looking for a material with as
large as possible Kerr nonlinear susceptibility of micro-
scopic molecules and sufficiently fast response speed to
pump light, or by exploring an appropriate macroscopic
optical nanostructure that can enhance the effective Kerr
nonlinear susceptibility of optical switching device. How-
ever, even if many of the above enhancement schemes
can be fully exploited, it is still a challenging task to
completely overcome the difficulties and solve the prob-
lems to realize all-optical switching with nanoscale or
microscale sizes and easy to operate and control, largely
due to the lack of appropriate materials with high per-
formance Kerr nonlinearity. It seems that a hopeful way
for the fundamental purpose is to combine both the mi-
croscopic and macroscopic schemes. Without successful
all-optical switching devices, the dream of all-optical in-
tegrated chips might still be far off for a long time.

7 Summary and perspective

In this review, we have briefly described the experimen-
tal progress that we have made in recent years on ex-
ploring ultrafast all-optical switching in two-dimensional
and three-dimensional polystyrene Kerr nonlinear pho-
tonic crystals and our efforts to continually improve the
switching speed to the realm of a few femtoseconds.
When nonlinear photonic crystals are pumped by an ul-
trashort optical pulse with high intensity, the refractive
index of the composite polystyrene material will change
accordingly and almost instantaneously. This induces
the ultrafast shift in the band gap edge or defect state
resonant frequency, leading to pass or attenuation of a
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probe light transporting through the sample, based on
which all-optical switching can be formed.

To have a comprehensive understanding of the princi-
ples of all-optical switching in nonlinear photonic crys-
tals, we have discussed in detail several relevant issues.
We have introduced different mechanisms for the real-
ization of all-optical switching and discussed approaches
to prepare high-quality nonlinear photonic crystal sam-
ples with considerable band gap attenuation and steep
band gap edge by means of microfabrication technique
and self-assembly technique. We have described the fem-
tosecond pump-probe technique that is used to char-
acterize the overall performance characteristics of all-
optical switching such as the response speed, switching
signal contrast, and pump power threshold. The devel-
opment of the state-of-the-art ultrafast pulse laser tech-
nique enables us to experimentally explore the ultimate
response speed limit and underlying dynamical picture
of all-optical switching based on the polystyrene poly-
mer material. The response time has been scaled down
continually from 10 ps, 120 fs, 20 fs, and finally to 10
fs. It seems that the response time is approximately
equal to the duration time of pump laser pulse, but a
few femtoseconds might have been the limit because it
has already been approaching the material response time
of polystyrene. To bring ultrafast all-optical switching
into reality to facilitate practical applications in optical
information processing, the pump power must be signif-
icantly lowered by several orders of magnitude from the
We have discussed different schemes to
reduce the pump power threshold of optical switching

current value.

in nonlinear photonic crystals, such as surface plasmon
resonance effect, resonant cavity effect, and optical inter-
ferometric effect. The principle is simple: Enlarging the
effective Kerr nonlinear response either by looking for
good materials with larger Kerr nonlinear susceptibility
in microscopic molecules, or by enhancing the intensity
of the local field exerting on Kerr nonlinear materials, or
by increasing the effective interaction path of light with
Kerr nonlinear materials.

These studies have taught us a lot about the funda-
mental principles and necessary technologies toward the
realization of useful ultrafast all-optical switching in the
microscale and nanoscale that can be placed into future
all-optical integrated chips.

All-optical switching with high contrast, low pump
power, and ultrafast speed is the ultimate goal for re-
searchers. Although great progress has been made, there
is still a long way to go. Final success should strongly
rely on joint efforts from different aspects of science
and technology: physics for better working principle,
optics for better detection and characterization tech-
niques, chemistry and materials science for exploration
and preparation of new and better Kerr nonlinear materi-
als, and nanotechnology for easy and accurate building of
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nanoscale and microscale optical-switching devices. Be-
cause all-optical switching is an essential component in
all-optical networks, the dream for large-scale optical in-
tegrated networks and their connection with traditional
microelectronic integrated chips, which are promising for
revolutionary information processing technology, will not
come true without the success of bringing user friendly,
easy to control and tiny all-optical switching devices into
reality.
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