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Self-assembled organic and polymer photonic crystals
for laser applications

Seiichi Furumi1,2,3

This article describes an overview of recent developments in fabrication and uses of self-assembled photonic crystals (PCs) of

organic and polymer materials, such as chiral liquid crystals (CLCs) and colloidal crystals (CCs), for laser applications. Both

CLCs and CCs have intrinsic capabilities to spontaneously assemble 1D-PC and 3D-PC structures, respectively. When a periodic

length in the PC structures of CLCs and CCs corresponds to several hundred nanometers of the light wavelength, the photonic

band-gaps (PBGs) can be visualized as Bragg reflection colors. When combining fluorescence dyes in the CLCs and CCs, the

stimulated laser action at PBG band edge(s) or within the PBG wavelength can be generated by optical excitation. Moreover,

the optically excited laser action is controllable by external stimuli due to the self-organization of CLCs and CCs. This review

highlights not only the research backgrounds of CLC and CC structures as PCs, but also the experimental results of their

versatile soft and tunable laser applications. We believe that a wide variety of CLC and CC structures will have leading roles in

the next generation of optoelectronic devices of organic and polymer materials.

Polymer Journal (2013) 45, 579–593; doi:10.1038/pj.2012.181; published online 14 November 2012

Keywords: colloidal crystals; chiral liquid crystals; laser; microparticles; photonic band-gap; photonic crystals; self-assembly

INTRODUCTION

Photonic crystals (PCs) have received a great deal of attention as
promising platforms for next generation optoelectronics, because of
their intriguing prospects for the on-demand manipulation of not
only photons, but also photon–matter interactions within a small
space.1 In general, PCs consist of periodically modulated structures of
different dielectric materials with the periodic length nearly equal to
the light wavelength. When a light wave propagates into a PC
structure, we can observe the forbidden regions for photons in the
dispersion spectrum. Such specific regions are known as ‘photonic
band-gaps (PBGs)’. The way in which the PCs interact with light
waves is analogous to the interaction of atomic crystals with electrons.
Interest in the PCs is increasing in both fundamental and practical
photonics researches as the concepts were independently reported by
Yablonovitch2 and John3 in 1987. Yablonovitch established the
concept of PBG from a theoretical viewpoint. He noted that
spontaneous light emission can be controlled by an energy region
in which light cannot propagate in any direction, and used the
technical term of PBG.2 At the same time, John pointed out the
strong localization of photons with certain energies around defects
embedded in a dielectric medium by numerical calculation with
Maxwell’s equations.3 Importantly, before the PC concept, Ohtaka has
already reported the archetypal term of ‘band’ for photons.4

According to the periodic dimensionality, the PCs can be categor-
ized into three types: one dimensional- (1D-), two dimensional-
(2D-) and three dimensional- (3D-) PCs (Figure 1).5 As evident from
this illustration, 1D-PCs—periodically multilayered structures of
different dielectric materials—are the simplest in all PC structures
(Figure 1a). Nowadays, 1D-PCs are widely used as traditional optical
components such as dichroic mirrors, notch filters and antireflection
layers. Such 1D-PCs can be obtained by the evaporation process; in
this case, two kinds of different dielectric materials are alternately
stacked in a repeated manner. Therefore, this fabrication process is
very precise and time-consuming to prepare the desired structures
and optical properties of 1D-PCs.

2D-PCs consist of columns arranged in an in-plane crystal lattice
structure (Figure 1b), and hence, in these 2D-PCs, a light wave
propagating in any direction in the plane can be reflected. At present,
there have been many reports on not only the fabrication of 2D-PCs
by top-down techniques, such as lithography and holography for
semiconductor electronic devices, but also the evaluation of unique
optical properties by the PBG effect of 2D-PCs.6–8 Studies on 2D-PCs
with PBGs in near-infrared or visible wavelength regions have been
hampered by the difficulty in preparing precisely ordered periodic
structures of 2D-PCs with the desired aspect ratios of columns.
Recently, several reports have successfully proven that the 2D-PCs
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with near-infrared and visible PBG wavelengths can be prepared by
utilizing glass capillary plates9,10 and anodic porous alumina.11

3D-PCs have spatially lattice structures of building blocks with a
scale of light wavelengths, and the most complicated structures in all
PCs (Figure 1c). 3D-PCs have an outstanding potential to fully
prevent light propagation within a specific PBG wavelength range and
in any direction of PCs by the complete PBG (or full PBG). Many
reports have been made on a wide variety of methodologies to
fabricate 3D-PCs by top-down techniques of lithographic and selec-
tive etching,12,13 multiphotons polymerization14,15 and holographic
method.16

On the other hand, chiral liquid crystals (CLCs) and colloidal
crystals (CCs) have peculiar capabilities to spontaneously assemble
1D-PCs of chiral molecules and 3D-PCs of colloidal microparticles by
a bottom-up process, respectively (Figure 2). In other words, we do
not require any specific facilities for the fabrication of PC structures.
The details of CLCs and CCs are described in the following sections.
This review deals with not only the research backgrounds of CLC and
CC structures as PCs, but also the experimental results of their
versatile soft and tunable laser applications.

CLCs AS PCs

Current trend in the PC research realm is devoted to development of
2D-PC and 3D-PC structures, because they have possibilities to create
the complete PGBs. Although theoretical calculation indicates that it
is not possible to produce the complete PBGs by 1D-PCs, the 1D-PC
structures can be used to generate strong localization of photons
within the PGB or at PBG edge(s). Considering the peculiar features,
such 1D-PC structures can be applied to intriguing photonic devices
as low-threshold lasers, optical amplifiers, and so on.1

In this context, CLCs, which are typically supramolecular helical
assemblages of nematic liquid crystal (LC) layers with a periodic
helical pitch, have garnered considerable attention from the intriguing
research field of PCs.17 In general, such CLC mesophases appear from
intrinsically chiral (optically active) compounds or mixtures where at
least one of the components has an enantiomeric chiral center.18 In
the CLC mesophase, the orientational order of LC molecules is
typically similar to that of nematic LC layers. However, the local
director of each nematic LC layer spatially and periodically rotates
clockwise or counterclockwise with respect to the helical axis, thereby
resulting in the formation of right-handed or left-handed
supramolecular helical structures of CLCs, respectively.

When the CLC materials are sandwiched between two substrates
with homogeneous anchoring surfaces, the CLC supramolecular
helical axis is spontaneously aligned to the orthogonal direction of
the substrate surface. In this alignment, the CLC cells show a unique
optical texture under crossed-nicols, which is so-called Grandjean or
planar texture.18 Owing to the supramolecular helical structures, the

planar-aligned CLC cell exhibits negative birefringence with the
extraordinary refractive index (ne) along the CLC helical axis. The
light reflection is the most unique and important optical property of
CLCs.18 The maximum wavelength of light reflection (lmax) is
numerically expressed as the following equation:

lmax ¼ navp ð1Þ

where nav represents the average optical refractive index and p is the
helical pitch length of CLC material. The reflection bandwidth (Dl)
can be determined by the following expression:

Dl¼Dnp¼ðne � noÞp ð2Þ

where Dn is the optical anisotropy and no is the ordinary refractive
index of CLC.

When a planar-aligned CLC cell is observed at oblique incidence,
the wavelength of reflection light is depended on the incident angle

Figure 2 Schematic illustrations of self-assembled organic and polymer PCs
of chiral liquid crystals (CLCs) (a) and colloidal crystals (CCs) (b). Both

CLCs and CCs have intrinsic capabilities to spontaneously assemble

1D- and 3D-PC structures by bottom-up process, respectively.

Figure 1 Schematic illustrations of 1D- (a), 2D- (b), and 3D- (c) photonic crystals (PCs).
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(y). The reflection wavelength is changed according to the following
trigonometric function:

lmaxðyÞ¼ navp cos y 3

where lmax(y) is the reflection wavelength at y from the surface
normal of planar-aligned CLC cell. When observing at oblique
incidence, the reflection wavelength shifts to shorter wavelengths.

Another outstanding characteristic of the CLCs is that the light
reflection shows chiroptical (chiral optical) property. When linearly
polarized light propagates into a planar-aligned CLC cell along the
helical axis, the CLC molecules can reflect circularly polarized light
(CPL) with same CLC supramolecular helical handedness at a
wavelength of lmax with a bandwidth of Dl. On the other hand,
CPL with the opposite CLC helical handedness transmits through the
planar-aligned cell without light reflection. In this way, the light-
reflecting behavior of CLCs depends on the CPL state, which is so-
called ‘selective light reflection’. When the selective light reflection
takes place in a visible wavelength range, the helical pitch of CLCs is
of the order of several hundred nanometers, and the optical rotation
power is 103–105 degree mm�1.

Figure 3 shows the experimental results of a polymerized CLC
film with left-handed supramolecular helical sense.19 Polarized micro-
scopic observation confirms that the CLC film shows Grandjean
texture, in which the helical axis is uniformly perpendicular to the
substrate surface (inset in Figure 3a). The CPL transmission spectra
are probed by using right-handed CPL (R-CPL) and left-handed CPL
(L-CPL). As shown in Figure 3a, the spectral shape is drastically
altered by changing the CPL direction of probing light between
R-CPL and L-CPL. When the R-CPL is adopted to measure the
CPL transmission spectrum, this polymerized CLC film exhibits
transparency in a wavelength range from 500 to 900 nm (gray curve
in Figure 3a). When the probing light is switched from R-CPL to
L-CPL, a characteristic band emerges in a wavelength range from
570 to 600 nm due to the selective light reflection by the CLC film
(black curve in Figure 3a). This reflection band appears by the left-
handed supramolecular helical sense of this polymer CLC. When
the transmission spectra are monitored at angles of oblique inci-
dence, this reflection band shifts to shorter wavelengths in line with
equation (3).

Scanning electron microscopy observation of this polymerized CLC
film allows us to visualize the spatial structure of CLC molecules at
the microscopic level. Figure 3b shows a cross-sectional scanning
electron microscopy image of this CLC film. As is evident from this
scanning electron microscopy image, the periodically multilayered
structure is aligned perpendicularly to the substrate surface. This
periodicity corresponds to a half length of helical pitch of this planar-
aligned polymer CLC film. The empirical pitch length is estimated to
be B360 nm, and the average optical refractive index of this CLC is
B1.61. By importing the p and nav values in equation (1), the
calculated reflection wavelength of B580 nm is found to be in
substantially good agreement with the experimental reflection
spectrum.

Such CLC materials with unique reflection properties have been
long-standing subject with considerable attention for their technolo-
gical applications such as display devices, full-color recording media,
polarizers and reflectors.20–25 To date, mirrorless laser action from the
dye-doped CLCs has been frequently investigated for use in
the molecular photonic devices.17 The following sections outline the
typical experimental results of laser action behaviors of CLCs by
optical excitation.

LASER ACTION FROM DYE-DOPED CLCs

Recently, numerous advances of CLCs in terms of 1D-PCs have
established a new perspective in the photonic research field. In
particular, mirrorless laser action can be generated by optical
excitation of the CLCs doped with a fluorescent dye.17,19,26–28

Generally, the laser action takes place at the edge(s) of the CLC
reflection band, corresponding to the PBG, due to the internal laser-
feedback effect. Four decades ago, the original concept of CLC lasers
has been reported by Goldberg and Schnur in a US patent.29 As far as
we know, Kopp et al.30 demonstrated for the first time the laser
emission from a CLC cell doped with a fluorescent pyrromethene
derivative by optical excitation.30

Following the first demonstration of optically excited laser action
from CLCs, the stimulated laser emission from CLC materials has
become one of the leading research topics for fabrication of new
organic and polymer photonic devices. Hitherto, there have been
numerous reports on the laser action from various CLC materials,
such as low molecular weight CLCs30–33 and ferroelectric LCs,34

polymerized CLCs,35–38 and lyotropic CLCs.39 Among a variety of
CLC mesophases, cholesteric blue-phase LCs are made of unique 3D
cubic structures of chiral LC molecules with lattice periods of several
hundred nanometers.40 Such blue-phase typically appears in a narrow

Figure 3 (a) Circularly polarized light (CPL) transmission spectra of a

planar-aligned polymer chiral liquid crystals (CLC) film with left-handed

supramolecular helical sense. Black and gray curves denote the

transmission spectra probed by left-handed CPL (L-CPL) and right-handed

CPL (R-CPL), respectively. The inset shows Grandjean optical texture of the

planar-aligned CLC cell under crossed-Nicols. (b) Scanning electron

microscopy image observed from cross-sectional direction of this planar-

aligned polymer CLC cell. Reproduced with permission from Furumi.19
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temperature range by precise cooling process from the isotropic
phase. In previous studies, optically excited laser action are
successfully demonstrated by using low molecular weight blue-
phase LCs,41 as well as polymer stabilized blue-phase LCs.42

The typical experimental results of optically excited laser action
from the CLCs doped with a fluorescent dye are described below
(Figure 4).43 In order to prepare the CLC hosts with PBGs in a visible
wavelength range, we use two kinds of compounds of RDP-60774 as
an achiral nematic LC and R-1011 as a chiral dopant (Figure 4a). This
LC of RDP-60774 exhibits nematic LC phase up to 43 1C, and
comprises a binary mixture of phenycylcohexane derivatives with a
cyano group at their terminal positions. Therefore, the dielectric
anisotropy (De) is a relatively high value of þ 11.3, as compared with
those of other nematic LCs. A chiral dopant of R-1011 has a chiral
center tethering two mesogen moieties, and its helical twisting power
(b) is 42.1 (mm wt%)�1. When 6.0 wt% of R-1011 is mixed in RDP-
60774, corresponding to B2.0 mol%, the CLC host shows a
reflection band around 600 nm. After dissolving R-1011 in RDP-
60774, 0.4 wt% of a fluorescent dye, 4-(dicyanomethylene)-2-methyl-
6-(4-dimethylaminostryl)-4H-pyran (DCM; inset in Figure 4b), is
added into the CLC host. This DCM dye shows a broad fluorescence
spectrum centered at 590 nm by optical excitation with 532 nm light
from an Xe lamp (Figure 4b). This DCM-doped CLC mixture is
sandwiched between indium tin oxide glass substrates covered with
uniaxially rubbed poly(vinyl alcohol) films to induce planar CLC
alignment.

Reflection spectral measurement reveals that a selective reflection
band of this CLC host appears in a wavelength range from 580 to
630 nm (dashed curve in Figure 4c). This reflection band completely
overlaps with a broad fluorescence band of the DCM dye (Figure 4b).
The laser emission characteristics of this DCM-doped CLC cell are
evaluated by using the second harmonic generation light at 532 nm
emitted from a Q-switched Nd:yttrium aluminum garnet laser beam
with a pulse width of B6 ns. When this DCM-doped CLC cell is
excited with a relatively low energy up to B0.9mJ per pulse, the
emission intensity monotonously increases with the excitation energy.
At an excitation energy of 0.9mJ per pulse, we can observe the
following anomalous alteration in a broad fluorescence spectrum of
DCM dye: the emission is inhibited within a wavelength range of CLC
selective reflection band. This fluorescence spectral alteration stems
from the strong localization of emitting photons from DCM within
the selective reflection band of CLC host. In other words, the
reflection band of CLC host works as the PBG. When the excitation
energy exceeds a threshold excitation energy of 0.9mJ per pulse,
the emission intensity is increasingly intensified, accompanied by the
abrupt spectral narrowing from 80 to 0.8 nm (solid curve in
Figure 4c). This laser emission peak emerges at B630 nm correspond-
ing to the longer-wavelength edge of this CLC selective reflection
band.

Taking account of the fact that the laser emission peak clearly
appears at the CLC reflection band edge, we prepare DCM-doped
CLC cells with 6.0 wt%, 5.9 wt% and 5.4 wt% of R-1011 in RDP-
60774. Figures 4c–e show the reflection and laser emission spectra.
The selective reflection band shifts to shorter wavelengths as increas-
ing the concentration of R-1011 (dashed curves in Figures 4c–e). This
behavior obeys the following equation.44

lmax ¼ navðbCÞ� 1 ð4Þ

where b stands for the helical twisting power and C is the
concentration of R-1011 in RDP-60774. This equation can be applied
when the concentration of chiral dopant is low. The laser emission

peak is significantly dependent on the wavelength position of the
selective reflection band of CLC host (solid curves in Figures 4c–e). A
single laser emission peak observed from a DCM-doped CLC cell with
6.0 wt% of R-1011 appears at the longer-wavelength edge of CLC
reflection band (630 nm; Figure 4c), whereas a CLC cell with 5.4 wt%
of R-1011 shows a single laser emission peak at the shorter-
wavelength edge (675 nm; Figure 4e). Very interestingly, when the
CLC cell is prepared by mixing 5.9 wt% of R-1011 in RDP-60774, two
laser emission peaks can be observed at both the shorter- and longer-
wavelength edges of the CLC reflection band (608 and 658 nm;
Figure 4d). The two laser emission peaks probably arise because the
selective reflection band is entirely covered by the broad fluorescence

Figure 4 (a) Chemical structures of achiral nematic LC (RDP-60774) and

chiral agent (R-1011). (b) Fluorescence spectrum of a fluorescent dye

(DCM) in chiral liquid crystals (CLC) by optical excitation with 532nm light

from a Xe lamp. The inset shows the chemical structure of DCM.
(c–e) Optically excited laser emission (solid curves) and reflection (dashed

curves) spectra of DCM-doped CLC cells, filled with 6.0 wt% (c), 5.9 wt%

(d) and 5.4 wt% (e) of R-1011 in RDP-60774. The laser emission spectra

were measured by optical excitation with 532 nm light from Nd:yttrium

aluminum garnet laser beam with a pulse energy of B1.2mJ per pulse.

Reproduced with permission from Furumi19 and Furumi et al.43
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spectrum of DCM above the fluorescence maximum wavelength
(Figures 4b and d).

CIRCULAR POLARIZATION OF LASER ACTION FROM CLCs

Polarization control of emission properties of organic and polymeric
materials has attracted considerable interest from technological
viewpoints because of its advantages in high-density photonic devices.
One of interesting research subjects is the generation of CPL
emission—emitting light with different intensities for R-CPL and
L-CPL components—by the intrinsic structural asymmetry of chiral
molecules. This research progress lags behind that of linearly polarized
emission. This is because of the relative difficulties in preparing a
helical molecular arrangement by conventional techniques such as
mechanical stretching and rubbing for uniaxial molecular alignment.
It is common knowledge that introduction of enantiomerically pure
chiral compounds or groups in a molecular system leads to the
chiroptical properties at the ground state such as optical rotatory
dispersion and circular dichroism. In contrast, the chiroptical proper-
ties of CPL emission at the excited state cannot be generated in
straightforward ways. Intriguing attempts have been made to increase
the degree of CPL emission by synthesizing p-conjugated polymers
with chiral side chains,45–49 chiral metal complexes,50–53 and helicene
derivatives with steric hindrance54,55

On the other hand, CLC materials are readily available to efficiently
generate CPL emission. When a fluorescent dye is dissolved in the
CLC material, the selective reflection band superimposes on the broad
fluorescence band emitted from the guest dye. So far, there have been
lots of reports on the CPL broad emission with opposite handedness
to the supramolecular helical sense of CLC host by optical excitation
with non-polarized light.56–59 However, the CPL degrees by these
techniques are not sufficient for practical applications in
dissymmetric light sources.

As mentioned in the preceding section, the CLCs show an
outstanding chiroptical property of selective light reflection. From
the standpoint of the PC research field, the photon dispersion
diagrams of CLCs are quite different from those in the conventional
1D-PCs such as periodically multilayered structures. When linearly
polarized or non-polarized light propagates into a planar-aligned CLC
cell, the light wave can be divided into two CPL components of
R-CPL and L-CPL. Although the CPL component with same CLC
helical handedness is reflected by the selective reflection band, the
other CPL component with opposite handedness is transmitted.
Therefore, it can be predicted that the optically excited laser action
would show circular polarization features depending on the supra-
molecular helical handedness of CLC host.

In this section, the CPL characteristic of laser action from a dye-
doped CLC cell is evaluated by the combination of a quarter-wave
plate and a linear polarizer. Figure 5 shows the L-CPL and R-CPL
laser emission spectra from a DCM-doped CLC cell fabricated with
5.9 wt% of R-1011 in RDP-60774. As is evident from the spectra, the
laser emission peaks observed from this CLC cell have predominant
R-CPL component rather than L-CPL. This is because this CLC host
doped with R-1011 has a right-handed supramolecular helical sense.
Generally, the circular polarization degree of emission (gem) is given
by the following equation.60

gem ¼ 2ðIL � IRÞ/ðIL þ IRÞ ð5Þ

where IL and IR stand for the emission intensities of L-CPL and
R-CPL, respectively. In the case of purely single-handed CPL
emission, the gem value shows þ 2 or �2 for the L-CPL or R-CPL
emission, respectively. From CPL laser emission spectra (Figure 5),

the gem values of both laser emission peaks at 608 and 658 nm are
calculated to be �1.85. This gem value is higher than those observed
for other CLC systems.56–59

This experimental result motivates the investigation of CPL laser
emission from a CLC cell doped with an enantiomeric (mirror-image)
chiral dopant of R-1011, that is, S-1011. By mixing S-1011 and RDP-
60774, the CLC host exhibits left-handed supramolecular helical
sense. As a result, L-CPL laser emission is observed for a DCM-
doped CLC cell with S-1011. This result indicates that the CPL
direction of laser emission by CLC materials can be controlled by
appropriate choice of an enantiomeric chiral dopant dissolved in the
achiral nematic LC, in spite of a very small amount of chiral dopant
(B2.0 mol%).61,62

In this way, the laser emission from the dye-doped CLC cell
exhibits the chiroptical property with an almost single CPL handed-
ness, even though the excitation beam is linearly polarized (inset in
Figure 5). Most interestingly, the fluorescent DCM dye does not have
molecular chirality by itself, namely the achiral molecule. It should be
stressed that the CLC host enables the generation of CPL laser
emission from achiral fluorescent dye by the chiral PBG of CLC host.

ELECTRICAL CONTROL OF LASER ACTION FROM CLCs

The most important property of functional LC materials is capabil-
ities not only to induce substantial enhancement of their anisotropic
physical properties by the molecular assemblages and alignment, but
also to control the anisotropic properties by external stimuli.63,64 In
the case of CLCs, selective light reflection properties of low molecular
weight CLCs can be controlled by external stimuli such as
temperature, pressure, electric field and so forth.18 Previously, we
succeeded in the electrical control of supramolecular helical structure
and laser action from electroactive CLCs by applying voltages.43,65

This section introduces some of experimental results of the electrically
controlled lasing action.

Figure 5 Circularly polarized laser (CPL) emission spectra from a DCM-

doped chiral liquid crystal (CLC) cell, filled with 5.9 wt% of R-1011 in

RDP-60774. The chemical structures of RDP-60774, R-1011 and DCM are

shown in Figure 4. R-CPL and L-CPL denote the right-handed and

left-handed CPL of emission spectra, respectively. The inset represents the

illustration of circularly polarized laser emission from the dye-doped CLC

cell by optical excitation with a linearly polarized light. Reproduced with

permission from Furumi.19
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Dynamic control of laser emission is realized by applying external
voltages with an alternating current to the aforementioned DCM-
doped CLC cell. The achiral nematic RDP-60774 to prepare the CLC
host has a positive and relatively high De value of þ 11.3 (Figure 4a).
Figure 6 shows the changes in laser emission intensity from the
optically excited CLC cell as a function of the applied voltage.43

Although the laser emission from the DCM-doped CLC cell can be
constantly observed up to 18 V, applying a voltage of 20 V
immediately depletes the intensity of laser emission. At voltages
higher than 20 V, we confirm the presence of the selective reflection
band of CLC host. However, the laser emission is not generated at all
even when the excitation energies are set at 5.0mJ per pulse or more.
This response can be attributed to the change in reflection band edges
of CLC host. Both the shorter- and longer-wavelength edges of the
reflection band disappear by applying a voltage of 20 V (inset in
Figure 6).

Such lasing behavior can be unraveled by polarized optical
microscopic observation upon increasing the external voltages. Initial
Grandjean texture of CLC cell is converted into focal conic texture in
which the orientation of CLC helical axis is random.66,67 By
considering overall results, the planar alignment of CLC host with
clear reflection band edges is a prerequisite condition for the
generation of optically excited laser action from the dye-doped CLC
cell. Upon increasing the applying voltages, the reflection band
gradually decreases, and eventually disappears at 70 V (inset in
Figure 6). Polarized optical microscopic observation under crossed-
Nicols reveals that no light is transmitted on applying a voltage of
70 V. This suggests the homeotropic orientation in which the optical
axis of LC molecules orients perpendicularly to the substrate surface.
In other words, applying such a high voltage unwinds the helical
molecular arrangement of the CLC host, resulting in homeotropic
alignment of nematic LC through the electrically induced phase
change from cholesteric to nematic LC. Moreover, when such high

voltage is switched off, the laser emission peak can revive as a
consequence of reconstruction of the initial planar CLC alignment. In
this way, the laser action can be controlled reversibly by applying a
voltage to the electroactive CLC doped with a fluorescent dye.

PHOTOTUNABLE LASER ACTION FROM CLCs

So far, much attention has converged on the photochemical control of
reflection properties of CLCs for technological development of
photonic devices such as displays, full-color recording media, and
so forth.21,22 This situation motivates us to fabricate the photoactive
laser devices by photochemical reactions. This section deals with
phototunable laser action from a photoreactive CLC cell doped with a
fluorescent dye.68

In order to prepare a photoreactive CLC, we use three kinds of
cholesteryl derivatives: cholesteryl nonanoate, cholesteryl iodide (CI),
and cholesteryl oleyl carbonate (Figure 7a). By mixing cholesteryl

Figure 6 Changes in laser emission intensity from a DCM-doped chiral

liquid crystal (CLC) cell, fabricated with 5.9wt% of R-1011 in RDP-60774,

as a function of applied voltages with an alternating current. The chemical

structures of RDP-60774, R-1011 and DCM are shown in Figure 4. The

emission intensity was measured upon optical excitation with 532 nm light

with a pulse energy of B1.9mJ per pulse. The inset shows the continuous

changes in reflection spectra of the DCM-doped CLC cell upon applying

voltages. Reproduced with permission from Furumi19 and Furumi et al.43

Figure 7 (a) Chemical structures of cholesteryl nonanoate (CN),

cholesteryl iodide (CI), and cholesteryl oleyl carbonate (COC) for

preparation of a photoreactive CLC. (b, c) Reflection b and laser emission

spectra c of dye-doped photoreactive CLC cells with various photonic

band-gap (PBG) wavelengths, which were adjusted in advance by irrad-

iation with UV light of 200 mJcm�2 (curve 1), 300mJcm�2 (curve 2),
400mJcm�2 (curve 3), 500 mJcm�2 (curve 4), 600mJ cm�2 (curve 5),

700mJcm�2 (curve 6) and 800mJcm�2 (curve 7). The inset shows the

chemical structure of a fluorescent benzopyrano quinolizine derivative

used in this study. Reproduced with permission from Furumi19 and

Furumi et al.68
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nonanoate, CI and cholesteryl oleyl carbonate at a weight ratio of
3.0:2.0:2.0, respectively, the photoreactive CLC shows cholesteric LC
phase with left-handed supramolecular helical sense up to 56 1C. A
planar-aligned CLC cell of the photosensitive CLC shows a reflection
band of PBG in a wavelength range of 545–555 nm. Subsequently, the
CLC cell is irradiated with ultraviolet (UV) light at 254 nm. The
selective reflection band of CLC progressively shifts to longer
wavelength in proportion to the exposure energy of UV light due
to a photolysis reaction of CI.69 Nuclear magnetic resonance spectral
measurement confirms that signal intensity of a terminal proton
attached to CI monotonously decreases with exposure to UV light.
Consumption of 20% in molar ratio of CI by exposure to UV light of
1.0 J cm�2 results in a large shift of the selective reflection band of
CLC from 550 to 720 nm. Likewise, a similar shift of selective
reflection band is observed for a CLC cell doped with 0.4 wt% of a
fluorescent benzopyrano quinolizine derivative (NKX-2197; inset in
Figure 7c). The reflection spectral changes are shown in Figure 7b.

Successively, we demonstrate the phototuning of the laser emission
peak from an NKX-2197-doped CLC cell by exposure to UV light.
Figures 7b and c show the changes in reflection and laser emission
spectra of the dye-doped CLC cell. A single laser emission peak is
clearly determined by the phototuned reflection band position of CLC
host. Irradiation of the CLC cell with UV light leads to the precise
tuning of a single lasing peak from 610 to 700 nm.68 The laser
emission peak always occurs at the longer wavelength edge of CLC
reflection band for each cell. It is predictable that the fluorescent
NKX-2197 dye is well aligned parallel with the local molecular
alignment direction of CLC molecules. In contrast, such lasing
action cannot be generated for the dye-doped CLC cells exposed to
UV light with the energies of 800 mJ cm�2 or more. As the selective
reflection band of CLC host scarcely overlaps with the optical gain
spectrum of NKX-2197. The phototuned laser action is adequately
stable and unchanged as long as it is kept at room temperature for
several months. In this way, we successfully demonstrate that the CLC
reflection band can be modulated by exposure to UV light, resulting
in the on-demand phototuning of laser emission peaks in a widely
visible range. Unfortunately, this phototuning process is irreversible.
However, the other reports have been successfully made on the
photoreversible switching of laser emission peaks by combining
photochromic compounds such as azobenzene derivatives in the
CLC media.70–72 It is greatly advantageous to realize the reversible
photocontrol of the laser emission peak for the next-generation
photonics.

GLASS-FORMING CLC FOR TUNABLE SOLID-STATE LASER

Tunable laser of CLC materials is one of the leading research topics
from a practical viewpoint. There have been hitherto a wide variety of
methodologies to tune the laser emission peak by external stimuli of
temperature, mechanical stress, electric field and chiral dopant
concentration.19 In the traditional distributed feedback lasers by
holographic excitation, the subtle control of incident angle of
optical excitation beam in a narrow range of B51 is definitely
required to fine-tune the laser emission peak.73 On the other hand,
the tunable CLC laser systems are very simple and sophisticated
procedures to tune the laser emission peak by control of the selective
reflection band of the CLC host.

Recently, more emphasis is placed on the position-dependent
tuning of laser emission peaks from continuously-gradated PBG
(CG-PBG) structures in planar-aligned CLC cells.74–76 In other words,
the CG-PBG structures show 1D gradation in the CLC reflection
band. To date, the CG-PBG structures of CLCs have been prepared by

precisely controlling temperature74 and chiral dopant concen-
tration75,76 of low molecular weight CLCs. However, the strategies
might encounter some serious obstacles as follows. In principle,
the low molecular weight CLCs are very vulnerable to subtle
temperature fluctuations. When the position-dependent tuning of
laser emission is performed by gradating temperature, specific
thermal controllers and stages are needed to keep the CG-PBG
structures during the lasing experiments.74 Moreover, the CG-PBG
structures are not stable due to thermodynamic molecular diffusion
of the low molecular weight chiral dopants. Therefore, the low
molecular weight CLCs are impractical for position-dependent
tuning of laser emission peaks. Recently, the CG-PBG structures of
photopolymerized CLCs have been prepared for the position-
dependent tuning of laser emission.77,78 However, the CG-PBG
structures require high threshold excitation energies for laser action
after photopolymerization. This is because the initial planar CLC
alignment or fluorescent dyes might be deteriorated during
photopolymerization of CLC monomers.77–79

This section presents the preparation of a fluorescent glass-forming
CLC (G-CLC) and its application in a new type of tunable CLC solid-
state laser.80 We succeeded herein in the relatively easy fabrication of
robust CG-PBG structures of a fluorescent G-CLC without any
covalent bonding by a supercooling process. This CG-PBG structure
of G-CLC enables continuously and reversibly tunable laser action by
low-threshold optical excitation.

For this purpose, we design and synthesize three kinds of
compounds of CD8, 11-BP and DC-OPV to obtain a fluorescent
G-CLC. The chemical structures are shown in Figure 8. First, CD8 is
used as a G-CLC host. Previously, Tamaoki et al.21,22 serendipitously
found unique properties of CD8; this CD8 oligomer can be practically
applied to rewritable full-color recording devices. A CD8 film shows a
selective reflection band of PBG in a visible wavelength range from
420 to 610 nm, which is dependent on the CLC mesophase
temperature between 87 1C and 115 1C. This CD8 film annealed at
CLC temperatures is rapidly cooled to 0 1C, whereupon the selective
light reflection can be preserved even at room temperature for a long
time. Such supercooling treatment of CD8 leads to durable formation
of a glassy solid-state without any covalent bonding, because of its
relatively high glass transition temperature of B80 1C. This solidified
CD8 film has unique abilities for not only the desired tuning of PBG
wavelength by annealing temperature, but also the on-demand

Figure 8 Chemical structures of glass-forming chiral liquid crystal (G-CLC)

for fabrication of a new type of tunable solid-state laser. The G-CLC was

prepared by mixing ternary compounds of CD8, 11-BP and DC-OPV at a

weight ratio of 98.4:1.6:1.0, respectively. Reproduced with permission from

Furumi19 and Furumi and Tamaoki.80
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preservation of the shifted PBG wavelength by the subsequent
supercooling treatment. Secondly, 11-BP is adopted as a subsidiary
dopant in order to regulate the PBG wavelength and its tuning range
of CD8. Thirdly, we synthesize an oligo(p-phenylene vinylene)
derivative of DC-OPV having two cholesteryl units at the termini
as a fluorescent compound. This fluorescent DC-OPV is designed to
be accommodated to the G-CLC host of CD8 and 11-BP without
their phase separation.

A fluorescent G-CLC is prepared from a dichloromethane solution
of CD8, 11-BP and DC-OPV at a weight ratio of 98.4:1.6:1.0,
respectively. The solidified G-CLC film is prepared by supercooling
from the CLC mesophase temperature to 0 1C. When the G-CLC film
is supercooled from the mesophase temperatures at 83, 88 and 93 1C,
the PBG wavelength shows at 573, 517 and 440, respectively. The PBG
wavelength decreases as the annealing temperature increases. The PBG
tuning range is relatively wide from 400 to 600 nm. Owing to the
formation of a glassy solid-state, the tuned PBG wavelength of G-CLC
film remains extremely intact at room temperature even after being
stored for 10 months or more.

Thus, this G-CLC film has unique capabilities that not only ensure
the fine-tuning of PBG wavelength by annealing temperature, but also
allow the on-demand preservation of the shifted PBG wavelength
through the subsequent supercooling process. Taking advantage of
these salient features, a CG-PBG structure can be readily inscribed
inside the G-CLC film by the supercooling process in order to create a
new tunable CLC solid-state laser. Figure 9a presents a photograph of
the CG-PBG region in a G-CLC film that is solidified by supercooling
when the annealing temperature is changed from 85 1C (right side) to
95 1C (left side). Interestingly, the reflection color continuously alters
from blue to green along the 1D gradation of annealing temperature
of the G-CLC film.

Considering the CG-PGB structure inscribed in the G-CLC film, we
then demonstrate the local position-dependent tuning of laser
emission. Figure 9b shows the microscopic reflection (upper) and
optically excited laser emission (lower) spectra of the CG-PGB
structure in G-CLC film. We conduct stepwise measurements of
microscopic reflection spectra in the CG-PBG region upon moving
the G-CLC film with respect to a probing light. The PBG wavelength
continuously shifts from 470 to 550 nm, and reflection color is
concomitantly changed from blue to green (upper insets in
Figure 9b).

As an extension of these findings, we measure the microscopic laser
emission spectra in the CG-PBG region. A single laser emission peak
is generated by optical excitation with 418 nm light of the pulse
energy of B500 nJ per pulse. When the local excitation area in the
CG-PBG region is moved in a stepwise manner, the laser emission
peak concomitantly shifts in a wide wavelength range from 475 to
550 nm. Furthermore, we observe the changes in microscopic laser
emission colors from blue to green (lower insets in Figure 9b). Such
salient performances cannot be attained by commercially available
CLCs. Taking the overall results into account, the technologically
relevant performances might be limited to this kind of chemically
designed G-CLCs. Such unique performances cannot be realized
by using commercially available CLC materials.17,19,26–39 The findings
are of interest in the chemical approach to new light-emitting G-CLCs
for technological developments for next-generation molecular opto-
electronics devices.

CCs AS PCs

Colloids are generally defined as small particles with a size in the
range from a few nanometers to several micrometers. Currently, such

colloidal microparticles have been commercially available as inks, dry
toners, coating materials, spacers for LC displays and biomedical tags
in a wide variety of technological applications. From the standpoint of
fundamental researches, the microparticles also have been frequently
utilized as experimental tools in various research fields, such as

Figure 9 (a) A photograph of a glass-forming chiral liquid crystal (G-CLC)

film with continuously-gradated photonic band-gap (CG-PBG) structure.

The chemical structures of G-CLC are shown in Figure 8. This G-CLC film

was prepared by supercooling from annealing temperature with

continuously incremental changes from 85 1C (right side) to 95 1C (left

side). This photograph was taken at room temperature. (b) The local

position-dependent reflection (upper) and optically excited laser emission

spectra (lower) of a G-CLC film with CG-PBGs. The spectra were taken

upon stepwise translation of the measuring spot. The laser emission

spectra were obtained by optical excitation with pulsed 418nm light with

the energy of B500nJ per pulse. The insets are the microscopic optical
images of reflection (upper) and laser emission (lower); the left, middle

and right photographs correspond to the images with PBGs centered at

470, 490 and 540, respectively. The scale bars of reflection and laser

emission images represent 50 and 20mm, respectively. Reproduced with

permission from Furumi19 and Furumi and Tamaoki.80

Self-assembled organic and polymer photonic crystals
S Furumi

586

Polymer Journal



chemistry, applied physics and biology. Recently, monodispersed
microparticles with a diameter of several hundreds of nanometers
have garnered considerable attention in the intriguing research field
of PCs.

Monodispersed colloidal microparticles with a diameter of several
hundred nanometers are known to show the self-assembly from a
colloidal suspension into 3D ordered lattice structures (Figure 2b).81–91

Such 3D ordered structures of microparticles are called ‘CCs’. Notably,
no special facilities are required for the fabrication of CC structures
due to bottom-up process of microparticle assembly. Therefore, CCs
can be prepared with a low cost and on a large scale by the bottom-up
process. When the particle diameter is several hundred nanometers,
uniform CCs allow us to visualize the PBG as Bragg reflection colors.
The maximum reflection wavelength (lmax) is numerically expressed
by Bragg’s equation with Snell’s law.92

lmax � 2dðn2 � sin2 yÞ1/2 ð6Þ

where n is the effective refractive index of materials, d is the spacing
between lattice planes of CCs and y is the angle of incident light. In
addition, the effective refractive index (n) is determined by the filling
ratio (f) of the microparticles in the CCs as follows.

n � fn2
pf þ n2

bð1� f Þg1/2 ð7Þ

where np and nb denote the refractive indices of the microparticles
and background materials, respectively. These approximate equations
can be applied only when the refractive index contrast of materials is
not so high. According to the equations (6) and (7), the reflection
wavelength can be tuned by controlling the refractive indices, particle
radii and filling ratio.81–91

The artificial CC structures have been for the first time experi-
mentally prepared by natural sedimentation of colloidal silica micro-
particles, leading to the extensive development of CCs into the PC
research field.92 To date, much effort has established prevalent
guidelines for fabricating high-quality CC films by vertical
deposition of a substrate in a suspension, lifting of a substrate from
a suspension, shearing of a suspension between substrates, and so
forth.81–91 With respect to photonic device applications, the recent
CC research advances have been directed toward the development of
an extensive variety of optical reflection sensors and displays that are
capable of shifting the reflection wavelength, that is PBG wavelength,
by changes in external stimuli, such as the temperature, ionic strength,
pH, photoirradiation, and electric and magnetic fields.81–91 However,
the previous reports have been made on the fabrication of optical
reflection devices by utilizing passively the reflection properties of CC
films.

Recently, we developed new potential uses for high-quality CCs in
flexible and tunable polymer laser devices by low-threshold optical
excitation.93–95 These applications are realized by utilizing actively the
reflection properties of CC films. The following sections present not
only the fascinating studies with CCs reported by other research
groups, but also some of our own experimental results.

FLEXIBLE LASER ACTION FROM POLYMER CCs

Significant progress in PC researches has promoted the manipulation
of photons from light-emitting organic and polymer materials within
a small space. In particular, the modified spontaneous emission and
stimulated emission from organic and polymer PCs provide new
opportunities for their use in low-threshold lasers, highly efficient
light-emitting devices, and so forth. As organic and polymer materials
have become technologically important because of their flexible

properties for device fabrication and their tunabilities of optoelec-
tronic properties depending on the molecular structures.

Recently, we succeeded in obtaining optically excited laser action
from high-quality CC films composed of polymer materials.93 The
most interesting performance is the lasing action even with a bent
shape of the device. As illustrated in Figure 10, we design and prepare
a CC-laser (CC-L) cavity structure. In this CC-L cavity, a light-
emitting planar defect is embedded between a pair of polymer CC
films. In order to prepare the light-emitting planar defect, we use
Rhodamine 640 dye (Rh) as a fluorescent material, a relatively low
molecular weight poly(ethylene glycol) diacrylate as a matrix,
and 2-benzyl-2-(dimethylamino)-40-morpholinobutyrophenone as a
photopolymerisation initiator. A CC film of polystyrene microparti-
cles with a diameter of 200 nm, which is substantially stabilized by a
poly(dimethylsiloxane) (PDMS) matrix, is prepared by the natural
drying technique with silicone oil.96 After a mixture of Rh,
poly(ethylene glycol) diacrylate and 2-benzyl-2-(dimethylamino)-40-
morpholinobutyrophenone is injected between a pair of the CC films,
a durable CC-L cavity can be obtained by photopolymerisation of
poly(ethylene glycol) diacrylate used in the light-emitting planar
defect. Indeed, the microscopic structure of CC-L cavity containing a
light-emitting planar defect with a thickness of B2.8mm is observed
by scanning electron microscopy. from the cross-sectional direction
(right picture in Figure 10).

The reflection and emission spectral results of the CC-L cavity are
shown in Figures 11a and b. The CC-L cavity shows a characteristic
reflection band in a wavelength from 600 to 630 nm, originating from
the PGB of CC film (Figure 11a). Subsequently, the laser emission
properties are investigated by optical excitation with pulsed 532 nm
light. When the optical excitation energy is set at a low value of
B70 nJ per pulse, the emission spectrum shows partial modification
in a broad emission band of Rh (blue curve in Figure 11b). The
emission is distinctly forbidden in a wavelength range from 600 to
630 nm by the PBG of the CC film used in the CC-L cavity. When the
excitation energy successively increases, the broad emission spectrum
is suddenly changed to be the laser emission at the energy of B210 nJ
per pulse (red curve in Figure 11b). At this excitation energy, a single
laser emission peak appears at B611 nm. The threshold excitation
energy for the laser-feedback effect is 130 nJ per pulse. In this
experiment, the pulse duration and focused diameter of the excitation
beam are set at 3 ns and 200mm, respectively. Therefore, the lasing-
threshold excitation peak power is calculated to be 138 kW cm�2.
From exploring the precedents of lasing from various CCs, this
threshold power is two orders of magnitude lower than that of the
previously investigated CCs.97–101 This experimental fact implies that
the emitting photons from the planar defect is effectively confined in
the orthogonal direction of the CC-L cavity, leading to the low-
threshold laser action.

The lasing mechanism from this CC-L cavity can be rationalized in
terms of the defect-mode localized in the PBG of the CC film. Such
defect-mode lasing is definitely consistent with several precedents for
1D-PCs, such as dielectric multilayered mirrors and cholesteric LCs,
with light-emitting planar defects.102,103 In this CC-L cavity, the
theoretical wavelength of the defect-mode can be calculated on the
basis of the scalar-wave approximation104 results of the CC film. As a
result, the theoretical defect-mode wavelength is found to be 613 nm
(gray arrow in Figure 11b). This calculated wavelength is in fairly
good agreement with the single laser emission peak observed for the
CC-L cavity. The inset of Figure 11b shows the high-resolution laser
emission spectrum of the CC-L cavity. At this lasing stage, the
emission spectrum linewidth is as narrow as 0.17 nm, and is relatively
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narrow compared with that for the other CCs reported to date.97–101

Such a single and narrow lasing peak is achieved by fabricating a
high-quality CC-L cavity, as presented in Figure 10.

As an expansion of these findings, the excellent flexibility of CC-L
cavities is accomplished by fabricating them completely with polymer
materials. A CC film of polystyrene microparticles stabilized by
PDMS can be prepared on a poly(ethylene terephthalate) sheet (inset
in Figure 11c). This situation arouses the experimental demonstration
of laser action when the CC-L cavity is bent shape by mechanical
stress. As can be seen in Figure 11c, the optically excited lasing action
can be generated from the polymer CC-L cavity even with the bent
shape. Such performance cannot be attained by the laser cavities
fabricated with inorganic materials. From the viewpoint of next-
generation optoelectronics, it would be greatly advantageous to be
able to fabricate all-polymer laser devices with such intrinsic proper-
ties as flexibility, easy processability, ultra-light weight and low cost.
Furthermore, we successfully demonstrated the reversible photo-
switching of micropatterned lasing in CCs by the photochromic
reaction.105

WIDELY TUNABLE LASER ACTION FROM CC GELS

The reflection wavelength of a CC film is crucially dependent on not
only the microparticle diameter, but also the refractive indices and
particle distances. Although we can envisage that it is not easy to
control and change the refractive indices of materials by external
stimuli, the combination of CCs with polymer hydrogels does allow
for easy changes in the distance between the colloidal microparticles
by swelling or shrinking of the polymer gel networks by absorbing or
expelling large amounts of water, respectively. As a result, it is possible
to tune the reflection wavelength of CCs with hydrogels in response to
changes in the external temperature, pH, target molecules and ions
and so forth.81–91 To date, numerous effort has been devoted to the
development of optical reflection sensors and displays by using the
CC hydrogels. However, the polymer hydrogels are quite vulnerable

under dry atmospheric conditions, wherein their physical properties,
such as toughness and elasticity, completely vanish.

To address this issue, we prepare a permanently stable CC gel film
for tunable laser applications by using a non-volatile room-tempera-
ture ionic liquid.94 Figure 12 depicts the research concept of widely
tunable lasing from a CC-L gel cavity by applying mechanical stress.
Unlike the CC-L cavities described above (Figure 10), this CC-L gel

Figure 11 (a) Reflection spectrum of a colloidal crystal-laser (CC-L) cavity

with a light-emitting planar defect between a pair of CC films of polystyrene
particles stabilized by an elastic PDMS matrix. The cavity structure is

presented in Figure 10 (b) Emission spectra of the CC-L cavity by optical

excitation with 532nm light from an Nd:yttrium aluminum garnet laser

beam with the energies of B70nJ per pulse (blue curve) and B210nJ per

pulse (red curve). The intensity of emission spectrum by optical excitation

with B70nJ per pulse is magnified 15 times to confirm the spectrum

shape (blue curve). The gray arrow represents the theoretical defect-mode

wavelength calculated on the basis of the scalar-wave approximation results

of the CC film. The inset of this figure shows the high-resolution emission

spectrum around 611nm during the laser action. (c) A photograph of the

optically excited laser action from a CC-L cavity fabricated with all-polymer

materials. As evident from this picture, it is possible to demonstrate the

optically excited laser action when the polymer CC-L cavity is bent under

mechanical stress. The inset shows a photograph of a flexible CC film

formed on a poly(ethylene terephthalate) sheet. Reproduced with permission

from Furumi et al.87 and Furumi et al.93

Figure 10 Schematic illustration of a polymer colloidal crystal-laser (CC-L)

cavity for a flexible laser device. A light-emitting planar defect containing a

fluorescent Rh dye is sandwiched between a pair of CC films of polystyrene

particles stabilized by an elastic PDMS matrix. The right-hand picture is a

cross-sectional scanning electron microscopy image of the magnified light-

emitting planar defect between the CC films. The scale bar in this scanning

electron microscopy image represents 2mm. Reproduced with permission

from Furumi et al.87 and Furumi et al.93
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cavity does not contain a light-emitting planar defect between a pair
of CC films. This structure is very simple. The CC-L gel cavity is
made of a non-close-packed CC gel film of polystyrene microparticles
with a diameter of 120 nm, fabricated by the shearing technique of the
colloidal suspension106–108 and stabilized by an room-temperature
ionic liquid solution of fluorescent organic dye(s). We use poly(N-
methylolacrylamide-co-N,N0-methylenebisacrylamide) as a thermo-
insensitive polymer hydrogel and 1-allyl-3-butylimidazolium
bromide (ABImBr) as an room-temperature ionic liquid.
Importantly, ABImBr shows good miscibility with water, thereby
enabling a swelling state of the polymer gel in this room-temperature
ionic liquid. Therefore, the CC gel film can be permanently stabilized
by ABImBr even in dry atmospheres.109 As fluorescent dyes, we use
Rh and sulforhodamine B (SR), whose chemical structures are
depicted in Figure 13a.

The as-prepared CC-L gel cavity containing an ABImBr solution of
Rh, that is, Rh/ABImBr, shows a reflection band centred at 690 nm.
When the CC-L gel cavity is compressed by mechanical stress in the
film thickness direction, the reflection band shifts to the shorter
wavelength due to the geometric decrease in the distance between the
lattice planes of CCs. By applying stress at a compression ratio of
B10%, the reflection band blue-shifts from 690 to 645 nm (gray
curve in Figure 13b). This reflection band is wholly covered by the
broad fluorescence spectrum of Rh/ABImBr solution with the
maximum fluorescence wavelength at 610 nm (dashed curve in
Figure 14a). Thus, it is anticipated that the laser-feedback effect is
efficiently generated by the PBG effect of CC-L gel cavity.

Subsequently, the laser emission characteristics of this CC-L gel
cavity are evaluated by optical excitation with second harmonic
generation light at 532 nm from a Nd:yttrium aluminum garnet laser
beam. Figures 13b and c show the emission spectra of the CC-L gel
cavity obtained by optical excitation below and above the energy
required for the laser-feedback effect, respectively. From a relatively
low excitation energy up to B100 nJ per pulse, the emission intensity
monotonously is intensified according to the excitation energy. When
the excitation energy is set at 120 nJ per pulse, we observe the
following extraordinary modification in a broad fluorescence spec-
trum of Rh (black curve in Figure 13b). The emission spectrum is
inhibited in a wavelength range of the reflection band. Most
importantly, the emission spectrum shows drastic increase in emission
intensity near the longer-wavelength reflection band edge. This
finding is of paramount importance. Such emission spectral change
occurs due to the resonant enhancement of the density of state of the
emitting photons near the reflection band edge of the CC-L gel cavity.
This experimental fact provides clear evidence that the reflection band
of CC-L gel cavity works as the PBG.

When the excitation energy exceeds 330 nJ per pulse, a single laser
emission peak is observed at 653 nm (black curve in Figure 13c). At
the lasing stage, the emission spectral linewidth is as narrow as
0.06 nm. To our knowledge, this emission spectral linewidth is
narrowest as compared with those for previously reported CC-L
cavities.97–102 The single lasing peak appears near the longer-
wavelength edge of reflection band due to a strong localization of
emitting photons from Rh in the high optical quality CC-L gel

Figure 12 Schematic illustration of mechanical tunable laser from in a colloidal crystal-laser (CC-L) gel cavity. This CC-L gel cavity is a non-close-packed

colloidal crystal (CC) of polystyrene (PS) microparticles, which is embedded in a polymer gel with a room-temperature ionic liquid (RIL) solution of

fluorescent organic dye(s). When mechanical stress is applied to the CC-L gel cavity, the single laser emission peak can be tuned over a wide wavelength

range. Reproduced with permission from Furumi et al.94
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cavity.110,111 Furthermore, the single lasing peak emerges only at the
longer-wavelength edge, but not at the shorter-wavelength edge of
reflection band. This phenomenon can be interpreted by considering
the self-absorption of Rh at the shorter wavelength of reflection band
due to relatively high concentration of the Rh/ABImBr solution. To
date, there has been one similar precedent for optically excited laser
action from a CC-L cavity of fluorescent mesoporous silica
microparticles stabilized by polyacrylamide.100 However, the laser
action mechanism still remains obscure from the viewpoint of the
PBG effect. Taking account of our overall experimental results, it is
plausible that a single lasing peak from the CC-L gel cavity emerges
due to the PBG band-edge effect resulting from the density of state
enhancement of the emitting photons.

On account of the intrinsic property of the CC-L gel cavity—that
the reflection wavelength can be tuned by applying mechanical
stress—we then demonstrate the mechanical tuning of the laser
emission peak upon applying compression stress. Figure 14a shows

the changes in laser emission spectra of the CC-L gel cavity with an
Rh/ABImBr solution as a function of the compression ratio of film
thickness. When this CC-L gel cavity is compressed by mechanical
stress in a stepwise way between a compression ratio from 9 to 21%,
the laser emission peak continuously shifts from 655 to 612 nm due to
the changes in PBG wavelength. Importantly, the single laser emission
peak can be preserved even with a compressed state. Except for this
wavelength range, it is impossible to generate the laser action. The
optical gain spectrum typically shows a similar spectral appearance as
the fluorescence spectrum. Therefore, the single laser emission peak
appears when the reflection band overlapped with a fluorescence band
of Rh (dashed curve in Figure 14a). The tuning range of laser
emission peak is 43 nm for this CC-L gel cavity with Rh/ABImBr. This
tuning range is not sufficient.

Further expansion of the laser tuning wavelength range can be
realized by an ABImBr solution of a mixture of Rh and SR, that is
Rhþ SR/ABImBr (Figure 14b). The appropriate addition of SR to Rh
leads to a broad fluorescence spectrum centered at 604 nm through
the energy transfer (dashed curve in Figure 14b). Figure 14b shows
the mechanical tuning result of laser emission peak from a CC-L gel
cavity with an Rhþ SR/ABImBr solution. Mechanical compression of
this CC-L gel cavity enables the continuous tuning of a single laser

Figure 14 Changes in laser emission spectra of colloidal crystal-laser (CC-L)

gel cavities with RIL solutions of Rh (a) and RhþSR (b) by compression

with mechanical stress, as presented in Figure 12. Each CC-L gel cavity

was continuously compressed at 9% (curve 1), 12% (curve 2), 15% (curve

3), 18% (curve 4), 21% (curve 5), 22% (curve 6), and 25% (curve 7) in

the film thickness direction. The dashed curves indicate the broad-band

fluorescence spectra of Rh and RhþSR solutions by optical excitation
with 532nm light from a Xe lamp. Reproduced with permission from

Furumi et al.94

Figure 13 (a) Chemical structures of the fluorescent dyes of Rhodamine

640 (Rh) and sulforhodamine B (SR). (b) Reflection (gray curve) and

emission (black curve) spectra of a colloidal crystal-laser (CC-L) gel cavity

with an ionic liquid solution of Rh. As illustrated in Figure 12, the

reflection wavelength of the CC-L gel cavity was tuned at 645 nm by

applying mechanical stress at a compression ratio of B10% in the film

thickness direction. The broad emission spectrum was measured just before

the laser action when the excitation energy was set at 120 nJ per pulse.
(c) Laser emission spectrum (red curve) from the CC-L gel cavity with an Rh

solution by optical excitation with pulsed 532nm light at the energy of

330nJ per pulse. The inset of this figure shows the high-resolution

emission spectrum around 653nm. Reproduced with permission from

Furumi et al.94
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emission peak from 655 to 588 nm. This tuning range for the laser
emission peak is relatively wide, compared with those in previous
reports of mechanically tunable laser emission from the various laser
cavity structures fabricated by elastic polymers.98,112–114

The CC-L gel cavity, shown here, consists of an ordered CC
structure of polystyrene microparticles stabilized by a polymer gel and
ionic liquid. Therefore, the ionic liquid solution of fluorescent organic
dyes in the CC-L gel cavity can be freshly replaced through the
circulation using a procedure similar to that adopted in conventional
dye lasers. Such technologically relevant performances, such as
mechanical tuning of laser emission peaks and replacement of
fluorescent dye solutions, might be limited to this kind of CC-L gel
cavity with an ionic liquid.

CONCLUSIONS

This article presented an overview of self-assembled PCs of organic
and polymer materials such as CLCs and CCs for a wide variety of
laser applications. Recently, the CLCs and CCs as tools for fabricating
the PCs have attracted interest from fundamental and technological
viewpoints. This is because both CLC molecules and colloidal
microparticles can spontaneously organize 1D-PC and 3D-PC struc-
tures with PBGs in a visible wavelength range, respectively. Stimulated
laser emission from CLCs or CCs doped with a fluorescent dye can be
generated by optical excitation. The laser emission peak takes place at
the PBG edge(s) or in the PBG wavelength range due to the internal
laser-feedback effect.

For dye-doped CLC cells, the optically excited laser emission shows
the circular polarization characteristic even though the excitation light
is linearly polarized. Applying certain voltages to optically excited
CLC cells brings about reversible switching of the laser emission peak.
Moreover, the laser emission peak can be tuned by using photo-
reactive CLCs through their photochemical reactions. Recently, much
effort has targeted on the position-dependent tuning of laser emission
peaks by CG-PBG of CLCs. Appropriate molecular design and
synthesis of CLCs are of paramount importance in the fabrication
of stable CG-PBG structures of fluorescent G-CLC oligomers.
Continuously and reversibly tunable laser action from the G-CLC
cell can be achieved by low-threshold optical excitation. With regard
to CCs, we design and fabricate a laser cavity structure consisting of a
light-emitting planar defect between a pair of polymer CC films. The
low-threshold lasing action is demonstrated by successful confine-
ment of emitting photons in the laser cavity. When the laser cavity is
fabricated with all-polymer materials, it is possible to generate
optically excited laser action even with a bent shape of the laser
cavity. Moreover, we succeed in the widely tunable lasing from CC gel
films permanently stabilized by an ionic liquid.

Researches with CLCs and CCs should aid the development of
next-generation miniaturized photonics devices. We believe that
tailoring the molecular design of CLCs and CCs and their laser cavity
structures enables a variety of applications in next-generation
optoelectronic devices of organic and polymer materials.
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