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1.1 INTRODUCTION

Liquid crystals (LCs) have fluidity and a long-range orientational order. These

properties enable us to use LCs as display materials. Another important property is a

positional order. The periodicity is in the range not only of the molecular length

periodicity like in smectic LCs but also of visible light wavelength. The latter

generally arises from chirality, and in many cases results in helical structures. The

most well-known example is cholesteric LCs (CLCs), in which the local structure is

nematic and the director rotates to form a helical structure with the helical axis

perpendicular to the director. The media that have periodic structures in the optical

wavelength are called photonic crystals. Hence, we can call CLC a one-dimensional

(1D) photonic crystal. Like an energy gap for electrons propagating in periodic

crystal structures, a stop band emerges at the edges of the first Brillouin zone in CLCs.

Within the stop band, light dampens and cannot propagate. When the light prop-

agation is limited along any direction, we call it the photonic bandgap (PBG) [1, 2].

In this chapter, the stop band is called PBG in a broad sense.

The dispersion relation between angular frequencyo and wavenumber k in vacuo

is given by o¼ ck, where c is the velocity of light (Figure 1.1a). In CLCs, the

refractive index changes periodically, so the incoming light to the helix undergoes

reflection if the light wavelength coincides with the optical pitch (structural pitch

multiplied by an average refractive index), that is, Bragg reflection. Helical periodic

structure makes the reflection very unique; that is, only a circularly polarized light

(CPL) with the same handedness as the helix is reflected and another CPL with

opposite handedness just passes through. This is called selective reflection. Such light

propagation characteristics along the helical axis are rigorously solved, giving an

analytical solution [3]. The dispersion relation thus obtained is shown in Figure 1.1b.

Another unique feature compared with the other periodic structure is the sinusoidal
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change of the refractive index. Because of this, only the first-order Bragg reflection

takes place (Figure 1.1b). For oblique incidence of light with respect to the helical

axis, the periodic structure is no more than sinusoidal, so higher order reflections

occur [4]. In addition, total reflection band(s) emerges, where light with any

polarization states is reflected [5]. The dispersion relation (Figure 1.1c) calculated

by the 4� 4 matrix method [6] clearly reveals such behaviors. The emergence of

higher order reflections and total reflection can be brought about by deforming the

sinusoidal helical structure, for example, by applying an electric field. Such optical

properties are similarly observable in other helical LC phases such as chiral smectic

C� (SmC�) and twist grain boundary (TGB) phases.

Because of the selective reflection in visible wavelength regions, it is a natural

question how the emission from dye molecules existing inside the helical structure is

affected by the Bragg condition. Actually, Kogelnik and Shank [7] studied possible

distributed feedback (DFB) lasers. Namely, lasing may occur if emitted light is

confined in a DFB cavity made of CLC. The lifetime of the luminescence from dyes

embedded in CLCs was also examined [8, 9]. The first observation of lasing from

CLC was reported by Il’chishin et al. in 1980 [10]. They even showed the lasing

wavelength tuning by temperature. However, it took almost two decades to be paid

FIGURE 1.1 Dispersion relation (a) in vacuo, (b) in CLC at normal incidence, and (c) in

CLC at oblique incidence. At oblique incidence, higher order reflection and total reflection

regions are recognized.
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much attention from other groups until Kopp et al. [11] reported a CLC microlaser.

For historical details, please refer to an article by Bartolino and Blinov [12].

Let us consider efficient lasing conditions. In an isotropic medium, the rate R of

photon emitted from an excited molecule is described by Fermi’s golden rule:

Riso � MisojE � mj2 ð1:1Þ

where Miso is the density of state (DOS), m is the transition dipole moment, and E

is the electric field. In isotropic media, M is independent of the polarization and

the radiation direction. In anisotropic media, the emission depends on the

orientation of transition dipole moment m with respect to the polarization of light,

that is,E. When emission occurs from the excited CLCmolecules, light propagates as

one of the two eigenmodes E1 and E2. Then, emission rate for eigenmode Ei (Ri) is

described as

Ri � MijEi � mj2 ð1:2Þ

where Mi is the DOS associated with the eigenmode Ei. The fluorescent molecules

embedded in CLCs have a certain degree of the nematic order, resulting in an

anisotropic orientation distribution of the transition dipole moment. Hence to have

large Ri, it is profitable that m is parallel to the polarization of the eigenmode Ei. Now

the other factor to have large Ri is DOS M, which is defined as

M ¼ d

do
ReðkÞ

����
���� ð1:3Þ

Figure 1.2 shows a simulated transmittance spectrum and DOS (M). DOS shows

maxima at the PBG edges where group velocity approaches to zero.

1.2 TYPES OF LASERS

There are several types of CLC microlasers. DFB lasers and defect mode lasers are

the most popular ones, which will be described later. For more detail on these modes,

please refer to a review by Kopp et al. [13]. In this chapter, we do not include random

lasing and lasing from artificial structures such as grating.

1.2.1 DFB CLC Lasers

When light propagates in periodic media with the same periodicity as the light

wavelength, the light suffers reflection due to the PBG. Hence, if CLC is doped

with dyes, emitted light within the PBG is confined and amplified in CLC, and

finally lasing results. This type of cavity without using mirrors is called DFB

cavity. Lasers using DFB cavities are called DFB lasers. The DFB cavity is widely
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used in semiconductor lasers, in which active materials are on substrates with

periodic refractive index changes. Since CLCs themselves spontaneously form

DFB cavity, this is the simplest CLC microlaser structure. Namely, instead of

fabricating layer-by-layer structures consisting of high and low refractive indices

as in semiconductor lasers, the refractive indices in CLC change due to the helical

structure of the dielectric ellipsoid. This is a great advantage of CLC microlasers

compared with semiconductor lasers, in which the fabrication of microstructure is

necessary.

Dowling et al. [14] predicted that DFB lasing occurs at the edge of PBG for 1D

periodic structures with sufficiently large refractive index modulation. They dem-

onstrated that the photon group velocity approaches zero near the band edge of a 1D

photonic bandgap structure. This effect implies an exceedingly long optical

path length in this structure, and the photon dwell time for incident waves at the

band edge is significantly increased.M in Eq. (1.3) is the absolute inverse slope of the

dispersion relation or reciprocal form of group velocity. Since the emission rate R is

proportional to DOS, the emission rate reaches maximum when group velocity falls

to almost zero, which is realized at the edges of PBG, as shown in Figure 1.2b. Thus,

low-threshold and mirrorless CLC laser is realized at the edges of PBG, where DOS

gives maxima.

Experimentally, two major structures are possible in CLC microlasers; the helical

structure is perpendicular or parallel to substrates. The former is rather easy to be

fabricated by using substrate surfaces treated with planar alignment agents.

FIGURE1.2 Simulated transmittance spectrum andDOS spectrum for R- and L-CPL to left-

handed CLC at normal incidence [79].
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Homeotropic alignment surfaces give orientation with helical axis parallel to the

surface. However, the orientation of helical axis to a particular direction is not easy.

Optical eigenmodes at the edges of PBG are linearly polarized in CLCs; they are

perpendicular and parallel to the local director at the higher and lower energy edges,

respectively. According to Eq. (1.2), Ri is larger at the lower energy edge, so lasing

preferably occurs at the lower energy edge [15]. A simple theoretical description of

the spontaneous emission as a function of wavelength in terms of the order parameter

S for the transition dipole moment of the dye in the CLCs is as follows [16]:

jE � mj2
D E

¼ 2

3

r2i � 1

2

r2i þ 1
Sdye þ 1

3
ð1:4Þ

Here, ri is the ellipticity of polarization state. Figure 1.3a shows calculated jE � mj2
D E

in CLCs with the local director of the order parameter S¼ 1.0, 0.5, 0.2, 0, and � 0.5

for the incidence of left circularly polarized light as a function of wavelength. Near

the edges of photonic bandgap, the variation in jE � mj2
D E

occurs sharply, because

the polarization states of the eigenmode with the same handedness as the CLC’s

FIGURE 1.3 (a) Calculated jE � mj2
D E

against wavelength for several S values. (b) Emission

rate as a function of wavelength for S¼ 0.5.
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structure is linearly polarized along the local director of the CLC. Particularly, at

the low-energy edge of photonic bandgap, the value of jE � mj2
D E

is high because

the polarization direction is parallel to the local director of the CLC. However, at the

high-energy edge of PBG, the jE � mj2
D E

value is lowbecause the polarization direction

is perpendicular to the local director of the CLC. Then, the emission rate Ri (Eq. (1.2))

takes the highest value at the low-energy edge, as shown in Figure 1.3b.

1.2.2 Defect Mode Lasing

By doping semiconductors with donor or acceptor, donor or acceptor level is

introduced within energy gaps. Similarly, addition or removal of extra dielectric

material locally inside the photonic crystal produces donor or acceptor level [17].

DOS at such defect levels is much higher than that at PBG edges, so defect mode

lasing is very important to realize low-threshold lasing. Many types of defect mode

have been studied in 1D [13, 14, 18], 2D [19], and 3D [20, 21] photonic structures.

These can be produced by removing or adding material or by altering the refractive

index of one or a number of elements in 1D, 2D, and 3D PCs. Introducing a quarter-

wavelength space in the middle of a layered 1D sample produces a defect in the

middle of PBG. Such a defect is widely used to produce high-Q laser cavities [13].

Five kinds of configurations are suggested to generate a defect mode in CLCs

(Figure 1.4): (1) the creation of a phase jump without any spacing layer in

CLCs [22–24] and in smectic LCs [25], (2) the introduction of an isotropic spacing

layer in themiddle of the CLCs [26, 27], (3) the introduction of an anisotropic spacing

layer in the middle of the CLCs [28, 29], (4) combination of (1) and (2) [30], and (5)

the local deformation of the helix in the middle of the CLC layer [31].

FIGURE 1.4 Five kinds of defect structures in CLCs.
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The defect mode 1, that is, a chiral twist defect, can be created by rotating one part

of the CLC [22, 23], as shown in Figure 1.4a. Changing the chiral twist angle from

0� to 180� tunes the defect wavelength from high- to low-wavelength PBG edge. By

twisting one part of the CLC by 90�, a defect mode can be generated at the center of

PBG due to the phase shift p/2 of electromagnetic wave inside the photonic bandgap.

The defect mode 2 can be produced in a CLC structure by introducing isotropic layer

between two CLC layers in order to destroy the helical periodicity of CLCs, as shown

in Figure 1.4b [26]. For the thickness of the isotropic defect layer that generates the

phase shift p/2, a defect mode can be generated at the center of PBG. This condition

is expressed as

d ¼ ð2iþ 1Þ l
4 � n ð1:5Þ

where d is the thickness of a defect layer, i is an integer, l is the wavelength of the

defect mode, and n is the refractive index of the defect layer.

Let us show one example of defect mode lasing of type 2 [27]. Figure 1.5 shows the

simulation of transmittance and DOS in a CLC laser with a thin isotropic layer

(0.54 mm thick poly(vinyl alcohol) (PVA) film) as an isotropic defect layer. A sharp

defect level is observed, where highest DOS is obtained. Lasing was observed at

FIGURE 1.5 (a) Simulated transmittance spectrum and (b) DOS spectrum for CLC with an

inserted isotropic defect layer [27].
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the defect wavelength, as shown in Figure 1.6. Since the device is composed of

polymer CLC and PVA, one can peal out the film from the substrate as a freestanding

film of 5.5 mm thickness.

1.3 LOWERING THRESHOLD

One of the ultimate goals of CLCmicrolasers is continuous wave (cw) lasing. For this

purpose, the lasing threshold must be essentially zero. Many efforts have been made

from various points of view. These efforts are classified into three groups: (1)

improved cavity structures, (2) improved excitation conditions, and (3) improved

materials. For (1), (1a) utilizing a single output window and (1b) utilizing defect

mode were examined. For (2), (2a) excitation at the PBG edge by CPL and (2b)

excitation at a higher energy (shorter wavelength) side of an absorption band were

used. For (3), (3a) utilizing highly ordered dyes, (3b) utilizing CLCs with higher

anisotropy of refractive indices, (3c) utilizing F€orster energy transfer, and (3d)

developing new dyes were examined.

1.3.1 Lowering Threshold by Improved Cavity Structures

Amemiya et al. [32] introduced polymeric CLC (PCLC) reflection layers for

excitation light (PCLC pump substrate) as well as for outcoupled light (PCLC

laser substrate), as shown in Figure 1.7, and succeeded in reducing the threshold by a

factor of 2 (Figure 1.8). Matsuhisa et al. [33] used multiple inorganic layers for the

similar purpose and obtained lower lasing threshold than the normal cell. It is known

that the defect mode has an advantage to have higher DOS, as shown in Figure 1.5.

Actually, Schmidtke et al. [23] and Ozaki et al. [24] demonstrated low-threshold

defect mode lasing by using a phase jump in CLCs. As shown in Figure 1.9, the

threshold in defect mode lasing is more than one order of magnitude smaller than that

in the PBG edge lasing. The other group also obtained the similar results [27].

FIGURE 1.6 Lasing spectrum at the defect state together with a transmittance spectrum

[27].
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FIGURE 1.7 Some kinds of cell structures: (a) simple CLC cell, (b) CLC cell with PCLC

layer for reflecting excitation light, (c) CLC cell with PCLC layer for reflecting emitted light,

and (d) CLC with PCLC layers for reflecting both excitation and emitted light [32].

FIGURE 1.8 Threshold behavior for four cell geometries illustrated in Figure 1.7.
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1.3.2 Lowering Threshold by Improved Excitation Conditions

If the dwell time at the excitation wavelength is long, efficient use of excitation

energy can be achieved [34]. This condition can be realized by the excitation using

CPL of the same handedness as the CLC helix at the first minimum of the subsidiary

oscillation in the higher energy side of the reflection band [35]. Figure 1.10 shows the

result in a dye-doped right-handed CLC (R-CLC). At 532 nm, R-CPL excitation

gives lower threshold than left-handed CPL (L-CPL) excitation. Surprisingly, the

threshold also depends on the excitation wavelength. Although the reason is not clear,

it was confirmed using three different dyes that excitation at higher energy side of

absorption bands gives lower threshold [36].

1.3.3 Lowering Threshold by Improved Materials

The efforts for lowering threshold have been made also from materials sides. As host

materials, CLCs with higher anisotropy of the refractive index are more profitable.

This is because PBG width is proportional to the anisotropy, and wider PBG gives

FIGURE 1.9 Threshold behavior for (a) defect and (b) DFB modes [23].
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higher DOS at the edges. This was experimentally confirmed by using three CLC

hosts with different anisotropies of the refractive index [37]. The development of

dyes is also important; first, highly ordered dyes are preferable because of Eq. (1.2)

[15, 38]. As shown in Figure 1.3, the higher the order parameter S of dyes, the higher

the DOS at the lower energy edge of PBG. In this sense, poly(phenylene vinylene)

with triptycene groups is interesting, since S increases with increasing dye concen-

tration. It is also known that the use of appropriate energy transfer between dye

molecules (F€orster couples) is possible to reduce the threshold. Reabsorption of the

emitted light is a serious problem because it is one of the losses for lasing. In this

sense, the use of energy transfer is one of the solutions to avoid reabsorption [39, 40].

Figure 1.11 shows the absorption and emission spectra of three dyes and threshold

behaviors in the mixture systems containing two of these dyes. In both cases, the

threshold is lower when the excitation through energy transfer is used compared with

that by direct excitation.

So far, most of researchers have used commercially available dyes. Uchimura

et al. [41] systematically synthesized pyrene and anthracene derivatives and evaluated

the lasing characteristics. They found that one of the pyrene derivatives (Figure 1.12)

shows a threshold as low as 1/20 of that in a commercial dyeDCM. Itwas found that the

threshold becomes lower with increasing luminous efficiency and radiative decay rate,

as shown in Figure 1.12. We also need to systematically study the stability of dyes

against light excitation. In this respect, it is important to have dyes showing low lasing

threshold to minimize damage as well.

Recently, Wei et al. [42] used oligofluorene as a red-emitting dye and showed the

superiority compared with a commercial DCM. Moreover, glassy CLC containing

this dye is temporally stable compared with fluid CLC, lasing emission from

which decays with time. Glassy state is important to realize robust sustainable

lasing devices.

FIGURE 1.10 Lasing threshold as a function of wavelength for R- and L-CPL incidence to

right-handed CLC cell [35].
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1.4 TUNABILITY

Wavelength tunability is one of the most attractive features in CLC lasers. Since the

DFB lasing occurs at either or both of the edges of PBG, most of the cases at the lower

energy edge, tuning of lasing wavelength is possible by tuning the helical pitch. There

are many factors influencing the helical pitch: (1) temperature, (2) electric field,

and (3) light irradiation. For polymer samples, (4) mechanical strain can also be used.

FIGURE 1.11 (a) Absorption (dotted curves) and emission (solid curves) spectra of dyes used

as two kinds of F€orster couples. Coumarin (C153), DCM, and pyrromethene (PM580) with

increasing wavelength of the absorption peaks. Lasing threshold for direct and indirect (energy

transfer) excitations to CLC cell with (b) C153 and DCM and (c) C153 and PM580 [39].
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In addition, (5) spatial tuning is a practical method for wavelength tuning, and (6)

multiple lasing is also interesting.

1.4.1 Thermal Tuning

It is well known that the helical pitch in CLCs sensitively varies with temperature.

Hence, thermal tuning was achieved by many scientists [38, 43] even from the very

beginning [10]. Quite wide range of tuning like 30–60 nm is possible using single dye

containing CLCs. However, the tuning is not really continuous because of the surface

pinning of molecules. For the alignment with the helical axis perpendicular to the

surface, surfaces have to be homogeneously treated. Since the molecular orientation

at surfaces is fixed, number of pitch is quantized to be multiple numbers of half a

pitch. The neighboring band edge wavelength l and l þ Dl is given by

nd

l
� nd

lþ Dl
¼ 1

2

where n is an average refractive index. Figure 1.13 shows the result using d¼ 9 mm,

n¼ 1.66, and l¼ 600 nm; Dl is 12.3 nm [43]. The discreteness can be reduced by

using thick cells, but essential discreteness remains. To achieve real continuous

tenability, devices with helical axis parallel to the surface were examined [44, 45].

Principally, thermal tuning in SmC� cavity must be continuous [46].

A different method for continuous wavelength tuning was examined by Morris

et al. [47]. They used two different chiral dopants that exhibit opposing dependences

FIGURE 1.12 Relationship between luminous efficiency, radiative decay rate, and lasing

threshold. The chemical structure of a pyrene derivative is also shown at the top.
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of the natural pitch on temperature. Tuning over 15 nm was achieved using a 10 mm
thick cell. However, the reason of the tunability in a cell, where the molecules at both

surfaces are fixed, is not clear. Moreover, the cell quality might not be good judging

from thewide lasing emission peak (�2 nm). Thermal tuning is also possible by using

temperature-dependent chiral dopant solubility; that is, solubility of chiral dopant

increases with increasing temperature, resulting in shorter pitch. Figure 1.14 shows

the result [48]. Tuning over 60 nm was achieved.

1.4.2 Electric Field Tuning

It is alsowell known that helical pitch can be tuned by applying an electric field and is

finally unwound under sufficient field strength. However, again surface pinning effect

FIGURE 1.13 Temperature dependence of lasing wavelength in a CLC DFB laser [43].

FIGURE 1.14 Lasing wavelength tuning as a function of temperature using temperature-

dependent solubility of chiral dopant [48].
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prevents the tuning of the helical pitch in cells with the helical axis perpendicular to

substrates. Yoshida et al. [44] prepared wedge cells with the helical axis parallel to

substrates and examined the tunability of lasing wavelength by applying an electric

field. The field strength linearly depends on the position. Using such cells, position-

dependent lasing wavelength variation over 100 nm was obtained. Electrotunable

liquid crystal lasers are also possible using SmC� cells, since the surface pinning

effect is negligible [46, 49].

Electrotunability of the lasing wavelength of the defect mode was also demon-

strated using a layer of nematic liquid crystal (NLC) inserted into dielectric multi-

layers [18] and CLC layers [50]. This is based on the fact that the wavelength of

defect modes continuously changes with the refractive index of the defect layer [26].

By applying an electric field, LC molecules change the orientation, resulting in

effective refractive index, as shown in Figure 1.15a. Figure 1.15b is one of the results

of electrotuning using defect mode lasing [51].

Another type of electrotuning was also demonstrated by Lin et al. [52]. They used

CLC with negative dielectric anisotropy. By applying dc fields along the helical axis,

the selective reflection band shifts toward shorter wavelength side. By applying an

electric field of 150V, lasing emission shifted by 15 nm. The field-dependent helical

pitch was attributed to electrohydrodynamical effect. Similar but different

FIGURE 1.15 (a) Orientational change by applying an electric field. (b) Electric field-

dependent lasing wavelength tuning of a defect mode using an anisotropic defect layer [79].
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observation was made by Park et al. [53]. The sample used was NLCs embedded in

helical polymer networks consisting of photopolymerizable CLC. With increasing

electric field, transmittance spectra and color viewed from the substrate surface

normal were blue shifted. The lasing emission was observed. However, the lasing

peak does not show any wavelength shift but just becomes weak. In the absence of a

field, lasing occurs toward the normal direction parallel to the helical axis. Surpris-

ingly, however, under the field application, lasing emission is generated to any angle

up to at least 70� with almost the same intensity as that in the normal direction. This

phenomenon was interpreted as a spatial undulation of helical axis by Helfrich

effect [54].

1.4.3 Phototuning

Several methods have been employed for wavelength tuning by light irradiation.

Chanishvili et al. [55] prepared dye-doped CLCs. The photoexcitation of samples

allows laser emission at about 400 nm. Phototransformation is induced by ultraviolet

(UV) light irradiation in the structure of chiral molecules, leading to the change in the

helical pitch (selective reflection peak) from 370 to 410 nm after 15min irradiation.

Since this process is irreversible, one or some compositions of chiral molecule

mixture (Merck, ZLI-811) seem to be decomposed. In this sense, this is not real

tunability.

Amore practical methodwas proposed by Furumi et al. [56]. They used cholesteryl

iodine, cholesteryl nonanoate, and cholesteryl oleyl carbonate as a host. UVirradiation

at 254 nm resulted in continuous changes in the helical pitch from 550 to 720 nm

depending on UV exposure energy. This phenomenon was attributed to photolysis

reaction of the cholesteryl iodide. Lasing experiment using dye-doped samples reveals

phototuning of laser wavelength over a 100 nm wavelength range.

Azomolecules are commonly used for phototuning of physical parameters. Lin

et al. [57] used a chiral molecule with an azo linkage. Upon the irradiation of UV

(350 nm) light for up to 20min, selective reflection band becomes short over 100 nm.

After 20min UV irradiation, the photoisomerization from trans to cis forms occurs

almost completely. The back-photoisomerization to cis is achieved by heating. Using

a dye-doped system, the lasing wavelength was tuned over 100 nm by controlling the

UV irradiation time.

1.4.4 Mechanical Tuning

CLCs are noncompressive media, so compression does not affect the helical pitch.

For CLC films, however, mechanical strain to CLC films with the helical axis along

the film normal can induce the variation in pitch. Experiments have been performed

using CLC elastomers [58]. Since the directors at surfaces are fixed, the helical pitch

linearly changes with the compression rate. Using dye-doped CLC elastomers, red,

green, and blue lasing emission was observed. The experiments were performed

using biaxial strain, so uniform thickness change and associated uniform helix

compression were achieved. If uniaxial strain is exerted, we obtain a deformed helix
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with shorter pitches. Since the refractive index change is not sinusoidal, it would be

possible to observe higher order reflection. The experiment has not been performed

so far.

1.4.5 Spatial Tuning

As mentioned above, a variety of external stimuli have been employed to control the

helical pitch of CLCs. However, tunability is generally restricted within a narrow

wavelength range at most 100 nm, and none of them supply tunability over the whole

visible range. Chanishvili et al. [59, 60] and Huang et al. [61, 62] fabricated CLC

structures with a spatial helical pitch gradient and tried to achieve lasing over a wide

wavelength range. The former group used spatial gradient of chiral molecules,

whereas the latter group used temperature gradient along the cell surface. Finally,

Chanishvili et al. succeeded in obtaining position-dependent lasing emission over the

whole visible range. Unfortunately, however, there was a window, where lasing was

not possible [60]. Moreover, six or more kinds of dyes were necessary for wide-band

lasing. On the other hand, Huang et al. [61] introduced temperature gradient across

the cell and used temperature-dependent chiral dopant solubility to obtain the spatial-

dependent pitch. Since they used reactive monomers as a host and polymerized, the

pitch gradient was stable. However, the tuning range was only 50 nm because of the

use of single dye. Later, they succeeded in expanding the tunable range to about

100 nm [62].

Narrow tunable range partly originates from emission bandwidth of the dye used.

Actually, Chanishvili et al. [60] achieved a wide tunable range by using six or more

dyes. Sonoyama et al. [63] used two dyes, coumarin and DCM, and succeeded in

obtaining awide tunable range covering thewhole visible rangewithout awavelength

window showing no lasing. Important points are summarized in Figure 1.16: (1)

introduction of pitch gradient by temperature gradient, (2) introduction of concen-

tration gradient of two dyes, and (3) energy transfer between two dyes. The emission

band of coumarin dyes largely overlaps with the absorption band of DCM dyes, so

efficient energy transfer is expected. Pumping light is absorbed by coumarin. The

gradients in both pitch and dye concentration are important; at the shorter pitch

region, emission of coumarin covers this region, so the region must be rich in

coumarin. In the longer pitch region, on the contrary, the wavelength corresponds to

the emission of DCM. Hence, this region must be rich in DCM. But at the same time,

a certain amount of coumarin is also necessary to absorb pumping light. Finally, they

succeeded in obtaining lasing emission covering the whole visible range from 470 to

670 nm by translating the cell with respect to a pumping beam, as shown in

Figure 1.17 [63].

Another important effort was to make the lasing device temporally stable. Manabe

et al. [64] used photopolymerizable CLCs and fixed the position-dependent pitch and

dye concentration gradients by UV irradiation. Although the pitch slightly blue

shifted by polymerization, position-dependent lasing over a full visible range was

preserved. Photopolymerized CLC lasers with a helical axis lying within a substrate

and with a pitch gradient were also fabricated [44]. In this case, the pitch gradient was
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realized by applying an electric field across wedged cells. These works opened the

door of opportunity for a practical application as disposable dye lasers of a film form.

1.4.6 Multimode Lasing

We sometimes observed multiple lasing in (1) defect mode lasing from a thick defect

layer [65], (2) simultaneous lasing of edge mode and defect mode [28], and (3)

simultaneous lasing at both edges of PBG in single dye system [15] and (4) a F€orster
couple system [40]. However, the wavelength range of multiple lasing emission is

limited within a very narrow range. Recently, Wang and Lin [66] obtained simul-

taneous nine lasing peaks around a 600–675 nm range. They prepared CLCs doped

with chiral dopant exceeding the dissolving limit. As temperature increases, solu-

bility increases and the helical pitch becomes shorter. The special uniformity of the

dissolved chiral dopant depends upon the sample heating and cooling rates; that is, by

increasing the cooling rate, the number of defects and domains increases, causing a

multiple lasing.

To achieve wide-range simultaneous multiwavelength lasing such as red (R),

green (G), and blue (B), a much sophisticated method to form wide-range multiple

reflection bands is demanded. Ha et al. succeeded in obtaining RGB multiple

reflection bands using multilayered structures of single-pitch CLC layers together

with Fibonaccian defect [67] or isotropic defect layers [68], and then in RGB

simultaneous lasing [69]. In order to explain the phenomenon, one of the key facts in

CLC selective reflection is the cell thickness-dependent PBG width; the PBG width

becomes broader and the reflectance decreases with decreasing sample thickness, as

shown in Figure 1.17. Actually CLC with one-pitch (1P) thickness displays low

FIGURE 1.16 Gradients of pitch and dye concentration in a CLC cell for spatial lasing

wavelength tuning.
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reflectance of 16% but the reflection band extends from 350 to 850 nm. If we insert

isotropic defect layers, several reflection bands due to the defect mode may emerge

within the wide PBG region. High reflectance can be achieved by increasing the

number of CLC layers and defect layers alternately assembled. This is the funda-

mental idea of RGB or white light reflector [68].

They used PVA as a defect layer and constructed structures Mn¼CLC/PVA/

CLC/� � �/CLC/PVA/CLC, where n stands for the number of CLC layers, as shown in

Figure 1.18a. In Figure 1.18b are shown simulated (lower) and experimental (upper)

reflection spectra for M1, M2, M3, and M4 systems [68]. These reflection spectra

clearly indicate the presence of multiple PBGs from the multi-CLC systems. The

agreement between experimental and calculated spectra is satisfactory. The physical

parameters such as CLC and PVA film thicknesses obtained by theoretical fittings

using the Berreman 4� 4 matrix agreed with those experimentally obtained [68].

By using a dye-doped NLC sandwiched by M4 layers with PCLC (1.5P/0.56 mm
thick), simultaneous RGB lasing was achieved [69]. The same dye system as in Ref.

63 was used: coumarin and DCM. The excitation wavelength was 420 nm corre-

sponding to the absorption peak of coumarin. As shown in Figure 1.19, the increase of

FIGURE 1.17 Selective reflection spectra in CLC cells with different thicknesses, 1, 2, and 5

pitch thick [78].

FIGURE 1.18 (a) Multistacked structures of CLC and PVA layers. (b) Experimental (upper)

and simulated (lower) reflection spectra in four different multilayered cells [78].
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the pumping energy results in lasing at 508 nm (greenish, G) and 488 nm (bluish, B),

and finally simultaneous RGB lasing emissions including 595 nm (reddish, R) light.

This is unique as simultaneous RGB lasing occurs in a single resonator using single-

pitched CLC with a single gain medium by a single optical pumping. Furthermore,

each emission color of such lasings could be controlled by adjusting mixing ratios of

two fluorescence dyes in the gain medium and optical pumping energies.

1.5 3D LC LASERS

Every LC laser mentioned so far has 1D cavity. One of the 3D structures whose

periodicity could be in the visible range is obtained in the blue phase (BP). The first

lasing using a dye-doped BP was reported by Cao et al. [70]. They actually observed

different lasing peaks from three directions. Despite relatively low lasing threshold,

the problem of using BP is always the temperature range of the phase. This problem

was solved by Kikuchi et al. [71] by polymer stabilization. Using this technique, BP

temperature range becomes 60K including room temperature, although BP temper-

ature range is usually only 1K or so. Using such polymer-stabilized BP, lasing action

was confirmed over 40K [72].

Two types of 3D LC resonators have been reported by Humar et al. [73]. Both

utilize liquid crystal droplets suspended in polymer matrices such as polydimethyl-

siloxane. Polymer dispersions of NLC droplets have been studied extensively in the

FIGURE 1.19 Multiple lasing emission spectra under different excitation powers. A

reflection spectrum is also shown [78].
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past, but individual droplets have never been considered as tunable optical resonators.

The first one is a microresonator of dye-doped NLC droplets of about 10 mm
diameter [73]. The microscope observation under crossed polarizers certifies the

radial orientation of the NLC director, as shown in Figure 1.20a. When the NLC

droplet was illuminated at the edge by a focused laser beam, a bright spot was

observed at the other edge. In between, a light ring along the circumference of the

microcavity was clearly visible. These observations clearly indicate whispering

gallery modes (WGMs). Actually, they succeeded in observing spectra of WGMs

circulating in a LC droplet. From the line width (about 0.055 nm), Q factor of the

order of 12,000 was obtained. Lasing has not been reported using WGMs of this

droplet. However, lasing capability usingWGMs is well known in other systems [74],

so lasing in LCWGMs is surely possible.Moreover, by deforming the sphere slightly,

highly unidirectional lasing action would be possible [75], while lasing emission of

WGMs of perfect sphere always emits tangentially. Another important aspect of the

WGMs from LC microdroplets is tunability. By applying an electric field, director

orientation in the droplet changes as shown in Figure 1.20b and c. Linear and

reversible electrical tuningwas obtained, and the tuning range could be over 40 nm by

choosing proper LC materials.

The second type of 3D LC resonator was formed by using CLC droplet [76]. By

using glycerol, the director is parallel to the interface of the droplet. Then, the

formation of 3D helical structure with radial helical axes could be imagined

(Figure 1.21). Lasing condition is the same as that in 1D DFB CLC lasers. Although

the size of microdroplets cannot be controlled, lasing wavelength is uniquely defined

by the helical pitch. An important point is that only dyes located at the center of

droplets contribute to the lasing action (Figure 1.21), because the light emitted at the

center is confined three dimensionally due to the radial helical axes; omnidirectional

lasing emission occurs toward all the radial directions. Temperature-dependent

helical pitch can also be used for tuning the laser light wavelength as in 1D DFB

CLC lasers. A number of applications of the cholesteric onion microlasers were

suggested by the authors [76]. One of the questions that still remained is polarization

of laser light. The lasing emission is neither linearly nor circularly polarized. This

could be due to the existence of many defects like in BP. Moreover, surface boundary

condition of planar alignment does not define director orientation on the spherical

surface. This is one of the future problems.

FIGURE 1.20 Director map of a NLCmicrodroplet embedded in polymer solution: (a) in the

absence of an electric field, (b) under a weak electric field, and (c) under a strong electric field.
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1.6 CONCLUSIONS

It has been more than three decades since the first observation of CLC laser emission

in 1980 [10]. This field has been expanding rapidly particularly since Kopp et al.

published a paper [11]. In this chapter, I focused on the most typical LC lasers, CLC

microlasers. First, I described two kinds of CLC microlasers, DFB and defect mode

lasers. Next, extensive efforts to lower the lasing threshold were summarized. They

are classified into three kinds of improvements, that is, cavity structures, excitation

conditions, and materials. Then, methods for tuning lasing wavelength, which is the

most important feature of CLC lasers, were described. We can use variations in

temperature, electric field, and light irradiation. Mechanical strain for polymer

samples, spatial tuning for wide wavelength tuning, and multiple lasing over a

wide wavelength range were also described. The readers may also refer recent review

article [77]. Tunability is not only for wavelength, but also possible for polarization

and directions, which I did not included in this chapter. Please refer to Ref. 78 for

these tunabilities. 3D lasing is the most recent topic and provides us with promising

devices. Much more application areas can be expected in 3D lasers such as

telecommunications, optical computing, imaging devices, apparel and decoration,

sensors, and biological imaging [76].

FIGURE 1.21 Helical structure in a CLC microdroplet. Image of microdroplet in a lasing

condition is also shown [76]. (See the color version of this figure in Color Plates section.)
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