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Liguid-crystal lasers

Harry Coles* and Stephen Morris
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Liquid-crystal lasers are a burgeoning area in the field of soft-matter photonics that may herald a new era of ultrathin, highly
versatile laser sources. Such lasers encompass a multitude of remarkable features, including wideband tunability, large coher-
ence area and, in some cases, multidirectional emission. They have the potential to combine large output powers with miniature
cavity dimensions — two properties that have traditionally been incompatible. Their potential applications are diverse, ranging
from miniature medical diagnostic tools to large-area holographic laser displays. Here we discuss the scientific origins of this
technology and give a brief synopsis of the cutting-edge research currently being carried out worldwide.

tions ranging from miniature mobile telephones to high-defi-

nition flat-panel displays. Such technologies are based on the
reorientation of a liquid-crystal material in response to applied
electric fields, which results in a change in its observed optical
properties’. The majority of present commercial displays are based
on liquid crystals exhibiting a nematic phase — the least ordered
mesophase. However, materials similar to the cholesterol deriva-
tives studied by Austrian botanist Frederick Reinitzer when he
identified the liquid-crystal phase in 18882 have recently caused
a scientific revolution in a very different field — that of tunable
organic lasers.

Fundamentally, the key feature that these materials possess
is the existence of a photonic bandgap for visible light. Photonic
band structures have attracted considerable attention in recent
years because of their ability to control the propagation of light at a
range of different frequencies. This photonic bandgap is analogous
to the separation of electronic bands in semiconductors, and can
exist in one-, two- or three-dimensional periodic dielectric struc-
tures, depending on the number of directions in which the perio-
dicity exists. Inside the bandgap, emission is suppressed because
the density of photon states diverges at the edges of the bandgap,
which leads to long photon-dwell times. Lasing from liquid-crystal
media, a subject first reported® and patented* some thirty years ago,
has been revisited as a result of the pioneering theoretical work of
Yablonovitch® and John®, who realized the remarkable optical phe-
nomena associated with a photonic bandgap. Dowling and co-work-
ers later showed theoretically that, owing to the sudden divergence
in the density of photon states (as noted by John), the gain factor is
significantly enhanced at the bandedges’. This led Dowling’s team
to realize that, for an active medium that has dimensions of the
order of only a few micrometres, the gain enhancement would be
sufficiently large enough to allow low-threshold lasing to occur.
This combined research enabled a better understanding of the early
work carried out on liquid-crystal lasers and their potential signifi-
cance. There are a variety of liquid-crystal phases — primarily those
containing chiral components — that exhibit a periodic structure
and consequently give rise to a photonic bandgap. One of the main
advantages of using liquid crystals over photonic crystals is that
their periodic structure forms spontaneously, without the need for
complex fabrication procedures, and that such soft matter may be
readily deformed to achieve facile wavelength tuning.

The first unequivocal observations of bandedge lasing were
independently made by Kopp et al® and Taheri et al”>' in

|_iquid crystals have become ubiquitous in everyday applica-

dye-doped chiral nematic liquid crystals. Since then bandedge
lasing has subsequently been observed in a variety of different
liquid-crystal structures and phases: the chiral smectic phase'"'?,
polymeric liquid-crystals'*~", cholesteric elastomers', cholesteric
glasses'?, an intermediate phase between the chiral nematic phase
and the smectic A phase?, and blue phase 1 and 1***. In addi-
tion, the tuning of bandedge lasing under the influence of exter-
nal stimuli such as temperature*%, ultraviolet illumination®-,
mechanical stress'”'” and external electric fields'**'-** has also been
widely investigated. In many cases fine tuning of the laser wave-
length has been demonstrated throughout the visible spectrum.
From these collective works it can be seen that the unique opto-
electronic properties of liquid crystals give them great potential
for use in, and studies of, tunable bandedge lasers. These lasers
exhibit the small dimensions of vertical-cavity surface-emitting
lasers (VCSELs) but without the need for a sophisticated fabrica-
tion procedure, and have the tunability of dye lasers but without
relying on the use of toxic liquids.

In addition to lasing at the bandedge, it is also possible to achieve
laser emission from a mode situated directly within the photonic
bandgap by introducing a defect into the periodic structure®-*. In
this case the mode is located within the gap, which allows multiple
modes to be excited and controlled. This form of lasing, referred to
as defect-mode lasing, typically has a lower threshold than that of
bandedge lasing and resembles the distributed feedback laser first
proposed by Kogelnik and Shank in the early 1970s*..

Here we aim to present a snapshot of the research carried out so
far on laser emission from liquid-crystal media exhibiting periodic
structures, focusing in particular on bandedge and defect-mode
lasing and on wavelength tuning mechanisms. We will highlight
the milestones in emission characteristics that have been reached,
and the breakthroughs and innovations that have been made in
device architecture. Finally, we will consider the advantages of
these lasers over existing technology, the current challenges that
lie ahead and the plethora of potential applications.

Liquid-crystal photonic bandgaps

Liquid crystals. Liquid-crystal media represent a class of soft-
matter that combines crystalline-like solid ordering with fluid-
like behaviour. Liquid crystals are characterized into different
mesophases depending on their degree of orientational and posi-
tional order*. The least-ordered phase is the nematic, which has
only long-range orientational order. In this case, the long axes of
the molecules point in the same direction (on average), which is
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Figure 1| Photonic bandgaps for various phases. a, Chiral nematic.

b, Chiral smectic. ¢, Blue phase. Figure shows the configuration of the local
director for each structure (left), the transmission spectrum for white light
(middle) and the corresponding photomicrograph of the optical texture
taken when the sample is between crossed polarizers (right) for each of
the three phases. In blue phases the double-twist cylinders pack to form a
three-dimensional lattice array of defects, with defect lines giving ‘Bragg-
like' reflections.

defined by a unit vector known as the director, n. The macroscopic
optical axis lies along the same direction as the director, and it
is optically uniaxial®. Owing to the microstructure of the phase,
many of the macroscopic properties are anisotropic****. For exam-
ple, nematic liquid crystals exhibit a birefringence, An, because
the refractive index of the extraordinary ray, n, (often denoted
n as it is along the director), is different to that of the ordinary
ray, n, (often denoted n, because it is orthogonal to the director),
and An=n, - n,.

A variant of the nematic phase is the chiral nematic (cholesteric)
phase, which spontaneously forms a macroscopic helical structure
when either the liquid-crystal molecules are inherently chiral or
when chirality is introduced. The presence of chirality causes the
director profile to assume a twisted configuration throughout the
medium. Figure la illustrates rotation of the director about a sin-
gle axis — the helix axis. In reality, there is no layered structure and
the local ‘nanoscopic’ ordering is identical to that of the nematic
phase. The defining length scale of this phase is the pitch — the
distance for which the director rotates through an angle of 2.
However, because this phase is also non-polar, the invariance
n = —n means that the periodicity is only half of the pitch.

Smectic phases are higher-order liquid-crystal phases that
combine orientational order with positional order. Unlike the
nematic and chiral nematic phases, the density of a smectic phase
is not uniform, resulting in a diffuse layered structure. There are
a number of different smectic phases, and these are character-
ized by the packing formation and tilt angle with respect to the
layer normal®. Each phase is classified by a different letter of the
alphabet in the order they were discovered. The least-ordered is
the smectic A phase, which has only one-dimensional positional
order. Helical smectic phases are also known?, such as the chi-
ral smectic C* phase, which is similar to the chiral nematic phase
except that the molecules are tilted at an angle to the layer normal;
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it is the precession of the tilt that gives rise to the macroscopic
helical structure. Smectic C* liquid crystals, when suitably aligned
by surface forces, exhibit ferroelectric properties (Fig. 1b).

More exotic phases known as blue phases (blue phase 1, 11 and
11, Fig. 1¢)** have been shown to form laser devices. These are
essentially double-twist structures that tend to appear in short-
pitch systems between the isotropic and the chiral nematic phases
(Fig. 2a). Blue phase 1 and 11 exhibit a three-dimensional struc-
ture and consequently a three-dimensional photonic bandgap.
Until recently the temperature range of these phases was always
found to be very small (~2 °C), but now temperature ranges of
~100 °C are achievable through either the artificial process of
polymer stabilization® or naturally through the use of bime-
sogenic compounds®.

Photonic bandgaps. Although photonic bandgaps are considered
to be a relatively new paradigm, spontaneously forming photonic
band structures or one-dimensional Bragg reflectors such as chiral
nematic liquid crystals have been in existence for a long period
of time. The anisotropic nature of the molecules, combined with
the continually rotating director n, results in a photonic bandgap
when the wavelength of light is comparable to the optical pitch of
the helix. This bandgap only exists, however, for circularly polar-
ized light with the same rotation sense as the helix. The same is
true for a chiral smectic C* liquid-crystal phase. The bandgap in
both cases is therefore considered to be partial and one-dimen-
sional. In contrast, the blue phases 1 and 11 exhibit a three-dimen-
sional periodic structure, and therefore an incomplete photonic
bandgap exists in each of the three dimensions. The properties of
a photonic bandgap in a chiral nematic liquid crystal have been
investigated both theoretically and experimentally, with studies
ranging from elegant solutions to Maxwell’s equations® -, which
demonstrate the existence of a bandgap, to thermometry devices
based on the temperature-induced shift of the reflected colour’, in
what are known as thermochromic liquid crystals.

Example transmission spectrums for a chiral nematic, a chi-
ral smectic C* and blue phase 1 are shown in Fig. 1, along with
a schematic of the molecular configuration for each phase and a
photomicrograph of the optical texture observed for white-light
transmittance through crossed polarizers. The fundamental wave-
lengths that describe each bandgap are indicated. At each local
maximum either side of the bandgap, a resonant (localized) poten-
tial lasing mode exists. In the examples shown, the wavelength
output at the short and long bandedges corresponds to the first
maximum in the transmission oscillations on either side of the
photonic bandgap, the edges of which are denoted by A, and A,
and the centre of which is denoted by A.

Bandedge lasers

Creating a bandedge liquid-crystal laser. Two primary factors are
important for bandedge laser emission to occur in liquid-crystal
media. First, a light harvester of some form must be present. This
can be either a rare-earth element or a laser dye such as DCM or
PM597. The dye can either be dispersed into the liquid-crystal
matrix or it can form a subunit of the liquid-crystalline molecule.
Ultraviolet lasing has been observed from purely liquid-crystal sam-
ples without the addition of a dye*. The second factor is the spectral
position of the photonic bandgap relative to the emission spectrum
of the light emitter. To achieve laser action, one edge of the photonic
bandgap must overlap the emission spectrum, and these must be
matched to maximize coupling efficiency and thus achieve the low-
est possible threshold. The short- and long-wavelength bandedges
are not equivalent for liquid crystals, and this is because the align-
ment of the electric field vector of the propagating mode at the spe-
cific bandedge is different to that of the transition dipole moment
of the dye®. For the majority of the studies carried out so far, the
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Figure 2 | Laser emission in three dimensions from a blue phase 1 liquid crystal. a, lllustration of the double-twist structure. b, Reflection spectrum for a
particular platelet (shown inset). ¢, Emission spectrum in the three orthogonal directions. d, Region of the sample from which the emission was recorded.

Figure reproduced with permission from ref. 22, © 2002 NPG.

long-wavelength bandedge has proved to be the lowest threshold
mode because the transition dipole moment of the dye and the elec-
tric field vector are more collinear than they are perpendicular to
one another.

Laser emission from liquid-crystal structures is generally
achieved through optical pumping, using either picosecond
or nanosecond pulses from solid-state lasers such as Nd:YAG.
Increasing the pulse width from picoseconds to nanoseconds was
found to increase the excitation threshold* (in units of energy per
unit area per pulse) in accordance with two-level laser theory. The
repetition rate must also be chosen carefully, as observed in ref. 57.
The wavelength-dependence of the dye absorption defines the
excitation wavelength. However, it has been shown®® that shorter
excitation wavelengths below the absorption maximum result in
a lower threshold, and this may be related to the overlap between
the Beer-Lambert-like dependence of absorption through the cell
and the spatial dependence of the modal electric field vector®.

In terms of the geometry for optical pumping, liquid-crystal
lasers can be photopumped from any angle but will always emit
along the direction defined by the helix axis. It has been shown,
however, that for incident angles greater than 18° the emission
intensity of liquid-crystal lasers depends significantly on their
incident polarization®, and careful consideration is therefore
devoted to selecting the correct polarization when pumping at
oblique incidence. It has also been shown theoretically®, and with
some experimental verification®, that the threshold can be reduced
using an excitation beam with the same polarization handedness
as the rotation sense of the helix, and at the shorter-wavelength
bandedge so as to increase the density of states. This has been
achieved using a layered, randomly amplifying medium®. Other
forms of optical excitation that have been reported include two-
photon pumping® and two liquid-crystal lasers® in tandem.

The most common phase used for liquid-crystal lasers is
the chiral nematic, because it is easily formed from nematic
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compounds using chiral dopants and has a broad temperature
range. Although chiral smectic phases have also been used for
liquid-crystal lasers, their benefits over the chiral nematic phase
for such applications are not yet clear (apart from their ferroe-
lectric coupling to applied electric fields, which is very useful for
wavelength tuning). Blue phases, however, do have considerable
benefits over their chiral nematic counterparts, but achieving laser
emission from such structures is non-trivial. One major benefit is
that laser emission in three orthogonal directions can be obtained
simultaneously by virtue of the three-dimensional photonic band-
gap. This was first demonstrated using blue phase 11, which exhib-
its a double-twist structure (Fig. 2)?2. Laser emission has also been
demonstrated from both a polymer-stabilized blue phase 1** and a
wide-temperature blue phase 1** (Fig. 3). For the wide-temperature
blue phase 1, the excitation threshold energy was found to be lower
than that of a corresponding chiral nematic liquid crystal under
similar experimental conditions (that is, dye and liquid-crystal
structures, dye concentration, position of bandedge, sample thick-
ness and similar excitation).

Bandedge laser emission has also been observed from holo-
graphic polymer-dispersed liquid-crystal (H-PDLC) lasers,
which, unlike other aforementioned devices, do not form natu-
rally and thus require some form of fabrication procedure. These
H-PDLCs are liquid-crystal droplets — usually either a nematic
or chiral nematic — dispersed within a polymer matrix formed
using a photocuring technique. Although the linewidths that
have been achieved so far are typically higher than those meas-
ured for conventional low-molar-mass liquid-crystal bandedge
lasers, H-PDLCs do offer advantages in terms of tuning the laser
wavelength and forming two-dimensionally patterned struc-
tures®”°. Both reflection” and transmission gratings®® have so
far been studied, although transmission gratings seem to exhibit
more efficient laser emission and have lower thresholds than
reflection gratings.
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Figure 3 | Low-threshold laser emission from blue phase 1. a,b, Platelet structure (top) and emission spectrum (bottom) for a polymer-stabilized blue
phase (a) and a wide-temperature blue phase (b). R-CP and L-CP denote right- and left-circularly polarized light, and the white circle in b indicates the
lasing blue phase platelet. Figure reproduced with permission from: a, ref. 23, © 2006 Wiley; b, ref. 24, © 2006 SID.

There have also been demonstrations of laser emission from
liquid crystals that do not naturally form periodic structures. For
example, it has been shown that laser emission can occur from
a device comprising a plane layer of dye-doped nematic liquid
crystal sandwiched between one substrate with a uniform trans-
parent indium tin oxide layer and a second substrate that consists
of periodic and parallel chromium electrodes. Periodic modu-
lation of the gain in the medium can be achieved because the
chromium electrodes are non-transparent. Applying an electric
field modulates the refractive index due to the reorientation of
the nematic director in regions above the chromium electrodes,
thus creating a Bragg resonator structure’”2. Laser emission has
also been observed from a dye-doped nematic phase without any
modulation in the refractive index or gain medium using a plane
waveguide geometry”.

General emission characteristics. General laser emission charac-
teristics for a bandedge liquid-crystal laser are shown in Fig. 4. A
typical laser emission spectrum at the edge of a chiral nematic
bandgap, when photopumped with 5 ns pulses from a Q-switched
Nd:YAG laser of wavelength 532 nm, is shown in Fig. 4a. 532 nm
falls within the wavelength range of the absorption spectrum of
many laser dyes, including DCM, which has been extensively
used in liquid-crystal lasers. Emission is bidirectional along the
helix axis. The sample was a commercial nematic liquid-crystal
mixture doped with a chiral additive and DCM dye, housed in a
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7.5-um-thick planar aligned glass cell and operated at a tempera-
ture of 30 °C.

Figure 4a shows emission relative to the bandgap, with the
transmission spectrum for white light plotted on the left-hand
vertical axis and the laser emission spectrum presented on the
right-hand vertical axis. Here, the spectrometer has captured the
long-wavelength part of the photonic bandgap — the flat region of
590-603 nm — as well as the maxima and minima of four subsidi-
ary oscillations. The emission intensity of the laser line was found
to peak at 604.65 nm, which is located at a slightly longer wave-
length than the transmission maximum (A, = 604.36 nm). This off-
set is to be expected because the laser mode is not positioned at
the bandedge in finite-thickness samples. It is also shown in this
example that the linewidth of the laser line is 0.13 nm. This yields
a Q-factor of the laser mode (Q = A,/A)1) of ~4,600. From this a
rough estimate of the coherence length, &, using the linewidth
(&.on = L2/ AL,) was found to be ~5 mm.

It has been shown’ that the emission from a liquid-crystal
bandedge laser can exhibit a large coherence area. This offers a
potential means of removing heat from the system, opening up
the possibility for large output powers and thus increasing the
laser dye lifetime. Figure 4b is an example of the far-field spot of
a bandedge liquid-crystal laser, showing central and subsidiary
maxima. The output of such a laser is near-Gaussian (Fig. 4c,d).
However, despite the multitude of reports on bandedge lasing so
far, there have been no reports dedicated to the measurement of
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Figure 4 | Typical emission characteristics of a bandedge liquid-crystal laser. a, The emission spectrum plotted relative to the long-wavelength photonic
bandedge, where the inset shows a zoomed image of the transmission spectrum and laser emission close to the first minimum of the transmission
spectrum. b, Far-field laser spot. ¢, Energy profile of the laser in the far-field in two dimensions. d, Energy profile of the laser in the far-field in three
dimensions. The scales in ¢ and d show energy intensity, in arbitrary units, in the range of 0-255. Figure reproduced with permission from: a,b, ref. 24,

© 2006 SID; ¢,d, ref. 121, © 2006 Elsevier.

the coherence length of a bandedge liquid-crystal laser. A colour-
cone angle laser was recently demonstrated”. The axial output
of a bandedge liquid-crystal laser is usually circularly polarized,
although an aluminium mirror can be used to achieve linearly
polarized emission’.

Performance-related properties. The two important parameters
used to characterize a liquid-crystal laser are the excitation thresh-
old and the slope efficiency, and research has shown that these
are influenced by a number of liquid-crystal-related parameters.
These parameters include, but are not limited to, the birefringence
of the medium”" (a factor that is also shown to be important in
the bandedge lasing of photonic crystals), the orientational order
parameter'®”””® and the order parameter of the transition dipole
moment of the dye®-*2. Polymeric dyes were used to achieve good
alignment between the liquid crystal and the transition dipole
moment, resulting in a high order parameter®. Oligofluorene dyes
have been shown to exhibit very high order parameters and high
quantum yields® in a liquid-crystal host, which generally results in
better laser efficiency®"®2. Other high-quantum-yield dyes recently
used include pyrenes®, which can decrease the excitation thresh-
old by an order of magnitude compared with DCM and PM597,
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which can increase slope efficiencies to over 30%%. These materi-
als cause a drop in laser threshold due to the significant overlap
of the electric field vector of the optical eigenmode with the dye’s
transition dipole moment®. Recent research suggests that by max-
imizing key metrics such as order parameters, birefringence and
dye quantum yields, the threshold can be reduced and the slope
efficiency increased. Typical values of slope efficiency reported are
often greater than 30%>* — a value comparable to that of conven-
tional liquid dye lasers — and may reach as high as 70%%.
Improving these materials factors alone may not be sufficient
to reduce the threshold such that a low-power incoherent input
source, such as an electroluminescent layer or a light-emitting
diode, can be used. Additionally, innovations in the device struc-
ture that ensure optimum photon confinement are likely to be
essential for further improvement. For example, emission inten-
sities have been increased by a factor of eight using a stack of
multiple dye-doped chiral polymer films¥, and have also been
increased using a mirror or chiral nematic liquid-crystal polymer
film to ensure that emission along the helix occurs only in one
direction®®. Polymer stabilization and cholesteric glasses have
also been shown to improve the emission intensity by reducing
thermal fluctuations and thus increasing the order parameter'*.
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Mechanically flexible and rugged bandedge lasers have also
been demonstrated by forming polymerized free-standing films
based on photopolymerized chiral nematic liquid crystals'’-".
Even in the presence of mechanical distortion the film still main-
tains a laser output. The polymerization process also provides a
secondary benefit in that it removes any temperature dependence
of the helical pitch. As a result, the laser wavelength remains con-
stant over a wide temperature range.

The use of a planar amplifier based on a dye-doped isotropic
layer has been shown to achieve a sevenfold improvement in out-
put for a 4-mm-thick chiral nematic laser system®. Using a dye-
doped nematic layer has also proven to be beneficial and, owing to
the layer anisotropy, the amplification coefficient was observed to
be anisotropic®. Quasi-in-plane leaky modes, formed as a result
of Fresnel reflections from the glass substrates, can lead to optical
losses that take energy away from the normal Bragg modes along
the helix axis®*®?, but lateral confinement®* may provide a solution
to this.

Laser arrays. Inorganic VCSELs made significant progress with
the introduction of laser arrays, which enabled higher output
powers to be obtained from a single device by coupling the out-
put from each emitter in the array matrix. If the emitters are in-
phase then the output power scales as N?, where N is the number
of elements in the laser array. Similar arrays have also been formed
using liquid crystals to decrease the threshold by exploiting the
Purcell effect, and are used to generate polychromatic laser emis-
sion for displays®>®®. Examples of such laser arrays are shown
in Fig. 5, which includes the ‘polycrips’ structure (Fig. 5a)** and
a patterned dye-doped reflective H-PDLC with alternating pitch
lengths (Fig. 5b)®. Figure 5c shows simultaneous red-green-blue
emission generated from a conventional liquid-crystal cell using
a microlens array to redistribute the pump so as to generate mul-
tiple gain regions®. Single pixels of this laser have been driven
to give quasi-continuous-wave output powers of 5 mW at 3 kHz,
which, when combined in the far-field, give a potential output of
several watts®.

Defect-mode lasers

Defect-mode lasers differ from bandedge lasers in that a resonant
channel exists within the photonic bandgap itself, thus confining
the energy to this mode. Hence, because of the bandgap, there is
no spontaneous emission either side of the laser mode; that is, the
mode is localized at the defect. This is analogous to the distributed
feedback lasers that Kogelnik and Shank studied in the 1970s*,
which have now become widespread in semiconductor laser tech-
nology. There are a number of ways of creating a defect-mode
laser, ranging from introducing a 90° phase slip in the periodicity
of the helical structure to inserting a thin layer of isotropic liquid
or nematic liquid crystal between chiral nematic liquid-crystal
mirrors (Fig. 6).

Structures for defect-mode lasing. Defect-mode liquid-crystal
structures have been studied both theoretically**~*”*” and exper-
imentally®-'%, and a number of different approaches for creating
a defect have been suggested. Early research focused on intro-
ducing a phase jump®**® or an isotropic layer®***% into the chiral
nematic material. The phase jump, induced by twisting one part
of the helical structure, creates a single localized mode that is
circularly polarized and corresponds to a peak in the transmis-
sion. The use of an isotropic layer sandwiched between chiral
nematic layers is analogous to VCSELs consisting of an amplify-
ing defect layer between periodic dielectric ‘mirrors, which has
shown to result in ultralow-threshold lasing. Defect-mode lasers
later progressed to architectures involving dye-doped nematic
polymer layers sandwiched between conventional chiral nematic
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Figure 5 | Liquid-crystal laser arrays. a, The ‘polycrips’ structure developed
at the University of Calabria. b, A patterned two-dimensional H-PDLC
array containing three different pitches. ¢, Two-dimensional array using

a microlens array to create an array of active gain regions (left) and the
resulting simultaneous red-green-blue output (right). Figure reproduced
with permission from: a, ref. 94, © APS 2005, b, ref. 69, © 2007 SID;

c, ref. 96, © 2008 OSA.

liquid-crystal polymer layers**-'2 This resulted in the emer-
gence of a new form of defect-mode lasing related to phase retar-
dation through an inserted anisotropic layer. Although the defect
layer was typically thin, thick layers (100 pm) inserted between
thin chiral nematic polymer layers (similar to a conventional laser
cavity between mirrors) have also been studied, yielding multi-
mode emission due to the multiple resonant states situated within
the bandgap®.

Different incarnations of defect-mode structures involving chol-
esteric layers of various pitches have also been reported, leading to
electrotunable non-reciprocal laser emission, and a left-handed
cholesteric structure between right-handed chiral nematics. Two-
layered heterostructures consisting of right- and left-handed chi-
ral nematics have also been demonstrated'®'%*. It was shown that
three-layer heterostructures have a significantly lower threshold
than single- and two-layer devices. This results from a much larger
density of photon states and a high-Q-factor cavity. For structures
consisting of a chiral nematic defect sandwiched between two
thicker layers of the same handedness, the excitation threshold
can be further reduced when the defect-mode coincides with the
bandedge. Innovative structures based on Fibonaccian sequences,
which are well-studied in quasi-crystals, have also been translated
to liquid crystals in the form of a stack of single-pitched chiral
nematic layers simultaneously exhibiting multiple bandgaps from
a single device. Multiwavelength laser emission has also been
demonstrated from multiple-photonic-bandgap structures'**!%.

Defect-mode lasers have attracted a great deal of interest
because of the wide variety of configurations available, with each
one providing a means of increasing the density of photon states
and altering the number of resonant modes available within the

681

© 2010 Macmillan Publishers Limited. All rights reserved



REVIEW ARTICLE

NATURE PHOTONICS bor:10.1038/NPHOTON.2010.184

bandgap. Furthermore, their high density of states means that a
defect-mode laser typically has a lower excitation threshold than
that of a corresponding bandedge laser. However, because the
mode is pinned to the defect, the maximum emission energy that
can be obtained is lower than that of a bandedge laser, and thus a
trade-off between emission energy and threshold must be made.

Tunability

A large proportion of the research carried out so far has focused
on wavelength tuning liquid-crystal lasers using a variety of differ-
ent external stimuli, and it is this sensitivity that makes them par-
ticularly attractive as laser sources. External stimuli that have been
used for wavelength tuning include temperature, ultraviolet illu-
mination, mechanical stress, spatial variation and electric field.

Mechanically induced tuning. Mechanical tuning has been
reported for cholesteric elastomers stretched laterally to contract
the pitch. Biaxial stretching of the elastomers gave a correspond-
ing change in pitch of up to 150 nm, resulting in a change in
laser wavelength from ~540 nm to 630 nm (ref. 18). Large shifts
(~80 nm) in laser wavelength have also been recently observed on
biaxial stretching of a chiral nematic polymer film'®.

Thermally induced tuning. Thermally induced changes in the
helical pitch can be used to vary the emission wavelength of a lig-
uid-crystal laser®*. An increase in helical pitch causes the wave-
length to red-shift, whereas a decrease causes a blue-shift. The laser
wavelength varies in a stepwise manner because pitch changes in
a chiral nematic liquid crystal are discrete with temperature for
thin films. These discontinuities in the laser wavelength can be
removed by adding two chiral dopants with opposing temperature
dependencies on the helical twisting power'%.

Spatial tuning. Spatial tuning has been discussed in several
reports'” ' and typically involves forming a pitch gradient,
together with a variety of dyes, to cover a wide proportion of the
visible spectrum. Wavelength tuning is achieved by varying the
position of the cell relative to the pump beam. Wideband emis-
sion has been demonstrated using a sample containing a number
of different dyes and a pitch gradient'”. In this case, six different
dyes were dispersed into a chiral nematic liquid-crystal sample.
Some of the dyes acted as Forster transfer elements by decoupling
excitation and emission processes. Laser emission from a single
cell was tuned from ~350 nm to 700 nm. Spatial tuning has also
been observed in photopolymerized chiral nematic polymer films,
in which the pitch gradient has been “frozen-in’ due to the forma-
tion of the polymer network!'. Polymerization of the structure is
particularly important for prolonging the lifetime of the laser by
preventing unwanted chiral dopant and dye diffusion. This also
ensures that the same area of the sample produces the same laser
emission wavelength.

More than one dye is required for spatial tuning, and indeed
many other forms of tuning that cover a broad wavelength
range. To excite all the dyes at a single fixed wavelength, despite
the fact that the absorption bands of the dyes may not overlap,
Forster transfer is a particularly useful mechanism in these situa-
tions"® and has been shown to reduce the excitation threshold in
some cases''S.

Photochromic tuning. Dispersing photoactive agents into the lig-
uid-crystal matrix makes it possible to adjust the periodicity of the
chiral structure by irradiating the sample with ultraviolet light?*-
017118 - Reports have shown that wideband wavelength tuning
(610-700 nm) can be achieved by adjusting the exposure energy of
the ultraviolet light source?. Phototunability has also been achieved
by varying exposure time instead of exposure energy®. An increase
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Figure 6 | Defect-mode liquid-crystal structures. a, A defect is introduced
through a phase jump in the helical structure. b, The defect is a nematic
liquid-crystal laser, where PCLC and NLC refer to polymer and nematic
liquid crystals, respectively, ITO refers to the indium tin oxide electrodes,
and the forwards and backwards arrows show the direction of the incident
pump laser. Figure reproduced with permission from: a, ref. 37, © 2003
EDP; b, ref. 101, © 2006 Wiley.

in tuning range has also been achieved by using two different dyes,
DCM and PM580, dissolved in a liquid crystal host. However, this
approach has the unfortunate drawback of being irreversible in
most cases. Reversibility can be achieved using photochromic com-
pounds such as sugar derivatives with plural azobenzene substitu-
ents, in which the trans—cis and cis—trans conformation changes can
be induced using ultraviolet and visible light, respectively. Reversible
tuning has also been demonstrated through photoisomerization
of novel chiral azo dyes®. In this study, the helical pitch changed
during ultraviolet illumination (with a corresponding blue-shift of
approximately 15 nm) but returned to its undistorted state when
the illumination was removed. Similar optical tuning has been
reported in defect-mode lasers through a cis—trans conformation
change, resulting in a contraction of the pitch in the defect layer
relative to that of the other two layers®.

Electric-field tuning. The response of liquid crystals to an elec-
tric field provides numerous ways in which wavelength tuning
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can be achieved. For bandedge lasers, different geometries and
coupling mechanisms have been exploited to alter the pitch of the
structure'>*'-34, The pitch can either be unwound, as shown? for a
chiral smectic liquid crystal using ferroelectric coupling* and for
a chiral nematic liquid crystal with a positive dielectric anisotropy
using in-plane electrodes®*, or contracted using chiral nematics
with a negative dielectric anisotropy?.

Directly addressing the defect layer of a defect-mode laser
using an electric field has also been shown to achieve wavelength
tuning'®'. An example of this is to adjust the effective refractive
index of the layer by reorienting the nematic director in the defect.
Altering the pitch of the ferroelectric liquid-crystal layer sand-
wiched between dielectric mirrors was also found to change the
laser wavelength?®2. Voltage-controlled lasing has also been dem-
onstrated, both in terms of intensity and emission spectrum, for
a configuration consisting of a nematic liquid crystal sandwiched
between two chiral nematic layers'".

Applications

In principle, there are numerous technologies that liquid-crystal
lasers could be applied to. Such lasers could even replace semi-
conductor VCSELSs in many respects if the present challenges are
overcome. Perhaps the most obvious application is a laser-based
display; reports have already shown that it is possible to produce
red-green-blue laser emission simultaneously and, given their
high spectral purity and micrometre-sized cavity length, liquid-
crystal lasers could provide the necessary elements to produce a
large-area projection display without colour filters or polarizers
and a colour gamut and at a resolution that outperforms current
state-of-the-art lamp projectors. The capability of these lasers to
be tunable and fabricated as a single flexible substrate also opens
up the possibility for ‘friend or foe’ identification, in which a spe-
cifically encoded emitted wavelength could be used to indentify a
‘friend; as opposed to an unknown ‘foe’, when emitting a narrow-
linewidth laser pulse under optical excitation. Given the broad
range of wavelengths that are achievable for a single sample, such
lasers could be used for spectroscopy, medical diagnostics and skin
treatments requiring a range of different wavelengths for various
penetration depths. Infrared lasers are of interest for non-invasive
point-of-care treatments, such as for the optical removal of blood
clots. Liquid-crystal lasers are advantageous here because they are
compact, simple to construct and can emit multiple wavelengths
when excited by a single excitation wavelength. This would avoid
the multiple bulky laser sources currently required for many spec-
troscopic and medical applications.

Objectives and challenges

The ultimate aim is to achieve pumping using low-power incoherent
optical excitation. At present, pumping is restricted to high-inten-
sity optical pulses of short duration, although stimulated emission
has been demonstrated at visible wavelengths using blue light-
emitting diodes. However, the threshold for lasing must be further
reduced before a low-power incoherent light source can be used.
Studies are currently being carried out' to develop low-threshold
lasers that could, in principle, be driven with an electroluminescent
layer, an inorganic or organic light-emitting diode or light-emitting
polymer. We must not understate the prospect of an all-organic
device that is compact (millimetre thickness), wavelength-tunable
and quasi-continuous-wave. This Review has highlighted the sig-
nificant steps that have already been taken towards this goal, but
these properties have yet to be demonstrated simultaneously in a
single device.
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