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Abstract — Liquid-crystal lasers exhibit narrow linewidth, large coherence area, and low threshold
laser emission. Moreover, the wavelength of the laser line can be readily tuned using a variety of
different external stimuli, including electric fields. These combined features make them particularly
attractive as compact tunable laser light sources. Recent experimental results with regards to the emis-
sion characteristics of chiral nematic photonic band-edge lasers are discussed. This type of liquid-
crystal laser consists of a self-organizing one-dimensional photonic band structure and a gain medium
in the form of a laser dye. Some of the generic features that are observed for these lasers are discussed,
including the typical emission linewidth of the laser line, the change in emission energy of the laser
for high excitation energies and high pump repetition rates, and the dependence of the excitation
threshold and slope efficiency on the cell thickness. In addition, how the performance changes when
either the molecular structure of the chiral nematic host or the gain medium is varied is considered.
To conclude, results are presented on the laser emission for a wide-temperature-range blue phase |
band-edge laser which consists of a self-organizing three-dimensional photonic band structure.

Keywords — Photonic band-edge laser, dye, chiral nematic, blue phase.

1 Introduction

Band-edge lasing in photonic crystals and liquid crystals has
attracted widespread attention from the scientific commu-
nity within recent years.14 The reason for this is twofold.
First, the phenomena of lasing at the edge of a photonic
band gap (PBG) offers new challenges with respect to
understanding the interaction of light as well as the emission
characteristics in periodic dielectric structures. Second, due
to the low-threshold large coherence area,” and tunability
aspects this type of laser is of interest from a technological
point of view. Potential applications include wide-area pro-
jection displays, telecommunications, devices for opto-
medical applications, and lab-on-a-chip components.

The attraction of using liquid crystals for band-edge
lasers is connected with the fact that the macroscopic prop-
erties can be manipulated using external stimuli. This in
turn results in changes in the spectral position and band-
width of the PBG. Consequently, numerous reports have
demonstrated wavelength tuning in the form of UV illumi-
nation to provoke structural alterations through trans-cis
conformation changes,&9 temperature changes so as to
alter both the pitch and the optical properties,!0-11
mechanical stress applied to cholesteric elastomers,!2 and
electric fields parallel and perpendicular to the helix
axis.13-15 In addition to the tuning capabilities, liquid crys-
tals which contain a chiral component spontaneously organ-
ize to form photonic band structures with a periodic
dielectric constant in one dimension (chiral nematic and
chiral smectic phaseslﬁ’”) or in three dimensions (blue
phases 118 and I1'9). Even though lasing has been demon-
strated in all of these phases, most of the experimental and
theoretical work has been concentrated on band-edge lasing
from the chiral nematic phase.

In this paper, we present a review of our recent experi-
mental work. We begin by considering the generic features
that are observed for chiral nematic band-edge lasers such
as the dependence on pump-spot size, pump repetition rate,
and cell thickness. Following this, the changes in the emis-
sion properties that are observed for variations in the mac-
roscopic properties of a chiral nematic host are discussed.
We then go on to describe changes in the emission charac-
teristics for several different commercially available laser
dyes. In the final section, lasing from a wide-temperature-
range blue phase I liquid crystal is demonstrated.

2 Sample preparations

Each laser sample was prepared by dissolving both a low
concentration of chiral dopant and a laser dye into a nematic
host. The actual components and compositions by weight
are described in each section. The resulting mixtures were
placed in a bake oven for a period of 24 hours so that a
diffusive mixing process takes place. Samples were then
capillary filled into a cell in the isotropic phase and sub-
sequently cooled slowly to the required operating tempera-
ture. The laser cells are essentially the same as simple
single-pixel displays with rubbed polyimide alignment lay-
ers plus indium tin oxide (ITO) electrodes on the glass sub-
strates. Here, the pixels are 5 x 5 mm and the distance
between electrodes is of the order of microns (see Sec. 3.4

below).

3  Generic features

For the following measurements, a dye-doped chiral nematic
liquid-crystal sample was prepared. This consisted of a
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nematogen host (E49, Merck NB-C), a high twisting power
chiral dopant (BDH1281, Merck NB-C), and the laser dye
4-(dicyanomethylene)-2-methyl-6-(4-dimethylaminostryl)
-4H-pyran (DCM, Lambda Physik). E49 is a well-known ne-
matic liquid crystal that is a mixture of cyanobiphenyls, oxy-
cyanobiphenyls, and cyanoterphenyls. It was chosen
because it is liquid crystalline at room temperature and ex-
hibits a broad nematic range up to 100°C. Consequently, at
our operating temperature (T = 30°C), the nematic meso-
phase is well below the clearing point.

The concentration of chiral dopant required was deter-
mined by the following criteria. The gain maximum of DCM
occurs at a wavelength of A = 610 nm and is broad, ranging
from 600 to 620 nm. Therefore, to achieve maximum effi-
ciency, one band edge had to be matched to this gain maxi-
mum. The preferred band edge (either short-wavelength or
long wavelength) was determined by whether the transition
dipole moment of the dye aligns parallel or perpendicular to
the director. For DCM in E49, the dye aligns preferentially
parallel to the director, and thus the long-wavelength band
edge was matched to the gain maximum of DCM. To
achieve this, a concentration of 4.0 wt.% BDHI1281 was
required. The concentration of DCM was 2.0 wt.%. The
sample, referred to herein as DCM-E49* (where the aster-
isk indicates chirality), was positioned at the focus of a Q-
switched Nd:YAG laser and was optically pumped at A = 532
nm with one pulse (5-nsec width) every second. The laser
emission from the sample is collected in the forward direc-
tion over a narrow solid angle and the emission energies are
then doubled to take into account the emission into the
backward direction.29 The details of the experiment are
given elsewhere. 17

3.1  Emission spectrum

The emission spectrum of the DCM-E49* laser at T = 30°C,
for a cell thickness of d = 7.5 pm, is shown in Fig. 1. It can
be seen that the laser line (secondary y-axis) occurs at
604.65 nm and the linewidth is AA ~ 0.10 nm. This emission
spectrum was recorded using a 0.04-nm-resolution spectrome-
ter (HR2000, Ocean Optics). Also shown is the transmission
spectrum for white light which is plotted on the primary
y-axis. The inset of the figure allows for a closer inspection
of the laser line in comparison to the transmission maximum
of the first peak on the long-wavelength side of the PBG. It
is apparent that the laser line is centred at a slightly longer
wavelength than the peak of the first transmission maximum
on the long-wavelength side of the band edge. This offset is
to be expected for finite thickness samples because the laser
mode does not correspond exactly with the band edge. Accord-
ing to John and Quang,?” the photon localization length,

Eloe> can be expressed as &, ~ /1/(”BE|“)BE -o,|, where

®, is the frequency of the emitted photon and wgg is the
frequency corresponding to the band edge. For the case
shown in the figure, the localization length is found to be
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FIGURE 1 — The transmission spectrum for white light showing part of
the photonic band-gap and the long-wavelength band-edge (primary
y-axis). The laser emission spectrum for a chiral-nematic band-edge laser
(secondary y-axis).

Elpe ~ 4 um. It was found that to obtain a laser emission
spectrum with a narrow linewidth of the order of AA = 0.1
nm, the sample had to be prepared so as to exhibit a large
monodomain texture. This process, which involves slow
cooling the sample and annealing, is discussed in a previous
publication.1?

3.2 Pump spot size

An investigation was carried out to determine the effect the
size of the amplifying volume had on the emission charac-
teristics of a liquid-crystal laser.22 In particular, we were
concerned with the change in the excitation threshold and
slope efficiency as the pump spot area was varied. The pump
spot area was altered by translating the focusing lens along
the direction of the pump beam. Figure 2 shows the emis-
sion energy as a function of the excitation energy for six
different pump spot areas; in each case the laser wavelength
is A = 610 nm. The emission energy from the liquid-crystal
sample was collected over a narrow solid angle of 0.12 sr in
the forward direction. The figure shows a typical input-out-
put curve that is characteristic of a laser. The solid lines rep-
resent the lines of best fit to the data above the excitation
threshold.

As the spot size increases, the excitation threshold and
slope efficiency are seen to increase and decrease, respec-
tively. For a spot size of d = 90 um (area = 6.4 x 103 um?)
the excitation threshold was found to be Ey, = 3.8 pJ/pulse
(fluence ~ 50 1n]/cn]2) whereas for d = 231 um (area = 42 x
103 um?) the excitation threshold was Ey, = 11.9 pJ/pulse
(fluence ~ 17 1n]/cm2). Therefore, by increasing the spot
diameter by a factor of 2.6 (area by a factor of 6.6) the result
was a three-fold increase in the excitation threshold energy.
It was found that when the threshold energy was plotted as
a function of pump area, a linear function best described the
relationship. From standard laser physics relating to the
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FIGURE 2 — The emission energy as a function of excitation energy of
a chiral-nematic band-edge laser for different pump spot diameters.

space-independent model, the threshold can be shown to be
linearly proportional to the cross-sectional pump-beam
area, where it is assumed that pump area (mode area) is less
than, or equal to, the cross-sectional area of the active
medium.23 On the other hand, for the slope efficiency, this
appeared to decrease exponentially with pump spot area.

A somewhat intriguing observation is that the thresh-
old fluence was actually lower for the larger spot size than
the smaller spot size. This may be due to the fact that the
important factor is actually the cross-sectional area of the
laser mode, which is different to the pump area at the sam-
ple. Nevertheless, further experimentation is currently be-
ing carried out to gain a better understanding of these
results.

3.3  Pump repetition rate

An example of the dependence of the emission energy of a
chiral nematic band-edge laser on pump repetition rate is
shown in Fig. 3: the laser wavelength is A = 610 nm and the
operating temperature is T = 30°C. The plot presents data
for 1-20 Hz when the sample is pumped at a fluence of 450
m]/cmz. It can be seen that the emission energy decays
exponentially with increasing repetition rate; in this case the
emission energy at 20 Hz is approximately 10% of that recorded
for 1-Hz pulses.

We have considered the possible mechanisms that
could be responsible for these observations and there was
evidence to suggest that, although there was some bleaching
of the dye, there were other mechanistic nonlinear effects
that occurred simultaneously during lasing.24 Specifically,
these relate to changes in the director configuration due to
either thermal or optical-induced torque effects. Even
though it is possible that the local temperature is changing,
giving rise to fluctuations in the director, experimental
results indicated that the optical field was coupling to the
anisotropy of the medium giving rise to an optical torque on
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FIGURE 3 — The emission energy of a chiral-nematic band-edge laser
as a function of pump repetition rate for an excitation fluence of 450
mJ/cm?.

the director field. It was found that for an increase in the
repetition rate, additional lasers lines appearing at longer
wavelengths; the opposite effect to what would be observed
if the sample was being heated “locally.” Furthermore, it
was observed that for the laser dye PM597 in E49*, the helix
underwent a pitch jump during the lasing process to a
longer pitch. The result was a change in the laser wave-
length to longer wavelengths. This would correspond to an
optically induced torque effect which would be manifested
as a bistability of the helix. For the results presented in this
paper all measurements were carried out at 1 Hz.

Of course, the reduction in emission energy for a com-
bination of high excitation energies and high repetition rates
poses a significant obstacle with regards to a continuous-
wave liquid-crystal laser. At present, we are looking for ways
to prevent this behavior from occurring. If it is related to
director reorientation due to an optically induced torque
effect then polymerization of the structure may help to pre-
vent the helix of the chiral nematic from distorting. On the
other hand, if it is due to thermal effects then factors such
as the thermal capacity and thermal conductivity of the host
need to be considered in more detail.

3.4 Cell thickness

The dependence of the excitation threshold and the slope
efficiency on cell thickness is shown in Fig. 4. In this case,
the threshold decreases from Ey, = 12 uJ/pulse atd = 5 um
to Eyp, = 2.5 uJ/pulse between thicknesses of d = 10-15 pm.
For each cell thickness the laser line remained at the gain
maximum of DCM. Above d = 15 pwm, an increase in the
thickness results in an increase in the threshold energy. In
terms of the slope efficiency, s, this is found to increase
fromng = 1.5% at d = 5 pm to Mg ~ 6.5% for thicknesses
ranging from d = 10-15 pm. As the cell thickness is
increased further, the slope efficiency decreases. The opti-
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FIGURE 4 — The excitation threshold energy and the slope efficiency
as a function of cell thickness for a chiral nematic band-edge laser.

mum value of d, therefore, appears to range between 10 and
15 um.

A previous report has considered the threshold energy
in terms of the threshold gain, Yin.2% In this case, it was
assumed that the threshold energy could be expressed in the
form Ey, = A(Yy)d, where A is a constant and d represents
the cell thickness. The parameter A would be related to fac-
tors involving the pumping conditions. By considering the
threshold gain term in detail it was found that the depend-
ence of the excitation threshold energy on the cell thickness
could be expressed as

Ey = A(a+%)d, (1)

where o is a coefficient relating to absorption losses, P is a
fitting parameter, and p is the density of photon states. The
authors of Ref. 25 found that p = Bd?, where B is a fitting
constant specific to the material. This implies that the rela-
tionship between the threshold and the cell thickness is of
the form Ey, o< d +ﬁ1(df2). In Fig. 4, the solid line represents
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the fitting curve using this relationship which is shown to be
in good agreement with experimental data.

Alternatively, it is possible to arrive at a similar result
by using the same starting point, i.e. [Ey, = A(Yy)d], but in
this case using the threshold gain derived by Kogelnik and
Shank for a distributed feedback laser.26 The threshold en-
ergy can then be written as

2
E, = Aocd+%, (2)

An~d
where A is the wavelength of the laser line and An is the
birefringence. A recent report has found that the density of
states increases as a function of the birefringence which sug-
gests that the material constant B is actually related to the
birefringence.27 Experimentally, we have found that the
excitation threshold does appear to change with the bire-
fringence and this is discussed in more detail in the next

section.

From both the space-independent and space-depend-
ent rate equations, the slope efficiency can be shown to be
proportional to 1/Ey,, which in this case would imply that

M, o< [d+fn(d_2 )]_1. (3)

The solid line in Fig. 4 represents the fitting curve
using this expression, and the agreement appears to be
rather good. The dashed line in the threshold and slope
efficiency graphs represent the condition of no absorption
losses, whereby the threshold continues to decrease with
increasing thickness to approach a “threshold-less” laser and
the slope efficiency increases quadratically with cell thick-
ness.

4  Influence of macroscopic physical properties

Figure 5 shows the threshold and slope efficiency as a func-
tion of cell thickness for two liquid-crystal lasers with differ-
ent birefringence values. In this case, the laser samples are
DCM-E49* and DCM-ET7* (contains ~3-wt.% BDI1281
and 2-wt.% DCM). The wavelengths of the laser lines are
positioned at the gain maximum of DCM (A = 610 nm). The
nematic host E7 (Merck NB-C) is a well-known commer-
cially available nematogen and was chosen as it has a lower
birefringence than E49 at T = 30°C (An = 0.25, E49 and An
= 0.20, E7). It can be seen that the DCM-E49* laser exhib-
its lower laser thresholds than the DCM-ET* laser; although
both plots appear to converge at d ~ 16 pm.

The solid and dashed curves in Fig. 5(a) represent fit-
ting curves using the relationship

P
Ey =Pd+ 1—22 (4)
C

where P; = Ao and Py = AA%/An2. The values for P are
found to be the same for both lasers indicating that the absorp-
tion losses in both cases were the same. On the other hand,
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FIGURE 5 — The excitation threshold energy (a) and slope efficiency (b)
as a function of cell thickness for DCM-E49* (solid squares) and
DCM-E7* (open circles).

the relative values for Py are different: for the DCM-E49*
and DCM-ET* lasers we obtained Py = 48 and Py = 73, respec-
tively. The lower value of Py for the DCM-E49* laser does
correlate with the higher birefringence of E49 given that
Py =< 1/An?. Furthermore, we recently carried out a similar
study28 with a compound that has a birefringence of An =
0.37 at T = 30°C, which is considerably larger than that of
E49 and E7, and it was found that the threshold was reduced
further corresponding to a smaller value of Ps.

The differences in slope efficiency at thicknesses below
d = 10 um are believed to be due to the differences in Py
which result from the birefringence. We have found that, for
a high birefringence liquid crystal, it is actually possible to
have alow threshold energy, but at the same time a low slope
efficiency.28 This is because the slope efficiency depends not
only on the threshold but also on other factors such as the
saturation intensity and additional loss mechanisms. How-
ever, in general, we have found that, for a given cell thick-
ness of d = 7.5 um, materials with a high birefringence, high
order parameter and large elastic constants tend to have a
low threshold and high slope efficiency.l‘s’zg

Emission energy (uJ)

Excitation energy (uJ)

FIGURE 6 — The emission energy as a function of the excitation energy
for DCM-E49* (solid squares) and DCM-E7* (open circles) for a fixed
cell thickness of d = 12 um.

It is shown in Fig. 5 that the slope efficiency for d = 12
um is the same for both lasers. However, it was found that
the saturation emission energy, the energy at which point a
further increase in the excitation energy results in a decrease
in the emission energy, was lower for DCM-E7* than for
DCM-E49*. This is shown in Fig. 6. Often the saturation
limit is referred to as the thermal roll-over, although in this
case both lasers are operated at the same absolute tempera-
ture of T = 30°C. It is possible that the thermal capacity or
thermal conductivity of DCM-E49* is greater than that of
DCM-ET*.

We have found that the performance of a chiral ne-
matic band-edge laser is greatest at the lower temperatures
of the chiral nematic mesophase.Bo This is believed to be
due to the fact that the macroscopic properties of the liquid-
crystal host are maximized at lower temperatures as a result
of an increase in the order parameter. However, it should be
noted that the performance is not necessarily maximized at
lower absolute temperatures. For example, for one laser
sample the lowest operating temperature of the chiral nematic
mesophase was T = 95°C, yet the excitation threshold and
slope efficiency were lower and higher than that, respec-
tively, of a laser sample whose lowest operating temperature
was T = 30°C.

5 Laser dyes

In addition to varying the nematic host, we have also consid-
ered the effects of changing the gain medium on the per-
formance of a laser when pumped at A = 532 nm. A number
of dyes have been examined, including two rhodamine dyes
(Lambda Physik) and two pyromethene dyes (Exciton). The
emission energy as a function of excitation energy is shown
for five different lasers in Figure 7 for pumping at A = 532
nm by a Q-switched Nd:YAG laser (NanoT, Litron Lasers)
with a repetition rate of 1 Hz. In this instance, the pump
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FIGURE 7 — The input-output characteristics for five chiral nematic
band-edge lasers with different laser dyes but the same chiral nematic
host (E49*). The operating temperature is T = 31°C.

spot size and collection solid angle are smaller and larger,
respectively, than that used in the previous sections. In all
cases, the host is E49 doped with BDH1281: slightly differ-
ent concentrations of BDH1281 (of the order of 4 wt.%)
were required to position the long-wavelength band edge at
the gain maximum of each dye. Specifically, the dyes exam-
ined were: rhodamine 6G chloride (R6G), rhodamine B
chloride (RB), pyrromethene 597 (PM597), pyrromethene
580 (PM580), and DCM. The concentrations by weight of
each dye were as follows: 0.3 wt.% for R6G and RB, and 1
wt.% for PM597, PM580, and DCM. The low concentra-
tions of R6G and RB are discussed in more detail below. The
laser emission wavelengths are shown in Table 1.

The rhodamine dyes, which are part of the xanthene
family, were chosen for two reasons. Firstly, the xanthenes
(particularly R6G) are widely used in conventional dye
lasers3! and should therefore provide a useful reference
point for the comparison of desirable dye properties for con-
ventional and chiral nematic laser systems. Secondly, the
relatively isotropic molecular shape of the rhodamines
should prevent guest-host alignment of the dye within the
liquid-crystal host,32 allowing laser-emission characteristics
to be interpreted solely in terms of the behavior of each dye
in the polar solvent. However, the rhodamines are not read-
ily soluble in liquid-crystal solvents, and it was noted that

TABLE 1 — The emission wavelengths of the different chiral-nematic
laser samples.

Laser sample A (nm)
RB-E49* 582
R6G-E49*% 572
PM580-E49* 570
DCM-E49* 609
PM3597-E49%* 582
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only a very small percentage (~0.4 wt.%) was required for
the dyes to crystallize out of solution.

Even though these dyes can be considered to be iso-
tropic in terms of molecular shape, the lasing threshold was
much lower at the long-wavelength band edge than the
short-wavelength edge for both dyes, implying a certain degree
of alignment of the transition dipole moment with the lig-
uid-crystal director.? For a concentration of 0.3 wt.% dye,
the excitation threshold and slope efficiency were found to
be lower and higher, respectively, for R6G-E49* than RB-
E49%*; in this instance, the cell thickness was d = 14 um
because it was found that RB-E49* did not generate laser
emission in d = 10 pm. The slope efficiency of R6G-E49*
was found to be ng = 0.8% as opposed to ng = 0.1% for
RB-E49*. Overall, when doped into E49* both dyes had
very low slope efficiencies; this is apparent from Fig. 7
where it can be seen that the outputs are extremely small in
comparison to those from the lasers containing 1.0 wt.% of
the other three more-elongated dyes (DCM, PM 580, and
PM 597) in 10-pm cells. This is due to several factors includ-
ing weak absorption at the pump wavelength (resulting from
the low solubility of the dyes) and poor alignment between
the transition dipole moment of the dye and the director.
The higher slope efficiency of R6G-E49* is believed to be
due to a slightly better alignment of the transition dipole
moment of R6G with the director arising from hydrogen
bonding between the dye and the liquid-crystal host34
these results are discussed in more detail in the literature.>>

In terms of the input-output characteristics of the
other three lasers, DCM-E49* PM580-E49*, and PM597-
E49*, Fig. 7 shows that the emission energies vary rather
significantly. The slope efficiencies for each laser are sum-
marized in Table 2, where it can be seen, for example, that
s for PM597-E49* is a factor of three greater than that of
DCM-E49* when excited at A = 532 nm and a repetition
rate of 1 Hz. The slope efficiency is higher than that pre-
sented in the previous sections for DCM-E49* due to the
fact that the pump spot size is smaller and the collection
solid angle is greater. Of course, the laser wavelength of
PM597-E49* is at a shorter wavelength (A = 582 nm) than
that of DCM-E49* which means that the energy per photon
is greater. Taking this into account, we find that the number
of photons emitted by the PM597-E49* laser is still a factor
of 3 larger (number of photons ~7 X 1012) than that of
DCM-E49* (number of photons ~2 X 1012) when excited
with an energy of 10 uJ/pulse. At this stage, it has not yet
been determined whether the higher output of PM597-
E49* is due to a greater absorption at the excitation wave-
length, the quantum efficiency of the dye, or a combination
of both factors. Nevertheless, it is noteworthy that the slope
efficiency of PM597-E49* is g = 29% compared to Ng = 9%
for DCM-E49*. The emission energies and slope efficiency
of PM580-E49* are between those of the other two lasers.
The threshold energies for the three lasers were found to be
in the range of Ey, ~ 100-200 n]/pulse.



TABLE 2 — The slope efficiencies of the different chiral-nematic laser
samples.

Laser sample Slope efficiency, 77 (%)

RB-E49* 0.1
R6G-E49* 0.8
DCM-E49* 9

PM580-E49* 21
PM597-E49* 29

Other dyes have also been considered such as Nile
Blue perchlorate and Pyridine 2 perchlorate; however, in
both cases the dyes were found to be even less soluble in the
liquid-crystal host than the rhodamine dyes. Therefore, for
all intents and purposes, they were considered to be insol-
uble. These dyes, like the rhodamine dyes, are ionic and
consequently their solubility in polar liquid-crystal hosts is
limited to very small concentrations.

6  3-D photonic band structures

In a recent letter to Nature,30 it was reported that, for cer-
tain multi—component mixtures containing bimesogen com-
pounds and a high-twisting-power chiral dopant, blue phase
I (BPI) was found to occur naturally over a temperature
range of 30°C. The BPI mesophase is a body-centered cubic
lattice whereby the spacing of the cubic units is of the order
of the wavelength of light. Consequently, this results in a
photonic band gap in three-dimensions which means that
the blue phase could be used as a three-dimensional band-
edge laser by simply adding a gain medium.

In Fig. 8, band-edge lasing from a dye-doped BPI
laser is demonstrated. The host mixture was the same as that
described in the literature3® and 1.5 wt.% of DCM was dis-
solved into the host. The figure shows the laser-emission
spectrum for an excitation fluence of 10 m]/cm2 at an oper-
ating temperature of T = 30°C along with the optical texture
that is observed when viewed between the crossed polariz-
ers of an optical polarizing microscope. The platelet from
which laser emission occurs is highlighted in the figure and
corresponds to the (200) orientation. It can be seen that
lasing occurs at A = 571 nm, corresponding to the band edge
of the photonic band gap for the (200) platelet. The band
gap of this domain is shifted with respect to the gain maxi-
mum of DCM and this is evident from the amplified spon-
taneous emission (ASE) peak that occurs simultaneously at
A ~ 610 nm. A number of domains are excited at the same
time due to the fact that the sizes of the individual domains
are much less than the pump spot size. Due to the wide
temperature range of this blue phase, laser emission was
observed over a 10°C temperature range with no change in
the emission spectrum. The results here show that the laser
emission is broader than that of the chiral-nematic laser,
although in this case the spectrum was recorded using a 1.3-
nm-resolution spectrometer. A recent report37 has shown
that linewidths less than 0.1 nm are achievable indicating a
high-quality factor of the laser mode in a single domain of
blue phase I.
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FIGURE 8 — (a) An example of the laser-emission spectrum of a
blue-phase | band-edge laser and (b) a micrograph of the optical texture
from optical polarizing microscopy between crossed polarizers. The
circle in white indicates the platelet from which laser emission occurred.

Achieving laser emission in either BPI or BPII is
extremely encouraging as these structures exhibit a pho-
tonic band gap in three dimensions unlike the chiral-
nematic or chiral-smectic phases. Consequently, both blue
phases exhibit a number of important features that are not
observed for 1-D photonic band structures. One such fea-
ture is that laser emission can occur in multiple directions
simultaneously.19 Ignoring for the time being the techno-
logical obstacles that need to be overcome, this could be
exploited to produce a single-element red-green-blue light
emitter by doping in a number of dyes so as to correspond
with the reflection spectrum of the different platelet orien-
tations, e.g., red (110), green (200), and blue (211).

Another very important characteristic is that if the
band gap in two of the three-directions is positioned so as to
overlap the laser wavelength in the remaining direction,
then spontaneous emission into those directions is prohibited.
This should result in a further decrease in the threshold. For
chiral-nematic and chiral-smectic lasers spontaneous emis-
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sion into angles other than the narrow solid angle subtended
by the laser mode is a loss mechanism. Control of the lattice
spacing in three directions can be achieved, to some extent,
with the application of an electric field across the sample.
This results in an extension in the lattice spacing in one
direction, but a lattice contraction in the other two direc-
tions.

Before the advent of the wide-temperature blue
phases, either naturally occurring or stabilized with the
addition of polymer,38 it would have been very difficult to
envisage the usefulness of blue-phase lasers beyond the aca-
demic arena. However, there is still a great deal to be done
in terms of understanding why these blue phases exist over
such a wide temperature range. Furthermore, procedures
for forming a single large-area monodomain texture need to
be investigated, although we have already made significant
progress in this area and hope to publish the results in the
near future.

7  Conclusions

The aim of this paper was to present a review of our recent
experimental results regarding the emission characteristics
of chiral-nematic band-edge lasers and to consider recent
advancements with regards to band-edge lasing from wide-
temperature blue phases. In this study we have shown how
the performance of a chiral-nematic band-edge laser varies
as parameters such as the pump spot size, pump repetition
rate, and cell thickness are altered. For large pump spot
sizes, the threshold energy is found to be higher than that
for small spot sizes, although the fluence at the threshold
appears to be lower for larger spot sizes. It was found that
for a combination of high excitation energies and high repe-
tition rates, the emission energy is significantly reduced
compared to the emission energies obtained for low repeti-
tion rates. The dependence of the threshold energy (Ej,) on
cell thickness (d) follows the relationship Ey, o< d + fn (d-2) in
accord with previous observations. In terms of the depend-
ence of the slope efficiency (1) on cell thickness, this was
found to be best described by considering that ng o< 1/Ey,.
For materials with different values for the birefringence,
the fitting parameters were found to be different, whereby
a low threshold correlates with a large birefringence. In addi-
tion, a number of different laser dyes have been considered
and the results show that, for pumping at A = 532 nm, the
laser dye pyrromethene 597 is preferred. Finally, we have
demonstrated band-edge lasing in a naturally occurring
wide-temperature blue phase I. With such high slope effi-
ciencies, low threshold energies, and narrow linewidths, but
with laser outputs tunable throughout the visible spectrum,
recent research in this field is beginning to lead to new mini-
ature light sources suitable for novel display applications. Fur-
thermore, the technology is based on well-established
liquid-crystalline materials and LCD fabrication tech-
niques, thus simplifying the route to practical applications.
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