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Lowering the excitation threshold of a random laser using the dynamic
scattering states of an organosiloxane smectic A liquid crystal

Stephen M. Morris,® Damian J. Gardiner, Malik M. Qasim, Philip J. W. Hands,

Timothy D. Wilkinson, and Harry J. Coles®

Centre of Molecular Materials for Photonics and Electronics, Electrical Engineering Division, Department of
Engineering, University of Cambridge, 9 JJ Thomson Avenue, Cambridge, CB3 OFA, United Kingdom

(Received 8 November 2011; accepted 1 January 2012; published online 10 February 2012)

Smectic A liquid crystals, based upon molecular structures that consist of combined siloxane and
mesogenic moieties, exhibit strong multiple scattering of light with and without the presence of an
electric field. This paper demonstrates that when one adds a laser dye to these compounds it is
possible to observe random laser emission under optical excitation, and that the output can be
varied depending upon the scattering state that is induced by the electric field. Results are
presented to show that the excitation threshold of a dynamic scattering state, consisting of chaotic
motion due to electro-hydrodynamic instabilities, exhibits lower lasing excitation thresholds than
the scattering states that exist in the absence of an applied electric field. However, the lowest
threshold is observed for a dynamic scattering state that does not have the largest scattering
strength but which occurs when there is optimization of the combined light absorption and

scattering properties. © 2012 American Institute of Physics. [doi:10.1063/1.3681898]

. INTRODUCTION

Random lasers, which rely upon multiple scattering as
the feedback mechanism, have attracted considerable atten-
tion over the past decade or so because of their remarkable
properties such as omni-directional and relatively narrow-
band laser emission.' Because the only requirements are that
the host medium be turbid and a gain medium be present,
research has shown that this type of laser action can be
observed in a range of scattering media such as laser and
semiconductor powders,” nanocrystals,” and even biological
tissues.* Not only is the physics underpinning these lasers
rich, but they have great technological potential. To date, a
range of applications have been proposed, including friend-
or-foe identification, counterfeiting, and display devices.'

Liquid crystals (LCs) are another form of media that can
strongly scatter light, due to high optical anisotropy and
order at the molecular level but some disorder at the macro-
scopic level. Therefore, a number of reports have demon-
strated random laser emission in LC media ranging from
polymer dispersed LCs with nano-> and micro-scale® drop-
lets to cholesterics in polymer solutions.” The most exten-
sively studied LC phase for random lasers, however, is the
nematic phase.®”'* In random lasers, an important parameter
is the transport mean free path /, which is defined as the
distance a photon travels before its direction is randomized,
because it influences the excitation threshold for laser emis-
sion. This property, which is also inversely proportional to
the scattering cross-section, is sensitive to external fields in
nematic LCs. Consequently, reports have typically focused
on thermally,® ' optically,'* and electrically’® driven
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changes in the scattering properties and the subsequent effect
they have on the laser characteristics. There have also been
studies carried out on the statistical properties of the emis-
sion from dye-doped nematic random lasers.""

One key benefit of using LCs in the development of
random lasers is their response to electric fields. It is well
known that when a nematic LC with a negative dielectric
anisotropy is subjected to a low frequency applied electric
field, it is possible to induce different scattering states from
an otherwise transparent state due to the competition
between the restoring dielectric torque and a torque associ-
ated with the conductivity anisotropy.14 As a result, the mag-
nitude of / can be controlled directly by the amplitude of the
applied electric field as the sample passes through different
scattering states. This has been verified experimentally by
Carbone et al. using a coherent backscattering technique: it
was found that dynamic scattering states of a nematic LC, in
the presence of an external electric field, exhibited a particu-
larly low value of .'> The dependence of / upon external
applied field separates LCs from most other forms of random
media for which the scattering configuration is predefined
and cannot be readily altered in situ.

Smectic A LCs also exhibit light scattering states; how-
ever, unlike with nematic LCs, it is possible for the strong
multiple scattering states to remain once the applied electric
field is removed.'®™'® Organosiloxane LCs have been shown
to be particularly effective materials in which scattering can
be readily induced by electrical means at relatively low
voltages.'”'® A range of intermediate scattering states can be
generated and stored indefinitely with different values for /.
After doping the material with a laser dye, we have recorded
the laser emission characteristics from different states in
order to show that the direct control of the scattering
strength, and consequently /, results in changes in the excita-
tion threshold energy for such random lasing. Furthermore, it

© 2012 American Institute of Physics
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is possible to compare directly the emission characteristics
for both static and dynamic (in which the local director is in
a constant state of flux) regimes. The results show that this
latter regime exhibits the lowest excitation threshold for
lasing.

Il. SAMPLE PREPARATION

The dye-doped smectic A sample used in this study
consisted of siloxane monomesogenic material, referred to
herein as 8/2 siloxane (see Fig. 1) and synthesized in-house,
with 8 being the length of the alkyl chain attached to a
4 -(w-alkyloxy)-4-cyanobiphenyl mesogenic unit and 2 rep-
resenting the number of silicon atoms in the pentamethyldisi-
loxane terminal chain. The organosiloxane compounds
exhibit a significantly larger conductivity anisotropy than
conventional smectic A compounds and thus are well suited
for electric field induced scattering devices.!” In order to
increase the temperature range, the siloxane monomesogen
was doped into the wide temperature range nematogen
mixture BLO0O6 (Merck KGaA) at a concentration ratio by
weight of 40:60. The combination of the organosiloxane
monomesogen and the nematogen mixture enhances the tem-
perature range of the smectic A phase (I (78°C) N (74°C)
Sa (< —=50°C) Kr), increases the birefringence, and reduces
the operating voltage.'® This mixture was then doped with
0.1wt. % cetyltrimethylammonium bromide in order to
ensure that there was sufficient conductivity present to
induce the scattering states. The gain medium that was cho-
sen was the laser dye pyrromethene 597 (Exciton), as this
has been shown to exhibit a large quantum efficiency in LC
hosts.' The resultant mixture was capillary filled into a 10
micron thick cell that consisted of indium-tin oxide electro-
des and anti-parallel rubbed polyimide surface alignment
layers.

lll. EXPERIMENTAL PROCEDURES

In order to induce the different scattering states, a bipo-
lar square wave electric field was applied across the sample
using a combination of a signal generator (TG1304,
Thurlby Thandar) and a high voltage amplifier (built in-
house). In all cases, the amplitude of the applied electric
field was E=12V/um. Polarizing optical microscope
images of the different sample textures were recorded
between crossed polarizers on a BH-2 Olympus microscope
using a CCD (Pixelink) camera that was mounted in the
photo-tube. To record the dependence of the transmission
through the sample as a function of the applied frequency, a
photodiode was mounted in the photo-tube in place of the

GHy
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FIG. 1. Chemical structure of the siloxane monomesogen liquid crystal used
in this study.
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camera, and the output was connected to a digitizing
oscilloscope (HP54503 A, Hewlett Packard).

The emission characteristics of the dye-doped smectic A
sample were obtained by means of optically exciting the sam-
ple with 5ns pulses at a wavelength of 532 nm, an excitation
rate of 1 Hz, and a pump spot size of ~100 um (the source
was a Nd:YAG laser, Polaris II, New Wave Research). A
high-resolution (0.3 nm) universal serial bus-based spectrom-
eter (HR2000, Ocean Optics) was used to capture the emis-
sion from the sample following a series of collection optics.
All measurements were carried out at a temperature of 25 °C.

IV. RESULTS AND DISCUSSION

Figure 2 shows experimental results of the normalized
transmission of white light through the sample as a function
of the frequency of the applied electric field. These measure-
ments, which were reversible, highlight the facile control of
the scattering properties and, therefore, the transport mean
free path. At low frequencies (f< 50 Hz), only a very small
amount of light is transmitted, as the sample scatters almost
all the incident light; at these low frequencies, / is at a mini-
mum. As the frequency is increased above f=50Hz, more
light is transmitted as the scattering strength of the sample
decreases (/ increases), and this continues until the sample is
transformed to a transparent state. In this case, the majority
of the incident light is transmitted at frequencies above
f=200 Hz (the transmission does not reach a value of T=1
due to absorption of the dye). For these high frequencies, the
scattering strength reaches a minimum corresponding to a
maximum in /.

The change in the alignment of the smectic A for differ-
ent applied electric field frequencies is illustrated schemati-
cally in Fig. 3. Assuming that the sample is initially in the
homeotropic state [Fig. 3(a)], if a low frequency (f < 150 Hz)
is applied, a scattering texture forms and evolves as a result
of the turbulent motion of the ionic species, due to the
competition of the conductivity and dielectric torques.
Figure 3(b) depicts the random alignment of the LC, along
with a polarizing microscope image of this dynamic
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FIG. 2. The transmission of white light through the dye-doped smectic A
sample as a function of the frequency of a bipolar electric field at a fixed am-
plitude of 12 V/um and a temperature of 25 °C.
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FIG. 3. (Color online) Schematic of the alignment and corresponding polarizing optical microscope images of (a) the initial, pre-field, homeotropic state; (b)
the dynamic scattering state that is formed using a frequency f ~ 100 Hz; (c) the scattering state after removal of the applied electric field; (d) the homeotropic
(transparent) state when subjected to an electric field with a frequency f> 250 Hz; and (e) the homeotropic state after the removal of the applied electric field.

scattering state. Once the field is removed, a focal conic
(scattering) texture with feature sizes on the order of a few
microns is observed, but the turbulent motion is no longer
present [Fig. 3(c)]. It is noted that the scattering texture
appears to be less opaque in the static case than that observed
when the electric field is applied. If, instead, a frequency
above f=250 Hz is applied, then the sample remains trans-
parent, as the molecules respond dielectrically to co-align
with the direction of the applied electric field. An illustration
of the alignment of the LC and a polarizing optical micro-
scope image verifying that the alignment is homeotropic are
shown in Fig. 3(d). When the electric field is removed, this
homeotropic (transparent) state is retained [Fig. 3(e)].
Additional polarizing optical micrographs of the sample
texture with and without an applied electric field are shown
in Fig. 4 to highlight the different textures that are formed.
These images represent the states of the sample for three dif-
ferent frequencies of applied electric field and the remaining
state once the field is removed. Figures 4(a) and 4(b) show
the optical texture for a frequency of f=20 Hz and the static

(b)

@ © @

state after removal of the applied field, respectively. The
dynamic scattering state that is observed with the field
applied is found to decrease in opacity as the frequency is
increased; this can be seen in Fig. 4(c) for an applied fre-
quency f ~ 180 Hz (corresponding to a point midway up the
response curve of Fig. 2). Between f=10Hz and f= 150 Hz,
the static scattering states that are formed once the field has
been removed appear identical to that shown in Fig. 4(b).
However, as shown, the state is quite different for frequen-
cies above f=150 Hz [Fig. 4(d)] and is found to contain
both scattering and homeotropic regions. At frequencies
above f=250 Hz [Fig. 4(e)], the sample adopts a homeo-
tropic texture as the molecules are forced to align parallel to
the applied electric field, as dielectric coupling dominates.
From these collective images, it is clear that the smectic A
sample can adopt a range of different optical states, each
with a different scattering strength and, consequently, a dif-
ferent value of /.

Although there appears to be a large number of different
alignments, this study will focus on three distinct states: a

FIG. 4. (Color online) Photographs of the
optical texture recorded via a polarizing op-
tical microscope with and without an applied
electric field for different applied frequen-
cies at an amplitude of 12 V/um: (a)
f=20Hz, (b) field removed, (c) f=180Hz,
(d) field removed, (e) f=250Hz, and (f)
field removed. The images are approxi-
mately 200 pum x 300 pm.
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transparent state obtained using frequencies above f= 250 Hz,
a static scattering state that is generated with frequencies
<100 Hz and is formed after the field is removed, and finally
a dynamic scattering state that is obtained by maintaining the
applied electric field at frequencies f< 100 Hz. Each state
possesses a different value of /, and this is probed indirectly
by considering the emission characteristics of each of these
states.

The emission spectra of the sample for the three differ-
ent configurations (transparent state, scattering state, and
dynamic scattering state) at the same excitation energy are
shown in Fig. 5. For the transparent state [Fig. 5(a)], no
discernible emission from the sample was recorded; the
sharp spike at 532nm corresponds to the excitation wave-
length, which is more apparent for this configuration, as a
greater proportion of the pump beam is transmitted. At the
same excitation energy, random laser emission was observed
for the static scattering state [Fig. 5(b)]. This is in contrast to
a previous study on a smectic A laser that required an elec-
tric field to be applied continually in order for random laser
emission to be observed.?’ Here, the spectrum resembles that
of non-resonant random lasing, in which the output consists
of a smooth emission profile due to the overlap of neighbor-
ing modes, and there is no clear evidence of the narrow
linewidth peaks that are typically associated with localized
modes." Gain narrowing occurs around the gain maximum
(4 =~ 590nm), and it is believed that / is independent of
wavelength for the sample, unlike in recent studies on Mie
resonance-driven random laser emission.”' Although laser
emission is observed for the static scattering state, the inten-
sity is evidently enhanced two-fold when the electric field is
applied [Fig. 5(c)]. This results in a turbulent (dynamic) scat-
tering state as the ionic species propagate chaotically around
the gain region at timescales much less than the excitation
rate of the pump laser.

To aid in the quantitative determination of the change in
the random laser behavior, Fig. 6 presents plots of the peak
emission intensity (a) and the full width at half maximum
(FWHM) (b) as a function of the excitation energy for the
three different states. For the transparent state, the emission

4000
(a)

2000 f

4000 | y

: A‘

(b)

2000 f

4000 A

(©

2000 f

emission intensity (arb. units)

0 L
500 550 600 650
wavelength (nm)

FIG. 5. The emission spectrum from the dye-doped smectic A sample for
the three different states ((a) transparent, (b) static scattering, and (c)
dynamic scattering) with an excitation energy of 21 pJ/pulse. The spike at
532 nm marks the pump laser line.
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FIG. 6. (Color online) Emission characteristics of the dye-doped smectic A
sample for the three different states: transparent (squares), static scattering
(circles), and dynamic scattering (triangles). (a) The peak emission intensity
as a function of excitation energy and (b) the full-width at half maximum as
a function of excitation energy. The lines in (b) represent sigmoidal fits to
the experimental data.

intensity is very low, and for the majority of the input
energies used herein the spectrum resembled that of the laser
dye in the absence of any amplification. The dependence of
the FWHM on the excitation energy, which is fitted by a sig-
moidal function in Fig. 6(b), shows that gain narrowing does
not occur until excitation energies above 15 uJ/pulse are
achieved. For random lasers, the excitation threshold is typi-
cally defined as the point of inflection of a sigmoidal fit
through the data points. In this case, the excitation threshold
is found to be Ey, > 38 uJ/pulse. The static scattering state
(i.e., on field removal) exhibits a higher emission intensity
for all excitation energies [Fig. 6(a)], and gain narrowing
starts at the much lower value of < 1 uJ/pulse [Fig. 6(b)].
The excitation threshold, at Ey, =5 pJ/pulse, is found to be
an order of magnitude or more lower than that of the trans-
parent state, indicating a substantial drop in the transport
mean free path between the two states (because Ey, o [, there
is a concomitant decrease in /). The lower excitation thresh-
old of the static scattering state than of the transparent state
results from the larger scattering cross-section of the micron
sized focal conic domains [Fig. 4(b)]. However, the emission
intensity is found to be noticeably higher for the dynamic
scattering state and is approximately 3 times greater than
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that recorded for the static scattering state. In this case, the
excitation threshold occurs at Ey, ~ 2.7 uJ/pulse, and the
linewidth collapses further to A2 ~ 5nm. This shows that
when the micron sized features of the static scattering state
are combined with turbulent ionic motion, / can be further
reduced. These results are in good agreement with the low
values of / obtained from coherent backscattering measure-
ments for the dynamic scattering state of a nematic LC."

Of the three different alignment conditions of the smec-
tic A LC, clearly the most desirable state for efficient random
laser emission is the dynamic scattering state, which is
obtained by maintaining a low frequency electric field across
the sample, because this state has the lowest excitation
threshold and the highest slope efficiency (see Figure 6). The
question then arises of what might be the optimum applied
field frequency for a given applied field. As can be seen from
Fig. 7, for the dynamic scattering state, the output is depend-
ent upon the actual frequency that is applied and is not iden-
tical for all frequencies in the dynamic scattering regime.
From Fig. 2, the minimum transmission is observed for
frequencies on the order of f=50Hz or less. However, the
optimum value of the frequency for a given fixed electric
field amplitude appears to be higher. It can be seen that the
random laser output increases with frequency above f= 10
Hz until it reaches a maximum at f ~ 100 Hz before decreas-
ing, with a further increase in the frequency of the bipolar
square wave, as the sample approaches the field induced
transparent state. Comparison of the excitation energy de-
pendence of the output laser intensity for the different scat-
tering states shows that the intensity is greatest at f= 100 Hz
[Fig. 7(b)]. Threshold energy data confirm the improvement
in the performance: the excitation threshold is decreased by
~40% when the frequency of the applied field is changed
from f=10Hz to f=100Hz, and the linewidth becomes
much narrower at lower input pulse energies [Fig. 7(c)].

In order to understand these results, we consider the
excitation threshold of a random laser, which can be
expressed in terms of the scattering strength o (g oc 1/])
and the pump efficiency #,. The excitation threshold can be
written as

1

o5y

Eth o6

ey

From the results presented in Figs. 2—4, it is reasonable to
assume that o, is smaller at f= 100 Hz than at lower frequen-
cies, and it is believed that this optimum frequency corre-
sponds to a condition in which the product of the scattering
and absorption properties is maximized in accordance with
Eq. (1). At low frequencies, scattering is very intense, but
very little pump light is able to penetrate the sample, result-
ing in low absorption of the dye and thus a low 7,. At high
frequencies (f> 100 Hz), there is greater absorption of the
dye (i.e., high n,) but low scattering (low ). At intermedi-
ate frequencies, however, both scattering and absorption of
the dye are sufficient, and therefore a state exists in which
this combination o, is optimized and, thus, Ey, is
minimized.
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FIG. 7. (Color online) The emission characteristics for different frequencies
of the applied electric field. (a) The dependence of the emission intensity as
a function of applied frequency. Emission intensity (b) and FHWM (c) as a
function of input energy for f= 10 Hz (squares) and f= 100 Hz (circles). The
lines in (b) are guides for the eye, whereas in (c) the lines represent sigmoi-
dal fits to the experimental data.

V. CONCLUDING REMARKS

Results have been presented on random laser emission
from the transparent and scattering states of a multistable
smectic A liquid crystal. It is found that the transport mean
free path can be reduced by an order of magnitude by simply
adjusting the frequency of the applied electric field for a fixed
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amplitude. This manifests in a concomitant decrease in the ex-
citation threshold required to initiate laser action. Both trans-
parent and static scattering states are stable in zero-field, but
the lowest excitation threshold is observed when electro-
hydrodyamic instabilities are present, which enhance the scat-
tering properties by adding field-induced fluctuations of the
local refractive indices to the scattering features of the focal
conic texture. The use of such dynamic scattering states might
thus play an important role in achieving very low excitation
thresholds in liquid crystal random lasers.
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