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Random lasing was experimentally investigated in pyrromethene 597-doped strongly disordered chiral liquid
crystals (CLCs) composed of the nematic liquid crystal SLC1717 and the chiral agent CB15. The concentration
of the chiral agent tuned the bandgap, and disordered CLC microdomains were achieved by fast quenching of the
mixture from the isotropic to the cholesteric phase. Random lasing and band edge lasing were observed synchro-
nously, and their behavior changed with the spectral location of the bandgap. The emission band for band edge
lasing shifted with the change of the bandgap, while the emission band for random lasing remained practically
constant. The results show that the threshold for random lasing sharply decreases if the CLC selective reflection
band overlaps with the fluorescence peak of the dye molecules and if the band edge coincides at the same time with

the excitation wavelength.
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1. INTRODUCTION

Random lasing (RL) in disordered media has attracted a lot of
attention in the last two decades. RL in a diffusive system with
gain was first predicted theoretically by Lethokov [1]. The ef-
fect originates from disorder-induced scattering. Lawandy ez 4/.
observed stimulated emission in rhodamine-doped colloidal
solutions of TiO, nanoparticles [2]. After that, many studies
focused on optical amplification in diffusive systems [3-7],
whereas the feedback provided by multiscattering was incoher-
ent. However, optical amplification and scattering in disordered
systems may also support coherent random lasing, which is
manifested by narrow spikes atop the regular fluorescent band
[8—11]. Many closed-loop paths of light formed with the help
of recurrent multiscattering. The phase shift along the loop
determined the RL modes, which equals 2mz, where m is an
integer [10]. Besides, narrow emission modes might arise origi-
nating from the very long paths by multiple-scattering without
requiring optical cavities in the random region [12]. RL has
been demonstrated in a wide range of materials, including semi-
conductor powders [8], polymers [13], and liquid crystal media
[14]. RL could also be realized in a quasi-one-dimensional
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amplifying periodic-on-average random superlattice configura-
tion, which offered frequency control in coherent random
lasers [15].

Chiral liquid crystals (CLCs) have a natural 1D photonic
crystal structure due to the self-assembled helical arrangement
of the liquid crystal (LC) molecules, which leads to the appear-
ance of a selective reflection band or photonic bandgap (PBG).
Because the group velocity at the edge of the PBG in a photonic
crystal is close to zero, CLCs can provide efficient optical feed-
back that is crucial for lasing [16,17]. Therefore, band edge
lasing (BEL) in CLCs doped with laser dye has been attracting
much attention [18—23]. Moreover, CLCs can also be used
as reflectors for improving the lasing efficiency of CLC lasers
[24,25].

Reference [26] reported RL in a dye-doped CLC polymer
solution, in which it was found that the CLC domains played a
significant role in the feedback of strong multiscattering.
Switching between BEL and RL was achieved by applying
an electric field to a CLC system [27], in which RL resulted
from the feedback of the light multiscattering from CLC micro-
domains exited by electro-hydrodynamic instabilities. A similar


https://orcid.org/0000-0001-8128-3273
https://orcid.org/0000-0001-8128-3273
https://orcid.org/0000-0001-8128-3273
https://orcid.org/0000-0001-8694-8449
https://orcid.org/0000-0001-8694-8449
https://orcid.org/0000-0001-8694-8449
mailto:zxz@nankai.edu.cn
mailto:zxz@nankai.edu.cn
mailto:zxz@nankai.edu.cn
mailto:lgtc@iop.kiev.ua
mailto:lgtc@iop.kiev.ua
mailto:lgtc@iop.kiev.ua
mailto:jjxu@nankai.edu.cn
mailto:jjxu@nankai.edu.cn
mailto:jjxu@nankai.edu.cn
https://doi.org/10.1364/PRJ.388706

Research Article

change in the lasing mechanism was observed in paintable
CLC emulsions [28]. In these samples, films with large
CLC droplets possessed a planar Grandjean texture for BEL,
while small-droplet films were characterized by strong scatter-
ing and random-like emission. Thermally induced switching
between BEL and RL in CLCs was realized in Ref. [29].
The threshold of RL decreased in dye-doped CLCs with the
help of the oriented cell confinement effect, which was due to
the enhancement of the scattering strength of the CLC system
with the help of the spatial fluctuation of dielectric property of
oriented CLCs [30]. If silver nanoparticles were added into the
oriented CLCs, the oriented cell confinement effect would en-
hance the multiple scattering of silver nanoparticles and helical
domains, which resulted in the decrease of the RL threshold
[31]. Bandgap-tailored random lasing was reported in
Ref. [32], in which one of the glass plates of the LC cell
was treated with a frictional alignment layer. Wavelength tun-
able RL was realized by the combination of multiscattering and
bandgap control. In the above-mentioned studies, micro-CLC
domains were regarded only as scatterers in the process of feed-
back. However, few studies were focused on the effect of the
selective reflection band of the CLC domain itself on the RL
threshold in a disordered CLC system. Considering the
advantages of the PBG, it is possible to lower the RL threshold
by adequately arranging the PBG position of the CLC
domains, pump wavelength, and fluorescence band of the
active medium.

In this paper, we investigated the effect of PBG on the
behavior and threshold of random lasing in dye-doped disor-
dered chiral nematic liquid crystals. The properties of optical
emission in such a random structure change with the shift of
the bandgap. BEL and RL can be observed in the emission
spectrum at the same time, which is different from the phe-
nomenon reported in Ref. [32]. The BEL emission band is
tuned by the change of the PBG position, while that of the
RL hardly changes. As will be demonstrated, the RL threshold
is greatly reduced if the fluorescent peak is located inside the
selective reflection band and if the excitation wavelength coin-
cides with the band edge of the CLCs at the same time.

2. EXPERIMENTAL SECTION

In our experiments, mixtures of CLCs consisted of (100 - x)%
(mass fraction) nematic liquid crystal SLC1717 (7' y_; = 92°C,
n, = 1.739, An = 0.22 at 20°C), x being the mass fraction (in
percentage) (x = 44.0, 40.0, 38.0, 34.0, 32.0) of the chiral agent
CB15 (supplied by Shijiazhuang Chengzhi Yonghua Display
Material Co.). Besides this, 1.0 wt.% of the laser dye PM597
(Pyrromethene 597, Exciton Inc.) was added into the CLC sys-
tem. The clearing point of SLC1717 is much higher than that of
the nematic liquid crystal E7 (7 y_; = 61°C) that is usually used
for similar investigations, which enables the dye-doped CLCs
with SLC1717 to be investigated at higher temperatures or under
higher excitation energies. LC cells were prepared by using two
rectangular glass slides, surfaces of which were left untreated. The
cell gap d was defined by polymeric ball spacers with a diameter
of 230 pm. The dye-doped CLC mixtures in the isotropic phase
(~80°C) were filled into the cells with the help of capillary forces.
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Fig. 1. Sketch of the experimental setup.

Then the cells were rapidly deposited onto a cold metal brick
(~-15°C) to form multidomain CLC samples.

The experimental setup is shown in Fig. 1. The second har-
monic output (wavelength of 532 nm, repetition rate 1.0 Hz,
pulse duration 4.0 ns) from a Q-switched Nd-YAG laser (SL
[1I-10, Continuum) was split into two beams. The pulse energy
was monitored in the reflected direction with a calibrated
power meter (LabMax-Top, Coherent). The transmitted beam
was focused by a convex lens with a focal length of 175 mm
onto the CLC samples to a spot size of about 80 pm. The emis-
sion light from the CLC samples was collected by a 10x ob-
jective lens and sent directly into an optical fiber connected
to a high-resolution spectrometer (SP2358, Princeton
Instruments). The CLC multiple domains model is shown
in the Fig. 1. The helical axes of the CLC domains are ran-
domly oriented.

3. RESULTS AND DISCUSSION

Dye-doped CLCs with different concentrations of the chiral
agent have different selective reflection bands. The PBGs were
characterized by measuring the reflection spectra using planarly
oriented cells with a thickness of 7.7 pm. The planatly oriented
CLC samples doped with x wt.% (x = 44.0, 40.0, 38.0, 34.0,
32.0) of the chiral agent dopant CB15 are labeled as S1, S2, S3,
S4, S5, respectively. The reflection characteristics for oriented
cells with different chiral agent concentrations are shown in
Fig. 2(a). The texture images shown in the insets were obtained
by a polarization optical microscope (POM) operating in reflec-
tion mode. The texture color of the sample S1 is blue, whose
selective reflection band is located on the left (shorter wave-
length) side of the fluorescence peak of PM597. Samples S2
and S3 have a green appearance in POM, whose selective re-
flection bands considerably overlap with the fluorescence peak
of the PM597. The selective reflection bands of the samples S4
and S5 are located on the right side (longer wavelength) of the
fluorescence peak. The transmission spectra of different mix-
tures in oriented CLC cells are shown in Fig. 2(b). The dip
at the wavelength of 532 nm in every transmission spectrum
results from the absorption of the dye. The absorption also
causes a deformation of the real long wavelength edge
(LWE) of the sample S1 and a redshift of the real short wave-
length edge (SWE) of the sample S2 in Fig. 2(a).

Figure 3 shows the texture images of five disordered CLC
samples in nonoriented cells. The randomly oriented CLC sam-
ples doped with x wt.% (x = 44.0, 40.0, 38.0, 34.0, 32.0) of
chiral dopant CB15 are labeled as S1*, S2*, S3*, S4*, S5%,

respectively. The pictures in the first row show the textures
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Fig. 2. (a) Reflection spectra and (b) transmission spectra for dye-
doped planarly oriented CLC samples with different concentrations of

the chiral agent CB15. The black solid curve is the fluorescence spec-
trum of PM597.

captured by the POM in reflection mode. The corresponding
textures captured in transmission mode are shown in the second
row. In general, the helical pitch of CLCs depends mainly on the
concentration of the chiral agent [33], and the pitch determines
the reflective band. By comparing the textures in Figs. 3(a)-3(e),
we found the colors of bright microdomains in random samples
were nearly the same as observed in the corresponding planarly
oriented samples. The helical axes of the bright CLC microdo-
mains are oriented perpendicularly to the glass substrates, as in
the oriented cells, which results in selective reflection into the
field of view of the POM operating in reflection mode. The size

of the CLC microdomains is about 5.0 pm in diameter, which
can be estimated from the size of the bright microregions. The
same observation method is always used in blue phase liquid
crystal [34].

Figure 4 shows the emission characteristics of samples with
different concentrations of CB15 in the single shot regime. For
sample S1*, there exists only an RL emission band within the
spectra, as shown in Fig. 4(a). With the increase of the pump
energy, many narrow peaks (linewidth ~0.3 nm) emerge on the
top of the fluorescence emission band, which is due to the feed-
back of multiple scattering from the randomly oriented micro-
domains. But, for sample S2* [Fig. 4(b)], besides the main RL
emission band at 578 nm, another emission band with lots of
narrow peaks (linewidth ~0.3 nm) emerges around a central
wavelength of 595 nm, which is the LWE BEL of the CLC
structure. There is a possibility of BEL in single microdomains;
however, RL will not appear due to the lack of multiple scatter-
ing. Moreover, if the thickness of the CLC helix structure is
very small, the feedback from multiple internal reflections will
not be enough to trigger the BEL. When the pump energy in-
creases, this BEL appears slightly earlier than the RL. The hel-
ical pitch of different CLC microdomains fluctuates around the
central value due to elastic distortions, which results in multi-
mode BEL. Because the SWE of the CLC is almost located
outside of the fluorescence emission band, only LWE-BEL
modes appear. But, besides this, because the fluorescence peak
of the laser dye situates within the selective reflection band,
there exists an additional reflection process associated with
the CLC microdomains. Therefore, the RL emission peaks
are pronounced in the emission spectra for S2*.

As shown in Figs. 4(c) and 4(d), both multimode BEL and
RL arise in samples S3* and S4*, too. In both cases, with the
increase of pump energy, BEL appears slightly earlier than RL.
Since both band edges are located inside the fluorescence emis-
sion band for sample $3*, there exists not only SWE-BEL but
also LWE-BEL. But, for sample S4*, only the SWE is located in
the fluorescence emission band, which causes only an SWE-
BEL emission band. From the spectra in Figs. 4(b)—4(d),
one can see that the BEL emission band shifts with the shift
of the bandgap. The fluorescence peak of sample S3* also

coincides with its selective reflection band, similar to that of

&
) )

Fig. 3. Texture patterns of samples with different concentrations of the chiral agent CB15 in nonoriented cells observed by a POM with a 20x
objective. (a) S1*%, (b) S2*, (c) S3*, (d) S4*, (e) S5* in reflection mode. (f)—(j) Corresponding textures in transmission mode. All cell gaps are 230 pm.
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Spectra (a)—(e) represent emission for different disordered samples S1*, S2*, S3*, S4*, S5%, respectively. (f) The dependence of the peak

intensities of the random lasing on the pump energy for different concentrations of the chiral agent. The black lines in spectra (g)—(k) are the
emission spectra corresponding to spectra (a)—(e); the red lines in spectra (g)—(k) are reflection spectra for oriented CLC samples, respectively.

sample S2*. Therefore, enhancement of the feedback originat-
ing from selective reflection, as described above, is expected in
this sample as well. For sample S4*, its bandgap moves out of
the fluorescence peak, just like for sample S1*, which makes the
feedback for the RL weaker. In the case of sample S5%, the
bandgap moves farther out of the fluorescence emission band.
Consequently, only one emission band, with many small and
narrow peaks on the top, is observed.

Figure 4 clearly shows the evolution of the emission of the
disordered CLC samples with different concentrations of chiral
agents. The BEL emission band shifts with the change of the
bandgap, while the RL emission band remains practically con-
stant. We further measured the emission spectra for different
positions and different single-pump shots of the sample S2*. As
shown in Fig. 5, the RL peaks are stochastic and vary from
position to position and from shot to shot. These phenomena
are common in random lasing experiments, as different spatial
modes are excited at different locations or at different times. In
other words, the RL modes have statistical fluctuation proper-
ties, e.g., distribution of their frequencies, intensities, etc.

As shown in Figs. 4(h) and 4(i), the selective reflection
bands of the samples S2* and S3* considerably overlap with

the fluorescence peak of the dye. In general, as with 1D
photonic crystals, the CLCs have PBGs for the normally or
obliquely incident light. In the range of the selective reflective
band of CLCs, the scattering of normally or obliquely incident
light in the direction of reflection is strong. Namely, the CLC
domains designated by red arrows in Fig. 6(a) exhibit strong
scattering due to the selective reflection, which causes more
light energy to return to the loop rather than dissipate outside
the loop. As a result, the dwell time of the light at the fluores-
cence peak increases in the random system. Due to this, the feed-
back effect of the multiscattering at the peak of fluorescence
emission is strongly enhanced. Consequently, the threshold
for random lasing is decreased. Therefore, according to the above
proposed working mechanism, the RL thresholds of samples
S2* and S3* should be significantly lower than that of samples
S4* and S5*. Meanwhile, the random lasing spikes are more
prominent.

For the samples S4* and S5%, their selective reflection bands
move out of the fluorescence peak, which makes the feedback
of multiscattering weaker, as shown in Fig. 6(b). Therefore, the
RL thresholds for those samples are expected to become higher.
The feedback is the smallest for sample S5* due to its bandgap
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Fig. 6. Working mechanism of RL in a dye-doped CLC random
system with a selective reflection band (a) coinciding with the fluores-
cence peak and (b) far away from the fluorescence peak. The yellow
arrows represent the scattering light beams at the wavelength of the
fluorescent peak. The helical axes of microdomains designated by
red arrows exhibit a small angle with the direction of the incident light,
which results in enhanced reflective behavior when the selective reflec-
tion band of the sample overlaps with the fluorescence peak of the dye.
The dark and light yellow arrows represent strong and weak feedback,
respectively.

moving away from the fluorescence peak, which results in the
highest threshold.

According to Fig. 4(f), the corresponding RL thresholds ob-
served in our experiments are about 2.7, 1.5, 2.6, 3.6, and
4.3 pJ for the five randomly oriented samples, respectively.
In Ref. [35], a higher spectral peak and a larger slope efficiency
can be partly attributed to the mode selection properties of the
bubble structure in a diffusion system, while in our disordered

CLC system the enhancement of RL is attributed to the selec-
tive reflection band of CLCs. Nevertheless, one still may won-
der about the origin of the relatively large difference between
the RL thresholds of the samples $2* and S3*. It is known that,
when the band edge of the CLC structure lays within the ab-
sorption band, anomalously strong absorption takes place at the
band edge [36]. The DOS and photon dwell time of the light at
the band edge are greatly enhanced due to the multiple internal
reflections of the CLC. In such a case, the excitation of dye
molecules will be strongly enhanced when the sample is excited
by pump light with a wavelength at the band edge. This effect
has been used to achieve low threshold and high-efficiency BEL
[37]. The LWE of sample S1* and the SWE of sample S2* are
located just in the absorption band of the dye and around the
pump wavelength. When samples S1* and S2* are excited at a
wavelength of 532 nm, as in Figs. 4(g) and 4(h), the RL feed-
back is additionally enhanced due to the enhanced excitation of
dye molecules. As a consequence, the RL threshold of the sam-
ple S1* is lower than that of the samples S4* and S5%, although
its bandgap moves away from the fluorescence peak. Sample
S2* has the lowest RL threshold because not only does its
CLC selective reflection band overlap with the fluorescence
peak of the dye molecules, its SWE also coincides with the ex-
citation wavelength.

4. CONCLUSIONS

Our results demonstrate that random lasing in strongly disor-
dered dye-doped CLCs with different bandgaps exhibits an in-
triguing  cooperative effect between selective reflection
associated with CLC domains and random scattering related
to the random orientation of helical axes in these domains.
Emission properties of the medium change with the shift of
the bandgap. Besides random lasing, multimode BEL may ap-
pear, which results from the variation of the helical pitch in
various CLC domains. We have shown that the RL threshold
is reduced for the compositions whose fluorescence peak is lo-
cated within the selective reflection band. This is due to the
feedback enhancement of multiple scattering for the light of
the fluorescence peak via the selective reflection process.
Moreover, the threshold of random lasing is further decreased
if the band edge also lays within the absorption band of the dye
molecules and coincides at the same time with the excitation
wavelength. These findings open a pathway toward optimiza-
tion of CLC media for application in random lasing systems
and, consequently, broaden a range of their possible exploration
in photonics research and technologies.
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