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Abstract

A high efficiency band-edge cholesteric liquid crystal (CLC) laser comprising an optimal binary-dye mixture (OBD) with
62 wt% DCM and 38 wt% PM597 as the active medium is scrutinized. The measurements indicate that both the fluorescence
spectrum width and the order parameter of OBD in the host of nematic liquid crystal (BL009) enhance compared with
those for each individual dye. Furthermore, at the fluorescence peak, the optical efficiency of the PM597-doped CLC laser
is ~ 1.5% higher than that of DCM, and the laser emission energy for OBD-doped CLC between the wavelengths 595 nm
and 613 nm is even higher than that of PM597-doped CLC, so that at the maximum fluorescence of OBD, A4 = 605 nm, the

improvement is over 20%.
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Introduction

Cholesteric liquid crystals (CLCs) exhibit a natural and self-
organized periodic helical structure. This periodicity gives
rise to a periodic modulation of the refractive index and
consequently a one-dimensional photonic band gap (PBG)
[1-6], which in turn inhibits the propagation of certain
frequency range of electromagnetic radiation [7]. The fre-
quency range of the PBG is determined by the pitch (P) and
the ordinary (n,) and extraordinary (n,) refractive indices
of CLC. The reflection band edges occur at A, = n P and
A, = n. P where s and [ specify short- and long-wavelength
edges, respectively [8]. Hence, a CLC doped with a laser
dye can be operated as a band-edge laser [9-11]. Lasing
in such materials was firstly proposed about 38 years ago
[12] and has attracted a widespread attention for its signifi-
cant efficiency. Since the advent of CLC lasers, extensive
research has been carried out to enhance the laser efficiency
and reduce the energy threshold [13-16].

Different factors, including birefringence, order parameter
and repetition rate of stimulating laser, are effective on the
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efficiency of CLC lasers. A high orientational order param-
eter for the liquid crystal as the host of CLC laser leads to a
notable birefringence [17, 18], which in turn decreases the
threshold energy and increases the slope efficiency [19, 20].
On the other hand, laser dyes with a large order parameter of
the transition dipole moment cause more absorption of the
pumping energy which consequently results in an optimal
performance of CLC lasers.

Araoka et al. [21] showed that conjugated polymeric dyes
having a triptycene structure can highly be solved in liquid
crystals, which results in suppressing the fluctuation of liq-
uid crystal molecules, a higher order parameter and eventu-
ally a better efficiency. Shin et al. [22] also indicated that
polymer dyes are highly aligned along the local director of
liquid crystal, leading to a higher efficiency. Dolgaleva et al.
[23] proposed a highly efficient organic dye, oligofluorene,
for lasing in cholesteric monomeric liquid crystal oligomers.
Oligofluorene-doped CLC laser produced maximum output
energy because of its superior temporal and spatial stabil-
ity. By using oligo-thiophene (OT) derivative having order
parameter of about 0.65, lasing occurs in a DMQTT-doped
CLC laser at only the low-energy edge of the PBG above the
threshold of 4.6 pJ cm™%/pulse [24]. This lasing emission
mode selection is attributed to the high order parameter of
OT molecules.

In the present study, in order to enhance the optical
efficiency and decrease the threshold excitation energy, a
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binary-dye-dope liquid crystal, including 68 wt% DCM
and 32 wt% PM597, is utilized. The measurement indicates
that the order parameter of this optimal binary-dye mixture
(OBD) is markedly increased by 0.55 in comparison with
that of constituent dyes, DCM (0.33) and PM597 (0.45).
In addition, the width of binary-dye fluorescence spectrum
undergoes an increase of about 25 percent compared to
that of its components. The results obtained from an OBD-
doped CLC laser fabricated in the laboratory emphasize the
enhancement of slope efficiency and the reduction of energy
threshold. Furthermore, to prove the potentially tunability
of OBD-doped CLC lasers, five CLC lasers with similar
concentration of OBD and different concentrations of chiral
agent, corresponding to various laser wavelengths, are pre-
pared and experimented.

Experimental investigation
Laboratory setup

Figure 1 depicts the setup used for the CLC laser in this
research. The pump source is a frequency-doubled,
Q-switched, Nd:YAG pulsed laser (4 =532 nm, from Con-
tinuum) with pulse duration of 6 ns. All the measurements
were taken at 1 Hz laser repetition rate in order to reduce the
accumulated thermal effect originating from dye absorption.

An attenuator was used to set the pumping energy to our
desired value. A beam splitter divides the pumping laser
light into two equal parts so that one, as the measuring ray,
propagates toward the first energy meter EM1 (Gentec) and
the other, as the pumping ray, excites the active CLC. The
linear polarizer and the quarter-wave plate were used to cre-
ate a left-handed circular polarization (LCP) to avoid the
reflection from the stop band of the CLC film. The slope
efficiency and the threshold energy are both dependent on
the spot size of pump beam [25] which is adjusted by lens
L1. The spot size was chosen to be 65 pm. The lens L2 was
utilized to focus the output laser emission from the CLC
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Fig. 1 Experimental setup: At attenuator, BS beam splitter, P/ polar-
izer, QWP quarter-wave plate, L/ and L2 lenses, CF color filter, EM1
and EM?2 energy meters
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sample on the second energy meter EM2 (Gentec). Further-
more, in order to eliminate useless lights with wavelengths
except CLC laser wavelength, the colored filter was used.

Sample preparation

We classified our cells into five groups. The first one contains
two cells with the similar high birefringence nematic liquid
crystal BLO09 (n, = 1.8098, n, = 1.5288 and An = 0.281
from Merck) and the left-handed chiral dopant MLC6247
(helical twisting power=11.3 (pm wt%)~! from Merck)
but different laser dyes DCM [(4-(dicyanomethylene)-2-
methyl-6-(4-dimethlyaminostryl)-4H-pyran)] and PM597
[1,3,5,7,8-pentamethyl-2,6-di-t-butylpyrromethene-dif-
luoroborate complex] both from Exciton. The amount of
chiral agent is adjusted in a way that the long-wavelength
edge of the PBG matches with the fluorescence peak of each
dye. This group was prepared to measure the laser wave-
length of each dye individually. The second group involving
six cells with different concentrations of binary-dye mixture
(DCM + PM597) in the host BLOO9 was prepared in order
to achieve the optimal ratio of two dyes. The third group
includes one cell in which 1.5 wt% of OBD was added to
CLC (BL009 + MLC6247) in order to measure its transmis-
sion and laser line spectra. The fourth group comprising
nine OBD-doped CLCs with different concentrations of
chiral agent was fabricated to find the best laser emission
energy versus wavelength in this type of laser. To measure
the order parameter of the dyes DCM, PM597 and OBD,
three cells (as the fifth group) were fabricated with the same
host (BL009). All mixtures were thoroughly mixed before
they were capillary-filled into the homogeneous LC cells
with 10 pm thickness in the isotropic state (at 105 °C). After
a slow cooling process (0.3 °C min~!), a defect-free single-
domain cholesteric planar structure was formed.

Results and discussion

In DCM dye, the quantum yields of the formation of triplet
states and the cis—trans photo-isomerization of the double
bond are, respectively, less than 0.003 and 0.007 [26]. This
means that in DCM compared with some other dyes, less
percentage of pumping energy converts to heat, leading to
less energy loss and consequently an enhancement of the
slope efficiency. Hence, in most CLC lasers, DCM is mainly
used as the active material.

But the slope efficiency of CLC lasers, in addition,
depends on the amount of pumping energy absorption by
the dye used. For instance, measurements indicate that the
absorption peak of DCM in the presence of the cholesteric
host [BL0O09 + MLC6247 (25.40 wt%)] is 480 nm (Fig. 2)
while for PM597 in an approximately similar matrix (with
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Fig.2 Blue line: transmission spectrum of DCM-doped cholesteric
liquid crystal, red line: laser emission at the long band-edge wave-
length with 15 pJ/pulse and 532 nm pumping energy and wavelength,
respectively. Both spectra were measured by an HR2000 spectrometer
(Ocean Optics)

24.77 wt% of the chiral impurity MLC6247) the maximum
absorption according to Fig. 3 occurs at 531 nm.
Therefore, if these two active CLCs have been pumped
through a frequency-doubled, Q-switched, Nd: YAG pulsed
laser with A =532 nm, since maximum absorption of
PM597 (4,_as = 531 nm) is much closer to this wavelength,
despite the very low loss energy of DCM, a PM597 dye-
doped CLC laser can emit more energy. We will discuss
this issue after describing Fig. 3 which depicts the transmis-
sion spectrum of a PM597-doped CLC. In order to avoid
overlap of the photonic band gap and the absorption region
of PM597, the concentration of chiral impurity in the sam-
ple was selected to be an appropriate amount so that both
the long- and short-wavelength edges of the stop band can
be clearly observed. On the other hand, the fluorescence
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Fig.3 Transmission spectrum of PM597-doped cholesteric liquid
crystal [BLO09+MLC6247 (24.77 wt%)]. According to Fig. 4, no
lasing can occur at the short and long band-edge wavelengths

spectrum of PM597 in the host of nematic liquid crystal
BLO009 (Fig. 4) measured by a PTI QuantaMaster spec-
trofluorometer indicates that the probability of lasing in
the laser dye PM597 is remarkable only for wavelengths
between A,_g, =563 nm and A,_g, = 621 nm. Accord-
ingly, in this case, since the short-wavelength edge of PBG,
Ag = 584 nm (Fig. 3), is so close to the fluorescence peak
(Ap—py = 590 nm), it is expected that the laser emission at
Ag 1s much more probable than 4; = 656 nm. But PM597,
similar to DCM, has positive birefringence, and thus, the
alignment of the laser dye molecules is perpendicular to the
light polarization in this edge which implies that the prob-
ability of laser emission at this wavelength is extremely low.

To solve the problem, the chiral impurity must so be
increased that the long-wavelength edge (4; ) of stop band
shifts toward the peak fluorescence of laser dye PM597.
Wherever 4, grows to be 4,_g,, the maximum laser energy
will occur. In order to compare CLC lasers doped with DCM
and PM597 dyes, two active CLC samples were prepared
with the specifications tabulated in Table 1. The amount
of chiral impurity in each sample was selected so that the
long-wavelength edge coincides with the fluorescence
peak of its corresponding laser dye (Apcy_gp = 608nm,
Apmso7—ap = S90nm).

Measurements show that the laser emission energy in
PM597-doped CLC laser is about 1.5x higher than that in
DCM-doped CLC laser. This event may occur as a result
of different reasons. First of all as formerly discussed, the
pumping wavelength, 532 nm, concurs with the absorption
peak wavelength of PM597, which in turn leads to noticeable
amount of the pumping energy absorption in comparison
with DCM. Furthermore, the order parameter of the laser
dye transition dipole moment can be an effective factor in
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Fig.4 Fluorescence spectra of three laser dyes: PM597 (green line),
DCM (red line) and OBD (blue line), in the host of nematic liquid
crystal BLOO9 measured by a QuantaMaster spectrofluorometer (from
Photon Technology International)
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Table 1 Information of two

. Type of lasers NLC host Chiral impurity (wt%) Laser dye (Wt%) Laser
CLC doped with DCM and wavelength
PM597 in order to compare (nm)
their performance
DCM-doped CLC laser BL009 MLC6247 24.54 DCM 1.5 608
PM597-doped CLC laser BL009 MLC6247 27.83 PM597 1.5 590

Fig.5 Chemical structure of the laser dye DCM

Fig.6 Chemical structure of the laser dye pyrromethene 597
(PM597)

this phenomenon. Accurate study on fluorescence spectra
of PM597 and DCM (Fig. 4) in the nematic liquid crystal
host BLOO9 and their laser performance reminds us that the
combination of these two dyes in the same host can probably
create much better laser efficiency than two former lasers.
But before addressing this issue, it is important that the
optimal concentrations of DCM and PM597 in the CLC mix-
ture [BLO09 + MLC6247 (~25 wt%)] are determined. For
this purpose, first of all, we should consider the chemical
structures of DCM and PM597 (Figs. 5, 6). As seen, due to
noncovalent interactions between the aromatic rings (quad-
rupoles) arising from z bonds, it is possible that the mol-
ecules of dyes DCM and PM-597 can attract each other. This
is known as z—x stacking, which can be caused a molecular
aggregation depending on the relative concentration of each
dye in the binary-dye mixture and on the total concentration.
Similarly, cation—z interaction which is also a noncovalent
molecular interaction between the face of an electron-rich z#

@ Springer

system (e.g., a benzene quadrupole) and an adjacent cation
can produce the same effect. It should be noted that this
problem not only occurs in the combination of the two dyes
but also may take place in the DCM and PM-597, individu-
ally. Theoretically, the study on these phenomena may sig-
nificantly be complicated so that it can be investigated in an
independent research. In practice, in order to overcome this
problem, the threshold energy and the slope efficiency were
measured for different concentrations of the dye from 0.1 to
3 wt% for both DCM-doped and PM597-doped CLC lasers.
The measurements indicated that for both dyes the concen-
trations between 1.2 and 1.8 wt% in a similar CLC mixture
lead to the minimum threshold energy and the maximum
laser efficiency. To this reason, the concentration of 1.5 wt%
was selected for each of the dyes as an optimal concentra-
tion. On the other hand, the planar texture of dye-doped
CLC with 1.5 wt% concentration of each dye observed from
a polarized optical microscope (Olympus BX51), without
any defect lines, confirms that no aggregation has occurred.

To investigate the effect of combining DCM and PM597
on the laser efficiency, this point must be taken into consid-
eration that since the maximum absorption wavelength of
PM597 (531 nm) is so close to the pumping wavelength,
532 nm, it may behave more effective than DCM at that
wavelength. This means that a CLC laser consisting of
equal concentrations of these two dyes cannot most prob-
ably have an optimal performance. In other words, it appears
that DCM, in comparison with PM597, should possess a
greater concentration in the composition. With this point of
view, different combinations of DCM and PM597 with six
weight percents 50-50, 55-45, 60-40, 65-35, 70-30 and
75-25 were prepared, and then, the fluorescence spectrum
of each binary-dye mixture was measured in the host of
nematic liquid crystal BLO09. Then, six CLC lasers with
these six binary-dye mixtures were designed and fabricated
in a way that the wavelength of each laser matches with
its corresponding fluorescence peak. The measurement of
emission energy of these lasers proved that two mixtures
of 60—40 and 65-35 have better efficiencies. More accurate
study on the concentrations of these two dyes specified that
the best efficiency of emission energy is associated with
the mixture of DCM (62 wt%) and PM597 (38 wt%). Fur-
thermore, although the contribution of the two dyes to the
binary-dye mixture is not identical, an experiment similar
to what was conducted for DCM and PM597 reflects that
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the optimal concentration of OBD in the host BL009 is also
about 1.5 wt%.

Figure 4, in addition to the fluorescence spectra of DCM
and PM597 in the host of nematic liquid crystal BLO09,
depicts that of optimal binary-dye mixture (OBD) in the
same host. As observed, for OBD, the fluorescence peak is
at 600 nm, and the possibility of laser emission is consider-
able in the range of A4, = 556 nm to A, = 641 nm. In order
to investigate the laser performance of OBD, a dye-doped
CLC including the chiral agent MLC6247, the nematic lig-
uid crystal BLO09 and 1.5 wt% of OBD was so prepared that
the long-wavelength edge of PBG coincides with the fluo-
rescence peak ~ 600 nm. Then, a CLC laser was fabricated
by injecting the mixture in a planar cell with 10 um thick-
ness. Figure 7 indicates the transmission and laser emission
spectra of the OBD-doped CLC laser.

As seen, the absorption peak of OBD (corresponding
to zero transmission in the range of 450-540 nm) is dra-
matically wider than that of DCM and PM597, so that the
pumping energy (with A = 532 nm) is significantly absorbed
in this mixture. In addition, CLC laser emits a radiation at
A =601.47 nm which is close to the fluorescence peak of
OBD. The measurement of the laser emission energy in the
pumping energy of 25 pJ/pulse showed that the efficiency at
this wavelength is 20% and 75% higher than that in PM597-
and DCM-doped CLC lasers, respectively. A more accu-
rate study on the laser performance of OBD indicated that
between the wavelengths 593 nm and 613 nm, the laser
emission energy for OBD-doped CLC laser is higher than
that for PM597 one, and this energy difference approaches to
its maximum value (1.2 X PM597 laser energy) at ~602 nm.
Higher efficiency of OBD-doped CLC laser may be because
of better alignment of DCM and PM597 transition dipole
moments with the local director of CLC as a result of effec-
tive mutual interaction between two dyes in the liquid crystal
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Fig.7 Blue line: transmission spectrum of OBD-doped cholesteric
liquid crystal; red line: laser emission at the long band-edge wave-
length with 25 pJ/pulse pumping energy. Both spectra were measured
by an HR2000 spectrometer (Ocean Optics)

host. To prove this averment, the order parameter (S) of
three laser dyes: DCM, PM597 and OBD, can be calculated
by the following equation [27]:

3 nOI" —nJd, |
W nly +2n.d, M

where 1, and /1, are the fluorescence intensities emitted from
a dye-doped nematic liquid crystal parallel with and per-
pendicular to the local director of the liquid crystal, respec-
tively. Based on the exact reasoning given in reference 27,
Eq. (1) is always correct to calculate order parameter of the
transition dipole moment of a laser dye. For nematic liquid
crystals with a very small birefringence (An <« 1), n, = n,
and the order parameter can also be evaluated by an equation
to some extent different [18], that is,

N neI“ —nOIJ_ 5
T gD+ 2ngl) @)

Nevertheless, it should be noted that in the case of high
birefringence nematic liquid crystals, such as that has been
used in this research (BL0O09 with An = 0.281), Eq. (2) is
no longer perfectly correct and the results obtained from
Eq. (1) are definitely more reliable. Figure 8 indicates a
suitable setup to measure /; and /,. The nematic liquid
crystal BLOO9 was used as the host, and the detection of

Exciting
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Intensity

Active
NLC

Polarizer

(b)

Exciting
Light
Active  Fluorescence
NLC Intensity Polarizer

Fig. 8 Measurement approach of intensities related to the two normal

propagation modes in a dye-doped nematic liquid crystal. a Parallel
with the director (1)). b Perpendicular to the director (1,)
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I and I, was carried out by a PTI QuantaMaster spec-
trofluorometer at the ambient temperature (23 °C). The
concentration of each dye in the dye-doped BLO09 mix-
ture was adjusted to be 1.5 wt%. In addition, the excit-
ing wavelength for each mixture was selected equal to the
wavelength of its maximum absorption.

Figure 9 demonstrates the fluorescence spectra of the
three dyes. The average values of /; and /, at the wave-
length of maximum fluorescence, the exciting wavelengths
and the order parameters calculated by Eq. (1) are shown
in Table 2. As seen, despite noticeable errors of the meas-
urement especially for DCM due to entered noise, the dif-
ference in order parameter of the three dyes is evident.
Particularly, the order parameter of OBD has significantly
enhanced in comparison with those of DCM and PM597,
confirming better alignment of the transition dipole
moment of the dyes DCM and PM597 in the OBD-doped
liquid crystal compared to that of them singly. Moreover,
apart from remarkable absorption of pumping beam by
PM597, greater order parameter of PM597 in comparison
with DCM is another reason for higher slope efficiency of
PM597-doped CLC laser than DCM one.

In addition to the aforementioned points, there is
another phenomenon that can be claimed to be the reason
for increasing the efficiency of OBD-doped CLC laser. In
other words, it may be argued that the fluorescence reso-
nance energy transfer (FRET) between PM597 molecules
in the excited state and DCM molecules in the ground state
is the reason to enhance the laser efficiency and reduce
the threshold energy in OBD-doped CLC laser, as Sonoy-
ama et al. [28] demonstrated about the dyes C153 and
DCM in 2008. But in the case of OBD mixture this cannot
be true, because the rate of energy transfer dramatically
depends upon the extent of spectral overlap of the emis-
sion spectrum of the donor with the absorption spectrum
of the acceptor; whereas as seen from Figs. 2 and 4, the
fluorescence spectrum of PM597 with the width between
550 nm and 650 nm does not have any serious overlap with
the absorption spectrum of DCM with the width between
400 and 550 nm.

Overall, it is worth mentioning that the combination
of PM597 and DCM, for three reasons, is suitable and
deserving:

1. The coincidence of the absorption peak wavelength
(531 nm) of PM597 with the pumping wavelength
(532 nm).

2. Good solubility of both PM597 and DCM in the liquid
crystal host, BL0O09.

3. The slight overlap of fluorescence spectrum of PM597-
BL009 and the absorption spectrum of DCM-BL009,
which prevents the fluorescence resonance energy trans-
fer between these two dyes, leads to a simultaneous
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Fig.9 Normalized fluorescence intensities of a DCM, b PM597 and
¢ OBD in the solvent of BLO09 parallel with and perpendicular to
the local director of liquid crystal. All measurements were taken by
a QuantaMaster spectrofluorometer (from Photon Technology Inter-
national)
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Table2 Average values of L - 7
and /, at the wavelength of : Sample ﬁi;fll)tmg wavelength /) (counts) 11 vax) (counts) S
maximum fluorescence for
DCM-, PM597- and OBD- BL009 + DCM 480 45,086 15,186 0.33+0.06
doped BLOO9 resulted from BLO09 + PM597 530 39,128 9524 0.45+0.02
spectra of Fig. 9

BL009 + OBD 500 41,243 7573 0.55+0.03

The order parameters are calculated by Eq (1) and considering the values of n, = 1.8098 and n, = 1.5288.
The measuring temperature was 23 °C, and the concentration of dye in each sample was adjusted to be

1.5 wt%

Table 3 Concentration of constituent materials of five OBD-doped
CLC lasers including 1.49 wt% of OBD

OBD-doped CLC laser MLC6247 (wt%) Alaser (NM)
1 28.30 577
2 27.38 593
3 26.94 603
4 26.51 618
5 26.10 632

fluorescence emission of PM597 and DCM and conse-
quently a higher optical efficiency.

In order to investigate the effectiveness of OBD in
the performance and tunability of CLC lasers, five CLC
lasers with the nematic liquid crystal BLO09 and different

concentrations of the chiral agent MLC6247 including
1.490 wt% of OBD (0.924 wt% of DCM and 0.566 wt% of
PM597) were prepared (Table 3).

Figure 10 illustrates the transmittance and laser line
spectra of above CLC lasers. As seen, increasing the con-
centration of chiral impurity and consequently decreasing
the pitch result in blue-shifting long-wavelength edge (4,)
of PBG. The laser wavelengths (4,,,) were measured by a
spectrometer HR2000 (from Ocean Optics) with electronic
and optical resolutions 0.22 nm and 0.65 nm, respectively.

The spot size of pumping laser in all CLC lasers was
set at 95 um by adjusting the location of lens L1 (Fig. 1).
Moreover, all samples were pumped by the laser energy of
15 pl/pulse. Since the laser radiation was emitted in a reso-
nance cavity with very small diameter and length (less than
100 and 10 microns, respectively), propagation of laser at far
distances undergoes a diffraction effect (Fig. 11).

—_
(=3
(=]

Fig. 10 Normalized transmis-
sion spectra and laser lines of
five CLC lasers corresponding
to Table 3. All spectra were
measured by a spectrometer
HR2000 (from Ocean Optics)
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Fig. 11 Far-field diffraction pattern of five OBD-doped CLC lasers corresponding to Table 3 at 25 cm from the laser
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Conclusion

In this research, a method to substantially enhance the las-
ing efficiency of a CLC band-edge laser was investigated by
utilizing an optimal binary-dye mixture comprising 62 wt%
of DCM and 38 wt% of PM597 as an active medium. The
results indicated that the slope efficiency of an OBD-doped
CLC laser is increased by 20% compared to the highest effi-
ciency associated with DCM- and PM597-doped ones. In
addition, the measurements proved that the fluorescence
spectrum of OBD is wider than that of DCM and PM597.
This means that OBD can be much more appropriate than
each of individual dyes to fabricate a tunable CLC laser.
Furthermore, the higher laser efficiency can be originated
from better alignment of the transition dipole moments of
DCM and PM597 with the local director of CLC as a result
of effective mutual interaction between two dyes in the liq-
uid crystal host (BL009) and also greater order parameter of
PM597 in comparison with DCM.

Open Access This article is distributed under the terms of the Crea-
tive Commons Attribution 4.0 International License (http://creativeco
mmons.org/licenses/by/4.0/), which permits unrestricted use, distribu-
tion, and reproduction in any medium, provided you give appropriate
credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made.
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