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ABSTRACT
We demonstrate dye-doped low threshold polymerised cholesteric liquid crystal (PCLC) film lasers
with red, green and blue (RGB) colour. The polymer network structure of lasers, which were
fabricated by washing-out/refilling method, enhanced the stability of the laser thus avoiding the
external interference like temperature and electromagnetic field and prevented the efficiency of
laser dye from decreasing during polymerisation. The proposed RGB PCLC film lasers have
application potential in such as coherent light source, multi-wavelength biomedical light source,
white laser and other photonic applications.
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Introduction

Liquid crystal (LC) lasers have attracted significant atten-
tion due to their tunability, compact and easy fabrication
process [1,2]. This technology is mainly based on choles-
teric liquid crystals (CLC), which exists in a helical struc-
ture where the directors of LC molecules rotate regularly
perpendicular to the helical axis [3,4]. The CLC structure
corresponds to photonic crystal, which is a material with
periodic microstructure composed of different media
with different dielectric constant, which can form the
photonic band-gap (PBG) due to its periodic orientation
of the index ellipsoid. The PBG can block light at a certain
range of wavelengths [5]. At the edges of the PBG, the
group velocity of photons tends to be zero, and photon
density of state diverges, photons will reflect in the struc-
ture and form a strong gain. This PBG microstructure
gives rise to so called distributed feedback micro-
resonator, which combine the emissive gain media and
optical resonator in one structure [6,7].

When the light propagates within CLC, it will be
amplified by stimulated emission of radiation, and
certain wavelength of light will be reflected due to the
Bragg’s reflection effect. These repeated activities make
the energy stimulates and ejects from the laser.
Generally, by selecting different laser dye that absorbs
the short laser pulse, the output lasing wavelength can
cover a wide range, from ultraviolet (UV) light, visible
light to infrared light [8,9]. Also, the influence of dif-
ferent kinds of excitation beams on optical properties
of dye-doped CLC structures and lasing characteristics
has been studied as well [10,11]. Since LC has good
wavelength tuning ability especially under the external
stimulus like electric field, temperature and pressure,
the laser device can achieve wide tunability [12–14].
And being an all-organic and mirrorless device with
low threshold and narrow linewidth, the self-assembly
LC laser can form periodic structures without compli-
cated preparation technology compared to other types
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of artificial fabricated photonic crystal [5], providing it
with great potential.

Based on those remarkable characteristics of dye-
doped CLC lasers, the polymerised CLC (PCLC) film
has great potential in the related areas. It is realised
through the polymerisation of the mixture of CLC and
monomers under the UV light. A dye-doped flexible
free-standing PCLC film has been demonstrated to act
as laser [15]. It can operate without aligning or fixing,
and it has great mechanical flexibility and thermal
stability. Moreover, in order to solve the problems
about the instability and deformability of a 3D CLC
Bragg optical microcavity [16], one solution has been
reported to PCLC with reactive mesogens (RMs)
[17,18]. This stable film can avoid the interference of
external environment and the distortions of LC mole-
cules, so the pitch and wavelength can be better con-
trolled. In addition, a novel method called washing-out
/refilling technology has been reported by Guo et al.
[19] to fabricate a single-layer CLC film. This kind of
film contains double-handed circularly polarised light
reflection band, thus provides a higher reflectance and
a better lasing condition comparing with conventional
CLC film. However, this polymerisation approach that
uses UV light may damage the doped laser dye in the
mixture. Lin et al. [20,21] demonstrated a wide-band
tunable PBG device by refilling LC with dye in the gap
of the PCLC gap. A spatial position adjustable and
ultra-wide wavelength emissive laser can be achieved
with the refilled PCLC film. It can not only increase the
efficiencies of the laser dyes and the lasing properties,
but also enhance the system stability by avoiding the
thermally induced light scattering [22].

In this paper, we demonstrate dye-doped low
threshold PCLC film lasers with red, green and blue
(RGB) colours. The polymer network structure of
lasers, which were fabricated by washing-out/refilling

method, enhanced the stability of the laser thus avoid-
ing the external interference like temperature and elec-
tromagnetic field and prevented the efficiency of laser
dye from decreasing during polymerisation. The pro-
posed RGB PCLC film lasers have application potential
such as coherent light source, multi-wavelength biome-
dical light source, white laser and other photonic
applications.

Experiment

Materials preparation

The materials in our experiment include nematic liquid
crystals (NLC) E7 (from HCCH, Zhenjiang, China),
chiral dopant R5011 (from HCCH), RMs, photo-
initiator Darocur1173 (from Sigma-
Aldrich, Darmstadt, Germany), laser dyes DCM (from
Sigma-Aldrich) and C540A (from Exciton,
Lockbourne, OH, USA). The RM material was mixed
by RM257, RM82, RM006, RM021 and RM010 (all
from Shijiazhuang Sdyano, Shijiazhuang, China), with
30:20:20:20:10 weight ratio [17,18]. Figure 1 shows the
chemical structures of RMs, which belong to LC poly-
mers [23]. Here, the RM257 and RM82 are macromo-
lecules that form polymer network. The others are
small molecules that are used to stabilise the structure.
The photoluminescence (PL) of DCM and C540A
excited under UV light is in range of 616–678 and
516–590 nm, respectively.

The central wavelength λc of reflection band of CLC
is determined by the equation: λc = navp, where nav is
the average refractive index and p is the pitch of helical
structure. The bandwidth Δλ of reflection is given by
Δλ = (ne − no) × p, where ne and no is the ordinary and
extraordinary refractive index of NLC, respectively.
Three mixtures with different concentrations of NLC

Figure 1. Chemical structures of RMs.
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and chiral dopant that correspond to different reflec-
tion band for RGB lasers generation are shown in
Table 1. The NLC and chiral dopant were mixed
with RMs (25 wt%) and photo-initiator Darocur1173
(1 wt%) thoroughly to achieve PCLC film. During
mixing process, the mixtures were heated up to 70°C
in isotropic phase of NLC and stirred at about
1000 rpm with the help of the magnetic stirrer for
10 min. The refilled materials include laser dye of
DCM or C540A and NLC.

Cell fabrication

The mixture was then capillary-filled into an empty LC
cell with gap of 10 μm. The LC cell consists of two
indium-tin-oxides (ITO) coated glass substrates at the
inner surface and is anti-parallel rubbed using polyi-
mide (PI). After the CLC/RM mixture was filled in the
cell totally, the sample was cooled down to reduce their
defects.

The sample was then exposed under UV light (UVEC-
4II, LOTS, Shenzhen, China) with intensity of 15 mW/
cm2 for 15 min. The RMs would be photo-polymerised
and form a stable three-dimensional polymer network

because of the radicals or cations formed by the photo-
initiator [23–25]. In the next step, LC cell was immersed
in toluene for more than 1 day to dissolve E7 and unpo-
lymerised RM monomers completely. The polymer film
was washed repeatedly and fetched out from the cell.
Next, NLC E7 and laser dye DCM or C540A as refiller
were refilled into polymer scaffold film with weight ratio
shown in Table 1. For PCLC film A, mixture of 1 wt%
DCM and 99 wt% E7 was refilled. For films B and C,
mixture of 4 wt% C540A and 96 wt% E7 was refilled. The
polymer scaffold with refilled material re-exhibited heli-
cal structure of CLC. The fabrication process is demon-
strated in Figure 2.

Optical setup

Figure 3 depicts our experimental configuration to test
the laser performance of the three samples.
A Q-switched neodymium-doped yttrium aluminum
garnet (Nd:YAG) laser with wavelength of 355 nm,
repetition rate of 10 Hz, pulse duration of 5 ns and
pulse energy of 80 mJ was used to pump the samples.
The beam from the pump source was collimated and
pulled up by two reflection mirrors M1 and M2.

Table 1. The compositions of samples.

NLC Chiral dopant RMs Photo-initiator PCLC film

Refilled materials

Laser dye

NLCDCM C550A

71.79 wt% 2.21 wt% 25 wt% 1 wt% A 1 wt% – 99 wt%
71.48 wt% 2.52 wt% B – 4 wt% 96 wt%
71.00 wt% 3.00 wt% C –

Figure 2. (Colour online) Schematic of fabrication process of PCLC film.
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A diaphragm was used to adjust the beam diameter,
and a beam splitter was applied to divide laser beam
into two beams, where one beam was captured by an
energy metre for power measurement and another
beam was used to pump the cholesteric film sample.
The pump beam impinged on sample through a convex
lens with incident angle 45° to the normal direction of
sample surface. A fibre optic spectrometer (HR2000+,
from Ocean Optics, Shanghai, China) with a fibre

probe was used to measure the output emission spec-
trum along the normal direction of sample surface.

Results and discussion

The optical setup of transmission measurement con-
sists of white-light source, fibre optic spectrometer,
optic fibre and sample stage. The transmission spec-
trum that is measured through unpolarised light and

Figure 3. (Colour online) Schematic optical setup of lasing generation in PCLC film.

Figure 4. (Colour online) Transmission spectrum and the laser emission spectrum of PCLC film (a) A, (b) B and (c) C, with the pump
energy of 2.05, 2.0 and 1.93 μJ/pulse, respectively.
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the laser emission spectrum of the fabricated PCLC
films A, B and C are shown in Figure 4. As shown in
Figure 4(a), the PBG of PCLC film A is around 548–
647 nm. Under the excitation of the Nd:YAG laser with
pump energy of 2.05 μJ/pulse, the peak lasing occurs at
626 nm with full-width at half maximum (FWHM) of
2.5 nm. In Figure 4(b), the PBG of PCLC film B is
about 463–550 nm. When the pump energy is 2.0 μJ/
pulse, the position of lasing peak wavelength is 539 nm
and the FWHM is 1.9 nm. For PCLC film C as shown
in Figure 4(c), the PBG is around 402–498 nm, and the

generated laser peak is at 495 nm with FWHM of
3.16 nm. It can be clearly seen that the lasing peaks
of the three PCLC films all appear at the long edge of
PBG, indicating band-edge lasing. Notably, with the
increase of the concentration of chiral dopant: 2.21 wt
% of sample A, 2.52 wt% of sample B and 3.00 wt% of
sample C, the PBG and lasing wavelength both blue-
shift. PCLC films A, B and C act as the optical micro-
cavity to generate RGB lasers, respectively.

Figure 5(a,c,e) depicts the laser spectrum of
samples A, B and C under different pump energies.

Figure 5. (Colour online) Laser spectrum under different pump energy of (a) sample A, (c) sample B and (e) sample C and the laser
intensity versus pump energy of (b) sample A, (d) sample B and (f) sample C.
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As the pump energy increases, the peak lasing intensity
increases as well. The optical images of samples A,
B and C are also shown in the insets, which are cap-
tured by polarisation optical microscopy (POM). The
laser intensity as a function of pump energy of the
three samples is shown in Figure 5(b,d,f), respectively.
The thresholds of RGB lasers are 0.96, 0.51 and 0.74 μJ/
pulse, respectively, which is much lower than the wide
range tunable dye-doped CLC laser with threshold of
18 μJ/pulse [26]. The obtained thresholds are also
lower than CLC film lasers reported by Lin et al. [21],
where the minimal threshold is 2.32 μJ/pulse. The low-
viscosity coefficient of the refilled NLCs (E7, with visc-
osity coefficient of 90 cP) may lead to stronger capillary
action and infiltration rate, thus increase the ratio of
NLC refilling volume and the dye molecules can absorb
light more efficiently [20]. Besides, the sample prepara-
tion process guarantees a low concentration of impu-
rities and imperfections in the bulk, which also leads to
the reduction of threshold energy. Therefore, the prob-
ability of laser absorption and scattering becomes
lower, resulting in easier lasing generation.

When the pump energy begins to increase from zero,
there is no laser emission initially, after the pump energy
reaches the threshold, the output lasing intensity
increases sharply with the increase of pump energy.
However, the output lasing will saturate or even decrease
beyond a certain range of pump energy, since the higher
energy will damage the polymer structure and influence
the intensity of output lasing. And when the pump light
intensity exceeds a certain limit, the energy transfer
process in the dye reaches saturation, which cannot
provide further increase of the fluorescence intensity.

Conclusion

In summary, dye-doped low threshold PCLC film lasers
with RGB colours have been demonstrated. The laser
emissions are generated at the long edge of the PBG
with narrow FWHM. High stability andmachining prop-
erty of laser have been achieved due to the polymer net-
work structure. The lower viscosity coefficient of refilled
NLC might be useful for reduction of threshold. The
proposed RGB PCLC film lasers have application poten-
tial such as coherent light source, multi-wavelength bio-
medical light source, white laser and other photonic
applications.

Disclosure statement

No potential conflict of interest was reported by the authors.

Funding

This work was supported by the Natural National Science
Foundation of China (NSFC) [61875081] and Shenzhen
Science and Technology Innovation Council
[JCYJ20160226192528793 and KQTD2015071710313656].

References

[1] Ilchishin IP, Tikhonov EA, Tishchenko VG, et al.
Generation of a tunable radiation by impurity choles-
teric liquid crystals. JETP Lett. 1980;32(1):24–27.

[2] Goldberg LS, Schnur JM, inventors. The United States
of America as represented by the secretary of the navy,
assignee. Tunable internal-feedback liquid crystal-dye
laser. United States patent US 3,771,065. 1973 Nov 6.

[3] Mitov M. Cholesteric liquid crystals with a broad light
reflection band. Adv Mater. 2012;24(47):6260–6276.

[4] Lin JH, Chen PY, Wu JJ. Mode competition of two
bandedge lasing from dye doped cholesteric liquid crys-
tal laser. Opt Express. 2014;22(8):9932–9941.

[5] Coles H, Morris S. Liquid-crystal lasers. Nat Photon.
2010;4(10):676–685.

[6] Dowling JP, Scalora M, Bloemer MJ, et al. The photonic
band edge laser: a new approach to gain enhancement.
J Appl Phys. 1994;75(4):1896–1899.

[7] Strangi G, Barna V, Caputo R, et al. Color-tunable
organic microcavity laser array using distributed
feedback. Phys Rev Lett. 2005;94(6):063903.

[8] Duarte FJ. Solid-state multiple-prism grating dye-laser
oscillators. Appl Opt. 1994;33(18):3857–3860.

[9] Gromov DA, Dyumaev KM, Manenkov AA, et al.
Efficient plastic-host dye lasers. J Opt Soc Am B.
1985;2(7):1028–1031.

[10] Dadalyan T, Ninoyan Z, Nys I, et al. Light-induced
multi-wavelength lasing in dye-doped chiral nematic
liquid crystals due to strong pumping illumination. Liq
Cryst. 2018;45(9):1272–1278.

[11] Etxebarria J, Ortega J, Folcia CL. Enhancement of the
optical absorption in cholesteric liquid crystals due to
photonic effects: an experimental study. Liq Cryst.
2018;45(1):122–128.

[12] Song MH, Park B, Nishimura S, et al. Electrotunable
non-reciprocal laser emission from a liquid-crystal photo-
nic device. Adv Funct Mater. 2006;16(14):1793–1798.

[13] Funamoto K, Ozaki M, Yoshino K. Discontinuous shift
of lasing wavelength with temperature in cholesteric
liquid crystal. Jpn J Appl Phys. 2003;42:1523–1525.

[14] Finkelmann H, Kim ST, Muæoz A, et al. Tunable mir-
rorless lasing in cholesteric liquid crystalline elastomers.
Adv Mater. 2001;13(14):1069–1072.

[15] Matsui T, Ozaki R, Funamoto K, et al. Flexible mirror-
less laser based on a free-standing film of photopoly-
merized cholesteric liquid crystal. Appl Phys Lett.
2002;81(20):3741–3743.

[16] Humar M, Muševič I. 3D microlasers from
self-assembled cholesteric liquid-crystal microdroplets.
Opt Express. 2010;18(26):26995–27003.

[17] Li Y, Luo D, Chen R. Microcavity laser based on cho-
lesteric liquid crystal doped with reactive mesogen.
IEEE Photon J. 2016;8(4):1503106.

LIQUID CRYSTALS 975



[18] Li Y, Luo D. Fabrication and application of 1D
micro-cavity film made by cholesteric liquid crystal
and reactive mesogen. Opt Mater Express. 2016;6
(2):691–696.

[19] Guo J, Wu H, Chen F, et al. Fabrication of
multi-pitched photonic structure in cholesteric liquid
crystals based on a polymer template with helical
structure. J Mater Chem. 2010;20:4094–4102.

[20] Lin JD, Chu CL, Lin HY, et al. Wide-band tunable
photonic bandgaps based on nematic-refilling choles-
teric liquid crystal polymer template samples. Opt
Mater Express. 2015;5(6):1419–1430.

[21] Lin JD, Lin HL, Lin HY, et al. Widely tunable photonic
bandgap and lasing emission in enantiomorphic choles-
teric liquid crystal templates. J Mater Chem C.
2017;5:3222–3228.

[22] Etxebarria J, Ortega J, Folcia CL, et al. Thermally
induced light-scattering effects as responsible for the
degradation of cholesteric liquid crystal lasers. Opt
Lett. 2015;40(7):1262–1265.

[23] Tran B, Baur T. Reactive mesogen retarders and
applications. Proc SPIE. 2012;8489:84890B.

[24] McConney ME, Tondiglia VP, Hurtubise JM, et al.
Photoinduced hyper-reflective cholesteric liquid crystals
enabled via surface initiated photopolymerization.
Chem Commun. 2011;47:505–507.

[25] Mitov M, Dessaud N. Cholesteric liquid crystalline
materials reflecting more than 50% of unpolarized inci-
dent light intensity. Liq Cryst. 2007;34(2):183–193.

[26] Dai Q, Li Y, Wu J, et al. Wide-range position-tuning
lasers in cholesteric liquid crystal. Chin Phys Lett.
2013;30(8):084206.

976 X. ZHAN ET AL.




