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Abstract: This study elucidates, for the first time, a novel band-tunable
color cone lasing emission (CCLE) based on dye-doped cholesteric liquid
crystal (DDCLC) films with various pitches. For several CLC cells with
different pitches it was shown experimentally that the lasing band on the
CCLE can be tuned among various color regions measured within different
angular ranges. Some important features of the tunable CCLE are also
identified and discussed. A spatially band-tunable color cone laser, based on
a single DDCLC with a gradient pitch, is developed as a real application.
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1. Introduction
Planar cholesteric liquid crystals (CLCs) can be regarded as one-dimensional photonic
crystals (1D PCs) with band gaps because of their spatially-periodic distribution of refractive
index with a large modulation, in which rod-like LC molecules can rotate periodically along
the so-called helical axis by interaction with the chiral dopants. Because of this gap feature,
planar CLCs can be used as mirrorless distributed feedback resonators. By doping active dyes
in the CLCs, the spontaneously emitted fluorescence will be suppressed within the gaps and
instead enhanced at band edges. Principally, the multi-reflection of fluorescence at band edges
can lead to a very small group velocity and very large density of photonic state (DOS) [1].
With the distributed feedback effect of the active multilayer of the resonator in the multireflection process, the rates of spontaneous and stimulated emissions for the fluorescence at
band edges can both be amplified so that a high gain exceeding loss can be obtained to induce
a low-threshold lasing emission [2–4].
In the last decade, lasers associated with dye-doped CLC (DDCLC) have been widely
investigated because of the interesting fundamentals of their lasing mechanism and their wide
range of potential applications [2–41]. Numerous studies have focused on thermally, optically,
electrically and spatially-tunable features of such lasers based on external controllability of
the CLC pitch [5,12–14,16–20,24,27,37,39]. The authors’ recent report [42] demonstrated that
a “single pitched” DDCLC laser can simultaneously emit a wide-band lasing emission with an
angular dependence on the wavelength. This emission is called color cone lasing emission
(CCLE). We observed for the first time for the CLC structure that significant part of lasing
energy in Bragg modes is irradiated into wide angles. Angular dependence of dye
fluorescence and lasing spectrum at the output of dye-doped CLC structure both for Bragg
and leaky (waveguide) modes was studied earlier by Blinov et al. [33]. In Ref. 33 for Bragg
modes angular dependence of wavelength was observed only for fluorescence but not for
lasing in the angular range of 0°–35°, although for leaky modes angular dependence of lasing
wavelength was observed in the range 70°–100°. The present work examines a band-tunable
color cone laser in DDCLC cells using several cells with various pitches. The lasing band of
the formed CCLE can be tuned among various color regions, measured within various ranges
of oblique angle, as the CLC pitch is varied. Some unique lasing features of the tunable CCLE
are identified and analyzed. As an example of a practical application, a spatially band-tunable
color cone laser that is based on a single DDCLC cell with a pitch gradient is successfully
developed.
2. Sample preparation and experimental setups
The nematic LC (NLC), left-handed chiral dopant and two kinds of laser dye used herein are
ZLI2293 (ne = 1.6312 and no = 1.4990 at 20°C) (from Merck), S811 (from Merck), and 4Dicyanmethylene-2-methyl-6-(p-dimethylaminostyryl)-4H-pyran (DCM) and Pyrromethene
567 (P567) (from Exciton), respectively. Six different CLC mixtures, with different mixing
ratios of ZLI2293:S811 with 73.52:26.48, 73.81:26.19, 74.82:25.18, 75.81:24.19, 76.82:23.18,
and 77.71:22.29wt%, are prepared. The concentrations of DCM and P567 in each CLC
mixture are 0.4 and 0.25wt%, respectively. Each empty cell is pre-fabricated with a same
standard by combining two indium-tin-oxide-coated glass slides separated with two 25µmthick plastic spacers. Both glass slides in each empty cell are pre-coated with polyvinyl
alcohol (PVA) film, and pre-rubbed in anti-parallel direction. The six dye-doped CLC
mixtures above are then injected into six empty cells to form six different DDCLC cells,
which are labeled as cells 1-6. These cells are then placed together in a clean and opaque
specimen box at room temperature for about 10 days, so that the CLC in cells 1-6 has enough
time to slowly self-organize into perfect planar structures with pitches P1 = 364.65, P2 =
368.57, P3 = 383.42, P4 = 399.10, P5 = 416.54nm, and P6 = 433.04, respectively.
This work utilizes two experimental setups for measuring the lasing and reflection spectra
of the DDCLC cells at different oblique angles. The experimental setups and associated
method for measurement can be found in the authors’ previous work and are not repeated
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herein [42]. Briefly, the DDCLC cell can be pumped by a single incident pulses beam with
adjustable energy (from a Q-switched Nd:YAG SHG pulse laser, wavelength = 532nm, pulse
duration = 8ns, repetition rate = 10Hz, pulse energy = E) at an incident angle of around 10°
relative to the cell normal (N), and the generated lasing signals behind the cell (at a distance
of ~2cm from the pumped spot on the cell) for nine randomly chosen oblique angles (θ = 0°,
17°, 29°, 35°, 39°, 46°, 57°, 65°, and 70°) from N are measured. To analyze the measured
lasing signals from each cell at a specific θ, the reflection spectrum (in the visible region) of
that cell, which indicates the CLC band structure, is measured at the same oblique angle. Both
the lasing spectrum and the reflection spectrum of each cell are obtained using a fiber-based
spectrometer system (USB2000-UV-VIS, Ocean Optics).
3. Results and discussion
Figure 1 presents both the absorption and fluorescence emission spectra (blue and red curves,
respectively) of the DDCLC cell (cell 1) in the isotropic phase. The peaks of the absorption
and fluorescence spectra of the cell are at about 530 and 566nm, respectively. When the
wavelength exceeds 575 (680) nm, the absorption (the fluorescence emission) almost vanishes
and can be neglected. Since the wavelength of the pumped pulses is close to 530nm, the laser
dyes in each cell can be efficiently excited.

Fig. 1. Measured absorption and fluorescence emission spectra (blue and red curves,
respectively) of DDCLC cell (cell 1) in isotropic phase.

Fig. 2. (a)-(f) Obtained six CCLE patterns when cells 1-6 with pitches P1-P6, respectively, are
excited by the incident pulses with a given pumped energy E = 10µJ/pulse, where those λ(θ)
marked on these photographs represent the measured wavelengths of the bright lasing signals at
the LWE and the SWE measured at 0° (normal lasing emissions) and at the LWE measured at
nearly 35° (lasing rings).
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Figures 2(a)-2(f) show photographs of six obtained CCLE patterns on the screen (behind
each cell) after cells 1-6 are individually excited by incident pumped pulses with the same
energy of E = 10µJ/pulse. Since each CCLE is distributed conically and symmetrically about
N, the features of the lasing signals emitted in the plane of incidence at various oblique
angles, θ, from N (Fig. 2(a)) can alone be measured and studied without loss of generality.
Even if only the lasing signals in the N direction (θ = 0°, normal lasing emissions) and at
nearly 35° (lasing rings) are sufficiently bright to be seen by the naked eye, the lasing signals
at other angles can easily be detected using a sensitive spectrometer. Figures 3(a.1)-3(f.1)
display the lasing spectra of the six obtained CCLE patterns and the corresponding reflection
spectra measured at nine randomly selected oblique angles (θ = 0, 17, 29, 35, 39, 46, 57, 65,
and 70°) based on cells 1-6, respectively. Evidently, a lasing peak at any angle in any obtained
CCLE that is based on cells 1-6 always occurs close to the LWE and SWE of the CLCRB.
Figures 3(a.2)-3(f.2) (3(a.3)-3(f.3)) plot variations in the intensity of the lasing signal at the
LWE (SWE) measured at 0-70° for cells 1-6, respectively, with the pumped energy. Based on
the experimental results in Figs. 3(a.2)-3(f.2) and 3(a.3)-3(f.3), Figs. 4(a)-4(f) plot the
variations of the wavelength of the lasing signal at the LWE/SWE (λlas(LWE)/λlas(SWE),
represented as /) with the oblique angle, based on cells 1-6, respectively. Consistent with
the same simulation steps in our earlier study [42], the simulation results for dispersion
relations obtained using Berreman’s 4 × 4 matrix method [43] for planar CLC structures with
various pitches of P1(364.65nm)-P6(433.04nm) can yield the simulation relations between the
wavelengths at the LWE/SWE of the CLC stop band in which vg→0 and DOS→∞
(λLWE(vg→0, DOS→∞)/λSWE(vg→0, DOS→∞), represented as /). Figures 4(a)-4(f) plots
these simulated results. Notably, Fig. 4 indicates strong consistency between the experimental
and simulated results for multi-cells with various pitches. These results verify that these
CCLEs are based on photonic band-edge lasing theory for a distributed feedback resonator, as
addressed in the authors’ previous work [42]. Apparently, Figs. 2-4 indicate that the lasing
band of the CCLE at the LWE can be tuned from the short- to the long-wavelength region as
the cell pitch is increased from P1 to P6. This particular band-tunability of CCLE due to
multiple Bragg modes irradiated at angles other than 0° was observed experimentally for the
first time [5,12–14,16–20,24,27,33,37,39].
Based on the experimental results in Figs. 3(a.2)-3(f.2) and 3(a.3)-3(f.3), Figs. 5(a) and
5(b) plot variations in the energy threshold with the cell pitch for lasing emissions measured at
different oblique angles at the LWE and SWE, respectively. Several unique features of
CCLEs based on cells 1-6, revealed by the experimental results in Figs. 3-5, are discussed
below. First, the angular range and the band of the lasing emission in the CCLEs are pitchdependent. In Figs. 4(a)-4(e), this angular range (band) of lasing emission at the LWE
increases from 0 to 17° (591.56-581.02nm) to 0-46° (676.04-601.38nm) as the pitch increases
from P1 = 364.65nm to P5 = 416.54nm. These experimental results follow from the fact that,
as the pitch increases, the CLCRB and the LWE are both increasingly red-shifted and
removed from the absorption band (≤575nm) (Figs. 3(a.1)-3(e.1)), causing the fluorescence to
propagate within an increased angular range with no re-absorption by the laser dyes,
increasing the lasing band. Second, as displayed in Figs. 3(a.1)-3(e.1), the SWE is much
closer to the absorption band than the LWE, and so the re-absorption of the fluorescence at the
SWE is much stronger than at the LWE. Consequently, the CCLE effect at the SWE is much
weaker than that at the LWE, as revealed by the experimental results in Figs. 3(a.2)-3(e.2) and
3(a.3)-3(e.3) and Fig. 5. Third, except for the curve of 0° in Fig. 5(a), all curves in Fig. 5
(including that for 0° in Fig. 5(b)) are concave upward. This experimental results imply that
two main factors, absorption and fluorescence intensity, competitively influence the features
of the CCLE. Based on a comparison of the experimental results in Figs. 1 and 3(a.1)-3(f.1),
when the pitch becomes shorter such that the band edges increasingly overlap the absorption
band, or, when the pitch becomes longer and more of the band edges are removed from the
absorption band and their fluorescence intensity is decreased, the energy threshold increases
as a consequent. The curve for 0° in Fig. 5(a) is an exception because the wavelength of the
LWE at 0° for each cell never overlaps the absorption band (Figs. 3(a.1)-3(f.1)). Therefore, as
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the pitch increases, the decrease in the fluorescence intensity monotonically increases the
energy threshold. Fourth, the three simultaneously obtained lasing signals at the LWE and
SWE measured at 0° and at the LWE measured at nearly 35°, displayed in Figs. 2(b)-2(e) and
3(b.1)-3(e.1), are much stronger than those emitted at other oblique angles. The former two
(normal lasing emissions) have been commonly observed in studies of DDCLC lasers [2–41].
However, the last one (lasing ring) is identified herein for the first time for DDCLCs. These
particularly strong lasing rings (green, yellow, orange and red) at nearly 35° (presented in

Fig. 3. (a.1)-(f.1) Lasing spectra from CCLEs obtained after cells 1-6 are individually excited
by incident pulses with E = 10µJ/pulse and reflection spectra of cells 1-6, respectively, for
oblique angles θ = 0-70°. (a.2)-(f.2) ((a.3)-(f.3)) Variations of intensity of lasing signal in
CCLEs measured at θ = 0–70° at the LWE (SWE) with pumped energy based on cells 1-6,
respectively.
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Fig. 4.  (
) and  () symbols represent lasing wavelengths measured at the LWE (SWE) of
CLC reflection band (λlas(LWE) (λlas(SWE)) in Fig. 3) in the experiment and simulated
wavelengths at the LWE (SWE) of the CLC stop band in which vg→0 and DOS→∞
(λLWE(vg→0, DOS→∞) (λSWE(vg→0, DOS→∞))), respectively, at oblique angles 0°-70°.

Fig. 5. Variations of energy threshold of lasing signal at the (a) LWE and (b) SWE with
pumped energy at various oblique angles from 0 to 70°.

Figs. 2(b)-2(e), respectively) in cells 2-5 have in common that the wavelength of each at 35°
is close to the value at which the LWE, measured at an oblique angle of roughly 35°, overlaps
the SWE, measured at 0°. Briefly, λLWE(35°) = λSWE(0°) (as evident in the reflection spectra
measured at 0 and 35° (black and pink, respectively) in Figs. 3(b.1)-3(e.1)). We suggest that
beams of fluorescence with the same wavelength (λLWE(35°) = λSWE(0°)) propagating at nearly
35 and 0° may indirectly reinforce each other because of the enhancements of the associated
respective rates of spontaneous emission. This effect may be the main reason why the lasing
with λLWE(35°) is much stronger than those at other nonzero oblique angles, even if
spontaneously emitted fluorescence with this wavelength is far from the maximum (at 566nm)
of each fluorescence spectrum (Figs. 3(c.1)-3(e.1)). This work does not focus on this effect,
but a forthcoming manuscript will systematically address it. Fifth, Figs. 3(f.1)-3(f.3), based on
cell 6, reveal a very different CCLE from those based on cells 1-5, associated with which the
lasing signal at the LWE of 0° is zero and the lasing signals at the LWE of 35° and at the
SWE of 0° both decay substantially, because the fluorescence intensity within the CLCRB of
0° based on cell 6 with a longest P6 is either zero or very weak. Rather, more lasing signals are
generated at the LWEs (SWEs) at the large angles of 46-70° (35-46°). Not only are the
spontaneously emitted fluorescence intensities at the edges of these large angles all strong, but
also the simultaneous collapse of the three lasing signals at λLWE(0°), λLWE(35°) and λSWE(0°)
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similarly promotes the enhancement of the emission rate of the fluorescence that propagates at
other angles, yielding such experimental results as found in Figs. 3(f.1)-3(f.3).
This study fabricates for the first time a spatially band-tunable color cone laser that is
based on a single DDCLC cell with a pitch gradient along the cell surface which is formed by
the successive injection of the above six DDCLC mixtures into the empty cell. Figure 6(a)
presents the formed cell as well as the reflection pattern of one incident white beam from the
cell with a continuous distribution of green to red wavelengths from the left to the right of the
pattern. When the incident pulses excite the left to the right position of the cell, a spatiallyband tunable CCLE distributed from short- to long-wavelength region can be obtained, as
revealed by the patterns from the left to the right, photographed in Fig. 6(b) (which are similar
to the CCLE patterns in Figs. 2(a)-2(f)), in which the green background is produced by the
scattering of the incident pumped pulses of light.
Experimental results in a forthcoming manuscript will show that the performance
characteristics (e.g., the energy threshold and slope efficiency) of the CCLE are significantly
dependent on the degree of perfection of the CLC structure. The use of imperfect cells is one
of the possible reasons for why other authors did not observe such a wide-angle lasing for
Bragg modes.

Fig. 6. (a) Reflection pattern from DDCLC with a pitch gradient obtained under illumination by
one white light source. (b) Spatially-tunable CCLE pattern (from left to right) obtained by
excitation by incident pulses with E = 10µJ/pulse from the left to the right of the gradientpitched DDCLC.

4. Conclusion
This study demonstrates for the first time a novel band-tunable color cone lasing emission
(CCLE) based on dye-doped cholesteric liquid crystal (DDCLC) films with different pitches.
Experimental results show that the lasing band of the formed CCLE can be tuned from shortto long-wavelength region, measured within different ranges of oblique angle, with decreasing
the chiral concentration and thus increasing the pitch of the CLC. Some unique lasing features
of the formed CCLE are also identified and explained. Moreover, a spatially band-tunable
color cone laser, based on a DDCLC cell with a gradient pitch, is developed as a real
application.
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