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Wide-Range Position-Tuning Lasers in Cholesteric Liquid Crystal *
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1School of Science, Shenyang Ligong University, Shenyang 110159
2State Key Laboratory of Applied Optics, Changchun Institute of Optics, Fine Mechanics and Physics,

Chinese Academy of Sciences, Changchun 130033

(Received 20 May 2013)
A wedge liquid crystal (LC) cell is designed and manufactured, and a dye-doping cholesteric LC laser formed by
mutual diffusion of the cholesteric LC with different pitches. A laser that is tunable in the 558–624 nm range is
obtained under moderate optical pumping, with a tuning range of 66 nm and a laser spectral tuning resolution
of 1 nm, so as to achieve the spatial position of a wide range of tunable lasers. The laser threshold varies at
different positions in the device, and the lasing thresholds of the dye-doping cholesteric LC cell at 40 and 9𝜇m
are 18 and 25𝜇J/pulse, respectively. The density of the photonic states is simulated in the experimental sample,
and the result is in good agreement with the photonic band gap in our experiment, which not only explains the
low-threshold laser at the band gap edge, but also predicts the experiment.

PACS: 42.55.Tv, 42.79.Kr, 42.70.Hj DOI: 10.1088/0256-307X/30/8/084206

The lasing properties of cholesteric liquid crystals
(CLCs) have attracted considerable attention.[1−14]

Laser dye is doped in a planar arrangement in
cholesteric liquid crystal (LC) devices. According to
Fermi’s golden rule, the rate of spontaneous emission
is proportional to the density of the photonic states
in the media, which promotes the appearance of laser
emission near the selective reflection band edge. A
sharply enhanced density of states at the band-edge of
the photonic band gap (PBG) leads to a low-threshold
lasing operation near the band-edge for moderate opti-
cal pumping.[1−4] The PBG has a central wavelength
𝜆 = 𝑛𝑝, and helical pitch 𝑝 = 1/(𝑐 · 𝑃HTP), where
𝑛 is the average refractive index, 𝑃HTP is the heli-
cal twisting power, and 𝑐 is the concentration of the
chiral agent. The pitch 𝑝 is very sensitive to its envi-
ronment, such as the temperature, mechanical stress,
electric, magnetic and acoustic fields.[5,6] Thus a tun-
able laser could be achieved under different external
field conditions. The photonic crystal tunable laser
based on LCs has wide applications in optical displays,
optical communication, photonic integration and bio-
medical engineering, etc, because of its simple produc-
tion process, less optical loss, low-threshold and small
volume.[4,7,8] However, a large number of investiga-
tions show that tunable LC lasers are controlled by
an electric field and temperature.[7]

If a spatial pitch gradient is formed in a dye-
doping CLC cell, the output laser wavelength can be
tuned. A spatial pitch gradient is built-in by var-
ious means, such as a thermal gradient control in

a fixed chiral dopant concentration, a position con-
trol of UV curing, and diffusion between two chiral
dopant concentrations.[8−13] In this Letter, in order to
achieve a wide-range tunable wavelength, CLCs with
two kinds of dye-doping concentrations are injected
into a wedge cell. The wedge cell provides discontinu-
ous pitch jumps, which can easily be tunable for CLC
lasers.

An ITO glass substrate was coated by a poly-
imide orientation film, and the wedge cells were fab-
ricated using spacers at two different sizes of 9µm
and 40µm, and then sealed and solidified. Their
structure is shown in Fig. 1. Two kinds of dye-doped
CLCs were produced, one is composed of a nematic
LC (TEB30A), chiral agent (S811), and laser dye
(PM580), and their concentrations are 69%, 29%, 2%,
respectively. The other is composed of nematic LC
(TEB30A), chiral agent (S811), and dye (DCM), with
concentrations of 72.4%, 25.6%, 2%. Two kinds of dye-
doped CLCs were mixed by a magnetic stirrer. In or-
der to mix them thoroughly, the mixing time was more
than nine hours. They were then injected into the cell
by half-filling. Finally, the CLC wedge cells were kept
at room temperature for more than two weeks to de-
velop a pitch gradient through diffusion of the helical
rotatory power.

Due to the formed pitch gradient in this device,
different colors were seen at different positions of the
cell under white light, as shown Fig. 2(a). The obvious
planar texture was observed by an orthogonal polar-
ization microscope. This phenomenon indicates that
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it has a screw period arrangement, with the helix axis
perpendicular to the glass substrate, and minor color
changes are observed in different shooting positions,
as shown in Fig. 2(b).
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Fig. 1. Schematic diagram of the wedge cell.
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Fig. 2. (a) Photographic image of the wedge cell, and (b)
polarized microscope images at different spatial positions.
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Fig. 3. The measurement device of the laser radiation
spectrum.

The experimental device is shown in Fig. 3. A
second-harmonic 𝑄-switched Nd:YAG laser at 𝜆 =
532 nm was employed to pump the dye-doped CLC
sample. Its pulse width and repetition rate were 20 ns
and 5Hz, respectively. The pump beam was focused
by a lens and its waist at the focal point was 500µm.
The angle was 45∘ between the pumping beam and the
normal line of the sample surface. A laser radiation
spectrum was measured by the optical fiber probe of
the spectrometer (Avantes), which is perpendicular to
the glass substrate.

The transmitted and laser radiation spectra were
measured at different positions of the cell, as shown
in Fig. 4. The transmitted spectrum was vertically
measured by a UV spectrophotometer (UV757CRT),
as shown in Fig. 4(a). The photonic band gap move-
ments can be clearly observed in the figure. The pho-

tonic band gap edge changes when incident light irra-
diates at different locations. The long wave edge was
detected with measurement locations with LC cells at
thicknesses of 2, 4, 6, 8, 10, and 12 mm, and they
are 648, 639, 624, 614, 606, and 594 nm, respectively,
with a movement of 54 nm. Based on the characteris-
tics of the photonic band gap in the planar arrange-
ment states of CLCs, the long wavelength band edge
of the stop band is 𝜆 = 𝑛𝑒𝑝, 𝑛𝑒 = 1.692 (TEB30A), so
the pitches were 382, 377, 368, 362, 358, and 351 nm,
respectively, and then the stimulation emission wave-
lengths were 622, 605, 591, 582, 573, and 561 nm, re-
spectively. This phenomenon indicates that it has a
position dependent pitch gradient. There is a mis-
match between the laser emission wavelength and the
edge of the photonic band-gap long wave because of
the angle between the pumping beam and the helix
axis.[14] The relation between the central wavelength
of the stop band (𝜆) as a function of 𝜃 can be described
as 𝜆 = 𝑛𝑝 cos 𝜃.[15] The photonic band gap has a blue-
shift when changing incident angles, which affects the
laser output location.
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Fig. 4. (a) The transmission spectrum measured by
a UV spectrophotometer (UV757CRT) at different posi-
tions. (b) Corresponding to the (a) position of the laser
radiation spectrum.

For an angle of 45∘ between the incident light and
the normal of the sample surface, as the focused pump-
ing beam scans continuously across the wedge cell
from the thick to thin part, the output laser spec-
trum was measured, as shown in Fig. 5. It can be
seen that the stimulated emission wavelength has a
minimal change in the range 0–3mm, which indicates
that the concentration gradient is not obvious, and
cannot be formed in the region due to the long size
of the box. However, according to a property of the
wedge cell, surface anchoring is dominant compared
with bulk torque, resulting in pitch elongation, and
subsequently it has a minimal change in lasing wave-
length in this region. However, in the range from
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3 to 13 mm, not only pitch elongation but also con-
centration gradient were formed. Thus, a wide-range
wavelength tunable laser was achieved over a range of
56 nm, from 558 nm to 614 nm, with an accuracy of
1 nm in this region.
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Fig. 5. The laser line as a function of spatial position,
with the inset the laser line spectrum.
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Fig. 6. The laser emission intensity as a function of pump-
ing energy at different locations.

Nevertheless, three discontinuous laser peaks arose
in the range 6.2–6.7mm. There are three possible rea-
sons for this, as follows. (1) Two of the mixed dye-
doping CLCs are not uniform, which leads to abnor-
mal laser emittance. (2) The alignment film of the LC
glass substrate is not flat, and the geometry gradient
in the wedge cell may not be continuous. (3) In order
to satisfy the geometry gradient in the wedge cell, the
pitch is elongated. However, due to the boundary con-
dition effect, this will be a sudden transition when the
two adjacent pitches extend to 𝑃/2 (𝑃 is the screw
pitch). In this experiment, the measurement position
just falls on it. Further reducing the spot size of the
pump source will increase the tuning accuracy. At the
same time, the hopping phenomenon in every position
of the pitch extending to 𝑃/2 will be detectable. Fig-
ure 6 shows the laser emission intensity as a function
of pumping energy in the dye-doping CLC cell. Due
to different doping concentrations and cell gaps in dif-
ferent positions, the laser thresholds were 25µJ, 18µJ

at the thinnest (about 9µm) and the thickest (about
40µm) positions in the cell, respectively.

Finally, the CLC laser was prepared. According to
the device parameters, the density of photonic states
(DOS) was simulated in the experimental sample. The
tuning characteristics of the output laser wavelength
and the threshold characteristics were measured and
analyzed. The effect of the pitch change in the cell
on the output laser wavelength tuning characteristics
was investigated and discussed.

The curve distribution of the DOS was simulated
in this sample based on Blinov’s simulation for a trans-
parent plate and a transparent CLC.[16] The DOS is
inversed in a group velocity and defined as the den-
sity of wavevectors per unit volume and unit angular
frequency, and can be deduced from the transmission
coefficient of the CLC.[16−18] In order to find the DOS
for the dye-doped CLC laser, the light absorption was
ignored in the CLC layers and we can write the trans-
mission coefficient of the CLC[17] as

𝑡 =
4𝜋𝛽𝑒𝑖2𝜋𝐿/𝑝

4𝜋𝛽 cos(𝛽𝐿) + 𝑖𝑝(𝛽2 − 𝑘2 + (2𝜋/𝑝)2) sin(𝛽𝐿)
,
(1)

where 𝐿 is the CLC cell thickness, and 𝑝 is the he-
lical pitch of the CLC. ±𝛽 are the wavevectors of
the two circularly polarized eigenwaves, which suffer
Bragg diffraction upon propagation in two opposite
directions along the helical axis and satisfy

𝛽2 = 𝑘2 +
(︁2𝜋

𝑝

)︁2

− 𝑘

√︃
16𝜋2

𝑝2
+ 𝑘2𝛿2. (2)

Here, 𝑘2 = (𝜔/𝑐0)
2⟨𝜀⟩, with 𝑐0 being the ray velocity

and 𝜔 the angular frequency; ⟨𝜀⟩ = (𝜀|| + 𝜀⊥)/2 is the
average dielectric permittivity; and 𝛿 is the anisotropy,
𝛿 = (𝜀|| − 𝜀⊥)/(𝜀|| + 𝜀⊥). The real part (𝑋) and the
imaginary part (𝑌 ) of the transmission of CLC are
expressed as[17]

𝑋 =
16𝜋2𝛽2 cos(𝛽𝐿)

16𝜋2𝛽2 + 𝑘4𝛿2𝑝2 sin2(𝛽𝐿)
, (3)

𝑌 =
4𝜋𝛽(𝛽2𝑝2 − 𝑘2𝑝2 + 4𝜋2) sin(𝛽𝐿)

16𝜋2𝛽2𝑝+ 𝑘4𝛿2𝑝3 sin2(𝛽𝐿)
. (4)

Thus, for the calculation of DOS, we only need to cal-
culate the complex transmission coefficient 𝑡 = 𝑋+𝑖𝑌 .
Since the total phase (𝜙) accumulated by the light
wave during propagation through the whole sample is
𝜙 = 𝑘𝐿 and tan𝜙 = 𝑌 (𝜔)/𝑋(𝜔), the DOS is deduced
as[17,18]

𝜌(𝜔) =
𝑑𝜙(𝜔)

𝐿𝑑𝜔
=

1

𝐿

𝑌 ′𝑋 −𝑋 ′𝑌

𝑋2 + 𝑌 2
. (5)

In this device, the cell thickness and pitch are changed
in different positions. According to the sample’s pa-
rameters (cell thickness and helical pitch), the DOS is
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simulated. The distribution of the DOS is shown in
Fig. 7(b), and the curve distribution is in good agree-
ment with the PBG in our experiment (Fig. 7(a)),
which not only explains the edge of the forbidden band
low-threshold laser, but also predicts the experiment.
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Fig. 7. (a) The transmission spectrum of the experi-
ment. (b) The distribution of the density of photonic
states (DOS) at different positions (the arrows denote the
different positions in the device).

In summary, a pitch gradient of the dye-doping
CLC wedge cell is designed and manufactured. Based
on this, a wide range of tunable LC lasers are ob-
tained. Two kinds of dye-doping CLCs are injected
into a wedge cell by the half-filled method, and then
the PBG characteristics and the spatial position of
the output laser tuning properties are measured and
analyzed at different positions of the device. The tun-
able laser at wavelengths from 558 nm to 624 nm is ob-
tained under 532 nm 𝑄-switched laser pumping. The
tuning range is 66 nm. Finally, the laser thresholds of

the device are measured, different thresholds are ob-
tained at different locations, and the maximum laser
threshold is 25µJ. The DOS is simulated for the de-
vice, and the agreement between the simulations and
the experimental results not only explains the edge of
the forbidden band low-threshold laser, but also pre-
dicts the experiment.
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