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Laser action in a waveguide configuration has been demonstrated in a planar alignment cell of

dye-doped chiral smectic liquid-crystal mixtures with a short pitch helical structure. In this

configuration, doped dye can effectively be excited by a pump beam illuminating perpendicularly

the helical axis and the laser light emitted along the helical axis propagates in the waveguide. Lasing

wavelength can be tuned by adjusting the periodicity of the helical pitch upon applying the electric

field. © 2003 American Institute of Physics. @DOI: 10.1063/1.1580992#

Photonic crystals having a three-dimensional ordered

structure with a periodicity of an optical wavelength have

attracted considerable attention from both fundamental and

practical points of view, because physical concepts, such as a

photonic band gap, have been theoretically predicted and

various applications have been proposed.1–9 Also, in a one-

dimensional periodic structure, the laser action has been ex-

pected at the photonic band edge where the photon group

velocity approaches zero.10

Liquid crystals, including chiral molecules such as cho-

lesteric and chiral smectic liquid crystals, have self-

organized helical structures. In such chiral liquid crystals

with the helical structure, the light propagating along the

helical axis is selectively reflected depending on the polar-

ization states ~right- or left-hand sided! if the wavelength of

the light matches the optical pitch of the helical structure,

which is a so-called selective reflection. The wavelength re-

gion in which the light cannot propagate is the stop band,

which is considered as a one-dimensional pseudoband gap.

Lasing at the band edge has been reported in the

cholesteric,11–14 chiral smectic15,16 and polymeric cholesteric

liquid crystals.17–19

Chiral smectic liquid crystals with tilted structure show a

ferroelectricity, which is called ferroelectric liquid crystal

~FLC!, and have an expected potential for the electro-optic

applications because of the fast response to the electric

field.20 The helical structure of FLC can be easily deformed

upon applying electric field and the helical pitch can be

changed with a response time of the order of microsecond.

Namely, the lasing wavelength can be expected to be con-

trolled quickly upon the electric field.

Lasing in the liquid crystals has been performed in the

cell configuration in which a helical axis is perpendicular to

the substrates and laser light is emitted out perpendicularly to

the cell surface. In this configuration, it is not easy to achieve

alignment of high quality in a thick cell, so that it is difficult

to extend an active region for the lasing. Moreover, a pump

beam is absorbed in the vicinity of the interface between

liquid crystal and substrate, and doped dye in a bulk is not

effectively excited.

In this letter, we design a planar cell configuration of

dye-doped FLC for lasing and demonstrate optically pumped

lasing in a waveguide. In this waveguide liquid-crystal laser,

emission wavelength can be widely controlled by applying

electric field.

The FLC compound used in this study is a multicompo-

nent mixture having the chiral smectic C (SmC*) phase in a

wide temperature range including a room temperature

(;0 °C to 68 °C). A molecular tilt angle and spontaneous

polarization at 30 °C are 26° and 55 nC/cm2, respectively.

As a laser dye doped in the FLC, a Coumarin 500 ~Exciton!

was used. The concentration of the dye is 0.2 wt %. The

sample was filled into a sandwich cell, which consists of two

glass plates. In order to obtain a planar cell in which the

helical axis is parallel to the glass substrates as in Fig. 1,

surfaces of glass substrates were coated with polyimide

~AL1254, Japan Synthetic Rubber! and were rubbed unidi-

rectionally. Thin glass plates were used as spacers, whose

thickness was about 150 mm. In order to align the liquid-

crystal molecules perpendicularly to the spacers at the inter-

faces between the spacer and liquid crystal, the edge of

spacer glass was coated with polyimide for a homeotropic

alignment ~JALS-2021-R2, Japan Synthetic Rubber!. In or-

der to apply an electric field normal to the helical axis, glass

plates coated with an In–Sn oxide were used as substrates.

As an excitation source, second-harmonic light of a re-

generative amplifier system based on a Ti:Sapphire laser

~Spectra Physics! was used. The pulse width, wavelength,

and pulse repetition frequency of the excitation laser beam

were 150 fs, 400 nm, and 1 kHz, respectively. The excitation

laser beam irradiated the sample perpendicularly to the cell

plate and was rectangularly focused using two lenses, con-

cave lens and cylindncal lens, to area of 0.3 mm2 as shown

in Fig. 1. The long axis of the irradiated area on the sample

is parallel to the helical axis of the FLC. The emission along

the helical axis passed through the spacer glass film and went

outside the cell. The spectrum of the light emitted through

the glass spacer was measured using a charge-coupled-a!Electronic mail: ozaki@ele.eng.osaka-u.ac.jp
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device ~CCD! multichannel photodetector ~Hamamatsu Pho-

tonics, PMA-11! having spectral resolution of 3 nm. For the

measurement with a higher resolution, a spectrograph ~Oriel

MS257! with a CCD detector having spectral resolution of

0.3 nm was used. The collecting direction was parallel to

both the cell surface and the helical axis as shown in Fig. 1.

Figure 2 shows the emission spectra of the dye-doped

FLC as a function of the excitation pulse energy at 22 °C.

For low excitation energy ~2.53 mJ/pulse!, the spectrum is

dominated by a broad spontaneous emission and the dip is

observed in the broad spectrum. The wavelength of the dip

shown in Fig. 2 coincides with that of the stop band for the

FLC. This dip is wider than that of homeotropically aligned

cell. As the excitation energy increases, the emission inten-

sity is enhanced. At high excitation energy ~36.0 mJ/pulse!, a

sharp emission peak appears at the edge of the dip. The full

width at half maximum ~FWHM! of the emission peak

shown in Fig. 2 is about 0.5 nm, which is limited by the

spectral resolution of our experimental setup ~0.3 nm!. It

means that the FWHM of the lasing spectrum at high exci-

tation energy is less than 0.5 nm.

The peak intensity and linewidth of the emission spec-

trum are shown in Fig. 3 as a function of the pump pulse

energy. There exists a lasing threshold. At lower excitation

energy, the emission intensity increases in proportion to the

pump energy. Above the threshold at a pump pulse energy of

about 10 mJ/pulse, the emission intensity increases nonlin-

early. The linewidth of the emission spectrum also drastically

decreases above the threshold. These results confirm that las-

ing occurs above the threshold of the pump energy at the

edge of the photonic stop band in the spontaneous emission.

The threshold pump energy for lasing would be lowered by

optimizing a doped laser dye, a concentration of the dye, and

cell geometries such as thickness and smectic layer arrange-

ment.

In order to confirm the contribution of the helix to the

laser action, the temperature dependence of the emission

spectra was studied. Figure 4 shows emission spectra below

and above the lasing threshold at various temperatures. The

dip in spontaneous emission spectrum due to the stop band at

low pump energy shifts with temperature, which corresponds

to the change in the helical pitch of the host FLC. The helical

pitch of FLC used in this study increases with increasing

FIG. 1. Schematic diagrams of the cell configurations for the laser action in

the liquid crystal.

FIG. 2. Emission spectra of a dye-doped FLC as a function of pump pulse

energy.

FIG. 3. Pump energy dependence of the peak intensity and linewidth

~FWHM! of the emission spectra.

FIG. 4. Temperature dependence of the emission spectra below and above

threshold excitation energy for the lasing.
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temperature. Therefore, the stop band shifts toward a longer

wavelength as the temperature increases.

As is evident from Fig. 4, the lasing wavelength also

shifts with temperature according to the shift of the stop

band. This clearly indicates that the laser action in the wave-

guide is based on the periodic structure of the FLC helix.

The helical pitch of the FLC can be controlled also by

the electric field, and the FLC should show a fast response of

the molecular reorientation to the field because of a strong

interaction between spontaneous polarization and the electric

field. Figure 5 shows laser emission spectra as a function of

the voltage applied perpendicularly to the helical axis. As is

evident from Fig. 5, the lasing wavelength shifts toward a

longer wavelength with increasing voltage. In spite of a low

field ~2.0 kV/cm!, a wide tuning of the lasing wavelength

was achieved.

FLC has a spontaneous polarization Ps which points

normal to the molecules and parallel to the smectic layers. In

the absence of the electric field, the helical structure is

formed. Namely, the long molecular axes of the FLC tilting

with respect to the layer normal rotate around the layer nor-

mal ~helical axis! from one layer to the next. In this structure,

Ps of the molecules also rotates around the helical axis.

When the electric field is applied parallel to the layer, i.e.,

perpendicular to the helical axis, Ps intends to point along

the field direction and FLC molecules also intend to orient to

the direction normal to the field, resulting in the deformation

of the helix and the increase in the helical pitch. The helical

pitch monotonously increases as the voltage increases below

the critical voltage which completely unwounds the helical

structure. The shift of the lasing wavelength shown in Fig. 5

originates from the elongation of helical pitch caused by the

field application. Therefore, a high-speed modulation of the

laser action is expected using the dye-doped FLC. The ap-

plications to the light source of the optical communication

and the Q-switched or active mode-locked lasers using the

FLC can be expected.

In conclusion, we propose a waveguide laser device

based on a dye-doped FLC whose lasing wavelength could

be tuned by the electric field. In this device, the axis of the

helicoidal periodic structure of FLC is parallel to the sub-

strate and doped dye can be effectively excited by the illu-

mination of the pump beam perpendicularly to the helical

axis.
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FIG. 5. Laser emission spectra as a function of the voltage applied perpen-

dicularly to the helical axis.
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