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ABSTRACT

Various types of tunable lasing in dye-doped liquid crystals with one dimensional periodic structure have been
demonstrated. An electrical tuning of lasing wavelength has been demonstrated in a dye-doped chiral smectic liquid
crystal mixture with a short pitch helical structure which is so-called ferroelectric liquid crystal (FLC). Waveguide
configuration of FLC laser has also been proposed. also in which the lasing wavelength widely can be tuned upon the
electric filed. The electrically tunable lasing has been observed also in a focal conic structure of dye-doped cholesteric
liquid crystal. This laser action is based on a helix micro-cavity in focal conic domains. Optically pumped distributed
feedback lasing has been proposed in a dye-doped nematic liquid crystal (NLC) waveguide by holographic excitation, in
which continuous tuning of the lasing wavelength is performed upon applying electric filed. Electrical tuning of the
wavelength of the defect mode lasing in a one-dimensional periodic structure has been demonstrated using a dye-doped
NLC as a defect layer in the periodic structure. Lasing wavelength is widely tuned upon applying the electric field.
which is due to the refractive index change in the defect layer caused by the field-induced realignment of the NLC
molecules.

Keywords:
tunable photonic crystal, liquid crystal. laser action. ferroelectric liquid crystal. helical structure. cholesteric liquid
crystal, defect mode, holographic excitation

1. INTRODUCTION

Photonic crystals (PCs) having a three-dimensional (3-D) ordered structure with a periodicity of optical wavelength have
attracted considerable attention from both fundamental and practical points of view. because in such materials novel
physical concepts such as photonic band gap have been theoretically predicted and various applications of photonic
crystals have been proposed.'” Especially. the study of stimulated emission in photonic band gap is one of the most
attractive subjects, since, in the band gap, a spontaneous emission is inhibited and low-threshold lasers based on
photonic crystals are expected.'*®  So far intensive studies on one- and two- dimensional band gap materials have been
performed. In a one-dimensional periodic structure, the laser action has been expected at the photonic band edge where
the photon group velocity approaches zero.” In order to realize the photonic crystal, a large number of intensive studies
on a micro-fabrication based on a semiconductor processing technology™'® and a self assembly construction of nano-
scale spheres'""'* have been carried out.

Liquid crystals (LCs) including chiral molecule have a self-organized helical structure which can be regarded as a 1-D
periodic structure. In such systems, there is a so-called stop band in which the light can not propagate, which is
considered as a 1-D pseudo-bandgap. Lasing at the band edge has been reported in the cholesteric liquid crystal
(CLC)."*™ chiral smectic liquid crystal"® and polymerized cholesteric liquid crystal.'*'® These laser action in the 1-D
helical structure of the chiral liquid crystals are interpreted to be based on the band edge of the 1-D photonic band gap in
which the photon group velocity is suppressed.7

Chiral smectic liquid crystals with a tilted structure show a ferroelectricity, which are called ferroelectric liquid crystal
(FLC). and have an expected potential for the electrooptic applications because of a fast response to the electric field.*
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The FLC also has a helical structure and shows the selective reflection due to the one-dimensional periodic structure as
the almost same manner as the CLC.>* The helix of FLC can be easily deformed upon applying electric field and its
response is fast because of the strong interaction between the spontaneous polarization and electric field. Therefore, a
fast modulation of the lasing wavelength upon applying electric field can be expected in a dye-doped FLC.

On the other hand, LCs have a large optical anisotropy and are sensitive to an external stress such as an electric field.
‘Based on such optical amsotropy and field sensitivity. a tunable photonic crystal has been proposed in opal or inverse
opal infiltrated with LC.=’ Although opal and inverse opal are simple and inexpensive approach to realize 3-D PC
using self-organization of colloidal particles.'"'* the introduction of defects into the 3-D periodic structure is a problem
that must be resolved. Not only 3-D PCs but also one-dimensional (1-D) PCs are an attractive subject. Although. the 1-D
PC does not have a complete PBG, there are plenty of applications using extraordinary dispersion of the photon and
localized pholomc state in a defect layer. So tal intensive studies on l D PC applications have been reported: alr-brldge
microcavities®. the photonic band-edge laser’, nonlinear optical diode” and the enhancement of optical nonlmeanly
Recently we have introduced a LC layer in dielectric multilayer structure as a defect in 1-D PC*., in which the
wavelength of defect modes were controlled upon applying electric field in a basis of the change in optical length of the
defect layer caused by the field-induced molecular reorientation of LC.

In this study. we report various types of tunable lasing in dye-doped LCs with 1-D periodic structure. We successfully
demonstrate a lasing wavelength tuning in a wide range upon applying electric field for the first time. In addition, also in
the CLC. an electrically tunable laser action is observed in a focal conic structure generated by the electric field
application. We also propose two types of laser device based on the combination of LC and periodic structure for the
tunable PC. One of them is holographically pumped distributed feedback (DFB) laser using the NLC as an active core
layer of the waveguide. Another one is a wavelength tunable laser based on an electrically controllable defect mode in a
1-D dielectric periodic structure containing a dye-doped LC as a defect layer. The lasing in 1-D PC with LC defect layer
can be tuned in a wide range upon applying electric field.

2. EXPERIMENTAL

For the host compound of FLC laser. a multi-component mixture having the chiral smectic C (SmC*) phase in a wide
temperature range including a room temperature was used. 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 sandwich cells of two types of cell
configurations; one is a homeotropically aligned cell and the other is a planar cell configuration for waveguide laser. In
the homeotropically aligned cell. aluminum foils were used as both spacers determining cell thickness and electrodes.
which allows us to apply the electric field parallel to the glass substrates. The cell gap was 50um. The electrodes
distance is 2mm. In order to obtain a homeotropically aligned cell in which the smectic layers are parallel to the
substrates, surfaces were coated with a polyimide (Japan Synthetic Rubber, JALS-2021-R2). In the homeotropically
aligned cell. the helicoidal axis is perpendicular to the glass substrates. For a planar cell in which the helical axis is
parallel to the glass substrates, surfaces of glass substrates were coated with polyimide (JSR, AL1254) and were rubbed
unidirectionally. In order to apply an electric field normal to the helical axis, glass plates coated with an In-Sn oxide
(ITO) were used as substrates. Thin glass plates were used as spacers. whose thickness was about 150 um.

As an excitation source for FLC laser, a second harmonic light of a regenerative amplifier system based on a Ti:sapphire
laser (Spectra Physics) was used. The pulse width, wavelength and pulse repetition frequency of the output laser beam
were 150fs, 400nm and 1 kHz, respectively. For the homeotropically aligned cell geometry, the excitation laser beam
irradiated the sample at an angle of 45° with respect to the cell plate normal. The illumination area on the sample was
about 0.2 mm’. The emission spectra from the dye-doped FLC were measured from the opposite side of the cell. The
collecting direction was perpendicular to the cell surface, which is normal to the smectic layers and along the helical
axis. On the other hand. for the waveguide laser, the excitation laser beam irradiated the sample perpendicularly to the
cell plate and was rectangularly focused using two lenses. concave lens and cylindrical lens. to area of 0.3 mm’. 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 CCD multichannel photodetecto. The collecting direction was parallel to both the cell surface and
the helical axis.
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In the electro-tunable laser based on the CLC, the CLC host with left-handed helix was prepared by mixing an optically
active agent with a chiral center(S-811. Merck) and a nematic liquid crystal (E44, Merck). The S-811 concentration was
30 w1% in E44. As a laser dye dopant in the CLC. [2-[2-4-(Dimethylamino)pheny1]etheny1]-6-methy 1-4H-pyran-4-
ylidene propanedinitrile (DCM) (Exciton) was used. The concentration of the dye was | wt%. The sample was filled into
a sandwich cell. which consists of two glass plates coated with an ITO. In order to obtain a homogeneously aligned cell,
the surfaces were coated with a polyimide(JSR, AL1254) and rubbed. The CLCs in these cells align its director parallel
to the glass plates, that is. the helical axis is perpendicular to the glass substrates. As an excitation source for the CLC
laser. a second harmonic light of a Q-switched Nd:yttritium-aluminum-garnet laser (Spectra Physics. Qunata-Ray INDI)
was used. whose wavelength, pulse width and pulse repetition frequency were 532 nm. 8 ns, and 10 Hz, respectively.
The excitation laser beam irradiated the sample at an angle of about 45° with respect to the cell plate normal and was
focused using a lens to the area of about 0.3 mm?’. The emission spectra from CLCs were measured from an opposite side
of their cells.

For the holographically pumped DFB laser, E-44 was used as a waveguide material. As a laser dye dopant in the NLC,
DCM (Exciton) was used. The concentration of the dye was 0.7 wt%. n, and n. of this mixture are 1.53 and 1.78,
respectively (at 632.8 nm). The sample was inserted into the sandwiched cell that is composed of two ITO-coated quartz
glass substrates. The cell gap was 2.5 um. In order to obtain a planarly aligned cell. the surfaces of substrates were
coated with a poly(vinyl alcohol) (PVA) and rubbed. The PVA layer also acted as a low index clad layer (npys = 1.52).
In such a cell structure, the LC layer acts as a core layer of the slab waveguide and the electromagnetic wave can be
confined effectively in the LC layer under the total reflection condition. As an excitation source. a third harmonic light of
Q-switched Nd:YAG laser (A,:355nm. pulse width:8nm) was used. A rectangular shaped AC voltage of | kHz was
applied.

The defect mode laser based on the 1-D PC with LC defect layer was pumped by a second harmonic light of a Q-
switched Nd:YAG laser (Spectra Physics, Quanta-Ray INDI). The illumination area on the sample is about 0.2 mm’. The
excitation laser beam irradiated the sample perpendicularly to the cell plate. The emission spectra from the 1-D PC with
dye-doped nematic LC are measured from the opposite side of the cell using the CCD multi-channel spectrometer.

3. RESULTS AND DISCUSSION

3.1 Electrical tunability of lasing wavelength in dye-doped FLC

The lasing characteristics of FLC in the absence of the

electric field have been investigated. Figure | shows 0 3000 Pump Energy 420
emission spectra of dye-doped FLC as a function of pump 5 i 10.4 pJipulse ]
energy. For low pump energy (1.76yJ/pulse). the spectrum £ [ — ' 115
is dominated by a broad spontaneous emission and the dip is T 1
observed in the broad spectrum. The dip originates from the 2 2000+ 3
selective reflection band due to the helix of FLC. As the 2 s 410
excitation energy increases, the emission intensity is ig I ]
enhanced. At high excitation energy (10.4 pl/pulse), = 1000 1.76 pdipulse j 5
lasing appears as a sharp peak at the lower energy edge of '8 - "
the dip. The full width at half maximum (FWHM) of the ) I 1
emission peak is less than 0.5nm. UEJ [y ) P e SN B — = Y
400 450 500 550 600

The laser light emitted from the FLC is circularly polarized Wavelength (nm)

and the sense of the polarization is right-hand, which
coincides with the helical sense of the FLC used here. In the
stop band due to the helical structure. only the circularly
polarized light with the same sense as that of the helix
selectively interacts with the periodic helical structure and is
reflected, which is known as selective reflection. Therefore. the result of the polarization dependence measurement
strongly supports that the laser action in the dye-doped FLC is based on the band effect in a periodic structure of the FLC
helix.

Figure 1: Emission spectra of a dye-doped
FLC as a function of pump pulse energy.
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As the same manner as the case of homeotropically aligned

cell configuration, there exists a lasing threshold in the 1200 i oV
pump energy dependence of the peak intensity and 800

linewidth of the emission spectrum in.the waveguide = 400l

configuration. At lower excitation energy, the emission 2

intensity increases in proportion to the pump energy. S 0 : . :
Above the threshold at a pump pulse energy of about 10 g 1500 - 20V
pJ/pulse, the emission intensity nonlinearly increases. The £ 1000}

linewidth of the emission spectrum also drastically %‘ 500 |

decreases above the threshold. These results confirm that &

lasing occurs above the threshold of the pump energy at the £ 0 L . ——
edge of the photonic stop band in the spontaneous s 1500 |- 30V
emission. @ 1000}

Figure 7 shows laser emission spectra as a function of the UE_, 500

voltage applied perpendicularly to the helical axis. As is 0 —- 1 L
evident from the figure, the lasing wavelength shifts toward i 40V
longer wavelength with increasing voltage. In spite of a low 2000 i

field (2.0 kV/cm), a wide tuning of the lasing wavelength 1000 |

was achieved. 5

0 T T
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3.3 Electric field effect of laser action in cholesteric Wavelength (nm)

liquid crystal

Figure 8 shows applied voltage dependence of emission Figure 7: Emission spectra of a waveguide cell of
intensity and FWHM of laser action in a dye-doped CLC at dye-doped FLC at high excitation energy as a
high excitation energy. The laser light was emitted in the function of applied voltage.

direction perpendicular to the cell substrates. Above the
threshold voltage, the emission intensity is highly
suppressed and peak width becomes wider. This indicates 8000

that the laser action turns to an amplified stimulated a I out of plane emission e
emission. On the other hand, under the electric field, an 5 ’O/’o 1
intense emission with a narrow spectral width has been £ 6000y g J12 £
observed from the side of sandwich cell. This emission ; r— ]l £
parallel to the substrates has never been observed in the D 4000} ls %
absence of the electric filed. Namely, in exchange for the 2 | =
out-of-plane emission, this in-plane emission appears upon e 1 "
applying voltage. There is a threshold pump energy for the 2 20001 14
intense in-plane emission under the field. Below the g L0 --0---0~ :
threshold, the emission spectrum is broad, while the spectral w ol - \ n !

width is suddenly reduced above the threshold. This means 0 5 10 15 20 25

that the in-plane emission is laser action. Applied Voltage (V)

In order to clarify the molecular alignment in the cell under Figure 8: Voltage dependences of emission

the field, a microscopic observation has been carried out. In intensity and FWHM of out-of plane lasing of

the absence of the field, a Grandjean texture characteristic to dye-doped CLC.

the cholesteric planar alignment was observed. Above the

threshold electric field for the exchange from the in-plane

lasing to the out-of-plane one, the texture of the microscopic observation changes to the focal conic one which contains
many domains with a helix axis not perpendicular to the substrates. Therefore, the in-plane laser emission might be
attributed to the laser action from these microcavity in each focal conic domains.

Figure 9(a) shows applied voltage dependence of the in-plane laser emission spectra. As is evident from this figure, the
laser emission peak shifts toward longer wavelength as the applied voltage increases. This corresponds to the shift of the
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ADFB = Mefthex/M SiNG,

where neis the effective refractive index of active medium, A, is the wavelength of excitation beams, m is the order of
diffraction and 0 is the half-angle between two excitation beams. According to this equation, the lasing wavelength can
be tuned by changing 6 and/or n.s. Therefore, if n can be electrically controlled, an electrical tuning of laser emission
upon holographic excitation is expected. Based on this concept, we propose an electrical tuning of lasing wavelenOth
using a dye-doped nematic liquid crystal (NLC) as an active laser medium as schematically shown in Fig. 10(b). If LC
having extraordinary and ordinary refractive indices, n, and n,, is used as an active material for the laser medium, the
effective refractive n.g can be electrically controlled due to the field-induced reorientation of LC molecules. Therefore,
when a dye-doped nematic LC waveguide is holographically excited, lasing wavelength should be tuned upon changing
applied electric filed across the LC layer.

Figure 11 shows the emission spectra of the dye-doped NLC waveguide at various applied voltages. The half angle
between two excitation laser beams @ was fixed to be 65.0°. When the applied voltage V was below 0.7 V, laser emission
peak appeared at 599 nm (peak 1). Above V=0.8 V, another new peak (peak 2) appeared in longer wavelength. The peak
2 showed a continuous red-shift with increasing the applied voltage. Above V=1.0 V, the laser emission of peak 2
became multi-mode. Finally, the lasing peak 2 disappeared above 1.4 V. On the other hand, the peak 1 did not shift at all.
The intensity of peak | decreased gradually, and laser emission peak 1 disappeared above 1.1 V. Applied voltage
dependences of the lasing wavelength of peak 1 (open circle) and peak 2 (only main peak, closed circle) are shown in
Fig.11(b). The threshold voltage for the appearance of peak 2 is observed at about 0.8 V, which should be associated
with the Frederiks transition of the NLC. The electrical tuning of laser action could be performed reversibly.

10} v=0v
0.5 -/A/J-\
0
__10f V=0.7v
{72}
€ o5f ®
3 T 620 | .
§ .8 <
2 10f v=1.0v £ ¢
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£ 0 3 °
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0
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(a) (b)

Figure 11: (a) Emission spectra of the dye-doped NLC waveguide upon holographic excitation as a
function of applied voltage. (b) The applied voltage dependence of lasing wavelength of the electro-
tunable NCL laser.

In the absence of the electric field, the initial LC alignment direction (along x-axis) in the active layer lies in the incident
plane of two excitation beams and parallel to the substrates. Under such an illumination condition, both transverse
electric (TE) and transverse magnetic (TM) -guided modes in the NLC core layer feels the ordinary refractive index n, of
the NLC. When the voltage is applied, the reorientation of NLC molecules takes place in the xz-plane, so that the
effective refractive index n.y for TM-guided mode increases gradually with the field-induced reorientation of the NLC
and the lasing wavelength associated with TM-guided mode should shift to longer wavelength. Consequently, the red-
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voltage. Figure 15(a) shows voltage dependence of the lasing peak wavelength. As is evident from Fig. 15(a). a
threshold voltage exists for the peak shift and the lasing wavelength shifts toward shorter wavelengths above the
threshold of 1.1 V. This is associated with Frederiks transition of the LC in the defect layer. In Fig. 15(a), the
discontinuous change of the lasing wavelength is observed around 2.1 V. This means that the defect mode at shorter
wavelengths go out of the wavelength range of the high emission efficiency of DCM (Fig.15(b)) above 2.1 V. On the
other hand, the defect mode peak at the longer wavelengths appears in the lasing range above 2.3 V.

SUMMARY

Tunable lasing in dye-doped liquid crystals with one dimensional periodic structure was proposed. We used two
approaches to realize the tunable laser; that is, to use a self organization characteristics of chiral LC and the combination
of LC and periodic structure. The former is the dye-doped FLC and CLC, and the latter is the 1-D PC containing dye-
doped NLC as a defect and the holographically pumped DFB laser having dye-doped NLC core layer of the waveguide.
In all cases, the electrically tunable laser action was demonstrated.

This work is supported by a Grant-in-Aid for Scientific Research from the Japan Ministry of Education, Culture, Sports,
Science and Technology (14350165). We would like to show our acknowledgements to Professor W.Haase for providing
the short pitch FLC materials and to Merck KGaA for providing the photo-polymerizable CLC materials.
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