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Threshold improvement in uniformly lying helix cholesteric liquid crystal
laser using auxiliary n-conjugated polymer active layer

Hiroyuki Yoshida,® Yusuke Shiozaki, Yo Inoue, Masaya Takahashi, Yasuhiro Ogawa,

Akihiko Fuijii, and Masanori Ozaki

Division of Electrical, Electronic and Information Engineering, Graduate School of Engineering,
Osaka University, 2-1 Yamada-oka, Suita, Osaka 565-0871, Japan

(Received 1 March 2013; accepted 6 May 2013; published online 23 May 2013)

We propose a device structure to lower the lasing threshold of a uniformly lying helix cholesteric
liquid crystal (ChLC) laser. We place a m-conjugated polymer active layer beneath the ChLC layer
to provide auxiliary gain, and demonstrate an improvement in the lasing threshold by a factor of
2.3. We also perform finite difference time domain calculations coupled with rate equations for a
four-level system, and clarify the effect of the additional active layer on both the photonic density
of states and the inversion population density. Although the addition of an extra layer lowers the
photonic density of states, the gain provided by the auxiliary layer is sufficient to overcome the
losses and decrease the lasing threshold. Our concept is useful for obtaining high-performance
ChLC lasers. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4807402]

. INTRODUCTION

Cholesteric liquid crystals (ChLCs) are known to self-
organize into helical structures with periodicities of a few
hundred nanometers and therefore possess a reflection band
between n,p and n,p, where n,, n,, and p are the ordinary re-
fractive index, extraordinary refractive index, and helical
pitch, respectively. Owing to the enhancement of the density
of states (DOS) at the reflection band edge, laser action can
be realized by doping an appropriate gain medium (usually
laser dyes) into ChLCs. In addition, the stop band can be eas-
ily controlled by external stimuli such as temperature, elec-
tric field, light, and elasticity. Consequently, ChLCs have
attracted interest as compact, low-cost, and tunable coherent
light sources.'™

Recent studies on ChLC lasers have focused on develop-
ing new materials and/or device structures to improve the
performance, i.e., the threshold and the efficiency, of the de-
vice. One of the most popular approaches to lowering the
threshold of ChLC laser devices is to increase the photonic
DOS at the lasing mode. This has been achieved, for exam-
ple, by introducing a structural defect in the perfect helical
lattice,*® or by confining ChLCs between two reflecting
surfaces, such as a pair of dielectric multilayers.”® On the
other hand, while the simplest approach to increasing the
photonic DOS is to increase the cavity length of the helical
periodic structure,” implementing this concept in a conven-
tional ChLC laser with planar alignment (with the helical
axis oriented perpendicular to the substrates) has not been so
successful, because exponential decay of the excitation light
owing to absorption leads to a non-uniformity in the inver-
sion population density, and sets a maximum cavity length
above which the threshold starts to increase.'”

We have previously demonstrated that lowering of the
threshold by increasing the cavity length becomes possible if
the helical axis is oriented in the cell-plane direction.
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Compared with the thickness of the cell, which is usually a
few micrometers thick, aligning the helix in the cell-plane
direction allows the cavity to be much longer (~mm), lead-
ing to a dramatic enhancement of the DOS. Using this
so-called uniformly lying helix (ULH) structure, we demon-
strated reduction in the lasing threshold by more than a fac-
tor of 10 compared with planar ChLC lasers.'"!?

Another important parameter related to the threshold
characteristics of a laser is the gain. In a dye-doped ChLC
laser, the net gain attainable is not very high, even with the
use of a laser dye, because the device is small and the
amount of dye that can be doped in the ChLC is limited by
the onset of quenching. However, while extensive studies
have been performed to enhance the photonic DOS, studies
devoted to enhancing the gain of the laser are limited since it
is dependent on the development of new materials with high
fluorescent properties.'? In this study, we show that the gain
of the system can be increased by inserting an auxiliary gain
layer in a ULH ChLC laser between the ChLC layer and the
substrate, and that it is effective in further reducing the lasing
threshold. We experimentally demonstrate reduction in the
lasing threshold by a factor of 2.3 by employing a fluorescent
n-conjugated polymer active layer. We also clarify the effect
of the auxiliary active layer on the photonic DOS and the
total gain achieved, by analyzing the system by the finite dif-
ference time domain (FDTD) method including auxiliary dif-
ferential equations (ADEs) describing stimulated emission
from a four-level gain medium.'*"”

Il. EXPERIMENTAL PROCEDURE

Two samples were prepared in this study: a ULH ChLC
laser with the auxiliary active layer and a reference sample
without the active layer. The ChLC material was prepared
by doping a right-handed chiral dopant (Merck, R-811) and a
laser dye 2-[2-4(dimethylamino)phenyl]ethenyl- 6-methyl-
4H-pyran-4-ylidene propanedinitrile (Exciton, DCM), at
concentrations of 33 and 1.0 wt. %, respectively, in a nematic

© 2013 AIP Publishing LLC
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FIG. 1. Absorbance and PL spectra of DCM and MDDO-PPV.

LC host (Merck, E44). This material has been investigated
before and is known to have the long edge of the selec-
tive reflection band at ~600nm.'*'® A 7-conjugated poly-
mer, poly(2-methoxy-5-dodecyloxy-p-phenylenevinylene)
(MDDO-PPV) was synthesized in house'®?* and used as the
auxiliary gain medium. Figure 1 shows absorption and pho-
toluminescence spectra of the two materials. The materials
have approximately the same absorption and fluorescence
peaks, indicating that both materials can contribute equally
to laser action.

The laser device was fabricated by assembling a sand-
wich cell using two glass substrates, and infiltrating the
ChLC in the cell gap. Of the two substrates, one had interdi-
gitated electrodes made from Cr/Au (20 nm/80 nm), with an
electrode-gap of 100 um. MDDO-PPV was spin-coated onto
the substrate without the electrodes to form a film approxi-
mately 0.5 um thick. The substrates were coated with a thin
polyimide layer to induce homeotropic alignment (JSR,
JALS-2021-R2) and assembled into a sandwich cell with a
gap of ~1 um. The ChLC was infiltrated into the cell above
the clearing point (75 °C) and was cooled to 27.5 °C at a rate
of 1 °C/min, while applying a square-wave electric field with
an amplitude and frequency of 1.0 V/m and 1kHz, respec-
tively, between the electrodes.'? The reference sample was
prepared by the same procedure, except that the MDDO-
PPV layer was not coated on the substrate. ULH alignment

( )

Lasing
To detector|

CL LWPP BS L S L CF
FIG. 2. Optical setup of the laser experiment. L: Pump Laser; CL:
Cylindrical Lens; L: Lens; WP: Wave Plate; P: Polarizer; BS: Beam
Splitter; S: Sample; CF: Color Filter; BF: Bundle Fiber; SM: Spectrometer

with CCD detector; C: USB Camera.
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of the ChLC between the electrodes was confirmed by polar-
ized optical microscopy.

The lasing characteristics of the two samples were eval-
uated by optically pumping the sample with the second har-
monic (A=532nm) of a mode-locked Nd:YAG laser
(Ekspla, PL2201) with pulse width and repetition rate of
100ps and 100 Hz, respectively. The excitation beam was
focused using relay optics to excite a rectangular area
approximately 100 um long and 10 um wide, with the long
axis parallel to the electrodes (along the helical axis). The
emitted light was measured with a spectroscope (Horiba,
TRIAX320) and CCD detector (Horiba, Symphony) in the
direction parallel to the substrates, i.e., along the helix axis.
The experimental setup is schematically shown in Fig. 2.

lll. SIMULATION

To describe the lasing phenomenon occurring in the
ChLC, we coupled Maxwell’s equations with rate equations
of the electron population in a four-level gain medium, and
performed numerical calculations using the FDTD algo-
rithm.?"** The time-dependent electromagnetic field propa-
gating in the x-z plane obeys the following Maxwell’s
equations:

OH (x,z,t
AXE(va,t):_HO%a (1
A x H(x,2,1) = 20i() & %’t 20, ap(g,tz, L

where ¢, and p, are the dielectric permittivity and the mag-
netic permeability in vacuum, respectively. P is the polariza-
tion density, which provides gain in the system. We describe
P using the Lorentz oscillator model

ap ar 7, €
W‘FAWQE“FCU“P— —V—%ANE, (3)

C
where Aw, = 1/131 +2/T, is the full width at half-
maximum (FWHM) linewidth of Iuminescence, t; (i, j =0,
1, 2, 3) is the lifetime of transition from states i to j, T is the
mean time between dephasing events, w, = 2nc/4, is the
central frequency of emission, AN(x,z,¢) is the difference
between electron numbers at levels 2 and 1, y, = 1/15;, and
9. = €*/m - w,/(6meyc?) is the classical rate related to radia-
tion based on electron transition, where e is the electron
charge, m is the electron mass, and c is the speed of light in
vacuum.

The electron densities at each energy level (No, Ny, N,
and N;) follow the rate equations:

dN3 N3
EB PNy — 2, 4
dt 0 32 “)
dN N 1 oP N
Ny _Ns 1 g O Mo 5)

a, (6)
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dN N
== _P,Ng+ -1, @)
dt T10

where P, is the pumping rate of the electrons in the ground
state Ny to the highest excited state N3. The total electron
density N = Ny + N1 + N, + N3 is constant and depends on
the type of active medium.

The behavior of the system upon exciting the system is
simulated by assuming an arbitrary pump rate P,( and inves-
tigating how E and H evolve with time. However, in the
experiment, pumping is not uniform, but decays exponen-
tially because of light absorption. To account for this effect,
we provided an exponentially decaying pump rate in the
direction of the impinging pump beam according to the
equation:

P,(x) = P,y X o= 8)

where o is the absorption coefficient of the gain medium.
The emitted beam, on the other hand, was assumed to propa-
gate without loss in the ChLC.

The two types of ChLC laser were analyzed using the
two-dimensional models illustrated in Fig. 3. The dimensions
of the device were the same as those described in the experi-
mental section except that the length of the cavity was set to
30 um to shorten the calculation time, and the polyimide
alignment layer was not included because it was extremely
thin (~10nm) and smaller than the spatial grid size used for
calculation. The pump beam was assumed to impinge on the
sample from the —x direction (gradually decaying in the +x
direction), and light propagating in the +:z direction was
monitored to investigate the lasing phenomenon. The param-
eters used to describe each material are summarized in
Tables I and II. The total electron density in MDDO-PPV
was estimated from the value of DCM using the fact that the
electron density is directly proportional to the absorption
coefficient (assuming that the two media have the same

d\Dye-doped ChLC OMDDO-PPV ?Glass ?PML

\ ¥

0.5 um
0.5 um

1.0 um

0.5 um

i/_?S um 30 um 05 um
z
(a)
?Dye-doped ChLC ?Glass ?PML
I

x 0.5 um 30 um
& (b)

0.5 um
1.0 um

0.5 um

6.5 pum

FIG. 3. ChLC laser models in FDTD calculation (a) with and (b) without
MDDO-PPV active layer. The pump beam is assumed to impinge on the
sample from the —x direction.
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TABLE I. Material parameters of ChLC, MDDO-PPV layer, and substrate.
Value of N for the ChLC was taken from Ref. 9. Values of o were obtained
experimentally.

Material n p (nm) N (cm™) a(em™h
ChLC n, = 1.50n, = 1.70 353 24 %10 1.1 x 10°
MDDO-PPV 1.69 1.3 x 102 6.0x 10*
Substrate 1.50 e 0 0
TABLE II. Parameters used to solve the rate equations.

g (nM) T> (s) 32 (8) 721 (8) Tio (8)
600 7.63 x 10713 1 x 1071 1x107° 1 x 1071

absorption profile).>* Because of the similarity of the fluores-
cence properties, the same values were used for the relaxa-
tion times of MDDO-PPV and DCM, choosing values
similar to those available in the literature.'®**%7 Perfectly
matched layer absorbing boundaries were placed around the
device to eliminate interference effects,28 and the space and
time steps, Ax and At¢, were chosen to be 20nm and
4.71 x 107" s, respectively.

IV. RESULTS AND DISCUSSION

Figure 4 shows the experimental and calculated lasing
spectra of the ChLC lasers with and without the auxiliary
MDDO-PPV active layer. Regardless of the presence of
MDDO-PPV, a sharp emission peak was obtained near 600 nm,
in agreement with theoretical expectations, Ajuine = n.p. There
was a slight offset in the lasing wavelength between the experi-
ment and simulation, which is believed to have resulted from
fluctuations in the pitch and cell thickness. Also, the difference
in the lasing wavelength between the two devices in the simula-
tion is likely attributed to the difference in the effective refrac-
tive index of the two waveguides. The circular polarization of
the emitted beam shown in the inset of the figure, however,

10+ w/ MDDO-PPV layer
. — Experiment
— FDTD
—~ 1
2
c 05 o o
=
el - - T
= -
< ] ] |1 &
> 00
‘@ 10+ w/o MDDO-PPV layer
g . — Experiment
b= i — FDTD
1
05 i ! U-Q
= -1 T
A0
| X
0.0 ] | |

580 590 600 610 620 630
Wavelength (nm)
FIG. 4. Emission spectra of ChLC laser (a) with and (b) without MDDO-

PPV active layer, obtained by experiment and FDTD calculations. Inset
shows the polarization of the emitted beam.
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Pump Energy (mJ/cmZ/puIse)

FIG. 5. Laser threshold characteristics of the two ChLC lasers obtained
experimentally.

clearly indicates that the sharp emission peak is due to distrib-
uted feedback lasing from the helical structure of the ChLC.*’

Figure 5 shows the threshold characteristics of the ChLC
laser. It is clear that the proposed device with the auxiliary
active layer has a much lower threshold than the conventional
device without the auxiliary active layer. The thresholds were
0.083 and 0.195 mJ/cm?*/pulse for the device with and with-
out the MDDO-PPV layer, respectively, indicating an
improvement in the lasing threshold by a factor of 2.3. The
threshold values cannot be compared directly with those
reported by other groups, since experimental conditions such
as the pulse width, repetition rate, and spot-size of the of the
pump beam are different. Nevertheless, to the best of our
knowledge, the energy required per pulse (0.83 nJ/pulse) is
the lowest achieved to date for ChLC lasers, lower by an
order of magnitude or more compared to values achieved by
other methods, such as band-edge excitation®® or doping of
high-performance dyes.>' This undoubtedly shows the effec-
tiveness of our approach.

We discuss the improvement achieved in the lasing
threshold by showing how the photonic DOS and gain of the
cavity are modulated by the auxiliary active layer. The DOS
determines the threshold gain required for lasing to occur, as
it is related to the effective reflectance R at the lasing
wavelength

» DOS/(n/c)—1

R =Dosimjey+1°

9
which is further related to the threshold condition for lasing

1
ac,hzoc;—ilnRz, (10)

where oy, is the threshold gain, o; is the loss (which in our
calculations has been assumed to be negligible), and L is the
cavity length.”

Unlike the planar (bulk) ChLC structure in which the
DOS can be obtained analytically, it is not so straightforward
to obtain the DOS in the ULH structure, because of wave-
guiding effects. We can, however, obtain the DOS numeri-
cally by observing the photon lifetime 7. in the cold cavity,
using the relationship DOS = t./L. Figure 6 shows the

J. Appl. Phys. 113, 203105 (2013)

1.0 w/ MDDO-PPV layer
’ m— Fit (1, = 1.84 ps)
—— FDTD

0.5

0.0

1.0 w/o MDDO-PPV layer

m— Fit (1, = 8.49 ps)
—— FDTD

0.5

Normalized Intensity (arb. units)

0.0

FIG. 6. Light decay from cold cavity (a) with and (b) without the MDDO-
PPV layer.

results of light decay in the two types of cold cavity and val-
ues for 7., DOS, R, and o, retrieved from the FDTD results
are summarized in Table IIL. It is found that, owing to the
presence of the extra high-index layer that cannot contribute
to distributed feedback, the DOS is lowered, resulting in an
increase in the laser threshold by a factor of 4.66.

We next turn to the gain o achieved in the cavity, and
show that while the DOS decreases in the proposed structure,
there is enough gain enhancement to result in a net improve-
ment of the threshold. Assuming negligible absorption, the
gain coefficient is proportional to the inversion population
density

o(x,w) = AN (x)o(w), (11)

where o(w) is the stimulated emission cross section. Since
o(w) is similar in DCM and MDDO-PPV (see Table II), we
can assume the gain to be determined primarily by the inver-
sion population density AN (x) achieved in the cavity.

In Fig. 7, we compare the inversion population density
achieved in the devices with and without the MDDO-PPV
layer (results shown for two cavities at =30 ps, pumped at
a rate of P,y = 10 x 10°s™1). In both cavities, the inversion
population density decreases exponentially in the depth
direction of the cell, reflecting the effect of light absorption.
However, in the cavity with MDDO-PPV, the inversion pop-
ulation density increases dramatically, because of the high
electron density. The total inversion population densities
(J ANdx/ [ dx) achieved in the devices with and without
the MDDO-PPV layer were and 3.00 x 10'®cm™3 and
3.20 x 10'7 cm~3, respectively, showing a 9.37-fold increase
in gain with the addition of the gain layer. The net improve-
ment in the lasing threshold is therefore estimated to be

TABLE III. Photon lifetime 7., DOS, reflectance R, and threshold gain
coefficient oy, of the devices with and without MDDO-PPV layer.

7. (ps) DOS/(n/c) R o (cm™)
MDDO-PPV 1.84 1.5 0.916 58.2
w/o MDDO-PPV 8.49 53.0 0.981 12.6




203105-5 Yoshida et al.
1000 E
;
AF ChLC
2_
100
. 4EEGIass Glass
.g 2:
o 10 A
o L1111 I NN
* 2 wio MDDO-PPV Iayerl
= ChLC
S 10F
6F -_—
4F Glass Glass
2_
1 P T T N U T T T O W B I O B
0 1 2

Position (um)

FIG. 7. Inversion population density at pumping rate P,y = 10 x 10%s~!
and time ¢ =30 ps (a) with and (b) without the MDDO-PPV layer.

9.37/4.66 =2-fold, which is in close agreement with the
improvement obtained experimentally, 2.3.

V. CONCLUSIONS

We presented a novel device structure that contains an
auxiliary gain layer to improve the lasing threshold of ULH
ChLC lasers. We showed through ADE-FDTD simulation
that the net improvement in the threshold is achieved as a
result of the additional gain, provided from the extra layer,
which overcomes the degradation of the cavity quality
caused by its addition. Our analyses point to features that are
important in further improving the threshold in this device
structure: the auxiliary gain layer should be as thin as
possible and have a lower index than that of the ChLC to
minimize the decrease in the DOS, and should have a high
absorption coefficient so that it can provide gain efficiently.
For an arbitrary gain medium with particular absorption
and emission properties, the optimum thickness for each
layer can be designed on the basis of the results of FDTD
analysis.

Another noteworthy point to mention is that the pro-
posed device can be pumped electrically, since the gain me-
dium is located outside the LC, which is an insulator. While
systems with a DFB cavity located on top of a n-conjugated
polymer are commonly studied in the field of organic
lasers,? the ULH ChLC cavity is advantageous over other
types of cavity since the periodicity can be tuned continu-
ously by applying an electric field.>® The development of
systems in which the pump and feedback can be controlled
independently is crucial for the realization of electrically
pumped, tunable organic lasers. We believe that the
device structure we propose is a step towards achieving this
goal.

J. Appl. Phys. 113, 203105 (2013)
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