PHYSICAL REVIEW E 74, 061705 (2006)

Enhanced photonic band edge laser emission in a cholesteric liquid crystal resonator
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A highly efficient photonic band edge dye-doped cholesteric liquid crystal (CLC) laser is demonstrated. By
sandwiching an active CLC cell within a resonator consisting of two passive CLC reflectors, the lasing
efficiency is dramatically enhanced. Theoretical analysis using the improved 4 X 4 transfer matrix and scatter-
ing matrix shows that the band edge laser mode can be supported by the external CLC resonator and its optimal
output can be achieved by a relatively thin active CLC layer and thin passive CLC reflectors. Theoretical

analysis agrees well with the experimental results.
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I. INTRODUCTION

Photonic crystals, showing an ordered structure with a
periodic modulation of refractive index, have attracted tre-
mendous interests from both scientific and technological
viewpoints. In these materials, propagation of photons is for-
bidden within a certain frequency range, known as photonic
band gap (PBG). Cholesteric liquid crystal (CLC) is regarded
as anisotropic one-dimensional (1D) photonic crystal since
the liquid crystal (LC) directors are self-organized into a he-
lical structure [1]. Bragg reflection is established in choles-
teric planar structure as the result of alternating ordinary and
extraordinary refractive index. Selective reflection band is
thus induced for the circularly polarized light in the same
sense as the cholesteric helix. Such a reflection band can be
accurately determined by simple relationships as Ay=(n)p
and AN=Anp, where Ay and A\ represent the central wave-
length and bandwidth of the reflection band, (n) and An are
the average refractive index and birefringence of the CLC,
respectively; and p is the intrinsic helical pitch length [2].
Based on these properties, CLC has been widely investigated
for display and photonic applications, e.g., bistable reflective
displays, circularly polarized reflectors, and tunable lasers
[3-6]. For photonic applications, the strong localization of
photons at photonic band edge opens a way for generating
laser light where CLC provides a distributed feedback. Ex-
tensive work has been conducted on dye-doped CLC photo-
nic band edge lasers [7,8]. On the other hand, low-threshold
laser emission has also been observed by introducing a de-
fect layer, either isotropic [9] or anisotropic [10,11], into the
CLC based resonator. Lowering the lasing threshold can also
be achieved by putting a dye-doped cholesteric liquid crystal
between two polymer films with one reflecting the lasing
wavelength and the other reflecting the pumping wavelength
[12].

Without a special fabrication process, the defect-free cho-
lesteric planar structure we have obtained so far is limited to
~10 um cell gap due to the insufficient surface anchoring
energy. Because of this short cavity length, the lasing effi-
ciency is quite limited and the laser beam is highly divergent.
To overcome these shortcomings, adding a passive reflector
is proven to be helpful [13].

In this paper, we use an external resonator which consists
of two passive CLC reflectors to enhance the laser emission
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from a single dye-doped CLC cell. Transmission spectrum of
three cholesteric polymeric layers with different pitches was
previously calculated by Ozaki et al. [14], but no further
work in laser generation and output performance was re-
ported so far. Hence, we not only demonstrate an enhanced
emission from the active CLC cell sandwiched within a CLC
resonator but also theoretically present the responsible physi-
cal mechanisms of the laser mode and light amplification.
Key parameters in such a CLC laser system as the thickness
of the active CLC middle layer and the amplification index
constant are investigated to provide guidelines for the system
optimization. In addition, the effect of inserting glass sub-
strates on the laser performance is analyzed in detail.

II. EXPERIMENT

The active CLC sample was prepared by using a Merck
nematic LC host BL006 (An=0.286, n,=1.826@\
=589 nm and 7=20°C) and 27.3% of right-handed
chiral agent MLC6248 (Helical twisting power=11.3 um™',
from Merck). The mixture was then doped with 1.5 wt. %
laser dye DCM (4-(Dicyanomethylene)-2-methyl-6-(4-
dimethylaminostyryl)-4H-pyran, from Exciton) as the emis-
sive medium. The passive CLC reflectors were prepared us-
ing BL0O06 and 25.3% of MLC6248. The mixture was filled
into a 5 um homogenous cell by capillary action under iso-
tropic state. The inner surfaces of the cells were first coated
with ITTO (Indium-Tin-Oxide) layers and then polyimide
alignment layers, which were rubbed in anti-parallel direc-
tions to produce a small (~3°) pretilt angle. The filled CLC
cells were slowly cooled down to room temperature using a
temperature controller in order to form a defect-free helical
structure. In this work, the 5 um active CLC cell was sand-
wiched between two 5 um CLC reflectors in optical contact
to form a three-cell CLC laser assembly, as Fig. 1 shows.
The cells were stacked together tightly using a demountable
holder which has a screw in each of the four corners for
controlling the cell uniformity. No special process for moni-
toring the parallelism was performed during cell assembly. In
our experiment, it is not difficult to find the emission point
with a dramatically enhanced output; the whole assembly is
not as sensitive to parallelism as the structure which has an
anisotropic emissive layer in the middle (e.g., the dye-doped
nematic liquid crystal). This is because the middle CLC layer
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FIG. 1. The structure of a three-CLC cell laser assembly.
G represents the glass substrate. In experiment d,.ive cLC

zdP‘dSSiVe cLc=5 um; dglass substrate= 1.1 mm.

lases itself and the feedback comes from both the middle
CLC layer and the passive reflectors.

Figure 2 shows the experimental setup. A second-
harmonic Q-switched Nd:YAG pulsed laser (Minilite II,
from Continuum) operated at A=532 nm, 4 ns pulse width,
and 1 Hz repetition rate was used to pump the CLC cell at
normal incidence. The pump beam was separated into two
paths: one was monitored by an energy meter (Laserstar,
from Ophir) and the other was used as the pump beam. In
order to reduce the Bragg reflection from the tested CLC
laser whose reflection band may cover the pump wavelength,
the linearly polarized pump beam was converted into a left-
handed circularly polarized (LCP) beam before it was fo-
cused onto the CLC cells. The pump spot on the samples was
estimated to be~160 um in diameter. Laser emission in for-
ward direction was then collected by a focusing lens into a
fiber-based spectrometer (HR2000, from Ocean Optics, reso-
lution ~1 nm). Such a configuration would reduce the sur-
face reflection and, moreover, the laser emission after mul-
tiple reflections inside the CLC resonator can still be aligned
into one spot with a relatively small divergence. On the other
hand, the oblique pump results in multiple reflections of the
pumping beam (532 nm) inside the CLC resonator due to the
glass surfaces. Then the gain medium will be pumped by
each reflected beam so that multiple laser beams are gener-
ated in a row with gradually decreased power. This phenom-
enon is indeed observed in our experiment.

Figure 3 depicts the normalized transmittance of the ac-
tive CLC cell (thin solid line) and the passive CLC reflector
(dotted line), from which the reflection band can be clearly
characterized. With DCM doped, the short wavelength band
edge of the active CLC cell is completely obscured by the
absorption of the laser dye. The reflection band of the 5 um
CLC reflector is chosen to cover the lasing wavelength and
its measured reflectivity at A=600 nm is ~97%. As an ex-
ample, the lasing spectrum at 33.4 wJ/pulse pump energy is
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FIG. 2. Experimental setup of a CLC laser assembly at normal
incidence; QW: quarter-wave plate, and LCP: left-handed circularly
polarized light.
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FIG. 3. Measured normalized transmittance of the dye-doped
CLC cell (thin solid line), the measured normalized transmittance of
passive CLC reflector (thin dotted line), and the emission spectra of
CLC laser assembly pumped at 33.4 wJ/pulse (thick solid line).

also plotted (thick solid line) in the same figure to allow an
easy justification for lasing action at the photonic band edge.

Laser output power at different pump energy for the 5 um
CLC laser within a CLC resonator was measured. Results are
plotted in Fig. 4 as marked by triangles. To compare the
enhancement factor, the laser output power of a single 5 um
CLC cell (squares), as well as the 5 um CLC laser with one
CLC reflector (circles) was measured. From Fig. 4, the single
5 pum dye-doped CLC cell generates a weak laser emission
because of its thin CLC emissive layer and short feedback
length. With the help of a CLC reflector incorporated in good
contact at one end, the laser emission from one direction is
reflected back into the cavity. Because the circular polariza-
tion state of the reflected beam is preserved by the
“polarization-conserved CLC reflector” and is further ampli-
fied by the cavity, the output emission is dramatically en-
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FIG. 4. Pump energy dependent laser output power of a single
5 wm active CLC cell (squares), a 5 um active CLC cell with a
5 wm passive reflector enhanced (circles), and a 5 um active CLC
cell within a CLC circularly polarized resonator (triangles).
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FIG. 5. (Color online) Simulated normalized transmittance of
the passive 3-CLC assembly: (a) with no glass substrates present for
each cell, immersed in air; (b) with glass substrates for each cell,
immersed in air.

hanced [13]. Under this circumstance, the output is still
right-handed circularly polarized, the same as its original po-
larization state. The observed laser emission is ~80X stron-
ger as compared to the emission from the single active CLC
alone. Furthermore, we found that when the active CLC cell
is confined between two CLC reflectors, the output emission
is further enhanced by ~9.4X as detected from one end of
the laser cavity. Because of the structure symmetry, the laser
output has equal power coming from both ends. The lasing
wavelength is located at A=602 nm, exactly at the long
wavelength band edge of the middle CLC lasing cell and it is
elliptically polarized. Meanwhile, as the right-handed choles-
teric reflector is incorporated to the single CLC laser from
one side to two sides, the lasing threshold decreases from
22 wJ/pulse tolO wJ/pulse, and finally down to
2.1 uJ/pulse. The reduction is about one order of magnitude.

III. THEORETICAL SIMULATIONS
A. Simulation results of the passive CLC assembly

To understand how the external resonator enhances the
band edge lasing of the middle CLC cell, we calculate the
transmittance and the coherent amplification of light for dif-
ferent polarizations using improved 4 X 4 transfer matrix and
scattering matrix. In this method, the 4 X4 matrix for each
slice is diagonalized and thus the equations become very
concise. Detailed derivations can be found in Refs. [15,16].
The employed method rigorously takes into account the
boundary conditions and multiple interface reflections of the
LC medium.

Figure 5 is a plot of normalized transmittance of a passive
three-CLC assembly without doping DCM laser dye. In or-
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der to see the characteristic spectral lines introduced by
Fabry-Perot (FP) effect from the resonator, we first calculate
the transmittance of three CLC layers directly attached to
each other, assuming that glass substrates are absent. Results
are shown in Fig. 5(a). Afterwards, the transmittance of three
real CLC cells (with glass substrates) is calculated as Fig.
5(b) shows. The thickness of each glass substrate is 1.1 mm.
Some basic parameters used for simulation are listed as fol-
lows: refractive index of air n,,=1, and LC n,=1.50, n,
=1.70; the active CLC middle layer is right handed with
pitch length p;=0.35 um and cell gap d,=5 wm; the two
CLC reflectors are also right handed with pitch length p,
=0.375 um and cell gap d,=2.25 wm in order to reach
~96.5% reflectivity. The incident light is right-handed circu-
larly polarized (RCP). Doping 25%—27% of the chiral mate-
rial into nematic LC host causes a decrease in birefringence
of the whole CLC mixture to ~0.2. Although the LC refrac-
tive indices and the birefringence used for simulations are
somewhat different from those of BL006, the simulation re-
sult of a single CLC layer does give a reflection band from
525 to 600 nm for the middle CLC layer and 560—640 nm
for the passive CLC reflectors. These simulated results agree
with experimental data reasonably well.

From Fig. 5(a), when the right-handed CLC reflectors are
present at both ends, the resonator produces several transmis-
sion peaks in the 600—640 nm range. In other words, the
resonance modes only exist within the reflection band of the
passive reflectors (~560—640 nm) which does not overlap
with that of the middle CLC (~525-600 nm). The mode
spacing corresponds to a Fabry-Perot whose cavity length is
equal to the total thickness of the three CLC layers (d
=9.5 um, n=1.6). However, within the overlapping reflec-
tion band of the active CLC middle layer and the passive
CLC reflectors (ranged 560-600 nm), the transmission
peaks are completely suppressed except the one at the band
edge (600 nm). More simulation results (not shown here)
indicate that there always appears a transmission peak near
the band edge even if the band edge does not coincide with
the FP transmission peak introduced by the CLC resonator.
This means the photonic band edge mode of the active CLC
can be well preserved and, more importantly, be further
strengthened by the external resonator.

As Fig. 5(b) shows, with glass substrates present the in-
creased FP length brings in a lot of oscillations, the extra
possible resonance modes. They function as high frequency
modulation superimposed onto the original characteristic
spectral lines. Yet the envelope of these oscillations can still
be distinguished to match the characteristic spectral lines as-
suming that the spectrum step for calculation is small
enough.

These oscillations are not randomly distributed; instead
they ensue from the several embedded FP cavities built up
with CLC layers and the glass substrates. Figure 6 shows a
detailed outlook of these oscillation modes within
614.2-614.8 nm range as an example, where one of the
characteristic spectral lines of the three-CLC layer assembly
locates [see from Fig. 5(a)].

For a typical FP, the free spectral range AN, can be calcu-

lated according to the equation A\;= ;:1_1(1 [17], where A, is the
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FIG. 6. (Color online) Detailed view of simulated normalized
transmittance of the passive three-CLC assembly with glass sub-
strates (n=1.5) in detail.

wavelength of interest, n is the refractive index, and d is the
gap of the FP cavity. From Fig. 6, we found different free
spectral ranges superimposed on each other. There are basi-
cally three FP cavities contributing to these oscillation peaks:
(1) FP1, formed by the two passive CLC layers (d=
~4.4 mm), corresponding to AN;=0.028 nm. This is the
most dominant factor in the spectrum. (2) FP2, formed by
one passive CLC layer and the active CLC layer (d=
~2.2 mm), corresponding to A\,;=0.056 nm. The wave-
length \,(=614 nm) we investigate here is actually beyond
the reflection band of the active CLC in the middle
(525-600 nm), whereas due to Bragg reflection the side os-
cillation near its band edge causes ~3.3% reflectivity for
RCP at 614 nm. This is why the active and the passive CLC
layers still form a FP even the wavelength is outside the
reflection band of one of the two CLC layers. As a result, it
superimposes the lower frequency oscillations onto the trans-
mission spectrum from FPI. (3) FP3, formed between the
air-glass interface and its neighboring passive CLC layer (d
=~1.1 mm). This corresponds to A\;=0.112 nm. The total
effect of three embedded FPs is that the transmission peaks
with a higher frequency oscillation as from FP1 are modu-
lated by the lower frequency oscillations as from FP2 and
FP3.

In theory, the reflectivity of a 2.25 um CLC reflector
should already reach 96.5% for the RCP incidence at its re-
flection band center (A ~600 nm) although the Bragg reflec-
tion is not completely established. In reality, our CLC reflec-
tor is 5 wm thick but its reflectivity at 600 nm was measured
to be ~97% because of the imperfect helical distribution of
LC directors. Besides, the possible air gap between the CLC
cells in experiment may further decrease the reflectivity. In
our simulation the effect of ITO layer was not taken into
consideration because a typical ITO layer with index ~1.7
and thickness ~100 nm will only decrease the reflectivity of
our CLC reflector (at 600 nm) by ~0.5%, which will not
significantly affect the results. Simulation also reveals that to
further increase the cell gap of the CLC reflector to 8§ um
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does not generate any stronger laser emission because the
optimal output for FP not only requires a high reflectivity but
also an indispensably small transmittance so as not to block
all the output. Experimental measurement of transmittance
does not exhibit these narrow transmission peaks clearly
other than some undulations because the resolution of the
spectrometer (~1 nm) is much larger than the band width of
the transmission peaks (~0.2 nm at A=601 nm).

B. Simulation results of the active CLC assembly

To simulate the light amplification behavior inside the
dye-doped CLC layer, the refractive index of the active CLC
is modified to calculate the normalized transmittance of three
CLC cells assembly. According to the plane wave definition
E=Eyexp[—i(wt—kz)] (with Ey, o, k, and 7 representing the
amplitude, frequency, propagation constant, and distance, re-
spectively), a negative imaginary part is added to the refrac-
tive index of each sliced CLC layer as n,=n,—n"i and n,
=n,—n"i(n">0). In calculations, this imaginary part func-
tions equivalently as a gain parameter of the gain medium
inside the LC. Thus, the onset of laser oscillation is indicated
by the divergence of the transmittance and the light amplifi-
cation is represented by a normalized transmittance larger
than unity. The complex relationship between the amplifica-
tion index constant n” and what follows the real fluorescent
material parameters, together with the output intensity are
out of our current research scope. For simplicity, we can
choose n” to be a frequency independent constant. Simula-
tion under such an assumption was validated in some other
literatures [18-20]. The amplification index constant n”
should not be too large to ensure the convergence of the
program. In our simulation, we set n”"=0.0001.

Without glass substrates present, simulation results with
RCP and LCP incidence are shown in Figs. 7(a) and 7(b),
respectively, where the light amplification at the band edge
wavelength (~601 nm) can be observed for both RCP and
LCP. This is attributed to the high reflectivity of RCP from
the right-handed CLC and the low reflectivity of LCP from
the interface reflection of the air and the CLC layer. As a
consequence, the light near the band edge can be effectively
amplified by the external resonator for both orthogonal po-
larizations. The final output beam is elliptically polarized
owing to the superposition of both amplified RCP and LCP
beams.

With glass substrates present, the light also gets amplified
at the band edge (~601 nm) for both RCP and LCP inci-
dences as shown in Figs. 8(a) and 8(b), which resembles the
phenomena in the case without glass substrates. The peak
power at the amplified mode reaches almost the same value
as that from Fig. 7. In addition, a preliminary measurement
on the beam divergence half angle has shown a remarkable
decrease from ~4.5° (single CLC cell) to ~0.5° (three-CLC
cells assembly). Together with Fig. 5(b), we note that the
effects caused by glass substrates are summarized as follows:
(1) a lot of oscillations are superimposed onto the character-
istic spectral lines whereas the main features still remain.
Therefore, introducing the substrates will not obviously pull
the amplified mode away; (2) ideally, introducing the glass
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FIG. 7. (Color online) Simulated normalized transmittance with
amplifying medium in the middle CLC cell without glass sub-
strates: (a) RCP as incidence; (b) LCP as incidence. Peak wave-
length is at 601 nm.

substrates into the CLC assembly will not noticeably de-
crease the peak power of the dominant amplified mode be-
cause the refractive index of glass is close to the average
refractive index of CLC. However, the air gaps between the
CLC cells in experiment may slightly deteriorate the lasing
output power; and (3) the increased cavity length to mm
scale dramatically decreases the beam divergence. Compared
to the CLC cells assembly, such a structure can be realized
using three stacked cholesteric polymer films (one active
film between two passive films) as well. The major advan-
tage of such a configuration is that the glass substrates can be
completely removed and the device can be very thin [21].
However, to fabricate such cholesteric polymer films a UV
curing process is commonly practiced so that the dye bleach-
ing problem during UV exposure is a concern. Moreover, the
employed LC polymer usually has a smaller birefringence
(e.g., An~0.1 for the Merck chiral monomers RMM 154 and
RMM153) than BLO06 (An~ 0.286). As a result, the overall
lasing efficiency would be lower and beam divergence larger
than the corresponding three CLC cells assembly. This is
indeed observed in our experiment.

In order to find out the optimal parameters for the CLC
resonator and the active CLC cell, we investigate the ampli-
fication performance as a function of the amplification index
constant n” and the thickness of the active CLC cell d, using
RCP as the incidence. Figures 9(a)-9(d) give the results of
light amplification as n” gradually increases. As shown in
Figs. 9(a) and 9(b), at smaller n” the incident RCP light gets
amplified at the band edge wavelength of the active CLC cell
(the mode at 600 nm). As n” increases, the amplification gets
stronger. However, further increasing n” does not give rise to
a stronger emission; on the contrary, it weakens the amplifi-
cation performance accompanied by a mode shift. As Figs.
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FIG. 8. (Color online) Simulated normalized transmittance with
amplifying medium in the middle CLC cell with glass substrates:
(a) RCP as incidence; (b) LCP as incidence. Peak wavelength is at
601 nm.

9(c) and 9(d) show, the mode closer to the band edge of the
CLC reflector (the mode at 640 nm) becomes more predomi-
nant as n” increases. This implies that within the reflection
band of the resonator the PBE mode (at 600 nm) of the ac-
tive CLC is easier to be amplified than the band edge mode
(at 640 nm) of the passive reflector. This trend is in accor-
dance with the amplification behavior of the resonance
modes in a typical FP, assuming a wavelength independent
gain. The calculation of a simple FP with a complex refrac-
tive index for the medium between two end mirrors shows
that the mode near the reflection band center is amplified at a
smaller n”value while the one near the band edge is ampli-
fied at a larger n” value. However, in practice the PBE mode
(600 nm) appears first and this mode will suppress the other
possible laser modes. Therefore, in experiment only the
mode at 600 nm can be readily observed other than the
modes from FP effect of the resonator. On the other hand, the
fluorescence peak of the emissive medium DCM is around
590-600 nm. For the laser modes beyond this range, the
fluorescent intensity drops quickly, which also contributes to
the dominant band edge mode.

By varying the thickness of the active CLC cell in the
middle, the tendency is similar to the behavior exhibited in
Figs. 9(a)-9(d). Here n” is again fixed at 0.0001. From Figs.
10(a) and 10(b), as the thickness of the active CLC layer is
increased from 5 to 7 um, the RCP incident light is ampli-
fied at the band edge of the active CLC cell and the lasing
strength is boosted by ~6X. While beyond a certain value,
the dominant amplified mode shifts towards the band edge of
the CLC reflector and the peak power decreases. This critical
thickness, above which the mode shift starts to occur, is of
course relying on the setting value of n”. The n” in our cur-
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rent calculations is not directly correlated to the dye’s ab-
sorption, fluorescence, and the population inversion, never-
theless the tendency found here is again confirmed by the
fact that we did not experimentally obtain any stronger emis-
sion from the § um or thicker active CLC laser in the reso-
nator. Increasing the thickness of the active CLC cell is
equivalent to increasing the n” value except a longer feed-
back length, since the gain is increased for both cases. Thus,
a similar tendency is observed here as that manifested in
Fig. 9.

In general, the optimal output should be obtained at a
relatively thin emissive CLC cell (<8 wum) and the cell gap
of CLC reflector used for the external resonator should not
be too thick (<5 wm) in order to allow ~3—-4 % transmit-
tance. Our investigation on the system parameters aims to

provide some guidelines for designing the photonic band
edge CLC lasers with an external resonator supported. These
critical values of the key parameters are based on the current
materials and concentrations that we employed. Although the
simulations of the n” and d; dependencies are only based on
three CLC layers without glass substrates, the physical
mechanism and the tendency discussed here still hold for the
real CLC cells without losing generality.

Our current device configuration of symmetric CLC
Fabry-Perot external cavity can be easily extended to asym-
metric case where the two CLC reflectors having different
cell gaps to achieve a different reflectivity. Laser emission
will be accordingly redirected to mainly emit from a single
direction rather than both, which will be more attractive for
practical applications.
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ENHANCED PHOTONIC BAND EDGE LASER EMISSION IN...

IV. CONCLUSIONS

We have demonstrated a CLC photonic band edge laser
sandwiched between a circularly polarized Fabry-Perot eta-
lon with dramatically enhanced output. Theoretical analysis
confirms that the band edge mode of the middle CLC is
effectively supported and enhanced by the external Fabry-

PHYSICAL REVIEW E 74, 061705 (2006)

Perot if this mode is within the reflection band of the external
resonator. At 1.5 wt. % dye concentration, the optimized
output is achieved at a relatively thin active CLC layer and a
moderate reflectivity of the resonator reflectors. These analy-
ses are useful in guiding the design of all-organic tunable
CLC laser devices with high efficiency and small beam
divergence.
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