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High pump efficiency of a second-order
distributed feedback laser based on holographic
polymer dispersed liquid crystals with preferred

liquid crystal molecular orientation
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We report on the fabrication and characterization of a surface-emitting distributed feedback (DFB) organic

semiconductor laser based on a holographic polymer dispersed liquid crystal (HPDLC) transmission grating.

Specifically, by adopting an acrylate-based monomer with low functionality and a narrower grating, the
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phase separated liquid crystal (LC) molecules were aligned along the direction of the grating groove, which
can exhibit better lasing feedback performance in the HPDLC layer. The device shows single-mode laser
emission at 630.4 nm with a threshold of 0.18 pJ, and the conversion efficiency is 6.4%. The curing

intensity, light loss and diffraction efficiency were also investigated for HPDLC structures to identify the
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1. Introduction

Organic semiconductor lasers (OSLs) have attracted consider-
able scientific interest because of their potential for use as
optical sources in high sensitivity spectroscopy,’ sensors for
explosive vapors® and ultrafast switches in all-optical data
communication.> Organic semiconducting materials possess
the combined optical and electronic properties of organic gain
media and semiconductors, showing advantages such as low
cost, strong absorption, simple process and wide absorption
bands. Compared with organic dyes, organic semiconducting
materials have small concentration quenching, thus OSLs could
allow optical pumping by light-emitting diodes* or inorganic
laser diodes,” which is promising for compact laser applications.
OSLs have already been demonstrated in a variety of resonator
structures, such as Fabry-Pérot, microcavities, microrings,
microspheres and distributed feedback (DFB). DFB structures
have desired resonator geometries due to low thresholds and
single longitudinal mode emission as a result of their long gain
path and high wavelength selectivity.® So far, many DFB OSLs
have been prepared via electron beam lithography,” hot emboss-
ing technique,® UV nanoimprint lithography® and interference
ablation technique." In these OSLs, the active layer acts as both
the gain layer and the index modulation layer, which makes the
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effects of the grating period and monomer functionality.

coupling mechanism complex. A HPDLC transmission grating is
used as the DFB configuration cavity because of its ease of
preparation'’ and has low optical scattering'® and electrical
tunability."® A HPDLC grating contains alternating polymer-
rich and LC-rich lamellae, which is prepared in a single-step
exposure of a homogeneous mixture of prepolymer/LC mixture
to an interference fringe pattern by the photo-polymerization
induced phase separation (PIPS) method. The average orienta-
tion of liquid crystal molecules in HPDLCs is perpendicular to
their holographic planes with Raman spectroscopy,'’ and the
orientation is ascribed to the anchoring energy of polymer
fibers between adjacent polymer planes.'* Thus for feedback
lights propagating along the grating vector, the effective light
feedback output is not high. Previously, we have presented a
high feedback laser by adopting a low functional monomer to
lower the surface anchoring of the polymer fibers and using a
rubbed PI alignment layer."> The threshold was decreased to
0.25 yJ (i.e., pump energy density of 0.05 mJ cm > or perk power
density per pump laser pulse of 6.25 kW cm >, the same as
below) and the conversion efficiency was increased to 4.6%.
In this work, we report on a second-order DFB OSL using a
HPDLC as the external feedback layer. The phase separated LCs
were aligned along the direction of the grating groove with no
rubbed PI alignment layer. In addition to all the advantages of
the previous study,’ this DFB laser shows surface-emitting
laser emission with a lower threshold of 0.18 pJ and a higher
conversion efficiency of 6.5%. We found that there was another
anchoring energy generated from grating grooves competing
with the surface anchoring of the polymer fibers, and the
anchoring energy is dominant in samples with small periods.
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The phase separated LCs are along the direction of the grating
groove, therefore the refractive index difference in the HPDLC
feedback layer can be increased and the lasing performance can
be enhanced.

2. Device fabrication

The device structure is illustrated in Fig. 1a. The solution of
MEH-PPV (average molecular weight of 120 000, OLED Material
Tech.) in chlorobenzene (CB) solvent (8 mg ml~") was deposited
onto the bottom glass substrate by spin-coating (2000 rpmy;
30 s), resulting in a homogeneous thin film. After spin-coating,
the MEH-PPV film was heated in a vacuum oven at a 2 °C min ™"
heating rate from room temperature to 120 °C and kept at
120 °C for 1 h, and then slowly cooled to room temperature.
A smoother surface was observed, as shown in Fig. 1b. The
MEH-PPV layer with a thickness of ~80 nm was measured
using a Dektak profilometer, and the photoluminescence quan-
tum yield (PLQY) value was increased from 23% to 32%."® By
combining the MEH-PPV coated glass substrate with a bare
glass substrate, an empty cell was formed. The cell gap was
controlled at 6 um by using Mylar spacers. To form the HPDLC
pre-polymer syrup, nematic LC TEB30A (n. = 1.692, Slichem,
28 wt%), monomer (60 wt%), chain extender N-vinylpyrrolidone
(NVP, Sigma-Aldrich, 10 wt%), co-initiator N-phenylglycine (NPG,
Sigma-Aldrich, 1.5 wt%), and photo-initiator Rose Bengal (RB,
Sigma-Aldrich, 0.5 wt%) were mixed. Different from previous
reports,"”"® only low functional monomer phthalic diglycol
diacrylate (PDDA, Sigma-Aldrich) was adopted. The chemical
structure of PDDA is shown in Fig. 1c.

The syrup was then injected into the cell by capillary action
and put into the holographic optical field to form the HPDLCs.
The cell underwent holographic photo-curing by two coherent
frequency-doubled, 532 nm continuous Nd-YAG laser beams
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for 5 min. The grating period (A) can be calculated and con-

453
2sin(0/2)
angle of the two coherent recording beams. The period of the
gratings was chosen to be 395 nm in this work. The grating shows
a scaffolding-like morphology, in which the phase-separated
LCs exist in the form of pure slices instead of droplets.'®
To characterize the properties of HPDLCs, diffraction efficiency
and light loss were measured by two He-Ne lasers (circular
polarization, 632.8 nm) at the incident Bragg angle and the
normal direction onto the sample, respectively, as described
earlier.””

The diffraction efficiency is defined as the diffracted light
intensity in the first order divided by the incident light inten-
sity, and it includes p light diffraction efficiency (1,) and s light
diffraction efficiency (1s) here. Fig. 2a shows diffraction effi-
ciency as a function of curing intensity of the sample with a
grating period at 395 nm. A curing intensity of 6 mW cm ™ gives
the best grating, and the highest diffraction efficiency is about
45%. Furthermore, to understand the optimal curing conditions
better, the optimum curing intensity for different periods of
gratings was also investigated. As shown in Fig. 2b, a narrower
grating requires a stronger curing intensity. There are mainly
two reasons: firstly, a narrower grating needs a larger intersect-
ing angle 0, which would bring the degradation of the fringe
pattern contrast; secondly, the period of grating would influence
the formation dynamics, as narrow periods provide little time for
diffusion. We will discuss this more in Section 3.1.

trolled according to A = , and 0 was the intersection

3. Device performance

The schematic setup of the lasing experiment is shown in Fig. 3.
The holographically cured sample with a grating period at 395 nm
was photo-pumped at 532 nm by a Q-switched frequency-doubled
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Fig. 1 (a) Schematic structure of the proposed DFB laser configuration with a grating period at 395 nm, (b) the AFM image of the MEH-PPV surface,

and (c) the chemical structure of PDDA.
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(a) Diffraction efficiency as a function of curing intensity of the sample and (b) dependence of optimum curing intensity on the grating period.
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Fig. 3 Optical setup for pumping the organic DFB sample and collecting the output lasing.

Nd:YAG laser (laser wavelength: 532 nm; pulse duration: 8 ns;
repetition rate: 1 Hz). A cylindrical lens with a focal length of
20 cm and an adjustable slit were used to shape the pump beam
into a narrow stripe (5 mm by 0.1 mm). Then the narrow stripe
was divided into two beams with equal intensities by a beam
splitter. One beam was used to pump the sample at an angle
of 45° with respect to the glass substrate, and the other beam
was directed into a pulse energy meter. The output lasing was
collected and measured using a fiber pigtail detector coupled
spectrometer (LabMax-TOP; Coherent Inc.).

3.1 The orientation of LC molecules in HPDLCs

Since the refractive index of a pure polymer n,, (1.525, measured
using an Abbe refractometer) is closer to n, (1.522) rather than
ne (1.692), the change of the diffraction efficiency in the s or

70

Fig. 4
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p polarization state is mainly related to n, i.e., the orientation
of the phase-separated LC molecules. Fig. 4a shows the real-
time diffraction efficiencies in different polarization states. The
diffraction efficiency for s-polarization is 47% greater than that
for p-polarization of 3%, which suggests that the orientation of
LC molecules is parallel to the direction of the s-polarization
state, i.e., the grating groove (z axis, Fig. 1a). The scattering loss
in different polarization states can also give clues on LC orien-
tation. From Fig. 4b, we can see the scattering loss for p polari-
zation light is about 2%, while that for s polarization is about
6%, which also indicates that the LC orientation in the HPDLCs
is along the grating groove. We think that it is caused by
another anchoring energy, and it is generated from grating
grooves. There is a competitive relationship between the sur-
face anchoring of the polymer filaments (A in Fig. 1a) and the
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(a) Real-time diffraction efficiency and (b) light loss for p polarization (square) and s polarization (sphere) for the sample, respectively.
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anchoring effect of the grating grooves (B in Fig. 1a). The low
functional monomer will produce less polymer filaments in
rich-LC regions'® due to its lower mobility,”® which exert a
smaller anchoring strength on LC molecules than the multi-
functional monomer. Thus the anchoring effect of the grating
grooves is dominant in the sample. Besides, the scattering loss is
much lower than that (>10%) observed in droplet morphologic
HPDLC gratings,” resulting in the higher conversion efficiency of
the pump input to the lasing output.

Furthermore, to study the anchoring effect of the grating
grooves in the HPDLCs, the diffraction efficiency and the
grating optical sensitivities of the samples with different
periods were investigated, as shown in Fig. 5. The diffraction
efficiency for p-polarization is obviously greater than that for
s-polarization when the grating period is larger than 500 nm
(Fig. 5a), and the optical sensitivities become larger as the
grating period increases (Fig. 5b). This means that the surface
anchoring effect of the polymer filaments is dominant, which
makes the majority of phase-separated LCs to be aligned in the
grating vector direction. However, the diffraction efficiency for
s-polarization is greater than that for p-polarization when the
grating period is smaller than 425 nm, thus the anchoring
effect of grating grooves is dominant, and the orientation of a
majority of LC molecules is parallel to the grating grooves. It is
worth noting that there exists a cut-off value of fringe spacing
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below which no HPDLC gratings can be formed,*” and the cut-
off value is 300 nm in this work.

In HPDLCs, the resultant force (C in Fig. 1a) of surface
anchoring of the polymer filaments and the anchoring effect of
the grating grooves play a key role in dictating the electro-optical
properties. If the resultant force is strong, a larger driving voltage
is required to re-orient the LC molecules with the applied field.
Fig. 6a shows the diffraction efficiency as a function of the
driving electric field for the sample with a grating period at
395 nm. The driving electric field Ey, is defined as the electric
field required for attaining 90% diffraction of the first-order
diffraction light out of 100% (without applying electric field).
The Eq, value of the sample is 4.2 V um~". The driving electric
field Ey, is presented as a function of grating period as shown in
Fig. 6b. It is shown that the smaller the grating period, the larger
the driving electric field and the stronger the resultant force. The
anchoring energy of polymer fibers in a narrower grating would
become weaker,>* therefore the anchoring energy of grating
grooves would become stronger.

3.2 Lasing output

When optically pumped, the laser emission occurred from our
device. The lasing wavelength /;,5 should satisfy the Bragg condition:

MAas = 2Neg A (1)

L2

500 550 600 650 700
Grating Period (nm)

Fig. 5 Dependence of (a) diffraction efficiency for p polarization (sphere) and s polarization (square) and (b) grating optical sensitivities (i,/11s) on the

grating period.
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Fig. 6 (a) Diffraction efficiency as a function of the applied electric field for the sample and (b) dependence of the driving electric field Egg on the

grating period.
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Fig. 7 (a) Output lasing spectrum at 2x threshold, with the inset showing the vertical laser emission on a paper screen and (b) the lasing output intensity

as a function of pump intensity for the DFB laser.

where n. is the effective refractive index of the laser mode and
m is the Bragg order, which was selected as 2 in this work.
Alas also satisfies the grating coupling equation:

2T[neff

2n 2n
—sin(fy) = + +m—
Alas ( 0) tlas A

(2)

where 0, is the angle of the mth diffracted order with respect to
the normal. Substituting eqn (1) into eqn (2), we have 6, = 0°.
This means that there were two lasing output beams of equal
intensities from one sample, and each beam was emitted in the
direction perpendicular to the glass substrate. Fig. 7a shows the
spectrum at a pump energy of 2x threshold. The single sharp
peak with a bandwidth of 0.5 nm locates at 630.4 nm, and the
emitted lasing output beams are totally TE polarized. Fig. 7b
shows the dependence of output lasing intensity on the pumping
energy. The threshold is indicated by a sudden increase in the
slope, which is 0.18 pJ (0.036 mJ cm ™2 or 4.5 kW cm™?). The
conversion efficiency of the pump input to the lasing output
of the sample is 6.4%. Compared with the DFB laser (grating
period at 590 nm) with a threshold of 0.68 pJ (0.136 mJ cm > or
17.0 kW ecm™?) and a conversion efficiency of 1.9%,'* a dra-
matic enhancement of the lasing performance was achieved in
this work. This result can be understood due to the following
effects. One is from the second Bragg order used for the sample
because the lower Bragg order can reduce the threshold effec-
tively. This result further confirms the ability of the HPDLC
technique in providing narrow gratings for second-order DFB
lasers. The other reason is that the phase-separated LCs are
aligned along the grating groove direction. The refractive index
difference was measured to be 0.0195 in the sample, whereas
the refractive index difference is 0.0054 in the sample at 590 nm
as the phase separated LCs are aligned along the grating vector
direction. The larger the refractive index, the better the lasing
feedback performance. The refractive index difference can be
deduced by Kogelnik’s isotropic coupled wave theory.>*

4. Conclusion

In conclusion, we have fabricated and characterized the second-
order DFB laser based on a small period HPDLC grating.

This journal is © The Royal Society of Chemistry 2018

The optimum curing intensity, the orientation of LC molecules
in HPDLCs with different grating periods and the lasing output
were investigated. The results indicate that the anchoring energy
of grating grooves would become stronger as the grating period
decreases, and it is dominant in samples with narrower gratings,
making LC molecules align along the grating groove direction.
In this way, we greatly lowered the lasing output threshold and
increased the conversion efficiency with no extra rubbing steps.
We think this approach for the realization of effective micro-
structures is extremely competitive.
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