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ission from organic
semiconductor activated holographic polymer
dispersed liquid crystal transmission gratings

Wenbin Huang,ab Linsen Chen*ab and Li Xuanc

Performances of organic distributed feedback (DFB) lasers made from holographic polymer dispersed liquid

crystal (HPDLC) transmission gratings were greatly improved by replacing common laser dye with organic

semiconductor poly(2-methoxy-5-(20-ethyl-hexyloxy)-p-phenylenevinylene) (MEH-PPV) as the gain

medium. The MEH-PPV layer was laminated between the glass substrate and the HPDLC grating layer.

Light interaction for feedback is provided by an evanescent wave spread into the grating layer. The device

showed single-mode, TE polarized laser emission with a threshold of only 0.17 mJ per pulse (17 mJ cm�2).

Slope efficiencies as high as 4.7% and 6.5% were measured for optical pumping of the device with P

polarization and S polarization, respectively. Lasing was also coupled by the grating out of the waveguide

and into free space. Furthermore, the output laser wavelength was systematically tuned over a range of

43 nm by varying the grating period. The laser thresholds at different wavelengths trace well with the

amplified spontaneous emission spectrum of the MEH-PPV film. In terms of the HPDLC technique, our

results show there is still plenty of potential to be exploited for fabricating organic DFB lasers.
Introduction

Organic uorescent compounds have been revolutionizing laser
technology, opening the way to applications hardly accessible
by using inorganic lasers.1–3 Lasers based on organic gain media
are shown to have advantages of low cost, exibility, ease for
integration and wavelength tunability across the whole visible
range.4 Application interest for these organic lasers originates
from their huge potential for using as optical sources in high-
sensitivity spectroscopy,5 sensors for explosive vapors6 and
ultrafast switches in all-optical data communication.7 As
organic materials enable more exibility (e.g., easy chemical
engineering of molecular structures for desired properties and
no requirement for lattice matching conditions) to work as the
laser medium, optically pumped organic lasers have already
been demonstrated in a variety of resonator structures, such as
mircocavities, microrings, microspheres and Fabry–Perot
waveguides.4 There remains another type of resonator called
distributed feedback (DFB) structure that receives the most
attention in the eld of organic lasers. Instead of using mirrors
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or total reections for feedback, these resonators reply on
coherent interference of backward Bragg scattering at each
corrugation of the wavelength-scale periodic microstructures.8

The long interaction distance between light and the gain
medium guarantees low-threshold and high slope efficiency
laser operation. Besides, the central lasing wavelength is
specically dependent on the grating period via the Bragg
equation, thus the DFB resonator has an excellent mode selec-
tion capability. DFB resonators have been fabricated by scan-
ning beam lithography, hot embossing technique, UV
nanoimprint lithography and interference ablation technique.4

New fabrication techniques are still in demand for low-cost and
large-volume production of organic DFB lasers.

Holographic polymer dispersed liquid crystal (HPDLC)
gratings are fabricated by exposure of the prepolymer mixture
which mainly contains light-sensitive monomers and liquid
crystal (LC) under the interference pattern created by two or
multiple coherent laser beams. The preferential polymerization
of the monomers in bright regions would “squeeze” the
unreacted LC molecules into dark regions. At some point,
accumulated LCs in dark areas is no longer miscible with
monomers, leading to a phase separation from the polymer
matrix. In this way, the periodically varying intensity of the
holographic pattern can be conveniently recorded into the light-
sensitive mixture and a wavelength-scale microstructure with
alternating layers of LC and polymer is formed. The HPDLC
technique for nanofabrication has several advantages, such as
easy experimental setup, rapid formation (60 s) and large area
(2 cm � 2 cm).9 Since LC molecules could be reoriented under
This journal is © The Royal Society of Chemistry 2014

http://crossmark.crossref.org/dialog/?doi=10.1039/c4ra04837g&domain=pdf&date_stamp=2014-08-26
http://dx.doi.org/10.1039/c4ra04837g
http://pubs.rsc.org/en/journals/journal/RA
http://pubs.rsc.org/en/journals/journal/RA?issueid=RA004073


Fig. 1 The fabrication process of the organic semiconductor activated
HPDLC DFB laser. (I) Spin-coating the MEH-PPV film onto the
substrate. (II) Fabrication of glass cells. (III) Injection of the prepolymer
syrup into the cell. (IV) Exposure of the sample under the interference
pattern.
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external stimulus, the diffractive properties of these micro-
structures can be electrically or thermally modulated.

HPDLC gratings were found to be able to work as DFB
resonators and show the promise for low-cost and large-volume
production of organic lasers.10 Laser dye was chosen as the gain
medium and dissolved into the prepolymer mixture. Aer the
holographic recording process, dye molecules were naturally
doped into the grating. Under optical pumping, DFB lasing have
be demonstrated in HPDLC reection gratings,11 transmission
gratings12–15 and even two-dimensional gratings.16,17 Thermal
and electrical switching properties of lasing from these dye-
doped HPDLC DFB lasers have been extensively studied.10,18–20

Apart from these studies, many attempts have been made to
enhance the lasing performance: The laser threshold was rst
reduced to 5 mJ per pulse by decreasing the size of LC domains21

and further reduced to 1.35 mJ per pulse by exploiting the For-
ster energy transfer mechanism;22 correspondingly, the slope
efficiency was reported to increase from 0.1% (ref. 12) to 0.7%.22

However, the working performance of these HPDLC lasers is
still very poor and we attribute it to the used gain medium. It is
well known that laser dye molecules suffer severely from
concentration quenching,2 and they can only be doped into the
HPDLC grating at a very low concentration (1%) to main high
photoluminescence quantum yield (PLQY). As a result, the
absorption efficiency of the device is very low and not sufficient
gain can be experienced by the resonating lasing mode.

Unlike the laser dye, organic semiconductors could retain very
high PLQY even as neat lms. They also show large cross-sections
for stimulated emission and behave as quasi-four-level laser
materials in which the population inversion condition can be
easily achieved.4 In our recent publication,23 we have designed a
new DFB working structure called external feedback scheme to
introduce conjugated polymer intoHPDLCDFB lasers as the gain
medium. Output lasing with a linewidth of 0.7 nm was achieved
from this new laser device. In this work, we demonstrate that
superior lasing performance can be achieved aer optimizing the
device parameters: The lasing threshold can be as low as 0.17 mJ
per pulse (17 mJ cm�2) at 621.4 nm (one eighth of the lowest in
dye-doped HPDLC lasers) and the slope efficiency reaches 6.5%
under S polarization pumping (over eight times higher than that
inmost efficient dye-dopedHPDLC lasers). We also show that the
single lasing peak could be tuned from 610 nm to 653 nm by
changing the grating period. The spectral properties are
explained under the DFB waveguide theory and laser thresholds
at different wavelengths have also been investigated.

Experimental details
Device preparation

Conjugated polymer poly(2-methoxy-5-(20-ethyl-hexyloxy)-p-
phenylenevinylene) (MEH-PPV), one type of organic semi-
conductor, was chosen as the gain medium. MEH-PPV lms
have already been demonstrated good lasing properties and
they can be simply deposited from solution by spin-coating or
ink-jet printing.24 As the high molecular-weight conjugated
polymer is immiscible with the HPDLC mixture, we have
employed the external feedback structure here. The fabrication
This journal is © The Royal Society of Chemistry 2014
process of the MEH-PPV activated HPDLC laser is shown in
Fig. 1. MEH-PPV with an average Mw of �120 000 (from Jilin
OLED Material Co., Ltd) was used as received. Toluene solution
containing MEH-PPV (6 mgml�1) was prepared and spin-coated
over a glass substrate (1800 rpm; 30 s). The substrate was then
purged under pure nitrogen for several minutes to eliminate the
residual solvent. This process leaves a MEH-PPV layer on top of
the glass substrate with a thickness of�80 nm as measured by a
DekTak prolometer (I). An empty cell was then made using a
pair of glass substrates where the cell gap was controlled as
�6 mm by plastic spacers. Only one of the substrates was with
the coated MEH-PPV layer and the other uncoated glass servers
as the window for holographic recording (II). The typical
HPDLC prepolymer syrup, which consists of 29 wt% monomer
dipentaerythritol hydroxyl pentaacrylate (DPHPA), 29 wt%
monomer phthalic diglycol diacrylate (PDDA), 10 wt% cross-
linking monomer N-vinylpyrrolidone (NVP), 0.5 wt% photo-
initiator Rose Bengal (RB), 1.5 wt% coinitiator N-phenyglycine
(NPG) and 30 wt% nematic LC TEB30A (ordinary refractive
index ¼ 1.522; extraordinary refractive index ¼ 1.692), was
stirred in dark for 24 h to obtain a homogeneously blended
mixture. One droplet of the HPDLC mixture was then injected
into the cell by capillary effect in the dark. Aer that, the cell was
laid statically in a dark box for several minutes to avoid mixture
convection (III). The sample was then placed under the inter-
ference eld created by two coherent laser beams from a 532 nm
Nd-YAG laser source for 2 min (IV). The transmission HPDLC
grating spacing L can be calculated using L ¼ lw/2 sin(q/2),
where q is the intersection angle between the two beams. A low
exposure intensity of 8 mW cm�2 per beam was used in order to
obtain the scaffolding morphologic grating in which LC mole-
cules phase separate to form pure slices.25 This grating shows a
scattering loss less than 4% and is quite suitable for using as the
laser cavity. Finally, the DFB device with the external feedback
RSC Adv., 2014, 4, 38606–38613 | 38607
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structure is completed in which the HPDLC grating lies sepa-
rately on top of the MEH-PPV layer. It can be seen that the
fabrication procedure for MEH-PPV activated HPDLC lasers
adds no complexity and the only difference from the dye-doped
HPDLC laser is that one glass substrate was deposited with a
thin lm of conjugated polymer before the cell fabrication.
Thus these organic lasers still enjoy advantages of easy experi-
mental setup, large area and low cost.

For a direct observation of the working structure, laser
scanning confocal microscopy (LSCM) study was carried out.
The glass cell was reopened and the cured lms were ushed
using ethanol for 10 min to remove the LCs. The lms were then
cut along the direction perpendicular to grating channels and
mounted on the test board with the cross-section upward. The
cross-section of the lms was then analyzed by the OLYMPUS
OSL4000 LSCM. In order to discriminate between the HPDLC
grating layer and the MEH-PPV layer, a white light source was
used. Compared with scanning electron microscopy study,
LSCM requires no coating of an additional conductive layer and
the detecting photons would not inuence the morphology of
the fragile organic lms.
Optical characterization

For absorption, photoluminescence (PL) and amplied spon-
taneous emission (ASE) measurements of the MEH-PPV lm, a
sample without the grating structure was fabricated. Instead of
holographic recording, the prepolymer mixture was exposed
using a single laser beam with an intensity of 20 mW cm�2

resulting in a lm with LC domains randomly distributed in the
polymer matrix (polymer dispersed liquid crystal). Absorption
and PL measurements were carried out in a Shimadzu UV-3101
spectrophotometer and a Hitachi F-4500 uorimeter, respec-
tively. ASE properties were explored by optical excitation with a
frequency-doubled pulsed Nd-YAG laser at 532 nm (1 Hz, 8 ns).
The beam was shaped by a cylindrical lens into a strip of 10 mm
by 0.1 mm before impinging upon the sample. ASE emission
from the lm edge was collected by a ber coupled spectrometer
with a resolution of 0.25 nm.

Fig. 2 shows the optical setup for investigating the emission
properties of MEH-PPV activated HPDLC lasers. The frequency
doubled pulsed Nd-YAG laser was used as the pump source. The
pump energy upon the device was monitored instantaneously by
Fig. 2 The optical setup for pumping the MEH-PPV activated HPDLC
lasers and collecting the outcoupled emission.

38608 | RSC Adv., 2014, 4, 38606–38613
an energy meter collecting one of the split pump beams and can
be controlled using a set of neutral lters. A half-wave plate was
placed in the optical path to alter the polarization of the pump
beam. S polarization is along the y axis and P polarization is along
the x axis. The other pump beam shaped by the cylindrical lens
was incident upon the sample to the normal of the cell. Lasing
was coupled out from the cell surface andwas deected away from
the incident pump beam. Output emission was collected by a
spectrometer with a resolution of 0.25 nm. Output lasing energy
was measured using a highly sensitive Coherent J-10SI-HE energy
meter. The detector with a diameter of 10 mm was placed at
around 1 cm from the sample to let all output energy in.
Results and discussions
Optical properties of the pure MEH-PPV layer

The spectroscopic properties of the MEH-PPV solid lm are
illustrated in Fig. 3 and each spectrumhas been normalized to its
peak intensity. The absorption of the lm peaks at around 495
nmand strong absorption at the pumpwavelength of 532 nm can
also be anticipated. A quantitative measurement showed that
80% of pulsed pump energy can be absorbed by the 80 nm thick
gain medium layer. The high absorption efficiency of conjugated
polymer is superior to that of the dye-doped HPDLC lm (about
30% during an optical path of 6 mm) and could ensure much
higher optical gain. The PL spectrum peaks at 590 nm and there
is a shoulder near 620 nm. The spectral overlap (from 500 nm to
600 nm) between absorption and PL bands means that self-
absorption loss is signicant and lasing action cannot be ach-
ieved below 600 nm. ASE is the emission from the lm edge
without the presence of the grating structure under pulsed
optical pumping. It peaks at 620 nmand shows a substantial line-
narrowing (a half width of 8 nm) comparedwith the PL spectrum.
ASE results from the amplication of spontaneously emitted
photons via the stimulated emission process when they are
waveguided along the pump strip.26 Thus ASE contains a signif-
icant portion of stimulated emission and can be seen as an
indicator of the lasing performance of the gain medium.27

We anticipate that lasing at around 620 nm gives highest
performance and the grating period has to be carefully selected.
Output lasing direction

The grating period was selected to be 580 nmwhich requires an
intersection angle of 54.6�. Fig. 4(a) shows the LSCM image of
Fig. 3 Absorption, PL and ASE spectra of the MEH-PPV film.

This journal is © The Royal Society of Chemistry 2014
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the cross-section of the lms. The white LED source instead of
a laser source was used in order to tell the red MEH-PPV lm
from the “transparent”HPDLC grating layer. This is done at the
cost of the image spatial resolution (roughly from 0.12 mm to
0.3 mm). As a result, the HPDLC grating structure is not clear,
but still we can know two things from the image: one is that the
MEH-PPV layer adheres tightly to the grating layer which
means a conformal contact between the two layers is achieved;
the other is that there is grating structure just on top of the
MEH-PPV layer as the corrugation penetrates through the 6 mm
thick cell. These two points ensure that this external feedback
structure could function well, as the two layers are interacted
by the evanescent wave which has a quite short penetration
length (�0.5 mm). It is also worth to mention here that the
thickness of the MEH-PPV layer shown in the image is not
correct. The lms were not strictly perpendicular to the testing
board and the resulting color crosstalk thickens the gain
medium layer. The three layered waveguide structure of the
device can be easily seen from the cross-section of the lms and
the refractive index (RI) of each layer is given schematically in
Fig. 4(a). The RI of the glass substrate n0 is measured to be
1.516 by an Abbe refractometer. When serving as a waveguide
layer, the RI modulation of the HPDLC grating is not important
and the grating layer can be represented by an averaged RI nave
of 1.541.20 As for the conjugated polymer layer, the rod-like
chromophore chains are distributed randomly in the lm
plane but not to the normal of the lm as a result of the spin-
coating process. This chain orientation conguration brings
anisotropic optical properties for the lm:28 at 620 nm, TE light
would experience a n1 of 1.92, while the RI for TM light is 1.55.
As is clear from the RI of each layer, the MEH-PPV layer works
Fig. 4 (a) LSCM image of the cross-section of the films. The sketched
triangle shows the output coupling mechanism of the grating. (b)
Photo of the operating device pumped by the pulsed laser.

This journal is © The Royal Society of Chemistry 2014
the waveguide core layer while the HPDLC grating layer and the
glass substrate function as the cladding layers. The thickness
of the conjugated polymer layer has to be experimentally
optimized to obtain the best lasing performance.23 It has to be
thin enough to ensure that there is sufficient evanescent wave
spread into the HPDLC grating layer, thus optical feedback for
a specic lasing mode can be obtained by the coherent inter-
ference of backward scattering light at each grating period. In
themeanwhile, the waveguide core layer has to be thick enough
in order to allow a decent connement of the lasing mode and
photons can be effectively amplied in the gain medium
through the stimulated emission process. The HPDLC grating
layer on top of the conjugated polymer layer also serves as
natural encapsulation to protect it from oxygen and moisture
in the air. Thus a long working lifetime in the range between
106 and 107 pulses (ref. 29) can be anticipated.

Fig. 4(b) shows the image of the operating sample pumped
above the laser threshold. Unlike the situation in dye-doped
HPDLC transmission gratings where lasing comes from the lm
edge,21 this device emits lasing from the cell surface as a result
of the grating outcoupling effect. The lasing pattern on the
paper screen shows an arc line prole with most of energy
concentrated in the center. It is quite divergent along the
grating channels while is almost diffraction-limited along the
grating vector. Symmetrically, there are four beams of lasing
from the device, but only one beam is shown in Fig. 4(b). The
outcoupling process is independent of the feedback process
and is sketched in Fig. 4(a). The grating would exert a Bragg
vector ~G on the original wave vector K0⃑, which couples the
lasing into the free space with a new wave vector K1⃑. According
to the momentum conservation in the plane of the waveguide,
there would be:30

2p

l
sin

�
q
�¼ � 2pneff

l
�m0 2p

L
(1)

Where l is the lasing wavelength, neff is the effective RI of the
lasing and m0 is the order of the grating coupling. Considering
the lasing wavelength fullls the Bragg equation and we have
employed the third order feedback, there is l ¼ 2neffL/3. Put
this into eqn (1), we have:

sin
�
q
� ¼ �

�1� 2

3
m0

�
neff (2)

Restricted by |sin(q)| # 1, m0 can only take the value of 1 or 2,
thus:

sin
�
q
�¼ 1

3
neff z 0:53 (3)

Lasing is coupled out of the waveguide at an angle of 32� with
respect to the cell normal, which is in accordance with the
experimental result. The surface-emitting output is more suit-
able for energy extraction as the emission prole is not
dependent on the low optical quality edges of the fragile
amorphous lms.31 If two-dimensional gratings are used, the
output lasing pattern property could be further improved with a
low divergence angle at both directions.32
RSC Adv., 2014, 4, 38606–38613 | 38609
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Lasing performance

Fig. 5 shows the emission spectrum of the MEH-PPV activated
DFB laser pumped above the working threshold. The full width
at half maximum (FWHM) of the emission peak is 0.5 nm
limited by the resolution of the spectrometer. It is much sharper
than the ASE peak from a sample without the grating structure
as shown in Fig. 3, giving solid evidence to lasing operation.
There is only one lasing peak locating at 621.4 nm. Single mode
laser operation can be conveniently achieved in this new device
as the MEH-PPV layer which functions as the waveguide core
layer is very thin and can only support one propagating lasing
mode.33 It is in stark contrast with the situation in dye-doped
lasers in which the very thick HPDLC layer works as the wave-
guide core layer and several lasing peaks can be found in the
output emission.20,34 The output emission of this new device
also contains no parasitic light (e.g. ASE emission) which means
spontaneous emission has been effectively suppressed by the
supported lasing mode. The inset of Fig. 5 shows the depen-
dence of emission intensity on pump energy. Above the laser
threshold, the regime of spontaneous emission is switched to
stimulated emission. The FWHM of the emission quickly
narrows down and the slope of the peak intensity as a function
of pump energy instantaneously increases. The inset shows the
laser threshold of the new device is around 0.17 mJ per pulse
(17 mJ cm�2) which is just one eighth of the lowest in dye-doped
HPDLC lasers.22 The performance of the MEH-PPV activated
laser goes beyond our expectation, as the absorption efficiency
increases just by 3 times. The reason may lie in the difference in
optical scattering property between the HPDLC grating and the
MEH-PPV layer. Compared with the homogeneous conjugated
polymer layer, scattering loss of the scaffolding morphologic
HPDLC grating is still much higher. In the external working
structure, although the optical feedback is still provided by the
HPDLC grating, the photons experiencing amplication are in
the homogeneous MEH-PPV layer. Thus the effect of optical
scattering of the grating on laser performance can be alleviated
and a much higher improvement can be obtained.

In order to measure the polarization state of output lasing, a
polarizer was placed between the detector of the spectrometer
and the sample. When the polarization direction was along the
y axis (as shown in Fig. 2), the polarizer was set to be 0�.
Transmitted intensity of output lasing as a function of the
Fig. 5 Emission spectrum of the MEH-PPV activated DFB laser excited
at 2.6 � Eth. The inset shows the peak intensity as a function of pump
energy.

38610 | RSC Adv., 2014, 4, 38606–38613
rotation angle a of the polarizer is shown in Fig. 6 as solid
spheres. The curve is a theoretical plot showing I ¼ E0 cos

2 a,
where E0 is the intensity when the polarizer angle is set to be 0�.
It is clear from the experimental data that the output lasing
from the organic semiconductor activated HPDLC laser is
totally TE polarized. The linear polarization output can be
attributed to the anisotropic optical properties of the MEH-PPV
layer. It has been mentioned in the last section that TE light
would experience a quite larger RI compared with that of TM
light in the conjugated polymer lm. The TE lasing mode could
be more effectively conned in the gain medium and it would
be preferentially amplied. In short, the TM mode is sup-
pressed by the TEmode and energy has been channeled into the
TE lasing mode. While in dye-doped HPDLC lasers, both TE and
TM polarizations are present as a result of isotropic RI for light
propagating along the grating vector.13 From the perspective of
device application, the linearly polarized lasing is certainly
more preferred.

Fig. 7 shows output lasing energy as a function of incident
pump energy. We found the output versus input characteristics
of the device are dependent on the pump polarization, so the
results for different pump polarizations are also shown. It is
worth to mention here that the output lasing wavelength and
polarization are not affected by the pump polarization. The
solid squares are experimental data, while the three curves are
linear t to the corresponding data. The slope of these linear
lines give slope efficiencies while their intersection with the
pump energy axis gives laser threshold. The output slope effi-
ciency is lowest 4.7% when the pump light is P polarized, and
an intermediate value of 5.9% is obtained when the pump is 45�

polarized, while it is the highest 6.5% in the case of S polarized
pump. Correspondingly, the laser threshold under P polariza-
tion pump is the highest 0.22 mJ per pulse, and is 0.17 mJ per
pulse in the case of 45� pumping, while a lowest value of 0.15 mJ
per pulse can be obtained under S light.

The pump polarization dependency can be qualitatively
explained by the anisotropic distribution of excitations under
linearly polarized pump light.35 The absorption cross-section of
the rod-like chromophore molecule depends on its orientation
relative to pump polarization.36 To be more specic, the chro-
mophore molecule absorbs incident photons most efficiently
when its principal axis is parallel to the polarization direction of
pump light. As a result, the chromophore molecules along the y
Fig. 6 Transmitted intensity of output lasing through a polarizer as a
function of the polarizer angle.

This journal is © The Royal Society of Chemistry 2014
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Fig. 7 Output lasing energy as a function of incident pump energy for
different pump polarizations.

Paper RSC Advances

Pu
bl

is
he

d 
on

 1
4 

A
ug

us
t 2

01
4.

 D
ow

nl
oa

de
d 

by
 L

ib
ra

ry
 o

f 
C

hi
ne

se
 A

ca
de

m
y 

of
 S

ci
en

ce
s 

on
 0

8/
04

/2
01

5 
08

:4
7:

47
. 

View Article Online
direction are most effectively excited under S polarization
pumping. In the meanwhile, these excited molecules are apt to
emit photons with TE polarization (again along the molecule
principle axis), which means the stimulation emission cross-
section of these anisotropic excitations for the TE mode is the
highest. As the TE mode lasing is predominantly supported by
the cavity, S pump would provide feedback photons with the
highest optical gain. In this case, the slope efficiency is the
highest and the laser threshold is the lowest. The slope effi-
ciency of this device represents the current state-of-art for an
HPDLC laser, and it is eight times higher than that in most
efficient dye-doped HPDLC lasers.22 We attribute this to be
indicative of the effectiveness of our designed working structure
and high optical efficiency of the conjugated polymer. It is also
noted that slope efficiencies as high as 7.8% have been
demonstrated in a conjugated polymer laser with a complicated
2D feedback structure fabricated from the holographic lithog-
raphy technique.37 The slope efficiency of our MEM-PPV acti-
vated HPDLC laser is comparable to that value while the
fabrication of HPDLC gratings is much simpler. These results
show that the HPDLC technique has the potential to replace
common sophisticated techniques in fabricating organic DFB
laser for low-cost and large-volume production. Based on the
result of the effect of pump polarization on the slope efficiency,
we anticipate that the lasing performance of the MEH-PPV
activated HPDLC laser could be further improved by orienting
the chromophore molecules along the y axis. This measure
would improve both the absorption efficiency of the conjugated
polymer lm and stimulated emission cross-section for TE
photons under S polarization pump.38 This is the topic of our
on-going research.
Fig. 8 Laser emission spectra from MEH-PPV activated HPDLC lasers
with different grating periods.
Broadband spectral tuning

As mentioned above, one of the most attracting features of
organic gain media is the broadband gain spectrum and it
offers the way to fabrication of broadband ampliers and highly
tunable lasers. Lasing wavelength from organic DFB lasers
could be readily selected by changing the grating period or the
active lm thickness (and hence the effective RI of the guided
mode). In conjugated polymer lasers, the latter method was
oen employed33,39 as common fabrication techniques allow no
This journal is © The Royal Society of Chemistry 2014
easy control of the grating pitch. But the variation in the active
lm has direct inuence on mode connement, absorption
efficiency and even number of lasing modes, preventing an easy
comparison between lasers at different wavelengths. We
demonstrate here the broadband wavelength tuning of the
conjugated polymer laser by altering the HPDLC transmission
grating period (via changing the intersection angle of curing
beams) while keeping the active lm thickness a constant. As is
shown in Fig. 8, output lasing wavelength was tuned from
610 nm to 653 nm when the grating period was varied from
566.5 nm to 615.6 nm. Outside this range, no lasing peak can be
observed showing the width of tunable range of the MEH-PPV
lm is around 43 nm. No additional higher lasing modes can be
found in these emission spectra, as the active lm thickness was
kept as thin as 80 nm to allow only the lowest propagating mode
being conned. At the edge of the gain band, either at 610 nm or
653 nm, the emission spectrum contains not only the single
lasing peak but also some ASE background. The parasitic light
arises due to low optical gain at edge wavelengths where the
spontaneous emission cannot be well suppressed by the lasing
mode: At the short wavelength edge, the self-absorption by the
gain medium cannot be neglected which brings additional loss;
while at the long wavelength edge, the low optical gain is due to
decreased stimulated emission cross-section of excitations. The
associated laser thresholds at different wavelengths have also
been determined and are shown in Fig. 9. It can be seen that the
lowest threshold is 0.17 mJ per pulse which operates at 621 nm.
This location is consistent with the ASE peak where the net gain
is the highest. The threshold increases rapidly as the lasing
wavelength approaches the short edge of the ASE spectrum. At
the shortest lasing wavelength of 610 nm, the laser threshold
increases by six times and reaches 1.3 mJ per pulse. This shows
that self-absorption loss plays an important role in determining
the tunable range of output lasing. We anticipate that perfor-
mance of this new laser could be further improved by adopting
the Forster energy transfer scheme as it would move the
absorption spectrum of the gain medium away from its emis-
sion spectrum.40

The dependence of lasing wavelength on the HPDLC grating
period can be further explained under the mode selection
mechanism of the DFB laser.20 The supported lasing mode has
to fulll two requirements. One is that it should be the
RSC Adv., 2014, 4, 38606–38613 | 38611
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Fig. 9 Oscillation thresholds at a function of output lasing wave-
length. The ASE spectrum is also shown for comparison.

Fig. 10 The dependence of lasing wavelength on the grating period.
Squares are experimental data. The solid curve is the calculation based
on the DFB waveguide theory.
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propagating mode in the MEH-PPV layer which functions as the
waveguide core layer. Thus the optical mode can be conned in
the gain medium and will not leak out through above and below
cladding layers; the other is that the mode wavelength has to
fulll the DFB Bragg equation. In this way, the coherent inter-
ference of backward scattered light at each grating period can
be obtained which is a prerequisite for laser action. The well-
known asymmetrical TE waveguide equation41 with the
parameters shown in Fig. 4(a) is:

2ph

l

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n12 � neff 2

p
¼ m_modepþ tan�1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
neff

2 � nave
2

n12 � neff 2

s

þ tan�1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
neff

2 � nave
2 þ g

�
n1

2 � nave
2
�

n12 � neff 2

s
(4)

Where l is the mode wavelength, n1 is the RI of the MEH-PPV
layer (1.92 for TE mode at 620 nm), h is the thickness of the
core layer (80 nm), neff is the effective RI of the mode, m_mode

is the order of the propagating mode (0, 1, 2.) and g equals
(nave

2� n0
2)/(n1

2� nave
2) which is ameasure of the asymmetry of

the waveguide. Taking into account that the effective RI is
linked to L by the third-order Bragg equation 2neff ¼ 3l/L, the
dependency of lasing wavelength l on L can be numerically
solved and is shown as the solid curve in Fig. 10. The solution
arises only when m_mode takes the value of 0 which means only
the lowest TE0 mode can be supported by the cavity. The
experimental data in Fig. 8 are shown as squares in Fig. 10. The
experimental data agree with the theoretical curve very well
when the lasing wavelength is between 620 nm and 635 nm
while deviate from it at both short and long wavelength edges.
This is because we haven't taken RI dispersion of the MEH-PPV
lm into consideration. According to literature,28 RI of the
MEH-PPV lm should be higher and lower than 1.92 at 610 nm
and 650 nm, respectively. Thus, better agreement can be
obtained based on the waveguide DFB laser theory if the RI
dispersion of the gain medium is taken into account. Our initial
intention was to fabricate electrically tunable conjugated poly-
mer activated HPDLC grating lasers. But no wavelength tuning
was demonstrated under applied electric eld in experiments.
Later we found the supported lasing mode could only experi-
ence the ordinary RI in the LC layer when LC molecules are
rotating in the plane perpendicular to the glass substrate.
Because the supported lasing mode is TE polarized and the
38612 | RSC Adv., 2014, 4, 38606–38613
initial LC molecules are oriented along the grating vector.
Deliberate structure designs are required to overcome this
limitation to fully make use of the tunability of the grating.

Conclusions

We have given a full optimization and characterization of the
lasing performance of MEH-PPV activated HPDLC lasers. The
MEH-PPV layer was laminated between the glass substrate and
the HPDLC transmission grating layer to replace common laser
dye as the new gain medium. Proted from the high absorption
efficiency of the conjugated polymer and the effectiveness of the
external feedback structure, the performance of the laser is
greatly improved. It emits single-mode, totally TE polarized
laser emission. Output lasing was also coupled by the grating
out of the waveguide and is more convenient for energy
extraction. The operation threshold at 621.4 nm was 0.17 mJ per
pulse (17 mJ cm�2) which is just one eighth of the lowest in dye-
doped HPDLC lasers. It is further found S pump polarization
gives a high slope efficiency of 6.5% which is over eight times
higher than that in most efficient dye-doped HPDLC lasers. The
lasing wavelength can be conveniently tuned from 610 nm to
653 nm by varying the grating period showing a wide gain band
of the MEH-PPV lm. This work also implies that lasing
performance of HDPCL lasers can be further improved by
adopting three measures: using 2D HPDLC gratings as resona-
tors, orientating chromophore chains of the conjugated poly-
mer along the specic direction and employing the Forster
energy transfer scheme to decrease self-absorption loss. Our
results establish the HPDLC technique as a promising route to
the realization of low-cost and large-volume production of effi-
cient organic DFB lasers.
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