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Abstract

We report a low threshold, high energy conversion organic distributed feedback (DFB) laser based on
a holographic polymer dispersed liquid crystal (HPDLC) grating as an external light feedback layer,
specifically, by adopting acrylate-based monomer with low functionality and a rubbed polyimide (PI)
alignment layer. In such configuration, the phase separated LCs were aligned along the preferred direction,
which gave increased refractive index difference between the LC and the polymer, so it can provide better
light feedback in HPDLC layer. The pump efficiency for the laser, such as lasing output threshold and
conversion efficiency, can be enhanced. The light loss, diffraction efficiency and driving voltage were
also investigated for the HPDLC structures to identify the effects of rubbing layer and monomer

functionality.

1. Introduction

Distributed feedback (DFB) organic semiconductor lasers (OSLs) have been developed extensively
based on their materials and resonator structures. Organic semiconducting materials exhibit strong
absorption, wide absorption band, small concentration quenching and capability to easy process.'

Efficient energy conversion could allow optical pumping by light emitting diodes> or inorganic laser
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diodes,” which is promising for compact lasers applications.* DFB structures are favorite resonator
geometries due to low thresholds and single longitudinal mode emission as a result of long gain path and
high wavelength selectivity.” So far, DFB OSLs have already been demonstrated with several approaches,
such as electron beam lithography,® electron beam lithography,’” hot embossing,® reactive ion etching,
liquid imprinting’ or interference ablation.'® There are two kinds of structures are commonly used. One is
the grating structure engraved on the active layer'' and the other is the active medium deposited on the
corrugated substrate.'> In these cases, the active layer acts as both gain layer and index modulation layer,
which makes the coupling mechanism complex and the design of waveguide core layer such as materials
or thickness difficult.

A DFB laser with a single active semiconducting layer as the core layer and a holographic polymer
dispersed liquid crystal (HPDLC) grating layer as the external feedback layer has different
configuration.”> We can control the parameters of the active layer (as the gain medium and the waveguide
core layer) and the HPDLC grating layer (as feedback layer) separately to adjust the properties of the
lasing output for the device." Liquid crystals (LCs) are optically anisotropic. HPDLC gratings are
fabricated by exposing a mixture composed of photosensitive monomer and LC to an interference field
created by two coherent laser beams by photo-polymerization induced phase separation (PIPS) method.
The alternating layers of polymer and phase separated LC are formed corresponding to the interference
patterns.”’15

In HPDLCs, the averaged orientation of liquid crystal molecules is aligned along grating vector
direction, i.e., orthogonal to the holographic planes.'* For feedback lights propagating along the grating
vector, the refractive index difference comes from polymer (index n,) and phase separated LC (ordinary
index n,). These two values of index is very close and the typical difference'® can be as low as 10”. Thus
the effective light feedback for lasing output is not high. In this work, we present a DFB OSL with
HPDLC as the external feedback layer. Specially, a rubbed polyimide (PI) layer was adopted on the
substrate to control the orientation of the phase separated LCs to increase the refractive index difference

in the grating vector direction for light feedback. We also found the effect of PI alignment layer was
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related with different functionalities of acrylate monomer(s). Through adopting low functional monomer
and using rubbed PI alignment layer, the orientation of phase separated LCs can be along the direction of
the holographic planes. Therefore the refractive index difference in HPDLC feedback layer can be

increased and the lasing performance can be enhanced.

2. Experimental
2.1 Device structure and materials

The device structure is illustrated in Fig. 1. The core layer of the proposed laser device is made from
poly (2-methoxy-5-(20-ethyl-hexyloxy) p-phenyl-enevinylene) (MEH-PPV), which serves as laser gain
layer. While the bottom glass substrate and the HPDLC grating layer are used as cladding layers to form
HPDLC-grating/MEH-PPV/glass substrate configuration as an asymmetric slab waveguide.'* Different
from previous reports, we applied polyimide (PI) as an alignment layer to control LC alignment on the
other glass substrate in some samples, as illustrated in Fig. 1b. The PI was mechanically rubbed
unidirectionally by a piece of velvet cloth along the direction of the holographic planes (z axis). The
solution of MEH-PPV (Jilin OLED Material Tech) in xylene (6mg/ml) was deposited onto the bottom
glass substrate by spin-coating (2000 rpm). The MEH-PPV layer thickness was controlled at 80+2 nm by
spin-coating rate and confirmed by Dektak profilometer. The cells gap, i.e., the thickness of the HPDLC,
was controlled by Mylar spacer at 6 pm.

To form HPDLC by photo-induced phase separation method,” nematic LC TEB30A (n,=1.522,
n.=1.529, An=0.170, Slichem, 27.5 wt.%), N-vinylpyrrolidone (NVP, Sigma-Aldrich, 10 wt.%) as solvent
and chain extender, co-initiator Nphenylglycine (NPG, Sigma-Aldrich, 1.5 wt.%), photo-initiator Rose
Bengal (RB, Sigma-Aldrich, 0.5 wt.%) and monomer (60 wt.%) were mixed. In order to study the effect
of different monomer functionalities'’, difunctional acrylate monomer phthalic diglycol diacrylate (PDDA,
Sigma-Aldrich, 30 wt.%) and penta-functional acrylate monomer dipentaerythritol hydroxyl pentaacrylate
(DPHPA, Sigma-Aldrich, 30 wt.%) were adopted in mixture A with monomer functionality of 3.5 while

PDDA only (60 wt.%) were prepared in mixture B with monomer functionality of 2. The chemical
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structures of DPHPA and PDDA are shown in Fig. 2a and b, respectively. Different samples were
prepared, as shown in Table 1. Sample al and a2 were made from mixture A and sample b1 and b2 were
made from mixture B. To compare the effect of the PI alignment layer, sample a2 and b2 had PI layer on

the top glass substrate in the device while sample al and b1 did not have PI layer in the device.

Table 1 Illustration and properties of samples.

Sample # Mixture Top glass substrate n, (%) n, (%) n, /m,
al A bare glass 56.5 1.3 43.5
a2 A coated with PI and rubbed 57.2 1.4 40.9
b1 B bare glass 55.5 2.9 19.1
b2 B coated with PI and rubbed 1.6 57.3 1/35.8

2.2 HPDLC fabrication and characterization

The mixture is injected into the empty cell by capillary action at room temperature (20-22 °C) after 12
hr stirring at room temperature and put into the holographic optical field to form HPDLC. The schematic
optical setup is shown in Fig. 3. The cell was irradiated in the interference field created by two frequency-
doubled, 532 nm continuous Nd-YAG laser beams. By changing the intersection angle (0) of the two

14,15

coherent beams, the grating period ( A ) can be calculated and controlled according to

A

532

A =—>22  The period of the HPDLC grating was chosen at 590 nm for all the samples, which is
2sin(8/2)

used to achieve light feedback in HPDLC via the third Bragg order for the gain MEH-PPV. The intensity

of each recording beam was 4 mW/cm®. The exposure time was 5 min and the cured grating area was 8

mm by 8§ mm.

To characterize and compare the properties of HPDLC with different structures, light loss and

diffraction efficiency were analyzed. Decreased light loss can improve the energy conversion efficiency
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of output laser. Light loss at different polarization states can be also used to indicate the orientation of LC
in the HPDLC. To calculate the light loss, during the fabrication process, a circularly polarized He-Ne
laser (laser-1) was directed onto the sample at normal direction after a polarizer (polarizer-1). Through

rotating the polarizer-1, the light loss (L") at s or p polarization state is derived by L' = (I; — I;)/I;. Here
1,is the intensity of He-Ne laser-1 passing through the sample before grating being fabricated and 7, is

the intensity of He-Ne laser-1 detected by detector-1 in real time.

The diffraction efficiency of each sample was measured by another He-Ne laser. The laser beam from
He-Ne laser-2 was incident onto the sample at the exact Bragg angle and the first order diffracted beam
was measured by the detector-2. The Bragg diffraction angle were about 32° for our samples. The

diffraction efficiency is defined as the diffracted light intensity in the first order divided by the incident

light intensity. By rotating the polarizer-2, we can get diffraction efficiency at s polarization state (1), ) or

p polarization state (1 ).

2.3 Lasing output performance

The holographical cured samples were then photo-pumped by a Q-switched frequency-doubled
Nd:YAG laser (532 nm, 8 ns, 1 Hz). The pump beam was divided into two beams with equal intensity by
a beam splitter. One beams was directed into a pulse energy meter and the other beam was shaped into a
narrow strip (5 mm by 0.1 mm) by a cylindrical lens to the sample along the direction of grating vector to
pump the laser emission. The lasing output was detected and measured by a fiber pigtail detector coupled
spectrometer (LabMax-TOP; Coherent Inc). The lasing output, such as full width at half maximum

(FWHM) and lasing threshold can be obtained.

3. Results and discussion
3.1 Scattering loss in HPDLC

The scattering loss can be used to determinate the goodness of HPDLC grating as a feedback layer for
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lasing output. The lower the scattering loss, the more efficient the pump light, i.e., the higher conversion
efficiency of pump input to the lasing output. The scatting loss in different polarization states can also
give clues on LC orientation because the scattering is mainly induced by phase separated LC, which the
refractive index of phase separated LC mismatches with the refractive index of environment of the
polymer. Fig. 4 shows the scattering loss change with the HPDLC curing time for sample al-b2. From
Fig. 4a-c, we can see the scattering loss for p polarization light was greater than that for s polarization
light for sample al, a2 and b1 while from Fig. 4d, the scattering loss for s polarization light was larger
than that for p polarization light. The scattering loss difference for different polarization states indicates

that the LC orientation in the HPDLC is different. We will discuss this in Section 3.2.

3.2 Diffraction efficiency for HPDLC

Fig. 5 shows the real-time diffraction efficiencies of each sample at different polarization states. We can

see that Fig. 5a-c showed similar trend, of which the p light diffraction efficiency (n ) was greater than

the s light diffraction efficiency (m,) for sample al, a2 and b1l whereas Fig. 5d showed the s light
diffraction efficiency for sample b2 was larger than p light diffraction efficiency during the HPDLC
fabrication process. The diffraction efficiencies at different polarization states for each sample are listed

in Table 1. For mixture A (DPHPA/PDDA based), the grating optical sensitivity (77, / n, ) of al and a2

was 43.5 and 40.9 respectively. However, for mixture B (only PDDA based), the grating optical
sensitivity 77, / n, of bl and b2 was 19.1 and 1/35.8 respectively. This also means the surface anchoring
effect of the alignment PI layer is dominant in b2, which makes the majority of phase separated LCs to be
aligned by the designed rubbing direction, as indicated in Fig. 1b.

In order to understand the difference of diffraction efficiency in b2, we adopt a coordinate system with

x in the direction of the grating vector and y perpendicular to the cell surface. The diffraction efficiency

for each polarization at the Bragg angle (6, ) follows the equations'®
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2 22
, #d(&,, cos” O, — &, sin” O,)
2nA, cos b,

n, =sin

M

1z

2nA,cos 8,

) de
n, = sin? ——~lz

2

where ¢, (i =x,y,z) is the diagonal components of the relative permittivity modulation tensor, d is the
cell gap, n is the average refractivity of the grating and A, is the wavelength of the probe light (633 nm,

He-Ne laser). 6, is 22° in our experiment. As the value of 6, is small, Eqs. (1) and (2) can be simplified

as
n, =sin’ zde,,
P
2nA, 3)
n, =sin’ zdé,
’ 2nl,

“4)

We can see, as the refractive index of pure polymer (7, =1.525 for mixture A, n, =1.529 for mixture
B, both measured by an Abbe refractometer) is close to the ordinary refractive index of the LC
(n, =1.522), the change of the diffraction efficiency at s or p polarization state is mainly related with
extraordinary refractive index of the LC, i.e., the orientation of the phase seperated LC molecules. From

Egs. (3) and (4) we can conclude that the reason that 77, or 77, increases with curing time is due to the

extent to which the LC is aligned along the x axis (for n, increasing case, Fig. la) or z axis (for 7,

increasing case, Fig. 1b).
On the other hand, the amplitude of the HPDLC diffraction efficiency is related with refractive index
difference between LC and polymer. The refractive index difference An can be deduced by Kogelnik’s

isotropic coupled wave theory'’

A A, cos 8, arcsin /77,
n=
nd (5)
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From Egs. (5), we can note that higher 77, can be from larger refractive index difference, which will give
more effective light feedback when pumping. It also shows the more the LC molecules aligned along the

z axis, the better the feedback for the lasing output. According to Eq. (5) and measured 7, the refractive

index modulation An can be increased from 0.0036 (in sample al) to a relatively high value of 0.0236 (in

sample b2).

3.3 Driving voltage of HPDLC

In HPDLCs, the surface anchoring effect of the polymer plays a key role to dictate the electro-optical
properties.”” If the anchoring strength between polymer and phase separated LC molecules is weak,
smaller driving voltage is required to re-orient the LC molecules with applied field. In this work, there is a
competitive relationship between surface anchoring of the polymer filaments or fibers in rich-LC region
(indicated in Fig.1) and anchoring effect of the alignment PI layer for sample a2 and b2. Fig. 5 shows the

comparison of the diffraction efficiency as a function of driving electric field for sample al-b2. The

driving electric field E,, is defined here as the electric field required attaining 90% diffraction of the first
order diffraction light from 100% (without applying electric field). The E,, of sample al, a2 and b1 are

5.2 V/um, 6.0 V/pum, and 2.0 V/um, respectively and the E,, of sample b2 is 3.0 V/um. The results

indicate that the surface anchoring energies of the polymer in sample al and a2 are greater than that in
sample bl and b2. We think that it is caused by different functions of the monomers, meaning,
multifunctional monomer will produce more polymer filaments in rich-LC regions and more anchoring
energy than lower functional monomer. Because of the monomer with lower functionality (mixture B),
the surface anchoring strength of the polymer is much smaller. Therefore the alignment PI layer in sample
b2 can be dominant for the orientation of phase separated LC molecules. Such orientation of the LC will
benefit to larger An so that the lasing output threshold can be lower when pumping because of more

efficient light feedback.
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3.4 Lasing output
The samples were then photo-pumped to investigate the lasing output for DFB laser application. The

pumping laser wavelength was 532 nm and the pumping direction was normal to the glass substrate of the

sample. The lasing output from our samples were around 630 nm. The DFB lasing wavelength 4, from
the device should satisfy the Bragg condition®' mA, = 2n,; A, where n is the effective refractive index

of the laser mode and m is the Bragg order, which was selected as 3 for each sample in this work. There
were four lasing output beams with equal intensity from one sample and each beam was emitted at ~32°
with respect to the normal of the glass plane. The emitted lasing output beams are totally TE polarized.

Fig. 7 shows the dependence of output energy on input energy for sample al-b2. The threshold of the
lasing output was obtained by the intersection of the linear fitting curve. The threshold is 0.71 uJ (i.e.,
pump energy density 0.142 mJ/cm® or perk power density per pump laser pulse 17.75 kW/cm®, the same
as below) for sample al, 0.74 pJ (0.148 mJ/cm® or 18.5 kW/cm?) for sample a2, and 0.68 wJ (0.136
mJ/cm® or 17 kW/em®) for sample b1. The conversion efficiency of pump input to the lasing output of
sample al, a2 and bl are 2.3%, 2.5% and 1.9%, respectively. The values of both threshold and
conversion efficiency of the three samples are almost same. However, the lasing output properties of
sample b2 was greatly improved, as is shown in Fig. 7d. The value of refractive index contrast is
improved from 0.0036 (sample al) to 0.0236. The threshold was decreased to 0.25 pJ (0.05 mJ/cm’® or
6.25 kW/cm’) and the conversion efficiency was increased to 4.6%. The insets in Fig. 7 show the
corresponding lasing spectra of sample al-b2, respectively. Lasing with narrow linewidth was observed
and their full width at half maximum (FWHM) was 0.5 nm - 0.6 nm, which showed the small difference
of the lasing wavelengths in sample al and b1 can be attributed to the different kinds of the mixture being
used. The lasing peak change from 630.4 nm (sample b1) to 632.2 nm (sample b2) can be attributed to the
difference in the average refractive index in the HPDLC grating due to different orientation of LC
molecules caused by PI alignment layer.

These results show that the lasing threshold can be lowered and the conversion efficiency can be
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increased by the rubbed PI layer to control the phase separated LCs aligned in the preferred direction in
the sample with low functionality of the monomer mixture. The reason is that, when the phase separated
LC is aligned along rubbing direction (z), the refractive index difference in grating vector direction (x)
comes from polymer (for example, n,=1.529 for mixture B) and LC extraordinary refractive index (n.),
which was measured as 0.0236 in sample B2. Whereas in sample B1, the refractive index difference in
grating vector direction is 0.0036 as the phase separated LC is aligned along grating vector direction and
the refractive index of LC is ordinary refractive index (n,, and n,<n.) in that case. The bigger the
refractive index in grating vector direction (the lasing feedback direction), the better the lasing feedback

performance. Therefore the lasing threshold and conversion efficiency can be enhanced in this work.

4. Conclusions

In this paper, we studied the effects of the alignment PI layer on lasing output threshold and
conversion efficiency based on HPDLC/core-layer/glass-substrate laser configuration. The effect of
different monomers, the orientation of the LC molecules in different HPDLCs and the lasing output
properties were investigated. The results indicate the surface anchoring energy of the polymer in HPDLC
can be suppressed by using lower functional monomer and rubbing PI alignment layer on the substrate,
making LC molecules align along the designed rubbing direction. In this way, we greatly lowered the
lasing output threshold and increased conversion efficiency. The obtained HPDLC also has lower light
loss, higher diffraction efficiency and lower driving voltage, which is boosted as more effectively,

external light feedback layer for organic semiconducting lasers.
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Table and Figures

Table 1 Illustration and properties of samples.

Fig. 1 Device structures of (a) without PI alignment layer and (b) with PI alignment layer.

Fig. 2 Chemical structures of (a) DPHPA and (b) PDDA.

Fig. 3 Optical setup for fabrication and characterization of HPDLC grating.

Fig. 4 Evolution of the light loss for p polarization (square) and s polarization (sphere) with curing time
for (a) al, (b) a2, (c) bl and (d) b2, respectively.

Fig. 5 Real time diffraction efficiency for p polarization (square) and s polarization (sphere) for (a) al (b)
a2, (c) bl and (d) b2, respectively.

Fig. 6 Diffraction efficiency as a function of applied electric field for (a) al, (b) a2, (c) bl and (d) b2,
respectively.

Fig. 7 Lasing output intensity as a function of pump intensity for the DFB laser: (a) al, (b) a2, (c) b1 and

(d) b2. The insets show the corresponding lasing spectra, respectively.
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Table 1 Illustration and properties of samples.

Sample # Mixture Top glass substrate n, (%) N, (%) n, /n,
al A bare glass 56.5 1.3 43.5
a2 A coated with PI and rubbed 57.2 1.4 40.9
b1 B bare glass 55.5 2.9 19.1

b2 B coated with PI and rubbed 1.6 57.3 1/35.8
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Fig. 1 Device structures of (a) without PI alignment layer and (b) with PI alignment layer.
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Fig. 2 Chemical structures of (a) DPHPA and (b) PDDA.
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Fig. 3 Optical setup for fabrication and characterization of HPDLC grating.
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Fig. 4 Evolution of the light loss for p polarization (square) and s polarization (sphere) with curing time

for (a) al, (b) a2, (c) b1 and (d) b2, respectively.
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Fig. 5 Real time diffraction efficiency for p polarization (square) and s polarization (sphere) for (a) al (b)
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(d) b2. The insets show the corresponding lasing spectra, respectively.

Fig. 7 Lasing output intensity as a function of pump intensity for the DFB laser: (a) al, (b) a2, (c) b1 and
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Graphical Abstract

A low threshold, high energy conversion organic distributed feedback (DFB) laser based on a holographic
polymer dispersed liquid crystal (HPDLC) grating, as the external light feedback layer, with preferred LC

molecular orientation was reported to provide better light feedback.
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