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ABSTRACT ARTICLE HISTORY
Control experiments were performed to improve the slope conversion efficiency of the organic Received 4 September 2015
distributed feedback laser by varying the dissolution solvents of the laser gain layer, a conjugated ~ Accepted 2 November 2015
polymer poly(2-methoxy-5-(2'-ethyl-hexyloxy)-1,4-phenylene-vinylene) (MEH-PPV) in this work. KEYWORDS

The distributed feedback configuration of the laser was prepared by holographic photopolymer- Organic solid-state lasers;
isation of the polymer/liquid crystal (HPDLC) mixture. Experimental results showed that the distributed feedback; slope
tetrahydrofuran (THF) solvent cast laser gain layer had a lower lasing threshold (0.28 pJ/pulse) conversion efficiency; lasing
and a higher slope conversion efficiency (7.8%) than that of the xylene solvent cast laser gain threshold

layer (0.5 w/pulse, 4.9%). Thin film waveguide characterisation demonstrated that the THF-cast

film possessed a smaller waveguide loss (5.3 cm™) and larger net gain (17.1 cm™') than the

xylene-cast film (8.3 cm™, 15.7 cm™"). Absorbance and photoluminescence spectra indicated that

the THF-cast film showed brighter luminescence at 620 nm and larger absorbance at 532 nm,

indicating that the interchain interactions of the MEH-PPV is different, which plays the vital role in

improving the optical performance of our organic DFB lasers.

50 T T T T T T T T T T T T

= xylene
THF

| conversion efficiency

N
o

w
o
—

N
o
—

0 028 0.5uJ =—lasing threshold

02 04 06 08 10 12 14
Pump-pluse energy (uJ)

Output-pulse Energy (nJ)
N
o

1. Introduction whole visible range, which would be potentially used in
sensors,[6] integrated optics,[7,8] spectroscopies[9,10]
and communications.[11]

Compared with organic dyes, organic semiconducting
materials have little concentration quenching[12] even in
the neat solid thin film. The spin-casting method can be
commonly used to fabricate high quality optical polymer
thin films with different solvents, such as aromatic chlor-
obenzene, xylene, toluene and nonaromatic tetrahydro-
furan (THF). The conformations of organic conjugated
polymers in the solutions will preserve the cast films, and
will influence the performance of the final devices.[13]

Organic solid-state lasers (OSLs) have received consider-
able scientific interest since researchers found the lasing
from microcavity configurations[1] and the amplification
spontaneous emission from waveguide structures[2] with
organic semiconducting materials.[3,4] The organic
semiconducting materials have merits such as easy fabri-
cation, low-cost, larger scale and outstanding optical
properties like pronounced optical absorption and gain
throughout the whole visible spectrum. The organic
solid-state lasers[5] can also be operated with low oscilla-
tion thresholds and capabilities to be tuned across the
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Figure 1. (colour online) (a) Device structure, (b) schematic presentation of the experimental setup for HPDLC grating recording, (c)

diagram schematic of lasing pumping.

For example, the performance of polymer light-emitting
diodes (LEDs) has been studied by varying solvents, spin
speed and annealing properties.[14-18] But, the reports
to demonstrate the solvation effect on photoluminescent
devices are limited. Therefore, in this work, the perfor-
mances of the organic solid-state distributed feedback
(DFB)[19,20] holographic polymer dispersed liquid crys-
tal (HPDLC) lasers with conjugated polymers as the laser
gain layers were investigated by different solvents.

In our DFB HPDLC laser structure, HPDLC transmis-
sion grating[21] is used as the DFB configuration cavity
because of ease of preparation, low optical scattering[22]
and electrical tunability.[23] HPDLC grating contains
alternated polymer-rich and LC-rich lamellas, which is
prepared in a single-step exposure of a homogeneous
mixture of prepolymer/LC mixture to an interference
fringe pattern. A laser gain layer was formed by coating
poly(2-methoxy-5-(2'-ethyl-hexyloxy)-1,4-phenylene-
vinylene) (MEH-PPV) on a glass substrate,[24,25] which
was sandwiched between the glass substrate and the
HPDLC layer. The HPDLC layer acted as the external
feedback configuration, as shown in Figure 1(a).

In recent reports, the slope conversion efficiency[26-
30] of the organic DFB laser is from 0.5% to 6.8%. In
order to improve this conversion efficiency, we prepared
the laser gain, ie., the organic conjugated polymer
MEH-PPV, by spin-casting with different solvents. The
effect of the two solvent cast MEH-PPV films was inves-
tigated and compared on the device performance.

2. Experimental
2.1. Sample preparation

Ten milligrams of poly(2-methoxy-5-(2'-ethyl-hexyloxy)-
1,4-phenylene-vinylene) (MEH-PPV, the chemical struc-
ture shown in the inset of Figure 5) (organic light-emit-
ting diode (OLED) Material Tech) were dissolved in THF
or xylene solvents by a weight ratio at 0.4 wt.%. The
solutions were stirred with a magnetic stirring bar for
48 hours to ensure the sufficient dissolution. A few drops
of MEH-PPV solution were used to spin-cast films onto a
piece of glass substrate with a dimension of 2.0 by 2.5 cm.
The thickness of all MEH-PPV cast films was controlled
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at ~80 nm by controlling the spin speed. The thickness of
the MEH-PPV film was confirmed using a surface pro-
filer (KLA Tencor P-16+). All experiments were per-
formed under the same ambient conditions.

To form HPDLC as the DFB cavity configuration, a
photopolymerisable mixture based on acrylate mono-
mers and liquid crystals were prepared.[31,32] The mix-
ture contained commercially available acrylate
monomers (58.8 wt.%) dipentaerythritol hydroxyl pen-
taacrylate (DPHPA, Aldrich) and phthalic diglycol dia-
crylate (PDDA, Eastern Acrylic Chem) by a weight ratio
of 1:1, nematic liquid crystals TEB30A (n, = 1.522,
An = 0.170, Silichem, 29.4 wt.%), crosslinking agent
N-vinylpyrrolidone (NVP, Aldrich, 9.8 wt.%), photoini-
tiator Rose Bengal (RB, Aldrich, 0.5 wt.%) and coinitiator
N-phenylglycine (NPG, Aldrich, 1.5 wt.%). The photo-
polymerisable mixture was injected into an empty cell by
capillarity in darkroom after 48 hours of mixing to get a
homogeneous mixture. The cell gap was controlled by
Mylar spacers at 6 pum. The empty cell was made by two
pieces of glass substrates. One had a MEH-PPV coating
layer, the other was barely glass. The HPDLC transmis-
sion gratings were recorded by illuminating the cells for
30 seconds to the interference pattern created by two s-
polarised continuous frequency doubled Nd**:YAG laser
(New Industries Optoelectronics) beams (see Figure 1
(b)).[33] The intensity of each beam was about 2.5 mW/
cm?. Ultraviolet (UV) floodlight exposure was performed
for the samples using a UV-lamp after holographic
recording to provide curing of residual monomers. The
mean refractive index of the mixture after photopolymer-
isation (n1.¢ = 1.545) was measured using an Abbe refract-
ometer (2WA, Kernco). The spatial period (A) of the
HPDLC grating was controlled by the intersection angle
between the writing beams according to:

Aw

~ 2nesin(6)’ )

where A,, is the wavelength of the writing beams, #, is
the refractive index of air and 6 is the half crossing
angle of the interference beams in air.

2.2. Lasing characterisation

As shown in Figure 1(c), the samples were optically
pumped by a frequency doubled passively Q-switched
s-polarised Nd>*:YAG pulsed laser (532 nm, 10 ns,
1-10 Hz repetition rate adjustable) as an excitation
source (New Industries Optoelectronics). The pumping
laser beam along the sample normal was focused using
a cylinder lens (f = 200 mm) to produce a roughly 8 by
1 mm rectangle spot on the sample. An adjustable slit
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was used to select the central part (4 by 1 mm) of the
pump spot to ensure uniform pumping. The emission
from the samples was then collected using a fibre-
coupled grating spectrometer (Sofn Instruments) with
a resolution of ~0.3 nm for the lasing spectra charac-
terisation while the emission was collected using a
50 mm-focal length lens into an energy meter
(Coherent) for slope conversion efficiency. Moreover,
a non-polarised beam splitter was used in the beam
path to split one beam out to monitor the pump beam
energy in real time. The wave polarisers and neutral
density filter were used to adjust the pump energy
continuously to investigate output-pulse energy vs
input-pulse energy.

2.3. Pure film characterisation

The absorbance spectra of the cast MEH-PPV film
were recorded using a UV-3101PC spectrometer and
the photoluminescence of the film was performed at an
excitation wavelength of 500 nm using a F-7000FL
spectrometer. To ensure that the physical properties
were reasonably stable at the time of test, all the sam-
ples were aged for 72 hours prior to characterisation.

2.4. Film characterisation by ASE in waveguide

For further investigation of the difference between the
THF-cast MEH-PPV film and xylene-cast MEH-PPV
film, the film characterisation was performed. In
this case, a single beam exposing setup (intensity
10 mw/cm?, 10 minutes) was used to fabricate a
PDLC layer instead of HPDLC on the top surface of
the MEH-PPV film to inhibit the oxidisation of the
MEH-PPV film when photo pumping as shown in
Figure 2. The thin film waveguide amplification of
spontaneous emission (ASE) of the PDLC samples
was performed similar to that in Section 2.2, except
that the emission was collected from the edge of the
thin film waveguide.

In such film characterisation, the waveguide losses
were determined by measuring the optical loss coeffi-
cient from shifting the excitation spot (SES)[34] as
shown in Figure 2(a), where the excitation spot was
gradually shifted away from the edge of the sample.
Assuming that the ASE emission from the end of the
excitation spot (Iy) is constant, the emission from the
edge of the film should decrease because the spot is
translated as a result of the waveguide losses (absorp-
tion and scatterings) following the Beer-Lambert law:

I= 1067M7 (2)
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Figure 2. Schematic diagram of how shifting excitation spot (a) and variable stripe length (b) experiments were performed.

where x is the distance between the end of the excita-
tion spot and the edge of the film, « is the waveguide
losses, I and I are the ASE emission intensity from the
edge of the film and the end of the excitation spot,
respectively (Figure 2(a)).

The net gain of the film was obtained by using the
variable stripe length (VSL)[35] method, which consists
actually of pumping the film with a stripe of variable
length and measuring the intensity of the edge-emitted
ASE as a function of stripe length as shown in Figure 2
(b). The stripe length was controlled by varying the
width of an adjustable slit by means of micrometres.
The output intensity from the edge of the stripe should
be governed by

zuyzggf(&w—l) 3)

where A is a constant related to the spontaneous emis-
sion cross section, I, is the pumping intensity,g is the
net gain coefficient and [ is the length of the pumping
stripe.

3. Results and discussion
3.1. Lasing properties

According to the Kogelnik formula of the theory of
DEFB lasers,[19,20] the lasing emission wavelength is

)\las = y (4)
m

where ng is the effective refractive index of the lasing
mode, A is the period of the grating and m is the Bragg
diffraction order. The lasing wavelength can be tuned
by changing the grating period A and the effective
refractive index mn4 For Bragg diffraction order
m = 3, taking the value of n.g (1.597[36]) into account,
the intersection angle was selected as 54.4° to obtain
the lasing wavelength of around 620 nm.

Figure 3(a) shows the lasing spectra of the samples
with the cast MEH-PPV film from THF (red line)
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Figure 3. (colour online) (a) Lasing spectra collected at 3 p/pulse
pumping energy. Red solid line: THF-cast laser; black solid line:
xylene-cast laser and (b) output-pulse energy as a function of
pump-pulse energy. Circular dots: THF-cast laser; square dots:
xylene-cast laser. The solid line is a linear fitting of the data.

and xylene (black line) at 3 pJ/pulse pumping energy.
Both of the lasing spectra are single mode. The max-
imum of both spectra is centred at 620.2 nm, which
is in agreement with the theoretical calculation
from Equation (4). The consistency of the lasing
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wavelength of the THF-cast laser and xylene-cast
laser demonstrated the uniformity of the film and
device. The linewidth (full width at half maximum)
of the lasing spectra was 1.5 and 0.6 nm for the THF-
cast laser and the xylene-cast laser, respectively. The
reason for the linewidth of the THF-cast laser being
larger than that of the xylene-cast laser is that the
lasing intensity of the THF-cast laser is two thirds
larger than that of the xylene-cast laser at 3 uJ/pulse
pumping energy.

Figure 3(b) shows the relationship between pump-
pulse energy and output-pulse energy of the lasers. The
slope conversion efficiency is defined by the output-
pulse energy over the difference of the input-pulse
energy and the lasing threshold, which was 7.8% for
the THF-cast laser while was 4.9% for the xylene-cast
laser. The lasing threshold was 0.28 pJ/pulse for the

10—
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THF-cast laser and 0.5 yJ/pulse for the xylene-cast
laser, respectively. It is shown that the THF-cast laser
had a lower lasing threshold and higher slope conver-
sion efficiency. We can see that the different solvent
cast laser gain layer gave different optical performance.

3.2. MEH-PPV film spectrum study

Figure 4 displays the absorbance and photolumines-
cence spectra of the MEH-PPV films cast from THF
and xylene solvents. The absorbance spectra line shape
was similar, except that the peak is 494 nm for the
THEF-cast film and 496 nm for the xylene-cast film as
shown in Figure 4(a). For photoluminescence spectra,
the 0-0 and 0-1 vibrational peak can be easily recog-
nised from the photoluminescence spectra as shown in
Figure 4(b). The inset of Figure 4(b) displays energy
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Figure 4. (colour online) Absorbance (a) and normalised photoluminescence (b) spectra of the films cast from xylene (black solid
line) and THF (red solid line) solvents. Inset: left panel, chemical structure of MEH-PPV of one repeat unit; right panel, energy levels
and transitions of the lowest two singlet states for conjugated polymer molecules.
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levels and transitions of the lowest two singlet states for
conjugated polymer molecules. The ground state elec-
trons will be excited to the upper energy level when
pumping. Then, there will be a fast structural relaxa-
tion process. All excited electrons will have a non-
radiative transition to S;_ . The excited electrons from
S10 transit to Sy o via spontaneous emission, corre-
sponding to the 0-0 vibrational peak while the excited
particles from S;_, transit to Sy_;, corresponding to the
0-1 vibrational peak. The 0-0 vibrational peak was
575.2 and 580.6 nm for THF-cast and xylene-cast
films, respectively, while the 0-1 vibrational peak of
THF-cast and xylene-cast films located at 616.8 and
626.8 nm, respectively. Both the 0-0 and 0-1 vibra-
tional peaks for the xylene-cast film showed red shift in
comparison with the THF-cast film. The absorbance
and photoluminescence spectra showed some differ-
ences between THF-cast and xylene-cast films.
However, the difference is small. Therefore, thin film
waveguide experiments were performed in the next
section to further characterise the properties of the
film.

3.3. Film characterisation in waveguide

The refractive index profile of the additional sample which
has a PDLC layer on the film of MEH-PPV is displayed as a
planar waveguide structure in Figure 2. Hereafter, THF-
cast and xylene-cast samples were used to represent films
cast from different solvents with a PDLC layer on it. The
cover glass and substrate glass have a refractive index of
1.516. The mean value of the PDLC layer is 1.545. The
refractive index of MEH-PPV for s-polarised and
p-polarised light at 620 nm is ~1.90 and ~1.53, respec-
tively.[37] This anisotropy is a consequence of the polymer
chains lying preferentially in the plane of the substrate.[38]
Waveguide modelling shows that for a 80 nm-thick film,
[34] there is only one TE mode and there are no TM
modes.

For a waveguide structure, When the ASE occurs in
a long and narrow stripe, most of the light is emitted
from the ends of the stripe, because the light is highly
amplified if it travels across the full length of the gain
region. Therefore, it is a helpful method to collect
the light from one end of the pump stripe for charac-
terising the samples in experiment.

Figure 5 shows waveguide ASE spectra of the wave-
guide structure samples at 12 pJ/pulse pumping energy.
Both of the spectra were centred at 620 nm. The
spectral linewidths were 7 and 5.5 nm for THF-cast
and xylene-cast samples, respectively. It is obvious that
the spectral narrowing occurs when the gain overcomes

5000 - MSE~620nm xylene
:(54000 I —THF ]
'c
£ 3000 - T
& Adpyp = Tnmy
%2000 i A>‘xylene = 5.511111
31000}
= ]

ot
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Wavelength (nm)

Figure 5. (colour online) ASE spectra collected from the edge of
the waveguide samples at a pumping energy of 12 p/pulse. Red
solid line: THF-cast sample; black solid line: xylene-cast sample.

losses. However, the spectral confinement and selection
are inferior for lack of feedback configuration.

Gain and losses are parameters to evaluate a medium
such as laser gain layer materials since they are intimately
related to the stimulated emission process. Figure 6(a)
shows the dependence of the emission intensity at a
wavelength of 620 nm with a pumping intensity of
37.5 kW/cm’. The fitting coefficient of waveguide net
gain was 17.1 cm™' for THF-cast and 15.7 cm™' for
xylene-cast samples, respectively. Figure 6(b) shows the
intensity of light emitted at a wavelength of 620 nm from
the edge of the samples at 300 pJ/cm®. The fitting coeffi-
cient of the waveguide losses was 5.3 cm ™' for THF-cast
and 8.3 cm™" for xylene-cast samples, respectively. In the
small-signal regime,[39] considering the gain and losses
at the same time:

I(z) = Ipexp|(g — @)z, (5)

where gy is the small-signal gain parameter, « is the
loss parameter, z is the distance when light travels in
the medium, I, is the initial intensity of the light and
I(z) is the intensity when light travels a distance of z in
the medium. It is relatively easy to create the stimu-
lated emission process when losses are small, which
means that the lasing threshold is small. A larger gain
means that the initial light will be intensely amplified
when it travels in the medium. When the initial light
travels a distance of 4 mm, the light will be amplified
by a factor of 934 in the THF-cast sample and 533 in
the xylene-cast sample. Thus, it is understandable that
the THF-cast laser has a lower lasing threshold and a
higher slope conversion efficiency from the waveguide
ASE characterisation.

It is obvious that the THF-cast film has a larger
absorbance at 532 nm and brighter photoluminescence
at 620.2 nm than the xylene-cast film as shown in
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Figure 6. (a) Dependence of the emission intensity at A = 620 nm with a pumping intensity of 37.5 kW/cm? (i.e., 12 p/pulse) of the
samples. The solid lines are fitting to the data using Equation (3) and (b) the intensity of light emitted at A = 620 nm from the edge
with the distance between the pump stripe end and the sample edge of 300 p/cm? (i.e, 14 w/pulse). The solid lines are

exponentially fitted by Equation (2).

Figure 4(a). A larger absorbance means that the ground
state electrons will be excited to higher energy level
faster, therefore, the population inversion density will
be larger. According to the relationship[39]:

g =ON, (6)

where g is the gain, ¢ is the stimulated emission cross
section and N is the population inversion density. The
gain of a material is proportional to the population
inversion density when the stimulated emission cross
section is constant. It is understandable that the THEF-
cast sample has a larger gain than the xylene-cast
sample.

From the above investigation, we deduce that the dra-
matic difference of the device performance from different
solvent cast MEH-PPV films is from the electronic inter-
actions between the conjugated polymer chains of the
cast MEH-PPV film. This electronic interaction can
change the packing conformation in the film, further
influencing the device performance.[13] When the con-
jugated polymer chains are dissolved in aromatic solvents
(such as xylene), the molecular structure tends to have
open straight conformation, allowing chromophores to
come into interaction easily as shown in Figure 7(b). On
the other hand, when conjugating polymer chains in non-
aromatic solvents (such as THF), the molecular structure
tends to form tight coils, making it difficult for
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Figure 7. Schematic illustration of MEH-PPV dissolved in (a) THF solvent and (b) xylene solvent.

chromophores to come directly into contact with each
other as shown in Figure 7(a). It is generally recognised
that conjugated polymer chains can form aggregation,
[40,41] which can quench the luminescence, when poly-
mer chains interplay with each other strongly. It is
convincing from the experimental results that the aggre-
gation of MEH-PPV chains is promoted in xylene sol-
vent, where the polymer has a more straight
conformation, and is restricted in the THF solvent,
where the chains tend to form a tighter coil.

4. Conclusions

In conclusion, control experiments were performed by
varying the dissolution solvents of the laser gain layer
MEH-PPV. The experimental results demonstrate that
the organic DFB HPDLC lasers operate better when con-
jugated polymers dissolved in THF solvent than in xylene.
The laser has a lower lasing threshold (0.28 pJ/pulse) and
higher slope conversion efficiency (7.8%). The waveguide
ASE experiment shows that the THF-cast film has a lower

waveguide loss (5.3 cm™') and higher net gain (17.1 cm™h),
which can be used to manifest the better performance of
THEF-cast lasers. The absorbance and photoluminescence
spectra reveal that the absorbance of the THF-cast film is
higher at 532 nm, and the photoluminescence is also
brighter at 620 nm. These results indicate that the differ-
ence in device performance is the consequence of inter-
chain interactions originating from the different
dissolution environment. The conjugated polymer inter-
chain interactions play a vital role in improving the per-
formances of photoluminescent devices.
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