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a b s t r a c t

Thermal annealing effect on an organic distributed feedback (DFB) laser excited from a semiconducting
polymer gain layer, poly(2-methoxy-5-(2’-ethyl-hexyloxy)-p-phenyl-envinylene) (MEH-PPV), is re-
ported. The morphology, absorption and photoluminescence (PL) spectral characteristics of the MEH-PPV
film annealed at different temperatures were analyzed. The amplified spontaneous emission (ASE), the
optical gain and loss coefficients were also investigated. The organic lasing behaviors including
threshold, energy conversion efficiency and polarization state in a DFB laser device were studied. The
results show that the optical properties of the organic semiconducting laser can be enhanced by thermal
annealing effect. The single mode laser emission at 622.4 nmwith lower lasing threshold 0.2 mJ/pulse and
higher energy conversion efficiency 6.71% was achieved with thermal annealing at 120 �C. The thermal
annealing treatment decreases laser threshold and increases laser energy conversion efficiency
dramatically, which shows the potential in ultra-low cost organic semiconducting polymer DFB lasers.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

Organic semiconductor lasers (OSLs) have drawn much scien-
tific attention recently because of their potential for various ap-
plications, such as spectral analysis, optical communications,
chemical sensors and display systems [1e4]. Since the report of
laser action from conducting polymer solution in 1992, organic
semiconducting materials become a new class of material that
combines optical and electronic properties of semiconductors,
showing advantages like low cost, simple process and better flex-
ibility [5,6]. Organic semiconducting polymer materials exhibit
strong absorption, wide fluorescence bands, high fluorescence
quantum efficiency and large Stokes shift [7e10]. Through proper
modifying molecular structures, especially by adding alkoxy sub-
stitutions to polymer side chains or changing molecular geometric
size in synthetic process, polymer properties and processing can be
modulated [11]. The polymer properties are determined by
ciomp.ac.cn (L. Xuan).
molecular structure, conformation and molecular size [12]. There-
fore we can design organic semiconducting materials with prefer-
able photoelectric properties to fulfill different demands in
practice. On the other hand, adding flexible side chain groups
promotes the solubility of polymers in ordinary aromatic and non-
aromatic solvents [13]. Thus, these organic semiconducting mate-
rials can be solution-processed to form thin films with different
geometrical shapes at room temperature by spin-coating, drop-
cast, inkjet-print or other methods [14]. All of these excellent fea-
tures make semiconducting polymer materials ideal for photo-
electric and opto-optical devices applications.

Researchers have done a great deal of work on organic polymer
films to explore their properties in the past decades. They mainly
focused on studying the relationship between molecular weight
and chain orientation in the films, aggregation behaviors, solvent
effect, thickness-dependent optical properties, refractive index
distribution and energy transfer between finite segments in the
polymer films [15e19]. Besides these studies, they also investigated
the annealing effect on the polymer films. Attention was paid to
explore the current-voltage-luminance (I-V-L) behavior and power
conversion efficiency because the thermal annealing treatment can
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change the spatial uniformity, charge carrier mobility, thermal
stability of the polymer film and capability to endure the Joule heat
generated during the operation [20e24]. Since only organic semi-
conducting polymer films have been studied for amplified spon-
taneous emission (ASE) by far, in this work we contribute thermal
annealing effect on the semiconducting polymer films for organic
distributed feedback (DFB) laser applications.

In this paper, the thermal annealing effect on the semi-
conducting polymer Poly (2-methoxy-5-(2’-ethyl-hexyloxy)-p-
phenyl-en-evinylene) (MEH-PPV) layer was performed in a DFB
laser device with a periodic holographic polymer dispersed liquid
crystal (HPDLC) grating layer as the external light feedback layer
[25]. The film morphologies, spectroscopic characteristics and
organic DFB laser behaviors were investigated. Theoretically and
experimentally, we proved the thermal annealed MEH-PPV film
showed better performance on laser threshold and energy con-
version efficiency for DFB lasers.

2. Experiments

2.1. Thin film preparation

The organic semiconducting MEH-PPV (Mn ¼ 43324,
Mw ¼ 242954, as determined by GPC) was purchased from Xi'an P-
OLED Material Corporation and used as received. The solutions
with a certain concentration (0.8 wt%) of MEH-PPV were prepared
in chlorobenzene (CB) solvent. Then the solution was spin-coated
on the surface of a cleaned glass substrate for 30 s, resulting in a
homogeneous thin film. The spin-cast MEH-PPV layer thickness
was measured by a Dektak Profilometer and the parameters of each
samplewere shown in Table 1. The glass transition temperature (Tg)
of the MEH-PPV we used here was in the vicinity of 65 �C (deter-
mined by DSC), which is consistent with previous reports [24,26].
After spin-coating, the organic polymer film was heated in a vac-
uum oven at a 2 �C/min heating rate from room temperature to the
desired annealing temperature and remained at the annealing
temperature for 1 h, then followed by slowly cooling to room
temperature.

2.2. HPDLC grating fabrication

The materials adopted in the mixture for HPDLC were LC
TEB30A (no ¼ 1.522, ne ¼ 1.692, Slichem, 28 wt%), N-vinyl-
pyrrolidone (NVP, Sigma-Aldrich, 10 wt%) as a solvent and a chain
extender, photo-initiator Rose Bengal (RB, Sigma-Aldrich, 0.5 wt%),
coinitiator N-phenylglycine (NPG, Sigma-Aldrich, 1.5 wt%), difunc-
tional acrylate monomer phthalicdiglycoldiacrylate (PDDA, Sigma-
Aldrich, 30 wt%) and penta-functional acrylate monomer dipen-
taerythritol hydroxyl pentaacrylate (DPHPA, Sigma-Aldrich, 30 wt
%). The mixture was stirred in dark for 24 h and injected into the
empty cell. The cell was pre-fabricated by combining the MEH-PPV
film coated glass substrate with the other pre-cleaned glass
Table 1
Parameters of different samples in the experiment.

Sample IDa Annealing temperature (�C) Thickness of M

Before annea

a1 25 85
a2 50 85
a3 80 85
a4 100 85
a5 120 85
a6 150 85

a All the films were annealed in vacuum oven and the grating periods were 586 nm. E
substrate and the cell gap was controlled at 6 mm byMylar spacers.
After being injected into the cell by capillary effect at 25 �C, the cell
underwent holographic photo-curing by two coherent s-polarized
laser beams from a 532 nm Nd:YAG laser to form the HPDLC
structure by photo-polymerization induced phase separation [27].
The light intensity of each recording beamwas 2.5mW/cm2 and the
exposure time was 3 min. The fabricating setup and the
morphology of HPDLC grating are illustrated in Fig. 1. The core
MEH-PPV layer along with the top HPDLC grating layer and the
bottom glass layer forms an asymmetric slab waveguide configu-
ration. The grating area was 2 cm by 2 cm. The HPDLC grating
period (L) can be controlled according to

L ¼ l532

2 sin
�
q =2

� (1)

and q was the intersection angle between the two coherent
recording beams. The period of the grating was 586 nm to obtain
light feedback through the third Bragg order for MEH-PPV gain
layer.

2.3. Diffraction efficiency measurement

To make sure that all the HPDLC gratings have similar mor-
phologies, the diffraction efficiency of each sample was measured
by a HeeNe laser (circular polarization, 632.8 nm) at the incident
Bragg angle onto the sample and the first order diffracted beamwas
measured by Detector 2. The diffraction efficiency is defined as the
first order diffracted light intensity (I1c) plus the zeroth order light
intensity (I0) and then divided by I1c, here c is the s or p polarization
state obtained by rotating the polarizer in the light path. The
diffraction efficiency values were also shown in Table 1.

2.4. Optical properties measurement of MEH-PPV films

The absorption and photoluminescence (PL) spectra of MEH-
PPV layers were measured by UVeVis spectrophotometer (Shi-
madzu UV-3101; Shimadzu Corp., Japan) and fluorescence spec-
trophotometer (Hitachi F-7000; Hitachi, Ltd., Japan), respectively.
The absolute value of the photoluminescence quantumyield (PLQY)
of MEH-PPV films were measured by a fluorescence spectrometer
(FL920; Edinburgh Instruments, China).

2.5. Optical pumping

For optical pumping, a Q-switched Nd:YAG pulsed laser oper-
ating at 532 nm (repetition rate: 2 Hz and pulse duration: 8.6 ns)
was used for our samples. The intensity of the pump light was
controlled using calibrated neutral density filters. A cylindrical lens
with focal length 20 cm and an adjustable slit were used to shape
the pump beam into a narrow stripe of dimension 4mm by 0.1 mm,
EH-PPV (nm) hs (%) hp (%)

ling After annealing

85 2.8 94
85 2.6 93.4
81.6 2.2 93.2
80.5 2.8 96.3
80 2.2 93.3
79.8 2.1 95

ach of the film thickness was measured at five times to get a mean value.



Fig. 1. (a) Writing and diffraction efficiency measuring setup for HPDLC grating, (b) schematic device structure and (c) three dimensional AFM image of the HPDLC.
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thus creating a stripe shaped gain region. The excitation light was
collected from the edge of the sample with an optical fiber spec-
trometer and a CCD energy meter was used to measure the output
laser energy. The schematic setup of the lasing experiment is
shown in Fig. 2.
3. Results and discussion

3.1. MEH-PPV surface morphology properties

The surface morphology properties of the MEH-PPV films were
investigated by high performance atomic force microscopy (AFM).
Fig. 3 shows three dimensional topographic images of the MEH-
PPV film for 2 mm by 2 mm scan area. Compared with the film
drying at 25 �C, the surface morphology changed negligibly when
MEH-PPV film was annealed at 50 �C, for the root mean square
(RMS) value, which represents the degree of the surface roughness,
varied from 2.74 nm to 2.72 nm. When MEH-PPV films were
annealed at 80, 100, 120 and 150 (�C), the RMS values were 1.52,
1.25, 0.83 and 0.56 (nm), respectively. The degree of the surface
roughness was decreased with thermal annealing temperature.

A smoother surface was observed with the annealing temper-
ature increasing because the chain movement was enhanced at the
Fig. 2. Optical setup for pumping the organic DFB sample and collecting the output
emission.
temperature above the Tg [28]. Thermal treatment temperature
below and above the Tg of MEH-PPV would generate distinct dif-
ference. The drying treatment at 25 �C, 50 �C below the Tg of the
MEH-PPV film were purely used to move away the CB solvent re-
sidual after film casting, but the annealing temperature above the
Tg was altering the morphology of semiconducting MEH-PPV film
and we believe that it would influence the optical properties of
organic gain films [29].
3.2. Optical properties of the MEH-PPV films

The Absorption, PL and ASE spectra of the annealing treatment
organic MEH-PPV solid films were demonstrated in Fig. 4. The
spectra of the organic films showed obvious difference with
different annealing temperatures. The absorption peak had red
shift from 500 nm to 509 nm and the PL peak shifted from 590 nm
to 604 nm, with the annealing temperature range from 25 �C to
150 �C, as shown in Fig. 4(a). With the increase of annealing tem-
perature, the polymer chains can move more freely, which is
helpful to the change of the twist angle of the ring through the
chains rearrangement to coplanarization, thus the p-delocalization
is enhanced and the p /p* energy gap is decreased, making the
absorption/PL spectra red shift [23,24]. The broad spectral overlap
between the absorption spectra and the PL spectra from 520 nm to
600 nm suggests that laser can not be obtained below 600 nm due
to self-absorption effect.

Moreover, we noticed the dramatic change on PL intensities
with annealing temperature increasing, but the absorption in-
tensities were similar from different films. We consider that two
reasons can explain the phenomenon. The first reason is that each
MEH-PPV film is formed with the same amount of MEH-PPV so-
lution, so the amount of luminous chromospheres are equal for all
the films, thus the absorption intensity of organic films are coincide
with each other. The other reason is attributing to annealing
treatment at proper temperature above the Tg, thereby the polymer



Fig. 3. AFM images of the MEH-PPV surface after drying at (a) 25 �C and annealing at (b) 50 �C, (c) 80 �C, (d) 100 �C, (e) 120 �C and (f) 150 �C.

Fig. 4. (a) ASE spectra drying at 25 �C, absorption and PL spectra and (b) ASE spectra from MEH-PPV films annealed at different temperatures.
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chains canmovemore freely, enhancing the packing of the polymer
film and eliminating some of the free volume or pores remaining
after the evaporation of the solvent. This makes the surface of films
smooth and reduces the scattering loss fromMEH-PPV films, which
can be forecast from the morphologies shown in Fig. 3. While too
high annealing treatment induces nanoscale modulation, excimers
or other non-radiation species, it would reduce the luminescence
quantum yield [30,31]. So the sudden decline of PL intensity with
150 �C annealing temperature occurred.

We also measured the ASE spectra from the edge of sample with



Fig. 6. Absolute values of the PLQY of MEH-PPV films annealed at different
temperatures.
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polymer dispersed liquid crystal (PDLC) layer, which the prepol-
ymer mixture is exposed to a single laser beamwith an intensity of
20mW/cm2 [32], under 532 nm pulse optical pumping, as shown in
Fig. 4(b). ASE is an amplified spontaneous emission and located at
the maximum of the gain spectra which can be seen as a signal of
the lasing performance of the gain medium [33]. The ASE peak of
gain layer drying under 25 �C located at 620 nmwith a full width at
half maximum (FWHM) of nearly 8 nmwhile the ASE peaks of films
annealing at other temperature red shift from 620 nm to 625 nm
slightly.

Fig. 5 shows the dependence of the spectrally integrated PL in-
tensity emitted from the edge of the film on the pump intensity
annealed at different temperatures. The inset in Fig. 5 shows the
corresponding ASE threshold, which can be determined from the
abrupt rise in the output intensity. We compared the ASE threshold
for a3 (annealed at 80 �C) with other report [34]. The threshold
value 12 mJ/cm2 for the CB-cast MEH-PPV film annealed at 80 �C
was obtained in the report and the result was smaller than that in
our experiment. The increased ASE threshold was generated from
the scattering loss in PDLC layer, as ~100 nm scale liquid crystal
droplets formed in the structure [32].

The absolute values of the photoluminescence quantum yield
(PLQY) of MEH-PPV films annealed at different temperatures were
measured by an integrating sphere and the measurement error was
10%. As illustrated in Fig. 6, the PLQY values increased to 32% with
the annealing temperature increased to 120 �C, then followed by an
abrupt decrease with 150 �C annealing treatment. The PLQY value
23% was achieved for sample dry at room temperature which is
comparable with other reports [16,35e37].

Fig. 7(a) shows the output intensity at 622 nm as a function of
pump stripe length for MEH-PPV films annealed at different tem-
peratures at 4 kW/cm2. The output intensity should fulfill the
following expression [38]:

IðlÞ ¼ AðlÞIP
gðlÞ

�
egðlÞl � 1

�
(2)

Where A is a constant related to the cross section for sponta-
neous emission, Ip is the pump intensity, g is the net gain coeffi-
cient, and l is the length of the pumped stripe. The solid lines are fits
to the exponential subset of the corresponding data using Eq. (2)
with the parameters listed in Table 2.
Fig. 5. The relationship between the total emission intensity integrated over all
wavelengths and pump intensity. The pump stripe was 4 mm � 0.1 mm.
To further characterize the effective waveguide losses of con-
jugated polymers, we performed the experiment that kept the
length of the pump stripe constant and moved the pump stripe
away from the edge of samples. As shown in Fig. 7(b), the emitted
intensity from the end of the pump stripe is constant, the emitted
intensity from the edge of samples should decrease according to

IðlÞ ¼ I0ðlÞexp½ � aðlÞx� (3)

where x is the length of the unpumped region between the end of
the pump stripe and.

the edge of the sample, a(l) is the overall loss coefficient, which
includes both absorption and scattering loss, and I0(l) is the
spontaneous emission intensity at the end of the pump stripe. By
curve fitting these data to Eq. (3), wemeasured the loss coefficients
were 14, 11, 10, 8.5 and 17.6 (cm�1) for sample a1-a6, respectively.
We noticed that the sample a6 annealed at 150 �C with the mini-
mum film surface roughness (RMS: 0.56 nm) exhibited the
maximal loss coefficient 17.6 cm�1.

After measuring the absolute values of PLQY, the net gain co-
efficient and the loss coefficient of MEH-PPV films annealed at
different temperatures, we found that the net gain coefficient
changed with the PLQY value and the loss coefficient. The higher
the PLQY value and the lower the loss coefficient, the greater the
net gain coefficient is. So the maximal net gain coefficient achieved
at 120 �C annealed treatment with the highest PLQY value 32% and
the lowest loss coefficient 8.5 cm�1. This result is in good agree-
ment with previous theory [39] and we can see that the laser
performance would follow the net gain coefficient.
3.3. Laser performance

When optically pumped, the laser emission occurred from our
device. Fig. 8 shows the emission lasing spectra and corresponding
lasing intensity depending on pump intensity of different samples.
The lasing peaks located at 622.4 nme625 nm at a pumping energy
density of 1.60 mJ/pulse for the samples in Fig. 8(a). The different
lasing peak positions were generated from the different MEH-PPV
gain film thickness and the thicker film would lead to the longer
lasing wavelength [40]. Besides, the energy conversion efficiency of
all the samples was measured with 45� polarized pump light
incident normal to the surface of glass substrate. Fig. 8(b) shows the



Fig. 7. Dependence of the emission intensity at 622 nm on the (a) excitation length at the indicated pump intensity and (b) distance x between the sample edge and the excitation
stripe.

Table 2
Parameters obtained from fits of Eq. (2) to the data in Fig. 7(a).

Sample ID* Pump intensity (kW/cm2) AIp (arb. units) g (cm�1)

a1/a2 4 928 38.6
a3 4 950 41
a4 4 1000 42.5
a5 4 1050 45
a6 4 610 18

Fig. 8. (a) Output lasing spectra and (b) the relationship between lasing intensity and pump intensity of samples annealed at different temperatures.
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dependence of output lasing energy on the pump energy for
samples except a2 as it is the same as a1. The solid squares are
experimental data and the five curves are linear fit to the correla-
tive data. The intersection between these linear lines with the
pump energy axis provide laser thresholds and their slopes give
energy conversion efficiencies.

The inset in Fig. 8(b) illustrates the corresponding slop efficiency
and lasing threshold for each sample. The output slope efficiency is
5.8% for sample a1 and the highest value of 6.71% is obtained for
sample a5, while it is the lowest 2.58% for sample a6. Therefore, the
laser threshold is 0.33 mJ/pulse for sample a1, the lowest value
0.20 mJ/pulse for sample a5 and the highest value 0.90 mJ/pulse for
sample a6. The performance of laser emitted from a1 was worse
than that in previous report using the same laser feedback structure
[41]. This was attributed to the optical gain coefficient in the report
was higher than that in our experiment for the different MEH-PPV
molecular weight, different solvent and different concentration
used in the experiment [42]. Besides, we also compared the result
with other reports using different laser feedback structure. A
second-order laser was obtained from the two-dimensional (2D)
square array grating (grating period: 409 nm) feedback structure
[43]. The 2D grating structure provided 2D feedback effect and the
smaller grating periods further enhanced the laser feedback, thus
the lasing threshold was decreased and the slope efficiency was



Fig. 9. Theoretical lasing wavelength as a function of MEH-PPV film thickness for
zeroth order and first order TE modes.
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improved. However, a third-order laser emitted from one-
dimensional (1D) nanoimprint lithography MEH-PPV grating
(grating period: 600 nm)with higher lasing threshold was achieved
[44]. This result was attributed to the thick film thickness (240 nm),
which was too thick to impede the energy feedback between the
interfaces.

Considering that the organic laser wavelength l follows the
Bragg equation and asymmetric TE waveguide equation:

ml ¼ 2neffL (4)

2ph
l

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2MEH � n2eff

q
¼ Mpþ tan�1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2eff � n2glass
n2MEH � n2eff

vuut

þ tan�1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2eff � n2grating
n2MEH � n2eff

vuut (5)

where ʌ is the grating period, m is the Bragg order, which was
selected as 3 in the experiment. h is the film thickness, M is an
integer that accounts for the mode order,neff is the effective
refractive index of the laser mode, nMEH , nglass and ngrating are
1.90,1.516 and 1.54, respectively [45e47]. The refractive index of
MEH-PPV film is approximately 1.90 for the TE mode and 1.52 for
the TM mode, thus TM mode would leak out from the structure. As
shown in Fig. 9, all the film thickness is thinner than 178 nm in the
experiment, the output laser only contains TE0 mode.
4. Conclusions

In conclusion, we have demonstrated the effects of annealing
treatment on MEH-PPV film in the organic DFB laser based on an
external HPDLC feedback structure. We find that the MEH-PPV film
with thermal annealing treatment at 120 �C exhibits the highest
energy conversion efficiency 6.71% and the lowest lasing threshold
0.2 mJ/pulse. Taking optical properties and laser performance of
organic films into consideration, we conclude that thermal
annealing treatment at proper temperature can enhance the
organic DFB laser performance by optimizing film morphology for
waveguide structure and increasing PL intensity. This work will
give more understanding of thermal annealing effect on organic
DFB laser application and make contribution to the development of
organic semiconducting polymer lasers.
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