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1.  Introduction

Organic distributed feedback (DFB) lasers based on holo-
graphic polymer dispersed liquid crystal (HPDLC) have 
attracted more and more attention recently [1–5]. DFB 
HPDLC lasers use organic laser dyes or/and conjugated poly-
mers [6–10] as active medium materials and HPDLC grating 
film is used as the DFB oscillation cavity, which make them 
compact, tunable, versatile and cost-effective for wide spec-
trum covering devices [11–13].

DFB configurations [14–16] are extensively used as the 
laser oscillation cavity because they render extremely low 
threshold operation and superior spectrum compression  
[10, 11]. The conjugated polymer film based DFB HPDLC 

laser combines the predominant properties of HPDLC 
grating film and organic semiconductors, which make them 
outstanding smart laser sources. So far, there are insufficient 
investigations on the laser emission from different diffraction 
orders for DFB HPDLC lasers. Such work can make insights 
into the lasing mechanism and obtain comprehensive under-
standing for HPDLC DFB lasers.

In this study, the conjugated polymer poly(-methoxy-5- 
(2′-ethyl-hexyloxy)-1,4-phenylene-vinylene) (MEH-PPV) film  
based DFB HPDLC laser was fabricated. The pure film spectra 
of MEH-PPV such as absorbance and photoluminescence (PL) 
were studied. The ASE spectrum was collected and the tun-
ability of the HPDLC DFB laser was characterized. The laser 
emission and the far-field emission pattern of the emitting 
beams from different diffraction orders were investigated and 
compared. The lasing mechanism was analyzed and discussed.
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2.  Experiment

2.1.  Sample preparation

The holographic mixture [17, 18], which contained acry-
late monomers (dipentaerythritol hydroxyl pentaacrylate 
(DPHPA, Aldrich, 29.4wt.%) and phthalicdiglycoldiacrylate 
(PDDA, Eastern Acrylic Chem, 29.4wt.%)), nematic liquid 
crystals (TEB-30A, no  =  1.522, Δn  =  0.170, Silichem, 29.4 
wt.%), crosslinking monomer N-vinylpyrrolidone (NVP, 
Aldrich, 9.8wt.%), photoinitiator Rose Bengal (RB, Aldrich, 
0.5wt.%) and coinitiator N-phenylglycine (NPG, Aldrich, 
1.5wt.%), was prepared to fabricate HPDLC grating film. 
The holographic mixture was stirred for 36 h in a darkroom to 
ensure a homogeneous material system.

The MEH-PPV film was used as the active medium layer 
[19, 20]. The MEH-PPV (Polymer Light Technology) was dis-
solved in tetrahydrofuran (THF) by weight ratio at 0.6wt.%, 
after which the MEH-PPV/THF solution was stirred for 72 h 
to ensure sufficient dissolution. A drop of MEH-PPV solu-
tion was injected on a piece of deionized pre-clean glass sub-
strate for spin-coating MEH-PPV film. The thickness of the 
MEH-PPV film was controlled by spin speed and confirmed 
by surface profiler (KLA Tencor P-16+).

The empty cell was fabricated with two pieces of glass 
plates, one had MEH-PPV film coating and the other was a 
pure glass plate. The cell gap was controlled by Mylar spaces 
at 9 µm. The holographic mixture was injected into an empty 
sample cell by capillary action in the darkroom. All the exper-
iments were performed at room temperature.

2.2.  Pure film spectra characterization of MEH-PPV

The pure film spectra of MEH-PPV were investigated to 
obtain the absorbance and photoluminescence properties of 
the gain medium MEH-PPV. The absorbance spectrum of the 
spin-coating MEH-PPV film was performed by UV-3101PC 
(SHIMADZU) spectrometer and the photoluminescence 
spectrum was performed by a F-7000FL (Hitachi) spectro
meter. For absorbance, the sampling wavelength was from 
380 to 700 nm, and the sampling interval was 0.2 nm. For 
PL, the xenon light was used as the excitation light source. 
The excitation wavelength was settled at 500 nm to match the 
maximum absorbance of MEH-PPV. The initial and the end 
sampling wavelengths were 510 and 750 nm, respectively, and 
the sampling interval was 0.2 nm. To eliminate the waveguide 
effect [21], the film thickness for pure film spectra character-
ization was controlled below 50 nm.

2.3.  HPDLC grating film fabrication

The HPDLC grating film was fabricated by holography 
induced photo-polymerization [22–29], which was used as 
the DFB oscillation cavity. The sample was photo-cured by 
illuminating the sample cell for 60 s by two continuous fre-
quency doubled neodymium-doped yttrium aluminum garnet 
(Nd3+:YAG) laser beams (New Industries Optoelectronics), 
as shown in figure 1(a). A variable calibrated neutral density 
filter was inserted into the beam path to adjust the beam inten-
sity. The recording intensity for recording the second, third, 
fourth, fifth and sixth order HPDLC film was 5.1, 3.15, 2.85, 

Figure 1.  Experimental setup of (a) HPDLC grating film fabrication, (b) lasing performance characterization of the HPDLC DFB laser and 
(c) the far-field emission pattern of the emitting beam collection from the HPDLC DFB laser. (d) Schematic of HPDLC DFB laser device 
configuration.
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2.62 and 2.45 mW cm−2, respectively. The beam expander, 
which contained a micro-objective (Newport, M-20X), a pin-
hole (Newport, PH-25) and a cemented doublet lens, was used 
to expand the recording beam and filter the recording beam 
spatially. After which, the sample was exposed by an ultra-
violet (UV) light for 10 min to further stabilize the HPDLC 
grating film [30, 31]. The HPDLC film can also protect the 
MEH-PPV film from photo-induced oxidation and degra-
dation [32–34] because the MEH-PPV film is sandwiched 
between the HPDLC grating film and glass substrate as shown 
in figure 1(d). The HPDLC film mainly contains alternate LC 
layers and polymer layers after photo-curing, as shown in 
figure 1(d). The spatial period of the HPDLC grating film is 
determined by

( )
λ
α

Λ =
2 sin

,rec
� (1)

where Λ is the period of the HPDLC grating, λrec is the 
recording laser wavelength in vacuum, and α is the half inter-
section angle between two recording beams. Different grating 
periods can be obtained by varying the intersection angle in 
experiments. Figure 1(d) shows the device configuration. The 
gain medium MEH-PPV film was sandwiched between the 
HPDLC grating film and glass substrate. The pitch, i.e. the 
period of the HPDLC grating Λ is shown in figure 1(d). The 
MEH-PPV is used to amplify the light field while the HPDLC 
grating is used to provide feedback and spectrum selection for 
the laser device.

2.4.  Lasing performance characterization

For the lasing performance characterization of the DFB 
HPDLC laser, the sample was transversely optical excited 
by a frequency-doubled Q-switched Nd3+:YAG pulsed laser 
(532 nm, 10 ns, 10 Hz) (New Industries Optoelectronics), as 
shown in figure 1(b). The output lasing signal was collected 
with a fiber-coupled spectrometer (Sofn Instruments) with a 
resolution of ~0.3 nm. An s-polarizer was used to filter the 
exciting laser beam. The exciting laser beam was focused 

with a cylinder lens ( f  =  200 mm) to produce an 8 mm by 
1 mm rectangle exciting area on the sample. An adjustable 
slit was used to select the central part (3 mm by 1 mm) of the 
pumping area to ensure uniform exciting. Moreover, a beam 
splitter (BS) was used in the beam path to split off one beam 
to monitor the exciting beam energy in real time. The variable 
neutral density filter was used to regulate the pump energy to 
investigate output-emission intensity as a function of excita-
tion energy. For the far-field emission pattern of the emitting 
beams’ acquisition from the DFB HPDLC laser, the emitting 
beams were imaged with an imaging board and recorded with 
a digital camera, as shown in figure 1(c).

3.  Results and discussion

3.1.  Pure film and amplified spontaneous emission  
(ASE) spectra characterization

Figure 2(a) shows the absorbance and PL spectra of pure 
MEH-PPV film. The peak of the absorbance spectrum 
located at 499 nm, where the absorbance was the maximum. 

Figure 2.  (a) Absorbance and photoluminescence spectra of the pure MEH-PPV film and ASE spectrum gathered from the DFB HPDLC 
device and (b) energy levels and transitions of the lowest two singlet states of an organic semiconductor material.

Figure 3.  Typical lasing spectrum of DFB HPDLC laser collected 
from surface normal (396.9 nm period, second order).

J. Phys. D: Appl. Phys. 49 (2016) 465102
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The absorbance at 532 nm was 90% of the maximum value. 
Therefore, the absorbance is sufficient when the sample is 
photo-pumped at 532 nm. The peaks of the PL spectrum rep-
resent vibronic structure, the 0–0 and 0–1 emission band. The 
S0–0 and S0–1 peak of the PL spectrum was centered at 594 and 
634 nm, respectively. The narrow spectrum was the ASE spec-
trum, which was gathered from the DFB HPDLC laser sample 
edge. The central wavelength of the ASE was 633 nm, which 
is well matched for the S0–1 peak. During the photo-pumping, 
only the gain-narrowed (ASE) peak survived, and the broad 
tails of the photoluminescence were totally compressed when 
the gain exceeded the waveguide losses. Figure  2(b) repre-
sents the typical energy levels and transitions for the lowest 
two singlet states of an organic semiconductor material, such 
as MEH-PPV [10, 11]. The peak of the PL spectrum corre-
sponds to the transition from S1–0 to S0–0, which is detrimental 
for lasing operation. While the ASE spectrum corresponds to 
the transition from S1–0 to S0–1, for the net gain is the largest 
among the gain spectrum. Therefore, selecting the lasing 
mode in the ASE spectrum is helpful for the buildup of lasing 
oscillation.

3.2.  Lasing from the HPDLC DFB laser

In the DFB laser, feedback is provided by coherent Bragg 
scattering of the guided light via gain or/and index coupling 
[14–16]. The condition for feedback is given by the Laue con-
dition [35]

→ → →
⋅ =k G G2 ,

2
� (2)

where the wave-vector of the guided mode is k  =  neffk0 (k0 is 
the free-space vector number and neff is the effective index of 
the guided mode) and G denotes of the reciprocal lattice of the 
periodic dielectric structure with G  =  m · 2πΛ−1 (where m is 
an integer and Λ is the period). Substituting k and G to equa-
tion (2), it can be expressed as

⎜ ⎟ ⎜ ⎟ ⎜ ⎟
⎛
⎝
⎜

⎞
⎠
⎟

⎛
⎝

⎞
⎠

⎛
⎝

⎞
⎠

⎛
⎝

⎞
⎠

π
λ

π π π
⋅ ⋅

Λ
=

Λ
⋅

Λ
n m m m2

2 2 2 2
.eff

las
� (3)

After simplification, equation (2) can be finally expressed as

λ = Λm n2 ,las eff� (4)

where λlas is the lasing wavelength in vacuum. Different order 
HPDLC DFB lasers can be obtained by changing the grating 
period Λ in experiment. For m  >  1, the lasing radiation is 
coupled out of the waveguide by an angle θ relative to the 
sample surface normal via grating coupling [36, 37]. Figure 3 
shows the typical lasing spectrum of the DFB HPDLC laser 
with 396.9 nm period for second order, which was collected 
from the DFB HPDLC laser surface normal and the collection 
angle for third, fourth, fifth and sixth order laser was 32, 53, 
73 and 32°, respectively. The central lasing wavelength was 
633.1 nm and the full width at half maximum (FWHM) of the 
lasing spectrum was 1 nm. It is clear the laser device is single-
longitudinal mode operation.

3.3. Tunability of DFB laser with HPDLC grating period

According to equation  (4), for a given order m, the grating 
period can be selected to obtain varied lasing emission. 
Therefore, the gain spectra can be achieved. Here we chose 
m  =  2 order. Figure  4(a) displays the tunability of DFB 
HPDLC laser by varying the grating period. The lasing signal 
was detected at 590, 603, 616, 633, 645 and 657 nm, which 
demonstrated a tunable range of 67 nm. The grating period 
was 367.6, 376.6, 385.5, 396.9, 404.6 and 413.3 nm in order 
to obtain the lasing signal of different wavelength.

Figure 4(b) is the dependence of lasing threshold on lasing 
wavelength. The lasing threshold for 590, 603, 616, 633, 645 
and 657 nm laser was 3, 1.5, 0.8, 0.15, 0.9 and 1.8 µJ/pulse, 

Figure 4.  (a) Tunability of the HPDLC DFB laser by varying the grating period and (b) dependence of the lasing threshold to the lasing 
wavelength.

Table 1.  The emission angle with different diffraction orders.

Diffraction 
order

Grating  
period (nm) n value Emission angle (°)

2 396.9 1;  −1 0,180
3 596.0 2;  −1 32,148;  −32, −148
4 793.7 3;  −1 53,127;  −53, −127
5 992.2 4;  −1 73,107;  −73, −107
6 1191.5 4;  −2 32,148;  −32, −148

J. Phys. D: Appl. Phys. 49 (2016) 465102
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respectively. The 633 nm lasing possesses the minimum lasing 
threshold. The lasing intensity can be described by

( ) [( ( ) ( )) ]λ α λ= −I z I g zexp ,0 0� (5)

where z is the distance when light travels across the active 
medium, I0 is the initial intensity, I(z) is the intensity when 
light travels in the active medium at a distance of z, g0(λ) and 
α(λ) is the small-signal gain and losses parameters, respec-
tively. The losses parameter α(λ) mainly contains scatterings 
and self-absorbance. The small-signal gain parameter g0(λ) is 
wavelength dependent, which becomes maximum when the 
lasing spectrum is in the ASE spectrum. It is understandable 
that the 633 nm lasing possess the minimum threshold for the 

net gain that is the largest. For shorter wavelengths of less 
than 633 nm, the small-signal gain parameter g0(λ) becomes 
smaller and the self-absorbance becomes much more intense, 
so the lasing threshold increases. While for longer wavelength 
ranges of more than 633 nm, the small-signal gain parameter 
g0(λ) becomes smaller, so the lasing threshold also increases. 
In addition, the absorbance of MEH-PPV is so strong that 
there was not enough net gain to support the oscillation of the 
lasing mode for laser wavelengths lower than 590 nm. While 
for lasing wavelengths over than 657 nm, the photolumines-
cence of MEH-PPV is not sufficient to support the buildup 
of any lasing mode. The tunable range could be increased by 
using guest–host doping materials [38].

Figure 5.  Far-field emission pattern of the emission beams from the DFB HPDLC laser for different diffraction orders, (a) m  =  2, 
period  =  396.9 nm (b) m  =  3, period  =  596.0 nm (c) m  =  4, period  =  793.7 nm (d) m  =  5, period  =  992.2 nm and (e) m  =  6, 
period  =  1191.5 nm. Images (a) and (b) were collected at an excitation of 10 µJ/pulse, images (c) and (d) were collected at an excitation  
of 20 µJ/pulse and image (e) was collected at an excitation of 30 µJ/pulse.

Figure 6.  (a) Emission-pulse intensity with excitation-pulse energy and (b) lasing threshold from different diffraction orders.

J. Phys. D: Appl. Phys. 49 (2016) 465102
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3.4. Tunability of the DFB laser with diffraction order

The light guided mode travelling in the waveguide [37] can 
be expressed as

( )θ= −k nG k sin ,2
0 0

2� (6)

where n is an integer and varies with the diffraction order 
m, G0 is equal to *2πΛ−1. Equation (6) can be expressed as 
sinθ  =  nλlas/Λ  −  neff and sinθ  =  nλlas/Λ  +  neff. There is a def-
inition that θ  >  0°when n is a positive integer, while θ  <  0° 
when n is a negative integer. The lasing emission from dif-
ferent diffraction order m can be obtained by choosing the 
grating period according to equation  (4). In order to ensure 
the lasing wavelength in the range of ASE of MEH-PPV, we 
selected the output lasing wavelength at 633 nm. The theor
etical calculations of the emission angle relative to the sample 
normal for different order lasers are listed in table 1, where 
the value of neff and λlas is 1.595 and 633 nm, respectively. For 
m  =  2, there are two output beams while for m  >  2, there are 
four output beams.

In HPDLC DFB laser, the feedback is not only provided 
for guided waves propagating perpendicular to the HPDLC 
grating grooves but also for waves propagating at an angle 
γ with respect to the grating vector, owing to the HPDLC 
grating is only 1D and there is insufficient of lateral con-
finement as shown in figure 1(d) [35]. In the absence of any 
lateral confinement, a broad spectrum of lateral modes with 
continuously varying ∥

→
k  for a fixed 

→
⊥k  is supported. Therefore, 

the laser emission occurs at a divergent angle, which is par-
allel to the grating grooves. The divergent beams can be 
illustrated by the far-field emission pattern in figure  5 for 
different orders.

Figure 5 shows the far-field emission patterns of the emis-
sion beams from a different order of the HPDLC DFB laser. 
For second order, the emission beams were along the surface 
normal of the HPDLC DFB laser. For the third to sixth order, 
the emission beams emitted at 32/148, 53/127, 73/107 and 
32/148 degree relative to the surface normal direction. The 
emission beams behaved as a fan-like shape divergent stripe 
for all the orders and the transverse modes can be clearly dis-
tinguished. In addition, the emission angles and number of 
emission beams were in good agreement with the theoretical 
calculations made by equation (6) as shown in figure 5. The 
oscillations at different DFB orders should occur for other 
DFB configurations fabricated by imprinting [39–42], molding 
[43–47] and holographic ablation [48] process. However, most 
of the process is complicated, expensive and time-consuming 
while the HPDLC gratings possess advantages such as ease of 
fabrication, cost-effectiveness, mass production and high pat-
tern fidelity, which is superior to the imprinting, molding and 
holographic ablation process [26].

Figure 6(a) shows the emission-pulse energy with excita-
tion-pulse energy with different diffraction orders at lasing 
wavelength 633 nm. The conversion efficiency was 6.0%, 
9.8%, 7.0%, 4.8% and 2.0% for the second, third, fourth, fifth 
and sixth order HPDLC DFB laser, respectively. Figure 6(b) 
is the lasing threshold from different diffraction orders. The 
lasing threshold increased with the diffraction order increasing. 

The lasing threshold was 0.15, 0.3, 0.9, 2.4 and 6 µJ/pulse for 
the second, third, fourth, fifth and sixth order HPDLC DFB 
laser, respectively. The experimental results indicate that the 
lasing threshold decreases when the HPDLC DFB laser oper-
ates at lower order while the third order HPDLC DFB laser 
possesses the maximum conversion efficiency. For non-sur-
face lasing emission, i.e. lasers from third order or higher, we 
can see the conversion efficiency was 6.0%, 9.8%, 7.0%, 4.8% 
and 2.0% for third, fourth, fifth and sixth order, respectively. 
The lower the order, the higher the conversion efficiency [3].

4.  Conclusions

In conclusion, investigation was performed for the HPDLC 
DFB laser. The spin-coated MEH-PPV film was used as the 
active medium layer and the HPDLC grating film was fab-
ricated on the MEH-PPV film as the DFB oscillation cavity. 
The tunability of the HPDLC DFB laser was achieved by 
changing grating periods, which had a tunable range of 67 nm. 
The lasing performances were also investigated and com-
pared from different diffraction orders. The lasing threshold 
increased with diffraction orders while the third order laser 
possessed the maximum conversion efficiency in our device. 
The far-field emission pattern and the emission angle were in 
good agreement with theoretical calculations. This work gives 
more understanding on DFB HPDLC laser performance.
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