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A B S T R A C T

An organic dual-wavelength surface-emitting distributed feedback (DFB) laser with low threshold and high
conversion efficiency based on holographic polymer dispersed liquid crystal (HPDLC) grating is reported. In such
a laser configuration, the dye blend 4-(dicyanomethylene)-2-methyl-6-(p-dimethylaminostyryl)-4H-pyran
(DCM)/1,3,5,7,8-pen- tamethyl-2,6-diethylpyrromethene-difluoroborate (PM567) -doped HPDLC grating is
formed on the top of an organic semiconductor poly(2-methoxy-5-(20 -ethyl-hexyloxy)-p- phenylenevinylene)
(MEH-PPV) layer. The dual-wavelength laser located at 605.2 nm and 629.8 nm are obtained in a single beam.
The dual-wavelength laser performance under an external electric field are investigated and illustrated for the
first time. This study provides some new ideas for the improvement of tunable dual-wavelength laser and extends
more applications in laser displays and integrated photonic circuits.

1. Introduction

In recent years, dual-wavelength lasers (DWLs) have attracted wide
attention due to their potential application prospects in precision
spectroscopy, wavelength division multiplexing, THz frequency gen-
erators, medical equipment [1–3]. Previous reports on DWLs are mainly
achieved by Nd-doped crystals or inorganic semiconducting materials
[4–6]. Both of these two DWLs are requesting by many other fittings,
which would inevitably induce optical instability and a bulky config-
uration. On the other hand, organic materials, including laser dyes and
organic semiconductors, have the advantages of simple process, wide
absorption spectrum, chemically tunable emission spectrum, good
flexibility and low cost [7–9]. Compared with inorganic DWLs, organic
DWLs have good optical stability and compact structure [10,11]. Spe-
cially, DWLs with electrically tunable properties have more advantages
[12,13]. To achieve an electrically controllable laser, a promising and
efficient way is to incorporate nematic liquid crystals (LCs) in laser
resonator cavity [14–17]. Nematic LCs are electro-optical birefringent
materials that their orientation can be changed by external electric
field, and thus the lasing performance (e.g., lasing wavelength or in-
tensity) can be easily modulated without moving the sample or altering
the pumping setup [18]. A HPDLC grating containing alternating
polymer-rich and LC-rich lamellae, is an excellent DFB configuration
cavity because of its ease of preparation, low optical scattering and

large processing area [19]. Distributed feedback laser action has been
emitted from dyes [20] or organic semiconductors [21] based on
HDPLC grating, and electrical switching of laser action in HDPLCs has
also been demonstrated [14,18], but few reports have been devoted to
the electrical control of the DWLs using HDPLC gratings as cavities.

In this paper, we present the electrical control of the organic DWLs
based on HPDLC gratings for the first time. A dual-wavelength emission
at 605.2 nm and 629.8 nm is generated by DCM/PM567 and MEH-PPV
respectively in one laser beam. Compared with the earlier works [22],
the laser thresholds for both laser are halved due to the rubbed poly-
imide (PI) layer and the location of output wavelengths. Meanwhile, the
lasing performance from dye blend also could be improved due to the
effective Forster energy transfer from host dye PM567 to guest dye
DCM. The lasing intensity and wavelength were modulated under
electric field. The results were attributed to the decreases in the re-
fractive index difference and average refractive index of the HPDLC
grating respectively, which were induced by the re-orientation of LCs
under external electric field.

2. Experimental

Fig. 1a shows the fabrication process of our organic DWLs. MEH-
PPV layer (molecular weight ~120000; Jilin OLED Material Company)
was spin-coated (2000 rpm; 30 s) on a clean ITO (indium-tin-oxide)
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glass substrate in chlorobenzene (CB) solvent (8 mgml−1). The film
thickness was controlled at ~80 nm. PI solution was spin-coated on
another ITO glass substrate and rubbed along the z-axis. Then these two
ITO glass substrates were prepared into an empty cell, and the cell gap
was controlled by Mylar spacers at 6μm. The pre-polymer system
consisted of 59 wt% monomer phthalic diglycol diacrylate (PDDA,
Sigma-Aldrich), 28 wt% nematic liquid crystal TEB30A (no=1.522,
ne =1.692), 10 wt% cross-linker N-vinyl pyrrolidone (NVP, Sigma-Al-
drich), extracted by Aldrich. Supplied), 1.5 wt% co-initiator N-phe-
nylglycine (NPG, Sigma-Aldrich), 1.5 wt% photo-initiator Rose Bengal
(RB, Sigma-Aldrich) and 0.1 wt% laser dyes. Three groups of laser dyes
were adopted in our experiments: pure DCM (Sigma-Aldrich), pure
PM567 (Sigma-Aldrich) and the blend DCM/PM567, at a weight ratio of
17:3.

In order to fabricate HPDLC grating, the empty cell injected with
pre-polymer was exposed to two coherent and continuous s-polarized
laser fields (laser wavelength:532 nm, intensity: 3.7 mW/cm2) for
5min. The grating period was carefully chosen at 394 nm, which de-
pended on the angle between two coherent beams [23]. In order to
study the optical properties of gain mediums, the absorption and pho-
toluminescence (PL) spectra of the gain mediums were measured by a
UV–Vis spectrophotometer (Shimadzu UV-3101; Shimadzu Corp.,
Japan) and fluorescence spectrophotometer (Hitachi F-7000; Hitachi,
Ltd., Japan), respectively. The absorption and PL spectra of MEH-PPV

can be measured by thin film spin-coated on glass substrate. While for
dye blend or pure dye the absorption and PL spectra were measured by
dyes-doped polymer dispersed liquid crystal (PDLC), which was fabri-
cated by irradiating under a single laser beam from a Nd:YAG laser
(532 nm, 10 mW/cm−2) for 10min.

The holographically cured sample was pumped by a Nd:YAG fre-
quency doubled pulse laser (laser wavelength: 532 nm; pulse duration:
8 ns; repetition rate: 3 Hz). The pump beam was shaped into a 4mm×

0.1 mm narrow stripe through a cylindrical lens and an adjustable slit.
Then the narrow stripe was divided into two beams with equal intensity
by a beam splitter prism. One beam was directly measured by an energy
meter, and the other beam incident onto the sample at an angle of 45°
with respect to the glass substrate. The dual-wavelength laser emission
was perpendicular to the sample surface and was collected by a spec-
trometer (LabMax-TOP, Coherent Inc.). The schematic structure of the
controllable dual-wavelength DFB laser is shown in Fig. 1c.

3. Results and discussion

3.1. Optical properties of gain medium

The Absorption and PL spectra of gain mediums were demonstrated
in Fig. 2a. The absorption peak of pure PM567, pure DCM, DCM/
PM567 and MEH-PPV film located at 522 nm, 478 nm and 522 nm,

Fig. 1. (a) Fabrication process of the dual-wavelength DFB organic laser, (b) the tilt angle α of LC molecule under an electric field, and (c) schematic structure of the
laser configuration with a grating period at 394 nm.

Fig. 2. Normalized intensity for (a) absorption and PL spectra, and (b) ASE spectra of pure PM567, pure DCM, DCM/PM567 and MEH-PPV film, respectively.
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500 nm, and their PL peaks located at and 540 nm, 575 nm, 572 nm and
589 nm, respectively. Specially, the absorption spectrum of the dye
blend is similar to that of PM567, and the PL spectrum is similar to that
of DCM. It is a clear indication of efficient Forster type energy transfer
from the host dye PM567 to the guest dye DCM [24]. At the pump
wavelength (532 nm), the absorption of dye blend is much stronger
than pure DCM and the re-absorption loss is smaller than pure PM567.
Therefore, the output lasing performance of dye blend is better than
pure DCM and pure PM567.

We also measured the ASE spectra of gain mediums from PDLC layer
at the same pump intensity, as shown in Fig. 2b. ASE locates at the
maximum of the gain spectra, and it is a useful tool to explore lasing
performance, such as the output lasing wavelength region and the
threshold distribution at different wavelengths [25]. The ASE peaks of
pure PM567, DCM/PM567, pure DCM, MEH-PPV located at 560.3 nm,
592.8 nm, 610.3 nm and 620.7 nm, respectively. The ASE intensity of
the blend was higher than pure DCM and pure PM567, which indicated
the blend had higher gain. The ASE of MEH-PPV film had the highest
intensity, since it has no concentration quenching effect [26].

3.2. Dual-wavelength laser performance

When the pump energy is greater than the laser threshold, the laser
emits a dual-wavelength laser. Fig. 3a is the spectra of the dual-wave-
length laser measured at a pump energy of 0.60 μJ. The wavelengths
obtained in one laser beam are 605.2 nm and 629.8 nm, respectively.
The corresponding full width at half maximum (FWHM) is 0.5 nm and
0.4 nm. In order to distinguish the sources of these two wavelengths,
the sample with the same parameters but no MEH-PPV layer was
pumped. This indicates that the dye blend DCM/PM567 induce the

605.2 nm laser and the MEH-PPV layer leads to the 629.8 nm laser. The
laser output wavelength satisfies the Bragg equation [27] =mλ n Λ2 eff ,
in which neff is the effective refractive index, Λis the grating period and
m is the Bragg order, which is selected as 2 in this work. According to
Bragg equation, the effective refractive index of laser emitted from
DCM/PM567 and MEH-PPV is 1.54 and 1.60, respectively.

Fig. 3c shows the measurement results of polarization character-
istics of the dual-wavelength laser. The lasers emitted from the sample
are both TE polarization, but the reasons for this result are different. In
our HPDLC gratings, the averaged orientation of LCs is aligned along
the grating groove direction (z axis, as shown in Fig. 1c). The reason for
this result is that only a difunctional acrylate monomer PDDA is utilized
in this work. Low functional monomer will produce less polymer fila-
ments in rich-LC regions due to the lower mobility, which exert less
anchoring strength to LC molecules than the multifunctional functional
monomer [28]. For the laser produced by dye blend DCM/PM567, the
refractive index difference of TE polarized light comes from the
polymer (np= 1.529) and the phase separated LCs (extraordinary index
ne =1.692). Thus, the effective light feedback for TE polarized lasing
output is high. However, the refractive index difference of TM polarized
light comes from the polymer (np) and the phase separated LCs (or-
dinary index no =1.522), the effective light feedback is much weaker.
Therefore, the output laser induced by dyes DCM/PM567 only con-
tained TE mode. The laser produced by MEH-PPV also only contains TE
mode, but it is caused by waveguide theory. The refractive index of
MEH-PPV layer is 1.90 in TE direction and1.52 in TM direction [29],
while the refractive index is 1.54 in grating layer and 1.516 in glass
substrate. For the asymmetric slab waveguide composed of HPDLC-
grating/MEH-PPV/glass substrate, only TE mode light can be effec-
tively bound in the resonator and amplified. Fig. 3d shows the

Fig. 3. Lasing spectra of (a) the dual-wavelength laser and (b) the single-wavelength without MEH-PPV layer at 0.70 μJ, (c) the transmitted intensity of the dual-
wavelength laser on the dependence of the rotation angle, and (d) lasing output energy intensity as a function of pump energy of the dual-wavelength laser.

L. Liu, et al. Organic Electronics 74 (2019) 161–165

163



dependence of output energy on the input energy of the dual-wave-
length laser. The hollow points are experimental data, and the real lines
are fitting data. The intersection point of the real line and the transverse
axis is the threshold, and the slope of the real line is the conversion
efficiency. The threshold is 0.14 μJ (i.e., pump energy density
0.035mJ cm−2 or peak power density per pump laser pulse
4.34 kW cm−2, the same as below) for the 629.8 nm MEH-PPV laser and
0.25 μJ (0.062mJ cm−2 or 7.75 kW cm−2) for the 605.2 nm dyes laser.
The conversion efficiency of the lasers is 6.4% and 1.7%, respectively.

Compared with the dual-wavelength DFB laser generated by MEH-
PPV and DCM with thresholds [22] of 0.16 μJ (0.053mJ cm−2 or
6.7 kW cm−2) and 0.36 μJ (0.12 mJ cm−2 or 15.0 kW cm−2), the laser
thresholds have been halved in this work. This result can be understood
due to the following effects. One is from the phase separated LCs
aligned along the rubbing direction (z axis). The refractive index dif-
ference for TE mode is greatly improved compared with the case of the
phase separated LCs aligned along the grating vector. The bigger the
refractive index in lasing feedback direction, the better the lasing
feedback performance [28]. Therefore, the lasing threshold and con-
version efficiency can be enhanced for both lasers in this work.
Meanwhile, the lasing wavelength position of two laser beams is cri-
tical. The wavelength of the laser is located at the center of DCM/
PM567 and MEH-PPV gain spectra respectively. The laser threshold will
decrease significantly when the emission wavelength moves from the
edge of the gain spectrum to the center, because of the higher gain and
lower re-absorption effect [30]. Besides, for the dye blend laser, effec-
tive Forster energy transfer from PM567 to DCM also contributes to low
threshold and high conversion efficiency.

3.3. Tunability by electric field

Fig. 4 shows the dual-wavelength laser tunable behaviors on the
dependence of electric fields. The pumping energy density was mea-
sured at 0.8 μJ and kept constant for all electrical fields. When applied
external electric field, the direction of LCs is shifted from z-axis to y-axis
(as shown in Fig. 1b). The refractive index of TE polarized light in the
LC layer changes from ne to no. The decrease of the refractive index of
HPDLC grating layer leads to the blue shift of lasers. Meanwhile, the
refractive index difference of TE polarized light also decreases, which
results in a decrease in the intensity of the output laser. Thus, as ex-
pected, the electrical control of the DFB organic dual-wavelength laser

Fig. 4. Lasing spectra of the organic dual-wavelength laser under different
electric fields.

Fig. 5. (a) The diffraction efficiency for different polarizations and transmission efficiency, (b) lasing wavelength, (c) lasing intensity and (d) lasing thresholds under
different electric fields.
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is achieved. We can also predict that if the HPDLC gratings are fabri-
cated by LCs with higher birefringence (the difference between ne and
no), the dual-wavelength tuning range can be further increased.

Fig. 5a shows the diffraction efficiencies in different polarization
states and transmission efficiency under different electric fields. The
diffraction efficiency for s-polarization is 60% higher than the one for p-
polarization of 3% under no electric field, which proves again that the
orientation of LCs is aligned along the rubbing direction (z axis). With
the increase of external electric field, diffraction efficiency for s-polar-
ization decreases, while diffraction efficiency for p-polarization remains
unchanged. When applied voltage increases to 12 V/μm, diffraction
efficiency for s-polarization no longer decreases, and it is equal to dif-
fraction efficiency for p-polarization. The sum of diffraction efficiency
and transmission efficiency is always 93%, which indicates that the
scattering loss is about 7%. The lasers from MEH-PPV and dye blend
blue shift 1.7 nm and 9.8 nm respectively with the electric field in-
creased to 12 V/μm (as shown in Fig. 5b). The dual-wavelength lasing
intensity decrease from 4385 to 432 (arb.units) for laser emitted from
MEH-PPV and 1758 to 432 (arb.units) for laser from DCM/PM567 (as
shown in Fig. 5c). The results of lasing wavelength and intensity are in
good according with the change of diffraction efficiency of s-polarized
light. Furthermore, the lasing thresholds under different electric fields
were measured and shown in Fig. 5d. The lasing thresholds rise from
0.14 μJ (0.035mJ cm−2 or 4.34 kW cm−2) to 0.71 μJ (0.176mJ cm−2

or 22.01 kW cm−2) and 0.25 μJ (0.062mJ cm−2 or 7.75 kW cm−2) to
0.77 μJ (0.191mJ cm−2 or 23.87 kW cm−2) for lasers from MEH-PPV
and dye blend, respectively. It is another sign of the decrease in re-
fractive index difference between polymer and the phase separated LCs,
because a lower refractive index difference always leads to a higher
lasing threshold.

4. Conclusions

In conclusion, we have presented a surface-emitting dual-wave-
length laser from dye blend and organic semiconductor with a HPDLC
grating feedback structure. The performance for both lasers has been
greatly improved by adopting PI layer and effective Forster energy
transfer. Although the working mechanism is different, the lasers
emitted from the sample are both TE polarization. The tuning char-
acteristics of dual-wavelength laser under external electric field are
further studied. The modulated lasing intensity and wavelength are
attributed to the decreases in the refractive index difference and
average refractive index of the HPDLC grating respectively. Therefore,
we think that this work would widen the applications of DWLs in the
field of laser displays and integrated photonic circuits and more work to
further enhance the tunable range is ongoing.
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