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In this paper, we demonstrate the electrical control of the distributed feedback (DFB) organic semi-
conductor laser based on a holographic polymer dispersed liquid crystal (HPDLC) grating for the first
time. The grating is fabricated on the top of the organic semiconductor film to act as an external feedback
structure. Experimental results show that the lasing intensity can be decreased by increasing the external
electric field, and the lasing wavelength exhibits a slight blue-shift of 1.4 nm during the modulation
process, indicating a good stability. The modulated performances are attributed to the decreases in the
refractive index modulation and average refractive index of the HPDLC grating respectively as a result of
the field-induced liquid crystal reorientation. This study provides some new ideas for the improvement
of DFB organic semiconductor laser to enable envisioned applications in laser displays and integrated
photonic circuits.
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1. Introduction

During the past decade, electrically controllable lasers have
attracted a great deal of interest as the active laser sources for
various applications including wavelength division multiplexing
(WDM) [1], laser displays and integrated photonic circuits [2,3],
because their lasing characteristics (e.g., lasing wavelength or en-
ergy) can be easily modulated by electric field. To achieve an
electrically controllable laser, a promising and efficient way is to
incorporate liquid crystal (LC) in the laser resonator cavity because
the orientation of LC molecules with large anisotropy and their
refractive indices can be modified by external electric field. Two
kinds of LCs have been widely used in the electrically controllable
lasers. One is the nematic LC which is often added in optical
waveguide [4—7]. The field-induced LC rotation can easily change
the waveguide properties, and thus the lasing characteristics. The
other one is the cholesteric LC which can form a self-assembled
helical structure and result in a photonic band gap [8]. The helical
structure can be deformed by LC rotation, which leads to a modu-
lation of lasing wavelength [9] or energy [10]. Among the LC-based
controllable lasers, the active laser media are always chosen to be
the laser dyes since they can easily blend with LC. However, the
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concentration quenching effect of dyes in the pure solid film
severely limits their lasing efficiencies and thus the practical
application [11]. Compared to the dyes, organic semiconductor
materials, as the new generation of laser media, show three ad-
vantages [12,13] of a) stronger pump absorption and gain in the
solid state, b) simpler processing to make thin film for laser
structure and c) capability of charge transport which opens up the
possibility of electrical pumping. These advantages enable the
organic semiconductors great scientific interest and technological
significance, and so much research has been reported on the
organic semiconductor lasers [12—17]. However, few reports have
been devoted to the electrical control of the laser emission from
organic semiconductors.

In earlier works [18], we have demonstrated a distributed
feedback (DFB) organic semiconductor laser based on a holographic
polymer dispersed liquid crystal (HPDLC) grating acting as an
external feedback structure. Stable single-mode transverse electric
(TE)-polarized laser emission was obtained under optical pumping.
The use of HPDLC grating empowered by one-step holography
technique results in low-cost and simple fabrication, rapid and
large-area device prototyping and capability of electrical control
because of the introduction of LC [18—23]. In this paper, to the best
of our knowledge, we report the electrical control of the DFB
organic semiconductor laser based on a HPDLC grating for the first
time. The experimental results show that the lasing intensity can be
modulated by increasing the electric field from 0 to 15.0 V/um.
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During the modulation process, the lasing wavelength is found a
good stability with a slight blue-shift of 1.4 nm. These results are
attributed to the decreases in the refractive index modulation and
average refractive index of the HPDLC grating respectively, which
are induced by the reorientation of LC molecules under external
electric field.

2. Experiments

Fig. 1 shows the schematic structure of the controllable DFB
organic semiconductor laser. A HPDLC grating is located on the top
of an organic semiconductor poly(2-methoxy-5-(2’-ethyl-hex-
yloxy)-p-phenylenevinylene) (MEH-PPV, Jilin OLED Material Tech.)
film between two indium-tin-oxide (ITO)-coated glass substrates.
To acquire that structure, an empty cell was pre-fabricated by
combining one glass substrate coated with MEH-PPV and the other
one with polyimide (PI) film to align LC molecules, which was
rubbed unidirectionally parallel to z axis (Fig. 1) corresponding to
the groove direction of HPDLC grating. The MEH-PPV film was
formed by spin-coating in a xylene solution (6 mg/mL) and its
thickness was fixed at 80 nm by selecting appropriate rotation
speed. Mylar spacers with a thickness of 6 pm were placed between
the two substrates to control the cell gap. Then a uniform mixture
of HPDLC pre-polymer syrup, consisting of difunctional acrylate
monomer phthalic diglycol diacrylate (PDDA, 54.6 wt%, Sigma-
—Aldrich), LC TEB30A (33.0 wt%, n, = 1.522, n. = 1.692, Slichem)
and photo-initiators (12.4 wt%), was injected and diffused into the
entire cell via capillary action in the dark. The refractive index of the
pure polymer formed by monomer PDDA was measured to be 1.525
by Abbe refractometer. The detailed materials composition of the
photo-initiators can be found elsewhere [4]. After that, the sample
cell was exposed to an interference pattern created by two coherent
s-polarized laser beams from a 532 nm Nd:YAG laser. A HPDLC
grating with periodic alternating LC and polymer layers was ob-
tained via photo-polymerization after 5 min exposure. The wave-
length Aj55 of the DFB laser emission is determined by the grating
period A, the effective refractive index nes of laser mode and the
Bragg order m [24]:

_ 2neffA

Aas = m (1)

Considering that the neg of the laser mode from our DFB
structure was about 1.60 [18], the grating period was carefully
chosen as 395.2 nm to generate a second-order DFB laser with a
wavelength around 630 nm located in the gain spectrum of MEH-
PPV [13].

To determine the LC molecules orientation in the HPDLC grating,
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Fig. 1. Schematic structure of the DFB organic semiconductor laser. The inset shows
the tilt angle # of LC molecule under an electric field.

s- and p-polarized lights at 633 nm, generated by a combination of
a He—Ne laser and a polarizer, were incident on the grating at the
Bragg angle to measure the diffraction efficiency during the grating
forming process, as described earlier [25]. Here, we note some di-
rection issues for clarity that the s-polarized light and TE light have
the same polarization state parallel to z axis, while the polarization
state of p-polarized light is parallel to y axis.

As an optical pumping source for laser measurements, a 532 nm
Q-switched Nd:YAG pulsed laser with 8 ns pulse duration and 3 Hz
repetition rate was used. A cylindrical lens was applied to focus the
pumping laser onto the sample with an incident angle of 60°
relative to the glass substrate. The pumping beam shaped by an
adjustable slit was about 3 mm in length and 0.1 mm in width.
Under optical pumping, laser emission from the sample due to the
second-order DFB effect [12,14] was collected along the sample
normal by a fiber-coupled spectrometer (resolution: 0.2 nm). Since
the output intensity of the pulsed pumping laser was not stable, the
laser emission spectrum was measured 10 times under each
pumping condition and an average result was presented in this
paper to minimize the error. A square-wave voltage of 1 KHz fre-
quency was output by a signal generator and applied on the sample
to control the DFB laser emission.

3. Results and discussion

To better understand the electrical controllable performance of
the DFB organic semiconductor laser, the orientation of LC mole-
cules in the HPDLC grating needs to be identified first. The HPDLC
grating studied here consists of two parts [25]: one is the polymer
matrix with some trapped LC molecules which are randomly
aligned and not free to rotate by external electric field [26], and the
other is the pure LC layer in which the LC molecules orientation has
a significant effect on the diffraction efficiency of HPDLC grating.
Since the refractive index of pure polymer ny, (1.525) is more closer
to n, (1.522) rather than ne (1.692), a higher diffraction efficiency
can be obtained for the probe light with a polarization state parallel
to the long axis of LC molecule which “sees” a refractive index of ne.
Fig. 2 shows the real-time diffraction efficiency of the grating for
the s- and p-polarized probe lights. When the HPDLC grating is
achieved, the diffraction efficiency for s-polarization is 44% higher
than the one for p-polarization of 3%, which suggests that the
orientation of LC molecules is preferentially parallel to the s-po-
larization state, that is, the grating groove (z axis). It is worth noting
that the LC molecules orientation obtained in this experiment is
different from our previous report [25], in which the LC molecules
orientation is parallel to the grating vector (y axis). The reason for
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Fig. 2. The real-time diffraction efficiency for different polarizations. The inset shows
the SEM image of the HPDLC grating.
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the orientation change can be attributed to the PI film which can
strongly influence the LC orientation [27]. Based on the obtained LC
molecules orientation, the phase separation degree o, used to
indicate the ratio of pure LC layers in the grating, is measured by a
birefringence test [25] to be 13.8%. This result accords with the SEM
measurement shown in the inset in Fig. 2, in which the dark region
represents the pure LC layer.

When an external electric field is applied to the sample cell, the
LC molecules in pure LC layer tend to align with their long axes into
the field direction along x axis, so a rotation with a tilt angle ¢ in the
x-z plane (the inset in Fig. 1) is induced. f can be increased from
0° to 90° by increasing the electric field. Then the refractive index of
pure LC layer nyc for the emitted laser with TE polarization will be
changed with the tilt angle as expressed by Ref. [28]:

NMolle

\/ng cos? 6+ n2 sin® ¢

nc(d) =

(2)

Accordingly, the average refractive index n,ye and refractive in-
dex modulation An of the HPDLC grating, which play significant
roles on the DFB laser performance, can be modified. To quantita-
tively analyze the variation trends of n,w and An, we reasonably
assume that the HPDLC grating has two regions with same width of
half the grating period [26,29]: one is the polymer matrix and the
other is composed of the pure LC layer and partial polymer matrix.
The refractive indices of the two regions can be expressed by:

ne — 0.67 x np +1(07.33 — ) X Miso 3)

np = 2angc(0) + (1 — 2a)na, (4)
where njs,, the average refractive index of LC, is 1.581. Then the

average refractive index and refractive index modulation of the
grating can be known:

Mave = 5 (1a + 1) = amc(6) + (1~ @), (5)

An = B(na - nb)‘ = alna — nic(0)|- ®)

Based on Egs. (5) and (6), we can obtain the theoretical pre-
diction of n,ve and An as a function of 6, as shown in Fig. 3. It can be
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Fig. 3. Average refractive index and refractive index modulation of the grating as a
function of tilt angle.

seen that n,.e decreases monotonously with the increasing tilt
angle. While for An, it decreases to zero when a critical angle (70.8°)
is achieved, and after that critical angle it starts to increase.

In our DFB laser structure, the feedback mechanism for laser
generation is only attributed to the pure index modulation, because
the MEH-PPV film is planar and homogeneous which ensures the
absence of gain modulation. As discussed in the coupled-wave
theory of DFB laser [30], the coupling coefficient « can be defined
by:

. — TAN 7 (7)
Alas

which is related to the strength of the backward Bragg scattering
and the amount of feedback power provided by the DFB structure. It
can be obtained that a decreasing refractive index modulation will
lead to a lower coupling effect of the DFB structure, and thus a
higher lasing threshold and lower output lasing intensity [31,32].
Therefore, we can expect that the output intensity of the DFB
organic semiconductor laser can be controlled by changing the
refractive index modulation of HPDLC grating due to the rotation of
LC molecules under an electric field.

A preliminary optical characterization of the DFB organic
semiconductor laser was performed with no electric field applied
on the sample cell. The obtained laser emission spectrum at a
pumping energy density of 37.8 pJ/cm? is shown in Fig. 4. This
spectrum exhibits a lasing peak at 629.9 nm with a spectral width
of 0.7 nm, indicating single-mode (TEg) laser emission from our
sample. The inset in Fig. 4 presents the output lasing intensity as a
function of pumping energy density, which implies the lasing
threshold is about 16.5 pJ/cm?>.

The electrical control of the DFB organic semiconductor laser
emission was investigated by applying an electric field on the
sample cell, while the emission spectra were recorded simulta-
neously and shown in Fig. 5(a). The pumping energy density was
measured to be 38.2 pJ/cm? and kept constant for all electric fields.
When increasing the electric field from 0 to 15.0 V/um, the lasing
intensity can be controlled to decrease from 2100 to 92 (arb. unit).
To further increase the electric field, the sample cell was broke
down. The relationship between the lasing intensity and electric
field is summarized in Fig. 5(b). It can be obtained that the lasing
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Fig. 4. Lasing spectrum at a pumping energy density of 37.8 pJ/cm? The inset shows
the lasing intensity as a function of pumping energy density, indicating a threshold of
16.5 pJjcm?.
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Fig. 5. (a) Lasing spectra of the DFB organic semiconductor laser under different electric fields. (b) The relationship between the lasing intensity and electric field. (c) Laser emission

patterns under the electric fields of 0, 6.7, 15.0 V/um.

intensity decreases linearly with the increasing electric field.
Fig. 5(c) depicts a sequence of the laser emission patterns under
different electric fields. In the absence of electric field, the laser
emission pattern is red and bright, and confined in one direction
perpendicular to the grating grooves which is typical for one-
dimensional DFB laser [33,34]. As the electric field increases to
6.7 V/um, the lasing energy is weakened obviously. And if the
electric field rises continually to 15.0 V/um, the lasing pattern is
hard to recognize. Thus, as expected, the electrical control of the
DFB organic semiconductor laser is achieved because the refractive
index modulation An of the grating can be decreased as a result of
the field-induced LC rotation. Furthermore, the lasing thresholds
under different electric fields were measured and shown in Fig. 6. It
can be found that the lasing threshold rises with the electric field. It
is another sign of the decrease in An, because a lower An always
leads to a higher lasing threshold [30,31].

There is still one problem should be explained that the variation
trend of the lasing intensity does not follow the one of An as shown
in Fig. 3. As the theoretical prediction of An, the lasing intensity
should start to increase after decreasing to zero under a critical
electric field that drives LC molecules to a tilt angle of 70.8°.
However, that ideal result was not observed in experiment. To
figure out that problem, we measured the tilt angle of LC molecules
under the maximum electric field of 15.0 V/um by a common
method described earlier [4,28]. The measurement result shows
that the maximum tilt angle that we can drive in the experiment is
only about 66.2°, which is lower than the critical one of 70.8°. It can
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Fig. 6. The relationship between the lasing threshold and electric field.

be seen from Fig. 3 that the variation of An with tilt angle from 0° to
66.2° is monotonous, and that is the reason why the obtained lasing
intensity varies monotonously with the electric field as well.
Moreover, the stability of the lasing wavelength during the
control process is also investigated, as shown in Fig. 7(a). As the
electric field is increased, the lasing wavelength is tuned to shorter
wavelength and the spectral tuning is 1.4 nm. Compared to the
lasing wavelength of 629.9 nm, the relative change of wavelength is
only about 0.2%, which indicates a good stability. The slight blue-
shift of lasing wavelength is attributed to the decreasing average
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Fig. 7. (a) The relationship between the lasing wavelength and electric field. (b) Lasing wavelength as a function of tilt angle.

refractive index of grating (Fig. 3). In our DFB laser structure, an
asymmetric slab waveguide is obtained in a form of grating/MEH-
PPV/glass, in which the ITO layer with a thickness of 30 nm is too
thin to be considered [4]. According to the waveguide theory [35],
the waveguide equation for the TE light using the parameters from
our DFB structure can be expressed by:

27d
/n2 2 _
SV Moy — Mgy = M 4 arctan
las

+ arctan

where d is the MEH-PPV film thickness, M is the mode number, nppy
and ngj, are the refractive indices of MEH-PPV film and glass sub-
strate respectively. Through Egs. (1), (5) and (8), the lasing wave-
length as a function of LC tilt angle can be calculated and shown in
Fig. 7(b). As the tilt angle is increased under an electric field, the
refractive index of the cladding layer (HPDLC grating) decreases,
which gives rise to a decrease in the effective refractive index of the
laser mode in the core layer (MEH-PPV film), and thus the lasing
wavelength. When the tilt angle increases from 0° to maximum
66.2°, the wavelength shift is about 2.1 nm. Compared to the
experimental result 1.4 nm, the difference is acceptable considering
that the resolution of the spectrometer used in experiment is only
0.2 nm.

4. Conclusions

In conclusion, we have demonstrated the electrical control of
the DFB organic semiconductor laser based on a HPDLC grating. By
determining the LC molecules orientation in HPDLC grating, we
theoretically study the effect of electric-field-induced rotation of LC
molecules on the average refractive index and refractive index
modulation of the grating, which play essential roles on the final
laser emission. Experimental results show that the output intensity
of the DFB laser can be modulated by increasing the electric field,
and the lasing wavelength exhibits a good stability with a relative
change of 0.2%. These modulated lasing performances are attrib-
uted to the decreases in the refractive index modulation and
average refractive index of the grating respectively. Therefore, we
believe that the combination of the active optical device HPDLC
grating and organic semiconductor materials will open a promising

way to design active laser source and also widen the applications of
organic semiconductors in the field of laser displays and integrated
photonic circuits.
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