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Abstract We demonstrate single-mode laser operation in
dye-doped holographic polymer-dispersed liquid crystal
(HPDLC) transmission gratings. The gratings are fabri-
cated in cells made from specifically chosen glass sub-
strates to decrease the refractive index difference between
the waveguide core layer and cladding layer. The phase
separation degree of liquid crystal after holographic
recording is further optimized to confine only the lowest
propagation mode in the device. The mode selection
mechanism is explained under the framework of the
waveguide distributed feedback (DFB) theory. The wave-
length of single-mode lasing can be tuned between 620 and
660 nm by varying the grating period. Our results show the
HPDLC technique could provide single-mode organic DFB
lasers in a tunable, simple, and large-area manner.
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1 Introduction

Over the last two decades, organic lasers have gained
enormous research interest for their potential application in
various fields including spectroscopy [1], chemical sensing
[2], and data communication [3]. Motivation for these
extensive studies on organic lasers was provided by many
salient features of the organic gain medium [4], such as
large stimulated emission cross sections, broad fluores-
cence spectra, low cost in terms of both processing tech-
niques and materials, and easiness to tune the chemical
structure for desired properties. Among the various reso-
nator structures used in organic lasers, the distributed
feedback (DFB) configuration, in which optical feedback is
provided by the periodic, wavelength-scale microstructure,
has proved particularly successful [5].

There is one type of DFB organic laser that has attracted
special attention: the tunable DFB cavity based on liquid
crystal (LC). LCs are molecules with large optical and
dielectric anisotropies, which make them sensitive to var-
ious external stimuli. Thus, the orientational distribution of
LC directors in these organic lasers could be easily altered,
leading to lasing wavelength tuning within the emission
spectrum of the gain medium. To date, there are several
approaches to incorporate LCs into DFB cavities. Chiral
LCs, in which LCs are self-organized to form a periodic
structure, are a natural DFB resonator. Laser emission has
been observed in dye-doped cholesteric LCs [6-8] or fer-
roelectric LCs [9], and broadband tunability can be con-
veniently achieved in these systems [10]. There are also
demonstrations of tunable lasing in nano-imprinted struc-
tures infiltrated with nematic LC, in which LC may func-
tion as the waveguide core layer [11, 12] or the cladding
layer [13]. Further, the dye-doped nematic LC layer could
be directly pumped using holographic exposure apparatus
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[14] or a shadow mask [15] and electrically tunable, single-
mode DFB laser emission is possible.

Holographic polymer-dispersed liquid crystal (HPDLC)
gratings, which are formed by photo-polymerization-
induced phase separation of LC lamellas from the poly-
mer matrix, are wavelength-scale, periodic structures with
intrinsic embedded LCs [16]. Considering the simplicity
and high throughput of HPDLC fabrication, these gratings
have potential for realizing low-cost, tunable DFB laser
sources [17]. Despite the intense studies into output
properties, including switchability [18, 19] and tunability
[20-23], lasing from dye-doped HPDLC gratings is usu-
ally multimode [20, 22, 24] as a result of weak mode
selection capability. From the device application point of
view, a single-mode HPDLC laser is more desirable. In
this work, we demonstrate single-mode laser operation in
a dye-doped HPDLC transmission grating. By decreasing
the refractive index (RI) difference between the wave-
guide core layer and the cladding layer which is achieved
by using suitable substrate glasses and optimizing the LC
phase separation degree of the grating, it is able to con-
fine only the lowest (zeroth) propagation mode in the
device.

2 Experimental details
2.1 Materials and device structure

The homogeneous prepolymer syrup, which consisted of
28.5 wt% monomer dipentaerythritol hydroxyl pentaacry-
late (DPHPA), 29 wt% monomer phthalic diglycol diac-
rylate (PDDA), 10 wt% cross-linking monomer N-
vinylpyrrolidone (NVP), 0.5 wt% photoinitiator Rose
Bengal (RB), 1.5 wt% coinitiator N-phenylglycine (NPG),
30 wt% nematic LC TEB30A (ordinary RI n, = 1.522;
extraordinary RI n, = 1.692), and 0.5 wt% laser dye 4-
dicyanomethylene-2-methyl-6-(p-dimethylaminostyryl)-
4H-pyran (DCM), was introduced into empty cells by
capillary suction in the dark. The samples were then
exposed to the interference pattern created by two coherent
laser beams (CW; ,, = 532 nm). Recording beams were
set to be S-polarized using half-wave plates to ensure high
pattern contrast for efficient LC phase separation. The
intersection angle 6 between the two beams can be con-
veniently changed and precisely controlled within the error
of 0.04°. The grating period can be calculated using
A =)y /2sin(9). The intensity for each beam was varied
between 4 and 11 mW/cmz, and the exposure time was
around 3 min.

The device structure is schematically shown in Fig. 1.
After the anisotropic photo-polymerization induced phase
separation, the laser dye is naturally doped into the HPDLC

@ Springer

z
l Pump beam
Yy

Refractive

Glass substrate

Output lasing

Polymer layer DCM dye LC layer

Fig. 1 Schematic illustration of the waveguide DFB structure

grating, and the grating layer serves not only as the feed-
back component but also as the gain medium. Since the RI
of the HPDLC layer is higher than that of the glass sub-
strate, DFB lasing modes can be bounded in this cavity and
will not leak out through glass substrates. This working
mechanism is referred to as the waveguide DFB scheme
[5]. The number of lasing modes depends on the effective
thickness of the core layer, and there are two possible
approaches to achieve single-mode laser action [25]. One is
by reducing the geometrical thickness of the core layer,
which is the HPDLC grating in this case, and the other is
by decreasing the RI difference between the cladding layer
and the core layer. The first approach requires a thickness
of the grating layer being <1 um. Regardless of the diffi-
culty in fabricating cells with such a small cell gap, the
short absorption distance under transverse pumping cannot
provide sufficient gain and thus would lead to a significant
increase in the laser threshold. In this study, the second
approach is employed, and two types of cells were made
either by common K9 glasses (RI = 1.516) or by specifi-
cally chosen barite crown glasses BaK2 (RI = 1.53996).
The RI of BaK2 glasses is very close to that of the HPDLC
grating layer (around 1.541) [20], thereby minimizing the
RI difference between the two layers. Ultrasonic washing
in acetone and alcohol several times is used to clean these
glass substrates. No further surface treatment is employed.
The cell gap was controlled as 5 um by Mylar spaces.

2.2 Optical characterizations

The devices were optically pumped using the linearly
polarized output from a frequency-doubled Q-switched
Nd:YAG laser (wavelength: 532 nm; pulse duration: 8 ns;
and repetition rate: 1 Hz). The pump laser beam is 45°
polarized with respect to the z-axis, and a set of calibrated
neutral density filters was used to control incident pump
energy. A spherical lens with a focal length of 20 mm was
used to focus the pump beam into a roughly circular spot
(1 mm diameter) to eliminate the adverse effect caused by
cell gap inhomogeneity. Edge emission from the device
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HPDLC grating
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Fig. 2 Experimental setup for measuring the LC phase separation
degree. P1 and P2 are two orthogonally aligned polarizers. The
HPDLC grating is placed in a way that the angle between the grating
vector and the transmission axis of either polarizer is 45°

was collected by a spherical lens and analyzed using a
fiber-coupled spectrometer with a resolution of 0.2 nm,
while lasing energy was measured using a Coherent J-10SI-
HE energy meter.

According to previous studies on grating morphology [26,
27], the fabricated HPDLC grating under low curing inten-
sity with acrylate monomers exhibits polymer scaffolding
morphology. The phase-separated LCs are well aligned
along the grating vector as shown in Fig. 1. The experi-
mental setup for measuring the LC phase separation degree
f (volume ratio of phase-separated LCs to total LCs) is
shown in Fig. 2. The sample was situated between two
orthogonally aligned polarizers, and a He-Ne laser at
633 nm was used as the incident beam. The angle between
the grating vector and the transmission axis of either pola-
rizer is 45°. The intensity of transmitted light depends sen-
sitively on the phase retardation imposed by the well-aligned
phase-separated LC molecules in the grating. We have [27]:

JHe—Ne arcsin /Ii)—TT "

TPLC ol ANLC_buikL

where Ape_ne is the output wavelength of the He—Ne laser,
PLC_total 1S the volume concentration of total LC in the
prepolymer syrup, Anic pux is the birefringence of bulk
nematic liquid crystal, L is the cell gap, I is the transmitted
intensity through orthogonally aligned polarizers, and Iot
is the total intensity transmitted through the sample.

3 Results
3.1 HPDLC grating with low scattering loss

Figure 3 shows morphological images of the fabricated
HPDLC grating where phase-separated LCs have been

Fig. 3 Photographs of the scaffolding morphology HPDLC grating.
a AFM image of the surface profile and b LSCM image of the grating
cross section

removed by ethanol. Figure 3a is an atomic force micros-
copy (AFM) photograph showing the surface profile of the
grating. The surface appears to be rather smooth, without
the presence of irregular bumps dwelled previously by LC
domains. This non-droplet HPDLC morphology is termed
as the polymer scaffolding morphology [26] in which there
are numerous polymer filaments across the homogeneous
LC layer. Thanks to the absence of LC droplet domains, the
grating shows merely scattering loss (<5 %) and is quite
suitable for use as a laser cavity. Figure 3b shows the cross
section of the grating by using the laser scanning confocal
microscopy (LSCM). The optical measurement could show
the actual HPDLC grating morphology to a great degree, as
the incident probing photons would not smear the organic
grating which is often the case with high-energy electrons
in scanning electron microscopy analysis. The grating
depth is 5 pum, and it penetrates through the whole HPDLC
film. Although the picture quality is limited by the spatial
resolution of the LSCM (0.12 pm), we can find the LC
layers are almost homogenous and contain merely spheri-
cal domains which is consistent with the smooth surface
profile shown in Fig. 3a.

3.2 Single-mode lasing properties

When incident pump energy exceeds the laser threshold,
the device emits lasing. Figure 4 shows the spectra of laser
emission from both types of glass cells where the grating
period is 602.4 nm. The samples were pumped at twice the
corresponding threshold energy. Five lasing peaks which
span from 612.2 to 620.6 nm can be found in the spectrum
of the K9 glass cell. The wavelength separation between
adjacent modes slightly decreases toward the long wave-
length band. In distinct contrast, there is only one narrow
lasing peak locating at 618.5 nm in the spectrum of the
BaK2 glass cell, and thus, the spectral purity is much better
in this case. We also show in Fig. 5 that single-mode laser

@ Springer



1068 W. Huang et al.
- 50 -
7 9000 4 (a) 10=620.6 nm
=
S _. 40
= D
_8 6000 | 7\.1—6194 nm £
S 3 30-
> Ap=617.6 nm o
@ 3000 %.5=615.5 nm L 20
}'C), 14=612.2 nm =
= 0 A — : . © 40
605 610 615 620 625
0
= (b) 2
+= 12000 1o=618.5 nm
c 0 : Pump Energy (uJ)
-}
2 8000 - Fig. 6 Single-mode lasing energy as a function of pump energy. The
S inset shows the emission photograph of the single-mode lasing
>
=
@ 4000 is around 3.5 pJ/Pulse, which is a typical value in DFB
g lasers based on dye-doped HPDLC gratings [19, 28]. The
- 0 ; , . : working threshold in this paper merely changes as it mainly
605 610 615 620 625

Wavelength (nm)

Fig. 4 Spectra of the lasing a from the common K9 glass cell; b from
the Bak2 glass cell pumped at 2x corresponding threshold energy

10 A B C D E Grating period
) A:602.4 nm
= 084 B:610.8 nm
> C:621.1 nm
0 D:629.5 nm
5 061 E:641.9 nm
>
= 0.4
0
c
2
E 02 =

0.0 T T T T T T T

620 640 660 680

Wavelength (nm)

Fig. 5 Single-mode lasing from dye-doped transmission gratings
with different grating periods

action can be obtained in the wavelength range between
620 and 660 nm by varying the grating period. Considering
the lasing wavelength of each dye-doped HPDLC grating
can be continuously tuned under applied electric field over
a range of 10 nm [20], it is convenient to integrate several
HPDLC gratings together to obtain single-mode lasing
across the whole band range of the gain medium.

Figure 6 shows the dependence of output energy on
input energy for the single-mode lasing. The laser threshold
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relies on the thickness and scattering loss of the grating
film. The curve also shows the lasing slope efficiency is
about 0.8 %. To date, there is only one report on the slope
efficiency for the lasing from dye-doped HPDLCs, which is
only around 0.1 % [18]. The lasing efficiency is much
improved in our device as the HPDLC transmission grating
we have employed shows merely scattering loss. The inset
in Fig. 6 is an emission image of the device, in which a
sharp lasing spot can be clearly seen. The divergence
angles of the laser emission were estimated to be ~0.16
and ~0.20 rad in the directions parallel and perpendicular
to the glass substrate, respectively.

4 Discussions
4.1 Effect of the LC phase separation degree

We found the high RI glass substrate alone cannot ensure
single-mode laser action. Figure 7 shows the lasing spectra
from dye-doped HPDLC gratings in BaK2 glass cells at
various LC phase separation degrees pumped at a pump
energy of 8 pJ/Pulse. Various lasing peaks with a line
width of about 0.5 nm (close to the resolution of the used
spectrometer) can be easily recognized. Output lasing
becomes multimode when f is below 0.4. The spacing
between adjacent modes is quite narrow (<1 nm), unlike
the situation in Fig. 4a. Single-mode laser operation can be
observed in Fig. 7c where the LC phase separation is
comparatively more complete.

To explain the above results, the effect of the LC phase
separation degree on the RI of the HPDLC film has to be
taken into consideration. As the phase separation process in
these gratings is driven by photo-induced anisotropic
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polymerization, f§ is very sensitive to exposure conditions.
The measured phase separation degree f as a function of
curing intensity is shown in Fig. 8, and it reaches a peak at a
curing intensity of 8 mW/cm” per beam. For feedback light
with a TE/TM polarization propagating along the grating
vector, the average grating RI n,,. can be calculated using

Rave = néxq)p—&—ngxﬁx(l—gop)

+n2 x (1= B) x (1 - 0,)]" 2)

where ¢, is the volume proportion of pure polymer in the
grating and can be determined from the initial prepolymer
syrup composition; njz, = (2/3n% + 1/3n2)"2, which is the
space-averaged RI of nematic LC. The first term in the
latter part of Eq. (2) represents the contribution of pure
polymer to the HPDLC film RI. The second term represents
the well-aligned phase-separated LCs, while the third term

behind this theory is that the lasing wavelength not only
has to be the allowed guiding mode in this symmetric
waveguide, but also it should fulfill the Bragg condition to
be scattered backward by the periodic structure. From the
investigation in Fig. 8, the average RI of the HPDLC
grating is always higher than that of the BaK2 substrate,
even at the phase separation degree peak. Thus, a total
internal reflection condition can be always fulfilled within
the symmetric waveguide structure, in which the grating
serves as the core layer and the substrate serves as the
cladding layer. Waveguiding modes could then be effec-
tively confined in the dye-doped HPDLC grating without
the loss through top and bottom substrates. Accordingly,
the wavelength A of possible lasing modes should first
satisfy the waveguiding equation [29] (for TE modes):

LI A _ Mmode T
A ave eff _mode 2
2 2
n_e, —n
eff __mode glass__substrate
+ arctan \/ e (3)
Nyve neff,mode

where L is the grating thickness, n,. is the average
refractive index of the HPDLC film, neg mode 1S the
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effective RI of the light mode in the waveguide,
Tglass_substrate 15 the RI of the glass substrate, and m2py0qe (0,
1, 2 ...) is the order of the waveguide mode. Apart from
this equation, the lasing wavelength 1 should obey the
Bragg equation of this periodic structure, so that the
backward-scattered light at each corrugation could com-
bine together coherently and provides efficient feedback. In
this way, a substantial optical gain through stimulated
emission can be anticipated, which leads to the occurrence
of laser action. We have [30]:

miA = 2nneffvmode/1 (4)

where m is the Bragg order (=3 in this work) and A is the
grating period. By combing Eqgs. (3, 4) together, the
dependence of allowed lasing wavelength A on the average
RI of the HPDLC film n,,, can be numerically solved and
is shown in Fig. 9. Recently, we have shown that better
agreement with experiments can be obtained using the
anisotropic DFB waveguide theory [31]. The isotropic one
is sufficient for use here, as we concern no rotation of LC
molecules and the traveling angle displacement between
different modes is small (<3°). Experimental data in Fig. 7
are given as hollow squares in Fig. 9, and good agreement
with the theoretical curves is obtained. For a more com-
plete understanding of the spectral properties, the theoret-
ical curve for TM lasing peaks is also shown in dotted line.
It can be seen that TE and TM lasing belonging to the same
propagating mode lie almost at the same wavelength
location and they appear as one lasing peak in the output
spectrum shown in Fig. 7. The modeling further confirms
that a high LC phase separation degree is required to ensure
single-mode laser operation, because lasing could become
multimode with a RI difference of 0.002 between the
HPDLC film and the glass substrate. From the perspective
of a good DFB laser, the high phase separation degree is
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also demanding, as a high grating RI contrast would
increase the coupling coefficient of feedback light. Thus,
this method can provide single-mode laser devices with
good working characteristics.

5 Conclusions

In conclusion, single-mode laser operation has been dem-
onstrated in dye-doped HPDLC transmission gratings. The
RI difference between the HPDLC film and the glass
substrate is fine-tuned to allow only the lowest guided
mode to be confined. The lasing mode selection mechanism
is explained on the basis of waveguide DFB theory. The
low-loss polymer scaffolding morphology grating is quite
suitable for use as a laser cavity: The single-mode lasing
threshold is 3.5 pJ/Pulse, and the slope efficiency is 0.8 %.
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