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Abstract The average orientation of a liquid crystal (LC)
director to the grating formation, morphology, and switch-
ing properties of a holographic polymer-dispersed liquid
crystal (HPDLC) grating was systematically investigated in
this study. The grating possessed high diffraction efficiency
and low scattering with the LC director being parallel to
the grating vector. The scanning electron microscope con-
firmed the well-defined morphology with the LC director
being parallel to the grating vector. The grating was eas-
ily switched when the LC director was perpendicular to the
grating vector. Moreover, polarization excitation was per-
formed to investigate the polarization dependence behav-
ior of the HPDLC-distributed feedback (DFB) laser. The
results confirmed that the HPDLC grating is suitable as
a laser oscillation when the LC director is parallel to the
grating vector. Finally, the tuning range was obtained for
the HPDLC DFB laser by applying an external electric
field. The tunability, ease of fabrication, and mass produc-
tion make the HPDLC DFB lasers suitable as smart laser
sources for spectroscopy and communication.

P4 Li Xuan
xuanli@ciomp.ac.cn

State Key Laboratory of Applied Optics, Changchun Institute
of Optics, Fine Mechanics and Physics, Chinese Academy
of Sciences, Changchun 130033, China

University of Chinese Academy of Sciences, Beijing 100049,
China

State Key Laboratory of Luminescence and Applications,
Changchun Institute of Optics, Fine Mechanics and Physics,
Chinese Academy of Sciences, Changchun 130033, China

1 Introduction

Holographic polymer-dispersed liquid crystal (HPDLC)
gratings are promising multifunctional materials and have
recently attracted increasing scientific attention [1-4].
HPDLC gratings are created under conventional two- or
multi-coherent laser beams by holography [1]. The polym-
erization-induced phase separation (PIPS) making the pol-
ymer and liquid crystal (LC) mainly segregates into con-
structive and destructive interference zones, respectively.
Then, a periodic configuration of alternating polymer and
LC layers, namely HPDLC gratings, emerges [1]. Their
interesting qualities, such as high diffraction efficiency,
external field tunability [5], ease of fabrication, mass pro-
duction, and cost-effectiveness, make HPDLC gratings
extremely suitable for use in display [6], telecommunica-
tion [7], lens [8], and laser oscillation cavity [9] fields.
Fasanella et al. [10] reported that the molecular ori-
entation of the nematic liquid crystal E7 in polymer liq-
uid crystal polymer slices is perpendicular to the poly-
meric slices with Raman spectroscopy. The orientation is
ascribed to anchoring of the LC molecules at the LC—poly-
mer interface [11]. Moreover, the molecular orientation of
the liquid crystals in HPDLC is perpendicular to the poly-
mer wall because the diffraction efficiency for p-polariza-
tion probe light is as high as 90%, whereas it is nearly zero
for s-polarization light [12]. The experimental explana-
tion for the orientation of LC in HPDLC is the scaffolding
effect of the polymer network, which is attributed to the
planar anchoring of polymer filaments to LC molecules
[13]. The effects of material systems on the polarization
behavior of HPDLC have been studied [14]. However,
reports demonstrating the orientation effect of liquid crys-
tal on the performance of HPDLC gratings and HPDLC-
distributed feedback (DFB) laser operation properties have
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been insufficient [9, 15], especially for the orientation of
LC along polymer walls.

In this work, the average orientation of the LC director
to the grating formation, its morphology, and switching
properties of the HPDLC grating were systematically inves-
tigated. The grating formation properties were obtained by
investigating the polarization-dependent diffraction effi-
ciency using a 632.8 nm He-Ne laser. Scanning electron
microscope (SEM) was used to investigate the morphology
of the HPDLC gratings. Moreover, polarization excitation
was performed to investigate the polarization-dependent
behavior of the HPDLC DFB lasers. Finally, tuning experi-
ments were performed on the HPDLC DFB lasers by
applying an external electric field. Its tunability, ease of
fabrication, and mass production make the HPDLC DFB
laser suitable as a smart laser source for spectroscopy and
communication.

2 Experimental
2.1 Materials

The mixture used to fabricate the HPDLC grating mainly
contained monomer di-pentaerythritol penta/hexa acrylate
(DPHA, 58.8 wt%, Aldrich) or phthalic diglycol di-acrylate
(PDDA, 58.8 wt%, Eastern Acrylic Chem), liquid crystal
(TEB30A, n, = 1.522 and An = 0.170 at 589.0 nm, 29.4
wt%, Silichem), crosslinking agent N-vinylpyrrolidone
(NVP, 9.8 wt%, Aldrich), co-initiator N-phenylglycine
(NPG, 1.5 wt%, Aldrich), and photo-initiator Rose Ben-
gal (RB, 0.5 wt% Aldrich) [1, 12,15]. All the materials
were used as received and without further purification.
The mixture was stirred for 24 h and injected into a clean
sample glass cell via calibration action in a darkroom.
The thickness of sample cells was controlled at 9 pm
using spacers. The refractive indexes of the mixture after
illumination were 1.536 and 1.548 for the DPHA and
PDDA-fabricated mixtures, respectively (2WA, Kernco).
An indium tin oxide-coated sample cell was used so that
the electric field could be applied to the sample to per-
form switching experiments. For the lasing application,
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Fig. 1 Chemical structures of the monomers. a DPHA and b PDDA
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the laser dye [4-(dicyanomethylene)-2-methyl-6-(p-
dimethylaminostyryl)-4H-pyran] (DCM) was doped into
the pre-polymerization mixture at a weight ratio at 0.5%
to optimize the lasing performance because the laser dye
showed a concentration quenching phenomenon [16]. Fig-
ure 1 depicts the chemical structure of the monomers used
in this study.

2.2 HPDLC grating fabrication and characterization

Figure 2a shows the schematic experimental setup for
HPDLC fabrication and characterization. A conventional
two-coherent beam interference configuration, delivered
from a continuous s-polarized neodymium-doped yttrium
aluminum garnet (Nd**:YAG, second-harmonic generation
[17]) 532 nm laser (New Industries Optoelectronics), was
used to fabricate the HPDLC via PIPS [1]. The main inci-
dent laser beams were expanded and filtered into a uniform
plane wave. Then, the beams were split into object and
reference beams. The interference between the object and
reference beams created the HPDLC gratings. The grating
period A was determined by the intersection angle between
the object and the reference beams, which is expressed as
[9]:

A

A — Tec , 1
2sin @ M

where .. is the recording laser wavelength in vacuum
and the angle @ is half of the intersection angle, as shown
in Fig. 2a. The recording time was 60 s for every sample.
Moreover, the experiment temperature for HPDLC grating
fabrication was 303 K. The optimum recording intensity
values were 2.2 and 2.5 mW/cm? for PDDA and DPHA
fabricated HPDLC gratings, respectively.

A 632.8 nm He—Ne laser with an incident at the Bragg
angle was used to investigate the diffraction properties for
fabricating HPDLC [15]. Detectors 1 and 2 were used to
record the s- and p-polarized diffracted beam intensities
in real time. Furthermore, detectors 3 and 4 were used to
record the p- and s-polarized transmitted beam intensities
in real time. The incident beam intensities were recorded
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Fig. 2 Schematic illustration of the experimental setup for a HPDLC fabrication and characterization, b switching, and c¢ laser excitation. d

Device configuration for the HPDLC DFB laser

before impinging onto the sample. The diffraction effi-
ciency n was defined as:

n=-—, 2)
where I and [, are the diffraction and incident intensi-
ties. Moreover, the scattering « is defined as:

o= Iinc - (Idifl+ ILra + Iref)’ (3)

inc

where [, and I are the transmittance and reflectance
intensities, respectively.

Figure 2b represents the schematic illustration setup
of switching experiments. The s- or p-polarized inci-
dent lights impinged the HPDLC gratings at the Bragg
angle 0Op,,,, which was delivered from a continuous
He—Ne laser. A variable transformer was used to con-
trol the electric field that was continuously applied to the
HPDLC gratings. The transmittance and diffraction beam

intensities were investigated using detectors 1 and 2 in
real time.

2.3 HPDLC SEM characterization

The HPDLC grating samples were fractured and immersed
in ethanol for 24 h to remove the LC. The samples were
dried in a clean room after removing the LC. The sam-
ple surfaces were evaporated using Au nanoparticles to
enhance electro-conductivity before SEM testing. The
SEM characterizations were performed using a Hitachi
S-4800 SEM.

2.4 HPDLC DFB laser excitation
Figure 2c depicts the schematic illustration of the experi-
mental setup for HPDLC DFB laser excitation. A 532 nm

Q-switched frequency-doubled Nd**:YAG pulsed laser
(New Industries Optoelectronics) with a pulse duration
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of 8 ns and repetition at 10 Hz was used as the excita-
tion source to transversely excite the HPDLC DFB laser,
as shown in Fig. 2c. The incident beams were expanded
with a reverse telescope system to deliver a uniform plane
wave. An attenuator and polarizers were used to regulate
the beam energy and polarization. Then, the incident beams
were filtered using an adjustable slit to select the central
part for uniform excitation. Moreover, the incident beams
were reshaped using a cylindrical lens into a 3 by 1 mm lin-
ear spot to excite the HPDLC DFB laser. The lasing emis-
sion was collected into a fiber-coupled spectrometer (Sofn
Instruments) with a solution at 0.23 nm. Furthermore,
part of the energy was split off into an energy meter using
a beam splitter to investigate the excitation energy in real
time. Figure 2d shows the device configuration for HPDLC
DFB laser, which has a low refractive index cover glass,
low refractive index substrate glass plate, and high refrac-
tive index dye-doped HPDLC grating. The grating period
A and the orientation of grating vector G are illustrated in
the schematic illustration. The lasing emission was excited
from the sample edge.

3 Results and discussion
3.1 Grating formation property

Figure 3a shows the time evolution characterizations of the
diffraction efficiency during the HPDLC grating formation
with a grating period at 594 nm. The diffraction efficiency
increased with time and peaked within several seconds.
The grating diffraction efficiency values were 89.2 and
4.3% for the p- and s-polarized probe lights with DPHA as
the monomer, respectively. Therefore, the director average
orientation for LC molecules was deduced to be parallel
to the grating vector, as shown in Fig. 2d. When the grat-
ing formation ended, the refractive index of the p-polarized
light was approximate to the extraordinary refractive index
n,, whereas the s-polarized light in the LC layer possessed
an ordinary refractive index n,. As a result, the refractive

index modulation between the liquid crystal layers and
polymer layers for p-polarized light provided high dif-
fraction efficiency. However, the refractive index modula-
tion between the liquid crystal and polymer layers for the
s-polarized light was approximately zero, thereby leading
to the low diffraction efficiency [1]. The grating diffraction
efficiency values were 78.1 and 3.6% for s- and p-polarized
probe lights with PDDA as the monomer, respectively.
Thus, the LC director average orientation was perpendicu-
lar to the grating vector, e.g., the LC molecules were along
the grating grooves for the PDDA-fabricated grating. As for
the LC director average orientation that was perpendicular
to the grating vector, the refractive index of the s-polarized
light was approximate to the extraordinary refractive index
n,, whereas the p-polarized light possessed an ordinary
refractive index n,. As a result, the refractive index modu-
lation between the liquid crystal and polymer layers for the
s-polarized light contributed to the high diffraction effi-
ciency. However, the refractive index modulation between
the liquid crystal and polymer layers for p-polarized light
was approximately zero, which led to the low diffraction
efficiency. The experimental results indicated that the dif-
fraction efficiency is increased when the LC director aver-
age orientation is parallel to the grating vector. The induc-
tion time is the duration of oxygen depletion. After which,
the LC becomes immiscible and exhibits phase separation
from the mixture of the monomer and polymer accompa-
nied by grating formation [1, 18, 19]. The induction time
values for grating formation were 9.5 and 15 s for the LC
director average parallel and perpendicular to the grating
vector. The long induction time confirmed that the grat-
ing formation was insensitive to the recording illumination
with the LC director average orientation being perpendicu-
lar to the grating vector.

Figure 3b shows the time evolution characterization
of the scatterings in the grating formation period. With
the grating formation, the miscible LC phase was sepa-
rated because of the conversion of the chemical potential
[19]; moreover, the uniform mixture began to show ani-
sotropic properties, and finally, scatterings occurred [20,
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21]. The scattering values were 3.1 and 1.4% for the p- and
s-polarized probe lights when the LC director average ori-
entation was parallel to the grating vector. The scattering
values were 4.4 and 9% for the p- and s-polarized probe
light when the LC director average orientation was perpen-
dicular to the grating vector. The results confirmed that the
scatterings were reduced when the LC director average ori-
entation was parallel to the grating vector.

3.2 Morphology characterization with SEM

The surface morphology of the HPDLC grating is
believed to be one of the most important properties in
the HPDLC DFB laser. Therefore, we investigated the
morphology of the HPDLC grating using SEM. Figure 4
shows the SEM images of the HPDLC grating samples
with the period at 594 nm; the volume grating configu-
ration can be seen in Fig. 3c, d. Images (a) and (c) are
the top and side views, respectively, of the grating sample

' 1 1 1 1 Il 1 1 ' 1 1
2.00um

when the LC director average orientation was perpen-
dicular to the grating vector. Images (b) and (d) are the
top and side views, respectively, of the grating sample
when the LC director average orientation was parallel
to the grating vector. The dark zone is mainly the LC
layer, which was removed during the sample prepara-
tion period. In Fig. 4a, c, the grating with the LC direc-
tor average orientation that was perpendicular to the grat-
ing vector showed an imperfect outline and a rough and
unclear interface, thereby contributing to the strong scat-
tering shown in Fig. 3b. The morphology is smooth and
clear for the grating with the LC director average orienta-
tion that was parallel to the grating vector, as shown in
Fig. 4b, d. Figure 4b is not as clear as Fig. 4a because the
surface relief [22] is shallow (several nanometers) and
the SEM cannot capture the image clearly, uncovering
the stable configuration with low volume shrinkage for
the LC director average orientation parallel to the grating
vector [23]. The morphology imaged by SEM indicated
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Fig. 4 SEM images of HPDLC samples. Images a, b show the top view and ¢, d show the side view of the HPDLC grating
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that the grating should possess high diffraction efficiency
and low scattering in the LC director average orientation
parallel to the grating vector, as shown in Fig. 3.

3.3 Grating electric switching performance

The HPDLC grating can be switched using external elec-
tric fields because the positive nematic LC director aver-
age orientation is sensitive to electric fields. The critical
field E_ is expressed as [1]:

2 1/2
- (o) [o) @

¢ 3a\ o,
where a, o ¢, 0p, k33, £, and Ae are the length of LC semi-
major axis, the LC low frequency conductivity, the polymer
matrix low frequency conductivity, the LC pure bend elas-
tic force constant, the aspect ratio of LC, and the LC dielec-
tric anisotropy, respectively.

Figure 5a shows the grating-normalized diffraction
efficiency as a function of the driving electric field.
Both the switching curves decreased with the external
switching electric field and finally stabilized. The thresh-
old electric field Ey, and saturated electric field E;, are
defined as the electric fields where the diffraction effi-
ciency decreases to 90 and 10% of the initial value. The
Ey, values are 1.2 and 11 V/pm for the LC director aver-
age orientations that were perpendicular and parallel to
the grating vector, respectively, whereas the saturated
electric field values were 3.0 and 22.1 V/um for the LC
director average orientation that were perpendicular and
parallel to the grating vector, respectively. The gratings
tended to be switched easily when the LC director aver-
age orientation was perpendicular to the grating vector.
Moreover, the grating was insensitive to the external
switching electric field when the LC director average ori-
entation was parallel to the grating vector.

Figure 5b, c show the schematic illustration of the
grating diffraction and the switching properties by apply-
ing external electric field for LC director average ori-
entation parallel and perpendicular to the grating vec-
tor, respectively. The grating regime is classified by the
Klein—Cook parameter Q [1, 24]:

0=—-> &)

where 4, is the probe wavelength in vacuum, L is the thick-
ness, n,,. is the average refractive index, and A is the period
of the grating. When Q > 1, the grating is the Bragg regime
whereas the grating is the Raman—Nath regime for Q <« 1.
For the grating diffraction experiments, 4, was 632.8 nm, L
was 9 pm, n.g was ~1.54, and A was 600 nm. Substituting
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Fig. 5 Switching experiments. a Normalized diffraction efficiency
as a function of the driving electric field. Schematic illustration of
HPDLC grating diffraction, switching off with application of electric
field and orientation of LC for LC director average orientation b par-
allel and ¢ perpendicular to the grating vector

the parameter values into Eq. (5), the Q was ~64; thus, the
gratings belong to the Bragg regime.

For the Bragg regime grating, the grating diffraction is
determined by the Bragg equation [25]:

m/lp = 2n,,, A sin HBragg, (6)

where m is the diffraction order and 6y, is the Bragg
angle of the grating. The value of m corresponds to 1 or
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—1. For m = 1, there is the Ist order diffraction light and
the Oth transmittance light when the incident light matches
the Bragg angle. As for m = —1, there is the —1st order
diffraction light and the Oth transmittance light when the
incident light matches the Bragg angle. Nevertheless, they
were symmetrical and experimental results for diffraction
efficiency were identical. Moreover, the incident light was
effectively diffractive when the incident angle matched the
Bragg angle. In the meantime, the diffraction angle equals
the Bragg angle, as shown in Fig. 5b, c. For the LC direc-
tor average orientation that was parallel to the grating vec-
tor, the grating was sensitive to p-polarized incident light
and insensitive to s-polarized incident light, as shown in
Fig. 5b. As for the LC director average orientation that
was perpendicular to the grating vector, the grating was
sensitive to s-polarized incident light and insensitive to
p-polarized incident light, as shown in Fig. 5c. The grat-
ing was switched off when it was subjected to the elec-
tric field because the LC director average orientation was
along the direction of the external electric field (n, ~ ny);
furthermore, the refractive index modulation to convert the
incident light to diffraction light was insufficient [24]. The
diffraction efficiency of the first-order diffraction light to
probe the wavelength for the LC director average orienta-
tion that was parallel or perpendicular to the grating vec-
tor are summarized in Table 1. The diffraction efficiency
decreased with the probe wavelength for p-polarization
probe light. However, for s-polarization probe light, the dif-
fraction efficiency increased with probe wavelength.

Table 1 Diffraction efficiency of the Ist order diffraction light to
probe wavelength

3.4 HPDLC DFB laser characterization

For the HPDLC DFB laser application [26-29], the dye-
doped HPDLC gratings were fabricated via a one-step
holographic technique [15, 25]. The HPDLC DFB laser
device configuration is shown in Fig. 2d. The HPDLC DFB
laser was transversely excited and the lasing emission was
collected from the sample edge. According to the coupled-
wave theory [24] of DFB lasers, the feedback is provided
by the backward Bragg scattering [30]. The lasing wave-
length is expressed as [9]:
2n.5A

1 - s
as m

(N

where n.; is the effective refractive index of the lasing
mode and m is the diffraction order. The full width at half
maximum (FWHM) for the broad photoluminescence spec-
tra of the laser dye DCM (F-7000FL, Hitachi) is 100 nm,
as shown in Fig. 6a. The excitation wavelength was set to
480 nm to match the maximum absorbance of the laser
dye DCM to obtain the fluorescence. The position of the
amplified spontaneous emission (ASE), which was col-
lected from the DCM doped polymer-dispersed liquid crys-
tal (PDLC, the LC with random orientation in the polymer
matrix) sample edge, possessed the largest net gain with a
FWHM at 9 nm, as shown in Fig. 6a [31, 32]. Figure 6a
shows the lasing spectra for the HPDLC DFB laser with
the LC director average orientation that was parallel to the
grating vector. The FWHM for the lasing spectra, centered
at 610 nm, was 0.6 nm. Therefore, the narrowing of the
spectra from 100 to 0.6 nm confirmed the mode selection
and spectra compression for HPDLC. The HPDLC con-
figuration has properties, such as cost-effectiveness, ease

Probe Diffraction efficiency of the 1st order (%) of fabrication, and mass production, that exhibit significant
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average orientation that was parallel or perpendicular to the
grating vector. The central wavelength was 610 nm for the
LC director average orientations that were both parallel and
perpendicular to the grating vector. The effective refractive
indexes were 1.535 and 1.547 for the HPDLC DFB laser
with LC director average orientations that were parallel and
perpendicular to the grating vector, respectively. The dif-
fraction order was of the third order. Moreover, the grat-
ing periods were set to 596 and 591.5 nm to obtain the las-
ing at 610 nm for the HPDLC DFB laser with LC director
average orientations that were parallel and perpendicular to
the grating vector, respectively. The lasing threshold values
were 3.5 and 3.8 pJ/pulse when the s- and p-polarized exci-
tations for LC director average orientation that was paral-
lel to the grating vector, respectively. Moreover, the lasing
threshold values were 4.5 and 6.5 pJ/pulse when the s- and
p-polarization excitations for LC director average orienta-
tion that was perpendicular to the grating vector, respec-
tively. Therefore, the experimental results indicated that the
lasing threshold is decreased with s-polarized excitation for
the HPDLC DFB laser with LC director average orienta-
tions both parallel and perpendicular to the grating vec-
tor. Furthermore, the lasing threshold was lower with the
LC director average orientation that was parallel to grating
vector than the LC director average orientation that was
perpendicular to the grating vector. The lasing threshold
was weakly sensitive to polarized excitation with the LC
director average orientation that was parallel to the grating
vector. However, the lasing threshold showed strong polar-
ized excitation dependence with the LC director average
orientation that was perpendicular to the grating vector, as
shown in Fig. 6b. Nevertheless, the experimental results
confirmed that the HPDLC with LC director average ori-
entation that was parallel to the grating vector is suitable as
an oscillation cavity.

3.5 Electrically tunable HPDLC DFB laser
Figure 7 shows the electrically tunable HPDLC DFB laser

with the LC director average orientation that was paral-
lel to the grating vector due to an applied external electric

Fig. 7 Electrically tunable

field. The LC director average orientation was reoriented
gradually to the direction of the electric field when the elec-
tric field was applied, as shown in Fig. 5b. As a result, the
refractive index modulation between the polymer and LC
layers gradually decreased with the electric field. The lasing
intensity decreased with external electric field, as shown in
Fig. 7a. The narrow peaks confirmed the good lasing. The
lasing wavelengths were 610, 610, 609.4, and 608.3 nm
with electric fields at 0, 8.3, 16.7, and 20.8 V/um, respec-
tively. The decrease of the effective refractive index of the
lasing mode was attributed to the blue-shifted lasing [35].
The tuning range reached as high as 1.7 nm. Moreover, the
lasing threshold values were 3.5, 3.9, 4.7, and 6.4 pJ/pulse
with electric fields at 0, 8.3, 16.7, and 20.8 V/pm, respec-
tively. The reason for the increasing lasing threshold was the
decrease of the coupling strength when an external field was
applied [30]. The tunability, ease of fabrication, and mass
production make the HPDLC DFB laser suitable as a smart
laser source for spectroscopy and communication [36, 37].

4 Conclusions

In summary, the average orientation of the LC director
to the grating formation, its morphology, and the switch-
ing properties of the HPDLC grating were systematically
investigated. The experimental results indicated that the
gratings possessed high diffraction efficiency and low scat-
tering with the LC director being parallel to the grating
vector. SEM imaging confirmed that the morphology was
well-defined with the LC director being parallel to the grat-
ing vector. The grating was easy to switch off with the LC
director being perpendicular to the grating vector. Moreo-
ver, the polarization excitation was performed to investi-
gate the polarization dependence behavior of the HPDLC
DFB laser. The results confirmed that the lasing threshold
was reduced with LC director that was parallel to the grat-
ing vector. Finally, the 1.7 nm tuning range was obtained
for the HPDLC DFB laser by applying an external electric
field.
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