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We have performed a detailed characterization of the optical properties of a holographic polymer
dispersed liquid crystal (L.C) transmission grating with polymer scaffolding morphology, which was fab-
ricated with conventional high-functionality acrylate monomer under low curing intensity. Temporal evo-
lution of the grating formation was investigated, and the amount of phase-separated L.C was determined
by birefringence investigation. A grating model combined with anisotropic coupled-wave theory yielded
good agreement with experimental data without any fitting parameter. The results in this study demon-
strate the non droplet scaffolding morphology grating is characterized by a high degree of phase separa-
tion (70%), high anisotropy, low scattering loss (<6%), and high diffraction efficiency (95%). © 2012

Optical Society of America
OCIS codes:

1. Introduction

Holographic polymer dispersed liquid crystals
(HPDLCs) are electrically switchable photonic com-
ponents with a great potential for electro-optical
applications such as light switches [1], lenses [2,3],
flat-panel displays [4], and distributed feedback
waveguide lasers [5—-7]. HPDLC gratings are fabri-
cated by exposing a mixture composed of light-
sensitive monomer and liquid crystal (LC) to an
interference field created by two or multiple coherent
light beams. In general, polymer is formed mainly in
the bright patterns due to the free-radical polymeri-
zation, while monomer in the dark fringes diffuses to
the bright fringes and LC in the bright region is
squeezed out to the dark region. Therefore a stratified
composite with alternating layers of polymer and L.C
corresponding to the interference patterns is formed.

050.1950, 090.2890, 160.3710, 260.1440.

Depending on different compositions of the pre-
polymer syrup and fabrication conditions, HPDLCs
can exhibit different morphologies and electro-
optical properties. The droplet-like morphology
[8-14] transmission grating has been observed both
in acrylate monomer and thiol-ene monomer, in which
distinct, elongated-shaped droplets of LC are formed
after phase separation. The diameter of LC droplets is
approximately half the grating pitch, and the diffrac-
tive property of the grating is governed by the LC
arrangement inside each droplet and the average di-
rector of all droplets. The diffraction efficiency (DE) of
the grating is high, but the scattering loss is also
high as the LC droplet size is comparable to visible
wavelengths [15]. Another grating fabricated at a
temperature above the LC clearing point with thiol-
ene-based material has a slice-like morphology, in
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which pure and well-aligned nematic L.C is separated
by polymer slices (so called POLICRYPS) [16]. The
POLICRYPS grating shows great potential in various
applications due to low scattering loss [17,18]. The
third grating with low-functional acrylate monomer
has a scaffolding-like morphology in which non dro-
plet, phase-separated LC undergoes an additional
interaction with polymer filaments across the poly-
mer walls [19]. The employment of low-functional
monomer [20] is thought to be the reason for the scaf-
folding morphology.

Optical properties of HPDLCs are strongly related
to the grating morphology. In the models for the
droplet-like morphological grating, a fitting dielec-
tric tensor modulation was used to investigate the
mean director of LC droplets [9]. Asystematic analy-
sis of LC droplet orientation through fitting the dif-
fractive curve was also implemented [10,21], and the
permittivity modulation tensor and degree of phase
separation were accessed by analyzing the angular
dependence of the diffraction efficiency in a nano-
sized droplet morphology grating [22].Random scat-
tering was also incorporated in the model for the
thiol-ene—based reflection grating [23]. For the slice-
like morphologic grating, a Kogelnik-like model has
been implemented to account for the temperature de-
pendence of the diffraction efficiency [24].A numeri-
cal method has been used for both normal and conical
incidence characterization of the POLICRYPS grat-
ings [25]. However, the research of characterization
on the scaffolding-like grating remains very limited.
The aim of this work is to present a more thorough
understanding of the forming mechanism of the scaf-
folding morphological grating and its peculiar optical
properties. Through our theory and characterization,
agreement between the prediction by anisotropic
coupled-wave theory and experimental data was
achieved. Further, the theoretical model presented
here does not use any fitting parameter; thus it pro-
vides a more direct understanding of the grating
structure. The reliability of our model was also con-
firmed by checking various samples with different
grating pitch and phase-separation degree.

2. Experiment

Our HPDLC gratings were fabricated using an
emulsion mixture containing 34 wt.% nematic LC
(TEB30A, Slichem), whose n, is 1.522 and n, is 1.692;
54 wt.% monomer dipentaerythrol-hydroxyl-penta-
acrylate (DPHPA; Sigma-Aldrich); 10 wt.% cross-
linking stabilizer monomer N-vinylpyrrolidinone
(NVP; Sigma-Aldrich); 0.5 wt.% photoinitiator Rose
Bengal (RB; Sigma-Aldrich); and 1.5 wt.% coinitiator
N-phenylglycine (NPG; Sigma-Aldrich). LC cells were
made by two glass plates with a cell gap of 6.5 yum. The
emulsion mixture was injected into the empty cells
and irradiated undera 532 nm wavelength laser.
The experimental setup is schematically shown
in Fig. 1. The light from a Nd-YAG laser at 532 nm
wavelength was split into two beams that were direc-
ted onto the sample symmetrically with respect to the
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Fig. 1. (Color online) Schematic diagram of the setup for the
curing process. D, detector; M, mirror; BS, beam splitter; PBS,
polarization beam splitter.

normal. In order to form different grating pitch, the
intersecting angles were varied from 24° to 60°. The
curing intensity of each beam was 4 mW/cm?, which
was sufficiently low compared with the droplet-like
morphological grating forming condition, and the cur-
ing duration was controlled as 3 min. Exposure tem-
perature was 25 °C. To monitor the diffracted light at
different polarization states in real time, a circularly
polarized light from a He-Ne laser-1 at 633 nm was
incident onto the sample at the Bragg angle. The dif-
fracted light was separated into s and p polarization
components by a polarization beam splitter (PBS) be-
fore being detected by detector 2 (D2) and detector
3 (D3). The calibrated total incident light intensity
for each polarization state was determined prior to
the grating curing process. To calculate scattering
loss of the grating during the fabrication process, a
He-Ne laser-2 was directed onto the sample at normal
direction and monitored. The transmissivity before
recording was noted as a reference to calibrate the
reflection loss caused by air-glass interface.

After being recorded by the 532 nm laser, the sam-
ple was further exposed under a UV light source for
5 min to stabilize the scaffolding structure. Polar-
ization optical microscopy (POM) and atomic force
microscope (AFM) were used to explore the resulting
morphology. For the AFM test, the sample was
flushed with alcohol for 5 min to remove the LC. The
LC birefringence in the grating was measured by the
setup shown in Fig. 2. Light from a He-Ne laser

grating

detector

[ ]

Fig. 2. (Color online) Experimental setup for the measurement of
the grating birefringence. P1 and P2 are x-axis aligned and y-axis
aligned polarizers.



(spot diameter 2 mm, power 2 mW) was directed per-
pendicularly upon the sample. Two polarizers (P1 in
x direction and P2 in y direction) were placed before
and behind the grating. Light experiences a polariza-
tion change due to the birefringence property of the
LC existing in the grating. The sample can be rotated
in the x-y plane, and «a is the angle between the grat-
ing vector and the y direction. The birefringence re-
sult will be further used in our model to determine
the degree of phase separation. A precise character-
ization of DE was also carried out here, and we care-
fully controlled the setup to ensure light was incident
onto the same spot as in the birefringence measure-
ment to avoid error caused by in homogeneity of the

grating.
3. Results and Discussion

A. Nondroplet Morphology

Compared with the solid isotropic polymer matrix,
the physical property of phase-separated LC is more
difficult obtain. In order to explain the diffractive
properties of the transmission grating quantitatively
and to understand the LC features, three issues
are addressed by our research: the form of phase-
separated LC existing in the grating (droplet or pure
slice), the alignment of phase-separated LC in the
grating, and the amount of the phase-separated LC.
Figure 3(a) gives a POM image of one sample grating
with a period of 3 yum. The grating shows a morphology
consisting of isotropic polymer walls separated by
sharp-edged LC films. The surface topology of the
transmission grating with narrower grating pitch is
shown in Fig. 3(b). The surface of the grating shows
a sinusoidal-type profile, and there have been no
irregularities caused by the presence of LC drop-
let domains [26]. Therefore we confirm the phase-
separated LC has the form of pure slices instead of
droplets. The previous research [20] dealing with
the relation between the grating morphology and
monomer functionality indicates that the non droplet
scaffolding morphology is a result of low-functionality
acrylate monomer. This seems to be in conflict with
the high-functionality acrylate DPHPA monomer
employed in this study (in fact, the droplet-like mor-
phology has been observed in gratings using DPHPA),
but if the low illumination intensity is taken into con-
sideration, we may infer that low polymerization rate
is the fundamental reason for the scaffolding mor-
phology. Indeed, in [27] the model used by the authors
to explain the POLICRYPS-forming mechanism indi-
cates that there are two regimes (fast-curing regime
and slow-curing regime) to obtain good gratings.
The POLICRYPS and scaffolding gratings fall in
the slow-curing regime using different methods:
one by increasing monomer diffusion, the other by
lowering down the polymerization rate, respectively.

B. Rotation of LC Director during Fabrication

Figure 4 shows the real-time change of diffraction ef-
ficiency for differently polarized light. For clarity we

H M

Fig. 3. (Color online) Scaffolding morphology: (a) POM image of
the grating. Polarizer and analyzer axes are oriented in the image.
Fringe spacing A = 3 ym. (b) AFM profiles of the transmission
grating. Fringe spacing A = 0.78 um.

adopt a coordinate system with x in the direction of
the grating vector and z perpendicular to the cell sur-
face. The diffraction efficiency for each polarization
at the Bragg angle [28] can be written as

.o nL(cos? Ope, — sin® Opey,)
= sin —
p 2027 cos Og

) 1)

o2 nLey,
Ao2m cos Og

(2)

ns = si

Here ¢1;(i = x,y,2z) is the diagonal components of
the relative permittivity modulation tensor, A is the
wavelength of the probe light (633 nm), 7 is the aver-
age refractivity of the grating, 05 is the Bragg angle,

20 June 2012/ Vol. 51, No. 18 / APPLIED OPTICS 4015



0 10 20 30 40 50 60 70 80 0 100
time (sec)

%DDDDDDDDDDD o o

0.0 T T T T T T T T
0 10 20 30 40 50 60 70 80
time (sec)

oy
51.0— OoooOOOOOOO o C
— 00
Q 1 f 0.08
% 0.8 S 0.07
o] A - A ¢
g o @ 0.6 oooo°°°°°°°°°
B 0.6- o Boxp g
E o Doo0a{ ¢
5 0.4 o E 0034
- o 3 002 & 2
Py L ayaa8888
N 1 > P
N o 0.01 ﬁﬂ
g 0.2+ o .00 1
=
Q
o

T 1
90 100

Fig. 4. (Color online) The evolution of normalized diffraction
efficiency for p polarization (open circle) and s polarization (open
square) with time. The inset shows the evolution of scattering
loss for p polarization (open diamond) and s polarization (open
triangle) with time.

and L is the film thickness. As the value of 05 is small
(15.2° in this experiment), Eqs. (1) and (2) can be
simplified as

. onLeg

p ~ sin® TZﬁx’ 3)
. onLeg

15 ~ sin? 72 ﬁy 4)

From Egs. (3) and (4), we note that 7, increases with
the amount of phase-separated LC and the extent to
which the LC is aligned along the x axis (because
Npure polymer = 1.532, measured by an Abbe refract-
ometer, is close to the ordinary refractive index of
LC), and 75, increases with the amount of phase-
separated LC and the extent to which LC is aligned
along the y axis. At the first stage of the reaction
(<8 seconds), both 5, and 7, increase with time. This
is because the small amount of LC in the dark re-
gions is still miscible with monomers and there is
no LC ordering at the beginning of the phase-
separation process [29,30]. Then at ¢ = 8 s, the LC
in the dark regions is no longer miscible with mono-
mers and starts to phase separate to form pure LC.
The simultaneous changes in the DE curve (a much
faster increase for 7, and a decrease for 7,) could be
related to the fact that the phase-separated LC be-
gins to align along the x axis. Grating optical sensi-
tivity n,/n; at the final stage is greater than 50.
This value is in distinct contrast to that for droplet-
like morphology (1, /ns = 5), and can be thought as a
symbol of a fairly good alignment of LLC along the
grating vector.

Generally speaking, scattering arises from scatter-
ing domains. Two requirements are needed to define
a scattering domain. One is that its refractive index
has a mismatch with the environment, and the other
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is that its size is comparable to incident light
wavelength. So there have been two ways to decrease
scattering loss in HPDLC gratings: one is to decrease
the LC droplet size [22,31], which requires an extre-
mely fast polymerization rate, and the other is to
avoid the formation of LC droplets, as is the case with
POLICRYPS or scaffolding morphology gratings.
Figure 4 (inset) is the scattering loss change with re-
action time in a scaffolding morphology grating, in
which the occurrence of scattering light is almost
in synchronization with the phase separation. This
is understandable as the phase separation will inevi-
tably bring some scattering domains [23]. The scat-
tering loss is much lower than typical droplet-like
morphology grating [15,16]. We also note the scatter-
ing loss for p polarization (seeing n, in the LC) is
larger than that for s polarization (seeing n, in the
LC) caused by a greater refractive index mismatch.

C. Amount of Phase-Separated LC

For droplet-like morphological gratings, no convin-
cing quantity of phase-separated LC was given,
and this parameter was treated as a fitting param-
eter to fit diffractive curves in previous research.
The uncertainty about the size distribution of LC
droplets, uncertainty about the LLC alignment inside
the microsized LC droplets, and uncertainty about
the mean director of the L.C droplets make quantita-
tive characterization difficult. Here, in order to clear
the amount of phase-separated LC in the scaffolding
morphological grating, we use optical birefringence
measurement to determine the amount of the pure,
aligned, phase-separated LC. According to Jones
matrices formalism [32], the transmission for both
vertically aligned polarizers and horizontally aligned
polarizers through the sample in Fig. 2 can be
written as

I(a), = Iopsin? (g) sin?(2a), (5)

I(@) = IOT[I — sin? (g)]sinz(&x). (6)
I

Here a is the angle between the grating vector and
the y axis, and ¢ is the retardation phase of the grat-
ing. Based on Eq. (5), if the phase-separated LC is
aligned along the grating vector, I(a) ; achieves max-
imum value at a = 45°. Our measurement showed
the actual a; max) = 45° £ 1°, which means the LC
is well aligned along the grating vector. The small tilt
of the mean LC director from the grating vector will
be neglected in our calculation. We further obtain
phase retardation ¢ using Eqgs. (5) and (6):

1(45°),

1(45°), +1(45°) ™
I

@ = 2 arcsin

Therefore the average sample birefringence can be
written as



_ 1
An = oL (8)

Here 4 is the wavelength of the probe light (633 nm)
and L is the film thickness.

For the same sample as in section B, experimen-
tally we have 1(45°); = 340 and [ (45°)|| = 345. The
average sample birefringence is calculated using
Eq. (8) as 0.0242. As the polymer matrix appears
isotropic and will cause no phase retardation, the
amount of phase-separated LC in the whole mixture
is 14.25 wt.% by An/(n, - n,). Considering the initial
LC percent in the mixture, the phase-separation
degree of this grating g is 41.93%. We note that
the value of § here is not the highest we can achieve
because with different scaffolding gratings, shown in
Table 1, we obtained values as high as 70%. Next
we will demonstrate that the birefringence measure-
ment is a reliable tool to quantify the phase-
separated LC in the scaffolding morphology.

D. Diffraction Efficiency

According to the AFM image in Fig. 3, the phase-
separated LC takes the form of a periodic sinusoidal
wave, and it is reasonable for us to assume the rela-
tive permittivity of the two-phase grating is changing
sinusoidally with x as shown in Fig. 5. Calculus cal-
culation shows the relative permittivity modulation
tensor ¢;; can be expressed as

€ = Z(Sl -Sy). 9)

Here S; and Sy, are the average relative permittivity
of regions 1 and 2, respectively.

From the experimental results and discussions in
sections A, B, and C, the two-phase grating can be
regarded as a pure LC layer (though with some mono-
mers dissolved in it, as will be discussed afterwards;
we already have calculation proof that this part has a
negligible influence over the final results, and we can
regard this part as just a pure LC layer) and the poly-
mer matrix with some LC dissolved in it. To obtain
the average relative permittivity of regions 1 and 2,
we assume the dissolved LC distribution across the
polymer is homogenous and the relative permittivity
of the polymer matrix can be expressed as

Table 1. Summary of DE for Different Samples”

A (nm) Mp 1s p 5
1279 94.6% 95.8% 4.4% 3.7%
1027 90.8% 90.5% 6.3% 4.0%

778 75.2% 76.5% 2.0% 2.5%
681 71.8% 74.9% 2.1% 2.5%
607 85.8% 88.6% 3.7% 3.1%
532 33.2% 32.9% 0.5% 1.1%

“np, and 7, are experimental data; 175 and #; are calculated
values by the model.

S1

2¢€u

S2

x/N\

Fig. 5. (Color online) Schematic sinusoidal curve for relative
permittivity.
2n2 4+ n20.34 - 0.66
., = 2 Pppe 066
3 1- ﬂ pure polymer { _ /)7

Here p is the percent of phase separated LC in the
whole mixture. Mpure polymer is measured by an Abbe
refractometer using a monomer mixture. S; and Sy
can be expressed as

S1 = 2p(erc) + (1-2p)e,, 1D

SQ = €p. (12)

Putting Eqgs. (10), (11), and (12) into Eq. (9) for the
sample studied in section B and C, we have

0.107 0 0
ey=| 0 -0.0146 0 (13)
0 0 -0.0146

Once the information of the transmission grating is
obtained, we can use the anisotropic coupled-wave
theory to quantitatively explain the diffractive prop-
erties. Shown in Fig. 6. is the dependence of DE for
p-polarized light on the deviation angle from its Bragg
angle. The solid line is the calculation result using the
anisotropic coupled-wave theory; no fitting param-
eteris used. As the DE for s-polarized light is too small
to been shown in an angular dependence curve, we
just give its maximum DE, 7,(calculation) = 2.5%
and 7, (experimental) =2.0%. The agreement between
calculation data and experimental data is fairly good,
and we quantitatively show the strong dependence of
DE on the polarization of the incident light is a result
of the well-aligned, pure phase-separated LC layer,
and the use of birefringence measurement to deter-
mine the amount of phase-separated LC in the scaf-
folding morphology transmission grating is effective
and efficient.

To further prove the effectiveness of this method,
we apply it to randomly selected samples with differ-
ent grating pitch and phase-separation degree. It
is worth mentioning that all samples were cured un-
der similar low illumination intensity to ensure the
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Fig. 6. (Color online) DE of the transmission grating for
p-polarized light as a function of the deviation incident angle from
the Bragg angle. Curve: calculation data. Open square: experimen-
tal data.

scaffolding morphology. The upper limit of the grat-
ing pitch is chosen as 1279 nm to ensure the @ factor
of the transmission is greater than 10 [33], in which
regime the coupled-wave theory can give good re-
sults. Results are summarized in Table 1; the agree-
ment is fairly good. Experientially, phase-separation
degree is more complete for samples with a larger
grating pitch; the steep intersecting angle for a nar-
row grating period may be the reason. Besides, opti-
mum recording intensity varies with grating pitch:
a narrow grating tends to need a comparatively
stronger recording light. For application purpose,
with proper curing parameters and cell thickness,
all these non droplet-morphology gratings can
exhibit high DE for p-polarized light (95%).

E. Temperature Dependence

To further gain a deeper understanding of the grat-
ing structure, the dependence of DE for each polar-
ization on temperature is studied. The sample was
mountedon a heating stage with a thermocouple em-
bedded in it. Each temperature was kept constant
with an accuracy of 0.1° C. Results are shown in Fig. 7.
The temperature dependence for s-wave DE reveals
an interesting non monotonic behavior, though the
DE is rather small. At low temperature, the s wave
experiences ng = 1.522 in the well-aligned phase-
separated LC and n,, = 1.543 in the polymer matrix.
As temperature increases, the well-aligned L.C gradu-
ally undergoes a transition to the isotropic state; then
the s wave experiences a refractive index between
1.522 and 1.58. There is a moment when the s wave
experiences a refractive index of 1.543 in the pure LC,
and the grating property vanishes. So the non mono-
tonic behavior of the s wave comes from good align-
ment of phase-separated LC along the grating vector.

When temperature is higher than 45 °C, the grat-
ing isoptically isotropic and the transition tempera-
ture is lower than that of the pure LC. We further
carried on some independent experiments by mea-
suring the clearing point of the LC with some mono-
mer dissolved in it, and found about 5% dissolved

4018 APPLIED OPTICS / Vol. 51, No. 18 / 20 June 2012

o
©
|

® p-polarized light
. X s-polarized light

diffraction efficiency
o o o o o
w B oo e N
| I 1 " 1 " 1 " 1 "
[ ]

L]

L ]
[ ]

o
o
il

2
a
L

0012 X X X xXxx ¥ ¥ v o L oX¥X X X
B L R e L L . L

20 24 28 32 36 40 44 48 52
sample temperature/ °C

Fig. 7. (Color online) Temperature dependence of DE. Black
circle: p-polarized light. Red cross: s-polarized light.

monomer can be responsible for the reduced clearing
point. The DE calculation error caused by the dis-
solved monomer is around 1%, so the above calcula-
tion does not take the 5% monomer into account.
Based on the data in sections B, C, and D, we can
predict the DE for the s wave at the temperature
above the clearing point. The calculated value is
7%. Though the error caused by LC and polymer
thermal refractive index coefficients is small, it is
still two times greater than the actual value, 3%,
and that is why we did not use the DE above the
clearing point to determine the degree of phase
separation.

4. Conclusions

In this paper, we carried out a systematic optical
characterization of the HPDLC transmission grat-
ing with scaffolding morphology made from high-
functionality acrylate monomer, which consists of
almost pure LC films separated by polymer matrix
with the LC director homogeneously aligned along
the grating vector. We determined the phase-
separation degree by birefringence measurement.
Results showed this grating can exhibit high DE,
low scattering loss, and a high degree of phase separa-
tion. We explained the diffractive properties using
anisotropic coupled-wave theory without any fitting
parameter. The agreement between theory and ex-
perimental data was fairly good for samples with
different fringe spacing and phase-separation degree.
The forming mechanism of the scaffolding morphol-
ogy transmission grating may be the same as with
POLICRYPS, as they both fall in the slow-curing re-
gime, one through slowing down the polymerization
rate with low curing intensity, the other through
enhancing the monomer diffusion by heating.
Though these two kinds of gratings show similar
physical properties with a pure LC layer and homo-
genously aligned LC director, they also hold some
peculiar properties. First, the ordinary index of L.C
is closer to that of cured polymer using acrylate



monomers than those using thiol-ene adhesive,
so the scaffolding morphology grating diffractive
properties are more sensitive to light polarization;
this high anisotropic property has already been
demonstrated as applicable [34]. Second, the phase-
separated LC in the scaffolding morphology under-
goes an additional interaction with the polymer
filaments. This interaction influences the alignment
of the LC. We have already demonstrated LC align-
ment could be changed by utilizing this anchoring
strength [35]. Meanwhile, this interaction makes
electric driving difficult. We found the critical field
of the scaffolding morphology grating is 3 V/um
and the turn-off field is about 12 V/um, which is
much higher than for POLICRYPS. The response
time is much faster as the anchoring strength will
assist the LC in relaxing back to its original state.
We believe this low scattering, highly anisotropic,
efficient phase-separation HPDLC component will
attract renewed interest and be exploited for applica-
tions in various fields.

The authors would like to thank the support from
the Natural Science Foundation of China (grant Nos.
60578035, 50473040, and 60736042).
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