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Holographic Grating by Means of Polymer Liquid Crystals

Tomiki Ikeda, Satoshi Yoneyama, Takahiro Yamamoto, Makoto Hasegawa

Abstract

Formation of intensity gratings was studied with two s-polarized (s+s) configuration in polymer liquid crystals (PLCs)

containing a photochromic moiety (azobenzene) and a mesogenic unit (tolane, T-AB; cyanobiphenyl, CB-AB) by

photoinduced alignment of PLCs. Remarkable differences were observed between the two PLCs. T-AB showed a faster

response to the change in the diffraction intensity than CB-AB. In T-AB, alignment change took place faster than that of

CB-AB. By introducing the tolane unit at the side chain, we obtained a diffraction efficiency of 30 % in the Raman-Nath

regime
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1. Introduction

‘Novel materials for optical data storage have
become of great interest in recent years with a rapid
growth in information technology (IT). H(jlographic
storage has been applied for data storage because using
three-dimensional (3-D) storage techniques that can
increase the information packing densities. Development
of holography technology depends on the properties of
recording materials. Ideal holographic materials show
high diffraction efficiency, resolution and high-speed
recording. .

Polymer liquid crystals (PLCs) are known to be the
high-performance materials for optical storage due to the
large optical anisotropy and high stability below Tg. We
previously reported the formation of holographic grating
by means of photochemical phase transition of PLCs
containing azobenzene moieties [1, 2]. Large modulation
of the refractive index was induced by the photochemical
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phase transition in LCs based on trans-cis
photoisomerization of azobenzene molecules. The
refractive-index modulation in PLCs arises from the
difference in the refractive index between a nematic (N)
phase and an isotropic (I) phase (jn. — n| or |n, — nl),
where n, and n, are the refractive index of LCs for an
extraordinary ray and an ordinary ray, respectively, and n
is the index of an I phase. To obtain a larger modulation

of the refractive index in PLCs, |n. — n,| should be used

~in place of [n. (or n,) — n|. The difference of [n, — n,|

corresponds to birefringence (An) of LC molecules. We
previously studied the formation of refractive-index
gratings by means of photoinduced alignment of PLCs
containing azobenzene moieties. Diffraction efficiency
(n) and the modulation of the refractive index (An') were
not very high (6 % and 0.04, respectively) on the grating
formation [3]. However, it is expected that these values
can be improved by molecular design of PLCs. One
approach is to synthesize PLCs with a high value of An.
The An of LCs is mainly determined by m-electron
conjugation, molecular shape, and order parameter.
Thus, a more linearly conjugated LC would exhibit a
larger optical anisotropy. Diphenylacetylene LC
compounds (tolane derivatives) have been widely studied
as low-molar-mass LCs with high An and low viscosity.

For LC displays, high An and low viscosity are very
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useful in shortening response time through thinner cell
gap requirement. Therefore, tolane LC compounds have
been used for to obtain a quick response time of LC
“displays.

In this study, we investigated the formation of
holographic grating using a PLC with an azobenzene

moiety (photoresponsive unit) and a tolane moiety

(mesogenic unit with a high An) in the side chain.

2. Experiments

~ Fig. 1. shows the structure of PLCs used in this
study. T-AB has a tolane unit and CB-AB possesses a
cyanobiphenyl moiety. Thermodynamic properties and
molecular weight of PLCs are shown in Fig. 1.
Homogeneously aligned films with thickness between
600 nm and 1,600 nm were prepared by casting a
solution in THF onto glass substrates, which had been
coated with poly(vinyl alcohol) and rubbed to align
mesogens. Formation of grating of the PLC was
performed by the following procedure (Fig. 2. (A)). In

this study, gratings were written at 488 nm and read out |

at 633 nm. The reading wavelength must be located
outside the absorption band to avoid a destructive
readout of the gratings. Writing beams were two linearly
polarized beams from an Art laser. The direction of the
electric field vector of the incident linearly polarized
light was parallel to the direction of uniaxially aligned of
mesogens, i.e., s-polarization. The incident angle of
writing beams was fixed at 6 = 7° except for evaluation
of the effect of fringe spacing. | was defined as the ratio
of the intensity of the first-order diffraction beam to that
of the transmitted beam through the film before
irradiation of writing beams. Photoinduced alignment
- change of the PLC was investigated as follows (Fig. 2.
(B)). The PLC film placed in a thermostated block was
irradiated with linearly polarized light at 488 nm. The
direction of polarization of the pumping light was
parallel to that of alignment of mesogens. The intensity
of the probe light at 633 nm from a He-Ne laser
transmitted through a pair of crossed polarizers, with the
sample film between them, was measured with a
photodiode. After grating formation, the surface structure
of the PLC films was investigated with an AFM
(Shimadzu, SPM-9500 J2), and photoirradia-tion was
performed at different temperatures (room temperature

and 60 °C) for 10 min. After a grating was recorded at 60
°C, the films were cooled to room temperature, and their
surface profiles were observed.

T-AB :R!
Mn = 9,000; Mw/Mn = 1.2

G33 N 951

CB-AB :R2
Mn = 12,000; Mw/Mn = 1.3
G26 N 991

Fig. 1. Structure of PLCs used in this study.

3. Results and Discussion

3.1 Modulation of surface structure

Natansohn et al. [5], Tripathy et al. [6] and other
research groups [7] explored the mechanism of surface
relief gratings (SRGs) on azopolymer films. The
behavior of the grating formation differs according to the
polarization configuration of the writing beams. Two s-
polarized (s+s) configuration produces a very small
surface modulation, almost negligible (< few nm), and
shows the smallest value of ) (< 0.1 %) due to the SRG.
We previously reported a phase-type grating in CB-AB
films under the (st+s) configuration. It was found that the
spatial modulation of the refractive index results from

- photoinduced alignment change based on frans-cis-trans

photoisomerization of azobenzene moieties [3]. In this
study, we explored the surface modulation of T-AB films
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Fig. 2. Optical setup for the formation of gratings (A) and
photoinduced alignment change (B).

to discuss the spatial modulation of the refractive index.
Grating formation was performed under different
conditions: T-AB films in an N phase (60 °C) and those
in a glassy state (25 °C). Photoirradiation was performed
at light intensity of 80 mW/cm® for 10 min. The details
of the surface modulation is shown in Fig. 3. The
periodic structure of the surface relief was about 2.0 pm
wide in each case while its height was about 12 nm (60
'C, A) and 7 nm (25 °C, B), respectively. In the N phase,
the value of n was 31 % while it was less than 1 % in
glassy state (Fig. 4.(A)). This difference is attributable to
the modulation of refractive index based on orientation
of mesogens in the PLC film. Fig. 4.(B) shows the
change 1n the transmittance upon photoirradiation of the
T-AB film with 1,600 nm thickness under different
temperatures. The tran-smittance brought about little
changed on irradiation of the pumping beam at room
temperature. On the other hand, the transmittance
gradually decreased and finally reached zero on
irradiation of light at 60 °C. This means that the
birefringence disappeared and a large modulation of

10.7 x 10.7 (um)

10.8 x 10.8 (um)

Fig. 3. SRGs recorded in an N phase (A) and a glassy state
(B) in the T-AB film. |
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Fig. 3. Schemati'c illustration of grating formation in PLCs in
a glassy state (25 "C; A) and an N phase (60 °C; B).
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Fig. 6. Change in transmittance of probe light in T-AB (A)
and CB-AB (B) films (film thickness, 1,200 nm).

refractive index was induced upon photoirradiation at 60
"C. The plausible mechanism of grating formation in T-
AB is schematically illustrated in Fig. 5. At room

temperature, trans-cis photoisomerization of azobenzene
moieties is induced in the bright areas of the interference
patterns. This photoisomerization gives rise to the
generation of diffracted beams with a periodic change in
the refractive index. At 60 °C, the difference in the
refractive index between the bright and dark areas
increases because the orientational relaxation proceeds
while 1 becomes large. In CB-AB films, under the same
conditions, the relief height was about 10 nm and the
value of f was 2 % in the N phase. These differences are
dependent on photoinduced alignment behavior based on
trans-cis-trans isomerization cycles of azobenzene
moiety. In any event, the ratio of the height of relief to
the film thickness was very small (less than 1.0 %), and
the contribution of the surface modulation to the spatial
modulation of the refractive index was negligible in T-
AB films similarly to CB-AB films.

3.2 Photoinduced alignment behavior of PLCs

To discuss the formation of grating in PLCs, it 1s
necessary to explore not only the grating formation
behavior but also photoinduced alignment behavior of
PLCs. Fig. 6 shows the photoinduced alignment in the T-
AB and CB-AB films. Transmittance (T) of probe light
passed through crossed polarizers, with the uniaxially
film between them, is defined by eq (1):

T = sin“(rdAn/A) (1)

where d is film thickness, An is birefringence of PLC
films and X is wavelength of the probe light, respectively.
The experiment was performed at 60 “C (N phase) on the
films with thickness of 1,200 nm, and intensity of the
pumping light was 120 mW/cm”. In the initial state, the
calculated values of An of PLC films (T-AB and CB-
AB) were 0.14 and 0.08, respectively. The transmittance
of the probe light decayed on irradiation of linearly
polarized light and gradually increased, finally became
T-AB. This
photoinduced alignment change of the PLC was induced

saturated  for result indicates that
by trans-cis-trans isomerization cycles of the azobenzene
moieties [8]. While in CB-AB, the intensity of the probe
light decreased slowly during irradiation of pumping
light and the photoinduced alignment change was not
condition. This

induced under this experimental

difference is probably due to a degree of trans-cis-trans
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isomerization cycles of azobenzene moieties. In the T-
AB film, the photoisomerization cycles of azobenzene

moieties proceeded effectively than those in CB-AB

because of low viscosity of mesogens composed of
tolane moieties.

3.3 Spatial modulation of refractive index

It is obvious that the diffraction efficiency is greatly
enhanced with a PLC containing a tolane moiety. In
practical applications, 1} is a very important factor. There
fore the effect of spatial modulation of the refractive
index (An') on the formation of grating was explored.
is defined in the Raman-Nath (thin) diffraction regime by

eq(2):
1 = (ndAn'/A)’ (2)

where d is film thickness, An' is a degree of spatial
modulation of the refractive index and A is wavelength
of the reading beam, respectively. Fig. 7. shows the
effect of the film thickness on the value of 1 in the T-AB
film. n increased with increasing film thickness and An'
was evaluated using eq (2) with values of n and d. The
value of An' was almost constant regardless of the film
thickness: 0.08. This value is larger than those reported
so far for other holographic materials, such as photo-
polymers [9]. |
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Fig. 7. Effect of film thickness on the diffraction efficiency
(J) and the modulation of the refractive index (E) in T-AB at 60
'C.(a). ' |

The effect of fringe spacing (A) on the value of An'

was Investigated. By increasing the incident angle (0) of
the writing beams (A) from 4° to 16°, A was varied from

3.5 to 0.9 um as evaluated by eq (3).
A = M(2sin0) 3)

Fig. 8. shows the dependence of A on the value of
An'. Photoirradiation was performed at 60 °C (T-AB) and
80 °C (CB-AB). It was found that An' was small when
the fringe spacing was 0.9 um for both PLC films. On
the other hand, when the A was greater than 2.0 pm, the
maximum value of An' reached up to 0.08 in the T-AB
film. In the CB-AB film, the maximum value of An' was
0.04. It is probable that such difference results from the
difference of An of the mesogenic molecules. In general,
An of tolane derivatives is larger than that of
cyanobiphenyl derivatives. As described above, An of T-
AB is about 1.8 times as large as that of CB-AB.
Therefore, in the T-AB film, An' was larger than that of
CB-AB on the grating formation by means of
photoinduced refractive index change of PLCs.
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Fig. 8. Effect of the fringe spacing on An’ in T-AB at 60 °C
(E) and CB-AB at 80 “C (J). o

3.4 Holographic image storage

Based on these results, we attempted holographic
image storage of a three-dimensional (3-D) object in the
T-AB film with reflection-type optical setup, as is shown
in Fig. 9 (A), and a coin was used as an object. Fig. 9 (B)
also shows the reconstructed image. It is evident that the
object was reconstructed with high' resolution (>5,000
lines/mm). It is speculated that the mechanism of image
storage would be attributable to the photoinduced
refractive-index modulation in the PLC film. In
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reflection-type holograms, the interference patterns were
formed parallel to the sample film and glass substrate.
"SRG was not observed with POM and AFM
measurements. The recording and erasure of the images
are reversible by controlling the temperature. The stored
image remained unchanged after 15 months when the
films were preserved at room temperature.

(A) 488 nm

Glass \
T-AB Film \ <

(B)

Reconstructed Image

Fig. 9. Optical setup for holographic image storage of the
object (coin) (A) and the reconstructed image from the
reflection-type hologram stored in the T-AB film (B).

4. Conclusions

In summary, we explored the formation of
holographic gratings in a PLC containing a tolane moiety
~ with high An. It was found that the grating formation
was strongly affected by the structure of the mesogenic
unit. The PLC with a tolane moiety showed a faster
response to the change in the diffraction intensity than
the analog with a cyanobiphenyl unit. This behavior was
due to the photoinduced alignment change of PLCs,
which i1s based on the photoisomerization cycles of the

azobenzene moiety. The etfect of An.of PLCs on the

formation of gratings indicates that a considerable

enhancement of 1 can be achieved by using PLC with a
tolane moiety. Furthermore, 1 and An' showed the largest
values of 31 % and 0.08, respectively, in the (s+s)
polarization configuration. These values are equal to or

11

larger than those under other polarization conditions.
In addition, we were able to perform the holographic 3-D
image storage. We believe that these results will
contribute gleatly to the development of various holo-

‘graphic applications such as optical data storage and 3-D

display.
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