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Input and output grating couplers with a grating period of 1.3 um were fabricated
in an azobenzene liquid-crystalline polymer film by holography. When a He-Ne
laser beam at 633 nm was incident to the input grating, the beam was coupled, pro-
pagated in the polymer film, and then was taken out from the output grating. The
coupling efficiency of the input and output coupler was estimated as about 1.1% in
TE mode. Upon irradiation of the film with UV light to cause trans-cis photoisome-
rization of the azobenzene moiety, the intensity of the output beam was repeatedly
changed.
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INTRODUCTION

Nowadays, diffraction gratings have been important elements in inte-
grated optical devices such as optical waveguides, spectral filters,
three dimensional information storage devices, since the amount of
optical communication and information processing increased with
the recent internet systems [1]. The gratings in which light is coupled
from the surface of the substrate allows simpler optical setups and
facile coupling of light into the integrated multi-layer system
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compared with the conventional end-fire coupling method in which
light can be coupled at the edge of the substrate [2—6].

Polymer materials have been investigated for high speed, broad-
band, multi-function optical integrated devices, and formation of grat-
ings. The gratings can be fabricated by lithographic and reactive ion
etching (RIE) techniques [7], or direct methods such as UV laser
ablation [8]. Recently several groups have reported that surface relief
gratings (SRG,) were optically produced in azobenzene-containing
polymer films in a single process at room temperature [9-25]. Com-
pared to the lithographic and RIE methods, the SRG technique which
involves creation of deeply modulated dynamic holographic gratings
using a visible CW laser beam, is inexpensive, and enables the forma-
tion of efficient optical couplings. This technique also provides grat-
ings with short periods with good controllability. Grating couplers
were directly fabricated with azo materials for a guiding layer or a
cladding layer [9—-11]. In this case, the grating coupler was formed
in a waveguide to couple an incident free-space wave into the guiding
layer (input coupler) or to couple a guided wave into the air (output
coupler) on the same substrate. Efficient optical couplers are a key
component in constructing integrated optical devices [26,27].

We have studied a series of azobenzene-containing liquid-crystal-
line polymers and applied them to photonic devices for optical switch-
ing, optical data storage, and holography [14-25].

In this paper, we fabricated input and output couplers using SRGs
on the azobenzene liquid-crystalline polymer films. Incident light was
coupled into the SRG with a slab waveguide and then coupled out from
the other output SRG toward the air direction. Furthermore, we inves-
tigated an optical switching behavior by irradiation of the film with
actinic light.

EXPERIMENTAL

The azobenzene liquid-crystalline polymer, poly {6-[4-(4-ethoxypheny-
lazo)phenoxylhexyl methacrylate} (PM6AB2) was synthesized as
reported previously [28,29]. Figure 1 shows the chemical structure of
PMG6AB2 used as a photoresponsive grating coupler. A glass substrate
was cleaned with water, acetone, and isopropanol, and put in an ultra-
sonic bath for 30 min. Polyimide (PI) solution was spin-coated on the
glass slide and baked in a convection oven (2h, 120°C) to yield the
70nm ~ 80nm thick film. Before casting a PM6AB2 solution, the PI
film was rubbed in a unidirectional way with a clean cloth.

An optically transparent and homogeneously aligned film was
obtained after annealing the film just below the nematic (N)-isotropic
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M, = 40,000; M, /M, = 4.0

FIGURE 1 The chemical structure and physical properties of PM6AB2: G,
glassy; N, nematic; I, isotropic; M,, number-average molecular weight;
M, /M,, molecular weight distribution.

(I) phase transition temperature (Txy) of PM6AB2. Polarized UV-Vis
spectra (JASCO, V-550) of the spin-coated PM6AB2 film were
measured to confirm the alignment of the azobenzene moieties in
the polymer films and evaluate an order parameter. The order para-
meter was estimated as 0.24 at room temperature.

The thickness of the films was measured as 1.2 pm with a surface
profiler (Dektak 3ST, Veeco instrument Inc.). To record a sinusoidal
modulation on the initially flat surface of the PM6AB2 film, we used
the following experimental setup shown in Figure 2. Two coherent
laser beams at 488 nm with an equal intensity were obtained with a
beam splitter, Glan-Thomson prisms, and two polarizers. Polarization

Ar+ laser

488 nm

Lens
-I ................ B
He-Ne laser 5 ~ Lens

633 nm

FIGURE 2 Schematic illustration of the experimental setup: M, mirror; BS,
beam splitter; GP, Glan-Thomson prisms; QWP, quarter-wave plate; S,
sample; P, polarizer; D, detector.
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states of the writing beams were set to s-s polarization parallel to the
rubbing direction of the film. The formation of such a relief pattern has
been found to depend on such parameters as the state of polarization
of the intersecting beams, the molecular weight and molecular weight
distribution of the materials used for storage. The requirements of
additional free volumes between the trans and cis-isomers of the chro-
mophore by the isomerization process cause pressure gradients. These
pressure gradients in the polymer film induce mass transportation of
the polymer from the regions of high activity [9].

The fringe spacing (A) of interference patterns was calculated by
the following equation:

A= 4,/2sin0

where, 0 and 1, are the incident angle and the wavelength of the writ-
ing beams, respectively. When the condition of A, =488nm and
0 = 10.8° was used, the fringe spacing was estimated as 1.3 pm. The
formation of the gratings was monitored by measured the intensity
of the transmitted beam and the first order diffraction beam with a
photodiode. The ratio of the intensity of the first order diffraction
beam to that of the transmitted beam was defined as diffraction
efficiency. The formation of the grating was performed at room tem-
perature with the total intensity of writing beams at 400 mW /cm?.
The diffraction beams were immediately observed when the writing
beams were turned on. Two grating couplers corresponding to input
and output couplers were fabricated with different distance: 7.5 mm
and 12.5mm as shown in Figure 3.

RESULTS AND DISCUSSION

The prepared SRGs were evaluated on a polarizing optical microscope
(POM; Olympus, BX50) and the surface structure of the PM6AB2
films was investigated with an AFM (Shimadzu Corp., Scanning Probe
Microscope SPM-9500 J2) after the grating formation. Figure 4 shows
the photographs of the recorded interference pattern observed with a
polarizing optical microscope between two crossed polarizers. It was
found that SRG couplers have a spacing period of 1.3 um which is
coincident with the estimated value by the equation.

The grating structure in the film was clearly observed as shown in
Figure 4(a) at 45° and 135° with respect to the polarizer and analyzer.
On the other hand, the grating structure was not observed at 0° and 90°
as shown in Figure 4(b). This means that a periodic change in the
molecular alignment was induced by photoirradiation. Figure 4(c)
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FIGURE 3 The photograph (a) and schematic diagram (b) of input and output
grating couplers with the distance of 12.5mm and 7.5 mm.

shows the AFM image of the holographic grating of PMG6AB2
measured by a tapping mode. The surface modulation with the depth
of 50nm ~ 70 nm was clearly observed.

o

(a)

(b) (©)

FIGURE 4 Grating structure of PM6AB2 observed with a polarizing optical
microscope (a and b) and AFM image of the film with a 1.3-um grating period
measured by a tapping mode (c).
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Figure 5 shows the experimental setup to investigate the coupling
behavior of the SRG coupler. The film thickness and grating depth
were carefully chosen to allow the coupling of the TE-mode light at
633nm. When a probe beam was incident to the input grating, the
input beam [I;] was propagated between two gratings as a guided
mode by the propagation constant. The propagated wave was coupled
from the neighboring grating (output grating) toward different diffrac-
tion orders of the air direction [OA] and the substrate direction [Og] as
shown in Figure 5. A He-Ne laser beam at 633 nm was incident to the
grating on the film at an angle of ¢. The intensity of the output beam
from the output grating was measured with a photodiode.

Figure 6(a) shows the angle dependence of the input beam on the
intensity of the output beam. It was found that the intensity discon-
tinuously changed at the angles. When the incident angle increased,
the intensity of the output beam slightly increased at 6° and steeply
rose up at 33°. These increases of the output intensity mean that the
coupling conditions are met at these angles and the probe beam is pro-
pagated in the PM6AB2 film. To investigate what happens at coupling

He-Ne Laser
(A =633 nm)

Pumping light

Output beam Input beam (1))

Photodlode )

7 J %
Os ls(+1) 1s(T) 1s(-1) 15(-2)

FIGURE 5 Schematic diagram of optical setup and beam configuration of the
optical grating coupler. ¢, incident angle; O4, output beam from the grating
toward the air; Og, output beam from the grating toward the substrate.
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FIGURE 6 Intensity of a He-Ne laser beam from the output grating coupler
in the PM6AB2 film as a function of incident angle. (a) Intensity of [Oa] in the
output grating; (b) intensity of the forward second order diffraction [IA(+2)
and Ig(+2)]; (¢) intensity of the forward first order diffraction [Io(+ 1) and
Is(+ 1)], in the input grating. The distance between the input and output
coupler: 7.5 mm.
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angles, we also measured the change in intensity of the first and
second diffraction beams from the input grating at various incident
angles.

No output beam was observed in the output grating, even though
the first and second diffraction beams appeared at 0° as shown in
Figure 6. As the sample was rotated, the intensity of the second order
diffraction beam decreased at 6°, at which the diffraction angle of the
beam becomes parallel to the plane of the film as shown Figure 6(b).
Furthermore, when the incident angle reached 33°, the first order dif-
fraction decreased markedly as shown Figure 6(c). These results indi-
cate that the diffraction beams are coupled into the film at their
coupling angles, and successfully propagated, followed by the
decreases in the intensity of the diffracted beams.

Next, we evaluated the coupling efficiency of the SRG coupler with
a 1.3-um grating period. The throughput efficiency was defined as the
ratio of the intensity of the light decoupled in one (air) direction to that
of the incoming light (I;) [30,31]. This throughput ratio includes all
optical losses regarding input coupling, propagation in the waveguide,
scattering, and output coupling. The calculated throughput coupling
efficiency of the PM6AB2 grating coupler was 1.1% at TE mode in
one (air) direction [31]. The input efficiency of a grating coupler that
allows several diffraction orders, is generally lower than 34% due to
the multiple diffraction. The input efficiency of the grating should be
less than that of the first order diffraction efficiency. Therefore, the
higher coupling efficiency might also be expected if the grating period
is shortened until only the first order is allowed.

The optical switching behavior of the SRG was explored when the
film was exposed to UV light from a high-pressure mercury lamp,
which was isolated with glass filters (Asahi Technoglass, UV-
D36B + UV-35 +IRA-25S at 366nm or Y-43+V-40 -+IRA-25S at
436 nm). The probe beam from a He-Ne laser at 633nm in TE mode
was incident to the film at ® = 40° to obtain the highest intensity from
the output grating.

Figure 7 shows the change in the intensity of the output beam when
the guided region between the input and output gratings was irra-
diated alternately at 366nm (10.8mW/cm? and at 436nm (40.6
mW /cm?) at room temperature.

Upon photoirradiation at 366 nm, the output intensity increased,
then decreased gradually on irradiation of 436-nm light. It was found
that the alternating irradiation at 366 nm and 436 nm induced revers-
ible changes in the probe beam. Azobenzenes undergo trans-cis and
cis-trans photoisomerization by exposure to UV light and visible light,
respectively. As a result, the change in molecular alignment and a



Downloaded by [University of Haifa Library] at 09:56 22 August 2012

Surface Relief Grating Couplers 157

S
<
=
% 0.4 B 366 nm (10.8 mW/cm?2)
<
- [ 436 nm (40.6 mW/cm?)
0.2 |
0
0 2 4 6 8

Time (min)

FIGURE 7 Optical switching behavior of the output intensity by pumping
light. The distance between the input and output coupler: 7.5 mm.

photochemical phase transition is cooperatively induced, which leads
to the change in refractive index of the film. Therefore, we consider
that the photoinduced change in refractive index caused the reversible
change in propagation efficiency. The large change observed with the
first irradiation may be due to an alignment change from an order to a
disorder state, which results in a large charge in refractive index.
After the second irradiation, small changes are induced mainly by
trans-cis and cis-trans isomerization of the azobenzene moiety since
the molecular alignment is random and the large change due to the
alignment change does not take place.

The initial ordered state provided the high scattering loss and low
output intensity. The cis-rich disordered state by the trans-cis photo-
isomerization of liquid-crystalline polymer containing azobenzene
moieties decreased the scattering loss to the TE mode light after
irradiation at 366 nm. Even though the azobenzene molecules undergo
cis-trans back-isomerization by irradiation at 436nm, the initial
ordered state does not recover, which explains the small change in
the output intensity well.

CONCLUSION

In summary, we fabricated the input and output couplers by recording
holographic SRGs with a spacing period of 1.3 um on the liquid-crystal-
line polymer films containing the azobenzene moiety. The incident
probe beam was coupled into the input SRG, propagated in the slab



Downloaded by [University of Haifa Library] at 09:56 22 August 2012

158 C.-U. Bang et al.

waveguide, and was coupled out from the output SRG. The coupling
efficiency of the input and output couplers was estimated as 1.1% at
TE mode in the air direction. Upon irradiation of the film with UV
and Vis light, the output beam could be switched repeatedly.
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