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Surface relief structures on azo polymer films
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All optical fabrication of Surface Relief Grating (SRG)
on azobenzene functionalized polymer films is reviewed in
this article. The uniqueness of the single step erasable
photofabrication of large amplitude surface relief struc-
tures on azo polymer films is mainly due to the photo-
isomerization and photoanisotropic behavior of the
azobenzene group. The design and synthesis of several
classes of suitable azobenzene functionalized polymers for
the SRG formation is presented. Experimental studies are
carried out in a systematic manner to understand the
chemical and physical intricacies involved in the SRG
formation process. Structural requirements and their limi-
tations for the efficient fabrication of SRGs on azo func-
tionalized polymer films are also discussed. Understanding
the fundamental mechanism of SRG formation on the azo
functionalized polymer films enables us to make use of
these structures in a variety of applications.

Introduction

Azobenzene chromophore doped or covalently attached
polymer systems, in the form of solid films, have been investi-
gated for potential technological applications such as optical
information storage and processing,'™ optical switching
devices,*> diffractive optical elements®’ among others. Some
of the recent research interest in the azo dye containing
polymer films includes fabricating integrated optical devices
like channel waveguides,® polarization splitters,’ nonlinear
optical (NLO) devices'®!! erc. Many of these applications are
possible due to efficient photoisomerization and photoinduced
anisotropy of the azobenzene groups. Historically, azo dye
containing polymers were studied with immense interest for
their unique photoinduced effects.!?~* When illuminated with
a polarized light of appropriate wavelength, the azobenzene
groups undergo a reversible trans=s>cis=>trans isomerization
process and an associated orientational redistribution of the
chromophores (Fig. 1). The versatility of these photoactive
systems is that the azo groups can be selectively attached to
the side chain, main chain or chain ends of a wide class of
polymer systems. Appropriate substitution of the azobenzene
chromophores may be used to tune the chromatic features
from UV through the visible spectrum.'® In addition, the
possibility of achieving efficient optically induced effects even
with low incident light power is advantageous.

In the initial years, kinetics of the photoinduced anisotropic
effects were studied in solutions of azo dyes.'®'” However,
practical applications and device development required the use
of solid films. Volume holographic gratings (or phase gratings)
formed due to photoinduced alignment of the azo chromo-
phores in thick azo dye doped polymer films have been studied
for a long time.'®2* Dramatic modification of the free surface
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Fig. 1 Polarized light induced photoisomerization of azobenzene
groups.

of a thin azo functionalized polymer film (thickness =1 um),
exposed to an interference pattern due to appropriately polar-
ized light beams was only recently demonstrated®>-?¢ (Fig. 2).
The sinusoidally modulated surface structures on the azoben-
zene functionalized polymer films, known as surface relief
grating (SRG), are due to large-scale polymer chain migration.
The formation of efficient SRG at a temperature substantially
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Fig. 2 Typical 3-D view of the SRG on the PDO3 film.
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below the glass transition temperature (7,) was not anticipated
and presents new insight into photophysics of these polymer
surfaces. The facile, all-optical, single step fabrication of high
modulation depth SRGs in these polymers has presented a
number of interesting possibilities since its discovery. Large
amplitude SRGs in thin films of azo functionalized polymer
with diverse chemical structures have been successfully written
and the intriguing properties of the grating formation process
continue to be reported.?’3°

In this article, we review the extensive research that has
already been reported by a number of groups on azo func-
tionalized polymer materials for fabricating SRG. The photo-
fabrication of surface relief structures on these polymer films
is expected to have many interesting applications in photonics
and the emerging area of nanotechnology. Our discussion
begins by briefly mentioning the origin of the photoinduced
anisotropy in azobenzene containing polymer systems. We
then explain the experimental scheme utilized for photofab-
ricating SRG on the azo polymer films. Azobenzene containing
polymer systems are broadly classified as doped and func-
tionalized systems. After a brief discussion on the azo dye
doped polymer systems, we explain in detail the extensive and
systematic research carried out by our group and others on
the SRG formation in a variety of azobenzene functionalized
amorphous polymer systems. In the process, we also mention
the important chemical and structural requirements for the
azo polymer materials in forming efficient SRGs. Research
carried out on the liquid-crystalline (LC) azo polymer systems
to form SRGs is briefly discussed in a subsection on func-
tionalized azo polymers. Based on experimental observations
on the important features, we have presented a mechanism for
the SRG formation on azo functionalized glassy polymer films.
Spatially varying optically induced anisotropy along with a
component of electric field gradient in the direction of the
grating vector are thought to be responsible for the large scale
mass-transport of the azo functionalized polymer chains.
Finally, the usefulness of the process is highlighted in the
recent work on a variety of applications. We discuss some of
the possible device applications based on the photofabricated
diffractive optical elements, which are being explored in a
number of laboratories.

Photoinduced effects in azo polymers

Azobenzene groups are known to exist in two isomeric states,
a thermodynamically stable trans and a metastable cis. When
irradiated with light of appropriate wavelength, the azobenzene
chromophore undergoes a reversible trans=>cis=-trans photo-
isomerization process. Absorption of the appropriate wave-
length light by the azo dye molecules elevates them to an
electronically excited state. A non-radiative decay from the
excited state puts the molecules back to the ground state either
in the cis or the trans state. The metastable cis state goes to
the trans state either by a spontaneous thermal back reaction
or a reverse cis=trans photoisomerization cycle'® (Fig. 1).
To begin with, the azo dye molecules are predominantly in
the trans state at room temperature and are isotropically
distributed. When excited by a linearly polarized blue-green
light (488 nm), preferential molecular excitation and the associ-
ated photoisomerization process results in an orientational
hole burning. The orientational redistribution of the dye
molecules with respect to the polarization direction of the
irradiating light finally leaves the trans isomers predominantly
oriented perpendicular to this direction. Successive photoiso-
merization cycles result in a net dichroism and birefringence
induced in the material due to the absorbance and refractive
index difference in the parallel and perpendicular directions
(to the incident polarization direction). The photoisomeriz-
ation process, which implies mobility of the azo dye molecules,
results in a facile change in its orientation due to the polarized
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optical field and has been observed even in high T, polymer
matrices.!:32

The polarized light induced anisotropy such as birefringence
and dichroism in azo polymer materials is known to be due
to the Weigert effect.3*3* Optically induced orientation of an
azobenzene chromophore (methyl orange) doped in a polymer
matrix (polyvinyl alcohol) and related applications were first
demonstrated by Todorov et al.'®2! The photoinduced ani-
sotropy and formation of birefringence gratings have since
been studied in a variety of azo containing polymer systems
including liquid crystalline®>—® and amorphous polymers**~
as the matrix. Holographic gratings in photoanisotropic mate-
rials are recorded due to spatial variation of optical constants
of the medium by superposing interferometrically produced
spatially modulated light field patterns.**45 Azobenzene con-
taining polymers, which belong to the class of photoanisotropic
materials, respond to variations of both the intensity and
polarization state of the total field.?*>?* Consequently, a pure
spatially varying intensity distribution (scalar hologram), a
pure spatially varying polarization pattern (polarization holo-
gram) or a combination of both can be used to optically
inscribe volume gratings. Researchers have modeled the
scalar®*®*’ and polarization volume hologram?®®?? to derive
analytic formulae for the diffraction efficiency and to charac-
terize the hologram. Polarization gratings were recorded with
large diffraction efficiencies in the guest—host systems, utilizing
the high sensitivity and large photoinduced birefringence of
the azo polymer materials. However, the gratings do not have
long term stability due to thermal randomization of the
oriented azo dye molecules, even when stored in the dark.
There has been concerted effort by several research groups to
increase the stability of the photoinduced birefringence3!+3%48
and to understand and model the unique photoinduced aniso-
tropic behavior of the azobenzene containing polymers.*°

A large variety of azobenzene containing polymers with
different chemical composition have been synthesized and used
in the study of photofabrication of SRGs. In the following
section, we discuss the details of the experimental setup used
for fabricating surface relief gratings.

Photofabrication of surface relief grating

Surface relief grating can be photofabricated by a single step
all optical process on azobenzene functionalized polymer films
by superposing an interference pattern due to polarized light
beams. A typical experimental setup used for the photofabric-
ation of holographic SRGs is shown in Fig. 3 (the experimental
setup used to fabricate SRG in the initial stages of research
was slightly different®®!). An Ar* laser beam (typical wave-
length for recording is 488 nm or 515 nm) is spatially filtered,
collimated and then split by a beam splitter (BS) into two
beams of equal intensity. The two beams after reflection from
the mirrors (M; and M,) are recombined to form an inter-
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Fig. 3 Experimental setup for writing surface relief grating on azo
functionalized polymer films. M;, M,: mirrors, BS: 50-50 beam
splitter, WP: wave plate, S: azo polymer film, 0: interference angle.



ference pattern at the recording medium plane. The Ar™* laser
beam is linearly polarized in the vertical direction. The two
interfering beams independently pass through half wave (or
A/2) plates to provide a control over the polarization state of
the writing beams. Interfering beams with different polarization
combinations were achieved by rotating the half wave plates.
Replacing the half wave plates with quarter wave (or 1/4)
plates, circularly polarized beams could be obtained.

Exposing the azo polymer film to the interference pattern
due to appropriately polarized beams forms the SRG. The
angle (0) between the interfering beams can be adjusted to get
desired periodicity (A) for the gratings. The results discussed
in this article are for 1 pm period gratings, unless mentioned
otherwise. The intensity of the writing beam monitored after
the main beam is spatially filtered and collimated, ranges from
3 to 110 mW cm 2. Typically, we use 50 mW cm~? as the
recording beam intensity in order to avoid any sample heating
and spurious photothermal effects. The formation of SRG is
monitored in real time by diffracting a low power (1 mW),
unpolarized He-Ne laser (633 nm) from the spot where the
two beams interfere. The +1 order diffracted beam from the
grating in the transmission mode is detected and recorded.
Fig. 4 shows a plot of the diffraction efficiency as a function
of time. A 40 minutes exposure of the azo polymer film to the
interference pattern created by two p-polarized laser beams
can form a SRG with diffraction efficiency of 16% in each of
the first order beams. After forming the SRG, the exposed
region is scanned with an Atomic Force Microscope (AFM,
Park Scientific, CA) in the contact mode. Fig. 2 shows an
AFM image of a typical SRG formed on an epoxy-based azo
polymer (PDO3) film. The SRG has a very regularly spaced
sinusoidal structure with an amplitude modulation of 100 nm.
The spacing is equal to the period of the interference pattern
of 1 um. The roughness of original film surface before exposure
to the writing pattern is less than 0.5 nm.

The SRGs formed are stable when the polymers are kept
below T,. Heating the polymer films above T, could erase the
gratings in some cases. The gratings fabricated on a variety of
azo functionalized glassy polymer films could also be erased
by exposure to an appropriately polarized single laser beam.>>
During the SRG formation process, in addition to the photoin-
duced orientation of azo chromophores in these polymer films,
there is large-scale macromolecular motion leading to the
formation of the relief structure.

Azobenzene containing polymers

Azobenzene containing polymers on which photofabrication
of SRGs has been attempted can be broadly classified into
two groups: 1) azo dye doped polymers and 2) azo dye
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Fig. 4 Diffraction efficiency of the SRG photofabricated on PDO3
azo polymer film as a function of time. Inset shows initial stages of
the grating formation.

functionalized polymers. The azo chromophore functionalized
polymer systems can be further divided into amorphous and
liquid crystalline polymers. In the azo dye doped polymer
system, also known as the guest-host system, the azo dye and
the polymer are co-dissolved in appropriate solvents and
coated onto glass slides to form films. In functionalized
polymer systems, the azobenzene chromophore is covalently
linked either as a side chain to the polymer backbone or in
the main chain of the polymer. Liquid crystalline polymers
with a pendant azobenzene group are due to linking of the
different mesogenic groups to the polymer main chain through
flexible alkyl spacers of varying lengths. Appropriately substi-
tuted azobenzene chromophores act as mesogenic units as
well. In the following, we discuss the reported results of
photofabrication of SRGs on each of the different classes of
azobenzene containing polymers.

Azo dye doped polymers. Samples of azo dye doped
guest—host systems are made by dissolving azo dyes together
with the host polymer in an appropriate solvent and films are
formed from the solutions either by casting or by spin coating
onto glass slides. The films are typically dried in a vacuum
oven. The concentration of dye in the polymer is adjusted to
produce homogeneous films. Film thicknesses typically range
from a few millimetres to microns. Details of film preparation
techniques of azo dye doped polymer films are discussed in
the individual articles.

The discovery of SRG fabrication on the azo functionalized
polymer films has renewed interest in the azo dye doped
polymers.?”-33-3% Some of the recent research on the azo dye
doped polymer systems is aimed at comparing the diffraction
efficiency, birefringence and the formation of SRG with the
functionalized systems to understand the fundamental process.
In azo dye doped systems, the chromophores are not tethered
to the polymer chains and their photoisomeric movements are
not hindered by the polymer chains. Polymer chain migration,
which is thought to be responsible for the large surface relief
features, however, does not appear to occur. Consequently,
the surface relief features are very weak as compared to
functionalized polymers and the azo dye doped polymer films
are not favorable for forming SRGs.

Azo functionalized amorphous polymers. Azobenzene
functionalized amorphous polymer systems were the first to
be investigated for SRG formation.?>-?° In the direct photo-
fabrication of large amplitude holographic SRGs, the free
surface of the azobenzene chromophore functionalized poly-
mer thin film is dramatically modified when irradiated with
polarized interfering light beam patterns.>>® A large variety
of azo functionalized amorphous polymers with different
chemical structures, molecular weights (MW ) and glass trans-
ition temperatures (7,) have since been extensively investi-
gated.?”29:39-52:55 Geveral of these investigations have been
carried out to understand the effect of chemical and physical
composition of the polymer systems in the formation of
efficient SRGs. In the following subsections, approaches to
the design and synthesis of several structurally diverse classes
of amorphous azobenzene polymers and the SRG fabrication
results are reviewed.

Side-chain azo polymer by direct polymerization. Chemical
structures of a class of side chain glassy polymers on which
the surface relief grating formation was first studied are shown
in Fig. 5. The azo polymers were synthesized by addition
polymerization of diglycidyl ether of bisphenol A with various
primary amino functional azobenzene chromophores.*® Good
optical quality films were prepared by spin coating the azo
polymer solutions on glass slides. Typical sample thicknesses
of the films range from 0.4 to 1 um and their 7,s range from
100 to 150 °C.
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Fig. 5 Chemical structures of epoxy-based polymers synthesized by
direct polymerization.

Stilbene

PNI

Biphenyl

Fig. 4 shows a typical diffraction efficiency curve of the
SRG formation process as a function of time. SRGs with
large surface modulations could be formed on the polymers
with azobenzene side groups, such as PDO3 and PNA. A
typical three-dimensional view of the surface gratings on the
polymer, PDO3, is shown in Fig. 2. As shown in the figure,
the surface gratings showed a highly periodic sinusoidal pattern
with a modulation depth of over 100 nm. The original film
surfaces before exposure to the writing beams were planar,
with less than a nanometer of rms surface roughness. The
grating spacing was controlled by changing the angle (0)
between the two writing beams and was found to be consistent
with the theoretically calculated spacing for the interference
pattern. It is clear that the interfering polarized laser beams
produced the surface relief patterns. Under the optimum
conditions, surface modulation depth greater than 500 nm
could be produced.

Among the side chain azo polymers listed in Fig. 5, PDO3
and PNA showed the formation of large amplitude SRGs. In
case of the biphenyl side chain polymer, PNB, surface grating
was barely observed under the same exposure level.
Considering that the polymer PNB has the same backbone
structure as PDO3 and PNA, it was inferred that the presence
of azobenzene side groups which can undergo trans=cis
photoisomerization is a critical structural requirement for the
surface deformation process. To date this type of SRGs has
only been found to form on azo functionalized polymer films.
PNA was less efficient for surface grating formation than
PDO3. It may be attributed to lower optical density of PNA
at the writing wavelength. Furthermore, the acceptor substi-
tuted azo chromophore has higher polarizability, has shorter
excited state lifetime®” and hence cycles more often in the same
time scale. It appears that strong electron donor—acceptor
structure of the chromophore is helpful but is not a critical
factor for the surface grating formation.

Polymers with stilbene (PNS) and imine chromophores
(PNI) were also studied. These chromophores are known to
be able to undergo frans =cis photoisomerization process as
well. However, the amplitude of surface grating produced was
not appreciable in these polymer films. It is probably because
both stilbene and imine groups require larger free volume
(=224 A3) for the photoisomerization compared to the azo-
benzene groups (127 A%).5® As a result, in this type of moder-
ately high T, polymer matrix, there may not be enough free
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Fig. 6 Reaction scheme for the synthesis of low T, azo functionalized
PBDO3 polymer.

volume for the photoisomerization of the stilbene and imine
chromophores. In addition, the photoinduced orientation pro-
cess of the chromophores was not observed with these polymer
films either, as these groups are not expected to be as photoani-
sotropic as the azobenzene groups. Barrett er al. reported
similar results from acrylate-based polymers (T,s at around
100 °C) with DR1 type azo dyes in the side chain.>® They also
concluded that covalently attached azobenzene groups are
necessary elements to observe the SRG formation process.

To study the effects of the mobility of polymer chains, an
azo polymer with flexible alkyl chain backbone, namely,
PBDO3, was synthesized (Fig. 6). The T, of the polymer was
about 35°C as expected, given the flexible backbone. PBDO3,
which contains the same azo chromophore but has a moder-
ately rigid backbone, showed more than 20 times slower
formation of the surface grating compared with PDO3. It
appears that even if photoinduced surface deformation may
be generated in this polymer, the deformation could not be
fixed because of the fairly high mobility of the polymer
molecules near T, resulting in relaxation to a smooth surface
due to surface tension forces.

Side chain azo polymer by post-coupling reaction. Post
polymerization azo coupling reaction can provide a convenient
way to synthesize various azo functionalized polymers with
different degrees of functionalization on the same backbone
structure. It is often the simplest way to prepare azo func-
tionalized polymers. In addition, versatile functional groups
can be incorporated on the azobenzene moiety. Recently we
have reported a series of polymers functionalized with azoben-
zene groups that were synthesized by post polymerization azo
coupling reaction for the study of surface relief grating forma-
tion and NLO properties.®*®! Polymers containing azo
chromophores with ionizable groups could also be synthe-
sized.®? Under appropriate pH condition the polymers can be
ionized into azo polyions in water. In a layer-by-layer electro-
static assembly process, along with an oppositely charged
polyelectrolyte, the azobenzene polyelectrolyte can be
assembled into multilayer films.%® The chemical structures of
the epoxy-based polymers post-functionalized with various
azobenzene groups are shown in Fig. 7. The synthesis and
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Fig. 7 Synthesis scheme and chemical structures of epoxy-based polymers post-functionalized with various azobenzene chromophores.

structure characterization of these epoxy based polymers have
been reported elsewhere.%0-%2

Optical and thermal properties of some of these azobenzene
polymers are listed in Table 1. The first part of the polymer
nomenclature is an abbreviation to distinguish between precur-
sor polymers from cyclohexane-1,4-dimethanol diglycidyl ether

Table 1 Optical and thermal properties of the post azobenzene
functionalized polymers

D.F.¢ Jmax’/DM Jmax/DM
Polymer (% +3%) (sol.) (film) T,/°C
CH-1A-NS 100 482 508 144
CH-1A-Ca 100 437 428 90
CH-1A-Sp 69 429 514 98
CH-1A-Sm 54 424 464 143
CH-1A-Py 100 440 437 88
BP-1A-NS 100 483 105
BP-1A-Ca 100 438 105

“Degree of functionalization measured by 'H NMR. ’In DMF
solution.

(CH) and the diglycidyl ether of bisphenol-A (BP). The
subsequent parts refer to different conjugation bridges, electron
acceptors and ionizable groups of the chromophores.

The solubility characteristics of the synthesized polymers
were greatly influenced by the chromophore and backbone
structures. All of the polymers discussed above were able to
form homogeneous solutions in polar organic solvents such as
DMF. CH-AN based azo polymers containing acid groups
such as CH-1A-NS and CH-1A-Ca are highly soluble in
aqueous alkaline media. CH-1A-Py is soluble in aqueous acid
solution. BP-AN based azo polymers containing acid groups
such as BP-1A-NS are highly soluble in polar organic solvent,
but can hardly be dissolved even in strongly alkaline aqueous
solution. BP-1A-Py containing 4-(4-pyridylazo)aniline
chromophores is not soluble in any solvent tested in our
laboratory. The insolubility of BP-1A-Py is presumably due
to the interaction between the pyridine nitrogen and the
hydroxy groups on the main chain.

All the polymers exhibit thermal behavior typical of
amorphous polymers. The 7, of the precursor polymer CH-
AN is relatively low (41 °C) due to the flexible backbone. The
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T,s of the functionalized polymers are much higher than the
precursor polymer and are highly dependent on the structure
of the azo chromophores. CH-1A-CA and CH-1A-Py show
T,s of about 90°C and the increase in T, is attributed to a
significant increase both in the size and the dipole moment of
the side groups. CH-1A-NS and CH-1A-Sm show much higher
T,s (144°C, 143°C). It was shown from the UV-VIS spectro-
scopic studies that the polyelectrolytes containing sulfonic
groups exhibit strong inter- and intramolecular interactions in
the solid state probably resulting from the local charge
separation.

It was found that these azo polymers show significantly
different photoprocessability depending upon the chromo-
phore structures. The polymers containing 4-(4-carboxyphe-
nylazo)aniline chromophores such as CH-1A-CA and BP-1A-
CA form surface relief gratings with large surface modulations
and high diffraction efficiencies. As CH-1A-CA and BP-1A-
CA possess polymer backbones with quite different rigidities,
the similar recording efficiency for both polymers implies that
the azo chromophores play the defining role in the grating
formation process. Chromophore densities being similar, the
two polymers are subjected to similar deforming forces and
are equivalently photoisomerized in the writing process. The
polymer containing 4-(2-sulfo-4-nitrophenylazo) aniline and
4-pyridylazoaniline chromophores such as CH-1A-NS and
CH-1A-Py can form surface relief grating with low efficiency.
In case of CH-1A-Sp and CH-1A-Sm, surface grating was
hardly observed under the same recording conditions. It is
believed that the driving force, resulting from localized vari-
ations of magnitude and polarization of the resultant electric
field in the film, is counterbalanced by the strong intermolecu-
lar interaction mentioned above. Electric field induced poling
experiments on these NLO polymers also indicated this strong
intermolecular interaction to be present in sulfonic acid func-
tionalized azo polymer systems. While the side chain azo
polymers CH-1A-CA, BP-1A-CA and CH-1A-Py could be
effectively poled, poling was inefficient for sulfonic acid
functionalized azo polymer systems.

We have shown here that post-azo coupling is a convenient
and versatile method for preparation of various kinds of azo
polymers. One of the interesting properties of the azo polyelec-
trolytes such as CH-1A-CA is the unique ability to form both
surface relief gratings and formation of multilayer structures
by a layer-by-layer deposition process.

SRG efficiencies were also studied as a function of the
molecular weight (MW) of the azo polymers. In high molecu-
lar weight azo functionalized acrylate systems, the gratings
formed are similar to the ones formed in low MW
(<5000 g mol ') systems but are less efficient. Synthetic details
for preparing these very high molecular weight
(>500000 g mol ') azobenzene functionalized copolymers are
reported elsewhere.®® The chemical structures of the two high
molecular weight azobenzene functionalized polymers are
shown in Fig. 8. The SRG formation behavior in the high
molecular weight azo polymers is found to be less efficient,

—<CH2—CH§-<CH2—CH§—
| m | /m

COOH COO—CHQ—CHZ—T—CHQ—CH:;
Ar

Ar: @N:N@COOH : HPAA - CA

Fig. 8 Chemical structure of the high molecular weight side chain
amorphous azobenzene functionalized poly(acrylic acid).

: HPAA - NO,
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possibly due to expected chain entanglement. Barrett ef al.
further point out that in 50% blends of DR1 chromophore
functionalized acrylic polymers (PDR1A) with PMMA of
different molecular weights, surface deformation was still
possible if the PMMA molecular weights were low and compar-
able to PDR1A. For much higher molecular weight PMMA,
grating production was not possible and may be the result of
excessive entanglement.>

SRG formation in side chain azo functionalized amorphous
polymers with different chemical compositions have been
reported by a number of laboratories.?® 2%+ Photoinduced
translational diffusion of the azo chromophores in addition to
their trans—cis isomerization cycles are judged to be responsible
for the large amplitude holographic SRGs in the amorphous
azo polymer films.?® Photoinduced modification of the surface
is also studied in polymer systems such as polyurethanes
functionalized with azo dye,”® and maleimide based high T,
amorphous terpolymers containing azo side groups func-
tionalized to different degree.®® In the polyurethane containing
azobenzene system, apart from the mass transport of the
polymer chains, some irreversible photochemical reactions
have been suggested as the possible reason for the SRG
formation.? SRGs fabricated on p(DR1M-co-MMA) by
interfering two contrarotating circularly polarized light beams
were used to study the orientational and angular distributions
of the azobenzene chromophores by confocal Raman micro-
spectrometry.®* From the shapes of the distribution functions,
photoinduced bulk transport effects are suggested to be
responsible for the surface relief structures.

Main chain azo polymers. Most of the SRG formation
experiments have been conducted on side chain azo func-
tionalized polymer films. Main chain azo polymers, where the
azobenzene groups are attached in the polymer backbones,
have been investigated for the stability of photoinduced proper-
ties'>!* and third order NLO properties.®® In our laboratory,
polyureas containing mono- and bisazoaromatic groups in the
main chain were synthesized by condensation between isopho-
rone diisocyanate and the corresponding diamines.®”-%® The
chemical structures of PUl and PU2 are shown in Fig. 9.
Surface relief gratings could be fabricated on the films of these
main chain azo polyureas with relatively high T,s (PUI;
197°C, PU2; 236°C). The surface profile of the PU1 film
(Zmax at 380 nm) after the formation of the gratings shows a
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Fig. 9 Synthesis scheme and chemical structures of the main chain
azo functionalized polyurea.



regular sinusoidal shape with a depth of about 44 nm and
grating spacing of about 900 nm after exposure for 30 min.
Under the same recording conditions, diffraction efficiencies
and surface modulation were much larger in the side chain
azo polymers. However, the modulation depths achieved are
sufficient for fabrication of various types of diffractive optical
components.

Grating formation on the film of polyurea with bisazoarom-
atic chromophores in its main chain (PU2) was also compared
with PU1. The polymer film has A,,, at 393 nm and stronger
absorption at 488 nm than the polyurea with azoaromatic
chromophores (PU1). Regularly spaced sinusoidal surface
relief gratings could be obtained on a film of PU2 as well in
a manner similar to PU1. However, the modulation depth was
even shallower and the diffraction efficiency was lower than
that of PUI for the same irradiation time. Photoinduced
birefringence though small was also recorded for both PU1
and PU2.

As expected, the formation of the surface grating in the
main chain polymers was much slower than the side chain
polymers. This is because the polymer has a rigid backbone
and the azobenzene groups are bound to the backbone at both
ends, which restrict the mobility of the chromophores.
However, when it is considered that these main chain polymers
have very high T,s, and relatively low absorption at the writing
wavelength compared to the side chain polymers, the
observation of the surface modulation is quite remarkable.

Conjugated azo polymers. Polymers with mn-conjugated
backbone electronic structures have been extensively studied
for their unusual optical and electronic properties, showing
most properties of their inorganic counterpart, the semicon-
ductor materials. Recently, azo chromophores have been incor-
porated into the conjugated polymer structures such as
polydiacetylenes® and polyacetylenes.”

A soluble polydiacetylene (PDA) functionalized with
azobenzene groups in the side chain (Fig. 10) has been reported
by Sukwattanisinitt et al.® Azobenzene functionalized PDA
was prepared by post polymerization azo coupling reaction
on the precursor PDA. The precursor PDA was reacted with
the diazonium salt of p-aminobenzoic acid in N, N-dimethylfor-

Fig. 10 Synthesis scheme of the polydiacetylene post-functionalized
with azobenzene group.

mamide (DMF) to give a quantitative yield. The polymer was
found to have 60% of the aromatic rings functionalized, by
'"H NMR. No T, was observed from DSC studies of this
polymer as it is expected to possess a rigid backbone with
long persistence length. The surface grating formation in the
PDA azo polymer system, post functionalized with azobenzene
groups was investigated. Exposure of a spin-coated film to an
interference pattern from two polarized argon-ion laser beams
at 488 nm leads to the formation of a surface grating. The
surface relief grating shows a very regularly spaced surface
structure similar to other systems with depth modulation of
over 80 nm. Even though the surface grating formation was
less efficient than other epoxy side chain systems such as
PDO3, and CH-1A-CA, it is very interesting to observe such
a large and smooth surface modulation in a conjugated
polymer system with a rigid polymer backbone. This result
provided the first example of such laser-induced grating forma-
tion in a conjugated polymer lacking a glass transition. The
surface grating formed on the conjugated polymers is expected
to show interesting optical and electronic properties.

Enzymatic synthesis of azo polymers. Enzyme catalyzed
polymerization is a new methodology which is only recently
been utilized to prepare diverse electroactive polymers.”!~"3
This method also could be used to prepare conjugated aromatic
macromolecular structures. We have synthesized novel photo-
dynamic azo polymers such as poly(azophenol )"*-”? and poly-
aniline” containing azo chromophores by enzyme catalyzed
polymerization. Phenols undergo polymerization, catalyzed by
horseradish peroxidase (HRP), in the presence of hydrogen
peroxide to yield an ortho-linked polymer with a polyphenylene
backbone.”> HRP catalyzed enzymatic polymerization of 4-
phenylazophenol was expected to yield an azo polymer with
the highest possible density of azobenzene chromophore in a
polymer structure.

The final yield of the reaction carried out by enzymatic
polymerization of 4-phenylazophenol at room temperature
with HRP and H,0, is 80%. GPC analysis estimates a
molecular weight of the order of 3000 (MW ) with a polydis-
persity of 3.5 and indicated a degree of polymerization of
roughly 15. However, even this low degree of polymerization
combined with excellent solubility is sufficient to produce
optical quality thin films. Fig. 11(a) shows the reaction scheme
and the chemical structure of this polymer and Fig. 11(b)
shows the changes in the absorption spectra of poly(4-phenyl-
azophenol) in dioxane after irradiation by 360 nm UV light.
Interesting photoanisotropic properties of these polymer films
have been investigated and high efficiency SRGs were fabri-
cated in this class of macro dye systems. Synthesis, photoind-
uced optical properties and the SRG formation on this
interesting new class of glassy ‘macromolecular dye’ are
reported in detail elsewhere.”?

Azo functionalized liquid crystalline polymers. Eich er al.7*73
were the first to report optically induced birefringence and
reversible optical storage on liquid crystalline (LC) azo poly-
mer films. Since then there has been a lot of interest in the
area of side chain and main chain liquid crystalline polymers
with azobenzene group for optical data storage.'*3¢ Optically
stored information in the material is stable below the T, of
the liquid crystalline azo polymer and is expected to have
long-term stability if the T is higher than the ambient tempera-
ture. However, similar to the amorphous azo polymers, the
stored information can be erased by heating the material above
its T,,. The main advantage of such a system is the high degree
of field induced anisotropy achievable due to the mesogenic
azobenzene group attached through flexible spacers. High
storage densities, reversibility of information storage and short
switching and access times are some of the important features
making such systems widely researched.!*3¢
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Fig. 11 (a) Reaction scheme for the enzymatic polymerization of
poly(4-hydroxyazobenzene); (b) Absorption spectra showing the
relaxation process of 4-phenylazophenol after photoexcitation at
360 nm.

Solid films of a variety of polyesters and polymethacrylates
based liquid crystalline polymers are either solution cast or
spin coated to typical thicknesses of 2-5 pm.3%36:37.76.77 To
begin with, the azobenzene side chain liquid crystal polymers
were of interest only for long term storage of birefrin-
gence.3%:37:76.77 Optical storage properties,’® linear and circular
photoanisotropy’® of the unoriented LC side chain azobenzene
polymer films were studied by polarization holographic
measurements. However, along with the birefringent grating,
surface relief topographic gratings were recently observed in
this class of polymers as well.3%-8! Typical intensities used to
write the topographic gratings in the isotropic phase of the
LC materials are high (=1 W cm~?2). Polarization properties
of diffraction at the gratings formed at low and high intensities
are found to be different in the side chain azobenzene polyester
films and under appropriate recording conditions result in the
appearance of surface relief with doubled frequency.®? The
surface relief features are reported to be phase shifted as
compared to that observed in amorphous azo functionalized
polymer.®* The difference in the behavior of the LC azo
functionalized polymers as compared to the amorphous sys-
tems is explained on the basis of the attractive forces between
the dipoles aligned parallel to the grating lines under suitable
conditions.?4

Mechanistic aspects of the SRG formation

The unique features observed during the all-optical fabrication
of SRGs on azobenzene functionalized polymer films are
summarized as follows: (1) large amplitude SRGs are formed
only in the photoanisotropic azobenzene functionalized poly-
mer thin films; (2) strong dependence on the polarization and
on the energy (fluence) of the recording beams establishes this
as a photonic process; (3) the SRGs are erasable both optically
and thermally and after erasure they can be rewritten at the
same spot many times without fatigue; (4) the large surface
modulation of the SRGs is attributed to the macroscopic
polymer chain migration assisted by the photoisomerizable
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azobenzene groups covalently attached to the polymer; (5) the
mass transport of polymer chains by low power laser
irradiation is most effective well below the glass transition
temperature (7},) of the polymer matrix; (6) the force respon-
sible for the movement of the polymer chains is derived from
the superposed optical field patterns; (7) the recording process
is not a bulk process and needs an unconstrained surface. In
the following, we discuss some of the experimental results and
the different models proposed to explain the SRG recording
process.

Polarization dependent writing process. The formation of
SRG on azo polymer films is found to be strongly dependent
on the polarization of the writing beams.>!-®5 The diffraction
efficiencies and the surface modulation of the SRGs recorded
on the side chain azo functionalized CH-1A-CA polymer film
under different polarization of writing beams are summarized
in Table 2. Under the intensity recording condition, the two s-
polarized writing beams produce the largest light intensity
variation. However, there is no spatial variation in the direction
of the resultant electric field and no component of resultant
electric field along the grating vector direction. This configur-
ation only produces a very low diffraction efficiency and small
surface modulation for the SRG (< 10 nm). Under the polariz-
ation recording conditions, the two writing beams have ortho-
gonal polarization (s-p). The resultant electric field on the film
surface has the largest variation but the light intensity is
uniform over the entire irradiated area. Very small surface
modulation and diffraction efficiency are obtained under this
purely polarization recording condition. Under other recording
conditions (p-p, +45° —45° and RCP: LCP), variations of
both light intensity and the resultant electric field polarization
on the film exist simultaneously.®> The SRGs formed have
much larger values for the surface modulation and diffraction
efficiency. This indicates that the existence of both light
intensity and resultant electric field variations are essential to
the formation of SRGs on the azo functionalized polymer
films. Several other researchers mentioned earlier report similar
results on the azo functionalized polymers with different
chemical compositions.

The SRGs formed on the azo functionalized polymer films
are very stable at room temperature. Heating the sample above
the glass transition temperature (7,) can erase SRGs formed
in most of the azo polymer systems. Recently we have also
reported the unusual polarization dependent erasure behavior
of the SRGs formed by exposure to a single laser beam of
appropriate polarization.>> This property has been utilized in
fabricating phase masks and is discussed later.

Single beam experiment. To explore the grating formation
mechanism and characterize the phase relationship between
the relief grating and the interference pattern, a single Gaussian
laser beam induced surface deformation experiment was car-
ried out.®® The experimental setup is schematically shown in
Fig. 12(a). A He-Ne laser beam (544 nm), with a well-defined
Gaussian light intensity profile is focused by a spherical lens.

Table 2 The diffraction efficiency (%) and surface modulation depth
(nm) of the SRG fabricated on the CH-1A-CA azo functionalized
polymer film under different recording conditions

Polarization of Diffraction Modulation
writing beams efficiency (%) depth/nm
S:s <0.1 <10

s:p ~2 <20

p:p 5 50

+45°: +45° 0.1 <10

+45°: —45° 12.5 120
RCP:RCP 0.30 <10
RCP:LCP 22 250
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Fig. 12 (a) Single Gaussian beam experimental setup. NF: neutral
density filter, WP: waveplate, and L: lens. AFM image of the surface
deformation induced with (b) linear polarization and (c) circular
polarization.

Different polarization states can be obtained by inserting a
properly oriented waveplate. An epoxy-based azo func-
tionalized polymer film (PDO3) is placed at the focal plane
of the lens. The intensity of the laser beam is adjusted by
inserting neutral density filters (NF). At the sample surface,
the radius and central intensity of the laser beam are 3.0 um
and 328 mW cm 2, respectively. The sample film is exposed
for 70 min. Fig. 12(b) and 12(c) show a three-dimensional
view of the surface exposed to linearly and circularly polarized
Gaussian laser beams. The figures display two significant
features. First, the photoinduced surface deformation exhibits
strong polarization dependence. The maximum deformation
occurs along the direction of laser polarization (assigned as
the x direction in Fig. 12(b)). Second, the surface deformation
profile along the polarization is not proportional (positively
or negatively) to the laser intensity. Instead, it approximates
to the second derivative of the laser intensity along the
polarization direction (x-axis). These features further rule out
the possibility of any thermal or laser ablative origin for the
single laser beam induced surface deformation and the
formation of topographic gratings.

Role of the free surface. It is well known that large values
for birefringence in the azo polymer materials are due to the
predominantly bulk nature of the photoinduced anisotropic
variations of the azo chromophore. Contrary to some of the
existing notions on the formation of SRG on azo polymer
films as a bulk phenomenon,>®-3487-88 e believe that the
recording process needs an unrestricted surface. Details of the
different approaches to understand the SRG formation process
are discussed in the following section on mass transport
process. The macroscopic movement of the polymer chains
during the SRG formation begins at the free surface and
continues through the bulk of the material as polymer layers
are moved, to form large modulation depth gratings.

Experimental verification of the surface initiated SRG
formation process is achieved by restricting the free surface of
the azo polymer film in a precisely controlled manner.®® For
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Fig. 13 Chemical structure of polyelectrolytes. (a) Poly(diallyldi-
methylammonium chloride): PDAC; (b) Sulfonated polystyrene: SPS;
(c) Polyallylamine hydrochloride: PAH; (d) Poly acrylic acid: PAA.

this study, side chain azo functionalized polymers containing
ionizable groups in the chromophores showing polyelectrolyte
behavior under appropriate pH conditions were used. A
recently reported technique of forming ultrathin polymer layers
through an alternate layer-by-layer electrostatic deposition of
oppositely charged polyelectrolytes®® is made use of in our
work. Chemical structures of the polyelectrolytes are given in
Fig. 13. Constraining molecular layers are built in a well
defined and controlled manner by depositing appropriate
polyelectrolyte pairs on top of the spin coated azo polymer
film substrates. This approach has the advantage of controlling
layer thickness and organization at the molecular level.

The formation of SRG on the bare film and on the portions
covered with ultrathin transparent polymer overlayers of
different thickness is monitored by two different methods.
Diffracting a He-Ne laser (633 nm) beam from the grating
allows us to monitor the grating formation process as a
function of time. A topographic scan of the irradiated region
after the recording process, by an AFM, gives a measure of
the modulation depth of the SRG formed. From these measure-
ments, we can evaluate the importance of a free surface in the
formation of SRG. The grating formation process in the region
overlaid with ultrathin multilayer shows a drastically different
behavior with increase in the number of bilayers. Both the
SRG formation rate and the modulation depth of the gratings
show an exponential decrease with increase in the number of
bilayers (Fig. 14). In addition, the restraining influence of the
ultrathin overlayers is found to be independent of the azo
polymer and the polyelectrolyte pairs. Even a three-bilayer
(4 nm maximum) overlayer on top of the azo polymer film is
found to considerably slow down the grating formation pro-
cess. Thicker (~25 nm) overlayers almost completely inhibit
the surface initiated movement of the azo polymers while
predominantly birefringent gratings without any surface
features are easily formed.

Mass transport process. Several theories have been developed
to understand the SRG formation process. Any proposed
mechanism, in addition to explaining the many intricate aspects
of this unusual mass transport process, must take into account
the single most important feature, the strong polarization
dependence of the recording process. Barrett ef al.>°®” have
modeled the process based on pressure gradient induced
deformation and the resulting viscoelastic flow to form surface
gratings on the azo polymer films. The pressure gradients arise
from the increased cis population in the bright regions, together
with the cis isomer’s large free volume requirement and the
viscoelastic flow of the polymer is related to the velocity
components by Navier—Stokes equations. Based on this, a
relationship between the grating formation rate and intensity
of the writing beams, molecular weight of the polymer and
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thickness of the film is derived and experimentally verified.
For thinner films, there is excellent agreement of the experimen-
tally observed and predicted writing efficiency and film thick-
ness. Inscription rate is found to increase linearly as a function
of light intensity and is accurately accounted for by this model.
The gradient of isomerization pressure model however, does
not adequately account for the strong polarization dependent
grating formation process.

A mean-field model was proposed by Pedersen et al.®* to
explain the SRG formation in side chain LC azo polymers.
According to this model, the photoinduced alignment of
chromophores in the illuminated regions, together with an
attractive force when the chromophores lie side-by-side,
induces polymer flow towards the bright regions. Theoretical
predictions of the polarization dependence of the periodicity
and shape of the surface relief profiles have been found to
agree well with the experimental results. However, the model
presumes a spatially constant intensity when two orthogonally
polarized beams interfere at an angle (0>0). This treatment,
based on the intrinsic mobility of the LC materials, does not
account for the dip (instead of peak) inscribed in the material
where the intensity is maximum, observed in the amorphous
azo polymers.82:83

Lefin er al.?®® have proposed an anisotropic diffusion
mechanism incorporating the optical polarization direction
into a photoinduced pressure model. According to this model,
as the optical field excites the azo chromophores aligned
parallel to the polarization direction, the photoisomerization
cycle translates the azo functionalized polymer along their
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long axis in an ‘inchworm’ like fashion. The resulting trans-
lationally activated population would then diffuse from the
bright regions outward along the polarization direction. This
model does not consider the well-known photoinduced reorien-
tation of the azo chromophore during the course of SRG
formation. In addition, there is no known mechanism whereby
the anisotropic diffusion could be coupled to the polymer
chain migration without scattering or randomization.

Our approach to understanding this problem has focused
on forces derived from optically induced electric field gradi-
ent.”® Interaction of the azo chromophore functionalized
macromolecules with the optical field induces polarization in
the material in the direction of the field. Efficient trans=-cis=
trans photoisomerization cycling leads to a photostationary
state when there is a net chromophore orientation perpendicu-
lar to the field direction. The associated decrease in the
refractive index and hence the susceptibility of the material
defines the direction of flow®! of the polymer chains. The
unique aspect of the azo polymer system is that these processes
occur simultaneously and the time averaged effect results in
transport of the polymer chains in the field gradient direction.
The process is initiated at the film surface and continues
through the bulk of the material as the polymer layers are
moved, leading to high amplitude gratings. The force respon-
sible for the movement of the polymer involves a spatial
variation of the susceptibility of the material and an electric
field gradient.

In a polarizable polymer medium, the time averaged
optically induced gradient force density f'is given by eqn. (1)

J=<PF)VIEF1))
with P(F,t) = ey E(7,t) (1)

where < > is for the time averaged process and E(r,t), P(r,t),
& and y represent the optical field, the optically induced
polarization, the permittivity of free space and the susceptibil-
ity of the medium respectively. Eqn. (1) implies that the
polymer chains experience a force only when there is a
component of optical field gradient along the polarization
direction. For a cylindrical Gaussian beam, whose optical field
amplitude is described by E(x)=E(0)exp(—x?/w?) the force
density, according to eqn. (1) is described by eqn. (2)

S(x)ocy'dI(x)/dx (2)

where /(x) is the intensity distribution of the Gaussian beam
and y’ is the real part of the susceptibility. The single beam
experimental results reveal that the polymer chains move out
from the light irradiated region to the non-irradiated region.
The force direction is away from the center of the beam
implying that 3'<0.°! In the grating experiment, the driving
force responsible for the macroscopic movement of the poly-
mer chains at the free surface of the polymer film can be
written as® in eqn. (3)

0
.f)l(=80|:x/ixExaiEx:| (3)
X
where the subscript ‘i’ stands for the spatial coordinates x, y,
z. The change in the susceptibility of the medium, y'=y+Ay
includes the susceptibility of the medium () before irradiation
and spatial variation of the optically induced change Ay. Thus,
the spatial variation of susceptibility (') along with a compo-
nent of the field gradient in a direction parallel to the grating
vector (x-axis) are the factors responsible for the SRG forma-
tion on azo functionalized polymer films. The time averaged
nonzero force due to the above-mentioned factors acting on
the azobenzene chromophore tethered polymer chains results
in the macroscopic movement of the polymer chains and hence
the formation of SRG. This mechanism explains the surface
initiated and strong polarization dependent recording process
for SRG formation on the azo functionalized amorphous
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Fig. 15 (a) Holographic recording setup, (b) reconstruction setup. L:
lens, M: mirror, BS: beam splitter, (c) photograph of the mask (on
the left) and replica (on the right).

polymer systems. The model has also adequately accounted
for the observed surface relief features in this class of azoben-
zene functionalized polymer films. We discuss in the following
section some interesting and diverse applications utilizing the
unique photoinduced optical properties of the azo polymer
films.

Applications

1(a). Holographic image storage and retrieval. Fig. 15 gives
a schematic of the experimental setup for holographic image
storage and retrieval in an azo functionalized polymer film. A
laser beam (A=488 nm) from an argon-ion laser is expanded
and collimated by a lens system and then is split by a beam
splitter (BS) into two beams. An object mask is placed in the
path of one of the beams. The beam carrying the object mask
information interferes with another collimated beam at the
recording medium plane. Exposing the interference pattern
onto the azo polymer film formed a surface relief hologram.
The retrieval of the stored information is accomplished by a
holographic reconstruction setup shown in Fig. 15(b). A He-
Ne laser (A=633 nm) was expanded and used to reconstruct
the holographic image. Fig. 15(c) shows the object mask on
the left and the reconstructed image on the right.

1(b). Mask and copy. Phase masks®*°® have been extensively
utilized to produce periodic light intensity modulation. They
have been employed to fabricate not only fiber gratings but
also thin-film gratings®* and surface relief gratings on glass.”
Recently, Jiang et al.>® have successfully demonstrated that
the surface relief gratings written on the azobenzene func-
tionalized polymer films can be used as phase masks.
Application of the surface relief gratings as phase masks
written with appropriate polarization on the azobenzene poly-
mer films, to replicate the grating structure on other azo
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Fig. 16 AFM images of (a) mask and (b) replica grating.
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functionalized polymer films, has been accomplished.’?°° A
phase mask of 900 nm spacing was fabricated by interfering
two 488 nm Ar* laser beams on an azo polymer film (PDO3).
The polarization of the writing beam is set at an angle of 45°
with respect to the s-polarization. The mask was then replicated
onto another film of similar azo polymer by photoprinting,
using a single beam exposure at 514 nm with a polarization
perpendicular to the grooves of the mask. Under this polariz-
ation condition, no erasure of the mask during the photoprint-
ing process was observed.>? Fig. 16 shows the AFM images of
the phase mask and the replica grating produced from the
mask. The period of the replica grating is identical to that of
the phase mask, which has resulted from an interference of
the zeroth and the first order diffracted beams. The desired
modulation depth can be achieved by controlling the exposure
conditions.

2. Polarization discriminator. A strong dependence of
diffraction efficiency on the state of polarization of the probe
light is well known in volume holograms.?*°7 Investigation of
the polarization properties of the SRGs formed due to the
photoanisotropic interaction leads to several interesting results.
Our recent studies on the polarization diffraction properties
of the SRGs formed on azo functionalized polymer films show
a strong dependence on the polarization state of the probe
beam. The dependence on the diffraction efficiency of the
probe beam polarization can be used as a polarization
discriminator.

To achieve high polarization discrimination capabilities, the
gratings should have special surface relief profiles with period-
icity (A) comparable to the wavelength of the probe light
beam (4,).°® However, these are difficult to achieve under
normal laboratory conditions. Here we have demonstrated
that SRGs written on the azo polymer films have the advantage
that even when 4>/, it is possible to achieve the desired
polarization selective optical function. This unique feature is
thought to be due to the simultaneous inscription of both
anisotropic and surface relief gratings on the azobenzene
functionalized polymer films.

In our experimental investigation, SRGs were initially
fabricated using interference of two opposite circularly polar-
ized Ar* laser beams. This configuration is known to introduce
a large anisotropy and fabricate large amplitude relief gratings
on the azo polymer (CH-1A-CA) films. The gratings are of
1 um period with modulation depth of 150 nm. The + 1 order
diffracted beam of an unpolarized He-Ne probe beam (633 nm)
at normal incidence after passing through the grating is
analyzed and found to be predominantly horizontally polar-
ized. Schematic of the polarization discriminator function of
the SRG is shown in Fig. 17(a). The polarization discriminat-
ing capability of this grating between the vertical and hori-
zontal components of the probe is 1 part in 8 and is shown in
Fig. 17(b). Further research is in progress to increase the
polarization discriminating capabilities of the SRGs formed
on azo polymer films. We feel that stacking the gratings
together could increase this effect.
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Fig. 17 (a) Schematic of the SRG used as polarization discriminator,
(b) Polarization content of the + 1 diffracted beam for an unpolarized
probe beam at 633 nm.

3. Liquid crystal anchoring. Liquid crystal (LC) optical
elements in various electro-optic devices require properly
treated surfaces, which control alignment of the LC mol-
ecules.”®1% The rubbing method is widely used in preparation
of alignment layers in the industrial production of LC dis-
plays.!°! There has been an ongoing debate on the mechanism
of LC alignment on the rubbed polymer surfaces. Two mechan-
isms have been proposed. One involves a long range interaction
due to surface microgrooves generated by the rubbing pro-
cess.1%2 It was demonstrated that microgroove structures can
induce alignment of LCs because elastic energy of LC mol-
ecules is minimized when the molecules lie along the
grooves.'%371% The second mechanism emphasizes the short-
range interaction between LCs and the functional groups on
the polymer surface, which become oriented during the rubbing
process.'919 The relative importance between these two
effects has not been clearly established, because the two effects
co-exist and independent control of these two effects is not
easily feasible.

Since both the microgroove structures and orientation of
the functional groups could be produced and independently
controlled in the azo polymer films, we investigated the relative
importance of these two anchoring effects in the system by a
simple separate control of the groove and the molecular
orientation.

LC (nematic LC mixtures, E7 from Merck) cells were
constructed using two polymer films containing surface grat-
ings with different preferential orientation of azobenzene
groups. After fabrication of two surface gratings with surface
modulation of 120 nm with p-polarized beams, we re-exposed
one of the gratings to a linearly polarized Ar* laser beam
with the polarization direction parallel to the groove direction
so that the orientation of azobenzene groups lies perpendicular
to the groove direction. A AFM scan of re-exposure region
showed about 100 nm surface modulation. This configuration
is illustrated in Fig. 18.

The fabricated LC cell was observed between two polarizers.
The area inside the exposed region clearly showed a twisted

1952 J. Mater. Chem., 1999, 9, 1941-1955

Fig. 18 Schematic for liquid crystal anchoring using SRG.

nematic structure. This indicates that the LCs adjacent to the
re-exposed region were reoriented to the final direction of the
azobenzene orientation leading to the twisted nematic con-
figuration. Therefore, under the conditions we used, we have
found that the anchoring effect of LCs due to the molecular
interactions is stronger than that due to the surface topology.

In case of a LC cell sandwiched with the gratings recorded
with a polarization direction 45° with respect to the s-polariz-
ation state, homogeneous alignment of LC molecules was not
obtained. In this case no linear birefringence was observed
throughout the exposed region because the polarization direc-
tion of the interference pattern varies periodically. Thus if we
maintain the surface topology but remove the preferential
orientation of azobenzene groups, no alignment occurs. The
results confirmed that in this system molecular alignment of

(a)

(b)

Fig. 19 (a) Schematic diagram of the slab waveguide of an azo
polymer having a SRG written on it; (b) Photograph of the 830 nm
laser light guided in the azopolymer waveguide. The laser light was
coupled into the waveguide by the grating on the left and propagated
to the right.
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(b)

(d)

800

400 A

Fig. 20 Surface relief patterns formed on azo polymer films. (a) Beat structure; (b) Orthogonal gratings; (c) Fourier synthesized blazed grating;
(d) Hexagonal pattern due to three beam interference.
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azobenzene groups in anchoring the LCs plays the dominant
role compared to surface topology effects.

4. Waveguide couplers. Diffraction gratings have been
extensively used as input and output couplers and as feed-
back elements in integrated optics.'®” However, these gratings
were traditionally made using multi-step photolithographic
techniques.!?®19° The recently developed single step photofabr-
ication process of SRG has offered for a quick formation of
grating couplers with desired periods. Utilization of this one-
step fabrication of surface gratings as slab waveguide couplers
has been demonstrated. Fig. 19(a) shows a schematic diagram
of a slab waveguide of an azo polymer (CH-1A-CA) with a
surface relief grating written on it. The azo polymer film with
a thickness of 1.31 um was prepared by spin coating on a pre-
cleaned glass slide substrate. The refractive index of the
polymer was then measured to be 1.646 at 830 nm. The
refractive index of the substrate at this wavelength is 1.510.
The grating with a spacing of 485 nm and modulation ampli-
tude of 250 nm was photofabricated at 488 nm. The sample
was then positioned on a rotation stage. A diode laser at
830 nm was used as the light source. A photodetector in
conjunction with a computer was utilized to monitor the
coupling process. High coupling efficiency of about 20% has
been obtained. A CCD camera was employed to capture the
image when the laser light was coupled into the waveguide.
Fig. 19(b) shows a photograph of the laser light guided in the
waveguide. Paterson et al. recently demonstrated grating coup-
ling and design of an optical filter based on a similar design.®’

5. Intricate surface structures. Our understanding of the
process and some of the advantageous features discussed in
this article on the photofabrication of SRG on the azo
functionalized polymer films are put to best use in intricately
structuring the polymer surfaces. Fig. 20(a) is a well-defined
beat structure recorded sequentially with two wavelengths, 488
and 514nm at a fixed writing angle. The beat period is
~19 pm. The resulting surface structure is close to the simple
superposition of the two recording waves. When two gratings
are recorded orthogonally to each other at the same place, the
resulting ‘egg-crate’ like structure is shown in Fig. 20(b). The
gratings are highly symmetrical and identical and are indis-
tinguishable. Fourier synthesized blazed grating is fabricated
on the polymer film surface by superposing two gratings with
different spacing (Fig. 20(c)). When three beams of appro-
priate polarization coherently interfere!!® on the azo polymer
film surface, the resulting hexagonal ‘honeycomb’ pattern
formed is shown in Fig. 20(d). Thus by a simple superposition
of various recording patterns, intricate surface structures can
be fabricated on the azo functionalized polymer films. This
opens an entirely new approach for fabricating diffractive
optical elements.

Summary

Since the discovery of unusual light driven polymer mass
transport on azo functionalized polymer solid films, a variety
of applications have already been realized. Photofabrication
of SRGs and other patterns in combination with the well-
established photoanisotropic properties of azo polymers will
certainly be utilized in other novel devices. In this article, we
have reviewed this all-optical fabrication of SRGs in different
classes of azo functionalized polymer films. Each of the
different azo polymer system discussed has its own advantages.
While a number of approaches to new material design and
synthesis were presented, clearly opportunities abound and the
optimal macromolecules for the specific application are con-
tinuing to be developed. Important new understanding about
the nature of the surface deformation process and the relation-
ship between the light pattern and the transport of the

1954 J. Mater. Chem., 1999, 9, 1941-1955

macromolecules is evolving. While the photonic nature of the
deformation process is clearly realized, the photomechanical
response of the polymer molecules and the film material itself
is multifaceted and complex. This will be an important area
for further investigation.
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