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Abstract

Thin films of polymers containing non-linear optical chromophores based on azobenzene have been shown to respond mechanically to
low power light interference, resulting in a transfer of an arbitrary optical pattern to surface relief in a single step, often well below the
usual glass transition temperature. The timescale for this process is seconds to minutes, and the resulting surface relief patterns can display
a depth of features similar to that of the original film thickness. A series of mechanisms has been proposed to describe the origin of this
effect, but none are currently able to rationalize the diverse set of surface patterns observed to be formed with various combinations of
circularly and linearly polarized inscription lasers. [0 2002 Elsevier Science Ltd. All rights reserved.

1. Introduction

In 1995, an unexpected and highly unusua effect was
observed in thin films of polymers containing the non-
linear optical chromophore Disperse Red 1 (DR1), when
irradiated with an interference pattern of coherent light at
an absorbing wavelength. The two research groups that
independently and simultaneously discovered this effect
observed a highly efficient and reversible relief patterning
of the surface of the spin-cast polymer films, after brief
low power laser irradiation, well below the glass transition
temperature of the materials [1,2]. Since these first two
reports, many research groups have shown that this curious
effect of single step room-temperature al-optical pattern-
ing of thin films is general to most polymers containing
azobenzene (azo) chromophores, the parent structure of
DR1. In the 6 years since these first reports, this research
has spawned in excess of 300 papers characterizing the
effect and suggesting possible mechanisms for the process,
with most of them appearing over the past 2 years. There
remains, however, much controversy surrounding the
fundamental origins of all-optical surface patterning of azo
thin films, and no proposed mechanism appears to provide
a suitable explanation for all observations. This paper
provides a brief review of some of the most important
aspects of the al-optical patterning (AOP), and presents
the five main competing mechanisms proposed to date to
explain this effect.

*Corresponding author. Tel.: +1-514-398-6919; fax: + 1-514-398-
3797

E-mail addresses: kevinyager@mail.mcgill.ca (K.G. Yager),
christopher.barrett@mcgill.ca (C.J. Barrett).

Azaobenzene (presented in Fig. 1) serves as the parent
molecule to a wide range of dyes, indicators, and non-
linear optic chromophores. The absorbance maximum
depends strongly on ring substituents, and can be tailored
to lie anywhere from the UV to the blue/green visible
[3,4]. Key to many of the most interesting applications of
azo-containing materials is the reversible isomerization
between the trans and cis geometric isomers, depicted in
Fig. 1. The wavelengths, quantum yields, and timescales
associated with the photochemical and thermal isomeriza-
tions similarly depend on ring substituents. For many of
the common azo chromophores the two photochemical
conversions can be effected at a similar wavelength in the
deep blue visible on the picosecond timescale, with the
therma re-conversion to the more stable trans isomer
occurring in seconds to hours. Net quantum yields of the
cis isomer in the photostationary state under modest
irradiation are typicaly 0.3-0.9. This isomerization has
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Fig. 1. Azobenzene-based chromophores can undergo photochemical and
thermal isomerization between trans and cis geometric isomers.
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been well studied for decades, and has been shown to
effect a substantial change in optical properties, morpholo-
gy, and chemistry of materials containing even small
amounts of azo molecules [5—7]. Much recent attention
has aso been focussed on the interaction between
mesogenic azo chromophores and polarized light. It is well
known that irradiation with linearly polarized light results
in a preferential alignment of the dipole axis of the azo
groups perpendicular to the polarization axis of the laser,
leading to reversible birefringence [6] and control of liquid
crystal phases [8]. By this process, reorientation of the
dipole’s alignment vector on absorption and isomerization
leads to a statistical increase in the populations of chromo-
phores with the dipole axis lying perpendicular to the
polarization direction (where the probability of isomeriza-
tion is lowest), and a decrease in the population aligned
with the polarization (where isomerization probability is
highest), leading to a net orientation of the dipoles against
the polarization direction.

What was observed by both the Rochon/Natansohn
research team and the Tripathy/Kumar group, however,
was a large-scale mechanical response of thin films of azo
polymers, when exposed to an interference pattern of
polarized light of the same absorbing wavelength. The
experimental conditions that produce single-step all-optical
surface modification are described in Fig. 2. Here, asingle
beam (typically a 488-nm Ar" line, or 532-nm diode at
1-100 mW) is split into two, polarization modified in-
dependently, and recombined at an angle on the surface of
athin polymer film (10—1000 nm) supported by a transpar-
ent substrate. After an exposure of seconds to minutes, the
initially flat and featureless film assumes a surface relief
profile in response to the impinging light interference
pattern, as demonstrated by the atomic force microscopy
image taken for such a film, presented in Fig. 3. Inscribed
features can be on the order of the initial thickness of the
film, up to 1000 nm. These features are produced with no
subsequent processing steps, in ambient conditions at room
temperature, which for many materials represents hundreds
of degrees below the glass transition temperature (T,). A
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Fig. 2. Typical experimental set-up for grating inscription. A single
488-nm laser beam is reflected upon itself to generate an interference
pattern on the polymer film, and diffraction from resulting grating is
probed with a low power HeNe beam (633 nm).
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Fig. 3. AFM image of a typica surface grating displaying a grating
amplitude of 300 nm, inscribed from an original film thickness of 300
nm, in a one-step all-optical process.

simple sinusoidal light interference pattern is most com-
monly used for study, hence the surface relief grating
(SRG) that results can be readily probed through diffrac-
tion of a low power probe beam at a longer wavelength
(typically HeNe 633 nm). With these azo polymers, which
can host a variety of optical effects, this diffraction is due
mainly to a surface relief profile, although also in part to a
concurrent isomerization absorbance grating (between cis
and trans isomers), and to a birefringence grating through
the photo-reorientation mechanism described previoudly.
Means of separating the contributions to diffraction ef-
ficiency of these three effects have been proposed [9-11].

The facile, one-step, and reversible formation of surface
relief gratings in azobenzene systems has aso attracted
much interest from an applied standpoint, for a number of
novel applications as optical elements such as polarizers
[12], couplers [13], filters [14,15], and photonic band gap
materials [16]. A demonstration of laser emission with
wavelength tunable by grating pitch has aso been pub-
lished [17,18]. AOP has been proposed as a one-step
holographic recording process [19], an optical data storage
system [20], and for rapid prototyping of optical elements
[21]. AOP has aso been used as command surfaces for the
alignment of liquid crystals [22—25]. Furthermore, AOP is
attractive as a direct patterning technique at the nanometre
lengthscale, such as demonstrated by formation of a large
number of long (several mm) but very thin (200 nm)
parallel metal wires [*26].

2. Observations
2.1. Dependence on optical properties

The phase relationship between the light interference
pattern and the resulting SRG is a crucia parameter for

understanding the inscription mechanism. Early work
using the diffraction of an edge [1,27,*28], and on single
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beam surface deformations [*29], showed that the light
and relief are 180° out of phase, with the light intensity
maxima corresponding to surface relief minima (i.e. mass
transport away from the light, asillustrated in Fig. 4). This
rule appears to hold for amost al systems investigated
thus far, with the exception of a small number of chemical
systems for which the phase behaviour appears exactly
inverted. In particular, some liquid crystalline systems
showed light intensity maxima corresponding to surface
relief maxima (i.e. mass transport into the light). Curious-
ly, thisisin contrast to amorphous polymers incorporating
the same azo chromophore [30]. In another series of
liquid-crystalline polymers, modification of a single chro-
mophore substituent also led to inverted phase behaviour
[*31].

Grating efficiency, and hence the amplitude of the SRG,
was shown to depend on the angle of inscription, display-
ing a maximum at 6~15° [32,*33]. Grating height also
increased with irradiation time up to a saturation point, and
increased non-linearly with irradiation intensity [**34,35].
The intensity of light required for this effect is not large, as
gratings have been formed even with laser intensity as low
as 1 mW/cm? [35]. Furthermore, the grating inscription
appears to depend only on the total net exposed energy,
and not on the distribution of irradiation intensity over
time [**34]. With high power, however, single-beam
experiments have demonstrated the creation of a phase-
inverted structure at laser intensity >300 W/cm?. This
clever set of experiments used a gaussian distribution of
intensity from a single focussed spot to produce a surface
depression at the centre of the focus at low laser power,
while the high power irradiation created the opposite effect
of a surface peak in this central region [**34]. Irradiation
of a large area with intense laser light in the interference
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Fig. 4. Schematic depicting the surface of a grating with spacing A
during laser inscription, where light intensity maxima in the interference
pattern correspond to surface relief minima on the polymer film.

experiment showed an in-phase grating in the high-intensi-
ty region, and an out-of-phase grating in the low intensity
region [**34]. The interim region clearly showed interdigi-
tation of the peaks from the two regimes, resembling a
doubling of grating period observed by others [**36,37].
These results strongly suggest that two mechanisms are
operating during inscription: one which dominates at high
intensity, and one at low. The high-intensity gratings were
found to be stable against erasure, indicating the possibility
of a destructive mechanism.

From an applied standpoint these interdigitated gratings
are of great interest, as they represent a mechanism to
produce structures at 1/2 the wavelength of the light used,
well below usual diffraction limits. Pulsed laser experi-
ments (which have extremely high peak intensities for brief
periods of time) have produced SRGs in samples with
absorbing but non-isomerizing chromophores [38], but it is
not clear that the mechanism is non-destructive, and not
simply related to high power ablation. In al low power
experiments (<100 mW/cm?), recovery of a flat film of
the original thickness on heating to T confirms the non-
destructive reversibility of the process. Most azo chromo-
phores used for SRG formation have been prepared with
ring substituents that provide an overlap of the trans and
cis absorption maxima, alowing both isomers to be
excited with a single wavelength. Some experiments have
been performed using chromophores with trans absorption
in the blue and cis absorption in the red [38]. Irradiation is
then performed by interference of red HeNe probe beams.
SRG formation is only observed when a pump beam in the
blue is turned on concurrently, which confirms that cycling
of chromophores, and not simply isomerization, is required
for grating formation.

Some of the most confusing (although critical) results
are those related to the polarization dependence of the
SRG inscription process. Early experiments indicated that
the recording was sensitive both to intensity and polariza-
tion patterns [39], and that an optical field vector com-
ponent in the direction of light modulation (hence mass
transport) was necessary [*29]. In fact, a weak SRG has
even been shown to be formed with pure polarization
gratings, where the light intensity is uniform over the film
surface [**40]. Gratings also appear t0 possess a memory
effect of the polarization pattern of the writing process, as
demonstrated by variations in their erasure behaviour [41].
The exact polarization pattern created through the film
volume in principle can be deduced from the polarization
state of the two interfering beams, but in practice relating
this complex pattern to the observed SRG formation is
difficult, since both the refractive index gratings and
birefringence gratings inscribed concurrently in these films
serve to redirect and re-polarize the light as it travels
through the material. In redlity, only the intensity and
polarization interference patterns very close to the film
surface can be known with any certainty, until much
further modelling is done.
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2.2. Dependence on material properties

Polymer molecular weight was found to be a crucia
parameter in grating inscription. Thin films of monomer
unattached to a polymer backbone do not produce SRGs,
but increasing the polymer molecular weight beyond a
critical size (most likely the entanglement limit) also
prevents SRG formation [*33]. Although most experiments
have been performed on thin spin-coated films of amor-
phous polymer, it is important to note that liquid crys
talline polymers have been found to exhibit SRG formation
[30,¥31,42]. Electrostatically self-assembled multilayers of
azo-containing polyelectrolytes [43—-46] have aso been
shown suitable for SRG formation, athough with sig-
nificantly reduced amplitude, presumably due to the con-
straints to polymer mobility imposed by the many ionic
attachment points which can function as crosslinks. Per-
haps the most startling aspect of the SRG formation in
amorphous polymers is that large-scale mass transport
occurs readily at room temperature in polymer systems
with high T, [47], in some cases higher than 370°C [48].
Although it has proved elusive to quantify, thereis likely a
reduction of the bulk viscosity in azo-containing polymers
upon isomerization (‘photo-softening’) which aids in the
process, suggested by both AFM studies [*28] and by
guartz crystal resonance [49]. Maximizing the amount of
azo chromophores in the films usualy enhances the effect
[35], but is not always advantageous however, as recent
studies with preparing copolymers where only one of the
monomers is an azobenzene produced a counter example
system where intermediate azo functionalization (50—75%)
created the largest SRG [50].

Lastly, there may well be phase changes induced in the
films which affect the grating inscription process. The
polarization pattern of the light interference appears to
transfer an orientational anisotropy grating into the film, so
that annealing an SRG above T, (which smoothes out the
surface modulation) leaves behind a density grating in the
film [**51]. This may be attributed to the creation of
seeding ‘crystal’ aggregates during SRG formation. This
result is similar to the production of surface topography
[52] and surface density patterns [*53], as observed by
tapping mode AFM, on an azo-containing film exposed to
an optical near field.

3. Proposed mechanisms and models

Several mechanisms have been proposed to explain the
origin of the driving force responsible for surface relief
grating inscription, including thermal gradients, diffusive
mechanisms, pressure gradients resulting from isomeriza-
tion, and the supposition of interactions between the azo
dipoles and the electric field of the light interference
pattern. There is substantially better agreement with
modelling the process, which can be done independent of

the exact nature of the driving force, considering just the
expected evolution of the viscous flow in the polymer film
which would result given a driving force that scales with
light intensity. Simple fluid mechanics models have pro-
vided suitable agreement with experimental observations
[54], which were later extended to take into account a
depth dependence and velocity distribution in the film
[55,56], and also polymer film deformation (contraction or
elongation in the direction of the electric field of the
irradiating light) [**57], and have shown remarkable
agreement with experimental results, reproducing features
of both high and low intensity exposures in single-beam
and interference grating experiments. These models do not
yet explicitly include restoring forces (such as surface
tension) that would tend to work against the formation of
SRGs, but it is expected that such restoring forces would
serve to explain why the gratings eventually saturate.

3.1. Thermal gradient mechanisms

The microscopic origin of the driving force is not
obvious, and many mechanisms have been suggested to
account for it. Models involving thermal effects appear to
be the most readily proposed, but suffer the drawback that
such mechanisms would be sensitive to the intensity of the
light interference pattern, but not its polarization, counter
to observations. For example, SRGs have been written
using a pure polarization pattern, where the intensity of the
light at the film surface is constant. Attempts to produce
SRGs with absorbing chromophores other than azobenzene
have not been successful, and it appears that the isomeriza-
tion is necessary for the process. Experiments at high laser
intensity [**34] (and experiments with pulsed systems
[38], which are equivalently high intensity) on the other
hand show neither a polarization dependence nor a strict
reliance on azobenzene chromophores. In these cases, a
thermal mechanism may be applicable, but it is still not
clear that these features are not ablative in origin.

3.2, Asymmetric diffusion

Lefin et a. have developed an elegant diffusion model to
account for the formation of SRGs based on the creation of
a concentration gradient [58,59]. This mechanism is unique
to azobenzene since the photoinduced trans-cis-trans
isomerization cycles lie at the heart of a cleverly proposed
asymmetric migration of dye molecules (or dye-laden
polymers) well below T,. It is suggested that individual
molecules (chromophores or polymer chains) undergo
transient motion along their length upon photo-excitation
and therma re-conversion, due to the inherent shape
anisotropy of the chromophore. The probability of under-
going a statistical random-walk is related to the probability
of excitation, which in turn is related to the intensity of
light and the angle between the electric field vector of the
light and the chromophore dipole moment. There is thus a
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net flux of molecules out of areas of light and into the
dark, aided by pointing the dipoles towards the dark
regions through a polarization-dependent photo-alignment.
Once a molecule has diffused into a dark region, there is a
zero probability of it being excited back into a light region,
and hence the azo molecules (and their host backbone
chains) would be expected to congregate coincident with
the interference pattern, and produce a surface relief
grating. In contrast to observations, this model would seem
to predict the most prominent effects with small molecule
azobenzenes, since polymers with a large number of
pendant azos would require al side-groups to migrate in
the same direction to avoid a defeating ‘tug-of-war’ with
the mainchain.

3.3 |somerization pressure

A mechanism based on pressure gradients inside the
polymer film was also proposed early on, by Barrett et a.
[*33,54]. This mechanism is based on the idea that the free
volume increase required for isomerization of the bulky
azo chromophores leads to alocal pressure in areas of high
light intensity, proportional to the incident light intensity.
Upon irradiation, the trans-cis isomerization of the chro-
mophores requires a change in size and shape of the free
volume pocket surrounding each azo group. Insufficient
free volume available for this geometrical change resultsin
a pressure exerted on the neighbouring polymer chains,
and hence represents a mechanical force in regions of high
light intensity. Order-of-magnitude estimates were used to
propose that this mechanical pressure is above the yield
point in these soft polymers, and hence plastic flow would
be expected to result from regions of high light intensity to
regions of low light intensity. A light intensity gradient
then produces a corresponding pressure gradient, which is
the source of the driving force in the film coincident with
the interference pattern. The shortcoming of this mecha-
nism, however, is that while it can explain the intensity
component of the interference pattern, it does not include
any polarization dependence, in contrast to the most recent
observations.

3.4. Mean-field theory

Mechanisms based on electromagnetic forces seem
promising, since these naturaly include both the intensity
and polarization state of the incident radiation. In a mean-
field model proposed by Ramanujam and Hvilsted
[**36,60], each chromophore is subject to a potential
resulting from the dipoles of all other chromophores.
Under irradiation, chromophores at any given point will be
oriented perpendicular to the light polarization at that
point. The mean-field that they generate will tend to align
other chromophores in the same direction, and also causes
an attractive force between side-by-side chromophores
oriented in the same direction. Overall, this results in a net

force on chromophores in illuminated areas, causing them
to order and aggregate. This mechanism predicts a collec-
tion of mass in the areas of high light intensity, at the
expense of areas of lower intensity. It is possible that this
mechanism is operating in cases where inverted phase
behaviour has been observed, most notably in certain
liquid crystalline systems where chromophore motion and
ordering would be expected to be more facile. The
polarization of incident light is explicitly included in the
model, which correctly predicts the shape and amplitude of
some critical polarization combinations. These polarization
effects are related to the chromophore ordering which
polarized light induces. This mechanism includes the
peculiar properties of azobenzene only to explain the
photo-induced ordering of chromophores. If this were the
dominant mechanism, then it would be expected that any
dipolar chromophore in a matrix with sufficient mobility
could generate surface relief gratings, which has not yet
been observed.

3.5. Permittivity gradient theory

A mechanism involving spatial variation of the permit-
tivity, &, has recently been presented by Baldus and Zilker
[61]. The mechanism assumes that a spatial modulation of
the refractive index in the film is generated under irradia
tion, which is reasonable considering the well-established
chromophore ordering which occurs. This variation in n
has a corresponding variation in &, and one would expect
there to be a sinusoidally varying permittivity at the film
surface. A force is then exerted between the film and the
optical electric field vector pointing in the direction of the
grating vector. The driving force is proportional to the
sgquare of the electric field in the grating vector direction,
and to the gradient of permittivity at any point [61]:

- & = 2

f = -5 E Ve ()
Material is moved out of areas with high gradients of
permittivity, and in general is moved out of areas of
illumination. Here again the mechanism does not seem to
be restricted to azobenzene systems. Any system which
exhibits a modulated refractive index under irradiation
should experience a similar internal force which deforms
the sample, yet this has not yet been observed. Baldus and
Zilker have also reported a similar mechanism to explain
SRGs in pulsed (high-intensity) experiments. In this case,
a transient thermal grating is held to be responsible for
generating a spatially varying permittivity, but the force
that results is identical [38,62].

3.6. Gradient electric force
The mechanism proposed by Kumar et al. to explain the

requirement of an electric field component in the direction
of polymer flow is based upon optical gradient forces



492 K.G. Yager, C.J. Barrett / Current Opinion in Solid Sate and Materials Science 5 (2001) 487—494

[*28,**40,63]. The theory suggests that the spatial vari-
ation of the light (both intensity and polarization) leads to
a variation of the material susceptibility, y, at the film
surface. The electric field of the incident light then leads to
a polarization of the material, whose magnitude is related
both to the intensity of the light, and the susceptibility at
any given point [**40]:

P = €0Xilj Ej (2

Forces are expected to occur between a polarized material
and a light field gradient in a similar way to a dipole
experiencing a net force in an electric field gradient. In this
particular case, the time-averaged force would take the
form [**40]:

7 :<(E> -v)E> ©)

Thus, the grating inscription would be related to the
spatially-varying material susceptibility, the magnitude of
the electric field, and the gradient of the electric field. This
naturally includes the polarization dependence observed in
experiment. In fact, the gradient force mechanism quali-
tatively explains the magnitude of SRGs obtained for all
combinations of polarization states of writing beams. In
this mechanism, azobenzenes are required for two reasons.
Firstly, the light-induced orientation of azobenzenes is
required to modulate the susceptibility of the material, and
second, a photo-induced plasticization is assumed, permit-
ting materia mobility well below T,.

4. Conclusions and per spectives

The fluid mechanics models that have been presented
accurately predict the time evolution of the surface topolo-
gy, independent of a given a driving force in the polymer
film. There is till not general agreement on the origin of
the driving force for this interesting process however, as
many competing mechanisms are independently plausible.
No mechanism yet proposed accounts for all experimental
observations, and it may very well be the case that more
than one mechanism is operating. At the present time, the
gradient force model presented by Kumar et al. appears to
be most effective as a rationalization of the diverse set of
experimental results, and a promising guide towards
further research.

From an applied standpoint, there is much promise in
exploiting the creation of surface relief patterns with a
periodicity twice that of the standing light wave pattern
[**36,37,**40]. Such a pattern is produced only with a
very specific mixture of light polarizations, namely the
interference of s and p polarization. Although this essen-
tially forms structures below the diffraction limit of the
light used, the resolution limitation of the polymer material
has prevented extrapolation into extremely small size

scales. Explanations of this phenomenon based upon
complex interference of light waves at the surface were
proposed, but fail to fully account for the structure [**36].
The occurrence of such a structure may be related to the
competition of two mechanisms, one in-phase and one
out-of-phase with respect to the light interference pattern,
as observed in variable intensity experiments [**34].
Conversely, a mechanical model that assumes only some
extension of polymer film under irradiation, predicts such a
structure naturally [**57]. This suggests that the double-
period grating is a simple consequence of the polarization
grating at the film surface.

Acknowledgements

The authors are grateful to Professors Natansohn, Roch-
on, Kumar, Ramanujam, and Hvilsted for many helpful
discussions. The authors aso appreciated numerous en-
lightening and enjoyable discussions with the late Profes-
sor Tripathy, whose work spawned this research area to a
great extent, and to whom this review is dedicated.

References

Papers of particular interest, published within the annual
period of review, have been highlighted as:
* of special interest;
** of outstanding interest.

[1] Rochon P, Batalla E, Natansohn A. Opticaly induced surface
gratings on azoaromatic polymer-films. Appl Phys Lett 1995;66:136.

[2] Kim D, Tripathy S, Lian L, Kumar J. Laser-induced holographic
surface-relief gratings on non-linear-optical polymer-films. Appl
Phys Lett 1995;66:1166.

[3] Rau H. Photochemistry of azobenzenes. In: Rebek J, editor, Photo-
chemistry and photophysics, vol. 2, Boca Raton, FL: CRC Press,
1990, p. 119.

[4] Kumar G, Neckers D. Photochemistry of azobenzene-containing
polymers. Chem Rev 1989;89:1915.

[5] Wilner I, Rubin S. Control of the structure and functions of
biomaterials by light. Angew Chem Int Ed Engl 1996;35:367.

[6] Natansohn A, Rochon P. Photoinduced motions in azobenzene-based
amorphous polymers: possible photonic devices. Adv Mater
1999;11:1387.

[7] Delaire J, Nakatani K. Linear and non-linear optica properties of
photochromic molecules and materials. Chem Rev 2000;100:1817.

[8] Bach H, Anderle K, Fuhrmann T, Wendorff J. Biphoton-induced
refractive index change in 4-amino-4' -nitroazobenzene/ polycarbo-
nate. J Phys Chem 1996;100:4135.

[9] Labarthet F, Buffeteau T, Sourisseau C. Analyses of the diffraction
efficiencies, birefringence, and surface relief gratings on azoben-
zene-containing polymer films. J Phys Chem B 1998;102:2654.

[10] Labarthet F, Rochon P, Natansohn A. Polarization analysis of
diffracted orders from a birefringence grating recorded on azoben-
zene containing polymer. Appl Phys Lett 1999;75:1377.

[11] Helgert M, Fleck B, Wenke L, Hvilsted S, Ramanujam P. An
improved method for separating the kinetics of anisotropic and



(12]

(13]

(14]

(19]

(16]

(17]

[*18]

(19]
[20]
(21]

(22]

(23]

(24]

(29]

[*26]

(27]

[*28]

[*29]

(30

[*31]

(32]

[*33

[**34]

(39]

K.G. Yager, C.J. Barrett / Current Opinion in Solid Sate and Materials Science 5 (2001) 487—494

topographic gratings in side-chain azobenzene polyesters. Appl Phys
B 2000;70:803.

Tripathy S, Viswanathan N, Balasubramanian S, Kumar J. Holo-
graphic fabrication of polarization selective diffractive optical
elements on azopolymer film. Polym Adv Technol 2000;11:570.
Paterson J, Natansohn A, Rochon P, Callender C, Robitaille L.
Optically inscribed surface relief diffraction gratings on azobenzene
containing polymers for coupling light into slab waveguides. Appl
Phys Lett 1996;69:3318.

Rochon P, Natansohn A, Callender C, Robitaille L. Guided mode
resonance filters using polymer films. Appl Phys Lett 1997;71:1008.
Stockermans R, Rochon P. Narrow-band resonant grating waveguide
filters constructed with azobenzene polymers. Appl Opt
1999;38:3714.

Nagata T, Matsui T, Ozaki M, Yoshino K, Kajzar F. Novel optical
properties of conducting polymer-photochromic polymer systems.
Synth Met 2001;119:607.

Dumarcher V, Rocha L, Denis C et a. Polymer thin-film distributed
feedback tunable lasers. J Opt A Pure Appl Opt 2000;2:279.
Rocha L, Dumarcher V, Denis C, Raimond P, Fiorini C, Nunzi J.
Laser emission in periodically modulated polymer films. J Appl
Phys 2001;89:3067.

Ramanujam P, Pedersen M, Hvilsted S. Instant holography. Appl
Phys Lett 1999;74:3227.

Egami C, KawataY, Aoshima et al. Two-stage optical data storage
in azo polymers. Jon J Appl Phys 2000;39:1558.

Neumann J, Wieking K, Kip D. Direct laser writing of surface reliefs
in dry, self-developing photopolymer films. Appl Opt 1999;38:5418.
Li X, Natansohn A, Rochon P. Photoinduced liquid crystal align-
ment based on a surface relief grating in an assembled cell. Appl
Phys Lett 1999;74:3791.

Kim M, Kim J, Fukuda T, Matsuda H. Alignment control of liquid
crystals on surface relief gratings. Liq Cryst 2000;27:1633.
Parfenov A, Tamaoki N, Ohnishi S. Photoinduced alignment of
nematic liquid crystal on the polymer surface microrelief. J Appl
Phys 2000;87:2043.

Parfenov A, Tamaoki N, Ohnishi S. Photoinduced alignment of
nematic liquid crystal on the polymer surface microrelief. Mol Cryst
Lig Cryst 2001;359:487.

Nod S, Batalla E, Rochon P. A simple method for the manufacture
of mesoscopic metal wires. J Mater Res 1996;11:865.

Kim D, Lee T, Tripathy S, Jang X, Li L, Kumar J. Photo-
fabrication of surface relief gratings on polymer films. Macromol
Symp 1997;116:127.

Kumar J, Li L, Jiang X, Kim D, Lee T, Tripathy S. Gradient force:
the mechanism for surface relief grating formation in azobenzene
functionalized polymers. Appl Phys Lett 1998;72:2096.

Bian S, Li L, Kumar J, Kim D, Williams J, Tripathy S. Single laser
beam-induced surface deformation on azobenzene polymer films.
Appl Phys Lett 1998;73:1817.

Holme N, Nikolova L, Hvilsted S, Rasmussen P, Berg R, Ramanu-
jam P. Optically induced surface relief phenomena in azobenzene
polymers. Appl Phys Lett 1999;74:519.

Helgert M, Wenke L, Hvilsted S, Ramanujam P. Surface relief
measurements in side-chain azobenzene polyesters with different
substituents. Appl Phys B 2001;72:429.

Kim D, Li L, Jang X, Shivshankar V, Kumar J, Tripathy S.
Polarized laser induced holographic surface relief gratings on
polymer films. Macromolecules 1995;28:8835.

Barrett C, Natansohn A, Rochon P Mechanism of optically
inscribed high-efficiency diffraction gratings in azo polymer films. J
Phys Chem 1996;100:8836.

Bian S, Williams J, Kim D et a. Photoinduced surface deformations
on azobenzene polymer films. J Appl Phys 1999;86:4498.

Fukuda T, Matsuda H, Shiraga T et al. Photofabrication of surface
relief grating on films of azobenzene polymer with different dye
functionalization. Macromolecules 2000;33:4220.

[* * 36]

(37]

(38]

(39]

[* * 40]

(4]

(42]

(43]

(44]

(49]

(46]

(47]

(48]

(49]

(50]

[**51]

(52]

[*53]

(54]

(59]

(56]

493

Naydenova |, Nikolova L, Todorov T, Holme N, Ramanujam P,
Hvilsted S. Diffraction from polarization holographic gratings with
surface relief in side-chain azobenzene polyesters. J Opt Soc Am B
1998;15:1257.

Labarthet F, Bruneel J, Buffeteau T et a. Photoinduced orientations
of azobenzene chromophores in two distinct holographic diffraction
gratings as studied by polarized Raman confocal microspectrometry.
Phys Chem Chem Phys 2000;2:5154.

Baldus O, Leopold A, Hagen R, Bieringer T, Zilker S. Surface relief
gratings generated by pulsed holography: a simple way to polymer
nanostructures without isomerizing side-chains. J Chem Phys
2001;114:1344.

Jang X, Li L, Kumar J, Kim D, Shivshankar V, Tripathy S.
Polarization dependent recordings of surface relief gratings on
azobenzene containing polymer films. Appl Phys Lett 1996;68:2618.
Viswanathan N, Balasubramanian S, Li L, Tripathy S, Kumar J. A
detailed investigation of the polarization-dependent surface-relief-
grating formation process on azo polymer films. Jon J Appl Phys
1999;38:5928.

Jian X, Kumar J, Kim D, Tripathy S. Unusual polarization depen-
dent optical erasure of surface relief gratings on azobenzene
polymer films. Appl Phys Lett 1998;72:2502.

Ubukata T, Seki T, Ichimura K. Surface relief gratings in host—guest
supramolecular materials. Adv Mater 2000;12:1675.

Wang X, Baasubramanian S, Kumar J, Tripathy S, Li L. Azoch-
romophore-functionalized polyelectrolytes. 1. Synthesis, characteri-
zation, and photoprocessing. Chem Mater 1998;10:1546.

He J, Bian S, Li L, Kumar J, Tripathy S, Samuelson L. Surface
relief gratings from electrostatically layered azo dye films. Appl
Phys Lett 2000;76:3233.

Lee S, Baasubramanian S, Kim D et al. Azo polymer multilayer
films by electrostatic self-assembly and layer-by-layer post azo
functionalization. Macromolecules 2000;33:6534.

He J, Bian S, Li L, Kumar J, Tripathy S, Samuelson L. Photochemi-
cal behavior and formation of surface relief grating on self-assem-
bled polyion/dye composite film. J Phys Chem B 2000;104:10513.
Lee T, Kim D, Jiang X, Li L, Kumar J, Tripathy S. Photoinduced
surface relief gratings in high-T-g main-chain azoaromatic polymer
films. J Polym Sci A Polym Chem 1998;36:283.

Chen J, Labarthet F, Natansohn A, Rochon P. Highly stable optically
induced birefringence and holographic surface gratings on a new
azocarbazole-based polyimide. Macromolecules 1999;32:8572.
Srikhirin T, Laschitsch A, Neher D, Johannsmann D. Light-induced
softening of azobenzene dye-doped polymer films probed with
quartz crystal resonators. Appl Phys Lett 2000;77:963.

Andruzzi L, Altomare A, Ciardelli F, Solaro R, Hvilsted S,
Ramanujam P. Holographic gratings in azobenzene side-chain
polymethacrylates. Macromolecules 1999;32:448.

Pietsch U, Rochon P, Natansohn A. Formation of a buried lateral
density grating in azobenzene polymer films. Adv Mater
2000;12:1129.

Watanabe O, Ikawa T, Hasegawa M et al. Transcription of near-field
induced by photo-irradiation on a film of azo-containing urethane-
urea copolymer. Mol Cryst Lig Cryst 2000;345:629.

lkawa T, Mitsuoka T, Hasegawa M et al. Optica near field induced
change in viscoelasticity on an azobenzene-containing polymer
surface. J Phys Chem B 2000;104:9055.

Barrett C, Rochon P, Natansohn A. Model of laser-driven mass
transport in thin films of dye-functionalized polymers. J Chem Phys
1998;109:1505.

Sumaru K, Yamanaka T, Fukuda T, Matsuda H. Photoinduced
surface relief gratings on azopolymer films: anaysis by a fluid
mechanics model. Appl Phys Lett 1999;75:1878.

Fukuda T, Sumaru K, Yamanaka T, Matsuda H. Photo-induced
formation of the surface relief grating on azobenzene polymers:
analysis based on the fluid mechanics. Mol Cryst Lig Cryst
2000;345:587.



494 K.G. Yager, C.J. Barrett / Current Opinion in Solid Sate and Materials Science 5 (2001) 487—494

[**57] Bublitz D, Fleck B, Wenke L. A model for surface-relief formation [61] Baldus O, Zilker S. Surface relief gratings in photoaddressable
in azobenzene polymers. Appl Phys B 2001;72:931. polymers generated by cw holography. Appl Phys B 2001;72:425.
[58] Lefin B, Fiorini C, Nunzi J. Anisotropy of the photoinduced [62] Leopold A, Wolff J, Baldus O, Huber M, Bieringer T, Zilker S.
trandation diffusion of azo-dyes. Opt Mater 1998;9:323. Thermally induced surface relief gratings in azobenzene polymers. J
[59] Lefin P, Fiorini C, Nunzi J. Anisotropy of the photo-induced Chem Phys 2000;113:833.
trandation diffusion of azobenzene dyes in polymer matrices. Pure [63] Bian S, Liu W, Williams J, Samuelson L, Kumar J, Tripathy S.
Appl Opt 1998;7:71. Photoinduced surface relief grating on amorphous poly(4-
[60] Pedersen T, Johansen P, Holme N, Ramanujam P, Hvilsted S. phenylazophenol) films. Chem Mater 2000;12:1585.

Mean-field theory of photoinduced formation of surface reliefs in
side-chain azobenzene polymers. Phys Rev Lett 1998;80:89.



