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Infrared-Laser Induced Periodic Structures
in Azobenzene Polymer Films

Paul Rochon
Mario Ivanov
Physics Department, Royal Military College of Canada, Kingston,
Ontario, Canada

Azobenzene containing polymers are spin coated onto glass slides to form 200 to
400 nm thick films. The films are then poled by corona discharge to orient the
azobenzene molecules in a direction perpendicular to the surface. A single infrared
Nd-YAG laser beam at 1064 nm is incident on the film along the normal to the sur-
face. This beam is within the transmission window of the film and is thus not
highly absorbed. We have found that second harmonic SHG (at 532 nm) and third
harmonic THG (at 354.7 nm) beams are generated and are emitted in the form of
arcs behind the sample. These arcs are consistent with emission from periodic
structures with a 700 nm spacing. If the sample is not poled then only the arc from
the third harmonic is generated. We have also found that if the laser power is
increased above a specific threshold then permanent surface ripples are formed
on the polymer surface even though the laser power is well below the ablation
threshold. We will also look at the effects of including optically written surface
relief gratings to enhance the coupling of the IR light to the azopolymer film to
lower power required to observe non-linear response.

Keywords: azobenzene; gratings; LIPS (light induced periodic surfaces); second and
third harmonic generation

INTRODUCTION

Recent interest in azobenzene containing polymers for non-linear
optics has increased since it has been shown that the molecular pos-
ition, concentration and orientation can be optically controlled [1].
The use of these polymers that exhibit high non-linear coefficients is
attractive because of the possibility of optical and electrical modu-
lation of the device. In addition both second order [2] and third
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order [3] signal generation can be used as a probe to study the molecu-
lar distribution in films as these are optically modified. The fact that
surface relief gratings can be inscribed in polymers by using the inter-
ference of two laser beams is of particular interest in the present paper
because it shows that light can be used to deform the surface [4] in a
controlled manner. The polarization interference pattern eventually
causes the material to flow and form a sinusoidal surface grating.
By properly selecting the film thickness and surface grating spacing
a resonant cavity can be obtained such that incident light is coupled
into the cavity and a high intensity standing wave is produced. In
the case of a non-linear material such as the azopolymer, second and
third harmonic generation are resonantly enhanced [5]. Here we
present such a resonant system where not only do we generate a
resonant non-linear response but we also observe off axis emission
at the SHG and THG frequencies arising from a periodic modulation
of the incident beam.

We investigate the off axis generation of SHG and THG signals as
well as the formation of surface relief structures using only a single
weakly absorbed laser beam. The formation of sub wavelength parallel
lines using a single laser beam has been studied for some time [6–11].
In these cases a single laser beam is highly absorbed by the material
under study and starts a self organization process, which after a cer-
tain number of laser pulses, leads also to formation of parallel lines
on the surface that are called LIPS (Laser Induced Periodic Struc-
tures). Excimer lasers k ¼ 193, 248 nm were mainly used and the
favourite organic materials were polyethilene-terephtalate and polyi-
mide type polymers. Most of the authors used the idea that a scattered
wave on or near the surface interferes with the direct wave thereby
generating periodic regions of low and high intensity. The spacing of
the patterns is described by the formula:

K ¼ k
n� sinðhÞ ð1Þ

where K is the spacing of the LIPS, k is the wavelength of the exci-
tation laser in vacuum and ‘‘n’’ is the refractive index of the material.
To explain the observed period of the ripples, the authors introduce
the idea [7] of a selvedge region—a tin upper layer of the polymer
where the refractive index is some type of average between the bulk
index of the polymer and 1 (the index of the air). Hiraoka and Sendova
[9] proposed that a guided wave might be interacting with the incident
wave. In the present study we show that two IR photon absorption in
the azopolymers film leads to a periodic distribution of second and
third harmonic ‘‘sources’’ in the polymer film as well as the eventual
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generation of periodic structures very reminiscent of the LIPS struc-
tures. It is seen that in our case the main beam is not highly absorbed,
that a periodic pattern can be generated at lower powers without
permanent damage to the film although increasing the laser power
can make stable LIPS. The generation of surface structures by a two
photon single beam has recently been reported by Nunzi’s group [12]
in their studies on all optical poling and translational diffusion.
Tsutsumi and Fujihara [13] have also reported spontaneous gratings
generated by pulsed single beams at 532 nm.

EXPERIMENTAL SETUP AND SAMPLES

The detailed synthesis and characterization of the samples have been
previously reported [14]. The polymer—PDR1M was dissolved in
dichloromethane and spin cast onto clean glass substrates. The film
was then heated at 130 C� for one hour in order to remove any remain-
ing solvent. The thickness of the polymer layer was measured using a
Dektak II profilometer to be about 400 nm, thick enough to support at
least one mode of IR light at 1064 nm. A surface relief grating of about
100 nm depth and with a spacing of 695 nm was written on the poly-
mer surface to couple the IR light into the film at normal incidence.
The sample was poled using a corona poling technique by placing a
50 micron wire 1 cm above the film and poling with 3 kV at a tempera-
ture of 100�C. This temperature permits molecular re-orientation, yet
does not erase the grating . The optical set-up for detection of SHG and
THG is as shown in Figure 1.

A horizontally polarized, 10 ns pulse Nd–YAG laser (k ¼ 1064 nm)
was directed along the normal onto the polymer. The energy of the

FIGURE 1 Optical set-up for observing resonant SHG generation.
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pulses varied from 5 mJ to 50 mJ. The energy density at the sample
varied from 1.2 to 12.0 J=cm2. A screen of luminescent paper or a
Polaroid camera was placed behind the sample to observe or register
the transmitted and scattered light. A second set-up as shown in
Figure 2 was used to measure simultaneous SHG generation and
the surface grating. A low power diode laser at 670 nm was used to
observe the scattered light by the surface grating while the SHG
was directly detected using a GaAsP photodiode. The surface forma-
tions were examined using an atomic force microscope.

RESULTS AND DISCUSSION

A single pulse at 1.0 J=cm2 produces the expected SHG peaks when the
incident beam is normally incident, as shown in Figure 3. The SHG
are visible as two spots on either side of the direct beam. These disap-
pear if the angle of incidence is more than one degree off normal. The
SHG beams are diffracted at an angle of about 50 degrees, in agree-
ment with a grating spacing of 695 nm on the polymer surface. A most
interesting additional feature seen in Figure 3 are faint arcs that form
part of a circle around the central beam. The arcs are more intense in
the direction perpendicular to the polarization direction. The circle
forms a cone with an angle of about 50 degrees.

We then verified that the resonant coupling was not required
for the generation of the arc scattering by looking at the scattering
from a poled sampled without a surface grating. This is shown in
Figure 4.

In this case it is observed that the arcs are formed, again with
higher intensity in the direction perpendicular to the incident beam
polarization. In Figure 4, the pulse energy was increased to 12 J=cm2.

FIGURE 2 Detection of SHG and surface relief formation.
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FIGURE 4 SHG and THG scattering from a poled sample.

FIGURE 3 Photographic recording of main beam and SHG diffracted beams.
All beams are horizontally polarized.
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The effect of the energy increase is two fold, firstly we observed the
appearance of the THG arcs at smaller cone angles and secondly we
see that the SHG are disappearing as they are being erased by the
high intensity writing beam. Furthermore, in centro-symmetric
unpoled samples we have observed that two phenomena can occur
simultaneously—the generation of third harmonic k ¼ 354.7 nm with
an associated diffraction pattern as well as the formation of stable sur-
face deformation in the form of a grating similar to laser induced sur-
face structures known as LIPS. An AFM picture is shown in Figure 5.

In contrast to the previously reported LIPS in polymers where nor-
mally the laser radiation is highly absorbed such as in the case of UV
lasers with k ¼ 193, 248 nm or in some cases k ¼ 532 nm, we observed
for the first time to our knowledge, a formation of periodic structures
in polymers by an infrared laser radiation that is not highly absorbed
by the film. For a laser pulse energy of about 10 J=cm2 the formation of
LIPS happens relatively fast—10 pulses or less. More importantly, the
generated 3rd harmonic k ¼ 354.7 nm produces a diffraction pattern
observed as two arcs on the screen.

When a sufficient number of pulses of higher energy are used per-
iodic surface structures appear on the surface of the polymer. This
can be observed by noting that the inscribed area now scatters
reflected or transmitted light, by shinning a lower power cw probe
beam and observing the resultant diffraction pattern, and by the

FIGURE 5 AFM surface profile showing laser induced grating. The grating
spacing is about 700 nm and depth about 100 nm.
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surface profile using an atomic force microscope. The AFM scans as
seen in Figure 5 reveal a complicated structure with the horizontal
ripples that are parallel to the polarization of the infrared laser. Their
period of the induced grating is measured using the AFM pictures and
the diffraction to be about 700 nm. These results are similar to those
reported in LIPS experiments except for the fact that here we are
using a laser that is only weakly absorbed by the polymer and that
our optical observations are made using the third harmonic generated
through non-linear absorption.

We have investigated the dynamics of formation of the surface struc-
tures by simultaneously measuring the SHG beam and the red surface
grating probe beam. Typical results are seen in Figures 6 and 7.

FIGURE 6 SHG scattering (top) and surface scattering (bottom) at lower
power. The writing laser is turned on at t ¼ 10 sec. 

FIGURE 7 SHG scattering (top) and surface scattering (bottom) at higher
power. The writing laser is turned on at t ¼ 10 sec.
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Here the SHG scattering is seen to appear quickly after the writing
beam is turned on. However the scattering from the surface has a sub-
stantially different behavior. At low power, the SHG scattering
reaches steady state and remains there for extended time. There is
no scattering from the surface probe and no surface grating is
observed. This is confirmed by AFM. At higher power, the SHG rises
quickly but does not reach a level that is quadratic in relation to the
power increase, as would be expected. Instead it is observed that it
decreases with time as the high power beam makes the azobenzene
molecules move and erases the non centro-symmetric configuration,
thereby decreasing the SHG. At the same time we observe the increase
in the surface scattering as the active molecules can now move and
form the surface grating. This grating is stable as confirmed by
AFM. We conclude that as the writing beam is turned on the beam
profile is made to adopt a periodic pattern with a grating vector
perpendicular to the polarization direction. This pattern arises
presumably due to surface scattering and results in the appearance
of the arcs for SHG and THG. If the power of the infrared beam is suf-
ficiently high, the polymer film can be made to locally deform and pro-
duce a surface relief structure that also adopts the periodicity of the IR
standing wave. It is worth noting that the energy threshold where the
LIPS formations start to grow is relatively well defined and by chan-
ging the energy by only 3% near the threshold can cause surface rip-
ples to grow. We also note that the measured period, K, when using
formula 1 gives a selvedge effective index n � 1. 41, but the grating
orientation is orthogonal to that given by Sipe et al. [7] and we do
not observe an angular dependence for incidence angles of up to 45
degrees. The later observations are more consistent with other results
obtained in polymers [8,12,15].

CONCLUSION

We presented the scattering of SHG, THG and the formation of surface
gratings in a polymer by IR laser k ¼ 1064 nm. The absorption of the
polymer for that wavelength is low. For fluences below 9.5 J=cm2 no
surface formations appear. However the generated second
(k ¼ 532 nm) and third (k ¼ 354.7 nm) harmonic waves are scattered
as if by a grating and form a diffraction-like pattern on the screen.
Our explanation is that a standing wave formed by the interference
of the direct and scattered IR radiation causes a periodic arrangement
of the ‘‘secondary sources’’ which generate second and third harmonic
waves. When the IR fluence is over the boundary of 9.5 J=cm2 periodic
ripples grow on the surface of the polymer in direction parallel to the

96 P. Rochon and M. Ivanov

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
H

ai
fa

 L
ib

ra
ry

] 
at

 1
0:

19
 2

2 
A

ug
us

t 2
01

2 



light polarization. Their height reaches about 100 nm; their period
700 nm does not comply with the formula used by other authors.
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