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The temperature dependence of surface relief grating formation was studied using
continuous and pulse like exposure. Surface relief gratings were inscribed
on amorphous azobenzene polymer thin films using a holographic pattern of
circularly polarized light at wavelength equal to 514 nm in a vacuum chamber
to avoid the hot air turbulence. The efficiency of the surface relief grating
formation was probed using a He-Ne laser of wavelength 633 nm by monitoring
the first order diffraction peak (I1) as well as the specularly reflected intensity
(Is). Under continuous exposure permanent grating formation was observed up
to a temperature of about 100�C only. The same was found under pulse
like exposure but grating still exists as long as the actinic light is on. Above
100�C it relaxes entirely after switching the light off. This elastic component
disappears at about 115�C, i.e., close to the glass transition temperature. Our
findings can be interpreted by the competition between light-induced ordering
of azobenzene side chains and temperature induced disorder. Because the accu-
mulated stress within the polymer decreases with temperature, permanent
grating formation can only be observed when the light-induced stress is above
the yield stress.
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INTRODUCTION

It is well known that surface relief gratings (SRGs) can be inscribed on
polymer films containing azobenzene chromophores using a periodic
holographic light pattern of wavelength around 500 nm [1,2]. This
wavelength is close to the absorption maxima of the cis- and trans-
conformations of azobenzene. Illumination of the polymer at this
wavelength initiates the cis-trans and trans-cis photoisomerisation
which results in a light-induced material transport far below glass
transition temperature, TG. Under continuous holographic exposure
of thin polymer films Rochon et al. [1] and Kim et al. [2] observed
the formation of surface relief gratings of nearly sinusoidal shape.
Later it has been shown that the SRGs can be also inscribed using pulse
like illumination, whereby the scattering signal exhibited first an
instantaneous jump followed by a smaller slope of increase. If the
actinic light is switched off the intensity decays exponentially to a level
larger than that before the pulse. Depending on pulse duration and
laser intensity the plastic deformation can be accumulated and the
scattering intensity increases as function of the number of pulses [3].

In order to reproduce these time-dependent scattering data, we
modeled the process of grating formation under the assumption that
the polymer is an isotropic viscoleastic material with finite compres-
sibility [4]. The particular choice of this model deserves some expla-
nation. It is well-known that above TG a polymer response to an
external deformation is not purely viscous but rather viscoelastic. This
is true even in the melt state, where the elastic modulus can be as
small as few tens of kPa. Such reduction of the modulus accompanied
by the corresponding decrease of the viscosity is found after heating
the sample by some tens of degrees above TG. Slightly above TG, the
viscoelastic behavior is much more pronounced than in the melt state:
here the elastic modulus is in the order of 1 MPa that is three orders of
magnitude smaller than at the glassy state. The problem, however, is
that, contrary to a well-spread belief, only a minute softening of the
polymer layers was found under homogeneous visible illumination,
using a number of experimental techniques [5,6]. Thus, one inevitably
arrives to the conclusion that an inscribing force should be above a
certain yield point of the illuminated azobenzene polymers. Therefore,
the time-dependent visual scattering data should be modeled in
terms of the viscoplastic material model, in which the light induced
deformation has two components: the elastic and plastic ones [7].

A number of theories have been proposed to explain the origin of the
inscribing force [8–13] but none of them could explain the complete
process of grating formation depending on the polarization conditions
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and other parameters. Presently, the mechanism based on the
light-induced reorientation of azobenzene moieties looks the most
promising explanation [12,13]. This reorientation arises statistically,
after a number of isomerization cycles, when the long axis of
chromophores is mainly found to be perpendicular to the polarization
direction [14,15]. It has been shown recently that the light induced
stress arising due to reorientation of the chromophores is orders of
magnitude higher than that given by the previous theories, being only
slightly below a value of the yield stress expected for conventional
polymers [13].

Temperature resolved measurements can help to clarify the process
of elastic and plastic deformation caused by the light-induced ordering
and thermally induced relaxation during grating formation. In this
article we show such experiments under continuous exposure as well
as under pulse like exposure.

EXPERIMENT

Thin films were prepared from polymer (poly-{40[2-(methacryloxy)
ethyl]-ethyl}) pDR1M having the glass transition temperature of about
TG ¼ 120�C [16]. SRGs were inscribed using a semiconductor disc laser
from ELS GmbH operating at a green wavelength of 514 nm. This
wavelength is close to the absorption maximum of azobenzene chromo-
phores. The formation of SRGs was probed in-situ using a p-polarized
He-Ne laser operating at a red wavelength of 633 nm and having an
output intensity less than 5 mW=cm2. The wavelength of the probe
laser was outside the absorption maxima of azobenzene chromophores
and thus has no influence on the process of grating formation. To
study the temperature dependence of the grating formation, the sam-
ple was heated steadily using a Peltier plate. At a certain temperature
above the room temperature it was found that the wave front close to
the sample surface was disturbed by the turbulence of hot air which
led to attenuation of the grating formation process [17]. To avoid the
air turbulence, the experiment was performed inside a closed chamber
at pressure of about 1000 Pa created by a vacuum pump (Vacuubrand
GmbH).

The experiment setup is shown in Figure 1. It consists of the
inscribing laser followed by a lens system to expand the beam and a
quarter wave plate (k=4) to create the circular polarization of the light.
The vacuum chamber hosts a mirror and the sample equipped on a
Peltier plate. The mirror and the sample are arranged perpendicular
to each other. For the used angles of reflection at mirror the polari-
zation state of the reflected wave is still circular [18]. Thus, the
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interference of two contra circularly polarized beams results in a
periodic rotation of electric field vector while the intensity remains
nearly constant, which produces the gratings of the highest diffraction
efficiency and surface modulations [9,19,20]. Already at room
temperature the initially flat polymer film forms a sinusoidally shaped
surface relief grating after few minutes of exposure as shown in
Figure 2a. The scattered first order diffraction and the specular signal
were detected in reflection geometry using a pair of photodiodes.

The chromophore orientation and relaxation is strongly affected by
the presence of light. To study this behavior, pulse exposure technique
has been exploited. In this technique the polymer sample was
subjected to a cyclic inscribing force. This is achieved by designing a
mechanical shutter that was allowing light to fall on a sample for a
particular time period. The inscription process was initiated by a short
light pulse of 2 s followed by much longer relaxation time of 20 s in
dark. SRG formation was studied under continuous and pulse like
illumination at sample temperatures varying between room tempera-
ture and TG. The sample temperature was measured by means of a
thermistor with accuracy of one degree.

RESULTS

Figure 3a shows diffraction curves measured at different tempera-
tures under continuous exposure with laser intensity Ip ¼ 1 W=cm2.
It is clearly seen that the scattering intensity of the first order
peak varies significantly with temperature. At T ¼ 25�C one observes

FIGURE 1 Optical setup for inscription of diffraction gratings.
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a typical behavior known from the grating formation at room tempera-
ture [1,2]. The intensity increases exponentially at the beginning and
reaches saturation later. The intensity at saturation reflects the
achieved formation of a nearly sinusoidal SRG which is shown in
Figure 2a. The measured intensity I1(t) is proportional to the square
of the deformation jej2 and can be described by

I1ðtÞ ¼ IsatðTÞð1� e�t=spðTÞÞ ð1Þ

FIGURE 2 AFM images of the surface relief grating formed on the azoben-
zene polymer sample at room temperature, the grating height is 50 nm
(a), and at 100�C, the grating height is 10 nm (b). The grating period is 700 nm.
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where Isat is the intensity after saturation and 1=sp is the rate of
grating formation. The rate of grating formation 1=sp can be extracted
from the initial steepness of the diffraction efficiency curve seen in
Figure 3a. In contrast to room temperature, the efficiency of SRG
formation is strongly reduced at higher temperatures. This is seen
in the considerably reduced value of Isat and in the lower slope of
diffraction curves at the beginning of illumination. At T ¼ 100�C
practically no gain is achieved.

Figure 3b shows the rate of grating formation, taken from the initial
slope of the diffraction curve between 0 < t < 25 s, as a function of tem-
perature. It is found to decrease exponentially with the increase of
temperature. The time constant of this exponential decay varies with
the intensity of the inscribing laser (not shown). At about 100�C the
slope is almost flat. However, AFM inspection shows that the grating
height decreases linear with increasing temperature (Fig. 3c). At
100�C the grating height is still in the order of 10 nm, as can be seen
in Figure 2b.

The development of SRG under pulse like exposure was investigated
using a cyclic inscribing force by monitoring the 1st order as well as the
specular intensity signals. Both were normalized to the intensity of
the incident light (I0). Because the sum of the 1st order diffraction
and the specular intensity was almost unity, the shape of the SRG is
proved to be sinusoidal. As in case of continuous exposure, the diffrac-
tion intensity varies with the temperature. This variation becomes
very significant at higher temperatures. Here we show the results
taken at T ¼ 80�C up to TG for the laser intensity Ip ¼ 1 W=cm2.
Between the exposures the temperature was increased in steps of 5�C
(see Fig. 4a). When the light is switched on, the diffraction intensity
jumps to a certain value, then increases further under illumination,
and decays when the light is switched off. The difference in intensity
between two subsequent pulses reflects the plastic gain in SRG forma-
tion. Subsequent pulses become accumulated which results in a step-
wise increase of the grating height. The relaxation in dark shows
exponential behavior as long as the temperature stays below 100�C.
At this temperature no plastic gain is found and also no relaxation is
found. SRG grating is pure elastic and appears under green light only.

FIGURE 3 (a) Temperature dependent intensity of the first order diffraction
peak of the forming SRG grating measured using kprobe ¼ 633 nm; (b) Tem-
perature dependent rate of the grating formation measured under continuous
exposure; (c) Temperature dependent grating height after continuous
exposure, as measured using atomic force microscope.
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The temperature dependence of plastic gain is shown in the bottom
part of Figure 4b. One can observe a qualitatively similar behavior
to that found at the continuous exposure which can be described by

FIGURE 4 (a) Pulsed exposure intensity of the first order diffraction peak,
measured using kprobe ¼ 633 nm. Intensity of the inscribing laser is 1 W=cm2;
(b) Rise in the diffraction intensity per pulse: elastic jump (top) and plastic
gain (bottom); (c) Temperature dependent rate of grating relaxation;
(d) Temperature dependent elastic jump.
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equation similar to Eq. (1). The gain is accumulated from subsequent
pulses. However, no plastic gain is found for temperatures of T ¼ 95�C
and higher. For lower temperatures the initial slope extracted from
the gain of the first few pulses is already much smaller then that
found at the continuous exposure. The time dependence of scattered

FIGURE 4 Continued.

74=[1116] P. U. Veer et al.

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
H

ai
fa

 L
ib

ra
ry

] 
at

 1
4:

11
 0

9 
A

ug
us

t 2
01

2 



intensity during relaxation process can be approximated as follows

I2ðtÞ ¼ I1ðtÞe�t=scðTÞ ð2Þ

The rate of relaxation 1=sc decreases with temperature and is no
more measurable at T ¼ 100�C (Fig. 4c). The rate of relaxation 1=sc

is given by the slope of the relaxation curve in Figure 4a. The slope
of the relaxation curve is plotted in Figure 4c against temperature
showing that the rate decreases with temperature as suggested by
Eq. (2).

Figure 4d shows the height of the elastic jump as function of tem-
perature. It increases up to 100�C and decreases after, i.e., the elastic
response of the polymer to an actinic light is maximum at the tempera-
ture at which the plastic gain vanishes. At 100�C the elastic response
amounts to 18%. After this temperature also the elastic gain decreases
and vanishes completely above 110�C, at temperature close to the TG.
Finally the time dependence of the elastic jump is shown in the top
part of Figure 4b. It decreases at low temperatures but becomes
constant upon approaching 100�C.

DISCUSSION

The proper material description of the polymer deformation below
the glass transition temperature is given by a viscoplastic model
(¼ rate-dependent model with the yield stress) [7]:

r ¼ Ee r � rY

r ¼ rY þ rp r > rY

�
ð3Þ

For stresses below rY , the polymer response is pure elastic, whereby
the maximal elastic deformation, eY � rY=E, does not exceed 2% for
PMMA (rY ¼ 50 MPa, E ¼ 3�4 GPa). Above the yield stress, the exter-
nal stress can be considered as a sum of yield stress, rY , and the plastic
stress, rP. In case of continuous exposure, the plastic strain eP accumu-
lated after sufficiently long time considerably exceeds the yield strain
eY , while in case of short pulse illumination these two contributions
are comparable in magnitude.

As it was mentioned in Introduction, the origin of light-induced
stress is statistical reorientation of azobenzene chromophores. This
reorientation can be described in the terms of effective orientation
potential [21]:

Ueff ðhEÞ ¼ U0 cos2 hE ð4Þ

Temperature Dependent Analysis of Grating Formation 75=[1117]
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where hE is the angle between the long axis of chromophore and the
polarization direction E. U0 is the strength of potential given by [22]

U0 ¼
1

2
avsðTÞ Ip ð5Þ

where a is the absorption coefficient, v is the volume of azobenzene, s is
the effective transition time between two isomer states which depends
on temperature T and Ip is the laser intensity. From UV=VIS spectra,
the absorption coefficient a was found to be 1:22� 0:03 � 105 cm�1 at
k ¼ 514 nm [23]. The volume of azobenzene v is about 10�21 cm3 and
the transition time s is estimated to be 10�3 s at room temperature [22].
Thus, for the laser intensity of 1 W=cm2 we receive U0 of about 10�19 J.

The magnitude of light induced stress can be estimated from the
derivative of the free energy over deformation assuming that
the medium is purely elastic [13]. It can be shown that at the very
beginning of deformation

r � nU0 ¼
1

2
navsðTÞ Ip ð6Þ

where n ¼ 1:5 � 1021 cm�3 is the number density of azobenzenes [17].
Using this value, we receive the light induced stress of about 100 MPa
which is high enough to cause yielding of the glassy polymer film at room
temperature. At higher temperatures, the light induced stress should
become smaller following decrease of the effective transition time s
due to gradual unfreezing of molecular motions. The temperature
dependence of s can be described by the Arrhenius equation

sðTÞ ¼ s0 expðEa=RTÞ ð7Þ

where Ea is the activation energy, R ¼ 8:31 JK�1 mol�1 is the gas
constant and s0 is the limiting value of s at 1=T ! 0.

The temperature dependence of light induced stress can be clearly
seen from the diffraction curves taken under continuous exposure.
Figure 3 shows that the efficiency of grating formation decreases with
temperature, so that no permanent grating can be inscribed at about
100�C. This is caused by the absence of plastic gain at 100�C as can
be seen in the diffraction curved taken under pulse like exposure
(Fig. 4a). According to Eqs. (6) and (7), the total stress induced by
the light rapidly decreases with temperature. The activation energy
Ea in Eq. (7) is found to be 0.33 � 0.05 eV (32� 5 kJ mol�1). At a
certain temperature the light induced stress becomes smaller than
the yield stress, which should be overcome in order to create a plastic
deformation within the material. Therefore, the polymer response is
pure elastic at 100�C and higher temperatures. With increase of
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temperature, the plastic gain diminishes which leads to considerable
decrease of the height of the surface relief grating. Only 10 nm high
SRG is measured at 100�C (Fig. 2b) after a long pulse like illumination.

At lower temperatures the polymer exhibits the viscoplastic behav-
iour which one can see as the continuous increase of intensity after the
elastic jump. The plastic gain vanishes at about 15�C to 20�C prior to
the glass transition temperature, whereas the height of the elastic
jump increases between room temperature and 100�C, after which it
decreases and vanishes completely at about 115�C. The temperature
of disappearance of an elastic response is close to the glass transition
temperature (see Fig. 4d). Also, the elastic jump decreases for
subsequent pulses at low temperatures (Fig. 4b) which might be a
manifestation of decrease of the elastic module due to viscoelastic
flow as found in our previous studies [3]. On the other hand, no
change in the elastic jump for subsequent pulses is found at higher
temperatures. Surprisingly, the maximum of elastic jump is found at
temperatures where the plastic gain vanishes.

SUMMARY AND CONCLUSION

The explained behaviour is related to the orientation of azobenzene
chromophores. Under influence of actinic light the chromophores
undergo a redistribution of orientation in direction perpendicular to
the electric field vector. As seen in Figure 4a the orientation effect is
faster than the time resolution of our experiment. The chromophores
follow the light instantaneously (faster than 1 s). The force to orient
the chromophores is in competition with that of thermal disorder. After
switching the light off, the achieved ordering of chromophores relaxes
due to thermal relaxation. After a certain temperature the effect of
thermal disorder is always larger than the effect of orientation. This
defines the yield stress beyond which no permanent grating can be
created. At this condition (high temperatures) the surface deformation
is purely elastic and exists only in the presence of illumination.
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