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Formation mechanism and dynamics in polymer surface gratings
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We present the results of time-dependent x-ray and visible light~VIS! scattering measurements during
formation of surface relief grating~SRG!. These gratings are formed on polymer films containing azobenzene
side groups during pulselike exposure with a holographic pattern of circularly polarized light at 488 nm. The
SRG formation is accompanied by a density grating just below the film surface. Assuming viscoelastic flow, a
change in polymer’s elastic properties upon light exposure can explain the massive material transport. Finite
element calculations reveal a dynamic model of grating formation characterized by different relaxation times.
The simultaneous formation of a surface relief grating and of a density grating explains quantitatively the
findings of the VIS experiment, but only qualitatively the findings of the x-ray measurements.
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It is well known that a surface relief pattern can be
scribed on polymer films containing azobenzene moie
@1–5#. This is done by exposing the sample to a perio
polarization pattern obtained when two contracircularly p
larized light beams interfere. The absorption of this lig
induces material flow even at temperatures as low as 10
below the glass transition temperatureTg of the polymers.
The resultant surface relief has an approximately sinuso
cross section. Depending on the power of illumination a
on the state of light polarization, the grating depths m
approach several hundreds of nanometers. A numbe
mechanisms had been proposed to explain the massive
terial displacement@6–8# but they do not describe the dy
namics of surface relief grating~SRG! formation. Bianet al.
and Kumaret al. @9,10# developed an optical gradient fiel
force model for low-laser powers to describe the surface
formations during SRG formation. Unfortunately, this mod
is not able to describe the changes in the very initial stage
SRG development as well as all findings from x-ray inves
gations@11,12#. Thus, it is of particular interest to learn mo
about the nature of this light-induced material transport
polymers. In a previous experiment, we have shown t
simultaneous probe by x-ray and visible light~VIS! can give
additional information because these methods probe
sample at different length scales@11#. Both methods are now
applied to study the time development of the grating form
tion process.

The sample investigated is a side-chain azobenz
polymer, poly$~4-nitrophenyl! @4-$@2-~methacryloyl-oxy!-
ethyl#ethylamino%phenyl#diazene% ~pDR1M!, which has a
glass transition temperature ofTg5129 °C@3,11#. A 400 nm
thick film was deposited on a glass substrate by spin coat
Surface relief gratings with a period ofD'1000 nm were
inscribed onto the polymer films using the interference p
tern of two plane waves produced by counter-circularly p
larized beams obtained from an argon-ion laser with a po
1063-651X/2002/65~5!/052801~4!/$20.00 65 0528
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density of 50 mW/cm2. The x-ray experiments were pe
formed at CHESS~Cornell University Ithaca, N.Y;l
50.1238 nm) using an incidence anglea i50.5° with re-
spect to the average surface and a charge-coupled de
~CCD! camera~ADSC Quantum CCD, 115231152 pixels!
as a two-dimensional detector. In addition, normal inciden
laser scattering (l5633 nm) was performed at RMC King
ston using the same setup.Ex situAFM inspection of several
sample surfaces after short-time exposure has been
formed using a Nanoscope IIIa~Digital Instruments! in tap-
ping mode@12#.

Figure 1 shows the time development of the first-ord
x-ray grating peak during the pulse-like exposure with b
light. It was detected simultaneously with the specular refl
tion and higher-order grating peaks~see inset! after exposure
to a series of 5, 10, 15, and 60 s pulses. Each pulse

FIG. 1. Development of first-order x-ray grating peak intens
after exposure during 5, 10, 15, and 60 s with a holographic li
pattern at 488 nm. The inset shows a line scan through the C
frame.
©2002 The American Physical Society01-1
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followed by a 60 s delay in the dark and then the CCD w
exposed to the x-ray signal for 30 s, the readout took 1
The peak intensity initially increases after each laser pu
and finally saturates. As clearly seen in Fig. 1, the maxim
intensity,I x2max, depends on the pulse length. For the sa
total exposure time, the series of 10, 15, and 60 s pu
approach almost equalI x2max'3%, whereas the 5 s pulses
gave much lower efficiency~2%! of the grating formation.
Obviously, the 5 s isbelow a critical time of the formation
process at the chosen illumination power. Unfortunately,
could not determine the critical time more precisely, as
time resolution of the x-ray experiment was limited.

Therefore, further experiments were performed outs
the x-ray beamline using the VIS scattering only. The tim
resolution in this case was of the order of 1s. The samp
were exposed to the blue light every 60 s with pulses o
10, 15, and 60 s and held in the dark in between. Unlike
the x-ray experiment, the intensity of the first-order grati
peak was detected continuously. A multistep developm
mechanism was observed and consisted of at least three
ferent processes.~1! A very fast increase of the grating in
tensity in the beginning (t,1s); ~2! A further increase at a
rate that is up to 20 times smaller than the first one~Fig. 2!;
~3! An exponential decay of the intensity in the absence
illumination, indicating partial relaxation of the polymer. Th
remnant grating intensity also depends on the pulse dura
The first steep slope is the same for all pulse lengths and
be associated with an elastic process. Pulses shorter
about 1 s do notproduce a grating@12#. Only the second
inelastic process produces a permanent grating and its
fraction efficiency depends on the duration of the proce
This qualitatively explains the findings of the x-ray measu
ments during the relaxation process.

Let us introduce a model that, we believe, describes
findings of coherent light scattering as well as the x-ray
flectivity data. We consider a two-dimensional problem w
the x axis chosen to be parallel and thez axis perpendicular
to the polymer surface,z50 corresponds to the ‘‘polymer
substrate’’ interface. We assume that the holographic li
pattern initiates trans-cis and cis-trans isomerizations of
azobenzene moieties and that this produces a periodic la
force parallel to the sample surface. The model utilize
sinusoidal forcef x varying in the x direction @5,9,14#. In
keeping with the Lambert-Beer law, the forcef x decays ex-
ponentially with the distance from the film surfacez

f 5A expFz2@h~x!1h0#

m
sinS 2px

D D G , ~1!

whereA is the force density,h(x) is the surface relief grat
ing, h0 is the initial film thickness,m is the light penetration
depth, andD is the grating period. We apply the force in
self-consistent manner starting fromh(x)50.

In the present paper, we describe the polymer as an
tropic viscoelastic~VE! material. A simple linear VE ap-
proach with time-dependent shear modulusG was found to
be sufficient to mimic the multiple inscriptions of gratings
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k51

N

Gk expS 2t

tk
D and G05G~0!5

E

2~11n!
~2!

whereE is Young’s modulus,n is the Poisson’s ratio, andtk
are particular relaxation times of the system. As the key po
of our paper, we assume that due to the photoinduced
trans isomerization of azobenzene chromophores, the p
mer film undergoes considerable plasticization, which
duces its original Young’s modulus by at least three orders
magnitude. Thus, the value of Young’s modulus falls into t
range for a polymer around its glass transition temperatu

A finite element modeling~FEM! can reproduce the de
velopment of the surface profile, density distribution, and
ensuing scattering signal. A cleavage plane (x,z plane,h0
5D51 mm) was calculated using the commercial softwa
Mentat 3.2.0. The area was divided into 2500 square fin
elements. Periodic boundary conditions were applied al
the x direction. As a constraint, no displacement of sam
was allowed at the polymer substrate interface.

FIG. 2. Time development of the first-order VIS grating pe
intensity during short pulse exposure: measurement~a!, simulation
~b!.
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Figure 3 shows the results of the FEM for a constant lo
of A5100 N/cm3 and using the following material param
eters: initial density r05103 kg/m3, E51 M Pa, n
50.40, G150.9G0 , G250.1G0 , t152 s, t2550 s. Al-
ready the use of two different shear moduli and time c
stants produces not only a sinusoidal relief at the surface
a periodic density difference below the surface as well.

The application of a constant load produces an insta
neous elastic deformation followed by a continuous deform
tion with time ~delayed elastic and viscous effects!. In con-
trast to @7#, the observed SRG formation appears to be
only a ‘‘surface initiated’’ process. The surface relief gratin
as well as the lateral density variation below the surfa
appears from the very beginning of the force application~in-
stantaneous effect!. During the first seconds of illumination
both profiles can be described by sinusoidal functions
equal periodD ~see Fig. 4!. The polymer material is slightly
compressed at the region of surface relief peaks and slig
expanded in between. As time increases this compresse
gion extends toward the substrate. At the same time the p
mer material in the region of relief troughs~see Fig. 3! be-
comes compressed but this compressed region rem
concentrated close to the surface. These results were
tained form5h051.0 mm, which means that the light pen
etrates down to the substrate. When the penetration dep
decreased, the amplitude of the surface relief also decre
For sufficiently small m (m50.1 mm) the relief height
reaches about 20 nm after 2 min of illumination and is
companied with a plastification of 2 and 1% at the ridge a
valley regions, respectively. The height is similar to the va
measured by AFM.

To simulate a transient behavior we applied a cyclic
ternal force in the same manner as was done in the
experiment. Generally, VIS probes the grating formation
phase contrast, described by Bessel functions

I VIS5I 0U(
i

Jm@f i~ t !#U2

, f i~ t !5
2p

lVIS
~DnDd! , ~3!

and depends on total index of refraction which includ
density-induced differenceDn and on the relief heightDd
index m is the grating order. SinceDd does not exceed 2%
@see Fig. 3~b!# the scattered light intensity is a measure of t

FIG. 3. FEM of the grating formation after continuous exposu
of 90 s.
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relief amplitude. The FE simulation does match the rig
functional behavior as found by the VIS experiment@Fig.
2~a!#.

In principle, the FE program cannot describe processe
one of the relaxation times is considerably smaller than
optimal time step chosen to cover the time scale of the
periment. Therefore, we developed an analytical solution
the one-dimensional transient problem with three relaxat
times. As shown in Fig. 2~b!, the elastic and inelastic re
sponse of the material is well described. The first cy
of exposure could be mostly fitted with the followin
material parameters: G051 GPa, G150.999G0 , G2
50.0008G0 , G350.0002G0 , t150.002 s, t252 s, and
t3550 s. It means that after switching on the laser light t
shear modulus falls from 1 G Pa to 1 M Pa within 0.002
Then, G0 gradually decreases from cycle to cycle un
reaching a saturation at about 0.5 G Pa.

This result shows that further plastification takes pla
during the following light pulses, in spite of the transie
nature of the applied force. Also, we found thatt2 and t3
increase from cycle to cycle, reaching 5 and 400 s, co
spondingly. This may be an indication of gradual unfreez
of cooperative motions of polymer molecules in the film, i.
the addressing of an increased number of azobenzene
groups by the light.

The latter hypothesis is supported byex situAFM inspec-
tions performed after single short pulse inscription@12#. Up
to an exposure time of 2 s there is no surface relief formatio
at all. The material response is entirely elastic. After 5 s
illumination, a speckled surface modification starts risi
with an average height of 13 nm. Longer exposure time w

FIG. 4. Time development of the surface relief grating,h(x), ~a!
and the density modulation,r (x), ~b! obtained by FEM just in the
beginning and after 30, 60, and 90 s of light exposure.
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BRIEF REPORTS PHYSICAL REVIEW E 65 052801
saturate the relief height at about 22 nm, and the surf
relief becomes rather uniform. This may be explained by
larger number of cis-trans photoisomerizations taking pl
at the material modification. Here again, some sort of ‘‘cr
cal time constant’’ plays an important part in the process,
these times should strongly depend on the extent of isom
ization, i.e., the illumination power.

Our simulation results also explain the x-ray resu
shown in Fig. 1. Assuming sinusoidal modulation, the tim
dependence of the intensity of themth-order scattering grat
ing peak is proportional to the square of the induced den
difference Dd parallel and perpendicular to the avera
sample surface@13#

I x-ray
m ~qx ,qz ,t!'I 0U E E Dd~x,z,t !sinS 2pm

l
xD

3exp$2 i ~qxx1qzz!%dxdzU2

. ~4!

I m x-ray is expressed in terms of the reciprocal spa
coordinatesqz52p/l(a i1a f) andqx5p/l(a i

22a f
2). The

x-ray experiment probes the density differences between
face relief and air as well as the light-induced density diff
ences below the sample surface. Considering the time reg
used for measurement, the x-ray grating intensity always
resents the accumulated plasticization induced by each
pulse. Using Figs. 3 and 2~b! we can qualitatively understan
why 5 s exposure gives much lower intensity compared w
those given by longer pulses. If the elastic regime takes
first 2–4 s, the induced plasticization is small at 5 s but
larger for longer pulses. Unfortunately, our model does
.
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reproduce the saturation of intensity observed in Fig. 1. T
Fourier transform of FEM pictures calculated for subsequ
time steps always shows increasing intensity. Taking the
face tension into account the saturation of intensity might
expected due to the saturation of the surface profile grow

In summary, the time-resolved x-ray and VIS scatteri
experiments can be explained by the simultaneous forma
of a density grating below the film surface and a surfa
relief grating on top of the film. This obviously proves th
the SRG formation is not solely a surface controlled proce
Using the viscoelastic flow model we can understand that
response of the polymer material to the light-induced late
force is entirely elastic during the first 2–4 s but plasticiz
tion takes place later on. The key assumption of our mode
the light-induced reduction of the shear modulus during
posure down to values typical for polymers close to th
glass transition temperatures.

Our experiments have been performed at low-laser po
and on one azobenzene polymer material. To understand
high-laser powers, as well as changes in the material st
ture affect the formation of gratings, further experimen
have to be performed and the modeling has to be impro
as well. Several more experiments are under way to cla
the origin of the lateral force causing the material transp
which is still an unsolved question.

This work was supported by the DFG under Grant N
Pi217/17-1 and 436RUS17/18/01. M.S. acknowledges s
port from The Russian Foundation for Fundamental R
search~Grant No. 99-03-33314!. The authors thank CHESS
for allocating beam time and K. Finkelstein for supportin
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