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Real-time monitoring of the surface relief formation
on azo-polymer films upon near-field excitation
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Summary

We use near-field optical microscopy to investigate the early
state formation of photo-induced topographical structures
on the free surface of azobenzene-containing polymers. The
near-field technique is employed to monitor in real time the
mass migration during the embossing of the surface of 50/50
copolymer films of polymethacrylate and polymethacrylate
containing 3-methyl-4

′
-pentyloxy-azobenzene units. The

dynamic of surface relief formation induced by light have been
investigated as a function of the sample temperature.
Furthermore, a formula derived from Navier–Stokes equations
for classical laminar flow has been used to fit the mass
displacement data during the embossing process. Excellent
agreements between the experimental data and the fitting
formula have been found for all the temperature considered.

Introduction

In 1995 Kim et al. (1995a, b) first observed the change
of the morphology on the surface of an epoxy-based
polymer film under illumination. They were able to draw
a topographical grating on the film surface by exposure to
the interference pattern of two laser beams. Trenches were
formed corresponding to the bright regions of the interference
pattern and protrusions into the dark regions. Azo-containing
polymers are known to be characterized by the formation
of surface relief (SRF) upon light irradiation (Kim et al.,
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1995). The origin of the formation of topographical features
has been ascribed to the re-orientation of the azobenzene
molecules and successive reorganization of the polymer chains
upon light exposure. Azobenzene molecules have two possible
configurations, a planar form (trans-form) and a non-planar
configuration (cis-form) (Kumar & Neckers, 1998). During
isomerization, azo-based molecules turn from a rod-like
structure (trans form) to a bent structure (cis form). The
isomerization of azobenzene molecules, both trans-cis and cis-
trans, can be activated by exposure to laser light, usually in
the UV/blue wavelength region. SRF is a surface effect and
can be inhibited by coating the film surface with a transparent
multi-layer(Viswanathanetal.,1998).Topographicalgratings
have been realized with diffraction efficiency up to 40%
(Barrett et al., 1996; Jiang et al., 1996), whereas topographical
structures up to 1 μm thick (Kim et al., 1995; Holme et al.,
1999) have been drawn, involving up to 50% of the film
thickness (Kim et al., 1995).

The drawing of topographical structures on azo-containing
polymers via light exposure has been observed to largely
depend on the polarization state of the writing beam as well as
on the presence of an intensity gradient into the illuminating
light spot (Barrett et al., 1998; Bian et al., 1999). In particular,
if the polarization of the light is perpendicular to the direction
of the intensity gradient, topographical structures cannot
be grown. Topographical structures are formed when the
polarization direction of the writing beam has a component
along the light gradient vector. This behaviour has been
attributed to polymer chain migration induced by the optical-
field gradient force. Aside the polarization dependence of
the process, topographical structures on azo-based polymers
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Fig. 1. Chemical structure of the copolymer used in this investigation, 50/50 PMA/PMA4 copolymer.

appear in regions of the sample surface where the writing
laser beam exhibits an intensity gradient. This is the case of
light intensity modulation of an interference pattern as well
as light gradient obtained in a single focussed Gaussian beam
(Bian et al., 1999). A single focussed Gaussian beam has been
observed to produce a hole for intensities of tens of W cm–2

(low power regime). Nevertheless, when the power density
reaches hundreds of W cm–2 (high power regime), protrusions
instead of trenches come up in the region of the brighter light
(Bian et al., 1999). The existence of two power regimes in SRF
resulting in structures with opposite shapes is still a matter of
discussion and is far from a complete solution. Several models
have been proposed trying to fully explain the characteristics of
the SRF formation phenomenon on azo-containing polymers.
The only certain issue, up to now, is that SRF formation is
activated by light and it is a consequence of the azobenzene
isomerization.

Scanning near-field optical microscope (SNOM) has also
been employed to draw topographical structures on the free
surface of azo-based polymers with sub-wavelength resolution
(Davy & Spajer, 1996; Landraud et al., 2001; Hasegawa et al.,
2001). Those experiments have confirmed the existence of two
power regimes even for near-field illumination. When the light
power density is low (tens of W cm–2), the structures locally
designed by near-field illumination are trenches, and when the
power density is high (hundreds of W cm–2), the structures
are protrusions. We have used SNOM to monitor, in real
time, the formation of single topographical protrusions (dots)
on the free surface of azobenzene-based copolymers. We
worked into the high power density regime. In addition to
experimental work, we found an expression based on Navier–
Stokes equations for classical laminar flow that we used to
describe by a best fit the experimental observations.

Experimental procedure

We used a 50/50 copolymer of polymethacrylate, PMA,
and PMA containing 3-methyl-4

′
-pentyloxy-azobenzene units

connected at the 4-position of the main polymer chain via
six hexamethylene spacers, PMA4, (Fig. 1). This material has
already been used for near-field lithography (Patanè et al.,
2002; Likodimos et al., 2003; Labardi et al. 2003). The spin-
coated films are prepared from a highly concentrated solution
of copolymer powder dissolved in chlorobenzene and stirred
at room temperature for a few hours (Andreozzi et al., 2002).
Filmsabout200nmthickareobtained.PMA4showsanematic

phase below the nematic-to-isotropic temperature of T NI =
353 K (Andreozzi et al., 2002), whereas it exhibits transition
to a glassy state at the low glass transition temperature
of T g = 294 K. The polymer films were excited by the
417-nm laser light from a diode laser (Nichia, Japan). This
wavelength is suitable to activate trans–cis isomerization in
our samples. The experimental set-up is sketched in Fig. 2
(top). The SNOM probe (commercial, by Nanonics Ltd., Israel)
is an optical fibre machined and metalized at one edge to
produce a conical tip ending with a sub-wavelength aperture
(the nominal aperture is 50 nm, according to manufacturer-
supplied information). Laser light is injected into the optical
fibre and it is guided to the conical tip. Here, the light is
confined towards the apical aperture by means of a metallic
coating that covers the tip. Tips at the end of the fibre are
usually produced by means of chemical etching or a heat and
pull process, whereas the linear dimensions of the tip aperture
may be obtained by monitoring the fibre throughput (the ratio
between transmitted and injected light power) or producing a
scanning electron microscopy micrograph of the fibre tip. The
geometric characteristic of the SNOM probe leads to the loss
of most of the light injected into the optical fibre owing to the
absorption and reflection of the light by the metallic coating.
This phenomenon leads to the heating and elongation of the
probe (Ambrosio et al., 2005; Gucciardi et al., 2005; Latini et al.,
2005). The thermal behaviour of SNOM optical fibres has been
carefullytakenintoaccountintheinvestigationreportedinthis
paper. As sketched in Fig. 2, the SNOM optical fibre is glued on
one arm of a tuning fork kept at a constant oscillation by means
of a dithering piezo (not shown in figure). By monitoring the
free oscillation amplitude of the tuning fork, a feedback circuit
drives the piezo scanner in order to stabilize the tip-to-sample
distance to a height smaller than 10 nm. Furthermore, the
sample is in contact with a temperature controller that can
stabilize the sample temperature in the range 15–70◦C, in air
conditions.

On the free surface of our samples, we draw single relief
(dots) under near-field exposure (Fig. 2, bottom). The power of
the light injected into the SNOM probe is of 0.1 mW, whereas
the exposure time for drawing each dot is of 20 s. In near-field
lithography, the dot dimensions are believed to reflect the
effective size of the aperture at the end of the SNOM probe
(Likodimos et al., 2003). In accordance with this thought and
using an estimated throughput of about 10−3 for our SNOM
fibre, the light power on the sample should be about 0.1 μW,
corresponding to an intensity of 200 W cm–2. This value of the
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Fig. 2. (Top) Sketch of the SNOM set-up used for our experiment. The
laser light (417 nm from a laser diode) is injected into a SNOM optical fibre
machined in order to obtain a sub-wavelength aperture at the tip end.
The sample is mounted on a temperature controller and it is moved by
means of a piezo-scanner tube. (Bottom) 3D view of a typical dot grown on
the surface of the PMA/PMA4 copolymer film. The dot height is of about
65 nm and the diameter is of about 200 nm.

intensity confirms that we worked in the high-power regime
for azo-polymers. This evaluation is in accordance with the
shape of the topographical structures we have drawn, that is,
dots instead of holes.

Fig. 3. Sketch of the experimental procedure: we first approach the tip to
the sample surface (panel a). Then we inject laser light into the SNOM
optical fibre (panel b) and record the feedback signal driving the piezo-
scanner (trace on the bottom).

In our investigation, we have first approached the SNOM
tip to the sample surface keeping the tip-to-sample distance
stabilized at 10 nm by means of the feedback circuit. Then
we have injected laser light into the SNOM optical fibre. After
injecting laser light, the feedback circuit retracts the piezo-
scanner from its original position in order to keep constant the
tip-to-sample distance. In these conditions, the piezo retraction
is due to the occurrence of two phenomena: (a) the elongation
of the tip due to tip heating via absorption of laser light by the
metal coating that covers the fibre end and (b) the growth of
a dot on the sample surface under near-field illumination. We
have recorded the feedback signal corresponding to the piezo
retraction using a digital oscilloscope. The acquired signal
thus represents a convolution of the dot growth and the tip
elongation. The procedure is illustrated in Fig. 3. To neglect
any effect due to the heating of the SNOM tip, we have moved
the tip on the sample surface keeping the light injected into
the SNOM optical fibre, that is, keeping the probe hot and
elongated. Then, we have stopped the scanning, leaving a dot
grown under near-field illumination. We have recorded the
piezo adjustment in this condition that is now representative
only of the dot formation because the tip has already elongated,
as reported in Fig. 4. We have also checked that the embossing
of the surface under near-field illumination is not due to heat
transfer from the hot SNOM tip to the sample surface. For this
check, we have injected 0.4 mW of red laser light, four times
greater than the power used for 417 nm wavelength. In this

Journal compilation C© 2008 The Royal Microscopical Society
No claim to original US government works, Journal of Microscopy, 229, 307–312



3 1 0 A . A M B RO S I O E T A L .

Fig. 4. Sketch of the data acquisition procedure: after drawing the first
dot, we move the SNOM probe on the sample surface keeping the light
injected into the fibre (panel a). Then we stop into a point leaving a dot
growing under illumination (panel b). We record again the feedback signal
corresponding to piezo-adjustment (bottom).

condition, we have found no embossing of the sample surface,
confirming that the writing phenomenon is only due to light
absorption by the azo-molecules.

The inset of Fig. 4 shows the first two seconds of the dot
formation. We are sensitive to the dot formation from the early
state of the mass migration phenomenon because the data
sampling and the feedback time constant are of the order of few
milliseconds. Furthermore, with the set-up described here, we
tested to be able to appreciate surface protrusions lower than
3 nm during scanning of the sample surface.

After stabilizing the sample temperature, we have drawn
several dots in areas of 6 × 6 μm2 or 8 × 8 μm2 and in several
regions of the sample surface in order to feed the statistic with
an ensemble of dots representative of the sample. Finally, we
have changed the sample temperature, in order to analyze the
temperature effects on the dynamic of the dot growth.

Figure 5 reports the dot height versus the exposure time
for a 50/50 PMA/PMA4 copolymer film in correspondence of
sample temperatures of 30◦C, 45◦C and 60◦C. The value of
the glass transition temperature of 50/50 copolymer should
be around 50◦C. The dot height decreases as the sample
temperature increases. This behaviour is expected owing to
the decreasing of the sample viscosity corresponding to the

Fig. 5. Plots of the dot height versus the exposure time in correspondence
of three different values of the sample temperature, stabilized by means of
the temperature controller.

Fig. 6. Representation of the quantities involved into the mass migration
phenomenon: the dot height (h); the thickness of the material that
participates to the surface relief formation (d); the thickness of the polymer
film (D).

temperature increasing. This aspect has been further analyzed
by means of the fitting procedure proposed later.

Analysis and results

To describe the temporal trend of the dot growth and use an
expression to fit the data, we referred to a model developed by
Barret et al. that is based on the idea that the mass migration
that leads to the formation of dots can be modelled as the
motion of a Newtonian fluid in the classical laminar flow
regime (Barrett et al., 1998; Sumaru et al., 2002). This model
starts from the Navier–Stokes equations for the description of
the material motion, considering a two-dimensional system
composed of the vertical dimension (z) and one horizontal
dimension (x), assuming that a similar process occurs in the
other coordinate (Fig. 6). The final growing trend derived by
Barrett et al. (1998) predicts a rate of variation of the film
thickness (hF) of the form ∂hF/∂t ∝ h3

F. Starting from this
expression, we found that best fit to our data is obtained by
using the expression

h(t) = d − d√
1 + 2

3 βd 2t
, (1)
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Fig. 7. Plots of the experimental data (grey) and the derived fitting
functions (black solid lines) described by Eq. (1).

Table 1. Mean values of the fitting parameters d
and τ obtained in correspondence of different sample
temperature regimes.

Temperature (◦C) d (nm) τ (s)

30 86 ± 9 11 ± 2
45 64 ± 7 11.8 ± 1.6
60 47 ± 7 12 ± 2

where h is the dot height measured from the sample surface
(z = 0, Fig. 6), β is a constant that can be considered dependent
on the value of the sample viscosity and the spatial derivative
of the force that drives the mass displacement (Barrett et al.,
1998), d is the asymptotic height of the grown dot, t is the
exposure time. In Fig. 6, the sample thickness is labelled with
letter D, whereas d indicates the thickness of the portion of
the sample involved in the mass migration. In principle, not
all of the material participates in the mass migration and it is
impossible to know a priori the value of d. This reasoning is
also in accordance with the localized nature of the near-field
radiation and the strong absorption exhibited by azo-based
polymers that may limit the portion of material involved.

Results of the fitting procedure, where we left β and d as
fitting parameters, are displayed in Fig. 7. The black solid
lines represent the functions derived by fitting our data with
Eq. (1). The accordance between theoretical description and
experimental data is excellent for all the explored temperature
regimes.

To make possible a direct comparison of the fitting
parameters with the experimental data, in Table 1 we report
the values for d and τ (instead of d and β) as results from fitting.
Here τ represents the time necessary for h(t) to reach the 90%

of its final value after light exposure for 20 s (h(t = τ ) = 90%
h(t = 20 s)). Thus, τ can be regarded as the time constant of
the process and results in a combination of the original fitting
parameters d and β.

The values reported in Table 1 for d and τ are obtained
averaging over all the values obtained for all the dots drawn
at a fixed temperature. We have noted a decreasing of
the asymptotic value of the dot height (d) as the sample
temperature increases. This behaviour is expected owing to
the decreasing of the sample viscosity as the temperature
increases. Although Eq. (1) fits the experimental data well,
it only describes the early state of the SRF phenomenon.
This is expected owing to the fact that trends like Eq. (1) are
derived neglecting restoring forces induced into the material
that stop the process before reaching the maximum available
displacement (Barrett et al., 1998; Sumaru et al., 2002); thus,
it well applies only to the early state of the phenomenon.
Models accounting for the complete evolution of the growth
are a hard topic, not unravelled yet. Considering more forces
greatly complicates the mathematical formalism and the data
interpretation because these forces have different natures and
depend on the material characteristics. Nevertheless, we have
checked that in our experimental conditions, the early state
is represented by the first 20 s in the dot growth (coinciding
to the exposure time we have used). Light exposure for longer
time leads to the appearance of a different trend in the growing
process after 20 s. Expression (1) would better describe an ideal
process that takes place until all the material in the thickness
d has been displaced.

However, data derived by our procedure are useful indeed
because there is much interest in studying the early state
of the mass migration that is less influenced by material-
specific properties and experimental conditions. Hence, our
investigation provides, for the first time, a complete analysis of
the mass migration phenomenon from its early state.

Conclusion

The dynamic of dot growth in azo-containing polymers
after illumination with laser light through a SNOM probe is
investigated. The excellent agreement found in our analysis
between experimental data and a fitting procedure based on
a model developed in Barrett et al. (1998) is a proof of the
accuracy we have achieved in the measurement. SNOM is
suitable to investigate the dynamic of the mass migration
owing to the local illumination that it provides together with
the constant monitoring of the tip-to-sample distance via
the feedback circuit. The topic of the origin of the surface
relief formation is still a matter of discussion and far from a
complete understanding. In this scenario, our investigation
also constitutes the first experimental investigation of the
dot growth during the early state of the light–polymer
interaction. Thus, our results can be considered as an
important reference for any future experimental investigation
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or theoretical description of the surface relief formation on azo-
based polymers.
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