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Azopolymer films exposed to nonuniform illumination exhibit a phenomenon of light-induced mass
transport, leading to the formation of permanent relief patterns on the film surface. Its underlying
microscopic mechanism remains unclear, despite many years of research effort. Here we introduce a
model of the mass migration process based on anisotropic light-driven molecular diffusion. A key
ingredient of our model is an enhanced molecular diffusion in proximity of the free polymer surface,
which is essential for explaining, in particular, the recently observed spiral-shaped reliefs resulting from

vortex-beam illumination.
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When a polymer containing azobenzene side chains
or separate molecular dopants is irradiated with visible
or ultraviolet light, its molecules undergo several light-
induced processes of rearrangement. In particular, an
effective reorientation of the azobenzene moieties is in-
duced, in connection with trans-cis-trans isomerization
cycles or related photoinduced effects [1-4]. In addition,
a light-driven molecular migration—or mass transport
takes place, leading to the creation of stable reliefs and
valleys on the polymer surface, while keeping the total
polymer volume approximately constant [5,6]. These
reliefs form patterns that are related in a nontrivial way
with the illuminating field structure [7-9]. The mass trans-
port appears to occur preferentially in the direction of the
electric field and to result from a photoinduced fluidization
of the material [9-13]. These optical writing phenomena
make azopolymers very attractive for optical data storage
applications or for the nanoscale imaging of electro-
magnetic field distribution [14,15]. Recently, the potential
advantage of using azopolymers in the place of sacrificial
photoresists in the fabrication of silicon micro- and nano-
structures has also been demonstrated [13,16].

A complete understanding of the microscopic mecha-
nism underlying the mass-transport process is still lacking
[13]. Proposed models for the optical driving force range
from light-induced internal stresses resulting from the
trans-cis isomerization and associated variations of the
molecular mean occupied volume [17,18], to dielectric or
dipolar field-gradient forces [19-21], to mean-field forces
arising from the anisotropy of molecular interactions [22],
to photoinduced anisotropic molecular diffusion or
random-walk effects [23—-26]. All these models, however,
share a common feature: they ultimately link the light-
induced mass-transport action to gradients of the optical
field. This is indeed what occurs in most illumination
experiments. However, nothing in these models could
apparently predict a dependence of the light-induced
mass transport on the wave front structure of the writing
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beam. Yet, in Ref. [27], we have reported an unexpected
sensitivity of the mass transport to the helical wave front
handedness of a writing laser beam with an optical vortex
on its axis, i.e., carrying orbital angular momentum (OAM)
(see, e.g., Ref. [28] for a recent review on this kind of
optical beams). This sensitivity is highlighted, in particu-
lar, by the spiral-shaped structure of the resulting relief
pattern, as shown, for example, in Fig. 1(a), with the spiral
handedness responding to the optical vortex one [27].

In order to explain this surprising observation, we have
developed a symmetry-based phenomenological model
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FIG. 1 (color online). Relief spiral patterns induced on the
polymer by an impinging vortex light beam having orbital
angular momentum eigenvalue and vortex charge g = 20.
(a) Experimental results, imaged using an atomic force micro-
scope. (b) Pattern predicted by our model for the optimal value
of the ratio cg/c, =4/A (with c¢[/c, = ¢3/c; = —0.15).
(c) Pattern predicted by our model for cg = 0 (vanishing surface
effect). (d) Pattern predicted by our model for cg/c, = 16/
(very strong surface effect). The simulated pattern height scale is
in arbitrary units.
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that includes a new surface-related term in the light-driven
mass current, depending on the optical field but indepen-
dent of its gradients, which explains the main qualitative
features of the observed relief patterns [27]. However, the
phenomenological model introduced in Ref. [27] was not
linked to any specific microscopic mechanism and in prin-
ciple might be compatible with different options. In this
Letter we go one step further and propose a detailed micro-
scopic mechanism, consistent with our previous phenome-
nological model, that provides a first complete picture of
the wave front-sensitive light-induced mass transport phe-
nomenon. Moreover, in order to compare our model with
experiment, in this Letter we report additional experimen-
tal results on the relief patterns induced by vortex light
illumination, in particular, for vortex charge ¢ = 20,
higher than all previously investigated cases. All details
about the experimental layout and the polymer material
can be found in Ref. [27].

As we shall see, our model is mainly built on the light-
induced anisotropic diffusion concept [23-25], which is,
however, combined with additional assumptions on the
role of the polymer surface in favoring the diffusion.
The microscopic model we present here is oversimplified
in many respects, but we believe that it captures some
essential features of the molecular mechanism underlying
the phenomenon. A complete quantitative model should
presumably have to complement these basic features with a
more detailed description of molecular correlations and
orientational order, at a microscopic level, and of the
effects of viscoelastic response of the polymer, at a more
macroscopic level.

Let us then consider a polymer thin film deposited on
a rigid substrate and initially extending in the region
comprised between the plane z = 0 (interface with the
substrate) and the plane z = L (free surface). After expo-
sure to light, the polymer develops surface reliefs, which
can be described by the surface height variations Ah(x, y)
as a function of the transverse coordinates x, y. We assume
that these surface reliefs arise as a consequence of light-
induced mass transport, as described by a mass-current-
density vector J. The link between the mass current vector
and the height variations, as derived from a standard
incompressibility assumption and a thin-film approxima-
tion (see Ref. [27] for details), is given by the following
expression:

LAt

Ah(x,y) = ———dJ,,  with k=1ux,y, (1)
p

where At is the irradiation time, p is the polymer mass
density, d; denotes the partial derivative with respect to
the transverse coordinates x, y (sum over repeated indices
is understood), and J = (f% Jdz)/L is the mass current
averaged across the film thickness L.

In the following, for simplicity we shall refer to the
azo chromophore of the polymer as it were an individual

molecule. Each azo molecule shall be characterized by its
position r and by the orientation of its main axis, as
indicated by a unit vector fi. Let us denote with n(r, ft)
the number density of azo molecules per unit volume and
solid angle. The molecular axis gt plays two independent
roles in our model. The first is that of defining the direction
of the molecular transition dipole moment involved in the
light absorption. Therefore, the excitation probability per
unit time of a molecule can be written as follows:

p(r, ) = alp - E@), 2

where E(r) is the (complex) optical electric field and « is a
constant proportional to the absorption coefficient at the
irradiation wavelength A. If we assume that the fraction of
excited molecules is small (an assumption that is always
valid, for sufficiently small light intensity) and that
molecular rearrangements (displacements and rotations)
taking place during each excitation cycle are small, then
the number density of excited molecules per unit volume
and solid angle can be approximately written as n,(r, ft) =
p(r, )7 n(r, ), where 7, is the excited state lifetime.
See the Supplemental Material for more details [29].

The second role of the molecular axis £ in our model is
that of defining the direction along which the molecule
may perform a short random walk during its excited
lifetime, as in the warmlike motion of azo molecules first
proposed in Ref. [23]. The one-dimensional mass current
(per unit volume and solid angle) resulting from this
random walk can be expressed mathematically by the
following expression:

d
I, ) = —D(z)E”f = —D()f - Vn(r, p), (3)
“

where D(z) is a molecular diffusion constant, which we
take here to depend on z. In particular, we shall assume this
constant to be uniform D(z) = Dy in the polymer bulk,
while close to the polymer surface it changes to a possibly
different surface value D(L) = Dy. At the interface with
the substrate we instead assume the diffusion constant to
vanish, D(0) = 0, so that this interface cannot contribute to
the mass transport.

In order to evaluate Eq. (3), we must first calculate the
molecule distribution n(r, ft). Here we make another
important approximation; i.e., we assume that this distri-
bution can be simply replaced with the equilibrium one,
neglecting all light-induced effects on it. This assumption
actually corresponds again to a lowest-order (quadratic)
approximation in the optical field, because a quadratic
factor in the field is already present in the excitation
probability p appearing in the excited-state distribution
n, that ultimately determines the molecular current.
Therefore, all dependences of the distribution n on the
field will only contribute to higher-order terms in the
field. Of course, for intense or prolonged illuminations
this lowest-order approximation will fail, and a more
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sophisticated solution will be needed. At equilibrium,
molecule position and orientation can be considered as
approximately uncorrelated variables, and hence we can
write n(r, i) = N(r)f(ft), where N(r) is the molecular
number density and f(fi) is the orientational distribution.
Assuming a uniform distribution of azo molecules in the
polymer film, the first is then written as N(r) =
NyO(z)0(L — z), where N, is the (uniform) bulk number
density and 6(z) is the Heaviside step function [i.e., 6(z) =
0 for z < 0 and 6(z) = 1 for z > 0], here used to describe,
in an abrupt approximation, the polymer surface located at
z = L and the interface with the substrate located at z = 0.
The equilibrium molecule orientational distribution is
taken to be isotropic; that is, f(f&) = 1/(47). This assump-
tion is certainly valid at the beginning of the irradiation.
During the irradiation, the molecules will reorient ran-
domly and after many excitations will tend to become
orthogonal to the electric field, so they become anisotropi-
cally distributed. However, as already explained above,
this effect leads to higher-order terms in the optical field,
which we neglect here.

We are now ready to write an expression for the excited
molecule distribution:

“N g BWPIDAL — 0 )
T

Inserting this expression into Eq. (3), we can calculate the
1D current density

ne(r’ ﬂ) =

- aliiv‘) D(zR0R)O(L — 2)fe - VI e - E(r)]

+[8(z—L) - 8@l -lp-E®PL )

where we have introduced the surface normal unit vector Z
and Dirac’s delta function 6(z). The first term appearing
within curly brackets in this expression of the current is a
bulk term, in which the gradients leading to the current are
due to the nonuniform light illumination only. The second
term, with the 6 functions, can be interpreted as interfacial
terms with currents driven by the rapid variation of mole-
cule concentration. Since we have assumed D(z) = 0 for
z =0, we can drop the second of these interfacial terms
(relative to the interface with the substrate) and retain only
the surface term, for z = L.

The transverse current density J can now be obtained by
integrating over the entire solid angle and averaging along
z across the film thickness (assuming z-independent optical
fields), as shown in detail in the Supplemental Material
[29]. After these steps, we obtain

Jiy = CLo(EIE) + C0/(EfE, + E(E)) + C30|E.|?

J(r, p) =

C
+TS(E§Ek+EZEz), with k[ =x,y, (6)
with
o _~ __at,NoDp _at,NyDyg
C,=C,=Cs 5 Cs 5 D

Inserting Eq. (6) into Eq. (1), we obtain the following final
expression for the pattern of surface reliefs or valleys
(see also the Supplemental Material [29] for an equivalent
but more explicit expression in terms of the field Cartesian
components):

Ah(x,y) = 0,0 (ETE) + c20,9,(EfE}) + c39,04|E,|?
+ ZCSGkRe(EjEk) with k, = X, ), (8)

where
LAZC] LAZCY’T@N()DB
cl = c3 = — = s
p 15p
2LAtC
= - 2 =2¢, ©)
p
AtCS AtaTeNoDS
CS = — = — 15 .
p P

The results given in Egs. (6) and (8) are perfectly consis-
tent with those of our phenomenological model [27,30].
We remark that the first three terms in Egs. (6) and (8) refer
to bulk effects, while the fourth is an additional surface-
related effect. The latter vanishes identically for most
illumination geometries investigated in the past, but it
does not vanish for certain particular illumination patterns,
such as the vortex beam case.

In contrast with a phenomenological analysis, a micro-
scopic model provides expressions for the coefficients
appearing in the constitutive equations in terms of molecu-
lar properties. We can then use the experimental data to
estimate the value of these unknown molecular quantities.
In particular, with our experimental values [27], we obtain
the following order of magnitude estimates: Dg7, ~
107*3 kgm?. For a typical lifetime 7, ~ 10 ps and our
polymer mass per azo molecule of m, = 325 Da, one
obtains Dy/m, ~2 X 107® m?/s and a single random-

walk step of \/Dg7,/m, ~ 4 A. These values are reason-
able and consistent with previously reported estimates
[23], although they imply a surprisingly good efficiency
of the process.

Another interesting prediction of our model concerns the
relative values of the four terms appearing in Eq. (8), which
can be readily compared with the results of experiments. In
particular, in Ref. [27], we have experimentally estimated a
ratio |cg/c,| = 4/ A, which corresponds to |Cg/C,| = 10,
in order to explain the spiral relief shape. In Fig. 1 we show
how the simulated pattern loses its spiral shape for smaller
and larger values of this ratio (although the variation is very
slow, and this implies a high uncertainty on the reported
optimal value). This in turn implies that Dg/Dg = 10; i.e.,
the molecule light-driven mobility is enhanced close to the
surface by about 1 order of magnitude (the random-walk
step is increased by a factor of 3), which is a reasonable
result, considering that the number of polymer entangle-
ments will be strongly reduced at the surface.
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Another prediction of our model is C; = C, = Cj3, lead-
ing to ¢, = 2¢; = 2c¢3. The coefficient ¢ controls a mass-
transport current along the gradient of light intensity
regardless of polarization, while ¢, corresponds to the
additional transport effect occurring when the light gra-
dient is parallel to the optical electric field (c; gives a mass
transport controlled by the intensity of the longitudinal
component of the electric field, so it is usually less rele-
vant). The role of these two factors is best understood in a
simpler irradiation geometry, such as with the interference
fringes created by two plane waves impinging on the
sample obliquely at two opposite incidence angles. The
induced relief pattern in such experiments is a grating,
similar to the writing interference pattern [5,6], and this
is also predicted by our model (see supplemental infor-
mation of Ref. [27]). However, the amplitude of the relief
modulation depends on the polarization of the interfering
beams. Let us consider the two main optical polarization
geometries, ss and p p, corresponding to an optical electric
field that is, respectively, perpendicular and parallel to the
incidence plane (and hence to the resulting field gradient).
Our model predicts a relief modulation amplitude propor-
tional to c¢; in the ss case and to ¢; + ¢, in the pp case.
Hence, the predicted ratio of these two amplitudes is
c;/(cy + ¢;) = 1/3. This value does not agree with the
results of most experiments, for which an ss illumination
generates barely visible relief gratings, much smaller than
the pp ones [9,10,24]. Hence, the mass motion seems to
take place almost exclusively along the light electric field,
which in our model corresponds to setting ¢; < c;.

A similar discrepancy is found in the case of single
Gaussian beam illumination. Assuming a coefficient ratio
c;/(cy + ¢;) = 1/3 leads to the modulated ring relief
pattern shown in Fig. 2(c), with a maximum ring height
in the direction of the polarization (vertical in the figure)
and a minimum in the perpendicular (horizontal) direction.
The ratio between these minimum and maximum heights
is just 1/3. Similar ring patterns were obtained in previous
numerical simulations (see, e.g., Fig. 2 in Ref. [25] and
Fig. 2 in Ref. [26]). However, the experimental patterns
look different, as shown in Fig. 2(a) (see also previous
experiments [7,8]): there is no visible relief in a direction
perpendicular to the polarization, again consistent with a
mass motion taking place only along the light electric field.
In our model, this corresponds again to setting ¢; < ¢;.
Actually, the optimal agreement is obtained for slightly
negative values, i.e., ¢;/c, = ¢3/cy = —0.15, as shown in
Fig. 2(b) [31].

We ascribe these discrepancies between the experiment
and the predictions of our microscopic model mainly to our
lowest-order approximation in the optical field. Most
experiments are indeed performed in a nonlinear regime,
in which the light-induced orientational effects are strong
and faster than the mass transport ones. Therefore, azo
molecules tend to reorient perpendicular to the light

(@) nm

(b)
S0y 4 130
0
3
-50 g -
-150 1
-200 -18.0
0
0 1 2 3 4
(d) 16.4
-15.8

um
() 137
FIG. 2 (color online). Relief patterns induced on the polymer
by an impinging Gaussian light beam (i.e., vortex charge ¢ = 0).
(a) Experimental results, imaged using an atomic force micro-
scope. (b) Pattern predicted by our model, for ¢;/c, = —0.15
(optimal value). (c) Pattern predicted by our model for ¢,/c, =
0.5. (d) Pattern predicted by our model for ¢, /c, = —0.5. In all

simulations, we assumed c3 = c;. The simulated pattern vertical
scale is in arbitrary units.

polarization relatively quickly, and then stop absorbing
and moving. This “orientational bleaching” can be coun-
teracted by the mass transport when the latter occurs
parallel to the optical electric field, because the polymer
dragging will tend to realign the azo molecules again
parallel to the field. Instead, an initial mass transport
perpendicular to the electric field makes the bleaching
even faster and quickly leads the process to a complete
stop. Strong evidence in favor of this qualitative explana-
tion is provided by other experiments in which an incoher-
ent uniform ‘“‘assisting beam” with orthogonal polarization
is used to “‘recycle’ the molecules into a random orienta-
tion (but without contributing to the mass transport),
thus preventing them from reaching this orientational
bleaching [32,33].

In conclusion, our model provides a realistic, although
simplified, description of the light-induced mass-transport
process at the molecular scale, illustrating the microscopic
nature of the surface-enhanced diffusion term needed to
explain the spiral relief patterns observed under vortex
light illumination. However, in order to correctly predict
the ratio between the different coefficients appearing in the
light-induced mass current, the role of molecular orienta-
tional order (and probably also the viscoelastic response of
the polymer) will need to be included in the model.
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