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Near-field optical patterning on azo-hybrid sol–gel films
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91128 Palaiseau Cedex, France

~Received 2 August 2001; accepted for publication 29 October 2001!

We report on the near-field optical patterning of photochromic sol–gel films with subwavelength
resolution. The sample containing functionalized azobenzene species is locally illuminated in the
visible absorption band of these photochromes through the aperture of a metallized tapered optical
fiber. The surface topography imaged byin situ shear-force microscopy reveals that, due to repeated
photoisomerization cycles of the azobenzene molecules, photoinduced matter migration occurs
under the tip leading to the formation of a surface relief. The shape of this structure is characteristic
of the electromagnetic field distribution and strongly depends on the tip-to-sample distance. In
near-field illumination conditions, protrusions of lateral dimension as small as 60 nm~'l/10! are
currently produced. When repeating this process, compact arrays of nanodots are optically inscribed.
© 2001 American Institute of Physics.@DOI: 10.1063/1.1428627#
th
ve

a
em
w
ro
to
te
n
f
l

ly
d

ng
o

-
si
de
e
o
r

h
st
a
o
ol
th
io

els

of
yet

ol–
ne

zene
as

-
ith

ed

the
nsa-
l is
to a
00
loc-
r to

s
i-K/
ad
m is

can-
he

lling
ad-

ich
of
to

tch-
ric

ma

-

Near-field optics have been developed to overcome
diffraction limit of conventional optical methods and achie
lateral resolution much smaller than the wavelength.1,2 But
the interpretation of the contrast origin in near-field optic
microscopy images is not obvious and unquestionable d
onstrations of high optical resolution are not current. Ho
ever, beyond the imaging applications, one can benefit f
the potential high optical resolution of near-field optics
perform optical patterning of surfaces. In the present let
we show that hybrid sol–gel films containing azobenze
derivatives can be optically patterned with a resolution o
tenth of the wavelength~'50 nm! by using near-field optica
techniques.

It is now well-known that azobenzene groups in a po
meric matrix give rise to matter migration when illuminate
in their visible absorption band.3,4 By projecting an interfer-
ence pattern on an azo-polymer film, surface relief grati
have been optically inscribed with a fringe separation
about 1mm, a high modulation depth~of the order of the film
thickness! and a high diffraction efficiency.5,6 The grating is
formed withp-polarized illumination, i.e., if the light polar
ization vector has a nonzero component along the inten
gradient. This dependence on the light polarization exclu
a thermal origin of this effect. The phenomenological d
scription of the process is the following. The stable state
the molecule is the trans-isomeric configuration. The abso
tion of a photon induces the transition to the cis-isomer. T
state is metastable and the reverse transition to the trans-
takes place by thermal activation. Therefore, a molecule
sorbing a photon undergoes a complete trans-cis-trans is
erisation cycle. This transition induces a motion of the m
ecule and a related deformation of the matrix to which
molecule is grafted. This motion takes place in the direct
of the light polarization and stops when the photochrome
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in a dark fringe of the interference pattern. Several mod
are proposed to describe the phenomenon,7–9 but the micro-
scopic mechanism which relates the photoisomerisation
the azobenzene molecule to the matter migration is not
fully understood.

The experiments reported here were performed on s
gel samples prepared from functionalized alkoxysila
monomers bearing bulky carbazole moiety~Si–K! and
electron–donor/electron–acceptor substituted azoben
~Si-DR1!. The synthesis of silane-modified monomers h
already been presented elsewhere.10 To obtain solid-state ma
terials, the functionalized monomers are copolymerized w
a cross linking agent, the tetraethoxysilane~TEOS!. In a
typical sol preparation, alkoxysilanes (2 Si-DR114 Si–K
11 TEOS) are dissolved in tetrahydrofuran and hydrolyz
with acidic water (@H2O#/@Si#54). The mixture is stirred
for several hours, then pyridine is added to neutralize
acidity of the medium and enhance therefore the conde
tion reaction rate. Afterwards, the so-prepared hybrid so
deposited by spin coating on a glass substrate, leading
hybrid film of thickness that can be varied from 20 to 8
nm by adjusting the sol concentration and the angular ve
ity of the spin coater. Samples are not heat treated in orde
keep a low condensation degree~weakly cross linked silica
network!. In Fig. 1, the organically modified silica network i
schematized and the absorption spectrum of a Si-DR1/S
TEOS hybrid film of thickness 75 nm is plotted. The bro
band in the wavelength range between 400 nm and 600 n
due to the azobenzene moieties.

The experimental set-up is a homemade aperture s
ning near-field optical microscope schematized in Fig. 2. T
tapered probe is produced by combining laser-heated pu
and acid etching of a single-mode fiber with core and cl
ding diameters of 3.7mm and 125mm, respectively. The
fiber pulling is carried out with a homemade apparatus wh
allows one to produce a conical tip, with a cone angle
about 50° and a flat aperture of diameter varying from 400
1000 nm. The second step consists of a short chemical e
ing of the preformed tip with 13.4 wt % aqueous hydrofluo

il:
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acid. We made sure that the chemical etching is isotropic
preserves the taper angle while the diameter of the flat a
ture is reduced. Finally, the etched tapered fiber is coa
with a 10 nm-thick chromium layer and a 100 nm-thick a
minum layer, by evaporation in a secondary vacuum cha
ber. This allows to confine the light and to create a defin
aperture at the tip apex with a typical diameter of about
nm.

The tip-to-sample distance is regulated by the she
force technique.11 The tapered optical fiber is attached to
dither piezoelectric tube which is excited at one of the re
nance frequency of the free vibrating part of the fiber. T
changes in the vibration amplitude of the tip due to the she
force interaction with the sample surface are detected
measuring the variation of the electrical impedance of
dither piezo through a Wheatstone bridge and a lock
amplifier.12,13 We feedback control the tip-to-sample sepa
tion using a signal derived from this impedance change.

The yellow line of a Kr1 laser, of wavelengthl
5568 nm, is used as a light source. The power injected
the fiber is estimated at about 100mW. For an aperture di-
ameter of 100 nm, the power emitted~in far field! by the tip
is usually of 1 nW, leading to a power density of the order
10 W cm22. In a typical experiment, the tip is brought to
few nanometers to the film surface. The sample is then
cally irradiated for a time of the order of a few secon

FIG. 1. Absorption spectrum of an azo-polymer film of thickness 75 n

FIG. 2. Schematic view of the experimental setup.
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controlled by a mechanical laser beam shutter. The sur
topography, modified according to the field map around
tip, is then read outin situ by recording the shear-force im
age of the processed area.

Figure 3~a! shows the 2mm32 mm image of the surface
after illumination when the tip was set at a distance to
sample of about 130 nm and the light injected in the fib
was linearly polarized. The irradiation has produced a 3
nm diameter hollow surrounded by two diametrical protr
sions. In fact, this experiment corresponds to a far-field c
figuration since the tip-to-sample distance is larger thanl/2p
~'90 nm!.14 Therefore, the azobenzene moiety behavior
similar to the one observed in the far-field experiments
surface relief grating printing just discussed. The azobenz
molecules tend to move~pulling the matter! away from the
illuminated area, which leaves the hollow. This migrati
takes place along the direction defined by the light polari
tion and results in the formation of the two diametrical pr
trusions on both sides of the hollow. We have checked t
when the injected light polarization is rotated, the whole p
tern ~the hollow surrounded by the two diametrical protr
sions! is rotated by the same angle.

Thereafter, if the tip is brought in the near-field of th
film surface, typically at a distance smaller than 10 nm,
illumination produces a 65 nm-diameter circular protrusi
@Fig. 3~b!#. Inversely to the far-field configuration, photoin
duced matter migration leads here to a film swelling in t
area irradiated by the tip. It is still generated by the azob
zene moiety movements subsequent to repeated trans
trans isomerization cycles but according to an electric fi
distribution which is of course very different from the fa
field one. These experiments give information about the fi
map around the emitting tip. Further investigations are

FIG. 3. ~a! 2 mm32 mm shear-force image of the pattern inscribed on t
photochromic film with a far-field illumination by the tip set at a distance
the sample of 130 nm. The light injected in the fiber is linearly polarized.~b!
2 mm32 mm shear-force image of the area where a local near-field illu
nation of the sample has been produced with a tip-to-sample dista
smaller than 10 nm.
 license or copyright, see http://apl.aip.org/apl/copyright.jsp
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progress to relate the optical near-field distribution to
induced relief pattern.

We have varied the irradiation dose by increasing
illumination time while keeping constant the light inp
power~Fig. 4!. Circular protrusions are still formed in nea
field ~the apparent ovoid shape of the bumps is here only
artifact of the shear-force image due to the shape of the!.
As shown by the line plot across the protrusions, their dia
eter is constant and defined by the tip aperture~of about 120
nm in this experiment! and their height is directly propor
tional to the irradiation time. This definitely confirms that th
protuberance formation is of pure near-field optical orig
and that no thermal heating or threshold effects occur.
have performed the same experiment with a five times la
input power and divided the whole irradiation time by t
same factor. This yields a similar pattern which is not rep
duced here.

Figure 5 shows an example of a near-field surface p
terning of a 20 nm-thick film with al/10 resolution. An
array made of 939 nanodots of 55 nm-lateral size~full
width at half height! is inscribed in an area of 131 mm2.
The shear-force image is taken with a scanning direc
rotated by 45° to avoid reading artifacts and the obser

FIG. 4. 2mm32 mm image of a line of seven protrusions inscribed
near-field with illumination times increasing linearly: 5, 10, 15, 20, 25,
and 35 s. The distance between two adjacent bumps is constant and eq
180 nm.

FIG. 5. 2mm32 mm image of an array of 939 bumps inscribed in near
field on a 20 nm-thick film. The lateral size of each bump is 55 nm~full
width at half height!, the mean height of the bumps is 5 nm.
Downloaded 22 Dec 2006 to 129.104.38.3. Redistribution subject to AIP
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deformation of the ‘‘square’’ array is only due to piezoele
tric nonlinearity. The profiles of two dot lines are also r
ported in Fig. 5. It is shown that each nanodot is well se
rated from its closest neighbors. Furthermore, the writ
process is nondestructive as one dot is not erased when
next ones are inscribed. We have deliberately omitted
central dot, to show that the writing process is perfectly co
trolled. Note that such an experiment corresponds to a d
sity of binary recorded data as high as 80 bitmm22.

To conclude, we have demonstrated the possibility
pattern thin photochromic sol–gel films with a nanomet
resolution by using aperture near-field optical techniqu
The formation of topographic structures of subwavelen
size is due to the matter migration induced by repeated p
toisomerization cycles of the azobenzene derivatives gra
in the sol–gel matrix. The results reveal the difference in
field distribution whether the illuminating tip was brought
right proximity of the film surface~near field! or at about a
hundred nanometers away~far field!. With near-field illumi-
nation, the lateral size of the structures is defined by the
aperture diameter. The height of the protrusion is direc
proportional to the irradiation dose. As the illumination
strictly confined under the tip, compact arrays of bumps w
nanometric lateral size can be inscribed without neigh
erasing effects. This demonstrates a near-field optical res
tion of l/10 and provides potential applications to optic
nanolithography and high density optical data storage wit
capacity of at least 1 Gbyte•cm22. Our photoresponsive ma
terial also exhibits capabilities to map the electromagne
field distribution in the vicinity of a nanometric object. Th
property can be of great help to improve comprehension
near-field optical measurements.
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