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We demonstrate that tuning fork sensing provides a stable, noncontact mode of operation when
applied to near-field optical microscopy employing cantilevered probes. Detrimental damping
effects that have so far limited the practical use of these otherwise very advantageous probes are
totally overcome. We validate our tuning fork setup featuring hollow-pyramid probes by an optical

nanolithography application. © 2006 American Institute of Physics.
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Surface optical imaging with nanometric spatial resolu-
tion is commonly attained by scanning near-field optical mi-
croscopy (SNOM)." The so-called aperture SNOM works
by scanning a small aperture in close proximity to the sample
surface. Typical SNOM aperture probes are optical fibers,
tapered and metal coated at the apex. The SNOM resolution
is given by the size of their apical aperture, typically in the
20-100 nm range. Fabrication is usually accomplished ei-
ther by heat-and—pull3’4 or by chemical etching methods.” A
variety of reliable tapered SNOM probes is commercially
available, but their performances are intrinsically limited by
the low power throughput (107 in the best cases®”). They
also suffer thermal effects'®™"? due to partial energy absorp-
tion by the metallic coating, and polarization selection/
control is difficult.'*"? Hollow-pyramid cantilevered'®!”
(HPC) probes seem to solve all the above mentioned prob-
lems encountered with tapered optical fibers. HPC feature
small apertures (size of 40—150 nm depends on process con-
ditions during fabrication) together with a large taper angle
of 70.5° ensuing high optical throughput.l&19 It is remarkable
that the pyramidal geometry does not affect the duration of
short laser pulses®® while preserving a well defined polariza-
tion state."”?" Silicon dioxide as tip material guarantees ex-
cellent mechanical stability for long life performance. Their
integration in a conventional SNOM setup is straightforward.
Because of their cantilever geometry known from atomic
force microscopy (AFM) probes, the stabilization of the tip-
sample distance can be accomplished by techniques directly
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imported by the AFM world. Contact mode operation of
these probes while simultaneously monitoring the near-field
optical transmission signal is quite simple to implement also
in commercial setups. Nevertheless, lifetime of the tip is an
important issue and therefore it is desirable to prevent the
aperture from damage by operating the probe in the noncon-
tact or tapping mode. In this case one has to put up with well
known effects such as the slow transient response of the
cantilever and the instabilities due to the high quality
factor.”> Moreover, the shape of the cantilever leads to damp-
ing effects produced by the thin air cushion between the
cantilever and the surface.”> This problem has been partially
overcome by increasing the angle between the sample sur-
face and the cantilever or by more intricate methods, such as
drilling a number of microholes in the cantilever body to
permit air to escape.23’24

Here, we demonstrate how to use hollow cantilevered
tips in scanning near-field optical microscopy while avoiding
detrimental damping effects that are normally present in both
the contact mode of operation and also in the tapping mode.
Tip lifetime is hence well preserved. The method simply
consists in using the shear force to detect and control the tip
to sample distance. The sensor used to detect the shear force
amplitude is a tuning fork; therefore the electrical signals are
easily managed by the electronic circuit of a standard SNOM
without any modification. Since it was introduced,”  this
method has been largely used in SNOM setup. We have sim-
ply adapted it to HPC tips that are mounted on the tuning
fork setup to fit the head of an existing homemade SN OM.*
The performance of this setup is validated by a nanolithog-
raphy experiment at 404 nm on an azopolymethacrylate
(PMA4) thin film.

The HPC is installed in an existing setup based on a
commercially available microscope (Zeiss Axiovert). The
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FIG. 1. (Color online) Approaching curves in shear force (dashed dotted
curve) and tapping mode (continuous line). Inserts (a) and (b) show sketches
of the HPC installed on the tuning fork in the shear force mode and in the
tapping mode configuration, respectively. Insert (c) shows a blow up of the
shear force approaching curve for short distances.

shear force working mode is obtained by gluing the entire
chip carrying the HPC tip onto the wide side of one arm of a
common quartz tuning fork. The fundamental mode of the
tuning fork at 32 kHz produces the mechanical oscillation of
the cantilever, as required by the shear force configuration.
An xyz-translational stage holds the tuning fork system. This
stage is used to bring the HPC hole to the focus of the mi-
croscope objective in order to couple the laser source to the
probe. Light coupling is favored by a low numerical aperture
(NA) optical objective and we use a 10X0,2 NA Epiplan
Zeiss objective. A four quadrant piezotube holds and moves
the sample that is installed beside the shear force assembly.
The light signal, in transmission mode, is collected by a PCX
lens lodged inside the tube with a Hamamatsu miniaturized
phototube.

As a proof of principle, we show in Fig. 1 one approach-
ing curve (solid line) recorded in tapping mode [in the ge-
ometry shown in the insert (b) of Fig. 1] together with the
approaching curve (dashed-dotted line) obtained with the
same cantilever (nominal aperture 100 nm) mounted on the
tuning fork in the shear force geometry [shown in the insert
(a) of Fig. 1]. The tapping mode curve clearly shows a damp-
ing effect due to the air layer between the sample surface and
the cantilever body. This damping is present also at a dis-
tance quite far from the working point and it may lead to a
false approach or, in the worst case, to loss of the feedback
control. In addition, the tapping mode requires a linearization
procedure to control the tip-sample distance because of the
nonlinear trend”’ of the tip-sample interaction. The shear
force configuration overcomes these two difficulties in a
single step. In this case, the amplitude of the oscillations has
an almost linear dependence on the probe-sample distance™
and the damping effect due to the air layer disappears be-
cause the horizontal motion of the HPC does not create any
pressure gradient. The shear force approaching curve we re-
port in Fig. 1 shows indeed no air damping. The expected
linear dependence from the distance is clearly seen in the
blowup of insert (c) from 100% down to 25% of the free
oscillation amplitude. For distances shorter than 30 nm the
linearity is lost because of tip dimension effects and force
perturbations caused by humidity, capillarity, electrostatic in-
teractions, etc.”

To test the topographic performance of the method, the
surface of an AFM commercial test pattern (Veeco Instru-
ments™) was imaged over an 8 X 8 um? area and the result
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FIG. 2. (Color online) (a) Topographic image acquired on an AFM test
pattern (Veeco™). Scan area of 8 X 8 um?. Scale bar of 1.5 um. (b) Profile
line extracted on the forward (solid line) and backward (dot-dashed line)
scans along the line marked on the image (a).

is shown in Fig. 2(a). The line profiles in the forward and
backward scanning directions [Fig. 2(b)] along the line indi-
cated on the image are almost identical, proving that the
system gives very good topographic stabilization suitable for
use in SNOM. This was additionally verified by imaging a
3X2.2 um? wide surface of an aluminum pattern deposited
on a glass cover slip. The optical image [Fig. 3(b)] was ac-
quired in transmission mode using a solid state laser source
at 635 nm. As expected, the metallic islands are observed as
a small relief in the topographic image [Fig. 3(a)] and dark
zones in the optical image [Fig. 3(b)]. The edge optical reso-
lution is about 80 nm with a contrast of about 35%. These
results are compatible with the hole size of the near-field
sensor used for this test, which has a nominal aperture of
120 nm.

To validate the performance of our tuning fork setup
using HPC probes, we report a practical application, namely,
near-field optical nanolithography. The experiment consists
in exciting trans-cis-trans-isomerization cycles on a 100 nm
thick film of azobenzene side-chain polymethacrylate poly-
mer (PMA/PMA4).** With a SNOM working with ordinary
tapered ﬁber probes, we have already demonstrated via
topography as well as via optical blrefrrngence ? that these
azobased polymers are appropriate for near-field optical
nanowriting. Thus, it is straightforward to compare the near-
field nanolithography obtained with hollow cantilevered
probes with previous results. This test gives a precise mea-
sure of the light throughput of the HPC sensors and of the
long term mechanical stability of the instrument, confirming
the excellent topographic and optical performances. The op-
tical absorption spectrum of PMA4 spin-coated thin films
ranges from 360 to 440 nm. In this range, complete trans-
cis-trans-isomerization of the azobenzene group takes
place33 3 and induces motion of molecules leading to a de-
formation of the polymeric matrix. We use a 4 mW solid
state laser emitting at 404 nm. Figure 4(a) shows the topo-
graphical image of an area of the sample surface, acquired
with the laser off. As a check of the instrument’s long term
stability, a series of dots each with an exposure time ranging
from 15 to 30 s was written and then imaged by scanning the
surface again with the HPC probe, as shown in Figs.
4(b)-4(d). The height of the dots, the input laser power, and
the exposure time provide a value of 6X 1073 for the
throughput of the cantilevered probe. That means that near-
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FIG. 3. Topographic (a) and optical (b) images collected in transmission

mode of an Al pattern deposited on a glass cover slip. Scale bar=500 nm.
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FIG. 4. (Color online) Four frames showing the consecutive writing of five
dots (protrusions) on the free surface of a PMA/PMA4 copolymer film. (a)
SNOM topographical image of the area before writing. (b) Image of the first
dot drawn. (c) Two dots added to the first one. (d) Result of the complete
process. These dots are not taller than 14 nm due to the short exposure time
of 15-30 s for each dot.

field optical nanolithography can be achieved with only
~12 nW of laser power. By observing the height and the
shape of the structures obtained with an exposure time of
about 15 s, it appears that the dots in Fig. 4 are not com-
pletely formed. They have an average height of about 10 nm
with a full width at half maximum not larger than 50 nm.
This is in good agreement with the polymeric film properties
and means that the HPC sensor working in shear force mode
is able to image topographic structures below 10 nm. The
complete process (writing, imaging, and writing again),
shown in Fig. 4, took several hours. As it is evident from the
images, in this time interval, no drifts have occurred con-
firming the high degree of stabilization we have achieved in
our setup.

In conclusion, we demonstrate that hollow-pyramid can-
tilevered near-field probes readily work in the shear force
mode. The tuning fork setup requires little modification of a
standard near-field optical microscope. The method is not
susceptible to damping effects from the air layer between the
sample and the probe providing superior control of the
sample to probe distance. The shear force mode of operation
avoids contact with the sample surface; hence it considerably
extends the HPC probe tip life span. The rugged setup based
on a standard optical microscope guarantees stability even
over long duration measurement runs. This simple, all-
piezoelectric sensing method using HPC near-field probes is
expected to open the way to several near-field applications.
As a performance test and example, we have here reported
near-field optical lithography on azopolymeric films by
means of cantilevered hollow probes.

The authors gratefully acknowledge many helpful dis-
cussions with Francesco Fuso. Certain commercial equip-
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