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Optical properties of microfabricated fully-metal-
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A study of the optical properties of microfabricated, fully-metal-coated quartz probes collecting longitudinal
and transverse optical fields is presented. The measurements are performed by raster scanning the focal plane
of an objective, focusing azimuthally and radially polarized beams by use of two metal-coated quartz probes
with different metal coatings. A quantitative estimation of the collection efficiencies and spatial resolutions in
imaging both longitudinal and transverse fields is made. Longitudinally polarized fields are collected with a
resolution approximately 1.5 times higher as compared with transversely polarized fields, and this behavior is
almost independent of the roughness of the probe’s metal coating. Moreover, the coating roughness is a critical
parameter in the relative collection efficiency of the two field orientations.

1. INTRODUCTION

Apertureless scanning near-field optical microscopy
probes were first proposed by Wickramasinghe and
Williams! and subsequently developed by Zenhausern et
al.,? where the probe was a standard silicon atomic force
microscope (AFM) tip scattering the light transmitted
through an illuminated sample. Subsequently, metal
probes have also been employed for the same purpose. It
was found that metallic tips scatter transversely and lon-
gitudinally polarized fields with different relative
strengths.® In a previous paper® we reported a phenom-
enological description of a similar effect, taking place in
the collection of light by apertureless microfabricated
quartz probes.“a’6 There we also demonstrated that the col-
lection efficiencies of the transverse and longitudinal
fields are highly dependent on the roughness of the probe
metal coating.

The aim of the present work is to complete the investi-
gation on the polarization-dependent light-collection be-
havior of microfabricated quartz probes by quantifying
and extending the previous findings. First, we give an ex-
perimental estimation of the relative collection efficien-
cies of transversely and longitudinally polarized fields. In
addition, we demonstrate that the probe spatial resolu-
tion is significantly higher for collection of longitudinally
versus transversely polarized fields.

The understanding of the coupling mechanism of non-
paraxial polarized optical fields with metallic or fully
metalized tips is an important topic in scanning near-field
optical microscope (SNOM) imaging. As has been
experiment:sllly7’8 and theoreticallyg’10 demonstrated, the
presence of a highly confined longitudinally polarized
field at the apex of apertureless nanoprobes (used in the
illumination-mode configuration) is responsible for ob-
taining images with superresolved features. Neverthe-
less, the complementary problem of the link between op-
tical resolution and collection of transverse and
longitudinal fields into apertureless transparent probes

needs more investigation. To obtain information on the
probe resolution for the two polarization directions, an ex-
perimental situation where the transverse and the longi-
tudinal fields to be scanned are distributed over different
regions of space is highly desirable. There are several
ways of producing a longitudinally polarized field having
little overlap with a transversely polarized field. One of
the most elegant methods consists of focusing a radially
polarized beam. In this case, a narrow on-axis longitudi-
nally polarized peak arises on the optical axis, while a
transversely polarized field surrounds it over an annular
region.'"!2 The strength of the longitudinal field depends
on the numerical aperture (NA) of the focusing lens and
on the shape of the lens entrance pupil.!® A focused azi-
muthally polarized beam is also exploited for comparison
purposes: In the focal plane it has no longitudinal field
component, and the transverse field is distributed in a
ring-shaped pattern similar to that of the focused radially
polarized beam. The collection of transverse and longitu-
dinal fields is performed by raster scanning the focal
plane of focused radially and azimuthally beams with the
probe.

2. RADIALLY AND AZIMUTHALLY
POLARIZED BEAMS GENERATED BY
LIQUID-CRYSTAL ELEMENTS

In this section the generation and far-field characteriza-
tion of the axially symmetric beams used in the experi-
ment is described. Such beams can be produced in several
ways (see, for example, Refs. 14-16). In the present setup
two liquid-crystal (LLC) cells are used.

A. Far-Field Measurements

The first element is the 6-cell polarization converter de-
scribed in Refs. 17-19. The entrance and the exit plates of
the cell are linearly and circularly rubbed, respectively.
The direction of the linear rubbing on the entrance plate



determines the cell axis. Each LC molecule chain is char-
acterized by a twist angle (i.e., the angle between the ori-
entation of the molecules at the entrance and at the exit
plates) that is a function of the angular position with re-
spect to the cell axis. When the polarization-guiding con-
ditions are met,?° a linearly polarized beam incident on
the entrance plate, propagating parallel to the 6-cell nor-
mal and with an electric field vector parallel or perpen-
dicular to the cell axis,?! experiences a rotation of its po-
larization direction by the twist angle. This phenomenon
occurs for a broad range of wavelengths. However, in this
case, a defect line running along the diameter parallel to
the cell axis arises. The defect line is caused by the de-

Fig. 1. Images of the incoming laser beam after passing through
the 6 cell, producing (a) an uncompensated radially polarized and
(b) an uncompensated azimuthally polarized beam. Also note the
presence of the defect line due to the destructive interference of
the opposing polarization orientations in the two halves of the
beam, as indicated schematically by the arrows.
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structive interference of two opposite field contributions
of equal amplitude over the same spatial region, as illus-
trated by Fig. 1. The defect line width is mainly deter-
mined by fabrication processes.

In the following, the defintions of uncompensated radi-
ally and uncompensated azimuthally polarized beams
will be used to indicate the two configurations displayed
in Figs. 1(a) and 1(b), respectively. Note that, in this par-
ticular case, the input polarization is parallel to the 6-cell
axis for the azimuthally polarized beam and perpendicu-
lar to it for the radially polarized one.

The axially symmetric beams generated by the 6 cell
are focused with an objective lens (NA=0.65). The focal-
plane intensity distributions are imaged on a CCD by
means of another microscope lens (NA=0.65). The uncom-
pensated radial and uncompensated azimuthal configura-
tions give rise to the same far-field pattern. As shown in
Fig. 2, the transverse intensity distribution shows two re-
flection symmetries. By placing an analyzer in front of the
CCD oriented either parallel or perpendicular to the in-
put polarization, one finds either a fourfold or a three-
lobed pattern, respectively. In conclusion, although the
electric field vector lies along the radial or azimuthal di-
rection, the 6 cell does not provide the proper phase dis-
tribution for obtaining a circularly symmetric pattern in
the focal plane of the lens. For this reason, the 6 cell alone
cannot be used in our setup, and a second element com-
pensating for this effect is required.

To have axially symmetric beams with the desired
phase distribution, we use a second LC plate. It is a
phase-shifter cell providing a tunable phase delay be-
tween the two halves of the beam passing through it. It is
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Fig. 2. Measured focal-plane images of uncompensated axially symmetric beams focused by a NA=0.65 objective. Azimuthally polarized
beam: (a) total intensity, (b) intensity of the field x component, (c) intensity of the field y component. Radially polarized beam: (d) total
transverse field intensity, (e) intensity of the field x component, (f) intensity of the field y component.



placed in the setup as depicted in Fig. 3. This LC element
is composed of two glass substrates with a rubbed polyim-
ide alignment layer. Structured transparent indium tin
oxide electrodes define an active area of 1 cm X 1 cm. With
a thickness of 6 um and filled with the LC mixture
BLO006, the cell gives a retardation of 1772 nm at room
temperature for parallel alignment. If voltage is applied,
the retardation can be switched off. Since only the ex-
traordinary index (n,) is modulated, the input linear po-
larization should be aligned along this direction. As sug-
gested in the drawing in Fig. 3, if a m-phase delay is
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Fig. 3. Schematic drawing of the LiC elements generating axi-
ally symmetric polarized beams.
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applied to one half of the beam, then the output will be
either a radially or an azimuthally polarized beam.

By focusing these beams, one finds intensity distribu-
tions having complete circular symmetry in the focal
plane (Fig. 4). Rotational symmetry is also expected in the
polarization distribution. If an analyzer oriented along an
arbitrary direction 6 with respect to the cell axis is placed
in front of the CCD, the observed pattern is a two-lobed
intensity distribution. The orientation of the lobes follows
the polarization state of the beam as shown in Fig. 4. In
general, axially symmetric linearly polarized beams can
be described by the following Jones vector:*2

cos(PO+ o)
= , P=1,23,.... 1
P [sin(P6+ bo) 1)
In particular, the two beams produced as described above
can be described by a Jones vector having P=1. In the fol-
lowing, they will be called compensated axially symmetric
beams.

B. Comparison with Calculations
Calculations of the optical field distribution in the focal
region of a thin perfect aplanatic lens have been per-
formed. On the basis of the method described in Refs.
23-25, the implemented algorithm separately calculates
each component of the E-field vector associated with a
converging spherical wave as it propagates along the op-
tical axis.

The following images present the results of calculations
in which a NA=0.65 lens focuses a uniform field passing
through an ideal 6 cell and a lens pupil. In Fig. 5 the case
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Fig. 4. Measured focal-plane images of compensated axially symmetric beams focused by a NA=0.65 objective. Azimuthally polarized
beam: (a) total intensity, (b) intensity of the field x component, (c) intensity of the field y component. Radially polarized beam: (d) total
transverse field intensity, (e) intensity of the field x component, (f) intensity of the field y component.
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Calculated patterns of uncompensated axially symmetric polarized beams produced by an ideal 6 cell, in the focal plane of a

NA=0.65 lens. Azimuthally polarized beam: (a) total intensity, (b) intensity of the field x component, (c) intensity of the field y component
(the z component is zero). Radially polarized beam: (d) total transverse field intensity, (e) intensity of the field x component, (f) intensity

of the field y component, (g) intensity of the field z component.

of the uncompensated beams is presented. The intensity
patterns are normalized to the maximum value of the to-
tal intensity as the sum of all three Cartesian field com-
ponents.

An analogous set of calculations for the compensated
cases, where a m-phase delay is introduced in one half of
the beam by an ideal phase-shifter plate, is shown in
Fig. 6.

Calculations demonstrate that the transverse field
(given by the sum of the x and y electric field components)
for the two axially symmetric beams show similar pat-
terns. This result is also confirmed by the far-field mea-

surements shown previously. As already stated, only a fo-
cused radially polarized beam gives rise to a nonzero field
z component. Since no significant difference is found be-
tween the collected focal-plane images of focused azi-
muthally and radially polarized beams, it is clear that the
longitudinally polarized field is strongly attenuated in the
image-formation process. This effect is quite well known
and can be explained with simple geometrical
considerations.?® The calculated intensity patterns asso-
ciated with the z component of the field will be further
employed in the following sections for comparison with
near-field images collected with the SNOM probes.



We conclude this section with some general remarks on
axially symmetric beams. It is well known that, in the
paraxial limit, the vectorial Helmholtz equation admits a
family of beamlike solutions describing the transverse
vectorial field with an inhomogeneous polarization
state.?”?® Such solutions are called Bessel-Gauss modes:
In particular, the two lowest-order solutions represent
azimuthally and radially polarized beams. In our experi-
ment, since the two axially symmetric beams are created
by a space-variant phase modulation of an incoming
TEM,, mode, we cannot define them as pure Bessel-
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Gauss modes. Nevertheless, we underline that the ulti-
mate aim of producing such beams is to focus them in or-
der to obtain a certain polarization-dependent field
distribution suitable for our investigation.

3. PROBE-FIELD INTERACTION

Once the axially symmetric beams are generated and fo-
cused, scans of the focal plane are performed with a
collection-mode SNOM with microfabricated apertureless
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Calculated patterns of compensated axially symmetric polarized beams produced by an ideal 6 cell and focused with a NA

=0.65 lens. Azimuthally polarized beam: (a) total intensity, (b) intensity of the field x component, (c) intensity of the field y component
(the z component is zero). Radially polarized beam: (d) total transverse field intensity, (e) intensity of the field x component, (f) intensity

of the field y component, (g) intensity of the field z component.
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Fig. 7. Working principle of the SNOM used in the experiment.
PMT, photomultiplier tube.

SiOy probes. The collection properties of two different
probes having different metal-coating characteristics are
presented and compared.

A. Near-Field Microscope

A schematic diagram of the apparatus is shown in Fig. 7.
The device is a static AFM working as a collection-mode
SNOM in transmission. In the present experiment, no
samples are topographically scanned, and so the AFM
system is not employed.

The laser source is an Ar* laser of 514.5 nm wave-
length. The linearly polarized beam is converted into an
axially polarized one by use of the two LC plates de-
scribed previously. It is possible to switch from radial to
azimuthal mode with a 90° rotation of the input polariza-
tion. The beam is then focused close to the tip by a lens
(NA=0.65) mounted on the xyz piezostage (PiezoFlexure
Stage P-517.3CL). The scans are performed by moving the
piezostage in a plane (the focal plane of the lens) at a fixed
distance from the SNOM head. The area of the scans is
2 um X 2 um. The light collected by the probe propagates
through a square hole in the cantilever placed behind the
tip base. With the help of some collection lenses and a dia-
phragm, an image of the hole in the photomultiplier pho-
tocathode plane (Perkin Elmer MD-952) is produced. A
CCD is also employed for alignment purposes.

B. Compensated Azimuthally and Radially Polarized
Beams Mapped with Standard Probes

The micromachined SNOM probes are 12 um long amor-
phous SiO, tips integrated on silicon cantilevers.>® They

are completely coated with polycrystalline aluminium
having a thicknness as great as 60 nm. The probe has no
aperture at its apex and is circularly symmetric. A hole in
the cantilever, located underneath the tip base, allows
light to pass through. A detailed description of fabrication
and characterization of standard probes can be found in
Ref. 29.

The first kind of probe employed in the experiment
(called the standard probe) is presented in Fig. 8. The alu-
minum coating is deposited in the step-coverage mode:*°
i.e., a method consisting of a rotation of the wafers in the
planetary wafer holders in such a way that the metal is
evaporated under a constantly varying angle. By evapo-
ration of 100 nm of aluminium on the wafer, a uniform
layer of approximately 60 nm thickness covers the tip en-
tirely. Metal grains are formed during the deposition pro-
cess, but they are contained in the coating layer. The es-
timated roughness of the metal layer is 1.9 nm+0.5 nm.

The focused compensated azimuthally polarized beam
as imaged by the SNOM system with a standard probe is
shown in Fig. 9(a). In Fig. 9(b) the recorded pattern of a
focused compensated radially polarized beam is shown.
The two measurements have been done in sequence, after
the polarization of the input beam has been turned by
90°. The inhomogenities in the intensity distribution are
mainly due to the quality of the beam.

The most important difference between the two images
is in the amount of light detected in the neighborhood of
the center of the annular pattern. This effect is attributed
to the contribution of the longitudinal field present only in
the case of the focused radially polarized beam. Therefore
a portion of the longitudinal field component must be col-
lected by the probe. To investigate this coupling effect
more quantitatively, we analyze the intensity profiles
measured along the dashed lines of Fig. 9. Along the cho-
sen directions, the measured distributions display the

Snm

Fig. 8. Transmission electron microscope image of a SiO, tip
coated with aluminum in the step-coverage mode (the standard
probe).



best symmetry. A comparison with calculations is then
performed as follows. The azimuthally polarized case is
considered first. In this case a focal-plane field distribu-
tion whose polarization state is essentially transverse is
expected.

To take into account the finite resolving power of the
probe, we convolve the theoretical profile of the
transverse field Z; with a Gaussian-shaped function fr
=exp[—(x2/202T)]. The Gaussian is taken as the instru-
mental function of the microscope. This procedure is com-
monly applied in cases where the details of the probe—
field interaction cannot be modeled in an accurate way
(an example is found in Ref. 31). The parameter o7 is de-
termined by a least-squares fit of the measured data 1%
with the function Zpofr. The best fit is obtained for oy
=153 nm. In Fig. 10 the measured data 1%, the normal-
ized theoretical profile Z7, and the result of the convolu-
tion Zpofy are shown.

In the case of the radially polarized beam, since the po-
larization state of the pattern is not homogenous, both the
longitudinal and the transverse field contributions must
be taken into account, the total intensity being the sum of
the two. In our analysis the following assumptions are
made:

e The theoretical transverse Z; and longitudinal Zj
components are individually convolved with two
different Guassian functions, fr=exp(-x2/ 202T) and
fL=exp[—(x2/20%)], respectively.

e The detected total intensity is given by a weighted sum
of the longitudinal and transverse field contributions
rad=r2dy rrd, The value of C gives an indication of the
ratio of the probe-collection efficiency for longitudinally
polarized fields to that one for transversely polarized
fields.

Furthermore, since in this particular case the images of
the focused azimuthally and radially polarized beams are
collected with the same probe, we assume that the collec-
tion behavior of the tip with respect to the transverse
component of the field is the same in both measurements.
Thus we apply the same value of o7 in both the radial and
the azimuthal cases. A two-parameter least-squares fit of
data with the function Zpefp+C(Zy°f;) is performed,
which searches for the best values of o7, and C. The re-
sults are reported in Fig. 11, where the measured points
I the theoretical profile Z;+7;, and the weighted sum
of the convolved profiles Zpofp+C(Zy0f1) are shown. The
optimal values are o;,=102 nm and C=27.3%. We note
that the root mean squares of the microscope instrument
functions for the two field orientations are significantly
different, with the transverse Gaussian fr(or=153 nm)
being significantly broader than the longitudinal Gauss-
ian f7,(o7, =102 nm).

C. Compensated Azimuthally and Radially Polarized
Beams Mapped with Rough Probes

The second kind of probe used in the experiment is coated
by use of a different process (see Fig. 12). In this case the
aluminium has been deposited in the normal mode: The
wafers are not rotated during the evaporation procedure,
so the metal is deposited normally to the wafer surface.
The result is a chaotic distribution of small metal grains
and a much higher roughness (5.5 nm+0.5 nm) than in
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Fig. 9. Intensity distribution of a focused compensated (a) azi-

muthally polarized beam and (b) radially polarized beam
scanned by the SNOM with a standard probe.
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Fig. 10. Intensity profile of a compensated focused azimuthally
polarized beam. The curves show the measured data I** (dia-
monds), the theoretical distribution Z; (dotted curve), and the
convolution Zpefp, with op=153 nm (solid curve). The measured
profile is taken along the dashed line shown in Fig. 9(a).



the case of a standard probe. This kind of probe will be
called the rough probe in the following.

We consider again the focused azimuthally polarized
beam. The detected image is shown in Fig. 13(a) and
shows a pattern similar to the calculated one.

The intensity distribution of the radially polarized
beam, shown in Fig. 13(b), is then considered. The image
looks completely different from the results with the stan-
dard probe: A single spot rather than a ring-shaped pat-
tern is found. A comparison with calculations reveals that
the collected field is indeed distributed in the same way
as the longitudinal field in the focal plane of a focused ra-
dially polarized beam.
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Fig. 11. Intensity profile of a compensated focused radially po-
larized beam. The curves show the measured data (diamonds),
the theoretical distribution Z;+7Z; (dotted curve), and the
weighted sum of the convolved distributions Zpefr+C(Z;f1),
with C=0.273 (solid curve). The measured profile is taken along
the dashed line shown in Fig. 9(b).
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Fig. 12. Transmission electron microscope image of the apex of
a SiO, tip coated with aluminum in the normal mode (the rough
probe).
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Fig. 13. Intensity distribution of a focused compensated (a) azi-
muthally polarized beam and (b) radially polarized beam as im-
aged by the SNOM with a rough probe.
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Fig. 14. Intensity profile of a compensated focused azimuthally
polarized beam. The curves show the measured data I"d (dia-
monds), the theoretical distribution Z; (dotted curve), and the
convolution Zpefy, with op=151 nm (solid curve). The measured
profile is taken along the dashed line shown in Fig. 13(a).



T T
Measurements

AU. °

R Calculations (GL= 0) ]

Calculations (o, =117 nm)

X [um]

Fig. 15. Intensity profile of a compensated focused radially po-
larized beam. The curves show the measured data I'2d (dia-
monds), the theoretical distribution 7Z; (dotted curve), and the
convolution Z;of;, with 07,=117 nm (solid curve). The measured
profile is taken along the dashed line shown in Fig. 13(b).

By taking the intensity cross section along the dashed
lines in Fig. 13, we obtain the profiles shown in Figs. 14
and 15. In the azimuthal case a convolution with a Gauss-
ian function fr having op as a free parameter is per-
formed. The best fit is given by or=151 nm, a value very
close to the one obtained for the standard probe. This in-
dicates that the behavior of the two kinds of probe in col-
lecting transverse fields is almost the same. In the radial
case, for comparison purposes, we assume that only the
longitudinal component has been collected by the probe.
Consequently, the theoretical profile Z; of the longitudi-
nal field distribution is convolved only with an instru-
ment Gaussian function f;, characterized by a oy, to be de-
termined by fitting the experimental data 1", The results
of the fitting processes give o7,=117 nm. Once again we
find a narrower probe instrument function for the collec-
tion of longitudinal fields versus transverse fields.

4. DISCUSSION OF RESULTS AND
CONCLUSIONS

The near-field optical microscope is nowadays one of the
most promising tools for the investigation of the interac-
tion of light with objects on a nanometric scale. It is
known that, in such a situation, the description of optical
fields in the paraxial approximation is clearly unsastisfac-
tory and that the electromagnetic field must be consid-
ered in its whole vectorial nature. As a consequence, an
understanding of the probe response with respect to the
three-dimensional electromagnetic field becomes crucial.
By considering the conical shape of the SNOM probe, we
indentify two main polarization states that are of some in-
terest to this end: parallel (longitudinal polarization) and
perpendicular (transverse polarization) to the probe axis.
In this paper we present for the first time, to our knowl-
edge, an experimental determination of the relative col-
lection efficiency and the relative spatial resolution that
are obtained when these two fields are scanned and im-
aged by means of apertureless microfabricated quartz
probes.

As the measurements performed with the rough probe
demonstrate, we found that the value of C=27.3% ob-
tained for the standard probe is dramatically changed by
altering the roughness of the metal coating. This effect
can be explained by taking into consideration the light-
guiding mechanism in the microfabricated probes as de-
scribed in Ref. 4. In that work it was suggested that the
coupling of transversely polarized light would take place
at the probe sidewalls, as guided linearly polarized modes
reach cutoff in the taper well before arriving at the probe
apex. In the rough probe the roughness of the metal-
coated sidewalls would then play a significant role in im-
peding the coupling of transversely polarized fields, re-
sulting in a change of the collection efficiency ratio.

Another important collection property of microfabri-
cated apertureless probes is the polarization-dependent
resolving power. The Gaussian instrumental function
used in the data fits is, in principle, related to the whole
microscope system. Nevertheless, even if its value cannot
be strictly considered a direct estimation of the spatial
resolution of the probe, comparisons between different
measurements performed with the same system can in-
deed be used to describe relative resolution performances.
With the standard probe, we found a larger value of o as
compared with o7, and this trend is also found with the
rough probe, where the values of o7 and oy, are very close
to the standard probe case.

The previous results can be synthesized in the follow-
ing three points: (1) the probe metal-coating roughness
can dramatically affect the collection efficiency of trans-
versely polarized fields but (2) has only slight influence on
the resolution with which the two field orientations are
imaged, and (3) longitudinally polarized fields are imaged
with a higher resolution with respect to the transversely
polarized fields. It is also interesting to note that, al-
though the two kinds of probe used in the experiment
clearly show different morphological characteristics, both
of them possess a large metal grain (diameter ~40 nm) at
the very apex of the tip. This observation, together with
the results found in our experiment, suggests that this
large grain could be primarily responsible for the collec-
tion of longitudinally polarized fields, which would be con-
sequently coupled at the very apex of the probe. This con-
clusion also confirms the results of previous studies on
the resolution properties of microfabricated apertureless
SNOM probes wused in an illumination-mode
conﬁguration,8’10 where a connection between the ob-
served high spatial resolution and longitudinally polar-
ized fields confined at the probe apex was observed.
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