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Abstract

The advent of scanning near-field optical microscopy (SNOM) has augmented at the microscopic level the usefulness of IR spectroscopy.
Two-dimensional imaging of chemical constituents makes this a very attractive and powerful new approach. In this paper we present SNOM
results on boron-doped silicon and on biological growth medium by means of shear-force, reflectivity and photocurrent measurements. Such
experiments allowed us to identify boron clusters embedded in silicon and the distribution of growth medium constituents with a lateral
resolution well below the diffraction limit.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Optical spectroscopy is an excellent probe of semicon-
ductor interfaces, whose energy barriers and discontinuities
fall in its spectral domain[1,2]. Contrary to conventional
electron spectroscopy approaches, the optical radiation has
a deep penetration and can analyze technologically realis-
tic buried interfaces[2]. These investigations, however, are
affected by a severe limitation common to many other in-
terface studies: lack of lateral resolution. In fact, classical
optical microscopy finds its limit in the inability of sepa-
rating two objects located at distance smaller than half the
wavelengthλ of the light involved. The Rayleigh criterion
establishes that two points are distinguishable only if the
distance between them is larger thanλ/(2n sinθ) wheren
is the refractive index of the medium andθ is half the aper-
ture angle of the optical system. In real systems, many in-
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terface properties and phenomena change significantly from
place to place[3,4]. So that, the lack of lateral resolution
may lead to misleading or incomplete results, and makes it
impossible to really understand many microelectronics de-
vices. The infrared (IR) absorption of a biological system
can potentially probe fine and fundamentally important mi-
crochemical properties, for example, by monitoring intra-
cellular metabolism and signal transmission. However, the
practical implementation of this approach has been so far
problematic because of the need for high lateral resolution
and because of the diffraction limit of conventional infrared
microscopy.

This limitation can be removed by using a SNOM ap-
paratus where a stretched optical fiber with a very small
open edge aperture collects the reflected radiation—thereby
reaching resolution levels beyond the diffraction limit[5]. In
fact, the SNOM technique is growing rapidly in importance
for characterizing materials with spatial resolution far below
the classical diffraction limit[5–7]. This technique offers a
unique opportunity for nondestructively studying localized
variations in buried interfaces[8] and biological samples.
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In this paper we show results on boron-doped silicon and
on biological growth medium by means of shear-force, re-
flectivity and photocurrent measurements. In both cases, we
observed photocurrent and/or reflectivity features which do
not match topographic structures in the shear-force images.
Such experiments allowed us to identify boron clusters em-
bedded in silicon and the distribution of growth medium
constituents with a lateral resolution well below the diffrac-
tion limit.

2. Experimental set-up

The SNOM unit has been described in Ref.[9] and is
made of two separate parts: a lower part and an upper one.
The fibre tip fits tightly into a small tube mechanically at-
tached to a stainless steel piece rigidly connected to the top
part. The two parts are held together by a pivot on one side,
and by a screw lock on the other used for a rough approach
between tip and sample and to ensure a rigid connection
between the two halves so resulting in a low noise appara-
tus. The two parts contain the sample holder, a piezoelectric
scanner, andx–y–z motor-controlled translators. The sam-
ple holder permits to accommodate specimens several cen-
timetres large. The piezo-scanner allows thex, y, z motions
with an availablez-motion of∼5 �m whereas thex, y scan-
ning motion is∼34 �m for each axis. The piezo-scanner is
fixed onto anx, y, z translator and can be moved± 4 mm
along thex, y direction by two continuous motors and± 1
mm along thez direction.

The variation of tip-sample distance duringx, y motion is
compensated by moving thez motor. A feedback circuit op-
erates in such a way that as the sample approaches the fibre
and a change in the shear-force amplitude is detected, the
feedback circuit becomes active and the stepping is halted.
This method is able to avoid fibre crashing onto the speci-
men.

The instrument allows to measure the reflectivity of the
sample with the optical fibre when the surface is illumi-

Fig. 1. Experimental set-up.

nated by an external source or by light coming from the
optical fibre itself. Also photocurrent measurements can be
performed directly illuminating the sample by the fibre. In
this case the back contact of the specimen is directly fed to
an I–V converter preamplifier with a fixed gain that reveal
the electron current induced by the incoming photons. In
Fig. 1 the schematics of the set-up are shown.

3. Results

3.1. Boron-doped silicon

A combination of internal photoemission (IPE) and
SNOM has been used to investigate the electronic proper-
ties of silicon after boron implantation and annealing. Three
different wavelengths have been used [633 nm (not shown),
1330 nm and 1550 nm (not shown)] to locally illuminate
the sample. Shear-force (SF), reflectivity (R) and pho-
tocurrent (PC) images were collected simultaneously and
compared in order to discriminate between true structures
and artifacts. For the acquisition of R images the tapered
optical fiber locally illuminates the sample and collects the
light normally reflected at the surface by means of a fiber
coupler. The topography image was acquired by monitor-
ing the tip position with a shear-force control system and
the photocurrent signal was measured by anI/V converter
preamplifier with a fixed gain (108 V/A).

B+ ion implantation in silicon is the most useful p-type
doping process and it is crucial to determine as-implanted
and postanneal impurity distributions with the highest pos-
sible accuracy. Since implantation of energetic ions into sil-
icon induces a large amount of crystal damage in the semi-
conductor consisting of high concentrations of interstitials
and vacancies much higher than the implant dose, rapid ther-
mal annealing is used to restore lattice order and to achieve
dopant activation. Any annealing step is a highly nonequi-
librium process and involves the formation/dissolution of
extended defects, metastable phases and precipitates. As a
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result, both point defects and dopant atoms experience a
high mobility characterized by anomalous diffusion, namely
transient enhanced diffusion. Dopant atoms may also form
inactive immobile clusters and may deactivate much below
their solid solubility. Since the solid solubility of B in Si is
limited to 2× 1020 atoms/cm3, for increasingly high implant
doses, there is an increasing tendency for impurity atoms
to cluster within the Si lattice after annealing. Depending
on the level of boron concentration the photocurrent shows
intensity varying between two orders of magnitude. Boron
clusters behave as metal clusters embedded into the sili-
con matrix and introduce gap states which give rise to the
observed photocurrent. The images here reported are for a
Si(100) sample with the mean B-concentration values con-
cerning the first 1�m of depth of∼5·1019 cm−3.

Fig. 2 shows a 10× 10 �m image of the shear-force (a),
reflectivity (b) and photocurrent (c) taken with a photon
wavelength of 1330 nm, that is below the indirect band gap of
silicon: as visible, there is no correspondence between the SF
and PC images acquired on the same silicon sample scanned
area. As evidenced by the white traces (AA′) outlined in

Fig. 2. Shear-force (a), Reflectivity (b), PhotoCurrent (c) images acquired
on the same silicon sample area with a photon ofλ = 1330 nm.

both the images, there is a reflectivity enhancement with
no correspondence in the SF image and that might be due
to a subsurface defect. The SF and R images show surface
related structures not related to B and give rise to local
minima in the PC image due, probably, to scattering of the
impinging light. The PC image shows the presence of a
buried B cluster which has no correspondence in the SF
and R images and is characterized by lateral dimensions of
several hundred nanometers. It has to be mentioned that they
are certainly affected by the convolution of the tip aperture
with the penetration depthα = λ/4πk of the light and
by the subsequent diffusion of the excited carriers from the
excitation volume. A resolution less than 100 nm (that is
∼ λ/13) is observable in both the R and the PC images that
have been collected in many different areas of the sample.

3.2. Biological material

An important first step in the evaluation of biological
structures is the IR characterization of the biological growth
medium. The growth medium is composed of several prod-
ucts[10], primarily sulphur and nitrogen oxide compounds,
whose vibrational stretch mode absorption bands occur in
the infrared around 7�m [11]. SNOM images were taken
by tuning the Free electron laser (FEL) toλ = 6.95 �m,
i.e. at such absorption band, and at 6.6�m, i.e. outside the
absorption band, in order to estimate the noise-background
contributions. A major requirement is a suitable IR photon
source: which is both intense and tunable. Tunability is re-
quired to cover the relevant absorption bands. Intensity is a
critical point because of the inefficient light transmission of
the narrow fiber tip. FEL sources are ideal for this problem
because of their unique combination of extreme intensity
and broad tunability. The FEL photons are sent to the sam-
ple surface, and detected after reflection by the narrow-point
optical fiber tip mounted on our SNOM module.

Fig. 3 (left-hand side) shows two 20× 20 �m2 SNOM
reflection images obtained withλ = 6.95�m photons (im-
age c) and with the adjacent wavelength,λ = 6.6 �m (im-
age a). In the reflection images darker areas correspond
to stronger absorption. The contrast between the feature-
less image off-absorption and the microstructures of the
on-absorption image is striking. Are these microstructures
really related to the growth medium constituents or are they
just artifacts? To answer this question we compare the corre-
sponding shear-force (topological) image ofFig. 3b. First of
all the same topological image is observed at the two differ-
ent wavelengths (image b). The topological images show the
presence of several biological growth medium grains with
width and height of few micrometers. Furthermore, if we are
dealing with artifacts, we would expect a similar optical im-
age when collecting data at 6.6�m (image c) and 6.95�m
(image a): absolutely no one-to-one correlation is observed
between the two SNOM images, ruling out artifacts. This
proves, in fact, that the dark regions in the on-absorption
SNOM image ofFig. 3ccorrespond to regions with strong
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Fig. 3. Left: 20× 20 �m2 SNOM reflection images obtained withλ = 6.95 �m photons (3c), corresponding to the vibrational stretch mode absorption
bands of sulphur and nitrogen oxide compounds, and with an adjacent wavelength outside the absorption band,λ = 6.6 �m (3a). Darker areas correspond
to stronger absorption. Right: Corresponding shear-force (topographic) image (3b); brighter areas correspond to higher topography values. All the images
shown are unfiltered and raw except for subtraction of a constant background. Also shown is the profile taken along the A−A′ line on the reflectivity
image taken withλ = 6.95 �m in Fig. 3c.

growth medium component concentrations related absorp-
tion.

It is quite instructive to analyse the lateral resolution of
the topographic and spectroscopic-SNOM images obtained
in this work. For the topographic images, line scans yield a
lateral resolution of between 50 and 80 nm, demonstrating
the high quality of the fiber tips. On the other hand, simi-
lar line scans for the spectroscopic SNOM images (see the
slope in the profile A–A′) demonstrate a lateral resolution
of 200 nm, which is well below the classical-microscopy
limit (λ/2). A lateral resolution value better thanλ/30 was
obtained at 6.95�m.

4. Summary

In conclusion, we have presented SNOM results on
boron-doped silicon and on biological cells by means of
shear-force, reflectivity and photocurrent measurements.

This approach allowed us to identify boron clusters embed-
ded in silicon with a lateral resolution better than 100 nm.
Moreover, the results clearly reveal different chemical con-
stituents in a biological growth medium film: this chemical
sensitivity, with a lateral resolution of 0.2�m (≈ λ/35), is
well below the diffraction limit of standard microscopy.

The potential applications of this approach touch virtually
every aspect of the life sciences and medical research, as
well as problems in materials science, chemistry, physics
and environmental research.
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