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An approach to spectroscopy and phase measurements
in scanning plasmon near-field microscopy

J. Boneberg*, M. Ochmann, H.-J. Minzer, P. Leiderer

Universitar Konstanz, Postfach 5560 M676. D-78434 Konstanz, Germany

Abstract

A new optical setup for plasmon near-field optical microscopes is introduced which allows to improve the sig-
nal/background ratio independently of the wavelength used and therefore makes the spectroscopy feasible. Calculated
and experimental examples demonstrate this improvement obtained by addition of ellipsometric components. Further-
more, a first measurement in combination with a scanning tunnelling microscope shows that it is possible to extrude

phase information from this setup as well.
PACS: 07.60.Pb; 07.60.F
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1. Introduction

Different setups of apertureless near-field micro-
scopes [1-7] have been shown to achieve a high
lateral resolution compared to other types of near-
field microscopes as the Near-Field Scanning
Optical Microscope (NSOM). For example.
the Scanning Plasmon Near-Field Microscope
(SPNM) which, in principle, is a combination of
surface-plasmon excitation in Attenuated Total Re-
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flection geometry (ATR) with a Scanning Tunnell-
ing Microscope (STM) has already been introduced
several years ago [3]. In these measurements, a lat-
eral resolution of /200 was shown. A similar setup
in combination with an Atomic Force Microscope
(AFM) achieved a resolution of about 20 nm [5].
Beside the high lateral resolution the ATR setup
has the advantage of an additional field enhance-
ment at the surface [8]. Nevertheless, almost no
applications of these methods have been shown.
One restriction is the poor signal-to-background
ratio. Even as this ratio could be improved for one
single wavelength by proper choice of the metal-
film thickness, spectroscopic measurements have
not been possible caused by a rapidly increasing
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background signal for other wavelengths. The
availability of spectroscopic data would also relieve
the interpretation of the optical contrast which is
another main problem for the lack of application of
these methods.

In this paper we show that the addition of an
ellipsometric like setup to the ATR-configuration
allows to improve the signal-to-background
ratio independently of film thickness and wave-
length. Measurements in combination with an
STM demonstrate a new distance dependence
of the optical signal, which seems to reflect the
phase sensitivity of the optical signal. We start
with calculations based on the solution of Mux-
well’s equations for a layered system in a transfer-
matrix formalism [9] in order to motivate the
background problem as well as the proposed solu-
tion. Then, we describe the experimental setup and
results.

2. Calculations

In Fig. | the calculated surface-plasmon reson-
ances are shown as function of the incident angle
for the system glass (BK 7), 51 nm Ag, air for three
different wavelengths with p-polarized light.
Clearly, one can observe the problem already ad-
dressed in the introduction. The minimum value of
the resonance, which defines the background inten-
sity varies from 2.3% (760 nm) to 10% (633 nm)
and 22% (514 nm). respectively. In Fig. 2 the rela-
tive phase of the reflected light is shown. A phase
change of 27 is observed for p-polarized light from
one side of the resonance to the other. The steep-
ness of the transition is directly connected with the
half-width of the resonance. Also shown in Figs. |
and 2 is the behaviour of s-polarized light for one
particular wavelength (760 nm). Independent of the
wavelength, both the reflected intensity (Fig. 1) as
well as the phase (Fig. 2) show only negligible
variations. This has been already used in other
experiments, where the s-polarized beam served as
a reference to measure absolute phase shifts [10].
For the optimization of the background signal,
which we address here. the s-polarized beam can be
used in the following way: A mixed beam of s- and
p-polarized light is produced by a 4/2 plate. The
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Fig. 1. Calculated reflectiviry of the system glass. 51 nm Ag, air
as function of incidence angle for p-polarization (4 = 760. 633.
514 nm) and s-polarization (4 = 760 nm, dashed line).
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Fig. 2. Calculated phase of the system glass, 51 nm Ag, air as
function of incidence angle for p-polarization {z = 760, 633,
514 nm) and s-polarization {4 = 760 nm, dashed line).

intensity (and thus the electric field amplitude) of
the s-polarized part is chosen equal to the min-
imum intensity of the resonance curve, which was
obtained with p-polarized light. The relative phase
between s- and p-polarized beam is adjusted with
a Soleil--Babinet compensator to reach m after the
prism. Therefore we end with a reflected beam with
same electric field amplitude in both polarizations
and a phase shift of n between s- and p-polarizaed
part. This allows now to minimize the reflected
intensity through destructive interference by a po-
larizer oriented 45° with respect to s- and p-polariz-
ed light. Furtheron, we call this prefered situation
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Fig. 3. Calculated reflectivity of the system glass, 51 nm Ag, air
as function of incidence angle for pure p-polarized (a) and
MR-light (b) (4 = 633 nm).

Fig. 4. Experimental setup consisting of laser (L). half-wave
plate (HWP), Soleil-Babinet compensator (SBC), sample (S).
imaging lens (IL), analyser (A), pinhole (P), photomultiplier tube
(PMT) and scanning tunnelling microscope (STM).

of incoming electric field amplitude and phase, state
of minimized reflectivity (MR).

Fig. 3 shows a comparison of the resonance be-
haviour with pure p-polarized and MR-light for

4 =633 nm. As expected the reflected intensity
reaches zero in the resonance minimum. At the
same time the addition of the s-polarized beam
changes the intensity of the reflected beam outside
the resonance minimum too. As both the phase
change and the intensity of the p-polarized beam
are strongly angle-dependent (Fig. 1a and Fig. 1b)
the reflected intensity after the polarizer has to be
calculated directly from the complex electric ficld
components.

3. Experimental setup

A cw HeNe-laser (4 = 633 nm, 6 mW, polariza-
tion ratio < 107 and a cw Ti:sapphire (4 =
760 nm, 100 mW, polarization ratio < 1077
are used to excite surface plasmons in the
Kretschmann attenuated total reflection geometry
[11]. A half-wave plate and a Soleil-Babinet com-
pensator allow to adjust the relative phase and
amplitude of s- and p-polarized light (Fig. 4). The
surface plasmons are excited at the surface of a sil-
ver film with thickness 51 nm which was evapor-
ated on the base of a BK 7 prism in a high vacuum
chamber (pressure 5x 107" mbar during evapor-
ation). The thickness of the evaporated film is con-
trolled by a quartz microbalance,

The detection arm of the experiment consists of
an objective which images the area of the silver
surface onto the detector, where later the tip of the
scanning tunnelling microscope approaches the
surface. After the imaging objective the beam
passes a polarizer, fixed at un angle of 457 towards
both s- and p-polarization. The transmitted
intensity is measured with a photomultiplier.
A 10 pm pinhole in front of the photomultiplier
is used for a further reduction of the detection area.

The home-made scanning tunnelling microscope
is described in detail elsewhere [12]. For the experi-
ment we used electrochemically etched Ptle-
tips {13].

4. Experimental results and discussion

The first experiments were performed to verify
the calculated improvements in the signal/back-
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Fig. 5. Measured reflectivity as function of incidence angle; (a) p-polarized, 4 = 633 nm. (b) MR-light, 2 = 633 nm, (c) p-polarized,
4 =760 nm and (d) MR-light, 2 = 760 nm. The experimental data were normalized on a value outside the resonance measured with
pure p-polarized light and fitted to a Lorentzian curve for better visibility.

ground ratio. Therefore, the intensity at the de-
tector was measured once with pure p-polarized
and afterwards with MR-light. Fig. 5 shows the
results of the measurements of the resonance curve
for two wavelengths. The reflectance was nor-
malized on the value outside the resonance
measured with pure p-polarized light. The in-
creased noise level outside the minimum is due to
interferences in the optical path. In order to im-
prove the visibility we added a Lorentzian fit to the
data points. The position of the minimum is slightly
shifted compared to the calculations. No effort has
been made to reduce this discrepancy through an
optimization of the optical constants used in the
calculations. Nevertheless, the effect of the MR-
light can clearly be observed in the measurements.

At 633 nm the minimum intensity with p-polarized
light is 8%. The MR-light reduces this intensity
towards 0.25%, which is a factor of around 30.
An even higher reduction (from 24% to 0.5%)
is found for 760 nm. For the measurements with
the STM the gain in the signal/background ratio
can be estimated to be a little bit smaller than
this factor. As a small amount of the incident laser
intensity has to be transformed into s-polarized
light, the field at the surface which defines the
interaction with the tip of the STM is reduced as
well.

In order to study the compatibility of the ellip-
sometric setup with the STM we approached the
STM-tip to the surface. Fig. 6 shows the behaviour
of the reflected intensity in the resonance minimum
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Fig. 6. Reflected intensity in the resonance minimum as func-
tion of tip-sample distance for 4 = 633 nm.

measured with MR-light for 2 =633 nm as func-
tion of the tip—sample distance. The onset of
tunneling was used to define the zero of the x-axis.
From 700 nm to about 300 nm distance, an ex-
pected behaviour can be observed. The measured
light intensity increases with approaching tip. This
has been observed in other experiments as well
[3.5]. On further approaching the surface the re-
flected intensity first decreases between 300 and
80 nm and then increases again. A similar depend-
ence has not been observed in experiments without
phase contrast [3.5].

This behaviour is not easily interpreted. One
possible model would be the disturbance of
the local surface-plasmon resonance conditions by
the STM-tip. Then upon approaching the tip, the
resonance angle should shift. As in our STM-ex-
periments the measuring angle is fixed in the orig-
inal minimum, an angular shift would mean an
increase in reflectivity as well as a phase shift
(Figs. 1 and 2). With further phase shift the destruc-
tive interference with the s-polarized light gets
worse, so also the phase shift increases the meas-
ured reflectivity. Thus, this model cannot explain
the decrease in reflectivity below 300 nm
tip-sample distance.

In another feasible model, the tip acts as scatter-
ing centre for the local plasmon field. This has been
used successfully to explain the distance depend-
ence in similar experiments without phase contrast
[3]. Once again the scattered intensity should in-

crease upon approaching the tip, as the plasmon
field decays exponentially above the silver
surface. In order to explain the measured
distance behaviour, a distance-dependent phase
shift of the scattered light has to be assumed. Up to
now this is a speculation, but the situation can
be clarified by a whole set of experiments with
slightly changed angle of incidence and variable
phase shift.

In conclusion, our experiments have shown
that the addition of an ellipsometric setup to
a SPNM allows to improve the signal/background
ratio considerably. This method allows to
make spectroscopic measurements feasible without
changing the metal film thickness. Furthermore,
it may be possible to achieve phase information
with this setup in an easy manner, as the
reference beam is automatically included in the
experiment.
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