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Phase contrast surface mode resonance microscopy
S. Heminghaus, C. Bechinger, W. Petersen, P.Leiderer
Universiar Konrranz. Fakulriit f i r Physik Universiliitsstrasse 10. D-73434Kom~anz.Germany
Received I0 June 1994;revised manuscript received 28 July 1994

Abstract
A simple method is described which allows to obtain a phase sensitive image in surface mode resonance microscopy. It
exploits the fact that surface mode resonances couple only to one dimtion of polarization (s or p) so that the other direction
(p or s) can be used as a reference wave. Using a SoleiI-Babinet compensator and a polarizet, the two waves can be phase
shifted with respect to each other and superimposed before they are imaged onto a camem chip. The method is demonstrated
experimentally. Possible applications are discussed, especiaIly for the field of nonlinear optics of thin films and surfaces,
where phase information is particularly desirable.

1. Introduction
Surfaces and thin films can be sensitively characterized by optical excitation and detection of their optical eigenmodes. The electromagnetic field which accompanies these surface modes is concentrated closely
to the surface, which results in a high fieId strength
and thus a high sensitivity of the surface mode phase
velocity on the physics of the system in which they
propagate. This has been utilized for many years in
attenuated total reflectance (Am)spectroscopy of a
large variety of physical systems, ranging from metd
surfaces [ 1-61 and dielectric films [7- 103 to complicated objects like polymer [ 1 1- 13 j and IlanpuirBlodgett films [ 141, organic crystals [ 151 or biologically relevant systems [ 16,171.
In general, ATR spectroscopy proceeds as follows
[18].A monochromatic light beam illuminates the
system to be investigated, using a suitable coupling
device ( a prism or grating, see below). Every optical
surface mode of the system has a characteristic dispersion and thus a characteristic wave number at the

frequency of the incoming light. When the in-plane
wave number of the incoming light matches the wave
number of the surface mode, the latter is strongly excited at expense of the reflected intensity.One thus obtains dips in the reflected intensity at particular angles
of incidence, each of which corresponds to a surface
mode.
The (approximately) Lorentzian shape of the individual dips can be understood in terms of an interference between two possibilities for the photon to be
reflected from the the system under consideration. Either the photon is 'directly' reflected by the discontinuity or it is converted into a virtual surface mode
quantum which then decays back into a photon leaving the surface. This picture leads to the following expression for the complex reflectivity amplitude [ 1 91

where a is a coupIing constant describing the surface
mode -photon coupling, r is the damping of the mode
and k is the in-plane wave number of the incoming

0030-4018/94/$01.00 @ 1994 Elswier Konstanzer
Science B.V.Online-Publikations-System
All rights resewed
(KOPS)
http://www.ub.uni-konstanz.de/kops/volltexte/2007/3048/
SSDI 0030-401&(94)
0 0 4 5 9 -URL:
5
URN: http://nbn-resolving.de/urn:nbn:de:bsz:352-opus-30481

S. Herminghaus ei a!. / Optics Communications 112 (1 994) 16-20

photon field. h~is the wave number of the freely p r o p
agaring surface mode. The damping T (which comesponds to the width of the ATR resonance) can be decomposed into a radiation darnping Td = a/2 (due
to the coupling to the photons [ 19 ] ) and an intrinsic (dissipative) part Tinf, such that = Trad Tint.
It should be emphasized that Eq. ( I ) does not contain any information about the nature of the Iayer system carrying the surface mode under investigation. It
is generally valid for optical surface (or interface)
modes and describes the changes in amplitude and
phase an incoming wave experiences upon re8ection.
As the angle of incidence, and hence k, is varied, a
loop-like orbit results for r ( k ) in the complex plane.
This is plotted in Fig. Ia, the corresponding brentzian
dip i n the reflected intensity is shown in Fig. lb. Its
width depends on the kind of surface mode it represents and can range from less than
degrees (angle of incidence) for modes in dielectric planar wave
guides to a few degrees in systems which are more
strongly damped.
The dip position represents the surface mode wave
number and depends sensitively on the physical properties of the system under consideration.
It has been shown before how to utilize this fact
for imaging the lateral strucutre of the layer system
[ I 1,20,2 11. The sample is irluminated at an angle of
incidence at which parts of the sample are at resonance. Imaging the reflected light onto a camera chip,
one obtains an image in which the resonant parts of
the sample appear dark, while others appear bright.
The narrower the resonance, the higher the image contrast. For instance, a structured 3 nm fiIm of SiO, on
a silver surface yields a 100% (dark/white) contrast
image when the surface plasmon resonance on the silver surface is used [ I l ] , and even a few Angstroms
of thickness modulation are sufficient for obtaining
reasonable images f20]. The lateral resolution is determined basically by the decay length of the surface
mode used,which is inverse1y proportional to the resonance width and of the order of several microns I21 1.
Although several modifications of this type of surface
microscopy have been employed [22-241, phase information has not yet been obtained in the imaging
process.
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(a) Orbits of r { k ) in the complex plane according to

3.{ 1 ) for rd Jr,,,= 0.42 {dotted). 1 .OO Idashed), 2.27 (soIid).
The mows indicate increasing k . (b) Plot of the reflectivity
R = Ir{k) I* versus k for the same condirions as in (a).

2. Experiment
For the purpose of the present paper, it is important
to note that each surface mode can be excited only by
light of a particular linear polarization state (either s
or p). Consequently, the photons of the polarization
which couples to the surface mode under consideration
experience the attenuation and phase shift discussed
above, while the photons of the other polarization remain unaffected. This offers the opportunity of using
the latter as a reference beam in order to detect the
phase shift induced by the excitation of the surface
mode and thus get additional, information about the
system to be imaged. In what foIIows we will describe
how the s and p wave can be brought to interference
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FIE.2 . Experimental setup. L:laser, B E beam expander, W ' P : half
wave plate, P: prism, S: sample. SBC: Soleil-Babinct compensator,
A. analyzer (polarization sheet at BII angle of 45 degrees). IL:
~mayingl e n ~ ,CC: camera chip.

Eg.3 Orbit of r { k ) in the complex plane for the surface plasmon

with each other and how the phase information can be
extracted from the image.
The principle of operation is to ill urninate the sample with a well characterized mixture of s and p polarized light and to detect the state of poIarization of
the reflected light in the vicinity of a surface mode
resonance. This can be done using the setup depicted
in Fig. 2. After being expanded and spatially filtered,
the laser beam passes a half wave plate (HRT) which
serves for adjusting the relative initensity of the s and
p radiation without affecting their relative phase. The
prism is used to couple the beam to the sample. After being reflected from the sample, the beam passes a
Soleil-Babinet compensator ( SBC) which induces an
adjustable phase shift between the s and p wave. Finafly, an analyzer which is at 45 degrees with respect
to the plane of incidence projects the electric fields of
both waves onto the same direction in order to make
them interfere utith each other. Only when the s and p
wave, after reflection from the sample, have equal amplitude and a relative phase equal to T , the projection
of the electric field onto the analyzer direction will
vanish and the radiation will be completely blocked.
A slight change in the relative phase will give rise to
a finite intensity passing the analyzw.

3. Results and discussion

To demonsmate the phase: measurement, we measured the complex reflecrion amplitude i n the vicinity

resonance on a 51 nm thick gold film. Full circles: k < h.Open
circles: k > Lq. The phaw of r has been gauged so a to grve lam
a t monance. One representative error bat is g v e n .

of a surface plasmon resonance on a 51 nm thick gold

film. For different angles of incidence, the IfWP and
the SBC were adjusted so as to make the mansmitted
intensity go to zero. From the set of positions of the
HlrW and SBC obtained in this way, the orbit of the
complex reflection coefficient can be derived. This is
plotted in Fig. 3, with the p h a e set to zero at resonance. In the course of the orbit, the angle of incidence
is changed by approximately 6 degrees. The orbit dfr a t l y resembles the loops i n Fig. la, with the difference i n shape stemming from the fact that both the s
and p wave experience an additional, monotonously
changing phase shift as the angle of incidence is vmled, which has been nez'lected in the derivation of the
above formula. By comparison with Fig, 1a, one can
see that rrad
< rinr
in our sample, which could not
be judged without the phase information. Making use
of this information. one can determine all parameters
in Eq. ( 1 ) from the width and minimum reflectivity
of the ATR resonance. It should be noted that close to
the resonance, the phase of the reflected light changes
quite rapidly when the angle of incidence i s changed.
This gives rise to anomalously large Gocss-Hanchen
effects, which will h e elaborated on in a forthcoming
paper.
When the SBC is set to a particular phase shift
and the reflected light is used for imaging the sarnplc, those, and only those, parts of the sample appear
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dark which correspond to this phase shift. One thus
has a direct phase contrast in the image of the sarnple, which provides additional information about the
sample properties. As a demonstration, Fig. 4 shows
images of a structure of coloration i n a W 0 3 frfm on a
silver surface. The film had a thjckness of 340 nm so
as TO support an optical TE waveguide mode, which
was used for the imaging here. The WOs was photochromically colored by illumination with ultraviolet light through a grating. The resulting structure absorbs onIy weakly, the absorbance of a photochromfcall y colored 340 nm thick film being only a few percent [25,26]. Depending on the positions of the HWP
and the SBC, the absorbing parts appear dark Fig. 5a
or bright Fig. 5b. In either case, the relative phase
between s and p wave is T,but the intensity of the
reference wave is different for the two images. Furthermore, whith an intermediate value of the s wave
amplitude, it is possible to make the contrast between
colored and uncolored parts vanish, as in Fig. 4c. As
a consequence, the boundaries between the regions,
where the state of coloration is intermediate, are emphasized appearing as dark lines now.
One should bear in mind that without t k n g advantage of the phase contrast, structures in the absorbance
of a sample (as in our experiment) are not easily imaged, unless much care is taken to provide critical coupling for the surface mode used (i.e.,d$,
z ri,,,).
This is not always easy to achieve, for instance when
different regions of a (structured) sample need different coupling conditions. Furthermore, with the aid of
the phase information, the contrast between particular
objects of a sample can be selectively hidden while
enhancing the connast to others, as shown in Fig. 4c.
T h i s might be very usefuI
when complex structures such as integrated optical
devices are to be imaged.
Furthermore, the method is not limited to the usuaI
ATR imaging scheme.
Optically nonlinear films and surfaces are routinely
characterized using second harmonic generation
ISHG) 127-291 - If One
a surface mode resonance to enhance the fundamental incoming beam
amplitude by A m , one gets appreciable SHG only
from the polarization which couples to the resonance.
In the spirit of the experiments described above, one
can use a second-harmonic beam of different poIarization as a reference, which may be generated

Fig. 4. Images of a slight!!, absorbing structure in a 340 nm thick
\VQ3 film, produced by illumination with uluaviolet light through
a grating. A waveguide resonance was used for the imaging. The
relative phme between the s and p wave is a,but the s wave
amplitude i s different in the three images; (a) absorbing parts
d x k (b) absohing parts bright, ( c ) homogeneous
grey,
mansition regions dark. T h e length of the bar i s 100 pm.

by putting a type I phase matched nonlinear crystal
into the incoming beam. For instance, when surface
p!asmons are used for the resonance enhancement of
the SHG, one takes a p poldzed fundamental pump
beam for the surface plasmon excitation, with the
crystal providing an s polarized (frequency doubled)
reference beam. The latter is coIlinear with the pump
beam and can be attenuated i n a controlled manner
by simply tuning the crystal out of phase matching.
In reflection, one can phase shift and superimpose
the reference beam and the SHE radiation from the
sample in the same way as discussed above, using
the SBC and the analyzer. In this way, the phase of
the SHG generation p r o c ~ scan be directly irna~ed,
which is highly desirable far the characterization of
optically nonlinear materials and devices 130.3 11.

4. Conclusions

We have shown how to obtain phase information in
surface resonance microscopy. As a demonswation, a
subtle structure in the optical properties of a topologicaIly homogeneous system has been imaged, using
the various connast effects provided by the technique.

Aside fmm the given example concerning the irna~ing
of SHG conversion phase, it is to be expected that the
reconstruction of the actual sample structure from its
images can be improved using the phase information
together with appropriate image processing.
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