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We image the dispersion of surface plasmon polaritons in gold and silver thin films of 30 nm and 50
nm thickness, using angle-resolved white light spectroscopy in the Kretschmann geometry. Calibrated
dispersion curves are obtained over a wavelength range spanning from 550 nm to 900 nm. We obtain
good qualitative agreement with calculated dispersion curves that take into account the thickness of the

thin film. © 2016 Optical Society of America
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1. INTRODUCTION

Surface Plasmon Polaritons (SPPs) are coupled modes that
exist at metal-dielectric interfaces [1-3]. Their mixed charac-
ter of electromagnetic waves and surface electron oscillations
makes them suitable for sub-wavelength focusing, enabling
nano-optical circuits, slow light, and extraordinary transmis-
sion. The Kretschmann geometry is widely used in the context
of gas detection and biosensing [4-6] or to measure the complex
dielectric function of the metal itself [7]. These applications rely
on the sensitivity of the Surface Plasmon Resonance (SPR) to
the refractive indices of the metal and the dielectric forming
the interface. Using a 2D detector, SPR imaging provides the
spatial distribution of refractive index of a sample using a con-
trast measurement at a single wavelength. SPR imaging has
numerous applications in biology [8], can be implemented with
phase retrieval [9], and was recently demonstrated to be used
for wavefront sensing [10].

To design plasmonic devices, it is essential to know the disper-
sion relation of the SPP mode. SPP dispersion curves have been
obtained using electron-energy loss spectroscopy measurements
[11]. Using optical means, the SPR at a particular wavelength
can be observed in the Kretschmann geometry, by measuring
the reflected intensity of a monochromatic light source as a func-
tion of angle of incidence [1, 7, 12]. In a similar configuration, a
measurement of the whole dispersion curve can be obtained by
sequentially scanning the illumination wavelength [13]. Single
shot mapping of SPP dispersion was achieved by acquiring the
spectrally- and angle-resolved reflectivity of a white light source
on a 2D charged-coupled device (CCD) array, using a prism [14]

or a grating [15, 16] for spectral resolution.

Here we show the direct, calibrated imaging of SPP disper-
sions using white light reflectivity and an imaging spectrometer,
over a wavelength range spanning from 550 nm to 900 nm.
Reflectivity maps, SPP dispersion curves and SPR widths are
extracted and compared to calculations. We show that the thick-
ness of the metallic film needs to be taken into account to achieve
qualitative agreement with the experimental results.

2. SPP MODES IN THE KRETSCHMANN CONFIGURA-
TION

The dispersion relation of a SPP at a metal-dielectric interface is
[1]
27 €m€y

kspp = AV emtes 1)

with A the wavelength of light in vacuum, and €,,,(;y the complex
dielectric permittivity of the metal (dielectric), generally a func-
tion of A. The real part of this expression provides the energy
of the SPP, and the imaginary part is linked to dissipation (or to
the linewidth of the SPP resonance). For a metal/air interface,
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of the light cone, and thus coupling with external light needs
additional in-plane momentum. The wavevector matching con-
dition is commonly achieved by scattering on defects, gratings,
or by injecting light from a medium with higher refractive index
(e.g. glass) [1], as depicted in Fig. 1 (a). In the latter case, it
is required to use a metallic film with thickness d smaller than
the SPP penetration depth in the metal, so that the SPP at the

Eq. 1 reduces to kgpp = 27” The SPP dispersion lies out
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metal/air interface can be coupled to light incoming from the
glass side. In this paper we couple light to SPPs confined in
thin films deposited on the hypothenuse of BK7 prisms, in the
Kretschmann configuration.

3. EXPERIMENTAL SETUP
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Fig. 1. (a) Coupling of SPPs with external light, incident on
the thin film with an angle 6 in a medium with refractive in-
dex larger than unity. The SPP is created a the air/metal in-
terface, carrying a wavevector kgpp. (b) Experimental setup
for angle-resolved white light reflection spectroscopy in the
Kretschmann geometry (described in text). WL: white light
source, L0-L4: lenses, LP: linear polarizer, FM: mirror on a flip
mount, S: entrance slit of the spectrometer. (c) Detection part
of the experiment, unwrapped. Light coming from the object
plane (OP) forms an intermediary Fourier plane (IFP), which is
then imaged on the spectrometer slit (S). Therefore, light rays
coming from the OP with same angle are focused on a same
point in the S plane. f-fy: focal lengths of lenses L2 — L4

The experimental setup is illustrated in Fig. 1 (b). We used
BK7 right angle prisms (10mm long right angle facets - Thorlabs
PS910), on which we deposited thin films of gold and silver,
using e-beam evaporation (5% uncertainty on layer thickness).
Four prisms were coated, two with each metal, with two differ-
ent thicknesses: 30 nm and 50 nm. The prisms were mounted on
a rotation stage (precision: 5 arcmin). The reflectivity experiment
was performed with a white light source (150 illuminator, RAM
optical instruments) collimated into a 25mm diameter beam. A
linear polarizer was used to control the polarization of the white
light. Lens L1 (focal length f; = 8 cm) focuses light on the thin
film through the right angle facet. The reflected light was col-
lected by lens L2 (achromatic doublet, focal length f, = 8 cm),
and directed towards an imaging spectrometer via a periscope
and lenses L3 and L4 (f3 = 20 cm, f; = 10 cm). The role of lenses
L2 — L4, as depicted in the unwrapped sketch of Fig. 1 (c), is to
create an intermediary Fourier plane, which is then imaged on
the entrance slit of the spectrometer (slit width: 50 ym). In this
way, the angle at which the light is reflected from the thin film
is mapped on the plane of the spectrometer entrance slit. The
role of the periscope, whose two mirror main axes are rotated
by 90° with respect to each other, is to rotate the light propaga-
tion plane by 90°. Therefore, the horizontal angular spread of
light reflected from the thin film is vertically spread along the
spectrometer slit. At the output of the spectrometer, the CCD
records 2D images (the two axes being wavelength and reflected
angle), thus directly mapping the SPP dispersion. To increase
the throughput (e.g. in case of a lower-power light source or to
achieve shorter acquisition times), it would be possible to use

a cylindrical lens in place of L3, such that the lens L4 would
focus light into a stripe that could be aligned on the slit of the
spectrometer.

Our implementation of direct SPP dispersion mapping has
the following advantages over previous realizations [14-16]: (1)
The imaging of the Fourier plane on the spectrometer slit en-
sures that angular resolution is not lowered due to the size of
the illuminated area on the thin film (which in turn is linked to
the size of the white light source). In our case, with an illumi-
nation spot of ~1 mm diameter and f, = 8 cm, we obtain an
angle resolution of 0.1°. (2) The spectral resolution is set by the
spectrometer and its entrance slit and is not lowered by off-axis
propagation as in the case of a beam initially filtered by a slit
prior to illuminating the thin film.

4. CALIBRATION

In this section we describe the calibration of wavelength, angle,
and reflectance. This calibration provides information on the
position, width and depth of the SPP resonance, and enables
extraction of calibrated dispersion curves.

A. Calibration of wavelength

The wavelength is calibrated using a Krypton lamp. The spec-
trometer (1/4 m Digikrom, CVI) uses a grating with 600 lines
per mm, providing a wavelength spread of ~ 60 nm across the
CCD. Rotating the grating, a series of seven acquisitions was
taken to cover the wavelength range 550 nm - 900 nm.

B. Calibration of angle

A collimated HeNe laser beam was used to calibrate the angle
axis. To avoid having refraction in the prism perturb the calibra-
tion process, we rotated it by 180° so that the HeNe laser was
incident on the metal/air interface. From this side, there is no
plasmonic effect and the laser beam is simply reflected on the
metal surface. Rotating the prism using the precision rotation
stage, the laser beam focused at different heights on the CCD,
providing, in first approximation, a linear relation between an-
gles and CCD pixels. To obtain the CCD pixel row for which
the light is reflected from the thin film at an angle of 6 = 45°,
we position the prism such that the HeNe laser is back-reflected
from the prism facet. We estimate the uncertainty on this angle
offset to be less than 0.25°. We then slightly rotate the prism to
cover the angle range 39.3° — 48.7°. Note that angles measured
with this calibration correspond to angles in air. Therefore, re-
sults showed in this paper are plotted as a function of 6,;,. Since
refraction occurs at the facet of the prism (which is at 45° from
the film), a small correction given by Snell’s law needs to be
applied to find the angle 6 at which the light is reflected from
the thin film in BK7

= sin}( sin (0, — 45°)) + 45° )

nBK7
where npgy7 is the refractive index of BK7.

In our configuration, the numerical aperture of the experi-
ment is limited by the diameter of L2 (25 mm) to a range of
~ 17 degrees!. However, we choose focal lengths f» — f; to
obtain a magnification of the intermediate Fourier plane such
that an angular spread of ~ 9.5° is obtained across the CCD.
This spread is large enough to track the SPP dispersion over the
studied wavelength range.

To cover a much wider angle range, larger NA optics and a hemi-cylindrical
prism should be used, as demonstrated by Park et al. [16]
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C. Normalization of reflectivity

We acquired for each wavelength range a reflection map with TE-
and TM-polarized light. Since SPPs do not exist for TE polariza-
tion [3], we used the TE map to normalize the TM measurement.
Fresnel reflections on the prism facets are almost identical for TE
and TM polarization, since the angle of incidence on the facets
is less than 5° from normal. Therefore, the TM/TE normaliza-
tion allows us to highlight the SPR, while normalizing the white
light spectrum and eliminating measurement artifacts such as
dust on the optics. An example is given in Fig. 2. Since the TE
reflectance is smooth and within 15% of unity on the range of
interest, the normalization does not impact the measurement of
the SPR angle and width.
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Fig. 2. (a) Raw reflectivity data measured for T M-polarized
light. (b) Same for TE-polarized light. (c) Ratio of TM and

TE measurements. Grayscales are given as a number of CCD
counts for (a) and (b). In (c), the TM/ TE ratio is unitless, with
grayscale from 0 (black) to 1 (white).

5. RESULTS
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Fig. 3. Measured reflectivity maps (TM/TE) as a function of
reflection angle 6,;, and wavelength, for four different thin
films. The linear grayscale goes from 0 (black) to 1 (white).
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Fig. 4. (a) Experimental SPP dispersion curves, extracted from
the reflectivity maps of Fig. 3. (b) Calculated SPP dispersion
curves. Dotted lines (d = oo) are obtained from Eq. 1 (single
interface). Solid lines are extracted from calculated reflectance
maps of Fig 5, taking into account the two interfaces of the
thin film.

The reflectivity maps (TM/TE) as a function of wavelength
and reflection angle, measured and calibrated as described
above, are shown in Fig. 3, for four prisms coated with thin
films of gold and silver with thicknesses d = 50 nm and d = 30
nm. The SPP mode is clearly visible in all four thin films. A
qualitative observation is that the linewidth is larger (both on the
angle and the wavelength axes) for the gold SPP compared to
silver, and for the thinner films. A larger linewidth corresponds
to a larger SPP damping rate (and therefore shorter propagation
length). The larger losses for the thinner films can be understood
in terms of increased leakage radiation. The larger damping for
gold can be linked to a closer proximity of the plasma frequency
in this material [3]. SPP dispersion curves are extracted as the
minima of the reflectivity maps, and displayed in Fig. 4 (a). The
angle 6 at which the the light was reflected from the thin film
in BK7 can be obtained from 6,;, using Eq. 2. To obtain the
dispersion in an energy (E) vs in-plane momentum (k,,) plot,
the relations E = % (with & the Planck constant and ¢ the speed

of light in vacuum), and k,, = Znpg7(A)sin(6) can be used.

6. COMPARISON WITH THEORY

In Fig. 4 (b) we plot dispersion curves obtained from theory. The
(complex) indices of refraction are obtained from Refs [17] (gold),
[18] (silver), and [19] (BK?7). First, we plot the dispersion curves
obtained from Eq. 1 (dotted lines). This equation only describes
the SPP mode of a single metal/dielectric interface. Therefore it
corresponds to a semi-infinite metallic film (d = o). To account
for the finite thickness of the film we use Fresnel equations for an
assembly of two parallel interfaces, as described in Refs [20, 21].
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Fig. 5. Calculated maps of the TM/ TE reflectivity ratio, as

a function of reflection angle 6,;, and wavelength, for four
different thin films. Calculated according to Eq. 3. The linear
grayscale goes from 0 (black) to 1 (white).
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T
k=T (en(d) -
and rqp, rp3 are the Fresnel reflection coefficients at the
BK7 /metal interface and metal/air interface, respectively. They
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where at each interface 0;(;) is the angle of the incoming (re-
fracted) light, obtained from 6 using Snell’s law, and ny = \/€;
is the complex refractive index of the metal. The ratio of re-
flectance maps for gold and silver layers of 30 nm and 50 nm
thicknesses, %, are displayed as a function of 6,;, and A in
Fig. 5 for comparison with experimental results. Overall, a
good qualitative agreement between theory and experiment is
observed. The minima of the SPP reflectance are tracked and dis-
played in Fig. 4 (b). We see excellent qualitative agreement with
measured dispersion curves: the SPP resonance angle increases
for decreasing thickness d. Comparing the obtained dispersion
curves with those described by Eq. 1, we see that it is essential
to take into account the finite thickness of the metallic film to ob-
tain agreement with experimental results. A slight quantitative
mismatch (up to half a degree) between experiment and theory
can be observed for some parts of the curves, and may be due
to chromatic aberrations in the measurement (in addition to the
0.25° uncertainty on the prism positioning mentioned earlier).
Then we also measure the width of the SPR as a function of
wavelength, for experimental and simulated data. The result is
shown in Fig. 6. A qualitative agreement between theory and

experiment is obtained: the trends as a function of wavelength
are similar ; the SPR width is wider for gold than silver, and for
thinner films. Quantitatively, the measured widths are generally
narrower than the simulated ones. The quantitative discrepancy
may be due to cumulated uncertainties on the film thicknesses,
the optical alignment, chromatic aberrations, and the imaginary
part of the metal dielectric constants (significant discrepancies
can be found in the literature [17]).
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Fig. 6. Full Width at Half-Maximum (FWHM) of the Surface
Plasmon resonance (SPR) extracted from (a) experimental data,
and (b) simulated data.

7. CONCLUSION

In conclusion, we have used angle-resolved white light reflec-
tion spectroscopy in the Kretschmann configuration to directly
obtain maps of the SPP modes as a function of angle and wave-
length. From the reflectivity maps we have extracted calibrated
SPP dispersion curves for gold and silver thin films. The care-
ful calibration and high resolution of the experimental results
allow us to detect the effect of the film thickness on the disper-
sion curve. We obtain qualitative agreement with theoretical
calculations that take into account the finite thickness of the thin
film. We have provided detailed explanations on the measure-
ment method, calibration procedures and calculations, so that
the experiment can be easily reproduced to measure calibrated
SPP dispersion curves in smooth, rough or nano-structured thin
films made of various plasmonic materials.
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