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ABSTRACT

A two-step spectral interferometric technique is used to measure a surface plasmon resonance (SPR)
phase difference from the spectral interferograms recorded in the Kretschmann configuration. The
technique employs a polarimetry setup with a white-light source and birefringent crystal and allows one
to obtain a channeled spectrum. Two such spectra, one including reflection of p- and s-polarized waves
from the SPR structure for air when the SPR phenomenon does not occur in the source spectral range,
and the other one for an analyte when the SPR phenomenon occurs, are used to retrieve the wavelength-
dependent SPR phase difference. The new method is applied for aqueous solutions of ethanol with
different parameters, the concentration of ethanol in water in a range from 0 to 60 weight percent and
the refractive index in a range from 1.333 to 1.362. The sensing scheme uses a wavelength interrogation
method and the position of a sharp maximum in the spectral derivative of the SPR phase change is
measured as a function of the analyte parameter in a range from 644 to 690 nm. In the same setup, the
spectral dependence of the ratio between the reflectances of both polarization states is measured as a
function of the analyte parameter. It is revealed that the detection accuracy of the interferometric

measurements is more than three times higher than that of the polarimetric measurements.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

The concept of optical sensing of a large variety of physical/
chemical processes at interfaces based on surface plasmon re-
sonance (SPR) [1-3] has been proved to be very useful over the last
several decades. In addition, the SPR sensing is very practical for
numerous biology applications [4,5]. The SPR arises from the in-
teraction of light with free electrons at a metal-dielectric interface
[6]. Under certain conditions, the collective oscillations of free
electrons, called surface plasmons (SPs), can be optically excited at
that interface by the attenuated total reflection (ATR). The excited
SPs are strongly localized across the interface and may be con-
sidered as electromagnetic surface waves that propagate along the
interface. The waves are basically transverse magnetically polar-
ized so that they can be resonantly excited only by a p-polarized
incident light wave. The field of SPs decays exponentially in the
direction perpendicular to the boundary, in the metal as well as in
the dielectric. When a specific resonance condition is fulfilled, the
incident light wave can be coupled to the SPs and the power
carried by reflected light wave drops down.

The resonance condition is extremely sensitive to changes in
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the refractive index of the surrounding medium (analyte). Such
changes may result in changes in the intensity [7], the phase [8],
the resonant angle [9] or the resonant wavelength [10] of the re-
flected light wave. Most widely used SPR sensing systems [5] in-
clude configurations with a coupling prism, grating and optical
waveguide. In the prism-based excitation of SPR, the most efficient
way for generating SPs provides the Kretschmann configuration
[1]. The base of a prism of high refractive index is coated with a
thin metal film and the SPs are excited in the metal film by ATR
mechanisms. The prism itself plays the role of a coupling element
between the evanescent wave excited on its base and the SPs
under the condition that the light beam incident angle exceeds its
critical value. The evanescent wave passes through the thin metal
film and the SPs are excited at film lower boundary where the
metal is in contact with the analyte. SPR sensing can be performed
in an angular or spectral domain (angular or wavelength inter-
rogation). In the angular interrogation [11], a monochromatic
beam is used and a sharp minimum (dip) is observed in the an-
gular spectrum. Similarly, in the wavelength interrogation [11,12],
a dip is observed in the reflection spectrum.

The detection limit of the phase-based SPR sensors is higher
[13-15] than that of sensor implementations with intensity, an-
gular or spectral interrogations. However, more complicated in-
terferometric setups [16-24], compared to the intensity-based
measurement schemes, need to be used to measure the phase
response of the SPR sensor. The measurement methods are using a
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Mach-Zehnder interferometer [16,17], configurations with a pho-
toelastic phase modulator [18] or electro-optic modulator [19],
heterodyne interferometry [20,21], a rotating analyzer method
[22], phase quadrature interferometry [23], and differential phase
spectral interferometry [24].

The objective of the paper is to propose and verify a new phase
measurement technique enabling to increase the detection accu-
racy of an SPR setup. A two-step spectral interferometric technique
is used to measure an SPR phase difference from the spectral in-
terferograms recorded in the Kretschmann configuration. The
technique, which is a modification of the technique originally
employed for measuring the ellipsometric phase of a thin-film
structure [25], utilizes a polarimetry configuration with a bi-
refringent crystal and allows one to obtain a channeled spectrum.
In the first step, the phase difference between p- and s-polarized
waves propagating in the setup is retrieved for air when the SPR
phenomenon does not occur in the spectral range of a source. In
the second step, the additional phase change the polarized waves
undergo on reflection from the SPR structure is retrieved for an
analyte when the SPR phenomenon occurs.

The new method is used to determine the wavelength-de-
pendent SPR phase differences for aqueous solutions of ethanol
with different parameters, the concentration of ethanol in water in
a range from 0 to 60 weight percent and the refractive index in a
range from 1.333 to 1.362. The sensing scheme uses a wavelength
interrogation method and the position of a sharp maximum of the
spectral derivative of the SPR phase change is measured as a
function of the analyte parameter in a range from 644 to 690 nm.
Moreover, in the same polarimetric configuration, the ratio be-
tween the reflectances of both polarization states is measured as a
function of the analyte parameter. The dependencies of the re-
sonance wavelength on both the concentration of ethanol in water
and the refractive index of the analyte obtained are compared with
those resulting from interferometric measurements and good
agreement is confirmed. In addition, the detection accuracy of the
interferometric measurements is more than three times higher
than that of the polarimetric measurements.

2. Experimental methods
2.1. Interferometric method

Let us consider an experimental setup shown in Fig. 1. The
setup can be used for measuring the wavelength dependence of
the phase difference between p- and s-polarized components of an
incident light beam subjected to the SPR phenomenon at the fixed
angle of the incidence. The collimated beam from a white-light
source passes through collimating lens CL and polarizer P oriented
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45° with respect to the plane of incidence so that both p- and s-
polarized components are generated. Next, the beam passes
through birefringent crystal BC (thickness t) whose optical axis is
perpendicular to the plane of incidence and the phase delays by (D)
of the p- and s-polarized components are introduced. Finally, these
retarded components undergo, owing to reflection from an SPR
structure consisting of a high refractive index glass prism and a
thin metallic layer, the amplitude and phase changes that are re-
lated to the complex reflection coefficients:

s = N Rp,s()“) eXP[i5p,s(/1)], D

where R,, ((2) and 6, (1) are the wavelength-dependent reflectances
and phase changes on reflection for both polarizations, respec-
tively. The two orthogonally polarized components are mixed with
analyzer A and are launched by microscope objective MO into a
read fiber of a spectrometer. The interference of the polarized
components is resolved as a channeled spectrum in which the
phase difference A(1) = §,(4) — 84(4) between the p- and s-polarized
components is inscribed.

To retrieve the SPR phase difference Agpr(4) from the recorded
channeled spectrum, the measurement procedure needs to consist
of two steps. In the first step, the reference phase difference
bt = ¢, — (D) between the p- and s-polarized components is
retrieved from the spectral interferogram obtained when the SPR
structure is subjected to air. In this case the angle of incidence of a
white light on the thin metallic layer is not satisfying the phase
matching condition [1-3] in the source spectral range, and the SPR
phenomenon does not occur. The reference phase difference ¢,.¢(1)
includes the phase difference (retardance) ¢;.(4) introduced by the
birefringent crystal and the reference phase difference 4.;(1) be-
tween the p- and s-polarized components. The spectrum recorded
by a spectrometer of a Gaussian response function can be re-
presented in the form [26]

Iref(l) = IOref(l){] + V(A)COS[(ﬁBC(/I) + Aref(l)]}v (2)

where Iy¢(1) is the unmodulated spectrum and V(4) is a visibility
term given by
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where G(1) is the group birefringence of the crystal and Ay is the
width of the spectrometer response function.

In the second step, the spectral interferogram is recorded for
the analyte under study when the SPR phenomenon occurs. The
spectrum recorded by the spectrometer is given by

1) = IW{1 + VoWV (A)cos[hyc(h) + A}, @)

where [(1) is the unmodulated spectrum and V(1) is a visibility
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Fig. 1. Polarimetry setup with an SPR structure; collimating lens (CL), polarizer (P), birefringent crystal (BC), analyzer (A) and microscope objective (MO).
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