'i) Research Article Vol. 9, No. 3| 1 Mar 2019 | OPTICAL MATERIALS EXPRESS 992

Check f ateria
ko Oyijeal Nararl:

o

Phase sensitive measurement of the wavelength
dependence of the complex permittivity of a thin
gold film using surface plasmon resonance

PETR HLUBINA,'"" MILENA LUNACKOVA,2 AND DALIBOR CIPRIAN

! Department of Physics, Technical University Ostrava, 17. listopadu 15, 708 33 Ostrava-Poruba, Czech
Republic

2Department of Mathematics and Descriptive Geometry, Technical University Ostrava, 17. listopadu 15,
708 33 Ostrava-Poruba, Czech Republic

*petr.hlubina@vsb.cz

Abstract: We report on a new method for measuring the wavelength dependence of the complex
permittivity of a thin gold film of a surface plasmon resonance (SPR) structure comprising a
gold-coated SF10 slide with an adhesion film of chromium attached to an SF10 glass prism. The
method is based on spectral interferometry and utilizes a setup with a birefringent crystal and the
SPR structure in the Kretschmann configuration, in which channeled spectra are recorded and
from them, the phase functions of the SPR for air at different angles of incidence are retrieved.
The SPR phenomenon is manifested as an abrupt phase change with respect to the reference phase
difference for the interference resolved with the SF10 glass prism alone. The phase changes for
different angles of incidence are processed in the vicinity of the resonance wavelengths to obtain
the real and imaginary parts of the complex permittivity in a wavelength range from 530 to 850 nm
or equivalently, the parameters of a modified Drude-Lorentz model. This research, to the best of
the authors’ knowledge, is the first demonstration of spectral interferometry-based measurement
of the complex permittivity function of a thin metal film, which is important from the point of
view of material characterization directly performed in the Kretschmann configuration.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

It is well known that the performances of plasmonic devices are strongly influenced by the
choice of metallic layers, whose optical constants or the complex permittivity functions affect
the amplitude and the phase of the reflection coefficient at a metal-dielectric interface [1]. At
these interfaces, the interaction of a p-polarized optical wave with free electrons leads at certain
conditions to collective oscillations of electrons which are referred to as surface plasmons (SPs)
and which affect a large number of physical or chemical responses. Because the SPs can be
easily excited by the attenuated total reflection when the resonance condition is fulfilled [2—4],
the effect of the surface plasmon resonance (SPR) has found a large number of applications in
different research fields, including physics [2—4], chemistry [5], biology [6], etc.

A variety of SPR sensors have been proposed and confirmed [5, 7-14] which utilize extreme
sensitivity of the SPR effect to refractive index changes of the surrounding medium at a metal-
dielectric interface. In addition, because the resonance condition is accompanied by the amplitude
and phase changes of reflected light wave, different physical quantities such the intensity [5],
phase [7], resonant angle [8] or the resonant wavelength [9] can be measured to detect the SPR
effect. Similarly, different experimental arrangements can be utilized so that the angular [10, 11]
and wavelength interrogations [12—14] are possible.

The performance of the SPR sensor is strongly influenced by the choice of a thin metal film
so it is crucial to know the complex permittivity function of the metal. Standard techniques to
characterize thin metal films include spectral ellipsometry [15—17] and spectral reflectometry [18].
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Techniques of SPR-based spectral ellipsometry [19] and reflectometry [20—22] are also available.
Recently, we proposed and realized a simple and cost-effective method compared to standard
approaches like spectral ellipsometry, enabling to measure the wavelength dependence of the
complex permittivity of a thin metal film [22]. Unfortunately, because this method is based on
measuring the reflectance ratio for p and s polarizations, it is very sensitive to the birefringence
properties of a read optical fiber. To overcome this limitation, we propose a phase sensitive
measurement which has been utilized in our previous works [13,23,24].

In this paper, a new method for measuring the wavelength dependence of the complex
permittivity of a thin gold film of an SPR structure is presented. The method is based on
spectral interferometry and utilizes a setup with a birefringent crystal and the SPR structure in
the Kretschmann configuration to record channeled spectra from which the phase functions of the
SPR for air at different angles of incidence are retrieved. The SPR structure is represented by a
gold coated SF10 slide with an adhesion film of chromium attached to an SF10 glass prism, and
the SPR phenomenon is manifested by an abrupt phase change with respect to the reference phase
difference resolved for the interference with the SF10 glass prism alone. The phase changes are
processed in the vicinity of the resonance wavelengths to obtain the real and imaginary parts
of the complex permittivity or equivalently, the parameters of the Drude-Lorentz model with
two additional Lorentzian terms. This research, to the best of the authors’ knowledge, is the
first demonstration of spectral interferometry based measurement of the complex permittivity
function of a thin metal film.

2. Experimental method

An experimental method used to measure the wavelength dependence of the complex permittivity
of a thin gold film is based on spectral interferometry [13] and employs a setup shown in Fig. 1.
Using white-light source WLS (halogen lamp HL-2000, Ocean Optics) with launching optics, an
input optical fiber and collimating lens CL, a collimated beam of 1 mm diameter is generated
which passes through linear polarizer P (LPVIS050, Thorlabs) oriented 45° with respect to the
plane of incidence so that both s- and p-polarized components are present.
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Fig. 1. Experimental setup for measuring the wavelength dependence of the complex
permittivity of a thin gold film.

Next, these components pass through birefringent crystal BC in which they are mutually
delayed to attain interference resolved by a spectrometer [13]. The thin gold film under study is
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part of an SPR structure in the Kretschmann configuration comprising a gold coated SF10 slide
with an adhesion film of chromium coupled to a prism made of SF10 glass. When the light beam
is incident on the SPR structure, both s- and p-polarized components undergo the amplitude and
phase changes that are related to the complex reflection coefficients

I'p,s (1) = \[Rp,s @) exp[i‘Pp,s(/l)]’ (D

where R, (1) and ¢, (1) are the wavelength-dependent reflectances and phase changes on
reflection for both polarizations. Because the p-polarized wave is subjected to the SPR
phenomenon, both the reflectance ratio R,,(1)/R(4) and the phase difference A(1) = ¢, (1) -
¢s(A) are changed significantly near a resonance wavelength [24].

The reflected light passes through linear analyzer A (LPVIS050, Thorlabs) oriented 45° with
respect to the plane of incidence so that p- or s-polarized components interfere and a channeled
spectrum is resolved when the light is launched directly into a read optical fiber (M15L02,
Thorlabs) of a spectrometer (USB4000, Ocean Optics). To retrieve the phase shift due to the SPR
phenomenon from channeled spectra, the reference channeled spectrum needs to be recorded. It
is obtained when the SF10 glass prism alone is used and the SPR phenomenon does not occur.
The channeled spectrum can be represented in this case as [13]

Tief () = Torer(A{ 1 + Vier(2) cos[dpc(A) + Ares(A)]}, ()

where Iof(A) is the reference unmodulated spectrum, V(Q) is a visibility term, ¢pc(A4) is the
phase difference (retardance) introduced by the birefringent crystal and A¢(1) is the reference
phase difference between the p- and s-polarized components.

Similarly, the channeled spectrum in the case when the SPR phenomenon occurs can be
represented as

1(2) = Io(D{1 + V() cos[¢pc () + A(D)]}, A3)

with quantities analogous to those in Eq. (2), but referring to the SPR phenomenon [13]. The
corresponding phase shift, which can be retrieved from both channeled spectra, is given as

6(1) = A(A) = Arer(A). “

We prefer to consider, as in our previous work [22], the SPR phenomenon for air and to
measure the wavelength dependence of the complex permittivity of a thin gold film via adjusting
the resonance conditions at different angles of incidence. If the angle between the incident
beam and the normal to the prism face (see Fig. 1) is denoted as a, the angle of incidence 6 on
the base of the equilateral prism is affected by the dispersion of both the prism glass and air,
respectively [22].

The gold film under study is a part of the SPR structure comprising an SF10 glass slide
substrate with an adhesion Cr film for the deposited Au film. The thickness of the chromium film
is fcy=2 nm and the thickness of the gold film is 44.8 nm as specified by producer (Accurion,
Germany). The surface morphology analysis has shown that the gold film is composed of
homogenous and rough layers with thicknesses #4,=42.8 nm and #.¢=2.0 nm, respectively, and
that the volume fraction of the gold in the pseudolayer is g=0.5 [22]. To attach the SF10 glass
slide with the deposited films to the equilateral prism (SF10 glass), a thin film of index-matching
fluid (np=1.730, Cargille) was used.

3. Theoretical model

As the presented processing method is based on the fitting of the measured phase shift, the
computation of the complex reflection coefficient of the layered SPR structure is an important
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task. Usually two methods are used. The first one is based on so called Airy’s formula, where
the reflection/transmission coefficient of a single layer is expressed using the reflection and
transmission coefficients of layer boundaries and propagation through the layer (it can be derived
using ray summation approach). Considering one-layer structure, these formulas are quite simple.
In case of two or more layers, the one-layer formula can be used in a recursive manner. However,
when the structure contains more then 3 layers, the computer implementation is more complicated
and matrix formalism is preferred.

The matrix formulation of wave propagation in layered structures is based on continuity
relations of electric and magnetic field tangential components across all boundaries of the thin
film system, providing that the density of free surface charge and the surface current density
vanish. The boundary conditions can be then expressed in a compact matrix form using co
called dynamical matrices D; coupling the mentioned tangential field components to wave
amplitudes on the boundaries. The propagation through i-th layer is described using propagation
matrices P; [25]. In order to obtain the complex reflection/transmission coefficients describing
the reflection or transmission properties of the whole structure, one can consider the complex
amplitudes U of incident (I), reflected (R), transmitted (T) and backward incident (B) waves,
which are coupled by a total transmission matrix M of the structure:

(0) (N+1) N
U My M U

R | = e . | where M=D! | |DiP,-Dl.‘1 Dnii. (5)
UI( ) My My U](3 e i=1

Here N is the number of layers, and indices O and N + 1 refer to the first and last semi-infinite
media.

In our case all media are isotropic, so we have 2 x 2 matrices and s and p polarizations
can be treated separately (for details about matrix elements see [25]). Usually there is not
backward incident wave, so U = 0 and the required complex refection/transmission coefficients
are expressed using total transmission matrix elements:

A oy
= W = M_ and t= T = M_ . (6)
U, UM =g 1 U UM 11

In our model the SPR structure consists of three layers: chromium adhesion layer and two layers
representing the real gold layer - the homogeneous Au layer is followed by effective media layer
representing surface roughness. So we decided to use the above described matrix formalism,
and computed the required complex reflection coefficient r for both s and p polarizations using
Egs. (5) and (6).

The material dispersion characteristics of all media have to be included into a computation
procedure, as the measurements are performed in the spectral domain. The dispersion of the
coupling prism and glass plate (both made from SF10 glass) are well described by a three-
oscillator Sellmeier equation [26]. Because the glass refractive index is a temperature sensitive
quantity, this feature was taken into account too (for details see [27]). The dispersion of adhesion
Cr layer was described using a Kramers-Kronig consistent formula derived using critical points
theory [28], and the dispersion of surrounding air was modeled using a two-term Sellmeier-like
equation including the influence of temperature [29]. As the spectral dependence of the complex
permittivity of gold is the subject of the presented study, this topic is addressed in details in the
following text.

To describe the complex permittivity of gold as a function of wavelength, models such as
the Drude-Lorentz model, a combination of Drude and critical points models [17,28,30] and
a modified Drude-Lorentz model [31] can be adopted. The models describe the dispersion in
the considered spectral region with different accuracy dependent on the number of parameters
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used. We prefer to use the Drude-Lorentz model with two additional Lorentzian terms [30,31]
which proved to be effective in our previous works [22,24]. The wavelength dependence of the
complex permittivity of gold is expressed as follows

2

Ean(l) = 1- ! - a ™
A= A2 +ilypd) S A3(1)2% - 1/23) +id} [y A

where parameters A, ¥p, Aj, A;, and y; are specified in [24].

4. Experimental results and discussion

A gold film under study is related to a sample with no history. Measurements of the phase shifts
6(2) for different angles of incidence a were performed after the reference measurement that
enables the reference phase difference Ae¢(1) to be determined. The reference measurement was
performed for the SF10 prism alone and the angle of incidence @ on the prism face was adjusted
to be 0° so that the angle of incidence 6 on the base of the equilateral prism was 60°. An example
of the recorded reference channeled spectrum is shown in Fig. 2(a) and it is clearly seen that the
spectral interference fringes of a sufficient visibility are resolved in the considered spectral range.
In the same figure is also shown the channeled spectrum for the SPR structure when the angle
of incidence @ on the prism face was adjusted to be 40°. The outer medium is air and the SPR
phenomenon is pronounced by the visibility decrease and abrupt phase shift near the resonance
wavelength.

The phase shift 6(1) defined by Eq. (4) can be obtained by processing both channeled spectra
using a windowed Fourier transform [32] and the result is shown in Fig. 2(b). It is evident that
the SPR is manifested as an abrupt phase change with respect to the reference phase for the
interference resolved with the SF10 glass prism alone. The derivative of the phase shift is with
maximum to which a resonance wavelength of 606.35 nm corresponds.
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Fig. 2. Recorded channeled spectra including (with the visibility decrease) and not including
the SPR effect (a). The corresponding phase shift §(1) as a function of wavelength A (b).

Next, other 34 values of angle of incidence a were adjusted in a desirable range when the
SPR phenomenon occurs for air. The angle of incidence was changed using the rotary stage
with arm carrying a collimator. The reference angle of incidence, which corresponds to the light
beam incident perpendicularly to the prism face, is adjusted to be @ = 0°. Figure 3(a) shows
the measured phase shift (1) as a function of wavelength A for angle @ ranging from 33° to
41°, when steps were 1°, 0.5°and 0.2°, respectively. The phase shifts have abrupt phase changes
with amplitudes increasing with increasing angle of incidence. In addition, the slope of the
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phase change near the resonance is increasing with angle of incidence. Similarly, in Fig. 3(b) is
shown the measured phase shift §(1) as a function of wavelength A for angle of incidence ranging
from 41.1° to 42.6° with a step of 0.1°. For these angles of incidence, amplitudes of the abrupt
phase changes are decreasing and the resonance wavelength shifts toward longer wavelengths as
the angle of incidence increases. Moreover, the slope of the phase change near the resonance
decreases with increasing angle of incidence.
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Fig. 3. Measured phase shift §(2) as a function of the wavelength A for different angles of
incidence a: 33° to 41° (a), 41.1° to 42.6° (b).

The abrupt phase changes near resonance are manifested by peaks of the phase shift derivatives
dd(2)/dA shown as a function of wavelength A in Fig. 4(a) for angle a ranging from 33° to
41°. The resonance wavelength, which is given by a wavelength of maximum in the phase shift
derivative d6(1)/dA, increases as the angle of incidence increases. In addition, the resonance
peak increases and narrows with increasing angle of incidence, what means that the slope in the
phase function 6(2) is higher, and the resolution of the maximum position is better. In contrary,
the phase shift derivatives d5(1)/dA shown in Fig. 4(b) for angle « ranging from 41.1° to 42.6°
have the resonance peaks that decrease and widen with increasing angle of incidence, what means
that the slope in the phase function §(1) is smaller, and the resolution of the maximum position
is worse.

Phase Shift Derivative (rad/nm)
Phase Shift Derivative (rad/nm)

%50 600 650 700 750 800 850 900
Wavelength (nm) Wavelength (nm)
(a) (b)
Fig. 4. Measured phase shift derivative d6(1)/dA as a function of the wavelength A for
different angles of incidence a: 33° to 41° (a), 41.1° to 42.6° (b).
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To determine the wavelength dependence of the complex permittivity of a thin gold film under
study from the measured wavelength dependencies of the phase shift §(1), we adopt an approach
which is similar to that used in our previous work [22]. In this approach, the complex permittivity
function of a thin gold film is expressed according to a proposed physical model, namely a
modified Drude-Lorentz model given by Eq. (7). Then the measured phase shifts §(1) for
different angles of incidence are processed to obtain the corresponding complex permittivity as a
function of the resonance wavelength. Using the individual values of the complex permittivity
thus obtained in a whole measured wavelength range, they are fitted to a model function according
to Eq. (7) and their parameters A, yp, Aj, 4;, and y; are determined.

To illustrate the processing procedure, in Fig. 5(a) is shown by the dashed curve the result
for the phase shift §(1) measured at an angle of incidence of 40°. In the processing procedure,
the measured phase shift §(1) was fitted within a 100 nm wavelength range around a resonance
wavelength of 606.35 nm. The starting parameters A, ¥p, A;, A;, and y; in the modified
Drude-Lorentz model according to Eq. (7) were taken from [24] and the values of the real and
imaginary permittivity at a resonance wavelength of 606.35 nm thus obtained are -10.261 and
1.762, respectively. It is clearly seen that both curves in the fit agree well and the difference
between them is only in a long wavelength range. Consequently, the approach is also supported
by the phase shift derivative d5(1)/dA shown in Fig 5(b). Once again, both curves agree well
and the differences between them are on the wings of the resonance peak.

0.08

Phase Shift (rad)

Phase Shift Derivative (rad/nm)

. . . . ~0.02 . . . .
500 550 600 650 700 750 500 550 600 650 700 750

Wavelength (nm) Wavelength (nm)
() (b)

Fig. 5. Measured phase shift §(1) (a) and its derivative d5(1)/dA (b) as a function of the
wavelength A (solid curves) for angle of incidence @ = 40° together with the the results of
the fit (dashed curves).

Similar approach was applied to the remaining measured wavelength dependencies of the
phase shift (1) shown in Figs. 3(a) and 3(b), and the corresponding values of real and imaginary
permittivity were determined at the resonance wavelengths, given by the positions of maxima
of the phase shift derivative d6(4)/dA shown in Figs. 4(a) and 4(b). Next, Fig. 6(a) shows the
wavelength dependence of the real part of the permittivity thus obtained. A fit according to the
model function given by Eq. (7) is shown by a solid line, and also the real permittivity function
corresponding to a model with parameters from [24] is included. Similarly, Fig. 6(b) shows
the wavelength dependence of the imaginary part of the permittivity. Once again, a fit and the
reference function are shown. In the same figures are shown by dashed lines the results of the
polarimetry measurements [22]. They agree very well in the real part of the permittivity, but
differ in the imaginary part. This due to the fact that the imaginary part of the permittivity is
dependent on the reflectance ratio at the resonance wavelength and thus, it is very sensitive to a
read optical fiber used in the polarimetry measurements.
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Fig. 6. Complex permittivity of the gold film (crosses) as a function of the wavelength
with a fit according to a modified Drude-Lorentz model: a real part (a), an imaginary part
(b). Dashed lines are the results of the polarimetry measurements [22] and lower curves
correspond to a model permittivity (7) with parameters from [24].

Generally, taking into account the fact that a wavelength uncertainty with which the channeled
spectra are recorded is 0.2 nm, the errors of the real and imaginary permittivity can be
specified [22]. As an example, at a resonance wavelength of 606.35 nm, the errors are +0.014 and
+0.001, respectively. In addition, these errors increase with increasing wavelength. Similarly,
taking into account the fact that an angle uncertainty with which the angle of incidence is adjusted
is £0.01°, a resonance wavelength of 606.35 nm is with error £0.28 nm, so that the errors of the
real and imaginary permittivity are +£0.020 and +0.001, respectively. Once again, these errors
increase with increasing wavelength.
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Fig. 7. Measured phase shift §(1) (a) and its derivative d5(1)/dA (b) as a function of the
wavelength A (solid curves) for angle of incidence @ = 40° together with the result of the
modeling (dashed curves).

The complex permittivity function (7) of the thin gold film under test, parameters of which are
specified in Table 1, can be used to model the responses of the SPR structure at different angles
of incidence. As an example, Fig. 7(a) shows comparison of the phase shift §(1) measured for
angle of incidence @ = 40° with the modeled one. It is clearly seen that the phase shift function
agree well in the vicinity of the resonance wavelength, but the difference between the curves is
in both short and long wavelength ranges. Similarly, Fig. 7(b) shows comparison of the phase
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shift derivative d6(1)/dA with the modeled one. Similarly, the phase shift derivatives agree well
regarding the resonance wavelength, but they differ in a short wavelength range.

Table 1. Parameters of dielectric function of Au retrieved from the measurement.

Drude term Oscillator 1 Oscillator 2

Parameter  value Parameter ~ value Parameter value
Eco 1 Ay 5.15 A 2.96

Ap(nm) 135.55 A1(nm) 344.8 A2(nm) 137.91

Yp(nm) 9235.1 y1(nm) -32.19 y2(nm) -34.61

5. Conclusions

In this paper, a novel phase sensitive technique for measuring the complex permittivity function
of a thin gold film was proposed and confirmed. The gold film is part of an SPR structure
represented by a gold coated SF10 slide with an adhesion film of chromium attached to an SF10
glass prism. The measurement method, which is based on spectral interferometry and employs
a setup with a birefringent crystal and the SPR structure in the Kretschmann configuration,
overcomes the disadvantages of a polarimetric method. From the recorded channeled spectra
the phase functions of the SPR for air at different angles of incidence are retrieved, and the
SPR phenomenon is manifested by an abrupt phase change with respect to the reference phase
difference resolved for the interference with the SF10 glass prism alone. These phase changes
are processed in the vicinity of the resonance wavelengths to obtain the complex permittivity
function which is described by the Drude-Lorentz model with two additional Lorentzian terms.
The feasibility of the technique was demonstrated for the thin gold film of known thickness
parameters, when the complex permittivity function was measured in a wavelength range from
530 to 850 nm. This phase sensitive method is demonstrated to be effective in measuring the
complex permittivity function of thin metal films of SPR structures, directly in the Kretschmann
configuration.
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