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Abstract. In this work, we investigate how the application of an external potential
difference to the sensitive gold-electrolyte interface influences the optical response of a
sensor based on the surface plasmon-polariton resonance (SPPR). The SPPR resonant
angle shift was registered for an aqueous solution of sulfuric acid as an electrolyte at
different potential sweep rates. From the measurements of SPPR curves versus the
applied voltage, the potential of zero charge of the gold electrode in the electrolyte
solution was estimated. To explain the external voltage influence on the SPPR sensor
response, a theoretical model was used that takes into account three factors: free electron
concentration change in the space-charge layer (SCL) in the surface layer of gold,
dependence of the capacity of electrical double layer at the interface on the voltage, and
gold film surface roughness.
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1. Introduction

Many modern chemical and biological sensors are based
on the surface plasmon-polariton resonance (SPPR)
phenomenon [1-6]. The SPPR method is a very sensitive
optical technique based on registration of the excitation
of surface plasmon-polaritons (surface charge density
waves that can be generated on the boundary between
the highly-conductive metal and the dielectric and
propagate along this boundary) by light [7, 8]. Using the
SPPR method, it is possible to measure optical constants
of materials which are located at the sensitive surface of
the sensor with high precision. SPPR sensors are widely
used for the real-time investigation of liquid systems
(e.g. biomolecules in buffer solutions, electrolytes €etc.).
Measurements using the SPPR sensor are often carried
out under the external potential difference applied to the
metal-liquid sensor interface [9-13]. The problem arises
here in the correct interpretation of the obtained results
taking into account the influence of the potential
difference both on the object of investigation and on the
sensor sensitive part.

Investigation of the influence of potential applied
to the metal-electrolyte interface on the optical
properties of this interface using surface plasma waves
excitation has been carried out actively during recent
years. From electroreflectance experiments, it was
revealed that the optical properties of metal electrode
surface depend significantly on the applied potential [14-
19]. Later it was shown that the surface plasmon-
polariton excitation energy in thin silver and gold films
also depended on the applied potential [20]. In this work,
the theoretical explanation of this effect was developed
only in the approximation of free electron concentration
change in the surface layer of the metal upon the
potential application. In articles [21, 22], excitation of
surface plasmon-polaritons at the silver-electrolyte
solution interface was investigated and the influence of
applied potential on the angular position of SPPR was
observed. It was noticed that at a fixed light wavelength,
the resonance shifted towards greater values of the
surface plasmon-polariton wave vector (greater angles of
light incidence) upon increase of the applied potential
above the potential of zero charge of the electrode. An
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increase in the SPPR curve half-width was also detected
under the above mentioned conditions. In addition, a
method to estimate the potential of zero charge of the
metal electrode in the electrolyte solution by SPPR
measurements was suggested in these references [21,
22]. The gold-electrolyte interface was also investigated
using the ellipsometric method of surface plasma waves
detection [23]. In the framework of this method, the
possibility to separate the influence of applied voltage on
the electrons in metal and ions in electrolyte was shown.
The penetration depth of static electric field into gold
was demonstrated to be not more than 1 A.

Lately, thin (40-45 nm) gold films are even more
often used as a bearer of the plasmon-polariton
oscillations due to their stability in aqueous solutions
and the possibility of easy chemical modification of the
gold surface. That is why the investigation and
theoretical explanation of external potential difference
influence on the optical properties of the gold-electrolyte
interface, which the SPPR sensor response is dependent
on, is an urgent problem.

2. Experimental setup

A two-channel optoelectronic SPPR sensor “Plasmon-5”
(ISP NASU, Kyiv) (Fig. 1), based on Kretschmann
configuration with semiconductor laser as a p-polarized
light source (A = 650 nm) was used in the work. A 45 nm
thick gold film produced by a thermal vacuum
evaporation method was exploited as a plasmon-
polariton oscillations bearer. To enhance the adhesion, a
thin chromium layer (up to 5 nm) was evaporated onto
the glass slide before the evaporation of gold. Thermal
evaporation was performed in vacuum (10 mm Hg) on
the substrates at the room temperature. After
evaporation, the films were annealed at 120 °C for
30 min.

For the simultaneous SPPR and electrochemical
measurements, we used classical three-electrode
electrochemical cell. An IPC-compact (IPC RAS,
Moscow) potentiostat with a gold film as a working
electrode and 0.5 mm Pt wire and Ag/AgCl electrode as
counter and reference electrodes, correspondingly, was
employed for cyclic voltammetry (Fig. 1). Utilization of
the three-electrode system allows stable values to be
obtained for the potential difference between the
working electrode and electrolyte with respect to the
reference electrode, in contrast to the two-electrode
system without the reference electrode, which was used
in reference [24]. 0.1 M H,SO, aqueous solution was
used as electrolyte.

3. Theory
3.1. Electrical double layer

Electrochemical reactions on the interface may progress
upon application of an external voltage to the gold-
electrolyte system. If the gold electrode potential is
sufficient for oxidation or reduction of the electrode,

molecules or ions on its interface, then an
electrochemical reaction begins, and the current flows
through the gold-electrolyte boundary. If the conditions
on the interface are such that the electrochemical
reactions do not take place, then the current doesn’t flow
across the interface and the electrical double layer (EDL)
(Fig. 2) at the boundary behaves like a capacitor. The
potential region where this behaviour is observed is the
well-known double layer region.

According to the double layer theory by Stern, the
differential capacity of the EDL unit area Cgp, equals

the capacity of two series-connected capacitors Cp; and
Cgc that correspond to the compact layer in the

Helmholtz theory and the diffuse layer in the Gouy-
Chapman theory [25]:

Electrolyte solution

Open cell
IPC-compact
Thin gold film
[ Thin chromium film

f 4 Glass slide
T Immersion liquid

/ Glass prism

Pt Ag/AgCl

Laser

Photodiode
Fig. 1. Simplified scheme of the experimental setup.

Electrode Electrolyte

Fig. 2. Model of electrical double layer on the positively
charged electrode surface.
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where dy; is the compact layer thickness, ¢ is the static
dielectric permittivity of the electrolyte, ¢, is the
vacuum dielectric permittivity, z is the ion charge, €,
is the electron charge, N, is the Avogadro constant, C

is the electrolyte concentration in mol/l, Kk is the
Boltzmann constant, T is the electrolyte temperature
and U is the potential at the distance dy; from the metal

surface. Potential U
(2) [26]:
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where U, is the total potential difference between the

is determined from the equation

metal electrode and electrolyte. Then the surface charge
density Ac that appears on the electrode surface is
represented by the equation (3) [25]:
Uy
Ao = jCEDLdU, (3)
Upze
where U . is the potential of zero charge of the

electrode in the present electrolyte.

Formation of a charge on the gold electrode surface
during the charging of EDL leads to a change of the free
electron concentration in the surface layer of gold, which
is one of the effects taking place when applying the
voltage to a gold-electrolyte system. As the static
electric field penetrates the metal to the distance d ~ 1 A,
which corresponds to the thickness of the space-charge
layer (SCL) near the surface of gold, then the change of
the free electron concentration, which is defined by the
equation (4), takes place in this thin layer only [20]:

Ac
. 4
Te @)

This results in the change of the free electron
contribution to the relative dielectric permittivity of this
layer, which is represented by the equation (5) [20]:

AN
Asmz(l—s,;)w, (5)

AN =

where srfn is the free electron contribution to the relative

dielectric permittivity of the metal and N is the free
electron concentration in the metal. The free electron
contribution to the relative dielectric permittivity of the
metal is defined by the equation (6) [27]:
2
®
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where ® p=

is the plasma frequency, m is the
) m

mass of an electron, ® is the light angular frequency, 1

is the free electron relaxation time.

3.2. Calculation of the SPPR sensor response

Calculation of the SPPR sensor optical response (angular
position of the SPPR) on the application of the electrical
voltage to the gold-electrolyte interface was carried out
using the scattering matrix formalism [28] for the
multilayer system (Fig. 3).

The scattering matrix S connects complex
strengths of electric fields on the first and the last
boundaries of the multilayer structure. It can be
represented in equation (7) as a product of the interface
matrices | and the layer matrices L that describe the
influence of the separate interfaces and layers in the
multilayer structure:

S=1lpLilnLy bl mmey - @)
Interface and layer matrices are shown in equation

(8):
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where and are Fresnel amplitude

Lijen Fici+)

coefficients of transmission and reflection of p-polarized

light for the j(j +1) boundary, p; :chose j s

the phase thickness of the j-th layer, d; is the thickness

of the j-th layer, N j is the complex refractive index of

the j-th layer, 0; is the angle between the light

j
propagation direction and the perpendicular to the
boundary in the j-th layer. Fresnel amplitude coefficients
of transmission and reflection of p-polarized light for the
j(j+1) boundary are defined by the following
equations (9) [29]:

2N jcos;

j+1cosej+Njcos9j+1’

tigj+n = 5

Nj,cosOj — Njcosb;,,

Ficiy =—= — . Q)
1D Nj,;cosO; + Njcosb,,,

When the scattering matrix for the multilayer
system is calculated, it is possible to determine the

energetic coefficient of reflection of p-polarized light

(R) from the multilayer structure using the
equation (10):
2
R:[i] : (10)
Siy
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Fig. 3. Schematic drawing of the multilayer structure and the
propagation of light through it.

where the indices indicate the corresponding elements of
the matrix S. Using the calculated dependences R(0)

for the investigated multilayer system at 6, > 01g (675

is the limiting angle of the total internal reflection) it is
possible to determine their minimum angular position
Bpr that will correspond to the rise of the SPPR.

3.3. Calculation of the complex refractive index of the
surface layer of the gold film

The gold film produced by the thermal vacuum
evaporation method is characterized by a rough surface;
therefore, this has to be taken into account for the
theoretical calculation of the optical response. In the
present research, the surface layer of gold is modeled as
a statistical heterosystem that consists of 3 components:
gold surface, SCL in gold with thickness of 1 A, whose
optical properties are dependent on the applied external
voltage, and electrolyte. Since volume fractions of the
components are comparable, the symmetrical
Bruggeman  approximation for the  statistical
heterosystem is used to calculate the effective complex

refractive index N for this heterosystem using the
equation (11) [30]:

N? — N2
PN v sereat s (an
i N +2N
where i=1,2,3 1is the sequence number of the

component, f; and N; are the volume fractions and

refractive indices for the corresponding components of
the heterosystem.

4. Resultsand discussion

As a result of simultaneous SPPR and electrochemical
measurements cyclic voltammograms of the gold-
electrolyte interface (Fig. 4a) and temporal dependences
of the angular position of SPPR curves minima (Fig. 4b)
were obtained.

Typical features of the electrochemical processes
are clearly visible on the cyclic voltammogram shown in
Fig. 4a. During the change of the potential from —0.6 to
1.4V at the potential difference greater than 0.7 V, the
electrochemical reaction of gold surface oxidation takes
place [13, 31]:
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Fig. 4. a) Measured cyclic voltammogram of the gold-sulfuric
acid solution interface. Potential difference between gold and
electrolyte changed in the region (-0.6 — +1.4 — —0.6) V with
the sweep rate of 0.001 V/s. Potential change direction is
indicated by the arrows. All potentials are reported with respect
to the reference electrode. b) Measured temporal dependence
of the SPPR curves minimum angular position (sensogram).
Dash line in the center indicates the moment when potential
starts to change in the opposite direction.
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This leads to the formation of a thin gold oxide
layer on the gold electrode surface that results in an
increase in the SPPR angle (Fig. 4). During the course of
change of the potential backwards from 1.4 to —0.6 V at
the potential difference about 0.7 V, the electrochemical
reaction of the gold surface reduction begins, which is
opposite to the above mentioned process. This leads to
the dissolution of the oxide film on the surface and to a
decrease in the SPPR angle (Fig.4). At a potential
difference lower than —0.3 V, the hydrogen evolution
reaction begins on the gold electrode [32]:

H+e — %Hz (gas).

The most important potential difference region for
the practical experiments is in the region where
electrochemical reactions involving substances that the
sensor is composed of are absent (double layer region)
(Fig. 4). For the investigated system, this region ranges
from about —0.2 to 0.5 V. Therefore, the individual
measurements in the potential difference region from
—0.2 to 0.5V were performed, and their results are
presented in Fig. 5.
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Fig. 5. Measured temporal dependence of the SPPR curves
minimum angular position (sensogram) upon the application of
the potential difference in the region (-0.2 —» +0.5 - —-0.2) V
with the sweep rate of 0.009 V/s to the gold-electrolyte
interface: a) 1 cycle of the potential change; b) 10 cycles of the
potential change.

It was observed that the shift of SPPR angular
position increased while decreasing the potential sweep
rate when the applied potential difference changed from
—0.2 to 0.5V. This can be caused by slow diffusion
processes of “heavy” SO,* ions in the electrolyte
solution under the influence of the electric field between
the electrodes and by following accumulation of these
ions at the gold surface. Taking this into account, for the
exclusion of above mentioned processes the
measurements in the potential difference range from
—0.2 to 0.5V were performed with 0.009 V/s rate. This
sweep rate allowed us to record the quantity of SPPR
angular position points that was adequate for analysis
but minimized the influence of the ion diffusion
processes. The sensogram represented in Fig. Sb shows
that the processes leading to the SPPR angular position
change due to external voltage application are rather
reversed at the chosen potential sweep rate. This means
that during changing the potential difference in the
chosen region the oxide film formation at the gold
surface as a result of electrochemical reactions does not
occur, which typical hysteresis of the SPPR angle is
peculiar to upon repeating the potential change
cycles [24].

The study of the experimental SPPR response in
the double layer region allows us to estimate the
potential of zero charge value of the gold electrode in the
electrolyte solution [21, 22]. Analysis of the dependen-
ces of SPPR curves half-widths on the voltage between
the gold electrode and electrolyte gives the potential of
zero charge value that equals U, =0.17£0.04 V

versus the used reference electrode.

Theoretical modeling the SPPR curves for the
potential difference in the double layer region was
carried out for the multilayer system consisting of a
semi-infinite glass layer (refractive index N =1.616), a
5 nm thick chromium layer (n = 3.66 +4.365i [33]), a
45 nm thick gold layer (n = 0.3 + 3.551 [34]), a surface
gold layer whose refractive index is calculated using
equation (11), and a semi-infinite electrolyte layer
(n =1.3313). The surface gold layer parameters
calculation was performed using the results of atomic
force microscopy (AFM) (Fig. 6) of gold film surface
before the immersion in the electrolyte solution.
Namely, volume fractions of gold surface, SCL in gold
with 1 A thickness and electrolyte were determined and
found to be 0.401, 0.103 and 0.496, respectively. From
the AFM investigation results, the surface gold layer
effective thickness was also obtained, which was
estimated as equal to the root mean square deviation of
height for the rough gold surface, which is 9.8 A.

The following parameters of electrical double layer
were used during modeling: compact layer thickness
dy = 8.5 A (calculated according to the water molecule
[35] and the SO,* anion [36] sizes), static dielectric
permittivity of the dilute sulfuric acid solution & =80
[33], electrolyte concentration € = 0.1 mol/l. The
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Fig. 6. AFM image of the gold film rough surface.
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Fig. 7. Theoretically calculated dependence of the angular
position shift observed for the minimum of the reflected p-
polarized light intensity and experimentally obtained
dependence of the SPPR angular position shift on the
applied potential difference.

following bulk gold parameters were also used for
calculations:  ®, = 13710°Hz [37], 1=

9.3-10" s [38], N =5.9-10® m™ [37].

The calculated dependence of SPPR angle shift
upon changing the voltage between gold and electrolyte
in the range from —0.2 to 0.5V for the wavelength of
light A =650nm and corresponding experimentally
obtained dependence are presented in Fig. 7.

It is apparent from the experimental results that
potential difference change between gold electrode and
electrolyte from —0.2 to 0.5 V versus reference
electrode causes angular shift of the SPPR curve
minimum that is about 0.03°. Theoretical calculations
give the value of corresponding SPPR angular position
shift, which equals to 0.0151°. The difference between

obtained results can be explained by the above-
mentioned dependence of SPPR angle shift on the
potential sweep rate. Probably, diffusion processes still
have a noticeable influence on the SPPR sensor
response at the chosen potential sweep rate of
0.009 V/s. Support of high potential sweep rates and
faster registration of the SPPR angular position,
respectively, will be the aim of further research. More
precise calculation of the SCL thickness and the
electron concentration distribution [18] would also
result in the better theoretical approximation to the
experimental results. The obtained result also points to
the fact that free electron concentration change in the
gold surface layer is not the only mechanism of the
electric voltage application influence on the gold-
electrolyte interface properties. In particular, optical
properties of this interface can depend on the change of
electrolyte surface layer properties due to adsorption of
ions from solution on the gold surface, and also on
adsorbed ions influence on the dielectric permittivity of
the surface gold layer due to possible formation of the
weak chemical bonds.

5. Conclusion

In this work, the influence of application of external
potential difference to the gold-electrolyte interface of
the SPPR sensor on the optical properties of this
interface was investigated and a theoretical explanation
of this influence was developed. The potential of zero
charge for the gold electrode in 0.1 M sulfuric acid
aqueous solution versus the Ag/AgCl reference electrode
was evaluated and found to be 0.17+0.04 V. The
influence of the applied potential difference value on the
shift of SPPR angle position was theoretically calculated
taking into account the potential influence on the free
electron concentration in the SCL in the surface layer of
gold, the dependence of capacity of electrical double
layer at the gold-electrolyte interface on the potential
difference in the Stern model and the presence of
roughness on the gold film surface. It was revealed that
the shift of SPPR angular position increases while the
potential sweep rate decreases. The presented theoretical
approach can be used for the partial correction of the
SPPR-sensor response upon the application of the
external voltage to the sensor interface. Revealed
discrepancies between the theoretical calculations and
the experimental results require more accurate
calculation of the metal optical constants in the space-
charge layer and taking into account the influence of
adsorbed ions on the dielectric permittivity of the gold
surface layer under the application of the external
potential difference.
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