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Abstract: This paper describes theoretical and experimental study of the fundamentals of
using surface plasmon resonance (SPR) for label-free detection of voltage. Plasmonic voltage
sensing relies on the capacitive properties of metal-electrolyte interface that are governed by
electrostatic interactions between charge carriers in both phases. Externally-applied voltage
leads to changes in the free electron density in the surface of the metal, shifting the SPR po-
sition. The study shows the effects of the applied voltage on the shape of the SPR curve. It
also provides a comparison between the theoretical and experimental response to the applied
voltage. The response is presented in a universal term that can be used to assess the voltage
sensitivity of different SPR instruments. Finally, it demonstrates the capacity of the SPR system
in resolving dynamic voltage signals; a detection limit of 10mV with a temporal resolution of
5ms is achievable. These findings pave the way for the use of SPR systems in the detection of
electrical activity of biological cells.
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37. A. D. Rakíc, A. B. Djurišić, J. M. Elazar, and M. L. Majewski, “Optical properties of metallic films for vertical-
cavity optoelectronic devices,” Appl. Opt.37, 5271–5283 (1998).

38. P. B. Johnson and R. W. Christy, “Optical constants of the noble metals,” Phys. Rev. B6, 4370–4379 (1972).
39. A. N. Bashkatov and E. Genina, “Water refractive index in dependence on temperature and wavelength: a simple

approximation,” Proc. SPIE5068, 393–395 (2003).
40. P. Schiebener, J. Straub, J. L. Sengers, and J. Gallagher, “Refractive index of water and steam as function of wave-

length, temperature and density,” J. Phys. Chem. Ref. Data19, 677–717 (1990).
41. M. H. George and R. Q. Marvin, “Optical constants of water in the 200-nm to 200-µm wavelength region,” Appl.

Opt.12, 555–563 (1973).
42. N. Tao, S. Boussaad, R. Huang, W.L.and Arechabaleta, and J. DÁgnese, “High resolution surface plasmon reso-

nance spectroscopy,” Rev. Sci. Instrum.70, 4656–4660 (1999).
43. Z. Kerner and T. Pajkossy, “On the origin of capacitance dispersion of rough electrodes,” Electrochim. Acta46,

207–211 (2000).
44. W. Wang, K. Foley, X. Shan, S. Wang, S. Eaton, V. J. Nagaraj, P. Wiktor, U. Patel, and N. Tao, “Single cells

and intracellular processes studied by a plasmonic-based electrochemical impedance microscopy,” Nat. Chem.3,
249–255 (2011).

                                                                                                  Vol. 25, No. 25 | 11 Dec 2017 | OPTICS EXPRESS 31553 



45. T. Pajkossy, “Impedance spectroscopy at interfaces of metals and aqueous solutions : surface roughness, CPE and
related issues,” Solid State Ion.176, 1997–2003 (2005).

46. C. Celedón, M. Flores, P. Häberle, and J. Valdés, “Surface roughness of thin gold films and its effects on the proton
energy loss straggling,” Braz. J. Phys.36, 956–959 (2006).

47. L. Daikhin, A. Kornyshev, and M. Urbakh, “Double layer capacitance on a rough metal surface: surface roughness
measured by “Debye ruler”” electrochim. acta42, 2853–2860 (1997).

48. L. Daikhin, A. Kornyshev, and M. Urbakh, “Double-layer capacitance on a rough metal surface,” Phys. Rev. E53,
6192 (1996).

49. J. Macdonald and M. Brachman, “The charging and discharging of nonlinear capacitors,” Proceedings of the IRE
43, 71–78 (1955).

50. K. Chu and M. Bazant, “Nonlinear electrochemical relaxation around conductors,” Phys. Rev. E74, 011501 (2006).

1. Introduction

Surface plasmons (SPs) are light-excitable surface waves that are described as longitudinal oscil-
lations of free electrons at the metal-dielectric interface. They oscillate with a spatial frequency
greater than that of light in air. Using optical configurations [1] where the spatial frequency of
light is increased, SPs are excited at the metal-dielectric interface. For instance, Kretschmann-
Raether configuration is one of the commonly used experimental setups, in which a monochro-
matic p-polarised light is coupled through a prism [2]. Alternatively, an oil immersion high
numerical aperture objective lens [3] is used. In both cases, surface plasmon resonance is
achieved at specific angle of incidence. The excitation of SPs results in a drop of the inten-
sity of the reflected light [2] and a sharp phase transition [4, 5] at the resonance angle [6] or
wavelength [7]. This resonance is sensitive to the properties of the dielectric layer adjacent to
the metal as well as the metal surface. This feature has been widely used to develop chemical
and bio-sensors [8–10].

Surface plasmon resonance (SPR) systems are applied to sensing and imaging of interfacial
processes. As they are sensitive to the optical properties of the dielectric medium, they have
gained a great deal of interest in bio-medical research being used to probe molecular interactions
within the evanescent field at the metal-dielectric interface [11], cell sensing [12] or imaging the
cell membrane [13]. In addition to SPs sensitivity to the properties of the dielectric layer, they
are also sensitive to the properties of the supporting metallic layer. As illustrated in Fig. 1, when
external voltage is applied between the metal thin film and an electrolyte solution, an interfacial
capacitance is charged. This effect alters the surface charge density, leads to changes in the
optical properties of the metal and shifts the resonance position [14,15]. This additional feature
provides a different use of SPR systems for voltage sensing [14–18] opening new avenues in
electrochemical applications [19–21].

Evidence of the voltage effect on the optical properties of the metal-electrolyte interface is not
recent; for instance, the concept of voltage detection using SPR was demonstrated in a number
of articles as early as 1970s [22, 23]. The effect has been attributed to the modification of the
charge density in the metal surface by charging and discharging the double layer capacitor [24];
an interfacial nano-scale capacitor that is formed at the metal-electrolyte interface [25]. In other
words, charge carriers in the electrolyte laminae adjacent to the metal are mirrored by the excess
or deficiency of free electrons in the metal side. As shown in Fig. 1, the accumulated charge
is confined within the Thomas-Fermi screening length of the metal due to penetration depth
of the low-frequency electric field being limited to few angstroms (i.e. screened by the free
electrons) [26]. Changes in the electron density modifies the optical properties of the metal layer
and subsequently the spatial frequency of surface plasmons. The voltage sensing mechanism is
described in more detail in Sec.3.1.

Voltage sensing is of a particular importance in biological applications. For instance, the de-
polarisation of cell membrane of the electrogenic cells is known to coordinate a number of
vital physiological processes: the contractility of cardiomyocytes, for example [27]. The state
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Fig. 1. The concept of voltage sensing using surface plasmon resonance sensors. Surface
plasmons are sensitive to changes in charge density at the gold-electrolyte interface.

of the art measurement techniques include the use of voltage-sensitive dyes; membrane-bound
molecules whose fluorescence intensity is sensitive to perturbations of electrical energy in their
proximity [28]. Despite their ability to reveal subcellular information, fluorescence measure-
ments are affected by photobleaching, which limits the timescale of experiments and fluores-
cent labels can also be toxic to cells [29]. Therefore, SPR sensors are being investigated as a
potential label-free, non-invasive method for the detection of the bio-electrical signals [30, 31].
The sensitivity of SPR to surface charge density provides a direct method of detecting voltage
signals. This study is directed at investigating the fundamentals of using SPR voltage sensors for
biological applications. In particular, the study addresses four important aspects: voltage effects
on the SPR curve; characterisation of the response of SPR systems to externally applied voltage;
comparison between theoretical and experimental approaches; and detection of time-resolved
voltage signals. The significance of these four points will be discussed briefly in Sec.2.

2. Voltage sensing using SPR systems

This section presents a brief review and discussions of the previous work in voltage sensing
using surface plasmon resonance systems. We highlight aspects that are important for under-
standing and characterising the performance of SPR systems in voltage sensing applications.

2.1. Voltage effects on the SPR curve

In order to design SPR systems with optical configurations that are suitable to voltage sensing,
voltage effects on SPR curve were discussed in previous studies. For instance, Garland et al [32]
addressed changes in the shape of SPR curve during voltage perturbations. The study considered
a voltage range that is wider than the double layer capacitance charging window that can induce
electrochemical reactions. Changes to the shape of SPR curve under low voltage excitation are
not explained. Since this article is focused on sensing small voltage within the double layer
capacitance charging window, the effect on the SPR curve is studied as presented in Sec.4.1.
Understanding this effect is necessary to the design of highly sensitive SPR systems for voltage
sensing applications.
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2.2. Comparison between theoretical and experimental approaches

Theoretical analysis provides a relatively simple way to understand the response of SPR under
voltage perturbations that allows investigation of different experimental conditions. Theoretical
studies of voltage sensing using SPR combines both optical and electrochemical models. Opti-
cal models investigate light propagation and reflection from the multi-layer SPR sensing struc-
ture while electrochemical models describe the behavior of the interfacial capacitance. SPR
sensing structure is studied using the well-known matrix transfer method and Fresnel equa-
tions [34]. From this model, SPs excitation is studied under different experimental conditions.
In order to study the voltage effect on the properties of the sensing structure, two approaches for
modeling the interfacial capacitance are used. The first approach models the capacitive proper-
ties of the interface with a linear parallel-plate capacitor [16]. This approach offers simplicity
over the well-known properties of Stern-Gouy-Chapmancapacitance. The second approach uses
the non-linear capacitance model of Stern - Gouy Chapman [14], in which the interfacial capac-
itance is estimated more accurately considering the electrolyte concentration and the applied
voltage. Although, theoretical models were presented in a number of previous studies [14, 15],
a rigorous comparison between theoretical and experimental voltage sensing using SPR has
not been provided. In this study, we present comparison between predicted and experimental
SPR response to voltage (see Sec.4.2). Furthermore, we comment on the origin of the nonlinear
response of the system and its implications on the sensitivity of the system.

2.3. Characterisation of the response of SPR systems to externally applied voltage

In order to study the response of SPR sensors to voltage in the context of biological applications,
two factors need to be addressed. First, the response of the SPR systems has to be characterised
for an electrolyte solution that simulates the ionic properties of the extracellular solution since
the properties of the gold-electrolyte interface is an important factor in voltage sensing. Second,
this response needs to be generalised so the obtained results can be applied to different types of
SPR instruments, regardless of their detection scheme.

Voltage detection with SPR has been investigated using different types of electrolyte solutions.
For instance, Lioubimov et al [15] reported different amplitude responses (i.e. resonance shift)
of the SPR when pure water, 5mM NaCl, 5mM KOH and propionic acid are used as electrolytes.
Nonetheless, the obtained results cannot be used to draw a conclusion on SPR response to
voltage for biological applications. This factor was addressed previously in [33]. In this study,
we present a universal measure for the voltage responsivity of SPR systems for biomedical
applications. Since SPR systems are characterised by their response to refractive index change,
we measured the voltage-equivalent refractive index change experimentally compared to the
theoretical prediction, as presented in Sec.4.3. The voltage-equivalent refractive index change
can be used to quantify the performance of SPR systems for their response to voltage, regardless
of the used optical system configuration.

2.4. Detection of time-resolved voltage signals

Label-free detection of time-resolved bioelectrical signals is investigated as a new tool for
biomedical research. The advantage of this approach is its non-invasiveness, unlike the
currently-used micro-electrode methods, and moreover it overcomes phototoxicity related to
the use of fluorescent dyes. It brings the potential of studying biological systems at their cel-
lular scale, in their natural state and over long periods of time. For instance electrical signals,
typically in the millisecond range, are used by neuronal cells to coordinate the function of the
nervous system. Label-free detection of these signals open new horizons in understanding the
function of the brain and the nervous system. In this study, we investigate the capacity of SPR
systems, as a label-free technique, as candidates for the detection of these voltage signals.
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The response of the SPR to dynamic voltage excitations has not been considered in detail
in the present literature. For instance, in [15], Lioubimov et al measured the response of for a
sweep over a low frequency range (2mHz - 0.2Hz). The results obtained showed a drop in the
response of the sensor as the frequency of voltage signal increases. Similar drop is observed by
Huang et al [18] when studying the response of plasmonic nanostructures to dynamic voltage
signals. The study discussed the contribution of the frequency dispersion of the double layer
capacitor to the observed decrease in the response. In this study, we demonstrated detection of
dynamic voltage signals with a temporal resolution of 5 ms and a detection limit of 10mV; the
smallest reported detection limit using SPR systems to the best of our knowledge. Furthermore,
we discussed the factors of the drop in the response of SPR systems under excitation with
dynamic time-resolved signals.

3. Methods

3.1. Modeling

This section describes the procedure for modeling the response of SPR systems to an externally
applied voltage. As mentioned in the introduction, surface plasmon resonance is sensitive to
the free electrons density in the metallic layer. When voltage is applied to the gold-electrolyte
interface, change in charge density at the interface results in the modification of the dielectric
constant of the surface layer of the metal and subsequently shifts the resonance position.

In order to simulate the effect of the interfacial potential on surface plasmon resonance, we
followed a protocol that calculates the interfacial capacitance under the influence of the applied
voltage and the concentration of the electrolyte. The capacitive properties of the interface have
been simulated using the well-known Gouy-Chapman-Stern model which takes into account, in
addition to the applied voltage, the factors of the electrolyte such as valence, ion density and
permittivity [25]. This model is combined to a one dimensional multilayer system that models
the optical properties of the SPR sensing structure, as shown in Fig. 2. As demonstrated in Fig.
3, this model can also be used to simulate the potential profile at the metal-electrolyte interface.
The modeling procedure is performed under two assumptions:

(i) The effect of the applied voltage on the dielectric properties of the electrolyte is negligible.
As shown in Fig. 3, the effective voltage sensing depth in the electrolyte (Debye layer∼

1 nm) is very small compared to the evanescent field depth (in the order of 100 nm).

(ii) The metal thin film is simulated with two layers: Thomas-Fermi length and the bulk gold.
The model assumes an abrupt interface between the two layers. This is a simplification to
the decay of the low frequency electric field from the metal surface towards the bulk with
a depth equivalent to Thomas-Fermi length.

Fig. 2. One dimensional model of the sensing structure showing the glass substrate coated
with 50 nm of gold while the electrolyte is placed on the top of the gold surface. Debye and
Thomas Fermi layers are highlighted in electrolyte and gold respectively.
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Fig. 3. The graph shows the key regions in a metal-electrolyte interface that are formed
due to the extended electrostatic interactions between charge carriers in the metal and the
electrolyte. The Stern layer is formed by electrostatic interaction similar to parallel-plate
capacitor while diffuse layer is formed due to competitive effect of the thermal energy and
electrostatic potential. The Debye layer is the depth at which the potential drops to 1/e of
its initial value. The profile is simulated for a 0.15M NaCl.

We implemented the following steps for voltage series between (-200mV and+200 mV)
to produce resonance curves for each voltage which were used to investigate the effect of the
voltage on the resonance curve.

(a) The value of the electrical double layer capacitance of the interface was calculated tak-
ing into consideration the ion density (n0) in the electrolyte and the applied voltage (ψ0).
The electrical double layer capacitance is a nano-scale capacitor that is formed at the
metal electrolyte interface due to the electrostatic interactions between the ions in the
electrolyte (in the Debye layer) and the free electrons in the metal (in the Thomas-Fermi
layer). The phenomena is well described in standard physical chemistry and electrochem-
istry texts [25]. It is formed of two capacitances in series as presented in Eq. (1). The first
is confined to the metal surface and behaves like a parallel-plate capacitor with a sepa-
rating layer characterized by the dielectric properties of the solvent and has a thickness
in the order of the size of its molecules. The second is a result of the extension of the
electrostatic potential to a few nanometers into the electrolyte and its penetration depth
depends on the charge density. Therefore, it depends both on the applied potential (ψ0)
and the concentration of the electrolyte (See Eq. (1) [25]).

1
C
=

xs

ǫ0ǫ
+

1
√

2ǫ0 ǫ n0 z2 e2

kT
cosh

(

zeψs

2kT

)

(1)

where the size of the solvent molecule (xs) is 0.5 nm [15] (the water in this case), the
static permittivity of water(ǫ ) is 80 at 20◦C [35], the valence of the ion (z) is 1 for NaCl,
the elementary charge (e) is 1.602× 10−19C, thermal energy (kT) is 4.1164× 1021 J and
ψs is the Stern potential, which was found by solving Eq. (2) [25] with the conditions
ψ = ψs at x = xs .
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ψ(x) = ψ0 − x

√

8kTn0

ǫ0ǫ
sinh

(

zeψs

2kT

)

(2)

(b) Applying the McItyre model (Eq. (3)), the change in the density of free electrons (∆N )
was calculated using the capacitance (C) obtained in the previous step, the applied poten-
tial (ψ0) and Thomas-Fermi length (dTF = 0.5A◦) [36]. Then, the obtained value is used
to calculate the plasma frequency (Eq. (4)).

∆N =
Cψ0

−edTF
(3)

ωp =

√

(N + ∆N )e2

mǫ0
(4)

whereωp is plasma frequency, the free-space permittivity (ǫ0) is 8.85 × 10−12 F/m, the
mass of the electron (m) is 9.12× 10−31 kg ande is elementary charge.

(c) The dielectric constant (ǫ (ω)) of Thomas-Fermi length was calculated from Drude model
(Eq. (5)) for each applied potential.

ǫ (ω) = 1− f0
ωp

2

ω(ω + iγ)
(5)

whereγ is the damping constant,ωp is the plasma frequency andf0 is the oscillator
strength of the intraband transitions. Values for these parameters were obtained from [37].

(d) SPR curves were produced for the sensing structure described in Fig. 2 that consist of
glass (n0 = 1.5151), bulk gold(n2 = 0.18344+3.4332i [38]), Thomas-Fermi length (with
voltage dependent dielectric constant and thickness of 0.5 A◦ [36]) and a semi-infinite
layer of electrolyte solution (n3 = 1.33339 at 20◦C calculated with compensation for
temperature and wavelength from [39–41]). All refractive indices were obtained for a
wavelength of 633nm. To produce SPR curves, the transfer matrix method (TMM) de-
scribed in [14,34] was used to calculate the reflected coefficient of p-polarised light for a
range of angles of incidence.

(e) Changes in the resonance position associated with the applied voltage (∆θ0) were cal-
culated by tracking the change in the location of the minimum reflectivity of the SPR
curve.

(f) The sensing structure described in Fig. 2 was used to find the relation between the change
in the refractive index (∆n) and the change in the resonance angle (∆θ0) for mapping the
effect of the voltage to its equivalent refractive index. For this purpose, refractive index
of the electrolyte was stepped while no voltage is applied to the interface.

3.2. Experiments

The experimental validation of SPR response to voltage was performed by combining a three
electrode electrochemical cell (from Reichert Technologies Life Sciences) with a differential in-
tensity surface plasmon resonance system [2,42]. In this setup, a 50nm gold thin film, deposited
on a Bk-7 glass slide by sputtering, was used as a working electrode, Ag/AgCl in 3M NaCl
was used as a reference electrode and a platinum electrode was a used as an auxiliary electrode.
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This electrochemical cell was connected to a potentiostat (VersaStat 3 from Princeton Applied
Research) to apply a voltage between the metal surface and the electrolyte (i.e.the working
electrode and the reference electrode in Fig. 4). Voltage sensing experiments were performed
using 0.15M NaCl as an electrolyte. Different voltage modulation waveforms in the range of
(±200mV ) were applied versus the reference electrode while SPR response was recorded si-
multaneously using the optical system. It is noted that the potential of zero charge (PZC), for
the gold thin film in 0.15M NaCl, was -10 mV with respect to the reference electrode when
measured by finding the minimum of the differential capacitance curve.

Fig. 4. Electrochemical Surface Plasmon Resonance System: a prism based Kretchmann-
Raether configuration, that is used to excite surface plasmons at the metal-electrolyte in-
terface. A three electrode, electrochemical cell is mounted on the prism, which is used to
modulate the potential at the metal-electrolyte interface.

The DI-SPR sensing system used a prism-based Kretschmann-Raether configuration (Fig. 4),
in which a beam of p-polarized light (λ = 633nm) is weakly focused on the metal surface
and the average angle of incidence is the resonance angle so that surface plasmons are excited
at the interface between the metal and the electrolyte - 0.15M NaCl. The reflected light is
collimated by a cylindrical lens (50 mm) before detected with a bicell photodiode. The output
of the bicell detector is used to calculate the differential response. Assuming the outputs of
the two halves of the detector be A & B respectively, the differential response is defined as
(A-B)/(A+B), as explained in [42]. The process is performed in real time, using a home-made
electronic circuit to perform the difference and the sum. A 16 bit data acquisition device is
used for analog to digital conversion. The bicell detector is balanced, initially, to operate at the
point of maximum sensitivity [2]. As explained in previous publications [2, 42], the output of
the processed bicell detector signal (A-B)/(A+B) is directly proportional to the change in the
resonance angle. The analytical expression described in the previous publication [2] was used
to retrieve the resonance angle shift from the output of the bicell photodetection. The resonance
angle shift was mapped to the equivalent refractive index change to calculate the experimental
voltage equivalent refractive index change.

4. Results and discussions

In this section, we present and discuss the factors that affect voltage detection using differen-
tial intensity surface plasmon resonance (DI-SPR) system. First, we present the effects of the
applied voltage on the SPR curve using theoretical modeling of voltage sensing using SPR
sensors. Second, we present a comparison between theoretical and experimental response to ap-
plied voltage. Also, the response is presented in terms of the equivalent refractive index change;
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a generally applicable parameter that can be used to assess the voltage sensitivity of a range
of SPR systems. Finally, we show the detection of time-resolved voltage transients over the
millisecond range with a detection limit of 10mV.

4.1. Voltage effects on the SPR curve

To investigate the sensitivity of SPR systems in the detection of voltage perturbations, we start
with characterising the effect of the externally applied voltage on the SPR curve. Theoretical
approaches, described in Sec.3.1, were used to simulate SPR curves for a series of voltages in
the range of (-0.2 V to 0.2 V), as presented in Fig. 5. As observed from this figure, increasing
the voltage increases the resonance angle and vice versa. Furthermore, the effect of the voltage
on the resonance angle is compared to its effect on the the full-width half-maximum of the curve
and the minimum of the reflectivity (Fig. 6). This comparison is important to see which effect is
dominant and therefore worth measuring to obtain a better signal-to-noise ratio. As confirmed
by Fig. 6 that the shift in resonance position is significant compared to the change in the shape
of the SPR curve and the minimum of the curve.
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Fig. 5. The effect of the applied voltage on the SPR curve. Theoretical SPR curves were
generated for a sensing structure formed of BK-7 glass coated with 50 nm of gold. The
wavelength of the incident light is 632.8nm. Voltage series were simulated for 0.9% sodium
chloride as an electrolyte solution.

The information about the effects on the curve complements the study performed by Garland
et al [32] which reports on voltage effects on SPR curve . However, it is noted that our results
are only valid for the double layer voltage window (±200mV ). Further increase of the applied
voltage could trigger electrochemical processes on the gold surface which change the shape of
the SPR curve significantly [32]. Knowledge on the effect of the voltage on the shape of the SPR
curve is important for the choice of the SPR system. In this study, the DI-SPR technique was
used since it provides a sensitive detection of resonance angle shift in the range of 10−6

− 10−5

deg (i.e.10−8
− 10−7RIU) [42].

4.2. SPR response to the applied voltage

To study how the resonance angle changes with the externally-applied voltage, the waveform
in Fig. 7(a) has been applied to the gold-electrolyte interface using the three electrode system
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Fig. 6. The effects of the applied voltage on the properties of the SPR simulated using the
procedure described in Sec.3.1. Change to the minimum reflectivity is shown in (a) while
changes to the full-width half-maximum (FWHM) and the resonance angle are presented
in (b) and (c) respectively.

described in Sec.3.2. The response of the SPR to the applied waveform is measured by using the
DI-SPR setup described in Sec.3.2 as presented in Fig. 7(b). From this graph, it is observed that
for each of the applied voltages, the system does not respond instantaneously as it is governed
by charging the double-layer capacitor which features a remarkably high capacitance in the
order of 1F/m2 [25]. Since the system features a time-varying response, the ratio (A-B)/(A+B)
is used, after reaching equilibrium of each voltage step, to calculate the equivalent angular shift
by using the protocol described previously [2]. Figure 8 presents the change in the resonance
angle for each voltage step compared to the theoretical resonance angle shift obtained using the
procedure in Sec. 3.1.

The system demonstrated a noticeable nonlinear response to the applied voltage regardless of
its polarity confirming the behavior the nonlinear voltage dependent double-layer capacitance of
the interface. Another observation is the asymmetry between the positive and the negative cycles
of voltage. Positive voltage cycles, with respect to the potential of zero charge, show higher
response, especially at higher potentials. A similar effect has been reported previously in voltage
sensing using plasmonic structures [18]. Since the supporting electrolyte contains chloride ions,
this observation could be attributed to the preferential interaction of halides with gold surfaces
[43]. The specific adsorption of anions affects the shape of the differential capacitance curve (vs
potential) for voltages higher than the potential of zero charge (PZC). The observed discrepancy
between theoretical and experimental results is discussed in the next section.

4.3. Voltage-equivalent refractive index change

Generally, the sensitivity of SPR systems is characterized in terms of refractive index change.
By mapping the obtained voltage response to its equivalent refractive index change, a universal
term for voltage response or sensitivity is obtained. As shown in Fig. 9 the voltage equiva-
lent refractive index change is calculated, as described in Sec.3.1, using both experimental and
theoretical approaches. The graph presents a good agreement between the theoretical and the
experimental response, compared to previous studies [15] in which theoretical and experimen-
tal results do not show such close correspondence. Such an agreement between theoretical and
experimental response is reported for the first time, to the best of our knowledge, supporting the
use of the proposed 1D model to estimate the response of SPR systems to externally applied
voltage. The consequences of using the 1D model are discussed in the next paragraph.

As the use of surface plasmon resonance for voltage sensing for biological applications [44]
is increasing, obtaining a generic term for estimating voltage sensitivity of SPR is valuable as
it gives a universal means of comparison. It can be used when designing experiments or devel-
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Fig. 7. (a) The input voltage waveform. Voltage is applied versus an Ag/AgCl reference
electrode at a rate of 10V/s (b) The response of the DI-SPR system to the input waveform
for 0.15M NaCl.
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Fig. 8. Experimental resonance shifts (∆θ0) for a series of applied voltages compared to
theoretical resonance angle shift.

oping sensitive instruments to probe biological processes. Although the experimental and the-
oretical results demonstrated a good agreement, there is still a discrepancy between them.The
theoretical results are based on modeling a one dimensional metal-electrolyte structure assum-
ing an ideal case of using flat monocrystalline gold surfaces. As discussed in Pajkossy [45],
the non-ideal surface structure showed a different capacitive behavior. On the other hand, the
experimental results were obtained using polycrystalline surfaces [14, 15, 46] with no further
treatment. To model the voltage sensitivity of the polycrystalline surface, one needs to use a 2D
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Fig. 9. Experimental voltage-equivalent refractive index units compared to theoretically
calculated figures.

model to account for the effect of the roughness. The spatial profile of the capacitive properties
of the interface has to be modeled with a lateral resolution that is sufficiently fine for the period-
icity of the roughness. The contribution of the surface roughness and structure to the capacitive
properties of the surface was discussed in literature [47,48]. Nevertheless, the model used in this
study is a reasonable approximation that can be used to study SPR sensors for voltage sensing
applications.

It should be noted that the sensitivity reported in this study is enhanced compared to the
previous work [18]; a detection limit of 1 mV is achieved. The DI-SPR noise is calculated, for
a time scale of 1 second, which is 5×10−5. Since the DI-SPR response is 5×10−3 for 100
mV, the detection limit is therefore expected to be 1mV. This maps to 3.7×10−7 RIUs for
these experimental conditions. The enhancement of sensitivity is attributed to the removal of
the correlated noise between the two units of the bicell detector by using differential detection
and further improvement with normalisation to the total detected power. The correlated noise
arises from the fluctuations of the laser power which dominates the time resolved measurements
and deteriorate the sensitivity.

4.4. Time-resolved detection of interfacial potential

Examining the temporal resolution of SPR voltage sensors is crucial to detecting time-resolved
biological processes, which occurs over a millisecond timescale (e.g. action potential generated
by a neuron). In this section, a pulse train with 100 mV magnitude, 5 ms width and 1s separation
was generated using the potentiostat as described in Sec.3.2 and applied to the gold-electrolyte
interface. The response of the DI-SPR system to the applied pulse train is presented in Fig. 10.
The applied voltage and current are shown in Figs. 10(a) and 10(b) respectively compared to
the SPR response presented in Fig. 10(c). The voltage, the current and the SPR response are
presented over a magnified scale in Figs. 10(d)-10(f) respectively. The response of the SPR sen-
sor is directly related to the applied voltage waveform as it is expected from the direct relation
of the resonance angle shift to surface charge density that is explained in Sec.3.1 in detail. The
5 millisecond pulses shows a lower response compared to the previous 10 second signals. As a
consequence, the sensitivity drops from 1 mV to 10 mV as the response of the system drops by
an order of magnitude.

The temporal resolution of the system is affected by the voltage dependence nature of the dou-
ble layer capacitor which results in a non-linear system making the time constant a time-varying
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Fig. 10. The DI-SPR response to voltage pulses with a duration of 5ms. In (a) the applied
100mV voltage signals and corresponding charging and discharging currents are shown in
(b). The simultaneous SPR response is presented in (c). (d-f) shows the a window of the
three signals on a magnified scale.

quantity. In the following section, the response time is discussed in more detail considering the
response of the system to 100 mV applied for 10 seconds as an example.

4.5. Response time of the gold-electrolyte interface to applied voltage

When voltage is applied to the electrode-electrolyte interface, surface charge density is altered
charging the interfacial double-layer capacitor. The accumulation of charges in the Debye layer
is not instantaneous, compared to the applied voltage. In order to quantify the dynamics of this
process, the SPR response to a potential change from 0 to+100 mV is investigated. It can be
seen from Fig. 11(a) that the response time of the sensor does not fit to a first order exponential
function with time constantτ = RC. It is rather approximated to fit a second order exponential
functiony(t) below (goodness of fit:R2 = 0.993 and root-mean-square error (RMSE) = 6.8 ×
10−5).

y(t) = a1(1− e−t/τ1) + a2(1− e−t/τ2) + c (6)

whereτ1 = 37ms, τ2 = 1.35s are time constants anda1 = 2.4 × 10−3 anda2 = 3 × 10−3 are
steady state amplitudes and c=0.0033.

The graph in Fig. 11(a) demonstrates the behavior of a non-linear system with a time-varying
charging rate, which can be approximated by two processes with different dynamics: a fast
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response with a time constant of 37 ms and a slow response with a time constant of 1.36s. The
time constants and the occurrences of these processes can be visualized better by looking at the
charging rate obtained by taking the derivative of Eq. (6):

y′(t) =
a1

τ1
e−t/τ1 +

a2

τ2
e−t/τ2 (7)

With the same definitions of the coefficients of Eq. (6). Plotting the natural logarithm ofy′(t)
versus time compared to the natural logarithm of the first and the second term shows the overall
response compared to the fast and slow responses. The dynamics observed in Fig. 11(b) is
consistent with the reported response of charging nonlinear capacitors [49]. As the diffuse layer
capacitor is voltage dependent, the behaviour of the system follows nonlinear dynamics with a
time constant that also depends on the applied voltage. The nonlinear capacitance is reported to
extend the charging time resulting in the slow response [50]. However, in this discussion, the
response is simplified by fitting to the second order function presented by Eq. (6). Therefore,
the time-varying response is characterised by two time constantsτ1 andτ2 which are dominant
for the rangest ≤ 0.2 andt > 0.2 respectively.
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Fig. 11. (a) Dynamic response of the SPR system to the applied voltage (100mV) fitted to
a second-order exponential saturation function. (b) A comparison between time constants
and onset times of the fast and the slow responses of the system to the applied voltage.
(c) Expected response of the system for pulses with duration less than 0.2s(5τ of the fast
response).

The first term of the fitted function in Eq. (6) can be used to predict the response of the SPR
system to pulses with short duration (≤ 0.2 or 5τ1). The expected response of the system, for
pulses less than 0.2s, is presented in Fig. 11(c). As can be found from this graph, the response
drops to 3× 10−4 for pulses with a duration of 5ms. This response drop agrees with the SPR
response to 5ms pulses shown in Figs. 10(c) and 10(e). This analysis can be used to predict the
time dependent response of the system to the action potential of neurons since the pulse last
only for 2- 5 ms.

5. Conclusions

In this study, we present the fundamentals of using SPR systems for voltage sensing applied to
biological research questions. First, the study investigated the effect of the externally applied
voltage on the shape and the resonance position of the SPR curve. We found that for voltage
in the range of±200mV , the shift in the resonance position depends on the polarity of the
applied voltage while the shape of the SPR curve is preserved under low voltage excitations.
This finding guides the selection of optical configuration for voltage sensing. Second, a rigorous
comparison between theoretical and experimental response of SPR to voltage is presented. The
results are also presented in terms of its equivalent refractive index change which is valuable for
evaluating the voltage sensitivity of different SPR instruments. Third, we showed the ability of
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SPR systems to detect dynamic time-resolved signals. A 100 mV signal applied over a duration
of 5ms is detected with the DI-SPR system using bicell detector configuration. The signal-to-
noise ratio presented in this study shows that a 10 mV signal with a temporal resolution of 5ms is
achievable. Finally, a decrease in the response of the SPR system is observed when voltage with
short duration is applied. This effect is attributed to slow response of the non-linear interfacial
capacitance that govern the voltage sensing mechanism.
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