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Surface Plasmon Resonance (SPR) sensors are widely used in diverse applications.
For detecting heavy metal ions in water, surface functionalization of the metal surface
is typically used to adsorb target molecules, where the ionic concentration is detected
via a resonance shift (resonance angle, resonance wavelength or intensity). This paper
studies the potential of a possible alternative approach that could eliminate the need
of using surface functionalization by the application of an external electric field in
the flow channel. The exerted electrical force on the ions pushes them against the
surface for enhanced adsorption; hence it is referred to as “Electric-Field assisted
SPR system”. High system sensitivity is achieved by monitoring the time dynamics of
the signal shift. The ion deposition dynamics are discussed using a derived theoretical
model based on ion mobility in water. On the application of an appropriate force, the
target ions stack onto the sensor surface depending on the ionic concentration of
target solution, ion mass, and flow rate. In the experimental part, a broad detection
range of target cadmium ions (Cd2+) in water from several parts per million (ppm)
down to a few parts per billion (ppb) can be detected. C 2015 Author(s). All arti-
cle content, except where otherwise noted, is licensed under a Creative Commons
Attribution 3.0 Unported License. [http://dx.doi.org/10.1063/1.4934934]

I. INTRODUCTION

Harmful effects of heavy metal ions on environment and human health have always been focus
of interest of many researchers.1 Recently, several studies concerning the detection and removal of
heavy metal ions from water have appeared in the literature.2–6 In order to achieve detection scheme
that is practical, it requires a fast and simple sensing system for screening contamination of water
bodies especially in remote locations. Several techniques have been applied such as Inductively
Coupled Plasma Mass Spectroscopy (ICP-MS),7 Ion-Selective Electrodes (ISE),8 Anodic Stripping
Voltammetry (ASV),9 Electrochemical Impedance Spectroscopy (EIS)10 and Quartz Crystal Mi-
crobalance (QCM) Spectroscopy11 for the detection of heavy metal ions in water samples. Some
of the instruments, such as ICP-MS, are very sensitive, but require extensive skills and advanced
laboratory facilities. Surface Plasmon Resonance (SPR) offers relatively high sensitivity and it can
be applied as a label-free system as well making way for minimal sensing protocols. Sensing
techniques based on SPR has thus been implemented in a variety of applications,12,13 including
the detection of heavy metal ion in water.14–18 SPR techniques have been implemented in portable
systems19–21 that are suitable for on-site analysis. For SPR sensor, the sensing scheme includes the
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detection by molecular absorption on a sensor surface, generally via a shift of resonance angle or
wavelength. The resonance is caused by electron oscillations on the metal surface which introduces
a surface wave called “Surface Plasmon (SP).” At resonance, an incident light is totally absorbed.
The resonance condition (incident angle or wavelength) shifts independently on any changes in the
refractive index on the metal surface as well as by a deposition of an extra film on the surface.
It is worth noting here that as resonance relies on the SP wave, an effective detection distance is
within the penetration depth of the SP wave, which is typically around 200 nm from the surface in
water. For metal ion detection, several sensing approaches have been designed such as using peptide
groups for selective detection of Ni2+ and Cu2+ions,15 using chitosan film for selective detection
of Cu2+ions16 or using enzyme urease as molecular probe for specific detection of Cd2+ions.17 To
minimize the surface functionalization, Wang et. al.18 combined SPR with anodic stripping voltam-
metry (ASV) where the metal ions were deposited on SPR sensor surfaces by ASV technique. By
reading the optical signal shift, detection of Pb2+, Cu2+ and Hg2+ ions in the range of sub ppb to ppm
levels could be achieved.

In this work, we propose an alternative detection approach by applying an external electrical
field to induce ion adsorption on the sensor surface. The technique is referred here as “Electric-Field
assisted Surface Plasmon Resonance (EF-SPR)”. The optical system utilizes a compact system
incorporated within an integrated SPR chip.21 The Diffractive Optical Elements (DOEs) as fan
in/out coupling devices are integrated under the SPR chip. Hence, the detection scheme is set up
by capturing an image of a reflected beam without any mechanical movements. At resonance, the
reflected beam contains a dark strip indicating an SPR angle. In the current system, the SPR angle
is indicated in a certain location on a detector array. For a bulk solution refractive index test, the
system showed detection limits down to 10−5 Refractive Index Unit (RIU). For the implementation
of EF-SPR, one electrode is added on the top of a flow channel while SPR surface (gold film)
was used as a working electrode. The system is discussed in detail in sections II and III. Upon
the application of an electrical potential to the system, the produced electromagnetic forces drive
the ions in the solution onto the gold surface for detection. In section II A, an analytical model
is developed where force induced ion mobility in liquid was used to study the time dynamics of
the system. The deposition of ion inserts an additional film inducing a refractive index change that
varies with time and is proportional to the ionic concentration as well as the type of ions deposited.
Thus, the resonance shift is gradually observed over time during the ion deposition. To explain this
dynamic response, Maxwell Garnett approximation22 is used in section II B to theoretically estimate
the effective refractive index of the deposited film of ions. In section IV, experimental detection
of cadmium ions (Cd2+) in water is demonstrated. The effect of system parameters (flow rate,
dimensions of flow channel, and applied potential) on time response is studied. The results show
that it is feasible to detect cadmium ions in water with concentration from hundreds of ppm down to
250 ppb. It is worth mentioning that the detection range (ppm to ppb) is adapted through the appli-
cation of appropriate electrical field (controlled by the applied potential and system parameters).
Lower force allows for high concentration detection. The detection limit is lowered by maximizing
the force via the optimization of the system parameters.

II. ELECTRIC-FIELD ASSISTED SURFACE PLASMON RESONANCE (EF-SPR)

Surface Plasmon (SP) is an electron oscillation at a metal surface. When an incident light has a
frequency (and angle) matching the electron oscillation, the light is totally absorbed into electronic
surface oscillation that propagates along the metal surface called “Surface Plasmon wave.” The phase
matching condition between the incident light, or excitation wave,kex , and the Surface Plasmon wave,
ksp , can be written in Eqn. (1) and it is referred as“Surface Plasmon Resonance (SPR.).”12

εm (λ) εd (λ)
εm (λ) + εd (λ) ≈


εex (λ) sin θex. (1)

where εd, εm, and εex are permittivity of regions as demonstrated in Fig. 1. This phase matching
condition exists when the excitation light is p-polarized. It is worth noting here that resonance
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FIG. 1. Schematic representation of phase matching condition of SPR and electric field distribution.

(angle and wavelength) is proportional to permittivity of each media. Based on this scheme, SPR is
applied for sensing applications via a detection of permittivity or refractive index change of the film
coated on the metal surface within the penetration depth as described in Fig. 1.

For the proposed EF-SPR, the target metal ions are directed onto the sensor surface by the
application of an external force (E). As described in Fig. 2, an external electrode is added on top
of the flow channel, where sensor’s surface behaves as a working electrode. To understand the
dynamics of the ion deposition, two models are included in the analysis. Section II A describes an
ion mobility model in water, wherein the system parameters are described in Fig. 2. In section II B,
time dynamics of SPR shift is included and described using Maxwell Garnett approximation22 to
calculate the change in refractive index during ion accumulation on the electrode.

A. Ion mobility model in water

As demonstrated in Fig. 2, upon inserting a constant electric field to the flow channel, total
force applied on each ion in the solution along the y-direction can be written as a difference of
electromagnetic force and a resisting force arising from the viscosity of the liquid as in Eqn. (2).

Ftot = (nqE) ŷ − 6πrη
�
vx x̂ + vy ŷ + vz ẑ

�
. (2)

Where n is the number of charges, q is the electron charge, and E is the applied electric field
(E = V/d ), V is the applied potential and d is the flow channel thickness. In Eqn. (2), r is the radius
of the ion, η is the viscosity of the liquid and νx, νy, and νz are velocity of the ion in x-, y- , and
z-directions, respectively. As the solution is fed with a constant flow rate (J) along x- direction, νx
is fixed at J/wd, where w is the width of the channel. Neglecting the z component, νy changes with
time according to the applied voltage that can be expressed as in Eqn. (3).

νy = ν0 (1 − exp (kt)) . (3)

FIG. 2. Schematic representation of the ion mobility in a flow channel including direction of flow and applied potential.

 21 July 2023 06:23:51



107226-4 Kyaw et al. AIP Advances 5, 107226 (2015)

In Eqn. (3), k = 6πrη/m and ν0 = nqE/6πr . The velocity reaches steady value ν0 within a very
short time and it can hence be assumed to be constant, i.e. νy = ν0. The change of ion position in y
direction is then linearly proportional to x as in Eqn. (4).

y =
νx
νy

x + y0. (4)

In Eqn. (4), time (t) is related to x through the constant speed νx, t = x/νx, and y0 is the
original position at t = 0 (x = 0). As described in Fig. 2, if the incident light forms a spot of width
D (located between positions x1 and x2) at the gold surface then only the ions flowing between
locations y1 and y2 in the flow channel can reach this region within a time duration t. The changes
in the reflected light are caused by the SPR absorption from the region between x1 and x2, or the
sensing region in short. SPR signal is only affected by ions adsorbed on the sensing region of width
D corresponding to an active region, dc (dc = y1 − y2), in the incident plane (x = 0) within which
ions contribute to the shift of the SPR signal.

dc =
|v0|
vx

D. (5)

Hence, from the flow channel, the ions that are effectively detected has a concentration of

Cc = C0
dc

d
. (6)

where C0 is the total ionic concentration (number of ions/m3).

B. Time dynamics of SPR shift

Based on the ion mobility model, the deposited ions contribute to the shift of the SPR signal
and it is directly proportional to the ionic concentration as defined in Eqn. (6) or from the change
in an effective refractive index due to the deposited ion layer. To determine the SPR shift, Maxwell-
Garnett equation22 is used for the estimation of the effective dielectric constant (εeff ) of the compos-
ite material (metal ions adsorbed on the sensing surface). Here, the metal ions are assumed to be
spherical. The size of the metal ions is considered to be within the quasi-static limit (ri = 0.01λ).
The effective dielectric constant is calculated with respect to the volume fractions (Vf ) of the ions
that can be expressed as in Eqn. (7). The effective refractive index neff value then can be defined as√
εeff .

εeff − ε1

εeff + ε1
= Vf

ε2 − ε1

ε2 + ε1
. (7)

where ε1 and ε2 are the dielectric constants of the host medium (water) and the metal ions respec-
tively. The dielectric function comprises of two optical constants as refractive index (n) and the
optical absorption coefficient (k).

To simplify the time dynamic analysis, the rate of change in SPR signal (dShift/dt) can thus be
expanded as a product of three terms as in Eqn. (8).

dShift
dt
=

dVf

dt
×

dneff

dVf
× dShift

dneff
. (8)

Where Vf is the volume fraction of the deposited ions, neff is the effective refractive index of the
deposited layer and Shift is the SPR signal shift (either unit-less reflection drift in intensity based
measurement or resonance-dip spectrum shift in nm). It is worth mentioning here that the change
of the volume fraction is assumed to be within a constant region of a thickness equivalent to the
penetration depth of SP wave in water (∼200 nm).

In Eqn. (8), the first term indicates the rate of change of the volume fraction of ions in its
simplest linear form that can be defined as in Eqn. (9). This representation is however a first order
assumption and it is valid only at the linear time dynamics region.
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FIG. 3. Change of effective index with ion metal volume fraction for Cd2+ ions.

dVf

dt
= J × Cc. (9)

As seen, the rate of change of volume fraction of ions is directly proportional to flow rate (J)
and concentration of deposited ion (Cc).

The second term in Eqn. (8) introduces the change of the volume fraction with effective refrac-
tive index which can be calculated using Maxwell-Garnett equation22 as in Eqn. (7). For the model,
metal ions used in the experiment, cadmium ions, the refractive index (n) and extinction coefficient
(k) are n=2.185 and k=5.473, respectively at 660 nm (1.85 eV ).23 The dielectric constant of the host
(water), n=1.332512. Figure 3 shows that the calculated neff increases in almost a linear form with
Vf . Thus, the change of volume fraction with effective refractive index can then be considered to be
a constant value of 1.881 that is calculated using a linear fitting of the plot in Fig. 3.

The final term in Eqn.(8), which is the change of the signal shift with the bulk refractive index,
is measured experimentally by varying the concentration of known solution such as mixture of
isopropyl alcohol (refractive index 1.36 ) and water (refractive index 1.33), for instance. This gives a
solution with varying refractive index from 1.33 to 1.36 that will vary from system to system.

In summary, the rate of change in SPR signal is proportional to ionic concentration (C0) as well
as the system parameters such as flow channel dimensions (w,d), flow rate (J), type of metal ion,
and limit of detection in SPR system.

III. EXPERIMENT

A. Electrical-Field assisted SPR (EF-SPR) setup

The implemented EF-SPR system is demonstrated in Fig. 4. The optical setup comprises of
Light Emitting Diode (LED) as a light source emitting 660 nm wavelength light that is coupled
to the system via a multimode fiber. The beam is collimated by a lens before propagating to a
45 degree mirror and an input DOE integrated on the back side of sensor. The input DOE couples
incident light to a gold film with the angle corresponding to SPR angle. The reflected beam is then
coupled out from the sensor via an output DOE having a mirror pattern to the input DOE. Finally,
the reflected beam image is projected on a CMOS camera by a 45 degree mirror followed by an
imaging lens as shown. To be able to notice the SPR angle along the reflected beam image, the
DOEs behave as lens with high number aperture to ensure that the angular spectrum of the excita-
tion beam covering the SPR spectrum. In addition, a linear polarizer is added to the system to ensure
that the excitation beam is p-polarized. The sample’s flow channel is located on top of the sensor
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FIG. 4. Schematic representation of the EF-SPR system for metal ion detection.

surface. The dimensions of the flow channel as demonstrated in Fig. 2 are L=1.5 cm, w=0.5 cm,
and d = 250 µm. These dimensions are used in the following measurements. The electric force is
applied to the sample via one electrode inserted on top of the channel by the extension of another
electrode from the sensor surface connected to a DC power supply. The sample is fed at a controlled
flow rate by an injection valve pump.

Reflected beam images at “off” and “on” resonance are demonstrated in Fig.5(a) and Fig.5(b),
respectively. As demonstrated, dark strip forms along the reflected beam at resonance. This is
referred to as “SPR dip” in the figure. The location of the SPR dip shifts with the changes on the
sensor surface as demonstrated in a line plot of reflectivity in Fig.5(c). The plot in Fig. 5(c) con-
tains the SPR spectrum when testing with samples having different refractive indices. As observed,
resonance can be detected via SPR dip location or reflectivity at certain location along the angular
spectrum.

The inset in the figure is a time diagram showing the change of reflectivity at pixel pth =353
in the reflection spectrum when applying solutions (mixture for different concentrations of ethanol
and deionized water) with known refractive indices at flow rate 100 µl/min. There is no applied
potential in this measurement. The refractive index (n) of the solutions (S1, S2, S3, S4, S5 and S6)
as mentioned in the inset is first measured using a refractometer (ATAGO RX-5000-CX.) Then,

FIG. 5. Reflected beam image at off resonance (a) and on resonance (b) and line plot of resonance spectrum across the
reflected beam (c).
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the measured sensitivity and the limit of detection are 24.6 a.u/Refractive Index Unit (RIU) and
3.22x10−5 RIU, respectively. Though this limit is within the commercially available SPR systems,
the main scope of this paper is to demonstrate the feasibility of detecting low ion concentrations in
the range of ppb utilizing time dynamics and electric field application.

B. Integrated Diffractive Optical Elements (DOEs)-SPR sensors

The integrated DOEs-SPR sensor as shown in Fig. 6(a) comprises of a 2 mm- thick BK-7 glass
slide (purchased from Foctek Photonics, Inc., refractive index is 1.514 at 660 nm wavelength). The
slide was coated with 5 nm-thick chromium adhesive layer following by 48 nm-thick gold layer
using magnetron sputtering (AJA International, Inc.; ATC 2000-F). On the back side of the glass
slide, DOE patterns fabricated in UV curable hybrid polymer film (OrmoComp from Microresist
Technology GmbH) were put. For water having refractive index 1.33, DOEs were designed to
couple light at 660 nm wavelength with a diffraction angles centered around ∼75 degrees and with
numerical aperture (NA) ∼0.5 inside the glass slide. The DOE pattern is shown in the Atomic Force
Microscope (AFM) image in Fig. 6(b). The pattern scanned from one edge to another has a chirped
period with a value varying from 0.44 nm to 0.5 nm. That introduces a first-order diffraction beam
having the desired lensing effect.

The DOE patterns were first developed using a holographic lithography technique,24,25 where
the object beam is created by a positive lens. Hence, DOE’s lensing properties (diffraction angle
and NA) are controllable through the recording angles, NA of object beam, and recording location
with respect to the focus of the object beam. In the holographic setup, a 50 mW -HeCd laser with
442-nm wavelength was used and the patterns were recorded on a positive photoresist film, Shipley
Microposit S1805, coated on a glass substrate. Later, the DOE patterns were integrated on the back-
side of the SPR chip using a UV cured nano-imprint technique,26 where the patterns were replicated
from the photoresist mold by casting a PDMS (Polydimethylsiloxane) mold. The PDMS mold is
then used to place on the OrmoComp UV curable film coated on the backside of SPR chip. The
UV light source (370-nm wavelength) was exposed to the film by passing through the transparent
PDMS mold and then PDMS mold was peeled off from the substrate.

FIG. 6. Demonstration of integrated DOEs-SPR sensor (a) and atomic forces microscope image of DOE pattern (b).
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IV. RESULTS AND DISCUSSIONS

This section demonstrates the experiment on detection of cadmium (Cd2+) ions in water using
EF-SPR with a time dynamic detection approach. The cadmium ion solution was prepared by
dissolving cadmium chloride (CdCl2) in deionized water with varying concentrations. The measure-
ment is described in section IV A, while the effects of the system parameters on the measurements
are included in section IV B and IV C. Finally, low concentration measurements are discussed in
section IV C.

A. Time dynamics measurements

In this work, the change in intensity at a desired SPR angle is measured as illustrated in
Fig.5(c). Using the proposed system, typical time dynamics is measured as shown in Fig. 7. as a plot
of intensity versus time. This measurement is for a high Cd2+ ionic concentration (100 ppm). The
graph shows the change of the detected reflection upon applying 1Volt potential across the channel.
The intensity was found to increase gradually during the ion deposition till it reaches a saturation
point. The slope of the curve represents the linear rate of change in the signal with time, which is in
agreement to the approximated model expressed in Eqn.(8), where dShift/dt is linearly proportional
to the rate of change in volume fraction of the deposited ions (dV f /dt). The measured response is
however not linear. Two main reasons are identified for this nonlinearity: (1) SPR condition shifts
out of the detection range of the system and (2) the saturation of ion deposition within the detection
region (region of width D on the gold surface) occurs. At saturation point, numerically defined by
the time where reflection reaches 90 %, a detectable signal may be out of the detection range of
the presented system. This leads to no further dip shift with ionic concentration especially at high
concentration ranges. For the cases of saturation, proper detection of high ionic concentration (in
the ppm range) should be measured by the slope (dshift/dt). Higher ionic concentration produces
faster SPR response and hence a sharper slope. From experimental observations, saturation was
achieved within a second for ionic concentrations in the range of hundreds of ppm. Distinguishing
different slopes at this high rate with a few sampling points is challenging and can result in large
errors. That sets an upper detection value of Cd2+ions to approximately 200 ppm.

In the other extreme, measurement of lower ionic concentration (ppb range), the slope is very
small and it takes longer time to notice the SPR shift. This is due to less amount of ion deposition.
The measurement time can be minimized by increasing the applied force on the ions though larger
electric field. The force can be increased by applying a higher potential (limited by the hydrolysis of
water around 1.1 V) or by reducing the flow channel thickness (d). This leads to a higher sensitivity
of the SPR system.

FIG. 7. Time dynamics for the system at ion concentration of 100 ppm and potential application of 1V.
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Another point of importance here is the delay between the application of the applied potential
and the observation of the response. This delay is due to the time needed to accumulate enough ions
on the gold surface that can alter the SPR response. This depends on both the ionic concentration in
water (C0) and the flow rate in the channel (J).

B. Effect of the applied potential

The time dynamics of the SPR intensity for three different potentials of 0.5, 0.8 and 1.1 Volts
are used to deposit 10 ppm concentration of Cd2+ ions on the sensing surface. Since the applied
potential is directly proportional to the SPR response, increasing the potential results in larger num-
ber of ions adsorbed on the sensing surface. That increases the sensor response as shown in Fig. 8.
The measured change of the slope (dshift/dt) varies from 0.0011 s−1 at 0.5 V to 0.0036 s−1 at 1.1 V.
Using Eqn. (8), the corresponding slopes vary from 0.0005 s−1 to .0018 s−1 at the same potential
values. The difference in the calculations and the measurements is due to several approximations
used in deriving the model in Eqn.(6). Another source of error is from the application of Maxwell
Garnett approximation22 to detect the effective refractive index. In spite of the errors, the calculated
slopes are within the same order of magnitude as the measurements and also, the trend of the change
in the calculated slopes matches that of the measurements. An increase in the slope by a factor of
0.0018/0005=3.6 is calculated, while the measured slope increases by 0.0036/.0011=3.273.

C. Low concentration measurements

For low ionic concentration measurements, the applied potential (V ) and flow channel thick-
ness (d) are kept at 1.1 Volts and 250 µm, respectively, in order to apply a high electric field to the
ions. That allowed time dynamics observations down to ionic concentrations of 250 ppb as shown in
Fig. 9. The slope of the plot varied from 1.56×10-4 s−1 to 1.77×10-5 s−1 for ionic concentrations of
1 ppm to 250 ppb. It is worth mentioning that upon changing the flow rate (J), the linear slope did
not seem to change. This agrees well with the approximated model in Eqn. (9) when expanding the
concentration Cc according to Eqn. (3) to Eqn. (6).

dVf

dt
= J × Co ×

dc

d
= Co × w × ψ × E × D. (10)

where ψ = nq/6πr . As can be observed in Eqn. (10), the slope does not depend on the flow rate (J).
However it depends linearly on the applied electric field (E) as well as the initial concentration (C0).

FIG. 8. Time dynamics of ion deposition on the sensing region and the effect of applied voltage.
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FIG. 9. Effect of reducing channel thickness and flow rate on the measurements and device sensitivity.

At lower flow rate, faster SPR response was observed (smaller delay before starting the linear
response) and the signal tends to saturate at an earlier time. Slower flow rate allows a longer inter-
action time between the ions and the applied electric force at the detection region leading to a faster
accumulation of ions which allows earlier start of the linear response compared to fast flow rate.
This is shown clearly in Fig. 9 where in the case of 1 ppm the response at 50 µl/min flow rate starts
approximately 40 seconds earlier than that of 100 µl/min. For the lower concentration of 250 ppb,
the time shift increases to 100 seconds approximately.

V. CONCLUSIONS

In this work, highly sensitive electric-field assisted SPR system integrated with two Diffractive
Optical Elements (DOEs) has been demonstrated for the detection of heavy metal ions in water.
With no surface functionalization of the Surface Plasmon Resonance (SPR) substrate, the metal ion
can be directed on the sensor surface with the assistance of an external electric field. In addition
to tracking SPR shift, the detection scheme focuses on time dynamic measurement. This allows
larger detection ranges from ppb up to hundreds of ppm levels without the concern of saturated
ion deposition on an active sensing area or resonance out of the detectable angular spectrum, for
example. Optimizing the channel thickness, applied potential and flow rate, both system sensi-
tivity (low concentration detection) and response time (short saturation time) can be realized. Low
concentration of cadmium ions in water down to 250 ppb was demonstrated. To verify the physics
of ion deposition to SPR response, we have presented a first order model for the system where the
calculated linear slope shows some agreement with the measurements.
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