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ABSTRACT: We report on imaging of local electric field on an electrode surface with plasmonic
electrochemical impedance microscopy (P-EIM). The local electric field is created by putting an
electrode inside a micropipet positioned over the electrode and applying a voltage between the
two electrodes. We show that the distribution of the surface charge as well as the local electric
field at the electrode surface can be imaged with P-EIM. The spatial distribution and the
dependence of the local charge density and electric field on the distance between the micropipet
and the surface are measured, and the results are compared with the finite element calculations.
The work also demonstrates the possibility of integrating plasmonic imaging with scanning ion
conductance microscopy (SICM) and other scanning probe microscopies.

Measuring local surface charge and related local electric
field on or near an electrode surface is important for

studying basic surface electrochemical phenomena and
characterizing electrode materials relevant to nanoscience,
energy research, and bioelectrochemistry applications.1−8 The
Bard group demonstrated a scanning electrochemical micros-
copy (SECM) capability for measuring local surface charge
changes induced by oxidation/reduction of adsorbed species on
the portion of the substrate facing the tip.9,10 Unwin et al.
recently reported imaging of surface charge based on the
interaction between the double layer of a nanopipet and the
surface charge.11,12 Both approaches used scanning probe
microscopy (SECM or scanning ion conductance microscopy
(SICM)), involving detection of current and conversion of the
current to charge.
Here we present imaging of surface charge (electric field) at

the surface of a substrate electrode with a plasmonics-based
electrochemical impedance imaging (P-EIM) technique. The
local electric field is generated with an electrode in a micropipet
posited near the electrode, analogous to SICM.11−19 Unlike a
typical SICM, where a voltage is applied between the
micropipet electrode and another electrode in electrolyte, we
apply a voltage between the micropipet electrode and the
substrate electrode, which induces local surface charge (electric
field) at the substrate surface. Another difference between the
SICM (or SECM) and P-EIM is that P-EIM images the local
electric field (or charge) distribution optically based on the
sensitive dependence of surface plasmon resonance on surface
charge density. Previously, we imaged local electrochemical

reactions and interfacial impedance with P-EIM.20−30 In the
present work, we extend these efforts by integrating the
plasmonic imaging approach and the scanning probe
microscopy configuration into a single setup.
Figure 1A is a schematic illustration of the experimental

setup, where a micropipet (with a Ag/AgCl electrode inside) is
placed above a substrate electrode made of a glass slide coated
with 47 nm thick gold film. The distance between the
micropipet tip and the substrate electrode is controlled with a
piezo-electric transducer. The substrate electrode is placed on a
high numerical aperture oil emersion objective with refractive
index matching oil. Light from a superluminescence diode
(SLD) is directed on the gold surface via the objective with a
proper incident angle to excite surface plasmons, and the
reflected light is collected by the same objective and directed to
a CCD camera to record plasmonic images. A voltage is applied
between the micropipet and substrate electrodes to induce
charge (electric field) on the substrate electrode, and the charge
(electric field) distribution is mapped with the plasmonic
imaging setup. In order to accurately map the charge and
surface electric field distributions, the voltage is modulated
periodically, and the plasmonic image intensity at each pixel is
analyzed with fast Fourier transform (FFT) in time domain to
extract a dc (zero frequency) and ac (periodic modulation at
the frequency of applied voltage) signals. The dc signal is the
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conventional surface plasmon resonance image, and the ac
signal has two components, amplitude and phase, providing
local electric field and charge distribution images.
Using this setup, we imaged the local charge and electric field

distributions at the gold electrode induced by micropipets with
different orifice diameters, studied the dependence of the
distributions on the distance between the micropipet tip and
gold electrode, and compared the results with theoretical
simulations.

■ EXPERIMENTAL SECTION

Chemicals. Phosphate buffered saline (Corning cellgro, 154
mM NaCl, 5.6 mM Na2HPO4, and 1.1 mM KH2PO4) was used
either as received or diluted with deionized water (Milli-Q,
Millipore Corp.) by six times before usage.
Fabrication of Micropipets. Micropipets were fabricated

by pulling borosilicate capillaries (o.d./i.d. ratio of 1.5/0.86;
Sutter Instrument Co., Novato, CA) with a heating pipet puller
(P-97, Sutter Instrument Co.).
Instrumentation. The imaging setup was built on an

inverted microscope (Olympus IX-81) equipped with a high
numerical aperture oil-emersion objective. P-polarized light
from a 670 nm SLD (SLD-260-MP, Superlum) was used as
light source, and a CCD camera (Pike F-032, Allied Vision) was
used for imaging. The gold substrate electrodes were prepared
by coating 47 nm gold onto glass coverslips using method
described elsewhere.22 The potentials of the micropipet and
gold electrodes were controlled with a potentiostat (Autolab)
or bipotentiostat (ARFDE5, Pine), and a function generator
(33521A, Agilent) was used to apply potential modulation with
frequency of 5 and 20 Hz and amplitude varying from 100 to
400 mV. The local surface charge and electric field images were
obtained with imaging processing algorithms implemented with
Matlab (R2013b, MathWorks).
Positioning of the Micropipet. The x, y, and z positions

of the micropipet were coarsely controlled with a three-axis

manual translation stage (PT3, Thorlab) under the guidance of
transmitted image using the same objective and camera as those
for P-EIM but with a LED (M505L3, Thorlab) mounted on
top of the inverted microscope as a light source. The z position,
or the distance between the micropipet and the substrate
electrode, was finely controlled with a piezoelectric transducer
(NFL5DP20S, Thorlab; 30 μm travel range with 1 nm
increment) controlled by a T-cube Piezo Controller
(TPZ001, Thorlab) in a closed loop feedback configuration.
A T-cube strain gauge reader was used to read the distance,
where zero distance was determined when the micropipet
began to “touch” the substrate surface as observed by a sudden
increase in the contrast of the plasmonic image.

Data Extraction and Processing. The raw P-EIM images
were batch-converted to 16-bit tiff format files using a Matlab
program. The first image was subtracted from all the
subsequent frames and then smoothened over 5 × 5 pixels.
The ac amplitude images were obtained by performing FFT to
every pixel in time domain.

COMSOL Simulations. Numerical simulations were carried
out by coupling the Electrostatics and Transport of Diluted
Species modules in COMSOL 4.4. A simulation report,
including equations and boundary conditions, is provided in
the Supporting Information.

■ RESULTS AND DISCUSSION
Electric Field Mapping. Plasmonic imaging of local electric

field distribution is based on that the surface plasmon
resonance condition, such as resonant angle, is sensitive to
the surface charge. We have shown previously that the surface
charge density change (Δσ) is directly proportional to the
resonant angle shift (ΔθR) given by27,28

σ α θΔ = Δ R (1)

where α ≈ 28 C m−2 deg−1 is a constant that can be calibrated
experimentally or estimated theoretically based on the dielectric

Figure 1. (A) Schematic of the setup, where dashed lines represent the electric field distribution, and the red arrows indicate the local electric field
on the substrate surface (within the double layer) measured by P-EIM. (B) dc and (C) ac amplitude images of a 6.3 μm-diameter pipet induced
surface charge distribution on Au electrode.
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property of the metal film (gold). The detailed derivation of the
equation can be found in ref 28. ΔθR is determined from the
plasmonic image intensity. According to Gauss’s Law, the
electric field on the substrate surface (E|s) is normal to the
electrode surface and related to the electrode surface charge
density according to

σ
εε

=|E s
0 (2)

where ε and ε0 are the dielectric constant of the medium and
vacuum permittivity, respectively. From the surface charge
density measured from the plasmonic image, eq 2 allows us to
determine the electric field distribution on the gold surface.
Note that E|s in eq 2 is the electric field on the surface, which

is determined solely by the substrate surface charge density.
The electric field in the electrolyte (dashed lines in Figure 1) is
determined not only by the surface charge density but also by
the ionic distribution in the electrolyte, which is not measured
by P-EIM but can be simulated by solving Poisson−Boltzmann
equation or more sophisticated model with proper boundary
conditions (see COMSOL simulations below).
Using the setup sketched in Figure 1A, we obtained both the

dc and ac components of the plasmonic image of a 6.3 μm
diameter micropipet brought within ∼1 μm from the substrate
electrode. The dc plasmonic image (Figure 1B) shows little
contrast, which can be explained by the following consid-
erations. The dc plasmonic image contrast of an object arises
from the scattering of the plasmonic wave by the object within
the evanescent optical field associated with the wave. The
evanescent field decays exponentially from the electrode surface
with a decay constant of ∼100 nm,31 which becomes negligibly
small at ∼1 μm from the substrate electrode, where the
micropipet tip is located. Consequently, the dc plasmonic

image contrast of the micropipet is weak and within the noise
level. Moving the micropipet closer to the surface does lead to
an increase in the contrast of the dc plasmonic image of the
micropipet (we will return to this later). Unlike the dc image,
the ac amplitude image (Figure 1C) shows a clear spot, which
represents the local electric field distribution created by the
micropipet on the substrate surface. This example shows that
an object (micropipet) outside of the evanescent field can be
imaged in the ac image as long as it can produce a detectable
change in the surface charge or electric field on the substrate
electrode (SPR chip).
We studied the dependence of the electric field distribution

on the distance between the tip of a micropipet and the
substrate electrode. Figure 2A shows dc plasmonic images of a
micropipet (diameter of 11 μm) at various distances. When the
micropipet is close to the substrate electrode surface, the dc
plasmonic image shows several bright spots (dashed circles in
Figure 2A) arising from the scattering of surface plasmonic
waves by the rough surface of the micropipet tip. As the
distance increases, the dc plasmonic image contrast decreases as
we expect from the exponential decay of the evanescent field
associated with the plasmonic wave. A similar decrease of the dc
plasmonic image contrast was observed also for a 0.67 μm-
diameter micropipet (Figure 2C). Unlike the 11-μm micro-
pipet, the dc plasmonic image of the 0.67-μm micropipet shows
a parabolic tail, which is a characteristic feature of plasmonic
wave scattering by a small object (smaller than the wavelength
of the plasmonic wave).32

The corresponding surface electric field (and charge density)
images of the 11-μm and 0.67-μm micropipets at various
distances were obtained from the ac component of the
plasmonic images. Both pipets generate local electric field on
the planar electrode, and the bright area in the images

Figure 2. dc (A, C) and ac (B, D) images for a 11 μm- (A, B) and a 0.67 μm-diameter (C, D) micropipets at different separation distances. Insets are
the bright field optical images of the micropipets. The scale bars are 10 μm for parts A and B and 2 μm for parts C and D, respectively. The
amplitudes in dc images are normalized by the image recorded when the micropipet is far away from the substrate surface such that the micropipet
does not contribute to the plasmonic image contrast. The yellow dashed circles in parts A and C represent the location of the micropipet tips. The
potential modulation amplitude and frequency are 0.3 V and 5 Hz, respectively, for parts A and B and 0.4 V and 20 Hz for parts C and D. The
electrolyte is 6× diluted PBS for parts A and B and original PBS for parts C and D. Line profiles of electric filed distribution in lateral direction of the
11 μm-diameter micropipet (E) and the 0.67 μm-diameter micropipet (F) at different distances.
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corresponds with the shape of the pipet orifice. The elongated
shape from the smaller pipet is due to the propagation of
surface plasmon wave,23,33 which is not obvious for a larger
object. Both the electric field and dc plasmonic images show
decreases in the image contrast with the distance, but the
decrease of the electric field image contrast with the distance is
slower than that of the dc plasmonic image. This difference in
distance dependence is due to that the dependence in the
imaging mechanisms between the dc and ac plasmonic images.
The former arises from the scattering of the micropipet tip by
the surface plasmonic wave, which is determined by the decay
of the evanescent wave. In contrast the latter is due to the
surface charge density on the substrate electrode created by the
micropipet, which decreases with the distance due to
electrostatics. From the ac images, we extracted the line
profiles of the electric field distribution of these micropipets at
different micropipet−electrode surface distances (Figure 2E,F),
which provides a more quantitative view of the surface field
(charge) distributions.
COMSOL Simulations. To further validate the experimen-

tal results, we carried out numerical simulations (see the
Supporting Information for simulation details). To simulate the
electric field distribution on the substrate electrode, we need to
consider the field and ion distributions in the electrolyte,
including the diffuse double layer and the geometry of the
micropipet. For this purpose, we coupled the Nernst−Planck
equations to the Poisson−Boltzmann equation. The Nernst−
Planck equations were solved for the distributions of the ions
using the Transport of Diluted Species physics module, and the
Poisson’s equation was solved for the potential using the
Electrostatics physics module.

When a constant voltage is applied bewteen the micropipet
and substrate electrodes, almost all the potential drops across
the double layer region and there is no image contrast in the
area underneath the pipet (Figure S4). When ac modulation is
applied between the two electrodes, the system can be modeled
as an electrolyte resistance and a double layer impedance in
series. The ratio between the two determines the potential drop
throughout the electrolyte. The electrolyte resistance mostly
comes from the region within the micropipet, which depends
on the conductivity of the electrolyte and the geometry of the
micropipet including both the radius and angle.34 Because of
the computational limit in the simulation, we simulated a much
smaller area than the actual substrate electrode area. To
compensate this limitation, we increased the oscillation
frequency such that the total impedance is the same as the
actual surface impedance. This is possible because the
impedance of the double layer is reversely proportional to
the product of frequency and capacitance.
The potential and electric distributions inside and outside of

a 0.67 μm-micropipet simulated with the method described
above are shown in Figure 3A,B. The simulation also provides
the distance dependence of the local electric field on the
substrate along the radial coordinate, which is an experimentally
measurable parameter (Figure 3C,E). As mentioned previously,
we increased the applied modulation frequency to compensate
the smaller electrode area in the simulation. The frequencies
were set to be be 5 × 106 and 1.25 × 105 Hz, for the 0.67- and
11-μm micropipets, respectively. The simulated field distribu-
tions (Figure 3C,E) and experimental field distributions (Figure
2E,F) on the substrate surface are in good agreement although
the field strengths in the simulations are smaller (∼20 times
smaller for the 0.67-μm micropipet and ∼2 times smaller for

Figure 3. Numerical simulation of potential and electric field distributions vs micropipet−substrate distance and comparison with experimental data.
(A) Simulated potential distribution inside and outside of a micropipet. (B) Simulated line profiles of potential (black) and electric field (red)
distributions along the white dashed line in part A, where the inset shows the zoom-in of the profiles close to the substrate surface. (C) Simulated
line profiles of electric field distribution along the radial direction at different distances. (D) Comparison between experimental (black squares with
error bar) and simulated (blue diamonds with a blue line) averaged electric fields on the substrate electrode underneath the pipet orifice. The
diameter of the micropipet orifice in parts A−D is 0.67 μm. (E) Simulated line profiles of electric field distribution along the radial direction at
different distances for an 11-μm diameter micropipet. (F) Comparison between experimental (black squares with error bar) and simulated (blue
diamonds with a blue line) averaged electric fields on the substrate electrode underneath the pipet orifice for an 11-μm diameter micropipet.
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the 11-μm one). This discrepancy may be attributed to the high
frequencies used in the simulation, which compensate the
underestimated capacitance (surface area), but the ions may
not fully follow the potential modulations at the high
frequencies. To quantify the distance dependence of the local
electric field, we determined the averaged electric field strengths
underneath the micropipet orifice vs the distance obtained from
the simulations and experiments, which are in excellent
agreement (Figure 3D,F).
In the experiments discussed above, we applied a voltage

between the micropipet and substrate electrodes, which is in
contrast to a typical SICM experiment, where the potential of a
micropipet electrode is controlled with respect to a separate
reference electrode in the electrolyte. We also performed the
measurement by controlling the micropipet potential with
respect to a reference electrode with the substrate electrode
potential left floating and observed qualitatively similar
distribution and distance dependence of the electric field on
the substrate surface (see the Supporting Information).

■ CONCLUSIONS
A micropipet in a scanning probe microscope (e.g., SICM) can
be integrated into a plasmonic microscope. By applying an
oscillating potential to the micropipet positioned near a
substrate electrode, charge is induced on the electrode surface,
which leads to a dc and ac plasmonic images. The dc image
measures the scattering of the surface plasmonic waves by the
micropipet, which provides the location and size information
on the micropipet tip. In contrast, the ac plasmonic image maps
the surface charge density distribution, from which the electric
field on the substrate surface is obtained. The field and its
distribution depend on the micropipet−substrate distance and
the size of the orifice of the micropipet, and these dependences
are in agreement with numerical simulations. Although the
present experiments used relatively large (0.67 and 11 μm
diameters) micropipet orifices, the experimental technique can
be applied to nanosized pipet orifices. We anticipate that the
integrated plasmonic and scanning probe microscope setup can
combine the strengths of fast imaging of plasmonic technique
with the local probe capability of SICM and SECM for studying
various electrochemical processes on electrodes.
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