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ABSTRACT:

A capacitive field-effect electrolyte-insulator-semiconductor (EIS) device was applied for the first time to trace the charge of
supported gold nanoparticles (Au-NPs) induced by oxygen plasma treatment or due to storing in aqueous oxidation and reduction
solutions. In addition, X-ray photoelectron spectroscopy (XPS) has been used as a reference method to establish the various charge
states of the Au-NPs resulting from the different treatment steps. After the oxygen-plasma treatment, a shift of the capacitance-
voltage (C-V) curve (and flatband potential) of the Au-NP-covered p-Si-SiO2 EIS structure by about-300 mV was found. The
exposure of the EIS sensor surface to an oxidative and a reductive solution resulted in a shift of theC-V curve for-85 andþ81mV,
respectively. These observations correlate well with corresponding binding energy shifts in Au 4f core spectra in XPS experiments.
The obtained results may open new opportunities for biosensing and biochips based on nanoparticle-charge-gated field-effect
devices.

1. INTRODUCTION

Assemblies of bare and modified (with ligands containing
different functional groups) gold nanoparticles (Au-NPs) on
planar surfaces are an emerging and highly attractive class of
electrically or chemically tunable functional materials with un-
ique catalytic, optical, and electronic properties. Charging of Au-
NPs in a controlled manner and storage and manipulation of
charges is a vivid field of activity attracting not only fundamental
research involving, for instance, adsorption and binding of
molecules, bio- and photocatalysis, charge accumulation, and
transport in nanoscaled materials (see, e.g., refs 1-3), but also
application-oriented research ranging from (bio)chemical sen-
sing and biochips4-10 over molecular logic gates11,12 and drug
delivery systems13 up to optical, electronic, and memory
devices.3,14,15 An electrochemical control over the Fermi level
of a solid assembly of Au-NPs in contact with a macroscopic
semiconductor transducer allows for the active tuning of

electronic properties of the nanoparticle/transducer interface.3

Generally, it is widely believed that a hybrid device approach
involving the integration of nano-objects (e.g., NPs, nanotubes,
biomolecules) with amacroscopic electronic transducer might be
a more realistic approach for the transformation of their unique
functional properties into macroscopically measurable effects.

The techniques used for the study of NP charging effects
include discrete particle charging by scanning tunneling micro-
scopy/spectroscopy (STM/STS),16,17 electrochemical and, par-
ticularly, voltammetric studies,18 surface plasmon resonance,19,20

and X-ray photoelectron spectroscopy (XPS).21-23 Scanning
probe methods (STM/STS) generally require conductive sup-
ports combined with ultra-high-vacuum (UHV) conditions. The
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electrochemical methods discussed in the literature also rely on
the availability of conductive substrates and, in addition, on NP
passivation layers to prevent a rapid dissipation of the accumu-
lated charge from the NPs into their supports. The plasmon
resonance technique does not require conductive support; how-
ever, it is insensitive to particle sizes below 2 nm and its sensitivity
is insufficient for many potential fields of application.24 The last
method, XPS, is, in principle, the most direct one, because the Au
4f binding energy shift can provide quantitative information
about the transfer of electrons from or to their supports.
However, XPS needs conducting supports and UHV conditions
as well, making it unsuitable for rapid online monitoring of, for
example, NP charging processes in aqueous environments.
Furthermore, the charging of NPs induced by the photoemission
process itself (final-state effect25) has to be taken into account.
Finally, in the case of electrochemically prepared samples, the
application of an electrostatic potential across the metal/electro-
lyte interface is known to result in additional binding energy
shifts termed as “electrochemical shift”.26

In this work, we present a simple alternative approach for the
study of NP charging effects, which is compatible with aqueous
environments and neither requires a conductive support nor UHV
conditions: a field-effect capacitive electrolyte-insulator-semicon-
ductor (EIS) device is used for the first time to trace the excess
charge of supported Au-NPs induced by oxygen plasma treatment
or by exposing to aqueous oxidation and reduction solutions. To
verify the ability of the new approach, XPS has been used as a
reference method to establish the various charge states of the NPs
resulting fromdifferent sample treatments. It also provides a detailed
chemical analysis of the sample surface, thereby allowing one to
distinguish between binding energy shifts induced by chemical
reactions with other constituents (“chemical shift”), by the photo-
emission process itself (final-state effect), or by the charging of NPs
(the effect, we are basically interested in), respectively. Because we
do not apply additional potentials during exposure of the samples to
aqueous oxidation and reduction solutions or during emersion, the
presence of an “electrochemical shift” can safely be excluded.

2. THEORETICAL BASIS

In previous experiments, field-effect EIS devices have been
shown to be versatile tools for detecting pH, ion and analyte

concentrations, enzymatic reactions, charged macromolecules
(DNA, proteins, polyelectrolytes), and action potentials of living
cells (see e.g., refs 27-34). In addition, it has been demonstrated
that the coupling of nanoparticle/biomolecule inorganic/organic
hybrids with field-effect devices could open new opportunities
for biosensors and biochips.6,7 More recently, EIS devices
functionalized with Au-NPs have been used for the realization
of biomolecular logic gates.12,35 Because EIS devices are very
sensitive for any kind of electrical interaction at or nearby the gate
insulator/electrolyte interface, they are principally able to detect
also the charge of NPs deposited onto the gate surface. Figure 1
shows a schematic of the Au-NP-modified capacitive EIS struc-
ture (in this study, Al-p-Si-SiO2-Au-NP) which represents a
(bio)chemically sensitive capacitor. Our approach is based on the
idea that the flatband potential (the potential at which the energy
bands in the semiconductor continue horizontally up to the
surface and the net charge density in the semiconductor is zero)
and capacitance of the NP-coated EIS device should reflect the
potential developed on the supported bare or ligand-stabilized
NPs induced by their accumulated charge. The charging of NPs
will modulate the space-charge capacitance in the Si and, conse-
quently, the capacitance-voltage (C-V) curve and output
signal of the EIS structure. The resulting changes in the flatband
potential or sensor output signal will be defined among others by
the excess charge and coverage of the Au-NPs.

In general, the flatband potential of an EIS system is
given by36,37

Vfb ¼ Eref þ χsol -
Φs

q
-
Qi þQss

Ci

 !
- φ0 ð1Þ

where Eref is the potential of the reference electrode, χsol is the
surface-dipole potential of the solution, Φs is the work function
of the electrons in the semiconductor, q is the elementary charge,
Qi andQss are charges located in the gate oxide and the surface as
well as interface states, respectively, Ci is the capacitance of the
gate insulator, and φ0 is the electrolyte/gate interfacial potential.
In eq 1, all terms can be considered as constant except for φ0,
which can be a function of the pH, ion or analyte concentration,
and charge of adsorbed molecules. For the EIS device covered
with bare or ligand-stabilized Au-NPs, in a first approach, the
term φ0 can be considered as an averaged mixed potential of the
insulator/solution and Au-NP/solution interface, respectively.

The total surface charge per unit area, σ, is the sum of the NPs'
charge, σNP, and the acid-base charge of the SiO2 surface not
covered with Au-NPs, σSiO2

σ ¼ σSiO2ð1- f Þ þ fσNP

¼ qð1- f Þð½Si-OHþ
2 �- ½Si-O-�Þ þ fNQNP ð2Þ

where [Si-OH2
þ] and [Si-O-] are the density of surface-

protonated and deprotonated sites, N is the surface density of
NPs, QNP is the excess charge per Au-NP, and the parameter
f stands for the gold-coated fraction of the insulator surface. The
term σSiO2 is a function of the bulk pH value of the solution and
of the gate material properties, such as the surface-site density
and the equilibrium constants of the acid-base reactions.
Because of charge neutrality, an equal, but opposite, charge is
built up in the electrolyte side of the double layer. Adopting a
simple double-layer capacitor model described in ref 38 (which is
reasonable if the double-layer capacitance, Cdl, is similar at
the Au-NP/electrolyte and insulator/electrolyte interface,

Figure 1. Schematic of the Au-NP-modified capacitive EIS structure.
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respectively) and neglecting charges inside the semiconductor
and insulator, the following relation between the surface poten-
tial and the total surface charge can be obtained:

φ0 ¼ σ

Cdl
¼ σSiO2ð1- f Þ þ fNQNP

Cdl
ð3Þ

Although the above-described model represents an approx-
imation, which does not take into account a possible screening of
the NP charge by counterions in the solution, eqs 1-3 clearly
illustrate that the interfacial potential and flatband potential will
be affected by both the pH value of the solution (via the term
σSiO2) and the excess charge of the Au-NPs. On the other hand, a
measurable effect from the NPs’ charge can be expected only if
the term fNQNP is not significantly small compared to the charge
of the insulator surface area that is not covered by NPs. Thus, a
reasonably high surface coverage of NPs is required for a
successful experiment. This condition is fulfilled in our experi-
ment, as the surface coverage of NPs determined from SEM
(scanning electron microscopy) micrographs was in the range of
f ≈ 0.5-0.6.

In the following, it will be demonstrated that the charge
changes of Au-NPs induced by either potassium persulfate
oxidation or sodium borohydride reduction or by the exposure
to an oxygen plasma can easily be detected by means of C-V
measurements using EIS structures.

3. EXPERIMENTAL SECTION

Sensor Preparation and Surface Modification. For the
experiment, Al-p-Si-SiO2 (thermally grown SiO2 of 30 nm)
structures with chip sizes of 10 � 10 mm2 have been fabricated.
As a contact layer, a 300 nmAl film was deposited on the rear side
of the p-type Si wafer. The SiO2 surface was cleaned and treated
by oxygen plasma at 250 W for 10 s (TePLa-100E, Technics
Plasma, Germany). Au-NPs of 5-8 nm in diameter were
prepared according to the procedure described in refs 6 and 7
using NaBH4 as a reductant for HAuCl4 and tetraoctylammo-
nium (TOA) bromide as a stabilizing capping agent for the Au-
NP suspension in toluene. TOA-stabilized Au-NPs were depos-
ited on the thiol-siloxane-modified SiO2 surface by immersion of
the sensors in toluene-gold solution for 12 h (see Scheme 1).
For silanization, the chips were exposed to a freshly prepared

solution of MPTS ((3-mercaptopropyl)trimethoxysilane) in
toluene (10%) at room temperature for 1 h. The thickness and
homogeneity of the silane layer was controlled by imaging
ellipsometry (EP3, Nanofilm, Germany). An optimal Au-NP
coverage was achieved when the thickness of the silane layer was
1.6-2.0 nm, which is equivalent to the thickness of 2 ML
(monolayer). To remove the organic shell (capping agent) of
the Au-NPs and to simultaneously convert the thin silane layer
into SiO2, the sensors were treated with oxygen plasma of
different power for 10 s, then immersed in ethanol overnight
for removal of the gold oxide, which is usually formed after the
oxygen-plasma treatment. As an example, Figure 2 shows a high-
resolution SEM image of a Au-NP-coated EIS sensor surface.
The image depicts a densely packed ensemble of gold NPs with
an average density of about 1.5� 104 NPs per μm2. The density
and morphology of NPs remain essentially similar after the
exposure to 100 or 200 W oxygen plasma, while the treatment
with 300 W plasma and higher resulted in a distinctly lower
surface coverage of NPs.
XPS Analysis. Core-level spectra were acquired using mono-

chromatized Al KR X-rays (1486.6 eV) as provided by two
commercial photoemission systems (Fisons ESCALAB 210,
Physical Electronics PHI 5600LS). The binding energy scale of
both instruments was calibrated by means of independent Au
reference samples (Au 4f7/2: 84.0 eV). In all cases, the total
energy resolution (electrons and photons) was adjusted to values
between 0.30 and 0.38 eV (full width at half-maximum, fwhm).

Scheme 1. Functionalization of an EIS Sensor with Au-NPsa

a Silanization of the SiO2 surface (top), deposition of Au-NPs with
organic shells from the solution (middle), and removal of organic shells
by means of oxygen-plasma treatment (bottom).

Figure 2. High-resolution SEM image of the Au-NP-coated EIS sensor
surface after the removal of organic ligands using oxygen plasma.
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Although relatively thick gate-insulator layers (in this study,
30 nm SiO2) are substantial for successfulC-Vmeasurements in
order to avoid any leakage currents, such insulating layers would
result in charging of the whole sample surface during the XPS
measurements. To avoid the frequently used procedure of
calibrating the binding energy scale in such situations by means
of carbon contaminations present at the sample surface, silicon
wafers covered with native SiO2 (layer thickness ∼ 1-2 nm)
were taken as substrates for the XPS experiments. In this way, the
Si 2p core lines of the buried Si single crystal can still be detected,
enabling the precise calibration of the binding energy scale after
each surface modification step.
Electrochemical Characterization. The EIS sensors were

electrochemically characterized in a phosphate buffer solution of
pH 7.4 by means of a C-V method at a frequency of 100 Hz
using an impedance analyzer (Zahner Elektrik, Germany). The
C-V curves were recorded after each surface modification step
as well as after aqueous oxidation and reduction of Au-NPs in
potassium persulfate or sodium borohydride solution, respec-
tively. For operation, a dc polarization voltage (in the range of-
3.5 to 0.5 V) was applied to the gate via a reference electrode, and
a small ac voltage (20 mV) was applied to the system in order to
measure the capacitance of the sensor. A Ag/AgCl electrode
(Metrohm) was used as the reference electrode. The contact area
of the EIS sensor with the solution was about 0.5 cm2. The
measurements were performed in a dark Faraday cage at room
temperature.

4. RESULTS AND DISCUSSION

Figure 3 shows C-V curves of an EIS structure recorded after
the silanization, Au-NP deposition, and oxygen-plasma treat-
ment. These curves differ from the typical C-V curve of a bare
EIS structure by the existence of two inflection points in the
depletion range. Because this effect was first observed after
the cleaning of the SiO2 surface by the oxygen plasma before the
silanization process and remains intact after the further surface-
modification steps, it can be attributed to plasma-induced slow
states associated with trapped positive charges in the oxide.39

Although the C-V curves are deformed, they have no impact on
the basic results obtained in this work, because we are interested
in shifts of theC-V curves along the voltage axis in the depletion
region induced by different surface modification and treatment
steps. As can be seen in Figure 3, pronounced potential shifts of
about 80 mV and more than -300 mV are observed in the

depletion region (at ∼40 nF) after the Au-NP deposition and
oxygen-plasma treatment (200 W), respectively. TOA-stabilized
Au-NPs are negatively charged,40,41 which explains the observed
positive shift of the corresponding C-V curve upon the Au-NPs
deposition. The large shift of the C-V curve (-300 mV) after
the oxygen-plasma treatment in the direction to a more negative
flatband potential can be attributed both to the removal of the
negatively charged organic ligands and to the generation of
positive charges on/close to the NPs (more likely, in a SiO2

layer) that is supported by the subsequent XPS measurements.

Figure 3. C-V curves of an EIS structure recorded after silanization,
Au-NP deposition, and oxygen-plasma treatment.

Figure 4. (a) Au 4d and C 1s core lines acquired from ligand-stabilized
Au-NPs on a silanized Si-SiO2 (native oxide) substrate before and after
the in situ exposure to a weak oxygen plasma (30W, 1 min). The oxygen
plasma results in the formation of gold oxide, as inferred from the
presence of an additional Au 4f component (see arrows), which,
however, disappears after storing the sample in ethanol (b). In the latter
case, the Au 4f7/2 position shows a shift by 80 meV to higher binding
energies (dashed vertical line) as compared with a bulk Au reference
sample (solid vertical line). A large binding energy shift (∼880 meV)
was registered after strong oxygen plasma (200 W) treatment, followed
by reduction of the corresponding gold oxide in ethanol (fourth
spectrum from the bottom).
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A large density (∼1012 cm-2) of positive charges induced in a
SiO2 layer after oxygen-plasma treatment and, as a consequence,
a large negative shift ofC-V curves of a bare p-Si-SiO2 structure
has also been registered in ref 39.

Figure 4a presents the corresponding Au 4d core doublet
together with the C 1s core line before and after the in-situ
application of a weak oxygen plasma (30 W, 1 min). A vanishing
C 1s intensity after oxygen-plasma treatment verifies the com-
plete removal of the negatively charged TOA organic ligands.
This is in good agreement with the C-V measurements in
Figure 3.

On the other hand, it is well known that the exposure of Au-
NPs to oxygen plasma results in the formation of a Au oxide.23,42

The presence of such an oxide can hardly be observed in
Figure 4a due to a strong intrinsic line broadening of the Au
4d doublet. However, when the line shape of the corresponding
Au 4f spectrum (Figure 4b, middle curve) is analyzed, Au oxide-
induced features can easily be identified by means of a second
doublet shifted by about 1.6 eV to higher binding energies
(“chemical shift”). After storing the sample in ethanol overnight,
this oxide-induced contribution is completely absent, reflecting
now the pure elemental gold rather than a mixture of species
having different oxidation states. Interestingly, after the reduc-
tion of the gold oxide contribution, a small positive shift of about
80 meV (dashed vertical line in Figure 4b) as compared to the
gold reference sample (solid vertical line) can be recognized.
This shift to higher binding energies (corresponding to a shift to
lower kinetic energies of the photoelectrons) perfectly matches
the expectation43 for the loss of kinetic energy of a photoelectron
escaping in the electrical field of a positively charged (i.e.,
photoionized) nanoscaled capacitor having an average diameter
of 6.5 nm. Therefore, this shift can be identified as the final-state
contribution induced by the photoemission process itself.25

On the other hand, a large binding energy shift (∼880 meV)
was registered after the strong oxygen plasma (200 W) treat-
ment, followed by the reduction of the corresponding gold oxide

in ethanol (Figure 4b, fourth spectrum from the bottom). Such a
large shift cannot be attributed only to charge changes in the Au-
NP/shell complex caused from the removal of the organic ligands
or to the positive charge remaining on the AuNPs supported on
an insulating substrate during the photoemission final state.
More likely, the substrate material underneath/close to the
NPs might be additionally affected by oxygen plasma-generated
charges trapped in the near-surface region of the SiO2 support
layer. This suggestion is supported by the observed large shift in
the C-V curves for a Au-NP-covered EIS structure after strong
oxygen plasma treatment (see Figure 3). Moreover, because of a
significant current of photoelectrons passing the surface region
(nA), neutralization of these charges with time and, therefore, a
backward shift of the binding energy toward its original position
before plasma treatment can be expected. In fact, in our experi-
ments, a backward shift of about -0.15 eV has been registered
(not shown) 2 h after starting the X-ray source. These results
as well as previously observed large differences between the
binding energy shifts of Au-NPs on different insulating substrates
(e.g., SiO2, TiO2, MgO, GaN, highly ordered pyrolytic grap-
hite)21,23,44-46 clearly demonstrate the important role of the
substrate properties, surface/interfacial charges, and the sub-
strate’s ability to interact with the supported Au-NPs or to shield
the final-state hole in the charging of the supported Au-NPs and
binding energy shifts.

To validate the ability of capacitive field-effect sensors to
detect the Au-NPs’ charge changes induced in aqueous solutions,
after the removal of the organic shells by oxygen plasma, C-V
curves were recorded after consecutively exposing the Au-NP-
covered EIS structures to an oxidative (3 M potassium
persulfate) or a reductive (3 M sodium borohydride) solution
for 16 h. As an example, Figure 5 presents enlarged C-V curves
of a Au-NP-covered EIS sensor in the depletion region. As can be
seen, storing the NP-coated sensor in a potassium persulfate
solution shifts the C-V curves along the voltage axis in the
direction toward more negative voltages, which corresponds to

Figure 5. C-V curves in the depletion region recorded after consecutively exposing a Au-NP-covered EIS structure to an oxidative (3 M potassium
persulfate) or a reductive (3 M sodium borohydride) solution for 16 h. The inset graph shows the respective potential shifts evaluated at∼60% of the
maximum capacitance.
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an additional positive charging of the sensor surface. On the
other hand, exposing the sensor in a subsequent step to a sodium
borohydride solution shifts the C-V curve backward by about
80 mV. The inset graph in Figure 5 shows alternating potential
shifts evaluated from the depletion region (at ∼60% of the
maximum capacitance) of the C-V curves. The observed shifts
in the C-V curves can be attributed to flatband-potential
changes induced by changes of the Au-NPs' charge in oxidative
or reductive solutions. The charging/discharging of supported
Au-NPs in aqueous solutions can be repeated in a (nearly)
reversible manner, as can be also recognized in Figure 5 (inset
graph).

The results of C-V measurements correlate well with XPS
experiments. Figure 6 represents Au 4f spectra recorded after the
exposure of the Au-NP-coated sensor surface to various chemical
environments, followed by carefully rinsing the samples in
deionized water and drying them in a stream of nitrogen gas.
Although exposing the NP-coated sensor to a 3 M potassium
persulfate oxidative solution for 16 h results in a binding energy
shift of 0.24 eV to higher values, its subsequent exposure for 16 h
to a 3 M sodium borohydride solution turns out to fully restore
its original value. It is important to note that the exposure to
potassium persulfate does not result in a formation of any gold
compound having a nonzero oxidation state, as can be inferred
from the presence of only a single Au 4f doublet. A similar
behavior is found after storing the Au-NPs in sodium borohy-
dride solution, giving evidence for the presence of only elemental
gold. To understand the shift of the Au 4f lines toward higher
binding energies, the charging of NPs induced by, for example,
the adsorption of a small amount of sulfate (SOx) groups at the
NPs' surface, might be assumed. This idea is, in fact, supported by

the observation of a S 2p binding energy value of 169 eV
(representing S in a highly oxidized state), as detected after the
storage in an oxidative solution. Sulfur, on the other hand, can no
longer be observed after subsequent storing the same sample in
the reductive solution, in accordance with a shift of the Au 4f
doublet back toward its starting position.

To estimate the effective charge, QNP, of the Au-NPs after the
different sample treatments, the XPS final-state effect measured
on as-prepared nanoparticles (QNP = 0) can be taken as a
calibration. In a simplified picture (see Figure 7), a photoelectron
emitted from a neutral nanoparticle into the vacuum chamber of
the electron spectrometer can be considered as escaping in the
electrical field of a spherical capacitor (the nanoparticle), the
latter being positively charged with exactly one elementary
charge (e) corresponding to the missing photoelectron. As a
result of the rather small capacitance CNP of a nanoscaled
capacitor, this effect will reduce the kinetic energy of the outgoing
photoelectron due to Coulomb interaction by an amount
proportional to e2/CNP, thus resulting in an increased binding
energy value of the probed core level. In our case, a binding
energy shift of 80 meV is observed for the as-prepared nanopar-
ticles with respect to a bulk reference sample (see Figure 4b),
which agrees well with expectations43 for Au-NPs having a
diameter of 5-8 nm. If additional charges QNP are stored on
the nanoscaled capacitors before a subsequent photoemission
experiment, the loss in kinetic energy of the outgoing photo-
electrons should now scale with eQC/C, withQC =QNPþ 1e, the
latter unit charge representing again the contribution arising
from the escaping photoelectron. Consequently, binding energy
shifts measured after the different sample treatments allow us to
extract the effective charge of Au-NPs, QNP, thereby identifying
charging effects on the Au-NPs induced by their exposure to
various environments.

Figure 6. Au 4f spectra recorded after the exposure of the Au-NP-
coated sensor surface to an oxidative (3 M potassium persulfate) and a
reductive (3 M sodium borohydride) solution. Although exposing the
Au-NPs to an oxidative solution results in a binding energy shift of 0.24
eV to higher values, subsequent exposure to the reductive solution turns
out to fully restore its original value.

Figure 7. Scheme illustrating the final-state effect in the XPS
experiment.

Table 1. Summary of Observed Au 4f Shifts, Resulting
Effective Charges on NPs, and Potential Shifts in C-VCurves
after Different Sample Treatments

sample treatment Au 4f shift (meV)

Au-NP effective

excess charge (e)

potential

shift (mV)

potassium persulfate þ240 þ2 -85

sodium borohydride -240 -2 þ81

O-plasma (200 W) þ880 þ10 -300
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The evaluated values for the effective excess charge of Au-NPs
induced due to the exposure of the Au-NPs to various environ-
ments are summarized in Table 1 together with the observed
binding energy and potential shifts (as determined from C-V
measurements), evidencing a clear correlation between the C-V
measurements and XPS results.

5. CONCLUSIONS

The obtained results demonstrate that the C-V method by
applying a capacitive field-effect EIS device provides a new and
convenient approach to gain insight into the charge state of
supported Au-NPs exposed to various environments. The ability
of capacitive EIS structures to detect charge changes in bare or
ligand-stabilized Au-NPs induced, for instance, by adsorption or
binding/removal of molecules, redox processes, etc., could
envisage a new class of (bio)chemical devices and biochips based
on NP-charge-gated field-effect structures.
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