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ABSTRACT: Atomic force microscopy, contact-angle, and spectroscopic ellipso-
metry measurements were employed to investigate the presence and properties of
gold oxide on the surface of gold metal. It was found that, in agreement with
available literature, unoxidized gold surfaces were hydrophobic, whereas oxidation
rendered the surface highly hydrophilic. The oxide could be removed with ethanol
or base but appeared to be stable over long periods in water or salt solutions
between pH 3 and 7. After oxidation, the oxide layer thickness, determined using
ellipsometry, was consistent with an approximate monolayer of Au—O bonds at
the gold surface. The presence of gold oxide was found to alter significantly the
electrical double-layer characteristics of the gold surface below pH 6 and may
explain the apparent inconsistencies in observed force behavior where gold is
employed as well as aiding in design of future microfluidic systems which

incorporate gold as a coating.
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B INTRODUCTION

Gold is an attractive material due to its high level of chemical
inertness (nobility), high surface energy, and the fact that it can
be generated as nanoparticles or easily deposited in thin layers (of
a few nanometers or less). These properties have made it an
important material in many areas of scientific research, particu-
larly in surface and colloidal force measurements. It is often em-
ployed as a coating on silica or mica substrates to give a well-
characterized, high-energy surface’ ™ that can be used as a
support for self-assembled monolayers.”® However, its reported
properties still appear to vary significantly between studies, as the
gold surface can be readily oxidized,” changing its chemical
nature significantly. Additionally, because it is such a high-energy
surface, it is very prone to contamination, which can leave doubt
as to the purity of surfaces used in measurements.”*

There has been a great deal of controversy about the wetting
behavior of gold, with reports claimin§ either highly hydrophilic
or hydrophobic “pure” gold surfaces.””'" The greater body of
evidence suggested that the surface of pure gold is in fact hydro-
phobic but that it can be readily rendered hydrophilic by
oxidation,” with trace water itself appearing to play a key role.'’
More recently, Stacchiola et al. demonstrated that water forms a
locked bilayer on pure Au(111) surfaces, which is itself hydro-
phobic, as it has no exposed hydrogen-bonding sites,'> support-
ing this theory. It has been shown that many of the standard
laboratory cleaning procedures for generating highly pure sur-
faces for force measurements, particularly for use in the surface
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force apparatus (SFA) and atomic force microscope (AFM), tend
to generate oxide on gold.”'*'* Preparations such as cleaning in
piranha solution (concentrated H,O, and H,SO,), UV/ozone
cleaning, and water or oxygen plasma cleaning all generate highly
hydrophilic surfaces, suggesting the presence of gold oxide. Gold can
also be readily oxidized by electrochemical methods,'>'® that are of
particular interest due to the use of gold in electrodes and electro-
chemical self-assembled monolayer (SAM) production.

There appears to be some discrepancy between force mea-
surements involving gold surfaces, particularly when fitting the
electrical double-layer behavior to understand surface charging in
aqueous solutions. Wang and Yoon found the potential of gold in
their AFM measurements to be around —56 mV in water (pH
unspecified).® Giesbers et al. found that the zeta potentials and
double-layer potentials of gold varied significantly with pH,
exhibiting an isoelectric point at around pH S and a value of
~—20 mV at pH 6—8."” The data of Barten et al. support these
observations.'® It is important to note that in all of these cases the
possibility of oxide being present on the gold surface is men-
tioned, but their effects have not been quantified explicitly.

In this work, we use measurements of surface forces in order to
better understand and explain the behavior of gold, particularly in
the context of surface oxidation. Apparent ambiguities in
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previous force measurements involving gold suggest that a study
with well-characterized substrates is required, preferably employing
ahydrophobic and nonoxidized probe. By using a bubble as a probe
for surface forces, we make use of an interface which is by its nature
hydrophobic and deformable and has well-characterized charging
behavior,'*?° allowing an accurate picture of the charging state of
the gold surface to be obtained. Additionally, due to their ability to
deform in response to applied forces, bubbles can increase their
area of interaction with the gold surface as they approach, hence
heightening the sensitivity of measurements of the electrical double-
layer and other forces when compared to the solid probes used
previously. We examine the effect of oxidation on the wettability
and charging behavior of gold in water by measuring the force
experienced when such bubble probes interact with these gold
surfaces when in their pure (unoxidized) and oxidized states.
Common laboratory “cleaning” procedures are employed in
order to oxidize the gold surface, demonstrating that traditionally
“clean” surfaces may in fact bear a layer of oxide. It is found that
oxidation appears to move the isoelectric point (IEP) of the gold
surface considerably as well as completely altering the wettability of
the gold surface. These results serve to illustrate the important role
of gold oxide, particularly in electrical double-layer formation, and
may assist in interpretation of other force data for gold surfaces.

B MATERIALS AND METHODS

Decanethiol was obtained from Sigma (Ultra-Grade) and used as
received. Deionized water was from a Millipore Milli-Q system. Gold
surfaces were prepared by sputter-coating 2 nm of chromium (as an
adhesion promoter) followed by 240 nm of gold from an Au metal disk
(99.999%) onto precleaned glass coverslips (Menzel-Glaser, 22 x 22 X
0.15 mm), using an Emitech K575x sputter coater. To produce oxidized
gold surfaces, the coated coverslips were placed in a UV/ozone chamber
(ProCleaner Plus, BioForce Nanoscience) and exposed for 20 min.
Directly after oxidation, these surfaces exhibit complete wetting with
water (contact angle ~0°). Surfaces without oxide were prepared using
two methods: either used directly from the sputter coater to minimize
the possibility of any contamination or the ozone cleaning procedure
was applied, followed by rinsing in absolute ethanol. This is known to
remove oxide from the gold surface."® The resulting surface was tested
for hydrophobicity by observing the contact angle of water to ensure that
all oxide had been removed. Measurements employing both types of
oxide-free surface were compared and found to give identical behavior.
Roughness of the gold surfaces before and after oxidation was deter-
mined by AFM imaging studies to be consistently <0.5 nm rms. Solution
pH was adjusted by addition of HNO; or NaOH solutions. Measure-
ments of the water contact angle in air were made on a Dataphysics OCA
tensiometer, using a syringe to grow drops of ~100 uL in ~20 uL
increments. Contact angles for the growing drops were measured on
either side of the drop and averaged over at least three measurements.

The optical properties of the gold surface were determined using spectro-
scopic ellipsometry. A Jobin-Yvon Horiba Uvisel ellipsometer was used to
measure the ellipsometric values, W and A, between 300 and 850 nm, in 5 nm
steps, at a 70° angle of incidence. Using the J-Y DeltaPsi software, the optical
properties of the system were modeled. This model consisted of a semi-infinite
layer of gold (dielectric data from Aspnes et al*') with a gold oxide layer
(dielectric data from Kim et al %) of varying thickness. The gold oxide film
thickness was determined using the built-in DeltaPsi iterative fitting algorithm
which minimizes the difference between the measured and predicted data.

Rectangular silicon AFM cantilevers (450 X SO X 2 um) were
custom-made, with a circular gold pattern (diameter 45 um, thickness
~20 nm) added A5 um from the end by focused ion-beam deposition.”®
This gold region was rendered hydrophobic by adsorption of decan-
ethiol in ethanol (1 mM) for 2 h. Cantilever spring constants, K, were

determined by the method of Hutter and Bechhoeffer** and were in the
range 0.10—0.15 N/m. The AFM measurements were performed on an
Asylum MFP-3D AFM, equipped with a linear variable differential
transformer (LVDT) sensor in the Z-movement direction, to allow
direct detection of cantilever Z-position during force measurements.
This has been shown to be vital for accurate force—displacement
measurements, as the AFM piezo drive is not linear with input voltage
to within our required tolerance.”®

Bubbles were generated ultrasonically (Undatim Ultrasonics D-
reactor), at a frequency of 515 kHz and power of 25 W.%° The substrates
used for bubble generation were glass Petri dishes that had been cleaned
and then partially hydrophobized through a silano—ether coupling
reaction in absolute ethanol for 2 h.*” This was found to generate a
surface of intermediate hydrophobicity (water contact angle 60°) which
was appropriate for immobilizing bubbles, but which allowed them to be
readily removed to the more hydrophobic patch on the cantilever. Bubbles
used in these experiments were in the diameter range 80—140 yum.

In order to perform a measurement between a bubble and a gold
surface, a bubble was picked up on a cantilever using the microposition-
ing stage of the AFM, so that it was attached to the hydrophobized gold
patch on the cantilever. This allowed its contact area to be precisely
known at all times, which proves vital for modeling purposes. A section
of coverslip coated with the suitably prepared gold surface was then
added to the Petri dish. The bubble was then brought over the gold
surface, and the AFM was used to bring the bubble toward the surface
at a low speed (200 nm/s) until a fixed deflection of the cantilever
was reached, corresponding to around 40 nN. The deflection of the
cantilever was measured by a laser and split photodiode, using the optical
lever technique, and this deflection was converted to force using the
cantilever spring constant and Hooke’s law. Experiments were arranged
and followed with high-magnification optical microscopy from below
(Nikon TE2000, 40 x objective). This allowed a precise measurement of
bubble radii to be made to within £2 #m. Once the gold surface had
been introduced to the liquid, the experiment was performed as quickly
as possible (<1 min) to minimize the potential for contamination,
although no time-dependent behavior was noticed. Measuring the contact
angle of water on the gold surface after the experiment showed no change,
although the adsorption of inorganic ions could not be ruled out.

Experimental force vs separation data for bubble-gold approaches
were predicted by using the Chan—Dagastine—White model. This
model has been described in considerable detail previously*® > and
hence will not be reproduced here. Briefly, this model couples expres-
sions for the deformation and profile of the bubble to ones accounting
for the disjoining pressure due to surface forces in the film region. By
balancing these pressures, and assuming that the bubble maintains a
constant volume and is incompressible®" based on the diameter range
used of ~100—150 um, both the deformation of the bubble and the
potential of the surface can be deduced. It is also assumed the contact
line of the bubble, corresponding to the perimeter of the gold patch on
the cantilever, is pinned. For the data presented here, the only “free” or
unconstrained parameter in the model is the surface potential of the
gold. The other input parameters are the bubble radius (measured
microscopically), bubble contact area (known explicitly by measuring
the dimensions of the gold patch on the cantilever), retarded Hamaker
function for air—water—gold (calculated using Lifshitz theory), Debye
length (which was calculated from the solution pH and amount of acid/
base added), and the surface potential of the bubble (which was
determined in a previous study'® and found to be in agreement with
measurments obtained by Takahashi using microelectrophoresis’®).
Each measurement was repeated at least three times, and the surface
potential was determined for each by comparing the experimental data
with the theoretical prediction. The error bars on fitted values of the gold
surface potentials show the confidence in the fitted value, incorporating
tolerances within fitted parameters and error between measurements.
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Table 1. Wetting Behaviour of Deionized Water on Gold
Surfaces under Various Conditions before and after
Oxidation”

sample preparation conditions contact angle
A SC 84°
B SC, OC wet
C SC, OC, EtOH 80°
D SC, OC, H,0 (pH 7) wet
E SC, OC, H,O (pH 3) wet
F SC, OC, H,O (pH 11) 40°
G SC, OC, 100 mM NaClO, (pH 7) wet

“Samples C—G were stored in the noted solutions for 30 min, after
which the surface was first dried under a stream of dry nitrogen before
wetting experiments. SC = sputter coated, OC = treated in a UV/o0zone
chamber for 20 min. Note: “wet” refers to a state in which water spread
to completely wet the surface and form a film.
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Figure 1. Measured spectroscopic ellipsometry data for gold films in air
before (red, solid line) and after oxidation (blue, dashed line) plotted as
a function of wavelength. The arrows indicate the axis against which the
data are plotted, and the vertical dashed lines border the area between
which the optical modeling was performed.

B RESULTS AND DISCUSSION

The effect of oxidation on the hydrophobicity of gold was
determined by measuring the contact angle of water on gold
substrates before and after oxidation. In addition, the effect of
typical solution conditions and cleaning methods was observed
in order to test the stability of the oxide layer under the
experimental conditions used. These results are summarized in
Table 1.

These results are in agreement with available literature on the
expected wetting state of the gold surface after similar prepara-
tion conditions,”*> and it has been demonstrated that ethanol is
an effective reducing agent which removes the oxide layer from
gold surfaces.>> Gold oxide is also known to be soluble in strong
base;>® 30 min at pH 11 was not sufficient to completely reduce
all of the oxide, although this treatment appeared to remove its
coverage, as the surface returned to a partially hydrophobic state.
The other solution treatments had no effect on the hydrophilicity
of the gold, suggesting that in these conditions the oxide layer
remained intact.

The presence of an oxide layer on the gold surface after
oxidation, as suggested by wetting experiments, was further
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Figure 2. Force—displacement data measured by AFM between an
air bubble and gold surface with and without surface oxide present at
pH 4.5. Symbols are experimental data, and solid lines are the predicted
interaction using the Chan—Dagastine—White model (see Materials
and Methods section), fitted using the indicated surface potentials of
the bubble, ®(b), and gold surface ® (Au). The value AX represents the
separation between the end of the cantilever and the solid surface. The
inset is a schematic representation of the experimental setup.

investigated using spectroscopic ellipsometry. Measurements
were performed in air on gold samples before and after treatment
with UV/ozone, and representative data from these experiments
are shown in Figure 1. Spectroscopic ellipsometry measures the
change in polarization and phase of polarized light upon reflec-
tion from a surface. The change in reflected amplitude and phase
of the incident light are described by the Fresnel coefficients,
that are determined by the dielectric function, ¢, of the material,
and are garticularly sensitive to submonolayer coverages of
materials.>* Data are analyzed in the form of the two ellipso-
metric values, A and W, that are related to the reflected
amplitude of the s- and p-polarized states of light, r, and r,,
respectively, by

 _ tan(W)e (1)

T

Each measurement was optically modeled using dielectric data
for gold and gold oxide in order to evaluate the contribution of
each material to the measured values of A and W. Modeling
indicated that the initial (untreated) gold film had no gold oxide
present and could be fitted with a semi-infinite gold model. Upon
treatment with ozone, the measured W and A values shifted to
lower angles for a given wavelength, indicating a change in the
dielectric properties of the gold surface, consistent with the
growth of an oxide layer. Modeling the oxidized sample sug-
gested a gold oxide layer with an average thickness of 1.8 A was
present, which is consistent with the observations of others.”>
The Au—O bonds in Au,O; have been determined to be 2.0 A,*°
and hence these results suggest an approximate monolayer of
gold—oxygen bonds.

In order to determine the effect of oxidation of the gold surface
on the electrical double-layer properties of gold in water, mea-
surements were made between a bubble and gold surface as a
function of pH, with no added background salt, but adjusted by
addition of HNO; or NaOH. During close approach of the
bubble and surface, assuming a net repulsion is present, the
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Figure 3. Apparent surface potentials, ®(Au), of gold surfaces with
(filled squares) and without (open circles) surface oxide present,
obtained by model fits to experimental AFM interaction data between
a bubble and gold surface. Bubble surface potentials were obtained
previously,'® and data were fit using the Chan—Dagastine—White
model.”®

disjoining pressure between the air—water and water—gold
interfaces caused by electrical double-layer overlap and the van
der Waals interaction causes the bubble to deform and flatten and
a water film to form between bubble and surface. For the case of a
net attractive pressure between the bubble and the surface, the
resulting deformation of the air—water interface may result in
coalescence of the bubble and surface. Because the bubble is able
to deform in response to pressure caused by surface forces, for
repulsive interactions, it becomes a much more sensitive probe to
surface forces when compared with solid spheres which are
traditionally used in AFM measurements of colloidal forces.

Interaction events between a bubble on the cantilever and the
gold surface were measured in a variety of pH conditions.
Sufficiently low approach speeds (200 nm/s) were used to give
conditions in which hydrodynamics were negligible and could be
omitted from the analysis.”****° These data were compared with
predicted force curves, generated using the Chan—Dagastine—
White model.** *° In order to account for the van der Waals
interaction, a full retarded Hamaker function was calculated by
the Lifshitz method, using spectral data for water from Dagastine
et al.*® and the dielectric construction for gold used optical data
found in ref 37.

Figure 2 shows the interaction between a bubble and an
oxidized or unoxidized gold surface at pH 4.5. For the unoxidized
case, the interaction is repulsive, and hence a stable water film
between the bubble and gold surface is generated. The magni-
tude and range of the repulsive force between the bubble and the
surface suggest that the primary repulsion is due to overlap of
electric double layers. The van der Waals force between a bubble
and gold is strongly repulsive, tending to a Hamaker constant of
—1.5 x 10~ " J at small separations. However, due to the effects
of retardation, the force is still relatively short-ranged compared
to the electrical double-layer interaction at low electrolyte
concentration. Hence, it is clear that this repulsion is caused by
overlap of electrical double layers, suggesting a negative charge
on the gold surface at this pH. It has been previously postulated
that this charge originates from adsorption of hydroxide ions.>®
For the oxidized case, there is a clear attraction between the

bubble and gold surface. Because the van der Waals interaction is always
repulsive for this air—water—gold system, this attraction indicates
an overlap of electrical double layers developed from oppositely
charged surfaces. This suggests a difference in sign between the
surface potential of the gold surface and air—water interface.

Similar measurements were made between bubbles and
oxidized or unoxidized gold surfaces at a range of pH values to
map the surface potential of the gold surfaces as a function of pH.
Conditions above pH 8 were not used, as it may be expected that
the gold oxide could become unstable over time,** and hence the
surface would no longer be sufficiently well-characterized for
these experiments. It can be seen in Figure 3 that there is a
considerable difference between the apparent surface potential of
the oxidized and unoxidized gold surfaces in the pH 3—6 region.
Oxidation appears to move the apparent isoelectric point to a
higher (more basic) pH value. The results for oxidized gold in
this experiment are in agreement with the data presented by
previous researchers,'”"® who also found an isoelectric point at
around pH 4.5—35. Although the oxidation state of their gold
surfaces was not explicitly stated or measured, in both of those
experiments surfaces were cleaned by either oxygen plasma
or piranha solution, consistent with formation of an oxide layer
on the gold.14 Gold(IIT) oxide is known to be weakly acidic in
hydrated form,* and hence it would be expected that the
isoelectric point of the oxidized gold surface would move to a
more basic value when compared to an unoxidized, pure gold
surface. Interestingly, this may give additional opportunities for
tuning self-assembly of organic molecules on gold surfaces,
where the magnitude and sign of the surface potential are a key
factor in determining the properties of the adsorbed/bonded
layer.>>**

Because of the hydrophobic nature of the unoxidized gold
surface, it may be expected for oxidized substrates that a short-
range hydrophobic force*® may operate at separations of a few
nanometers to induce coalescence between the bubble and gold
surface. In this experiment, such a force was not noted because
the modeled data do not include points at separations where this
could occur. For stable, repulsive interactions, the water film
between the air—water and gold—water interfaces never became
thin enough to enable such a short-range force to act. For
interactions where the interfaces appeared to be oppositely
charged, electrical double-layer forces acted at sufficiently large
separations to give a strong attractive force at much greater film
thicknesses. Hence, any very short-range attraction would be
masked in the data. Some authors have noted a long-range,
attractive force which acts between hydrophobic surfaces in
water,*" although the origin of this interaction is still disputed.
It is important to note that in the experiments presented here the
data could be readily and accurately predicted by solely by
electrical double-layer interactions and the van der Waals force,
and no evidence of a long-range hydrophobic force was apparent
in the data.

Bl CONCLUSION

It has been shown that despite its reputedly noble nature, the
surface chemistry of gold is in fact quite complex and variable.
Hydrophobic, pure gold surfaces are readily oxidized, and hence
rendered hydrophilic, by common laboratory cleaning processes.
Despite an apparent thickness of only around one Au—O bond
length, the acidic oxide has a significant effect on the charging
behavior of the gold surface with pH, giving a change in the
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isoelectric point of around 2 pH units. The fact that surface
oxidation and pH can be readily used to change the sign and
potential of the gold surface suggest that these properties could be
used to control self-assembly on gold surfaces and may be of
particular interest when gold is used as an electrode. Hence, these
results may aid understanding in experiments and design of systems
which utilize gold, in both surface force and microfluidic fields.
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