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ABSTRACT

Nanoindentation studies on metal and semiconducting surfaces often display excursions
in the load-displacement curves.  These displacement excursions have been attributed to phase
transitions, oxide breakthrough, surface contamination effects, and dislocation nucleation under
the indenter tip. We have shown recently that displacement excursions were present for
nanoindentation on single crystal Au (111), (110) and (100), and were attributed to dislocation
nucleation since all other phenomena were ruled out. We present our recent results that have
been aimed at understanding the effects of surface modification at the nanoscale on dislocation
nucleation. The effects of modifying the Au surface with electrochemically deposited metal
monolayers (Pb and Ag), with an electrochemically deposited oxide monolayer and an
electrochemically reconstructed surface will be presented.  Hardness differences as great as a
factor of 3 have been observed for these surfaces.  These experiments are unique in that they
were carried out under electrochemical control where strict control of the surface cleanliness can
be maintained.

INTRODUCTION

Technological advances in device miniaturization as well as thin film technologies
requires a better understanding of the contact of small volumes because the mechanical
properties of small volumes is often found to be different than that of the bulk.  In fact, Gane and
Bowden [1] were the first to note that a metals resistance to indentation on a small scale was
quite different than the conventional microhardness measurements.  They observed that a critical
load must be reached before a stylus could penetrate into the surface of a Au crystal.  The critical
load approached  that of the theoretical shear strength of the crystal although the authors report
quite a variability in the load which most likely resulted from organic impurities adsorbed on the
Au surface.

Previously, we investigated the yield behavior of well prepared single crystal Au surfaces
which were free of any surface oxides and contamination layers [2].  On these surfaces, we found
that the yield point also approached the theoretical shear strength of gold.  Beyond the yield
point, the deformation was composed of discrete plastic events followed by elastic loading.  This
behavior was interpreted as multiple dislocation nucleation and multiplication events occurring
under the indenter tip and was modeled following the analysis of Gerberich et. al. [3].  We also
observed an increase in hardness, as shown in Fig. 1, if we allowed the surface to contaminate
with organics from the ambient.  Since we only expect the thickness of the organic
contamination layer to be on the order of 1 nm, it is difficult to rationalize the increase in
hardness observed from a simple analysis of the mechanical properties of a thin overlayer.  We



thus speculated that the contamination might effect the energetics of dislocation nucleation under
an indenter tip by changing the value of the surface thermodynamic properties (surface energy
and surface stress [4]).  This paper is aimed at investigating the effect on nanoindentation of
changing the surface thermodynamic properties in a controlled way via electrochemical
modification.

FIG 1.  (a) Load-displacement data for three indentations on the clean Au (111) surface.  (b)
Load-displacement data for three indentations on the contaminated Au (111) surface.  Notice the
irreproducibility in (b) as compared to (a) as well as the decreased indentation depths (increased
hardness) in (b).

Electrochemistry gives us a unique opportunity to modify the surface of metals in a
controlled manner.  In this paper we will be looking at three types of modifications.  The first
involves the deposition of a single monolayer of another metal on the Au surface by a process
known as underpotential deposition [5].  We can tailor the amount of strain in the overlayer by
our choice of deposited metal.  Ag for example has less than a 0.02 % lattice misfit with Au
while that for Pb has a over a 17 % misfit.  The second modification involves oxidizing the Au
surface with a monolayer of Au2O.  The third modification is to reconstruct the Au surface.  This
gives us an opportunity to change the surface thermodynamic properties by a structural

transformation of the surface rather than a chemical change.  A reversible 322 ×  reconstruction
can be electrochemically driven on the Au (111) surface [6-7].  This reconstruction can be
thought of as an insertion of an extra row of atoms every 23 rows on the Au surface and leads to
the well known herringbone pattern.

EXPERIMENT

A commercial Hysitron, Inc. TriboScope® was used in conjunction with the Digital
Instruments, Nanoscope™ E AFM/STM to perform indentations on Au (111) single crystals.
The specially designed force transducer of Hysitron, Inc. allows for the direct imaging of the
surface before and after the indentation exactly centered over the point of contact.  Either an
electrochemically etched W tip or a Berkovich diamond indenter was used for the indentations.
The indenter tip is engaged on the surface in an AFM imaging mode with a load of typically 500
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- 800 nN.  The surface is imaged with the indenter tip and a site other than the impact site is
chosen for the indentation avoiding any deformation associated with the initial impact [8].

The Au (111) single crystal [9] (99.99%) was prepared immediately before each series of
indentations by electrochemical polishing and then flame annealing until glowing red hot under a
H2 flame as described elsewhere [2].  The flame annealing technique was developed by Clavilier
et al.[10] and is used extensively in the electrochemical STM community to produce clean Au
surfaces (better than submonolayer contamination) with atomically flat terraces of several 100’s
nm in width.

The indentations were performed while the sample was under potential control in an
electrolyte of either 0.1 M HClO4 for the reconstruction and Au oxidation study, 0.01 M PbClO4

+ 0.1 M HClO4 for the Pb monolayer deposition study, or 0.001 M AgClO4 + 0.1 M HClO4 for
the Ag monolayer deposition study.  All electrolytes were prepared with 18 MΩ Millipore
Deionized water and Aldrich Gold labeled reagents.  A standard electrochemical STM cell made
from teflon was used for the experiments.  A liquid tight seal between the cell and sample was
made with a teflon O-ring.  A Ag wire pseudo reference electrode was used for the Ag deposition
studies, a Pb wire pseudo reference electrode was used for the Pb deposition studies while a Pt
wire reference electrode was used for all other experiments.  All potentials are referenced to a
saturated calomel reference electrode (SCE).

RESULTS AND DISCUSSION

Effect of oxidation:  W indentation tip
Fig. 2 is a cyclic voltammogram for the Au (111) surface in an electrolyte of 0.1 M

HClO4.  The positive currents are associated with electrochemical oxidation reactions occurring
on the gold surface while the negative currents are associated with reduction reactions.  The
potential was held at 300 mV, then increased at a rate of 20 mV sec-1 to a maximum potential of
1500 mV (corresponding to the positive current curve), then decreased at a rate of 20 mV sec-1 to
a minimum of –250 mV (corresponding to the negative current curve), and then increased back
to 300 mV.  The peak at 1350 mV corresponds to the formation of a single monolayer of oxide
on the Au surface and the peak at 975 mV is the corresponding reduction of this monolayer.  For
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FIG 2.  Cyclic voltammogram for Au (111) in 0.1 M HClO4.  The oxidation and reduction
peaks correspond to a single monolayer.

(SCE)



further explanation of the oxidation behavior of Au, the reader is referred to the work of Hamelin
et.al. [11].  Below 975 mV, the Au surface remains bare and bulk terminated until approximately

0 mV where the surface reconstructs to the 322 ×  structure.
Fig. 3 is a plot of the load-displacement data taken with an etched W indenter tip on the

Au (111) surface in air as well as under 0.1 M HClO4 at a potential of 600 mV.  The
electrochemical environment had little effect on the indentation data as long as the potential was
maintained in the region where the bulk terminated surface was stable.  Fig. 4 shows the effect of
modifying the Au surface with a single monolayer of oxide.  The potential was held at 1350 mV
to form the oxide monolayer and then the indentation was performed.  The corresponding data
for the bare Au surface at 600 mV is shown for the same W tip.  The maximum indentation depth
for the oxide covered surface is approximately half of that for the bare Au surface corresponding
to a change in the maximum indentation depth of approximately 7 nm.  This difference is quite
remarkable considering that the oxide monolayer is only a few tenths of a nm in thickness.

Effect of metal monolayer deposition:  W indentation tip
Fig. 5 shows the effect on the load-displacement data for the deposition of (a) Ag and (b)

Pb on the Au (111) surface as well as the corresponding indentation on the bare Au surface with
the same W tip.  Both the Ag and Pb monolayers resulted in an increase in the maximum
indentation depth.  The Pb surface resulted in a more dramatic effect as expected from the larger
lattice misfit (17 %) as compared to the Ag (0.02 %).  The data was not corrected for drift and
resulted in slightly negative unloading slopes in Fig 4b.

Effect of Au reconstruction:  W indentation tip
In the previous examples, the effects of chemically modifying the Au surface on the

indentation data were measured.  The reconstruction of the Au surface offers an opportunity to
measure the change in mechanical properties as a result of a change in the surface structure
without changing the surface chemistry.  Fig. 6 is a plot of the load-displacement data for the
reconstructed and bare Au surface.  The indentation depth changes dramatically on the

FIG 3.  Load-displacement data for Au (111)
in air ( ) and in 0.1 M HClO4 ( ).

FIG 4.  Load-displacement data for Au (111)
in 0.1 M HClO4 at a potential of 1350 mV
( ) and 600 mV ( ).
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reconstructed surface as shown.  A change of over 10 nm in the maximum indentation depth is
observed from a surface modification that is confined to less than a tenth of a nm.

Fig. 7 addresses the concern that the potential somehow plays a role in affecting the load-
displacement data.  The potential was held at 600 mV in the region of the bulk terminated
surface.  Curve 1 shows the load-displacement data at this potential.  The potential was then

scanned to a value of –300 mV in the region of the formation of the 322 ×  reconstruction.  The
load-displacement data is shown in curve 2.  The potential was then scanned to 100 mV where
the reconstructed surface remains stable as shown in curve 3.  The potential was increased to a
value of 600 mV thus lifting the Au reconstruction (curve 4).  Finally, the potential was
decreased to 100 mV where the bulk terminated surface remains stable (curve 5).  This hysteresis
behavior for the reconstruction is described in detail by Kolb [7].  As shown in the curves, the
load-displacement data was highly dependent on the surface structure but not dependent on the
potential (curves 3 and 5).
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FIG 5.  (a) Load-displacement data showing the effect of a Ag monolayer () versus the bare
Au surface ( ) in an electrolyte of 0.1 M HClO4 + 1 mM AgClO4.   (b) Load-displacement
data showing the effect of a Pb monolayer versus the bare Au surface in an electrolyte of 0.1
M HClO4 + 10 mM PbClO4.

FIG 6.  Load-displacement data for the reconstructed () and bulk terminated () Au (111).

0

20

40

60

80

100

120

140

0 10 20 30 40 50

Bare Au Pb on surface

Lo
ad

, µ
N

 1st cycle
 2nd cycle

Indentation depth, nm

0

20

40

60

80

100

120

0 5 10 15 20 25

Lo
ad

, µ
N

 reconstructed Au (-0.3V)
 bare surface (0.6V)

Indentation depth, nm



Berkovich Diamond Indenter
Table 1 summarizes the results for indentations made with a Berkovich diamond indenter

tip at a load of 100 µN with a typical indentation depth of approximately 50 nm.  As shown, the
diamond indenter tip was not sensitive to the surface modifications.  We are currently
investigating the reason for this difference.  The W indenter tip displays strong adhesion to the
Au surface as compared to diamond.  The surface modifications may result in a strong change in
the adhesion between the tip and surface.

Surface Modification Hardness (GPa) Reduced Modulus (GPa)
Au in air 0.86 ± 0.04 79.7 ± 10.3
Bulk terminated Au (100 mV) 1.08 ± 0.03 75.4 ± 6.4
Oxidized Au (1250 mV) 1.07 ± 0.03 92.8 ± 7.1
Reconstructed Au (-800 mV) 1.10 ± 0.14 83.2 ± 12.3
Pb deposition 1.13 ± 0.14 80.4 ± 10.0

However, quite dramatic effects were observed on the initial yield point as shown in Fig. 8.  The
initial yield point observed for the bulk terminated Au surface was approximately 9 µN while
that for one monolayer of oxide and 5 nm of oxide was 17 µN and 60 µN respectively.
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FIG 7.  Load-displacement data for the reconstructed and bulk terminated Au (111) surface at
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CONCLUSIONS

Electrochemistry offers us a way to study the effects of atomic scale modifications on the
mechanical properties of small volume contacts.  In situ indentations were made under various
electrochemical environments.  The bare Au surface gave similar load-displacement data in the
electrochemical environment as that in air.  Dramatic changes in the load-displacement data was
observed for surfaces chemically modified with a monolayer of oxide, Ag or Pb.  Dramatic
changes were also observed for a reconstructed Au surface.  In each case, the change in the
indentation depth was several orders of magnitude greater than the thickness of the modification.
Owing to the fact, that these changes were observed with W indentation tips but not with the
diamond indentation tips leads us to believe that the change in mechanical properties of the
contact may be a result of a change in the adhesion between the W and the Au surface.
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