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Abstract

Fundamental understanding and quantitative characterization of electron transport mechanisms between two sol-
ids brought into mechanical contact require the development of a dedicated multifunctional device. In this arti-
cle, we report original measurements and analyses based on a nanoindenter coupled with fine electrical meas-
urements in-situ a Scanning Electron Microscope (SEM). After a description of the experimental set-up, we re-
port quantitative results on resistive-nanoindentation performed on metallic systems with increasing complexity.
Starting from a model case (Au single crystal, a noble metal), a procedure is developed, numerically modelled
and further applied to a complex rheology structure (200 nm Au thin film plastically deformed against an elastic
substrate) to demonstrate the quantitative monitoring of contact area. Then a two-phase AgPdCu alloy is used to
illustrate the benefit of local characterisation performed under SEM imaging. The effect of interfacial layer
(probably a native oxide film) on the electrical response is discussed. Finally, we present local impedance spec-
troscopy characterisation of a 10nm-thick alumina layer on aluminium substrate. The conductance through alu-

mina during mechanical compression is discussed in terms of electrochemical processes.

1 Introduction

The understanding and the quantitative analysis of the
electro-mechanical processes involved at the interface
between two solids are of crucial interest for both ac-
ademic and applied purposes [1,2]: electric connectors
for electrotechnics and automotive applications, in-
termittent contacts in mechanical switches (at both
macro- and micro-scales), microelectronics,... The de-
velopment of scanning probe microscopy (SPM) trig-
gered the experimental study of these phenomena at
small-scale [3,4,5], but only the coupling of electrical
measurements with instrumented indentation (inde-
pendent load and displacement measurements) pro-
vided the precise control and monitoring of both con-
tact mechanics and electrical conduction [6]. Initiated
by the monitoring of phase transformation under pres-
sure [7,8,9], resistive-indentation has then been ex-
tended to the study of other phenomena: native oxide
fracture [10,11,12,13], MEMS operation at small
scales [14,15] and contact area computation during
nanoindentation tests [16,17]. In the past decades,
numerous efforts have been made to further expand
the capabilities of nanoindentation [6], such as real-

time imaging [18,19], coupling with multifunctional
characterisation tools [20,21] and high temperature
measurements [22].

The present article reports the development and the
application of a home-made multifunctional charac-
terisation device based on a commercial nanoindenta-
tion head. This device combines mechanical and elec-
trical characterisations, and can be integrated in-situ
in a Scanning Electron Microscope (SEM). Quantita-
tive electrical characterisations cover resistive and ca-
pacitive measurements (focus is made on resistive
measurements in this paper). In-situ SEM integration
allows precise positioning of local nanoindentation
tests (with a precision better than 100nm) as well as
the positioning of electrically-coupled nanoindenta-
tion maps. The behaviour of surface oxide layer is al-
so characterised by impedance spectroscopy.

2 Experimental details

The experimental set-up combines different commer-
cial instruments, with customized adapter systems.
Fig. 1 presents the Infra-Red view of the set-up once
integrated within the SEM chamber.



The nanoindentation head is a commercial actuator
(InForce 50 actuator from Nanomechanics Inc / KLA-
Tencor), displaying a maximum load of 50mN and a
static load resolution below 0.1 uN. This force-
controlled actuator enables continuous stiffness meas-
urement (CSM) through locked-in detection of dis-
placements induced by oscillatory loads superimposed
to the main load signal. This CSM mode gives access
to the continuous extraction of both hardness and
elastic modulus during indentation [23]. A fast map-
ping technique is also available, allowing high-speed
nanoindentation tests (~1 indent per second). The in-
dentation tip is screwed on a 1.5 cm-long extension.
All the experiments presented in this paper have been
performed with boron-doped diamond (BDD) tips
with resistivity in the range of [0.2-2] Q.cm (with ei-
ther Berkovich, cube-corner or flat-punch shapes).
Electrical contacts to the tip are made with thin cop-
per wires connected to fixed sockets. Actuator and
sample displacements are performed with linear posi-
tioners from SmarAct GmbH. Typical travel ranges
are at the cm-scale with a ~1 nm resolution. An over-
all frame stiffness larger than 10° N/m has been ex-
tracted, thus validating the overall mechanical behav-
ior.

Fig. 1. Infra-Red view of the set-up once integrated
within the SEM. (1 = Nanoindenter head, 2 = Extend-
er + tip, 3 = Specimen, 4 = SEM column)

Fig. 2. Ilustrations of the set-up performances. Gold
crystallites after three individual indents (without tilt-
correction).

The SEM apparatus used was a Field Emission Gun
(FEG) GEMINI SEM 500 from Zeiss [24]. The ar-
rangement of the analytical tools within the SEM

chamber has been optimized to improve the observa-
tion angle during indentations. In standard conditions,
the specimen surface was scanned under a 60° tilt an-
gle, that was software-corrected during experiments.
The SEM-integration allows positioning of indents
with a precision better than 100nm. As an illustration,
Fig. 2 presents a 0.75um-large gold island (obtained
by dewetting of a gold film on sapphire substrate) af-
ter a ‘smiley pattern’ obtained with three indents.
Resistance measurements were conducted with a
ResiScope apparatus from CSl/Scientec. Originally
developed for conductive-atomic force microscopy
[25], this device is optimised for real-time and self-
compliant resistance measurements. It ranges from
100 Q to 1 TQ, with acquisition rates up to 1kHz. Im-
pedance spectroscopy measurements were also per-
formed for the characterisation of thin oxide layers: an
LCR-meter (Agilent 4980) was used, with a sensitivi-
ty better than 1nS for admittance measures at 2MHz.

3 Resistive-nanoindentation of
metals

The electrical resistance which is measured during a
resistive-nanoindentation test is the sum of several
resistances in series (Fig. 3-a): the tip resistance, the
interface resistance (oxide, capping layer,...) and the
sample resistance. In the case of metallic samples, the
latter resistance is negligible. In standard resistive-
nanoindentation experiments, the overall resistance
tends to decrease as the tip penetrates the sample
(Fig. 3-b). This trend is driven by the combination of
several mechanisms: (1) as the tip penetrates the sam-
ple, the tip-to-sample contact area increases, thus de-
creasing the overall contact resistance, (2) the interfa-
cial layer (usually insulating) tends to crack, thus al-
lowing direct local tip-to-metal contacts and (3) the
spreading resistance through the tip tends to decrease.

3.1 Resistive-nanoindentation on pure
metals: effect of a native oxide

The behaviours of three pure metals have been com-
pared: a noble metal (Au) and two natively-oxidised
metals (Al and Cu). The two latter were covered with
their native-oxide layers characterised by different
conduction mechanisms: alumina displays ionic con-
duction only, while copper oxides display both elec-
tronic and ionic conduction. All samples were (111)-
oriented bulk single crystals.

A set of resistive-nanoindentation experiments (Re-
sistance-Depth curves) performed with a Berkovich
tip under different biases (from 0.5 to 10V) is shown
in Fig. 3-b,c,d. On Au, all curves are clearly superim-
posed, suggesting an ideal ohmic contact (which is
confirmed by current-voltage characteristics, not
shown here). This behaviour will be quantitatively



analysed in Part 3.2. On the contrary, the two oxidised
metals display drastically different behaviours: much
larger resistances are measured (up to 6 orders of
magnitude larger with aluminum) and highly-non-
linear behaviour is observed. The lower dispersion
observed on copper (compared to aluminum) is a sig-
nature of the electronic conductivity in copper-oxides,
while oxido-reduction reactions are supposed to be
the cause of the highly-dispersed data on aluminum
(discussed in Part 3.4).
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Fig. 3. Resistive-nanoindentation illustrations. ()
Schematic of the resistance contributions. Set of resis-
tive-nanoindentation tests on Au (b), Cu (c) and
Al (d).

3.2 Resistive-nanoindentation on noble
metals

3.2.1 Experiments
In the case of noble metals, the absence of interfacial
layer leads to measure the tip resistance only
(Fig. 4-a). Under this condition, the measured re-
sistance can be simply given by (1) (for more details,
see [26]):

Rineasured = A + B/(hc+ho) (1)
A and B are two constants that depend only on the ex-
perimental set-up (tip geometry and resistivity, series
resistance,...) but not on the specimen (A and B have
to be determined experimentally during the calibration
step, see below). hy is the length of the tip defect (una-
voidable rounded apex of the tip). Even though ex-
pression (1) relies on strong approximations (self-
similar shape of the tip, homogeneous distribution of
current lines through the contact,...), it is verified ex-
perimentally (Fig. 4). In order to validate this ap-
proach, a finite element (FE) modelling of this exper-
iment was carried out.
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Fig. 4. Linear fitting of resistive-nanoindentation

data according to Equation 1.
3.2.2  Finite-Element Modelling
FE modelling was performed in 2D axisymmetric
(Fig. 5-a). The  commercial FE  software
ABAQUS®/Standard was used. The indenter was a
Berkovich tip defined as an elastic body and built
from an experimental area function (fused silica refer-
ence sample using Oliver and Pharr method). The
sample (Au) was defined as an elasto-plastic cylinder
with a 10um radius and height. The mechanical be-
havior of Au was modeled by a Hooke's law for the
elastic part (E = 77.2GPa ; v = 0.42) and by a Hollo-
mon power law for the plastic part which has the fol-
lowing form:

— n
Oplastic = Keplastic (2)

where K and n are constants which were used as fit-
ting parameters in order to reproduce the experimental
Load-Depth curves (see Tab. 1).

Concerning the electrical coupling, the electrical con-
duction in the tip and in the sample was modeled us-
ing a pure ohmic law with an electrical conductivity
extracted from previous works [27].

The two parts were meshed with axisymmetric de-
formation element CAX3T. Frictionless mechanical
contact was defined by default. During loading, a dis-
placement of 1um along the vertical direction z was
applied to the top surface of the tip. For the electrical
boundary conditions, a 10V bias was applied between
the top surface of the tip (OV) and the bottom surface
of the sample (10V). Post treatment using a Python
subroutine made it possible to extract load, penetra-
tion depth, contact depth, contact area and electrical
resistance.

Without any advanced fitting process, the FE-
modelled Resistance-Depth curves show remarkable
match with the experimental data (Fig. 5-b). And the
linear dependence of resistance with the reciprocal of
the contact depth (Equation 1) is numerically con-
firmed (Fig. 5-c). This is explained by the homothetic
distribution of current lines through the contact inter-
face at the periphery of the contact [26].
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Fig. 5. Numerical modelling. (a) System model. (b)
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Tab. 1. Parameters of the Hollomon law describing
the plastic behaviour of bulk gold, fitted to the exper-
imental data.

Parameter ay K n

Value 100 MPa 230 MPa 0.1

3.2.3 Application to the real-time monitor-
ing of contact area

The real-time monitoring of resistance during
nanoindentation is of particular interest for the quanti-
tative analysis of nanoindentation tests. Indeed, the
simultaneous computation of sample Young’s modu-
lus and hardness relies on a precise knowledge of the
contact area A.. However even for the simplest cases
of homogeneous semi-infinite specimens, the determi-
nation of A is strongly affected by pile-up or sink-in
phenomena that occur at the contact periphery (Fig. 6).
The actual contact area may then be misinterpreted by
20-30%. The standard methods widely used to extract
contact area require analytical models based on mate-
rial rheology assumptions [28,29]. On the contrary, the
direct monitoring of contact area by resistive-
nanoindentation should bring supplementary inputs for
the quantitative analysis of indentation tests. Some at-
tempts to combine micro- or nano-indentation to resis-
tive measurements to quantitatively analyse the inden-
tation process have been reported [16,17] but the mon-
itoring of contact area was not processed.

Pile-up Sink-in

Fig. 6. Effect of material rheology on contact area and
contact depth. The penetration depth h is the depth
reached by the tip from the initial specimen surface,
while the contact depth h. describes the contact height
of the tip with the specimen.

One of the bottleneck steps for the quantitative analy-
sis of resistive-nanoindentation tests is the appropriate
analytical description of the electrical measurement
chain.

This description being established, the experimental
extraction of the contact area can be processed through
a 3-step procedure:

e Step 1: The tip geometry is determined from direct
AFM characterisation. This step generates the tip
“shape function” that relates the projected contact
area to the contact depth h,.

e Step 2: An electrical calibration is carried out (on a
gold bulk single crystal for instance), aiming at the
determination of the A and B constants (see (1)). As
A and B depend only on the experimental set-up, a
one-to-one analytical correspondence is then estab-
lished between the electrical resistance and the con-
tact depth (independently of the specimen).

e Step 3: The contact area monitoring of any oxide-
free specimen can then be performed. Using the tip
shape function (step 1), the contact area is finally de-
termined from the contact depth values (step 2) for
this specimen to be characterized.



This procedure has been applied and validated on a
200 nm-thick polycrystalline gold film deposited on a
sapphire substrate. Such a composite geometry is a
model case of complex rheology which is depth-
dependent and where no analytical model exists. To do
so, resistive-nanoindentation tests with various final
penetration depths have been performed. For each test,
post-mortem AFM measurements have been conduct-
ed to compare the contact area to the one monitored by
our procedure. Fig. 7 shows an excellent agreement
between our predictions and the effective areas. For
comparison, the contact area computed from the
standard Oliver-Pharr method [28] (based on sink-in
assumption) is also reported showing a ~50% discrep-
ancy. Such a precise monitoring of the tip-to-sample
contact area has been reported for the first time in lit-
erature in [26].
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Fig. 7. Contact area against penetration depth on the
Au thin film. Comparison of the computed data (open
markers) with the corresponding post-mortem AFM
measurements (solid markers). Predicted contact area
from Oliver and Pharr model in dotted line.

3.3 Resistive-nanoindentation of multi-

phased alloys

As already mentioned, the integration of this resistive-
nanoindentation set-up within the SEM allows precise
positioning of the spot to analyze as well as the elec-
tro-mechanical mapping of a specimen surface. These
two advantages are illustrated through the study of an
AgPdCu alloy designed to combine high conductivity
and large yield strength. Fig. 8 presents an SEM view
of the sample after a local indent performed on the Ag-
rich phase (lightest contrast in the SEM image). The
darkest domain is constituted of Cu-rich phases.

Fig. 9 (a)-(b) collect the resistance and hardness meas-
urements obtained over 28 indents on the two do-
mains. These electrical and mechanical data clearly
discriminate the Ag- and Cu-rich phases. The Cu-rich

domain appears as more conductive than the Ag-rich
one, but it also appears as harder. The higher resistance
of the Ag-rich domain can be attributed either to a
larger intrinsic resistivity, to a more resistive native-
oxide or to different material rheologies.

Fig. 8. SEM view of an indent left after local testing
of the Ag-rich phase. The white triangle at the bottom
of the image is the indenter tip.

Ag-rich phase

Cu-rich phases

o 100 200 09 200 500

depthi{nm)

] Ag-rich phase

o 100 400 500

200 300
depthi{nm)

Fig. 9. Electrical and mechanical data from 28 indents
performed in both Ag- and Cu-rich phases. (a) Re-
sistance and (b) Hardness evolutions with indentation
depth. Hardness data were extracted from Oliver-
Pharr model [26].
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Fig. 10. Evolution of resistance against 1/(h.+hg) on

two distinct indents.



The plotting of resistance against 1/(h.+hy) (according
to Equation 1) is shown in Fig. 10. It clearly discrimi-
nates the ideal indents (linear dependence) from those
affected by an interfacial layer (non-linear depend-
ence), most-likely an oxide layer. This behaviour sup-
ports the need for a deeper analysis of oxide-covered
metals.

34 Resistive-nanoindentation of oxide-
covered metals

In the case of oxidised metals, the electrical resistance
is essentially controlled by the conduction mecha-
nisms through the oxide layer. A set of experiments
have been performed on a 10nm thick alumina film
deposited by Atomic Layer Deposition onto an alumi-
num substrate.
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Fig. 11. Characterisation of a 10nm-thick alumina
film (under mineral oil). (a) Timeline of the test pro-
tocol. (b) Evolution of the dynamic conductance dur-
ing test. (c) Current-Voltage characteristics during
alumina recovery.

For these experiments, compression tests were per-
formed with a 5pm large flat-punch tip. The tip was
set into contact with the alumina surface with a low
load (100 uN, leading to an applied stress close to
5MPa). Once the contact set, impedance-

spectroscopy measurements were performed with an
LCR-meter. The experiment timeline was the follow-
ing (Fig. 11-a): a large voltage scan (referred as “Re-
duction step”) was first applied in order to reduce lo-
cally the alumina film, then dynamic conductance and
capacitance were monitored continuously, while small
voltage scans were performed every 5 min to monitor
the alumina recovery (voltage scans 1 to 4).
After the “Reduction step”, the conductance is seen to
increase drastically (Fig. 11-b). This “Reduction step”
most likely corresponds to the reduction of oxygen
vacancies according to the following reaction (for-
mation of F-centres):

Vg +e V8
At this point, the alumina layer becomes conductive,
and its conductance remains high for more than
15 min (up to 1h for some tests). The four current-
voltage scans (Fig. 11-c) clearly confirm the decrease
of DC-conductance, and the final recovery of alumina
insulation (scan 4).
The same experiments were performed with the sur-
face immersed into a mineral oil drop (to limit any
interaction with atmospheric oxygen). Since similar
results were obtained, it is concluded that atmospheric
oxygen is not responsible for the final re-oxidation of
F-centres.
Numerical simulations are in progress in order to de-
scribe the mechanical and electrical behaviour of this
alumina layer under mechanical stress. Fig. 12 reports
exploratory results, where high radial tensile stresses
are identified at the tip apex and periphery (see in-
serts).
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Fig. 12. Numerical modelling of an  alumi-
na/aluminum stack under resistive-nanoindentation
testing.

4 Conclusion

An experimental set-up dedicated to the coupling of
local electrical and mechanical characterisations is
presented. This set-up combines a nanoindentation
head to fine electrical measurements in-situ in a scan-
ning electron microscope. The ability of the set-up to
characterise the contact with oxide-free or oxidized
metals is shown. First the ability to monitor quantita-
tively the contact area all along a nanoindentation test
is demonstrated. Then a two-phase metallic system is
characterized through individual local indents. Finally
the electrical behaviour of an oxide layer is analysed
and described on the basis of electrochemical pro-
cesses. Numerical modelling of the experiments is



used to support the understanding of the overall sys-
tem behaviour.
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