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ABSTRACT

An approach to measuring electrical contact resistance as a direct function of the true contact size at the nanoscale is presented. The
approach involves conductive atomic force microscopy (C-AFM) measurements performed on a sample system comprising atomically flat
interfaces (up to several hundreds of nanometers in lateral size) formed between gold islands and a highly oriented pyrolytic graphite
(HOPG) substrate. The method overcomes issues associated with traditional C-AFM such that conduction can be correlated with a measur-
able true, conductive contact area. Proof-of-principle experiments performed on gold islands of varying size point toward an increasing con-
tribution of the island-HOPG junction to the measured total resistance with decreasing island size. Atomistic simulations complement and
elucidate experimental results, revealing the maximum island size below which the electrical contact resistance at the island-HOPG junction
can be feasibly extracted from the measured total resistance.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5109880

Electrical contact resistance (ECR) plays an important role in the
function and performance of electromechanical components used in
many applications, including switches/relays and connectors.
Performance criteria significantly affected by ECR in such devices
include insertion loss, Joule heating, and lifetime. Beyond its relevance
on conventional engineering length scales, ECR is critical for the devel-
opment of electromechanical components at the micrometer scale due
to the significant effect of surfaces at such small length scales.
Therefore, ECR is of concern for current and emerging microscale
electromechanical components, e.g., microswitches being developed
for applications ranging from radar technologies to wireless communi-
cations."” Such microscale electromechanical devices conduct electric-
ity through much smaller scale contact patches, due to the rough,
multiasperity character of the involved surfaces."”* In fact, numerical
and analytical studies of contacts formed at individual asperities in
microswitches with gold contacts revealed that the typical true contact
size ranges from a few nanometers to hundreds of nanometers,
depending on the contact forces involved.” Consequently, measuring
ECR accurately at these length scales is important for emerging micro-
electromechanical applications.

For fundamental studies of ECR at submicrometer length scales,
researchers typically use conductive atomic force microscopy

(C-AFM), where a conductive AFM tip is used to scan a surface in
contact mode (where repulsive interaction forces are typically kept
constant at the level of a few nanoNewton via feedback loops), under
the application of a bias voltage (V) between the AFM tip and the sam-
ple.” During scanning, two complementary data maps are obtained: a
topography map which provides nanometer scale information about
the structure of the surface and a current (I) map, where the amount
of current flowing between the tip and the sample is measured as a
function of position on the sample surface. Using such information,
the electrical conductance/resistance of the surface can be character-
ized with nanometer scale spatial resolution. Moreover, the tip can be
fixed at a given position on the sample surface and the bias voltage var-
ied such that the current is recorded as a function of bias voltage in the
form of I-V curves, which provides further information about the elec-
trical properties of the sample.”

The method of C-AFM described above has been used to study the
electrical properties of many different materials over the past couple of
decades.® However, despite the relatively wide-spread use of the method,
there are significant drawbacks associated with traditional C-AFM. First,
wear of the tip apex during extended periods of scanning, especially
when trying to achieve large contact sizes by applying large normal loads,
can cause measured resistance values to change over time.” Second,

Appl. Phys. Lett. 115, 091602 (2019); doi: 10.1063/1.5109880
© Author(s) 2019

115, 091602-1


https://doi.org/10.1063/1.5109880
https://doi.org/10.1063/1.5109880
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1063/1.5109880
http://crossmark.crossref.org/dialog/?doi=10.1063/1.5109880&domain=pdf&date_stamp=2019-08-26
https://orcid.org/0000-0001-8122-7749
https://orcid.org/0000-0002-2386-7446
https://orcid.org/0000-0003-2017-6081
https://orcid.org/0000-0002-0278-6022
mailto:amartini@ucmerced.edu
mailto:mehmet.baykara@ucmerced.edu
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1063/1.5109880
https://scitation.org/journal/apl

Applied Physics Letters

Island (i) Island (i)

=
o
Y
o

o
o

; Current (nA)

N
o

,Current (nA)

-
o

N
o
N
o

5

0 0
Bias (mV) Bias (mV)

potential oxidation and/or contamination of the tip and the sample dur-
ing the experiments can lead to lower-than-expected current flow across
the interface.'”""* Third, nanoscale roughness of the tip and/or sample
results in “true” conductive contact areas that are much smaller than the
“apparent” size of the contact. Finally, lack of information about the
geometry of the contact established between the AFM tip and the sub-
strate requires that the contact size be approximated using continuum-
based contact mechanics models which may break down at the nano-
scale.”'>"* All of these hinder the ability to correlate conduction and
resistance measured using traditional C-AFM directly to the contact
size, which in turn limits the formation of a complete understanding of
trends observed in such measurements.

To partially address the issues above, recent studies employed
C-AFM on a sample system with microfabricated Pd/Au disks of
100-500 nm radius on a highly oriented pyrolytic graphite (HOPG)
substrate."” ' During the experiments, the metal-coated tip of the AFM
cantilever was “welded” onto a particular metal contact and I-V curves
were measured to characterize electrical resistance. This approach was
used to show that conduction in this size regime is compatible with a
diftusive transport model where resistance is inversely proportional to
the contact radius."” While such an approach is advantageous as the size
of the contact can be directly measured via AFM, the roughness as well
as the degree of molecular cleanliness at the interface between the Pd/
Au disks and the HOPG remains uncharacterized, which prevents
unambiguous correlations to be made between the measured resistances
and true conductive contact areas. Perhaps more importantly, the
experiments were limited to one measurement per island since the tip
was welded to the disk prior to testing, preventing measurements to be
made on contacts of different sizes with the same probe.

} Current (nA)
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FIG. 1. (a) A representative SEM image
of the sample system consisting of gold
islands on HOPG. (b) AFM image of sev-
eral gold islands on HOPG. Two gold
islands  (of size 34800nm? and
111900 nm?) on which -V measurements
are performed are highlighted with dashed
circles and indicated as (i) and (ii), respec-
tively. (c) Five [V curves obtained on an
individual spot on island (i) in (b) over a
duration of 2min., demonstrating high
reproducibility. Note that the current satu-
rates at 20.0nA, which is the limit of our
measurement setup. (d) Five [-V curves
obtained on five different spots on island
(i) in (b), demonstrating noticeable vari-
ability. (e) Five /-V curves obtained on five

20 - different spots on island (i) in (b), demon-
Istand (ii) strating less variability than those obtained
10 on island (i). Please note the larger slope
of the I-V curves on island (ii) when com-
0 pared with island (i), indicative of a smaller
N resistance to electron flow, in accordance

with the larger size of the island.

-20

0
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Here, we introduce a C-AFM method that leverages the concept
of measuring conductance at nanoscale contacts, where the true con-
tact size is known and multiple measurements of conductance at dif-
ferent contacts can be performed with the same probe. Specifically, the
contact of interest is formed by nanoscale gold islands of varying size
on HOPG. As the interface that is formed between the gold islands
and HOPG has been shown to be atomically flat and molecularly clean
following a specific method of preparation, ” these junctions represent
an ideal scenario where ECR can be fundamentally studied, without
ambiguities associated with contact geometry and cleanliness encoun-
tered in conventional C-AFM experiments. Proof-of-principle experi-
ments introduced here are complemented by molecular dynamics
(MD) simulations that enable explicit control of the island and tip size
as well as approximation of electrical current. Importantly, the simula-
tions provide guidance for the tip and island sizes needed to effectively
implement this method for studies of ECR at nanoscale contacts.

The sample system utilized during the measurements was pre-
pared via a two-step process. First, ZYB-quality HOPG samples (Ted
Pella) were cleaved in air and rapidly introduced into the vacuum
chamber of a thermal evaporator (Denton Vacuum), where they were
covered with a thin layer of 99.999% purity gold for a total deposition
amount of 1 A. The gold-covered HOPG samples were then annealed
in a benchtop furnace at a temperature of 650 °C for 120 min. The
resulting sample system consisted of individual, crystalline gold islands
of varying lateral (up to ~400nm) and vertical (up to ~90nm) size
on the HOPG substrate [Fig. 1(a)]. The wide variation in the lateral
size of the gold islands, which are known to exhibit atomically flat and
molecularly clean interfaces with the HOPG substrate,'® is particularly
advantageous for the experiments proposed here, as it allows ECR to
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be studied directly as a function of true contact size, overcoming a
major limitation of conventional C-AFM experiments.

Once sample preparation and characterization via scanning elec-
tron microscopy (SEM) were complete, the sample was imaged via
dynamic (i.e., tapping-mode) AFM (Asylum Research, Cypher VRS)
to locate individual gold islands of interest for I-V spectroscopy [see,
e.g., the two islands of different size on the same HOPG terrace
highlighted in Fig. 1(b)]. In addition to the fact that AFM imaging
allows a precise determination of the area of contact formed between
individual gold islands and the HOPG substrate, it can also be
employed to determine the island height and to evaluate topographical
roughness on the top surface of gold islands (which was measured to
be 3.0 = 1.3 A (mean = s.d.) for our sample system), the potential fac-
tor that could cause variations in I-V curves obtained on different
spots on a given gold island. Following AFM imaging, the Ti/Ir-coated
conductive cantilever (Asylum Research, ASYELEC.01-R2, tip radius
of ~25nm as confirmed by SEM imaging) was brought into contact
with the surface of individual gold islands at desired locations. I-V/
spectroscopy (whereby the bias voltage was applied to the conductive
cantilever) was then performed to assess the electrical conductance
across the multijunction contact formed by the tip apex, the gold
island, and the HOPG substrate (which is electrically connected to the
AFM sample plate via silver paint). The majority of measured I-V/
curves were of Ohmic character around zero bias, with a mostly linear
dependence of current on bias voltage. It should be mentioned here
that such Ohmic measurements of current as a function of bias voltage
were not obtained with all conductive AFM tips, and “blocking”
behavior (that involves essentially no current flow up to several volts
of bias voltage) was also occasionally observed.'’ For tips that exhib-
ited Ohmic behavior, the total resistance (Rro) was determined by
linear fits to the data around zero bias.

As proof-of-principle experiments, multiple I-V curves were
collected on individual spots on gold islands of varying size, in a bias
voltage range of —7.0mV to +7.0mV and a small applied normal
load of 0.5 nN (it should be noted that for this particular tip, adhesion
on the gold islands was on the order of 10.0 nN). Figure 1(c) shows
five I-V curves recorded consecutively (over a total span of ~2min)
on an individual spot on island (i) identified in Fig. 1(b) which has an
area of 34 800 nm?, demonstrating high reproducibility. The variability
of measurements taken at different spots on a given island was also
tested. Figure 1(d) presents representative I-V curves collected on five
different spots separated by a few tens of nanometers on island (i) that
demonstrate noticeable variation, such that Ry, (as deduced from a
total of 28 curves collected on five different spots) for this particular
island was determined to be 93.8 £ 19.2kQ. Moreover, Fig. 1(e) shows
five I-V curves collected on five different spots (again separated by a
few tens of nanometer) on another gold island (which is designated as
island (ii) in Fig. 1(b) and has an area of 111 900 nm?), on the same
terrace as island (i). Ry, for island (ii), as deduced from a total of 28
curves collected on five different spots, was measured as 40.2 + 1.2kQ.
As expected, a smaller total resistance was measured on the larger
island because of the lower resistance at the island-HOPG junction.

The resistance measurements described above were repeated
with two additional pairs of islands with significantly different size,
with each pair located on the same HOPG terrace. All measurements
were performed with the same tip and at an applied normal load of
0.5nN, and repeat measurements performed on the first island after

scitation.org/journal/apl

the collection of I-V curves on both islands were utilized to rule out
the potential occurrence of tip changes during the experiments. The
results of each set of experiments, summarized in Table I, consistently
demonstrated a larger Ryy, for smaller islands. Note that, while the
results for two islands in a given data set can be compared, resistances
cannot be compared across the data sets because the islands are on dif-
ferent terraces and HOPG terraces have been reported to exhibit sig-
nificant differences in resistance.'”

Interestingly, the larger islands in the three data sets in Table I all
exhibited very similar Ry values (40.2 = 1.2kQ, 43.3 £ 5.1kQ, and
40.1 £ 1.1 kQ), despite significant differences in the contact size (111
900 nm?, 130 900 nm?, and 61 900 nm?, respectively). On the other
hand, mean Ry, values measured on the smaller islands were appre-
ciably different from each other (93.8 = 19.2kQ, 73.4 = 16.9kQ, and
56.1 = 9.7kQ). Also, a particularly interesting observation here was
that the standard deviation of Ry on smaller islands was signifi-
cantly higher than that on larger islands. A potential explanation could
involve the superlubric nature of the contact between the gold islands
and the HOPG substrate and the associated miniscule barriers to
motion experienced by small islands,® supported by the observation
that the smaller islands tended to move laterally on the HOPG sub-
strate during the collection of I-V curves.

To provide explanations for the findings described above, MD
simulations were designed to mimic the C-AFM experiments as
shown in Fig. 2. The model consisted of a diamond-like carbon (DLC)
tip apex in contact with gold islands on an HOPG substrate [Fig. 2(a)].
Three different tips with radii of 3.6, 4.1, and 5.0 nm were brought in
contact with gold islands of varying contact areas ranging from 50 to
almost 2400 nm>. The HOPG substrate consisted of two graphene
layers having lateral dimensions of 10 x 10, 25 x 20, or 48 x 40 nm?,
depending on the size of the island (lateral size of the HOPG substrate
did not affect results). The bottommost graphene layer was fixed and
the topmost part of the tip was treated as a rigid body. A normal load
of 1.25 nN was applied to the tip. The simulations were performed in
the canonical ensemble with the LAMMPS code.”’ The atomic config-
urations were visualized using OVITO.”' The Embedded-Atom
Method (EAM)*” was used to model Au-Au interactions and the
Adaptive Intermolecular Reactive Empirical Bond Order (AIREBO)”
potential was used for C-C interactions. The interactions between
materials were modeled using the Morse potential for Au-C

TABLE . Total resistance measured on pairs of gold islands via C-AFM, arranged in
three data sets acquired on different days. The island-HOPG resistance for small
islands is also reported. Contact radii have been calculated by approximating the
island-HOPG contact geometry as circular. For each island, mean and standard devi-
ation values for resistance are deduced from multiple (>10) /-V curves recorded on
multiple (>2) spots.

Data Island Island Total resistance  Island-HOPG
set size (nm?) radius (nm) (kQ) resistance (kQ)
I 111 900 189 402=*1.2

34 800 105 93.8£19.2 53.6 £19.2
1I 130 900 204 433 %51

16 500 72 734 *16.9 30.1 £17.7
111 61 900 140 40.1 1.1

23 000 86 56.1 £9.7 16.1 = 10.2
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FIG. 2. (a) Perspective view of the MD simulations where a model AFM tip apex
comes into contact with gold islands of varying size on a graphite substrate. (b) For
each tip-island combination, current between the tip and the edge of the graphite
substrate (shown in darker gray) is approximated using the EChemDID method.

(Dy = 0.00832 eV, ry = 0.387035nm, and o = 1.25707).” The time
step was 1 fs. For each island and tip combination (three tips and
twelve islands), equilibration was run until the system reached steady
state, defined as the point at which the vertical position of the top rigid
part of the tip varied by less than 0.1 A, which took up to 450 ps. After
this point, production simulations were run for another 100 ps, from
which atomic configurations were extracted at 0, 25, 50, 75, and 100 ps
for use in the current calculations.

For each tip-island combination, the EChemDID”* method was
used to estimate the current between the top of the tip and edge of the
graphite, as shown in Fig. 2(b). This method has been successfully used
before to study the behavior of nanoswitches*”” and C-AFM measure-
ments.”**’ EChemDID requires the use of a reactive potential, so for the
current calculations, the potential for all interatomic interactions was
changed to ReaxFF, with parameters for systems containing gold and
carbon atoms.””" The atomic configurations taken from the production
simulations with the nonreactive potential were used as the starting point
for the EChemDID calculations. Note that this approach was used
because the large model sizes precluded direct use of ReaxFF for the sim-
ulations. For each configuration, EChemDID was run to calculate cur-
rent and then the average was taken from the five configurations for
each tip-island combination. Although EChemDID inherently assumes
diffusive transport, this is reasonable for the relatively large island-
HOPG contacts modeled here based on an analysis of carrier transport
in graphene-metal junctions.” Furthermore, any error associated with
this assumption for the smaller tip-island contacts is the same for all the
models and so will not affect the trends predicted by the simulations.

The results of the total resistance calculated from simulations of
three different tips and twelve different islands are shown in Fig. 3. For
this model system, if we assume that the resistance within the tip, the
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FIG. 3. Total resistance calculated from the simulations as a function of island
radius for three different model tips (symbols). The data are fit to an exponential
function (dashed lines) to determine the maximum island radius for each tip
(arrows), after which the contribution of the island-HOPG resistance to the total
resistance becomes negligible (see the text). Inset: Maximum island radius for each
model tip (considering island radii where the total resistance is 10% greater than
the tip-island resistance) with linear extrapolation to the radius of the tip used in the
C-AFM experiments (25 nm).

island, and the HOPG is small compared to that at the two interfaces,
the total resistance is

Reotar = RTip + RTip-Island + Ristand + Risland-ropc + Ruora
~ Rrip-1stand + Ristand-HopG-

Therefore, the resistance observed in Fig. 3 is due to both tip-island
and island-HOPG junctions. For large islands, resistance will be domi-
nated by the much smaller tip-island contact, which does not change
with the island size, consistent with the near-constant resistance
observed for larger islands in Fig. 3. For small islands, the island-
HOPG contact contributes appreciably to the total resistance, leading
to total resistance values that decrease with increasing island size, again
as observed in Fig. 3. For each tip, the resistance-island size data were
fit to an exponential function that captured the decrease in resistance
with increasing island size for small islands (where both tip-island and
island-HOPG resistances contribute) and the constant resistance for
large islands (where tip-island contact resistance is dominant). We
then identified the island radius corresponding to a total resistance
that is 10% greater than the tip-island resistance and assumed this to
be the maximum island size for which the total resistance can be dif-
ferentiated from the tip-island resistance. Using the maximum island
size calculated for three model tips, we linearly extrapolated to the tip
size range relevant for the experiments, as shown in the inset of Fig. 3.
For the 25 nm radius tips employed in C-AFM experiments, this anal-
ysis suggested that island radii smaller than 101 nm would be needed
to feasibly extract the island-HOPG contact resistance from the mea-
sured total resistance. Although the choice of 10% here is arbitrary,
other reasonable choices yield similar results, e.g., the maximum island
size for the 25 nm tip with a 20% criterion is 75 nm.

Appl. Phys. Lett. 115, 091602 (2019); doi: 10.1063/1.5109880
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The simulation results have significant implications for the
C-AFM method reported here: they explain the observation of very
similar resistance values for large islands in our experiments, despite
significant differences in the size, in contrast to smaller islands where
the contribution of the island-HOPG resistance to the total resistance
is appreciable. In particular, our experimental results summarized in
Table I, when interpreted with the help of MD simulations, point
toward a tip-island resistance value on the order of 40 kQ (as deduced
from the measurements on the larger islands in the three data
sets, where the contribution of the island-HOPG junction to the mea-
sured resistance is negligible). Taking the resistor-in-series model
into account, the resistance measured on the big islands can then be
subtracted from the resistance measured on smaller islands in each
data set, thereby allowing the calculation of the electrical contact resis-
tance at the island-HOPG junction for the smaller islands (see the last
column of Table I). Again, these numbers cannot be compared with
each other because the islands are on different terraces.'’ Finally, the
largest island-HOPG contact radius for which the contribution of the
island-HOPG junction to the total resistance can be detected was deter-
mined to be 105nm in our experiments (Table I), reasonably close to
the range extrapolated from the MD simulations (75 to 101 nm).

While the results reported above indicate that measurements
should be performed on smaller islands to accurately determine ECR
at island-HOPG interfaces, an alternative and/or complementary
approach could involve the use of tips with large radii, such that the
resistance of the tip-island junction is minimized and the relative con-
tribution of the island-HOPG resistance to the total resistance
increases. This could, for instance, be achieved by the deliberate blunt-
ing of tips prior to the experiments”>* or the use of conductive colloi-
dal probes. These avenues will be pursued in future research.

In summary, this study demonstrated an approach to C-AFM
aimed at enabling direct correlations between the true contact size and
ECR. The approach leveraged the well-defined, atomically flat contact
that forms between gold islands and HOPG. Proof-of-principle experi-
ments were supplemented by MD simulations that approximated
resistance for model systems in which the exact sizes of both tip-island
and island-HOPG contacts were known. The simulations explained
the experimental findings that showed a trend of an increasing contri-
bution of the island-HOPG junction to the measured total resistance
with decreasing island size. The approach demonstrated here has the
potential to contribute to a fundamental understanding of electron
conduction mechanisms at small length scales, for instance by
enabling an investigation of the transition between the diffusive and
ballistic electron transport regimes, with important implications for
microscale electromechanical devices.

This work was supported by the Air Force Office of Scientific
Research (AFOSR) Award No. FA9550-19-1-0035. The simulations
were run using the Extreme Science and Engineering Discovery
Environment (XSEDE), which was supported by National Science
Foundation (NSF) Grant No. ACI-1548562.
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