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ABSTRACT: This paper describes the relationship between the
rates of charge transport (by tunneling) across self-assembled
monolayers (SAMs) in a metal/SAM//Ga,05/EGaln junction
and the geometric contact area (A,) between the conical Ga,0;/

EGaln top-electrode and the bottom-electrode. Measurements of
current density, J(V), across SAMs of decanethiolate on silver

demonstrate that J(V) increases with A, when the contact area is
small (A, < 1000 #m?*), but reaches a plateau between 1000 and
4000 um? where J(0.5 V) ~ 107%52%%10 A /cm? The method used
to fabricate Ga,O;/EGaln electrodes generates a tip whose apex is
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thicker and rougher than its thin, smoother sides. When A, is small, the Ga,0;/EGaln electrode contacts the bottom-electrode
principally over this rough apex and forms irreproducible areas of electrical contact. When A, is large, the contact is through the
smoother regions peripheral to the apex and is much more reproducible. Measurements of contact pressure between conical
EGaln electrodes and atomic force microscope cantilevers demonstrate that the nominal contact pressure (governed by the
mechanical behavior of the oxide skin) decreases approximately inversely with the diameter of geometric contact. This self-
regulation of pressure prevents damage to the SAM and makes the ratio of electrical contact area to geometric footprint

approximately constant.

B INTRODUCTION

For measurements of charge transport across thin organic films
(here, self-assembled monolayers, or SAMs), we and others
have used EGaln (a eutectic alloy of gallium and indium)
suspended from a syringe needle as the top-electrode (Figure
1)." EGaln is a liquid metal alloy at room temperature; it forms
a thin oxide skin (reported to be ~0.7 nm on average on a
quiescent film, as measured by angle-resolved X-ray photo-
electron spectroscopy (XPS), but much thicker in some parts of
the EGaln junction),” which consists predominately of gallium
oxide. For simplicity, we refer to the oxide skin as Ga,O;,
although its composition seems to include oxygen defects and
probably other materials (for example adsorbed organics) on its
surface when exposed to air.”~* This skin allows us to shape or
mold EGaln into sharp conical tips (with a round apex of ~50
pm radius of curvature at the apex).” For brevity, the
community using this electrode tip refers to it as an EGaln
electrode or EGaln tip, although it is really a Ga,O;/EGaln tip.

The Ga,0; layer is sufficiently electrically conducting
(resistivity pg, 0, ® 1 Q cm) that it does not, under normal

use of the EGaln electrode, contribute to the resistivity of a
junction of the structure Met™AR// Ga,0;/EGaln (where
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Met™ is a template stripped Au or Ag bottom electrode,” A is
an anchoring group, or atom, and R is the organic unit making
up the SAM).>® (Polarization of this electrode at potentials >1
V results in a drop in conductivity; Nijhuis et al. suggested that
this drop reflects an electrochemical reaction with water and
ions present in the junction.”) This solid film of Ga,Os,
however, buckles and folds during fabrication of the tip, and as
it is manipulated during use, and this mechanical deformation
causes the surface of the electrode to be rough on the
microscale. Due to the roughness of the film of Ga,O; at the
apex of the tip (and the substrate), the contact between the
EGaln electrode and the SAM is imperfect, and thus current
flows through only a fraction of the geometric contact area (A,
um?) of the junction (Figure 1). We define the area through
which current flows as the effective electrical contact area (A,,
9

um?). We,® and Nijhuis and coworkers,”’ estimated the

effective electrical contact area to be ~107* the geometric

Received: August 9, 2017
Revised:  December 7, 2017
Published: December 7, 2017

DOI: 10.1021/acs.chemmater.7b03384
Chem. Mater. XXXX, XXX, XXX—XXX


pubs.acs.org/cm
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.chemmater.7b03384
http://dx.doi.org/10.1021/acs.chemmater.7b03384

Chemistry of Materials

Syringe needle :

EGaln tip

“Wrinkles” on
surface of tip

Metal substrate

Geometric contact

i\l N
A S
N

Non-conducting
contact

Conducting contact

Figure 1. Schematic of a large-area tunneling junction using an EGaln
conical tip as the top-electrode. The electrical junction is established
by pushing the EGaln electrode onto a SAM bound to an ostensibly
flat metal bottom-electrode. (a) Liquid EGaln is covered with a thin,
electrically conductive skin (~0.7 nm) of Ga,O;. This skin retains the
conical shape of the tip and contributes to the contact of this top-
electrode with the SAM. Wrinkling of the Ga,Oj skin serves as a useful
qualitative indicator for compressive stress. (b) Roughness of the
bottom-electrode, and the inhomogeneity and roughness of the Ga,0;
skin, result in a ratio of 10* of the apparent (geometric) contact area of
the tip with the SAM to the electrically conducting contact area. The
relative dimensions in panel b (or a) are not intended to be accurate;
the lumps of Ga,05 may be up to several um-thick in size (we do not
know their distribution in sizes).” (c) Image of a tunneling junction
with an EGaln conical tip (as the top-electrode) in contact with a SAM
supported on Ag'.

contact area. This value, although small, is expected for two
physical bodies in mechanical contact."’

To measure the tunneling current across a junction
comprising a thin insulating layer (the SAM) and top-
(Ga,0;/EGaln) and bottom-electrodes, we apply a voltage
(V, V), which produces a flow of electrical current (I(V), A).
Because the geometric contact area depends to some extent on
the details of the experimental procedure used by different
investigators to form the junction, we calculate the current
density J(V) (A/cm?®) by normalizing the measured current
with the geometric contact area of the junction using eq 1,
where J(V) is a nominal current density because it uses the
geometric contact area (Ag), and therefore does not consider
the imperfect electrical contact between the EGaln electrode
and the SAM.

)
Ag (1)

The value of J(V) may depend on A, which, in principle,
might make the comparison of data measured across different
junctions difficult. In practice, the values of J(V) measured for a
common reference compound (typically alkanethiols, which
form SAMs easily on Au' or Ag'™) are constant in replicate
experiments within the same laboratory (we commonly observe
a standard deviation of the mean of log (J(V)/A cm™) of 6j,, ~
0.3).

Reported values of J(V) for the same compound across
laboratories have differed by up to two orders of magni-
tude.”"'~"* This variability is not important when correlating
the structure of the SAM (in a group of structurally different
but similar alkanethiolates) with J(V) across the SAM (as is the

J(V) =

case in the most common uses of these )'unctions),6’7’14 but it is
useful to understand its origin. Also, variability in the operation
of junctions with light loads tends to be larger than with heavier
loads. Laboratories that have measured with light contact
pressure (making the plausible argument that measuring at
small contact areas reduces the probability to contact a defect in
the SAM" or that measuring with light contact pressures might
avoid damage to the SAM'") obtain smaller values of J(V) than
do those who use contact pressures high enough to deform the
EGaln tip and cause a visible change in the wrinkling of the
oxide skin (Video S1).*'"'* In this work, we systematically
investigated the dependence of J(V) on A; to explain the
discrepancy of the current density values measured between
laboratories and determine a stable procedure.

Normal use of EGaln electrodes does not include measuring
the contact pressure when establishing a junction; instead, it
relies on visual feedback from the mechanical contact to
ascertain whether a small or large pressure is exerted on the
junction. We, for example, relied (in our previous work with
this electrode) on the wrinkling of its oxide skin (visible as a
sudden change of reflection of light at the electrode close to the
contact point, see Video S1) as an indication that sufficient
pressure had been applied.® This type of visual feedback might
be subjective in its interpretation or difficult to observe
(wrinkling can only be observed if light reflects from the
contact) and gives only qualitative information about the
applied contact pressure on the tunneling-junction. Here, we
present our measurements of J(V) in relation to the value of Ay
which provides quantitative information on the applied contact
(measurements at small pressures and areas suffer from their
own types of uncertainties; see below).

To investigate the dependence of J(V) on A, using EGaln
conical tip electrodes, we measured the current density across
SAMs of decanethiol (C;,SH) on Ag™.> We collected scans of
J(V) at 6 different geometric contact areas, ranging from ~150
to ~4200 pum?®. For each geometrical contact area, we formed,
in total, 21 different junctions across at least 3 separate samples
and collected 20 J—V scans for each junction between —0.5 and
0.5 V. We fabricated a new tip for each junction to avoid the
possible complication associated with contamination of the
surface of the tips.

To investigate the dependence of J(V) on A, for a single
conical tip-electrode, we measured the current density across a
smooth (Rys = 0.6 nm) film of iron oxide (~30 nm) sputtered
on a p-type silicon bottom-electrode. Beginning with A, ~ 100
um?, we increased the geometric contact area to A, ~ 16 000
um? and measured the resulting values of J(V). We
independently studied the (nominal) contact pressure, p,
(kPa), defined here as the contact force divided by the
geometric contact area of the junction, by pressing Ga,0;/
EGaln conical tips onto cantilevers fabricated for use in atomic
force microscopes (AFM). Quantifying the deflection of the
cantilever and the geometric area of the contact between the
Ga,0;/EGaln conical tip and the cantilever by optical
microscopy allowed us to calculate p, as a function of A,.

The results of this study demonstrate that at small contact
areas (which we define as A, < 1000 um?), the measured
current density across SAMs of C;,SH on Ag™ increases with
increasing A,. The formation of intermediate contact areas
(1000 < A, < 4300 um?), however, produced a stable plateau in
current density where J(0.5 V) = 107%%*%10 A/cm? (We did
not collect data for A; > 4300 um?* because this contact area
was approximately 3 times the contact area that we normally
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use in current density measurements.) This stable value of
current density can be used as a reference for the user to verify
the application of sufficient contact force between the EGaln
top-electrode and a SAM-bound bottom-electrode, and thus
ensures that J(V) is independent of A, when forming and
measuring junctions.

Surprisingly, our measurement show that the nominal
contact pressure decreases with increasing geometric contact
area. This observation suggests that the risk of damaging the
SAM is decreased when measuring J at large geometric contact
areas.

B BACKGROUND

Measurements of Rates of Charge Transport across
SAMs. The tunneling current per unit of electrical contact area
J(V) across organic thin films depends on the shape and width
of the tunneling barrier, the characteristics of the interfaces, and
the polarity and magnitude of the applied voltage.lé’17
Assuming that changes to the average height of the tunneling
barrier across a series of structurally homologous molecules of
different length (e.g., n-alkanethiolates, S(CH,),CH;) can be
neglected, the exponential decrease in current density, J(V),
across increasing film thicknesses can be approximated
empirically by an equation of the form of eq 2. In this
equation (often called the simplified Simmons equation,
although the relationship between this empirical parametrized
form and the more detailed, so;)histicated treatment of the
Simmons equation is tenuous),’” d (A) is the width of the
tunneling barrier, # (A™") is the tunneling decay factor, and
Jo(V) (A/cm?) is a parameter that can be defined theoretically
when the influence of the interfaces is neglected. In practice,
the physical interpretation of the parameter J, the extrapolation
of a plot of log J(V) vs d to d = 0 A, is complicated; this
parameter is not, in fact, mathematically well-defined when the
properties of the interfaces are taken into account, and we
therefore consider it simply as an empirical parameter obtained
using eq 2.5

J(v) = ]O(V)e—ﬂd _ ]O(V)lo—ﬁd/zsm o

Several theoretical treatments of tunneling across SAMs and
other thin films predict an exponential dependence in current
density on the distance between electrodes (that is, the
assumed width of a rectangular tunneling barrier),"* ™" so
parametrization of the dependence of the rate of tunneling as
an exponential function of d is not entirely dependent on the
Simmons equation.

The experimental techniques used to determine f and J,
experimentally are categorized broadly into single-molecule and
large-area junctions. Single-molecule approaches (e.g, scanning
tunneling microscopy (STM),*” break junctions,” and
conducting-probe atomic force microscopy (CP-AFM)>*)
measure the conductance (G = I/V, A/V) across (when
successful) one or a few molecules but suffer from limited
information concerning the nature of the contacts to the metal
electrodes or the geometry of the interfaces. Large-area
techniclues, using Ga,05/EGaln,’ Hg,25’26 or evaporated
metals,”” conducting polymers,”® or graphene sheets™ as the
top-electrode, measure the tunneling current across many
thousands of molecules present in a SAM (a crystalline surface
of Ag contains ~14 X 10 Ag atoms per um”* with ~5.4 X 10
molecules of decanethiol adsorbed per um?).*° The Ag™s
template stripped silver films (Ag™) used in our work are

formed by evaporating a 400 nm-thick layer of Ag onto the
surface of a Si-wafer, gluing a glass chip to the back of the film,
and cleaving it from the wafer.” The resulting metal films are
flat on the macroscale but contain both atomic-scale defects
(e.g., ledges of the crystal planes) and mesoscale defects (grain
boundaries, dust particles, and others).s’31

Reported values of f (~0.9—1.0 CH,™') across SAMs
composed of n-alkanethiolates (S(CH,),CH,) are largely in
agreement across both single-molecule and large-area techni-
ques.’ The reported values of Jo(V), however, vary by 10°
depending on the junction.”” By considering the characteristics
of different experiments and applying several empirical
corrections, we®*> and others”>> have estimated a value of
Jo(V) from different techniques for n-alkanethiolates on silver
electrodes to be J, ~ 10° to 10® A/cm? at V = +0.5 V.

Effective Electrical Contact Area between Two
Electrodes in a Junction. When using solid or liquid top-
electrodes and microscopically rough solid bottom-electrodes,
the assumption that the entire geometric contact area is in
contact, and that electrical current flows uniformly across the
entire junction, is usually (and perhaps always) incorrect, and
the use of eq 1 leads to an underestimation of J(V).

Studies of friction indicate that when two rough solids are
placed in physical contact, thegr touch only through small
asperities on their surfaces.'”** The contact force, in
combination with the distribution and shape of the asperities
and the properties of the materials of the solids, determines the
size of this microscopic contact area (A,, pm?). Initially (at
negligibly small contact forces), contact is established through
three asperities with (theoretically) atomically small contacts."’
The applied contact force deforms the asperities, which
increases the contact area between the two solids and allows
additional surface asperities to come in contact. Direct
measurement of A, /A, is difficult, but the functional
dependence of A,/A, on the contact force can be deduced
from frictional forces in combination with mechanical models
(up to a constant prefactor, which depends on sample material,
geometry, and roughness).' "%

When two metals are in physical contact, the stiffness of the
materials prevents macroscopic deformation at the interface
and thus limits the microscopic contact to a small number of
asperities (tens of asperities rather than thousands). Asperities
deform plastically under increasing contact load, and only
~0.1% of the geometric contact area is in microscopic contact
(as estimated from electrical contact resistances).'”*® Poly-
meric materials (e.g,, Nylon) are softer than metals and deform
macroscopically in the region of contact, allowing a larger
number of surface asperities to come into contact (which in
turn deform due to the contact force).'”*” Timsit et al.
investigated the ability of liquid mercury (Hg) to conform to
surface asperities.”® They poured Hg on a glass surface covered
loosely with glass beads and found that Hg is not able conform
to the surfaces close to the beads. A theoretical calculation
indicated that its interfacial energy prevents Hg from
conforming completely to asperities on a surface of a solid.
The contact force from the weight of the liquid, however, leads
to an increase in the microscopic contact, so that A, can,
depending on the shape and distribution of the surface
asperities and the height of the liquid layer, become
approximately equal to Ag.38

It is also an oversimplification to assume that surfaces in
contact uniformly conduct electricity, while surfaces not in
mechanical contact are electrically insulated. On the one hand,
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the presence of contaminants (i.e, organic contaminants or
dust particles), insulating layers of oxide, and defects in the
SAM may insulate regions that are in mechanical contact.'”*®
On the other hand, charge is able to tunnel through thin air
gaps and layers of adsorbed water, and this tunneling can lead
to charge transport across regions that are formally not in
mechanical (van der Waals) contact.”*” Electrical current
therefore flows through an effective electric contact area (A,),
which is smaller than the microscopic (A,,) contact area.

The value of A./A, differs across experimental techniques for
measuring large-area molecular tunneling (i.e., tunneling across
many molecules). You and coworkers™ investigated the
effective electrical contact in junctions with Au top-electrodes,
which were patterned by nanotransfer printing (nTP) on SAMs
of alkanedithiol on Au bottom-electrodes. Using this method,
they fabricated junctions having Au top-electrodes of diameters
D between 80 nm and 7 ym and measured the resistance across
the junctions. They reported that the resistance decreased
inversely proportional to the area of the junction (i.e. AJAy is
approximately constant) when D was less than 200 nm and
greater than 1 pm. The resistance was independent of D when
the diameter was between 200 nm and 1 um (ie. A./A,
decreases). When using Au electrodes with D < 200 nm, You et
al. were able to fit their experimental data to the Simmons
equation without a correction factor and concluded that the
effective electric contact area was essentially equal to the
geometric contact area. Electrodes with D > 1 yum were too
rigid to adapt or conform to the roughness of the SAM at the
nanoscale but sufficiently flexible to adapt macroscopically to
the bottom-surface, leading to a constant ratio Ae/Ag ~ 1072

We previously estimated the effective electrical contact of
EGaln conical tips to be 107* of the geometric contact area;’
this estimation was made by comparing the current density
across a film of thermally grown iron oxide using smooth Hg
drops and rough EGaln electrodes and also measuring the
roughness of the SAM of alkanethiolate on a template-stripped
silver surface with STM.

Bl RESULTS AND DISCUSSION

Fabrication of EGaln Conical Tip Electrodes and
Formation of an Electrical Junction. To form a conical
tip electrode (Video S1), we extruded a spherical drop of
EGaln from a syringe using a stainless-steel blunt-tip needle
with a 0.13 mm inner diameter attached to a micromanipulator
(Figure 2a and experimental apparatus shown in Figure S1),
and pushed this drop onto a surface of bare Ag™ (Figure 2b).
The drop adhered to the Ag™ surface. When we pulled the
syringe away from the surface with the micromanipulator
(~100 pm/s), the drop of EGaln elongated (Figure 2c), and
new Ga,0; formed on the surface to accommodate the increase
in surface area. Upon further retraction, the drop began to
stretch and neck. With small (~50 ym) up and down motions,
we molded the EGaln into the shape of an hourglass with a
diameter of ~50 ym in the neck (Figure 2d). We then quickly
lifted the syringe to break the double cone in the necking
region. A layer of Ga,O; formed on the exposed surface of
liquid EGaln, thus freezing the conical shape (Figure 2e). In
instances in which a filament of oxide formed at the apex
(Figure S2), we discarded the tip. To form the junction, we
replaced the bare Ag"® substrate with a glass chip supporting an
Ag™ film and a SAM and lowered the syringe until the EGaln
electrode came in contact with the SAM (Figure 2f). The

(b)

(c)

Figure 2. Fabrication of an EGaln conical tip electrode and formation
of a junction. (a) A drop of EGaln/Ga,0; is extruded from a syringe
and (b) pushed on an underlying metal surface or bottom-electrode.
(c) Upon retraction of the syringe from the surface, the drop
elongates. (d) After the drop starts to neck, we apply small vertical
motions to the syringe to shape a sharp (~50 ym) conical tip. (e) A
thick layer of irregular gallium oxide forms where the EGaln/Ga,0;
has ruptured. (f) A junction is formed by pushing the EGaln tip onto a
SAM until signs of mechanical deformation can be observed
(deformation of the apex, wrinkling of the skin). To measure reliable
data, a junction with a contact area that is larger than the region of
irregular oxide has to be established.

Supporting Information contains details of the procedure used
to fabricate the EGaln electrode (Video S1).

We determined the geometric contact area between the
EGaln top-electrode and the bottom-electrode (A,) by
measuring the diameter (D, gm) of the apparent contact with
optical microscopy and calculating A, with eq 3, assuming a
circular contact re%ion between the top-electrode and the
bottom-electrode. ">>>72%4

2
A=
S 3)

Current Density across a Film of Iron Oxide as a
Function of the Geometric Contact Area. To establish a
relationship between A, and J(V) for a single EGaln electrode,
we used bottom-electrodes bearing a thin film of sputtered iron
oxide (Fe,0;, ~30 nm thickness, Ry ~ 0.6 nm) on n-doped
silicon. We used thin films of iron oxide in our initial
experiments in place of a SAM because they allowed us to
increase the contact area between measurements without
shorting the junction electrically.

We established initial geometric contact areas of ~100 ym*
between the EGaln electrode and the film of Fe,O;, which we
determined using optical microscopy by observing the
convergence of the EGaln tip and its reflection. We measured
the current of 10 linear voltage-sweeps (approximated as a
series of steps of 0.05 V) between —0.5 and +0.5 V. After
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forming the initial contact between the two electrodes, we
increased the geometric contact area of the junction and
repeated the voltage sweeps to obtain a plot of current density
as a function of A, (calculated with eq 1). We performed this
experiment four times using a newly fabricated electrode in
each set of experiments.

Initially, the values of J(V) were irregular for all four conical
tips but increased consistently until stabilizing to a plateau at
J(V = +0.5 V) = 107°**" A/em? (Figure 3). We base the

log J/ Acm*?

log J/ Acm?

1000 10000

Al pm?

- r rr . 1r 1 1T
0 5000 10000 15000
Al pm?

Figure 3. J(V = +0.5 V) across four junctions of the form Si/Fe,0//
Ga,0;/EGaln. We formed a junction at an initial geometric contact
area A; < 150 pm?* and increased it stepwise after measuring the
current density for 10 voltage sweeps between —0.5 and +0.5 V. The
different colors correspond to four individual junctions. The error bars
show the standard deviation for the 10 voltage sweeps. The lines are
meant to guide the eye. The inset shows the data with a logarithmic
horizontal axis.

interpretation of this result on the structure and properties of
the film of gallium oxide that forms spontaneously (in oxygen
containing environments) at the apex of the conical tip during
its fabrication (Figure 2, Video S1). SEM images (Figure S3) of
the upward pointing (and therefore different to an unknown
extent) counterpart of the conical tip on the substrate (Figure
2) show an oxide-covered, iceberg-like structure for which the
oxide at the apex is rougher than that on the sides, and perhaps
thicker. The rough oxide at the apex prevents conformal
contact between the EGaln electrode and the bottom-electrode.
To measure reproducible and reliable values of current density
across a junction with EGaln electrodes, a user must establish a
geometric contact area between the two electrodes that is larger
than the region of irregular oxide at the apex of the EGaln tip
(Figure 2f).

The different EGaln tips reached a plateau in J(V) at
geometric contact areas between 400 and 2200 um® (this
variation may depend on the size of the irregular oxide at the
apex of the tip). More data are needed to obtain a statistically
meaningful minimum value for A, (that is, for the minimum
geometric contact area required for reliable measurements of
J(V)). Although the experimental procedure used here
illustrated the behavior of a single tip, it differed from our
standard protocol in which we fabricate a new tip for every
junction. Because of the unusually long duration of the
experiment, the oxide skin was exposed to atmospheric
contaminants for hours as opposed to minutes. Moreover, the
repeated flow of electrical current (hundreds of J—V sweeps as
opposed to tens) may have changed the electrodes electro-

chemically. We previously observed that when we reuse a
conical tip to measure three junctions, the current decreases in
successive junctions.

Current Densities across a SAM of C;;SH as a
Function of Contact Area. To establish a relationship
between the contact area and the current density measured
across an organic thin film, we measured tunneling currents
across a SAM of decanethiol (C;,SH) on Ag"™. This SAM is an
appropriate reference sample for organic thin films because we
and others have measured its electrical properties exten-
sively.”'**" The Supporting Information describes the
formation of SAMs of C;,SH on Ag"™ using solutions of thiol
(~3 mM) dissolved in anhydrous ethanol under an atmosphere
of N,.** To obtain a plot of the current density as a function of
the contact area, we formed junctions at 6 different contact
areas and recorded the current of 20 linear voltage sweeps
(approximated as a series of steps of 0.05 V) between —0.5 and
+0.5 V across the junction. At each contact area, we measured
21 individual junctions (each with a newly fabricated EGaln
top-electrode) to be able to perform a meaningful statistical
analysis of the data. We measured current densities at
geometric contact areas starting from A, ~ 170 um?, the
smallest contact area we could achieve reproducibly, up to A, ~
4300 um?® (which value corresponds to three times the
geometric contact area we usually use).

The data measured across the SAM of C;,SH shows
qualitatively the same behavior as that observed with Fe,O;.
For A, < 1000 pm’, the measured average current densities (J,
calculated with eq 1) increase for increasing A, and plateaus at a
current density of J(0.5 V) = 107 *****! A/em® for 1000 < A, <
4300 pum® (Figure 4). The height of the plateau is in good
agreement with the current density measured previously across
SAMs of C,SH on AgTS.(”M’43

0 s taaa el st s bas gt aa gt laasslasy

Plateau Region

log J/ Acm?
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Figure 4. Measurements of current density across Ag'S/S-
(CH,)yCH,;//Ga,05/EGaln junctions as a function of the geometric
contact area at +0.5 V. At every value of the contact area, we measured
20 J-V scans between —0.5 and 0.5 V across 21 junctions, each
formed with a freshly fabricated tip. The horizontal error bars show the
standard deviation of the geometric contact area of 21 junctions. The
vertical error bars show the standard deviation of log J /Acm™2
measured at that contact area (i.e, 21 X 20 = 420 scans). While the
current density increases for A, < 1000 um?, it plateaus for 1000 < A,
< 4300 pum® The dashed line indicates height of the plateau (log J/
Acm™ = —0.52 + 0.1).
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Also at geometric contact areas prior to the plateau (A, <
1000 um?), a fractlon of the junctions (24% at A, = 150 um’,
43% at A, = 600 um?, Figure S4) gave current densmes within a
factor of 3 (£0.5 on the logarithmic scale) of the value of the
plateau. The measured current densities of the other ]unctlons
were lower (up to ~2.5 orders of magmtude at A, = 150 pum?,
up to ~1 order of magnitude at A, = 600 um?, Flgure S4). This
observation is consistent with the measurements on iron oxide
and demonstrates that some conical tips reach the plateau
region earlier than others; the fewer the tips that reach the
plateau, the smaller is the average value of the measured current
density, and the larger is the variability from junction to
junction.

This result also provides an explanation why values of J(V)
reported from laboratories that measure at small contact
pressures (including our early work with conical EGaln tips)
are lower than the height of the plateau.”'"'>** Even though
the geometric contact areas at which the experiments were
performed were not reported, we hypothesize that they were
performed at contact areas smaller than the plateau region, and
thus stable current density values were not generated.

Nijhuis and coworkers > also reported the observation of a
plateau in current density when using an EGaln-based
tunneling junction based on a microfluidic design. (This design
is different from the junction design used in the present study
and does not rely on the formation of a conical tip electrode.)

Specifically, they observed a plateau in current density at small
geometric contact areas (A < 1000 um?) and an increase in
current density at large geometric contact areas (A > 1000
um?). They attributed the 1ncrease of current at geometric
contact areas beyond 1000 ym” to defects in the SAM. The
current density ] measured by Nijhuis and coworkers across as
SAM of C,,SH on Ag™ is reported to be J(V = +0.5 V)) = 107>
A/cm?, which is a factor of 107'° smaller than the value
measured in this work and previously by us.”"*

Contact Pressure as a Function of Contact Area. The
absolute contact forces (F, uN) between EGaln conical tip
electrodes and bottom-electrodes are small (F < 10 uN). Forces
of this magnitude are difficult to measure with conventional
force sensors. We used commercial silicon nitride cantilevers
(Bruker Corporation; Nanoprobe DNP, k = 0.1 N/m)
developed for atomic force microscopy (AFM) to measure
the contact pressure exerted by a conical tip electrode onto a
substrate. AFM cantilevers are linear bending beams of known
spring constant k (N/m). We measured the vertical deflection
of an AFM cantilever optically, while pushing an EGaln
electrode onto its end to obtain an estimate for the contact
force exerted by an EGaln electrode on a bottom-surface
(Figure S, Video S2).

We used two cameras oriented perpendicular to each other
and the EGaln electrode (Figure Sa). The front camera helped
laterally align the conical tip with the cantilever (Figure Sb),
whereas the side camera helped align the conical tip
longitudinally (Figure Sc) and recorded the deflections (Ay,
um) and the diameter of the contact area (D) (Figure Sc). We
stopped the experiment when the tip started to hang over the
edge of the cantilever (Figure SS). We repeated this experiment
with seven different EGaln electrodes.

We calculated the nominal contact pressure (p,) using eq 4
and A, with eq 3. In using eq 3 to calculate the geometric
contact area, we neglected changes of the geometric footprint
from circular to elliptical shape due to tilting of the cantilever
during deflection (we estimate the error due to this

@ AFM Probe

EGaln Electrode

Front Camera Side Camera

(b) EGaln Electrode

Cantilever

Cantilever

Figure S. Measurement of contact pressure between EGaln top-
electrodes and AFM cantilevers as a function of normalized contact
area. (a) An EGaln electrode was suspended from a syringe and
pressed onto a triangular AFM cantilever. The front camera is pointed
to the end of the cantilever to allow aligning of the EGaln conical tip
with the camera for recording. The side camera recorded both the
cantilever deflection and the diameter of the contact area. (b) Image of
the AFM cantilever and EGaln tip as seen from the front camera. (c)
Image of the deflection (Ay) and diameter of the contact area (D) as
seen from the side camera.

simplification to be smaller than 4% for the observed tilt
angles up to ~15°).
F kA

.

g g (4)

For A; < 500 um?, the nominal contact pressures behaved
differently from tip to tip (Figure 6), possibly due to different
shapes of the tip and the irregularity of the oxide at the apex.
Between 500 < A, < 2000 um?, the nominal contact pressure
decreased with increasing geometric contact area. We could not
measure at larger contact areas because all tips started to hang
over the sides of the AFM cantilever.

The oxide skin present on the EGaln electrode governs the
observed decrease in contact pressure. The ~0.7 nm-thick layer
of Ga,0; on the sides of the conical electrode behaves like a
thin membrane. It cannot sustain compressive stresses (leading
to wrinkling or folding of the oxide skin) and fractures under
tension when the membrane force exceeds ~0.5 N/m (creating
new Ga,O; from the exposed EGaln).”*” 6 As a result, the
oxide skin does not bear load in the axial direction when the
conical tip is pressed on a substrate, and the nominal contact
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Figure 6. Measurements of the contact pressure of different conical
EGaln electrodes as a function of the geometric contact area. We
measured the contact pressure by pushing conical EGaln tips onto
AFM cantilevers and calculated the contact pressure from the
deflection of the cantilever and the geometric area of the contact.
The colors correspond to six different EGaln electrodes. The thick
black line is a fit of a theoretical model (p, = K/Ago'5, K=0.11=+0.03
N/m) to the data. The inset shows the data with a logarithmic
horizontal axis.

pressure is equal to the pressure of the internal liquid EGaln
(see Supporting Information for details). Stresses in the oxide
skin in the circumferential direction balance the pressure
exerted by the liquid EGaln on the side walls of the conical tip.
Assuming that the mechanical stress in the oxide, which is
required to increase the geometric contact area, is approx-
imately constant, we developed a simple mechanical model that
shows that the nominal contact pressure decreases with the
diameter of the geometric contact area (i.e., the tip becomes
more compliant) following an equation of the form p, ~
KAg_O'5 (K = 0.11 + 0.03 N/m obtained by fitting to our
experimental results; see Supporting Information for details);
this curve agrees well with the experimental results (Figure 6).

B CONCLUSIONS

Measurements of charge-transport with EGaln conical tips as
the top-electrode from different laboratories, and sometimes
even within the same laboratory, have given values for J(V) that
differ. These differences have led to confusion in the
comparison of data, especiallg for small differences in J(V)
for the same compound.”*'"'*'* In an equation of the form J
= Joe™ (eq 2), values of 8 are (usually) reproduced well
between laboratories, while values of ], are not.

One difference in the experimental procedure between
different laboratories is the size of the geometric contact area,
which has been attributed to the magnitude of the pressure
applied to the junction. Intuitively, higher pressure might seem
likely to produce larger A, and perhaps greater damage to the
SAM by pressing the Ga,0O;/EGaln into the SAM.'' Large
pressure might, on the other hand, increase the mechanical
stability of the junction.® As a result, different recommendations
for the amount of contact pressure (light vs high pressure) or
the size of the geometric contact area (small vs medium area)
evolved.”"!

This work establishes that there is a plateau in J(V) in an
experimentally accessible region of geometric contact areas
(1000 < A, < 4300 um?), in which J(V) is constant and stable.
At small contact areas, A, < 1000 um? J(V) is comparatively
smaller, more variable, and area-dependent, and thus indicates
that there is variability in current density measurements
produced across conical tips at values of A, smaller than
those in the plateau region. We suggest performing measure-
ments with conical EGaln electrodes at geometric contact areas
inside the plateau region because they would not only lead to
better comparability of data between different laboratories and
users but also eliminate the need to establish the same
geometric contact for junctions within the same set of
experiments.

The consistency comes from a mechanism for self-regulation
in which lowering the syringe that regulates the size of the
contact does not increase the nominal contact pressure, it
(counterintuitively) lowers it and, unlike a previous hypoth-
esis,"" plausibly damages the SAM less than values at smaller
contact areas. The mechanism of this autonomous regulation
involves expanding the circumference of the drop against the
resistive force of the Ga,O; film which accommodates this
expansion by fracturing and reforming. An explanation for the
observed independence of J(V) on the nominal contact
pressure would require detailed mechanical modeling and
would take into account the geometry of the asperities, the
mechanical properties of the Ga,0; and the bottom-electrode,
and effects of surface free energy.'”*” We have not attempted
this detailed calculation.

We emphasize that no junction used to measure tunneling
currents across organic molecules gives results that are free of
(so far unverified) assumptions, and hence, none provides a
“gold standard” to which others can be compared.”” The best
that can be done is to compare values obtained for a reference
compound, an internal standard, with different junctions, and
then to compare values of ] for different compounds or series of
compounds by normalization relative to the value of J for the
internal standard obtained with that junction.

EGaln electrodes suffer from uncertainty associated with the
electrical contact area, but the simple experimental procedure
and high yield of working junctions allows rapid collection of
statistically meaningful data (we usually measure at least 21
junctions for each data point and use 500—1000 individual
measurements of J(V) curves in characterizing tunneling across
a SAM). Mercury-drop electrodes suffer from some of the same
uncertainties in the microscopic contact area as the EGaln
junction (although almost certainly with larger values of A,/
Ag)38 but have smaller yields of junctions, perhaps due to
amalgamation of the Hg vapor with Au or Ag making up the
bottom-electrode.”” Tt is difficult to interpret break-junction
measurement because the nature/structure of the contact of the
organic material to the electrodes is unknown.”” Scanning
probe (STM, C-AFM) measurements seem reasonably well-
defined, but the measured current densities depend on the
applied contact force, and extrapolating them to larger-area
junctions requires some assumptions.50 Graphene top-electro-
des also do not appear to give accurate areas of electrical
contact.” Evaporated gold top-electrodes suffer from issues
associated with the unknown interface between the top-
electrode and the SAM and a low yield of working junctions
due to damage to the SAM during fabrication and perhaps to
formation of grains and grain boundary.”'
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These comments are not intended to criticize any of these
methods or even, at this stage of this field, to propose one as
best; all give, we presume, values that are reproducible or
replicable (depending on the experimental protocol and the
system) and can be compared with other compounds measured
by the same technique. Because values measured using different
techniques tend, after empirical corrections, to cluster around J,
= 10%"® A/cm?, and because these values are those that emerge
directly from evaporated gold and graphene, we tentatively
infer that that range may include the best value of J; for a large
area junction, but this inference requires further testing. We
also note, as does Nijhuis,” that it may be more accurate to call
the EGaln junction a collection of small/medium-area junctions
rather than a large-area junction. If A./A, ~ 10~* and Ag~ 10°
um?, then A, would incorporate ~10° molecules. We have no
estimate of the number or distribution of areas of the regions of
electrical contact, but (to choose an arbitrary but plausible
number) 10 to 10° regions of equal size would suggest an
average of 10° to 10> molecules per region (i.e., per contact in
these small-area junctions).
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