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Liquid metal droplets, such as eutectic gallium— Au-coated AFM cantilever micron contact size

indium (EGaln), are important in many research areas, such as

soft electronics, catalysis, and energy storage. Droplet contact /

on solid surfaces is typically achieved without control over the ( EGaln/GaO,
applied force and without optimizing the wetting properties in microdroplet

\
different environments (e.g., in air or liquid), resulting in poorly \
defined contact areas. In this work, we demonstrate the direct

manipulation of EGaln microdroplets using an atomic force
microscope (AFM) to generate repeated, on-demand making e
and breaking of contact on self-assembled monolayers (SAMs)

S 8§ S 8§ 8§ 8§ 8§ § § § S

of alkanethiols. The nanoscale positional control and feedback
loop in an AFM allow us to control the contact force at the
nanonewton level and, consequently, tune the droplet contact
areas at the micrometer length scale in both air and ethanol. When submerged in ethanol, the droplets are highly nonwetting,
resulting in hysteresis-free contact forces and minimal adhesion; as a result, we are able to create reproducible geometric
contact areas of 0.8—4.5 ym? with the alkanethiolate SAMs in ethanol. In contrast, there is a larger hysteresis in the contact
forces and larger adhesion for the same EGaln droplet in air, which reduced the control over the contact area (4—12 ym?). We
demonstrate the usefulness of the technique and of the gained insights in EGaln contact mechanics by making well-defined
molecular tunneling junctions based on alkanethiolate SAMs with small geometric contact areas of between 4 and 12 ym? in
air, 1 to 2 orders of magnitude smaller than previously achieved.

4 um

/ / z
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atomic force microscopy, micromanipulation, EGaln, liquid metal, molecular electronics

these techniques lack the precise nanometric positioning to

Eutectic gallium—indium metal alloy (EGaln) is a nontoxic
liquid at room temperature with a unique combination of
rtheological, thermal, and electrical properties that makes it
attractive for applications in soft electronics,' > catalysis,”*
energy storage,5’6 plasmonics,7’8 2D-materials syn‘chesis,9 and
molecular electronics.'’"® In the presence of oxygen, a self-
passivating 0.7—2 nm thick gallium oxide layer forms
spontaneously at the exposed interface, endowing EGaln
with non-Newtonian rheological properties;'¥'” as a result,
liquid EGaln can be molded into various geometries (e.g.,
micro/nano-sized spheres,ls’16 rods,'” and cones," or injected
into microchannels'").

To incorporate EGaln into devices, different methods have
been developed to spatially manipulate and position EGaln
(e.g., using magnetic fields,"®*° microfluidics, and conven-
tional patterning/fabrication techniques'"*"**). However,
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control the applied forces and, hence, tune the contact areas on
different surfaces (e.g, molecular monolayers, organic thin
films, or elastomers) and in different ambient environments
(e.g,, in air and liquids). There is also little understanding of
how the ambient environment affects the surface wetting
properties and the contact mechanics of EGaln. Moreover, the
forces typically applied to EGaln when using conventional

fabrication methods are large enough to induce cracks and
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wrinkles on the oxide surface, possibly reducing surface
adhesion and leading to smaller effective contact areas.

In this paper, we manipulate EGaln microdroplets using an
atomic force microscope (AFM) to achieve controlled, on-
demand, micrometer-sized contacts on gold surfaces function-
alized with self-assembled monolayers (SAMs) of different n-
alkanethiolates S(CH,),_,CH;, where n = 4, 6, 8, and 10 is the
number of carbon atoms (labeled Cn hereafter). We first
fabricated microdroplets of EGaln using ultrasonication, which
we then picked up with a tipless AFM cantilever. The
piezomotors of the AFM allowed us to position the attached
microdroplet in 3D space with nanometric resolution and to
make and break contacts repeatedly at different locations on
the surface at will, ie, forming on-demand contacts. The
nanometric positional control and the force feedback loop
allow us to control the force applied to the EGaln droplet with
nanonewton resolution and, consequently, tune the contact
area with micrometer-scale resolution. The formation of
wrinkles and cracks typically observed in EGaln when
contacting a surface at higher applied forces is effectively
avoided because of the small forces applied (typically around
10 nN);*>** the microdroplets remain spherical and smooth
down to the nanoscale even after making repeated contacts.
This is important in applications where good conformal
(electrical) contact with the target surface is desired, such as in
molecular/organic electronics and epidermal electronic
devices.

We also found that the wetting behavior and hence the
contact mechanics of EGaln are highly dependent on the
ambient environment (e.g., air vs liquid environment), which
are reflected in the AFM force spectroscopy measure-
ments.”””>” In air, an EGaln droplet makes a contact angle
of about 150° on the SAM surface (C4, C6, C8, C10), and
there is significant droplet adhesion and hysteresis between the
approach and retract force curves. In contrast, when
submerged in ethanol, the EGaln droplet becomes highly
nonwetting, forming a contact angle of nearly 180°, with no
adhesion and negligible hysteresis in the force spectroscopy
curves. A hysteresis-free force curve means that the EGaln
contact area in ethanol only depends on the magnitude of the
applied force (i.e., conservative) and not on how the applied
force is achieved (i.e., path and rate independent); in contrast,
the contact area in air can take on different values for the same
magnitude of the applied force (ie., nonconservative).

We demonstrate the versatility of our approach by making
molecular tunneling junctions that incorporate SAMs. There is
much interest in using EGaln as a top electrode in SAM-based
molecular electronics because it is easy to implement and
results in high yields of devices.'””**’ To achieve different
electronic properties with SAM, it is important to control the
SAM—EGaln interface with great precision. Yet, when using
commonly accepted techniques such as the cone-shaped tip
method, the resulting contact area is ill-defined (the effective
electrical contact area is 10*—10° times smaller than the
geometrical contact area).24’3o_32 In contrast, our technique
allows us to make tunneling junctions with defined contact
areas of between 4 and 12 ym?® in air, 1 to 2 orders of
magnitude smaller than previous methods.

To demonstrate that we were forming tunneling junctions
and not ohmic contacts, we measured the current density
across SAMs (C4, C6, C8, C10) and showed that the
tunneling behavior across these junctions is dominated by the
molecular structure, with the measured tunneling decay

coefficient f# = 1.01 + 0.04 n' in line with literature
values.”™*° The junctions formed this way are robust and can
withstand voltages of up to S V, corresponding to an electric
breakdown field of approximately S0 MV cm™, compared to a
typical breakdown field of ~8 MV cm™ in junctions with the
same Au/SAM/EGaln structure formed using the EGaln cone-
shaped tip method.*® Beyond molecular electronics, the
manipulation of EGaln using AFM has other potential
applications, such as in nanowelding,37 nanoelectronics,"’
and electrical AFM mapping of thin films,*® where precise
positional control of micro/nano-scale liquid metal structures
is required.

RESULTS AND DISCUSSION

Formation of EGaln Microdroplet Probes. EGaln
microdroplets were prepared via ultrasonication in ethanol
(20% of EGaln by weight) for 30 min. The oscillating shear
forces during ultrasonication generate polydisperse droplets
that range from submicron to tens of microns in diameters. A
nanometric oxide layer is quickly formed on the surface of the
newly generated droplets, preventing coalescence into larger
droplets.”” Using ethanol as the dispersant medium results in
better stability of the EGaln suspension over time compared to
water, likely due to a carbon layer that can act as a surfactant."
A small volume (typically 10 uL) of the EGaln—ethanol
mixture was drop-casted on the SAM surface of interest, and
once the ethanol had evaporated, we were able to pick up the
EGaln microdroplet using a tipless AFM cantilever with gold
coating on both sides and a spring constant k = 0.5—5 N m™".
After choosing a droplet of the desired size as observed under
an optical microscope, we approach the microdroplet at a
controlled speed of U = 1 um s~ until the cantilever reaches a
force set point of about 5 nN, which is sufficient to pick up the
EGaln droplet without plastically deforming it. We then apply
a lateral shearing of the cantilever (with a displacement of
about S ym) while in contact with the microdroplet to dislodge
the droplet from the substrate. At this point, the droplet is
attached to the cantilever and remains so even after we retract
the cantilever from the surface (Figure la).

The resulting droplet is spherical and smooth, despite the
shearing. This is evident from the scanning electron micro-
graph (SEM) in Figure 1b. Moreover, by using tapping mode
AFM, we mapped the topography of an EGaln droplet of
radius R = 1.7 um attached to the AFM cantilever (Figure 1c),
with the dots and solid line in Figure 1d showing the radially
averaged line section of the same droplet. The resulting
topography map is not a sphere because of the tip—sample
convolution effect when the sidewall of the tip touches the
droplet.** We can however fit a circle to the line section to
obtain the actual droplet geometry (assumed to be spherical,
dashed line in Figure 1d). The fitted geometry has a contact
angle 0. = 148° on the gold-coated cantilever. By looking at the
magnified portion at the droplet peak, we found that the
EGaln droplet is smooth down to the nanoscale, with root-
mean-square roughness Ah = 1 nm (Figure le and Supporting
Figure S1). This suggests that our picking up procedure does
not deform the microdroplets.

Once picked up, the microdroplet is attached sufficiently
strongly to the cantilever to allow us to move the droplet to
desired regions on the substrate and form well-defined contacts
repeatedly without the droplet detaching. This relatively strong
adhesion is induced by the interaction between the surface
oxide layer of EGaln and the gold coating of the cantilever. At
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Figure 1. (a) Manipulation of EGaln droplets using a tipless AFM
cantilever to form micron-sized contacts. (b) SEM image of an
EGaln droplet on an AFM cantilever. Scale bar is 1 gm. (c¢) AFM
topographic map of the EGaln droplet on the cantilever. Scale bar
is 2 pm. (d) Radially averaged line section of the topographic
image in (c) (experimental data represented by dots and solid
line). Scale bar is 1 ym. Red dashed line represents the best-fit
curve when fitting the experimental data with a circle. (e) Line
section (not radially averaged) of a magnified region at the peak of
the droplet (marked e in d) showing a root-mean-square surface
roughness Ak = 1 nm.

the same time, the oxide layer also prevents direct contact of
the bulk liquid metal with gold; in the absence of this oxide
layer (for example after exposure to hydrochloric acid vapor),
EGaln will alloy with the gold and the droplet will no longer be
spherical (Supporting Figure S2). However, we do not rule out
the formation of nanocracks in the oxide layer, which allows
the EGaln droplet to form a direct contact with the gold
cantilever, contributing to the strong adhesion.

Contact Mechanics of EGaln Droplets. We investigated
the contact mechanics of EGaln droplets on template-stripped
gold surfaces functionalized with SAMs (ie, C4, C6, C8,
C10). Alkyl functional groups were chosen because thegr are
known to form stable molecular tunneling junctions,”*’ and
the resulting SAM surfaces are smooth with a root-mean-
square surface roughness Ah < 1 nm.*!

The contact angle @ that a droplet makes on the surface
depends on the surface energies of the various interfaces, ie.,
the Young’s relation:

s~ hs % 2Nk
n n (1)

where g is the solid interfacial energy, y; is the liquid droplet’s
interfacial energy, and 3~ 2 [fy is the liquid—solid
2

cos @ =

interfacial energy.*” For a millimetric-sized EGaln droplet
sitting on a C4 surface in air, the balance of the three interfacial
energies results in a contact angle 0,,, = 148 + 2° as measured
optically in Figure 2a. The wetting properties of the droplet
can be tuned by changing the ambient environment. For
example, when we submerge the C4 surface (and other alkyl
lengths) in ethanol (or other organic solvent), 7, & ys and
cos @ ~ —1 (see eq 1); the droplet becomes highly nonwetting
with 6, = 175 + 5° (Figure 2b).

Detailed contact mechanics of EGaln microdroplets can be
investigated by performing AFM force spectroscopy measure-
ments on the alkanethiol surface C4 in air and in ethanol

in ethanol
(highly non-wetting)

—

oxide

Figure 2. On the C4 surface, EGaln droplets make a contact angle
of (a) @ = 148 + 2° in air and (b) 6 ~ 180° in ethanol. Scale bars
are 1 mm in (a) and (b). Droplet geometries in (c) air and (d)
ethanol during force spectroscopy measurements.

(Figure 3ab). The droplet geometries during contact are
summarized in Figure 2¢,d. Here, after picking up an EGaln
droplet (R = S ym) using a tipless AFM cantilever, we use the
piezomotor of the AFM to control the vertical motion of the
EGaln droplet at a speed U = 0.5 ym s71; at the same time, we
can deduce the force F experienced by the droplet from the
cantilever deflection. The entire AFM setup is mounted on top
of an inverted optical microscope, which allows us to visualize
the contact size of the EGaln droplet using reflection light
microscopy. Details of the AFM technique have been
described in our previous work and by other groups.**~*

Far from the surface, the droplet experiences no force (F =
0), but when the droplet contacts the C4 surface in air (Figure
3a), we observe a sudden capillary snap-in force Foop = 1.6
0.1 uN due to the surface tension of EGaln. Since the surface
tension of the EGaln droplet is much larger than that of water,
the formation of water capillary bridges due to water capillary
condensation is not an important contributing factor to anap47
(see also discussion on the effect of humidity in Supporting
Figure S3). Because the droplet makes a finite contact angle 6
< 180° on the surface, there is strong adhesion to the surface
and a critical adhesion force F,4, = 2.2 & 0.1 uN is required to
remove the droplet. We also observed a large hysteresis
between the approach and retract curves, represented by the
dashed and full lines, respectively, in Figure 3a,b. We can
quantify the amount of hysteresis by integrating the area
between the approach and retract curves (shaded gray in
Figure 3a). The magnitude of the energy loss during one force
spectroscopy cycle in air is calculated to be 2.78 + 0.01 pJ
(Figure 3a). In contrast, there is no detectable F,p for an
EGaln droplet of similar size (R = 6 ym) contacting the same
C4 surface in ethanol; the adhesion is minimal with F,4 = 1
nN, and there is little hysteresis between the approach and
retract curves with an energy loss calculated to be 1.0 + 0.1 {J
(Figure 3b). The small discrete force jumps of magnitudes 5F
= 1-3 nN in the approach and retract curves are likely due to
the stick—slip motion of the contact line; this indicates that the
droplets in ethanol are slightly pinned.

The force experienced by the microdroplet F is related to the
contact radius r and contact angle 6, since
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Figure 3. (a, b) Force spectroscopy of an EGaln droplet (R = S, 6 pm) contacting the C4 surface in air and in ethanol, respectively. z is the
droplet position after correcting for cantilever deflection. Large positive values of z correspond to the tip being far from the surface, and z =
0 is defined as the position where the tip contacts the surface on approach. The indentation depth §, equivalent to z, can be defined when the
tip is in contact with the surface. (c) Droplet geometries in air are obtained by solving the Young—Laplace equation, (d) while the contact
area is visualized using reflection light microscopy. Scale bars are 4 pgm. (e, f) The corresponding droplet geometries and micrographs in
ethanol. Scale bars are 4 ym. (g, h) Comparison between the droplet contact diameter 2r as predicted by the Young—Laplace equation (blue
lines) and observed experimentally by microscopy (red dots) in air and in ethanol, respectively.

F = —2myr sin 0 + ar*AP (2)

where AP = 2y/R is the Laplace pressure inside the droplet of
radius R, and y = 620 mN m™' is the surface tension
determined using the pendant-drop method (Supporting
Figure S4)*° and is consistent with previously reported
values.""** At the same time, the droplet shape u(h) is
described by the axisymmetric Young—Laplace equation

u” 1
- = —AP/y
(14 u?)P"? uN1 + u'?
u(H) = w/2
u(0) =r

)
dh =
[; 7T v 3)

where w is the droplet contact size on the cantilever and H and
v are the droplet’s height and volume, respectively (see
geometry in Figure 2¢,d). Here, we assume that the contact
mechanics and the force experienced by the droplet are
dominated by the surface tension of EGaln and not by the
mechanical properties of the oxide skin (Young’s modulus E ~
1 GPa>>*"). A justification for this approach can be found in
Supporting Figure SS. By solving eqs 2 and 3 numerically, we
can deduce the droplet’s geometry both in air and in ethanol
(Figure 3c,e), from the point of contact (position 1), to the
maximal loading force (position 2), and just before detaching
from the surface (position 3). The numerical scheme used to
solve the Youn§—Laplace equation has been described in our
previous work®” and summarized in Supporting Figure S5. The

numerical results for r,,, can then be compared with r,

values experimentally determined by reflection light micros-
copy (Figure 3d,f). See Supporting Videos S1—S4 for the full
numerical and microscopy results.

We observed that the range of force-dependent contact
angles obtained numerically for the EGaln microdroplets 0,
= 139—144° in air (Figure 3c) and 6,,, = 161-177° in
ethanol (Figure 3e) are in agreement with those measured
optically for millimetric-sized droplets (Figure 2a,b). EGaln is
highly nonwetting when submerged in ethanol, and this
explains why r is consistently smaller in ethanol (Figure 3f)
than in air (Figure 3d). The different wetting properties in air
and in ethanol also result in a qualitatively different response of
r to an increasing indentation depth 6 and applied force F.

For an EGaln droplet in air, in the limit of small loading
force IFl < 2 nN, the right-hand side terms in eq 2 dominate
and eq 2 simplifies to 7r*(2y/R) = 2myrsin & and hence

r=Rsin@ 4)

That is, r is relatively insensitive to § and F and only depends
on the droplet radius R and the contact angle 6, which is a
material property given by the Young’s relation (eq 1).** As
shown in Figure 3g, the numerical and experimental values of r
remain relatively constant on the approach curve: r,,
increases from 2.80 to 3.20 um and r,,, increases from 1.70
to 2.25 um (an increase of between 15% and 30%), when
increasing 6 from 0 to 1 pm or equivalently F from —1500 to
10 nN (position 1 to 2). We found that r,,,, is systematically
higher than r,, probably because our simplified analysis
ignores the mechanical properties of the solid oxide layer,
which exerts an additional repulsive force during the
indentation process. We repeated the force spectroscopy

measurements 18 times for droplets of different sizes R = 3—15
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Figure 4. (a) Schematic illustration of a molecular tunneling junction using EGaln droplet probe AFM. (b) Plot of (log, T and (log, II1)g (

Jl and Il in A cm™ and A, respectively) vs V for junctions of different alkanethiol lengths Cn. The EGaln droplet has a diameter of 5 gm and

contact diameter of 2 um. (c) Plot of (logwlj(—SV)l)G (IJl in Acm™

voltage V fixed at —S V) vs n. For each alkanethiol, the results are

averaged over at least 10 junctions with 40 sweeps per junction, and the error bars represent the 95% confidence interval from a Gaussian
logarithmic fit to this data (detail of the statistical analysis in Supporting Figure S12 and Supporting Table S2).

pm and found that r,,,/R = 0.46 % 0.09 or equivalently 0., =
152 + 6° (eq 4) for different alkanethiol surfaces and
maximum applied force Fy ., = S—S0 nN (see Supporting
Table S1), where the error is the standard error from the 18
measurements. We did not observe significant differences
between alkanethiols of different lengths.

In contrast, for a highly nonwetting EGaln droplet in

ethanol, we expect

r=2R5 )

in the limit of small F and indentation depth § = Izl < R (gray
dashed-dot line in Figure 3h), which is in good agreement with
the simulation results (solid blue line in Figure 3h). See
Supporting Figure S7 for derivation of eq 5. In ethanol, r
increases more rapidly (in terms of percentage increase when
compared to the same droplet in air) when increasing § from 0
to 0.3 pum or equivalently F from 0 to 45 nN, with r .
increasing from 0.1S to 1.65 ym and r,,, increasing from 0.5S
to 1.15 um (an increase of between 2 and 10 times). We
cannot resolve r,, < 0.5 ym because of the diffraction limit of

the microscope. %herefore, we likely overestimate r.,, values
for small 6 < 0.1 um, which partly explains the discrepancy
between r,,, and 7,y

A hysteresis-free force curve for highly nonwetting droplets
(in ethanol) means more reproducible control of 7, since r only
depends on the magnitude of applied force F (and hence &)
and not on how F is applied, i.e., path and rate independent.
This lack of hysteresis explains the symmetry between the
approach and retract curves, i.e., about z = 0.3 um for r,, and
Fwum 10 Figure 3h. In contrast, r in air depends not only on the
magnitude of the applied force, but also on whether the droplet
is approaching or retracting from the surface. This accounts for
the asymmetry between the approach and retract curves, i.e.,
about z = —1 um for r., and r,,, in Figure 3g. We have
repeated the force spectroscopy measurements for two
additional droplets and found similar results as Figure 3 (see
Supporting Figures S8 and S9).

Because of the small applied forces (<50 nN), the shape of
the droplet can be described by the Young—Laplace equation,
which is not the case for highly deformed EGaln cone-shaped
tips.>® In our experiments, the oxide layer also remains intact
even after multiple force spectroscopy measurements. For a
spherical droplet of radius R = S ym with a contact radius r = 1

um (corresponding to the maximum loading conditions of

Figure 3h), we estimate the strain experienced by the oxide
layer to be € ~ 1/32(r/R)* ~ 2 X 107> or 0.2%, below the
reported yield strain of about 1% (see derivation in
Supporting Figure S7). The presence of an intact oxide is
reflected in the absence of roughness/wrinkles in the SEM
image and AFM topography map of the droplet in Figure 1 and
Supporting Figure S1, both taken after performing several force
spectroscopy measurements on the EGaln droplet, indicating
the robustness of the droplet probe tips. In contrast, the oxide
layer can rupture when applying much larger loading forces
(on the order of 100 uN), resulting in concentric cracks on the
droplet (see Supporting Figure S10).>> The presence of an
intact oxide layer in our EGaln microdroplets allows us to form
stable molecular junctions, which we will describe in the next
section.

Micron-Sized Tunneling Junctions on SAMs. We
demonstrate an application of our proposed AFM technique
by creating micrometer-sized molecular junctions.”>**** Using
droplet probes with radius R = 1.5—-2.5 pm, we contacted the
SAM surface in air with a maximum applied force of F,,, = 10
nN and the resulting geometric contact radius r = 0.5—1.2 pm,
similar in size to the typical grain size in template-stripped
gold."" We then recorded the current I as the voltage V was
varied in the range [—S V, S V] using a source measure unit
(Figure 4a). The current density ] can be obtained by dividing
I by the geometric contact area a = zr’.

For each SAM (C4, C6, C8, and C10), we measured
statistically large numbers of J(V) curves (sample size N =
383—600 for each n) and constructed a Gaussian logarithmic

average of J values, (logml]l)G (where J is in A cm™2), versus V

curves following previously reported methods.””*” We
observed a nonlinear increase of (log, I/l); with V" typical for

coherent tunneling (Figure 4b), but the shape of J(V) curves
for n = 4 and 6 are concave and convex for n = 8 and 10, which
could be caused by overbarrier (or Fowler Nordheim)
tunneling.”® Unfortunately, the currents at low voltage (IVI <
2 V) fall below the experimental noise, resulting in artifacts
such as flat regions due to very low currents < 1 pA, preventing
us from performing more detailed analysis.

For tunneling junctions, we expect J = J, exp(—fn), where J,
is a pre-exponential factor that is often associated with the
contact resistance, f is the decay parameter, and n is the
number of carbon atoms in the molecule.’”~** Experimentally,
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we found that (log, [J(=SV)l); exhibits an exponential decay

with increasing molecular length (Figure 4c), with the
experimentally determined = 1.01 + 0.04 n~' consistent
with previously reported values for tunnel junctions with n-
alkanethiolate SAMs.*™*° Despite having a smooth EGaln
droplet, the value of the pre-expontential factor log,lfol = 1.7
+ 0.1 (where IJ,l is in A cm™) measured at V = —5 V and with
geometric contact areas a = 4—12 um? is lower than the
reported values of loglJl = 2.2 + 0.3 for EGaln junctions
based on cone-shaped tips measured at V = 0.5V and with a =
300—500 um2'“**% A possible explanation for this
discrepancy is that the contact forces applied in the cone-
shaped tip junctions (~uN)** are higher than in this work
(~nN), resulting in plastic deformation of the oxide
monolayer, a smaller tunneling gap, and hence higher J,.** In
this work, we also fabricated the microdroplets in ethanol
(dispersant medium during ultrasonication) as opposed to air
in cone-shaped tips, which can result in an oxide layer of
different thickness and electrical conductivity. When exposed
to ethanol, the EGaln surface may become covered with a
different adventitious layer than freshly prepared cone-shaped
tips made in air." Note that the rectification is expected to be
negligible in Au/Cn/EGaln junctions; that is, the voltage
polarity at which J; is extracted is not expected to lead to a
significant difference.”

The junctions also show extreme robustness and can be
subjected to voltages of up to 5 V, corresponding to an
electrostatic stress of approximately 50 MV cm™, compared to
a typical breakdown stress of ~8 MV cm™" in junctions formed
using the EGaln cone-shaped tip method.”® This 5—6-fold
increase in the breakdown field can likely be explained by the
formation of smooth contact areas (with no wrinkles or cracks
on the gallium oxide layer), which results in a homogeneous
electrical field and current flow across the junctions. With
rough contacts typically achieved with previous techniques,
there can be “hot-spots” where the electrical field is locally high
and breakdown can occur.’”*” Additional experiments
described in Supporting Figure S11 confirmed that most of
the voltage drops across the SAM. Moreover, there are more
intrinsic defects where breakdown can occur over the larger
area of the cone as compared to EGaln microspheres. The
breakdown event in such structures has been attributed to the
transfer of momentum from electrons to the metal atoms as
the current passes through the structure, thus creating a
conductive path and hence an electrical short circuit; this
momentum transfer is referred to as the wind force.”® As there
is much lower current density ] flowing through our EGaln
droplet probe system (and hence smaller wind force), we avoid
such electrical breakdown in our structures.

The distributions in log,, J obtained with our droplet probe
AFM measurements and more specifically its Gaussian
standard deviation i,z = 0.2—1.0 (see Supporting Figure
S12 and Table S2) are very similar to those obtained from
junctions generated with cone-shaped tips, 0y, = 0.2—
0.9°"*"*¢ indicating that the top electrode is not the limiting
factor. Instead, defects in the bottom electrodes (such as grain
boundaries, vacancy islands, or step edges) cause disorder in
the SAMs and variations in J. This suggests that to improve the
molecular junctions, we need to further optimize the substrate
morphology (e.g., by using single-crystal electrode) and SAM’s
structural quality. Once optimized, our method can potentially
be greatly beneficial for molecular electronics studies since in

principle it is possible to contact the SAM on a single grain
with micron-sized droplet probes.”'

We chose not to perform any electrical measurements in
ethanol because ethanol can become slightly conductive in the
presence of contaminants, resulting in large background
current.*®

CONCLUSIONS

We demonstrate a method to fabricate smooth EGaln
microdroplet probes and manipulate the droplets using an
AFM to tune the droplet’s contact area at the micron scale. We
also explain how a highly nonwetting droplet is key to obtain
reproducible, hysteresis-free contact. We form smooth,
repeatable electrical contacts and molecular junctions of
extreme stability, which allows us to address molecules over
a larger voltage range previously inaccessible with other
methods. Our technique and insight on EGaln contact
mechanics have relevance in many other applications such as
nanowelding, plasmonics, and nanoelectronics, where precise
positional control of liquid metal structures (including tuning
EGaln—substrate contact) is required.

MATERIALS AND METHODS

Tip Preparation. To prepare EGaln microspheres, 0.18 g of
EGaln (obtained from Alfa Aesar) is sonicated in 0.75 mL of ethanol
for 30 min forming a grayish emulsion.”” Subsequently, 10 uL of the
emulsion is pipetted and drop-casted on the SAM substrate to be
studied. Once the ethanol (VWR Chemicals) has evaporated away, we
approach a suitably sized droplet with a tipless cantilever
(MikroMasch HQ:NSC36, k = 0.5—5 N/m) with a set point force
of 5 nN. We found that slight shearing while in contact with the
droplet helps to release the droplet from the substrate, which can then
be picked up easily. For tunneling experiments on SAMs, we replace
the droplet after performing electrical characterizations after every 3—
S junctions. The attached droplet can be removed by rastering the
cantilever on the surface in contact mode with a large applied force of
more than 50 nN. A new droplet can then be selected and picked up
to characterize the next junction.

Template-Stripped Gold Surface Preparation. We used the
very well-known template-stripping method to fabricate ultrasmooth
gold surfaces.”® A Au film (purity of 99.99%, purchased from ACI
Alloy, USA) of 15 nm is first thermally evaporated (DZ270, SKY
Technology Development Co., Ltd., Shenyang, China, and Kurt J.
Lesker Nano 36 Thermal Evaporator, Jefferson Hills, PA, USA) onto
a prime-grade Si(100) wafer (SYST Integration Pte Ltd., Singapore).
A2 cm X 2 cm glass substrate was then glued to the Au layer using a
Norland adhesive (Norland 61) which cures after 1 h under UV light.
The glass substrate with the glued Au layer is then lifted off the Si
wafer using a blade (template stripping). We have previously shown
that the Au surfaces are ultraflat with a typical area grain size of A, =
8 X 10° nm? and an rms roughness of less than 1 nm.*" After template
stripping, the gold surface is immediately used for SAM preparation to
prevent contamination from the environment.

Self-Assembly Monolayer Preparation. The self-assembly
process to obtain the alkanethiolate SAMs on Au was carried out
similarly to previously reported methods.”> Solutions of the
alkanethiols were prepared in ethanol with a concentration of ~1
mM in an N, atmosphere. Au substrates were immersed and left
overnight (~15 h) in the solutions in an N, atmosphere, collected the
next day, rinsed with ethanol, and dried in a stream of N,.

Electrical Characterization of SAMs. After picking up an EGaln
droplet, electrical contact is made by approaching the probe onto the
SAM surface with a low applied force, typically 5—10 nN. We
estimated the geometric contact area of the junction a by first
measuring the droplet radius R with an optical microscope and
applying eq 4, ie, a = 2R* sin®> @ ~ 0.69R?, and using the average
value of @ = 152° as reported in Supporting Table S1. The current
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density J can then be calculated by dividing I by a. We did not directly
measure g under the microscope, because a is smaller than the
diffraction limit of the microscope for some of the droplets.

The voltage is swept in both directions in the range of between —5
and +5 V using a Keithley 4200-SCS source measure unit. A
compliance of 0.1—1 gA is set to limit the current, preventing damage
to both the probe and the SAM. For each molecular length of
alkanethiol, at least 10 junctions were formed (on different locations)
with 40 sweeps per junction with a current compliance applied, giving
a total sample size of N = 383—600 for the I-V or -V curves. For
each alkanethiol, 3—5 different droplets were used to check for
consistency between droplets. See Supporting Figures S12 and S13
and Supporting Table S2 for details of the statistical analysis.
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