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ABSTRACT: This paper compares the J(V) characteristics obtained for self-assembled monolayer (SAM)-based tunneling
junctions with top electrodes of the liquid eutectic of gallium and indium (EGaln) fabricated using two different procedures: (i)
stabilizing the EGaln electrode in PDMS microchannels and (ii) suspending the EGaln electrode from the tip of a syringe. These
two geometries of the EGaln electrode (with, at least when in contact with air, its solid Ga,O; surface film) produce
indistinguishable data. The junctions incorporated SAMs of SC,_,CH; (with n = 12, 14, 16, or 18) supported on ultraflat,
template-stripped silver electrodes. Both methods generated high yields of junctions (70—85%) that were stable enough to
conduct measurements of J(V) with statistically large numbers of data (N = 400—1000). The devices with the top electrode
stabilized in microchannels also made it possible to conduct measurements of J(V) as a function of temperature, almost down to
liquid nitrogen temperatures (T = 110—293 K). The J(V) characteristics were independent of T, and linear in the low-bias
regime (—0.10 to 0.10V); the current density decreased exponentially with increasing thickness of the SAM. These observations
indicate that tunneling is the main mechanism of charge transport across these junctions. Both methods gave values of the
tunneling decay coefficient, /3, of ~1.0 nc~" (~0.80 A™"), and the pre-exponential factor, J, (which is a constant that includes
contact resistance), of ~3.0 X 10> A/cm”. Comparison of the electrical characteristics of the junctions generated using EGaln by
both methods against the results of other systems for measuring charge transport indicated that the value of f generated using
EGaln electrodes is compatible with the consensus of values reported in the literature. Although there is no consensus for the
value of ]y, the value of J; estimated using the Ga,0;/EGaln electrode is compatible with other values reported in the literature.
The agreement of experimental values of f across a number of experimental platforms provides strong evidence that the
structures of the SAMs—including their molecular and supramolecular structure, and their interfaces with the electrodes—
dominate charge transport in both types of EGaln junctions. These results establish that studies of J(V) characteristics of Ag"®-
SAM//Ga,0;/EGaln junctions are dominated by the structure of the organic component of the SAM, and not by artifacts due to
the electrodes, the resistance of the Ga,O; surface film, or to the work functions of the metals.

B INTRODUCTION

This paper compares the electrical characteristics obtained for
two types of tunneling junctions, both comprising template-
stripped silver bottom electrodes (Ag™) and self-assembled
monolayers (SAMs), with top electrodes of a liquid eutectic
alloy of indium and gallium (EGaln). In one junction, the
EGaln is stabilized in microchannels;' in the second, it is
suspended as a drop with a cone-shaped tip from a syringe:” the
paper also compares these electrical measurements to those
obtained with other types of so-called “large-area tunneling
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junctions” (e.g, junctions that contain SAMs rather than single
molecules®). EGaln has a composition of 75.5% Ga and 24.5%
In by weight, and its reported melting point is 15.7 °C.* When
exposed to air, its surface spontaneously and rapidly forms a
thin film of Ga,0;. We discuss—using both previously
published data” and new data—the electrical characteristics
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of junctions incorporating Ga,O;/EGaln in terms of current
density, ] (A/cm?), as a function of voltage, V (V), and the
tunneling decay constant, # (n."", or per CH,), and J, (A/
cm?), which is a constant that includes properties of the
interfaces (see below). Fitting the values of J (at a particular
potential), plotted as a function of length of the SAMs of
SC,_iCH; (over the range of n = 12, 14, 16, 18), to the
Simmons equation (see below) yielded values of  and .

We also compare the values of ], J,, and f obtained in this
work with values reported in the literature for other systems
(see below), to try to identify consensus values for # (and
perhaps for J;) and to determine the reliability of our methods
for constructing SAM-based junctions. These results are
important in establishing the validity of Ga,0;/EGaln-based
junctions in physical-organic studies of charge transport across
these junctions.”™”

B BACKGROUND

Tunneling. The mechanism of charge transport across
SAM-based junctions with SAMs of n-alkanethiolates is
believed to be coherent tunneling,g_10 and hole tunneling is
theoretically more favorable than electron tunneling.'' The
potential barrier is defined by the molecular and electronic
structure of the molecules, the collective supramolecular
structure of the SAM, and the properties of the interfaces
between the SAM and the electrodes. The rate of tunneling
decreases exponentially with the width of the barrier, is
independent of temperature, and is usually approximated (with
unknown accuracy and little detailed theoretical justification)
by a form of the Simmons equation (eq 1), where J, (A/cm?) is
a constant that depends on the system and includes contact
resistance, d (A) is the width of the tunneling barrier, and /3
(nc_l, or A_l) is the decay constant.>"3

—pd —0.43434d
J = e = Jro e (1)

Tunneling through a SAM is more probable than through space
(B =29 A™" for a vacuum gap between two metals with work
functions of 5§ €V; values of = 0.80 A™, or 1.0 nc™", have
often been observed for SAMs of n-alkanethiolates on gold,
silver, or mercury).® A generally accepted mechanism to explain
the difference between values of 3 in “insulating” media, and in
vacuum, is superexchange tunneling.'* Interactions of the
electrons with the orbitals of the organic molecules in the SAM
increase the probability of tunneling and make “through-bond”
tunneling more probable than “through-space” tunneling."®
Junctions with Top Electrodes of Ga,0;/EGaln
Suspended from a Syringe. We are develozping P’unctions
with Ga,0;/EGaln as a top-electrode material.">'*~>" In these
junctions, a thin layer of Ga,O; that forms spontaneously on
the EGaln serves as a protective layer that prevents the bulk Ga
and In from penetrating, and perhaps alloying with, the bottom
electrode. These junctions are less prone to short-circuiting
than junctions using Hg as a top electrode and thus offer (i)
higher yields (>80% and, in some cases, 100%'°) of working
junctions in most cases than other top electrodes, (ii) greater
ease of manipulation, and (iii) more rapid collection of data.
Also, Ga,03;/EGaln has the advantage over Hg that it is
nonvolatile and nontoxic. This system is, however, one that
requires an experienced operator, and in which there is
significant “art” involved in the experiments (easily taught in
the laboratory, but not yet easily and completely described in
writing in a paper). Also, these junctions—with the cone-

shaped tip of Ga,03/EGaln suspended from a syringe—do not
allow measurements of J(V) as a function of temperature over a
broad range of temperatures.

Junctions with Top Electrodes of Ga,O;/EGaln
Stabilized in Microchannels. To avoid (at least some of)
the limitations of the junctions with cone-shaped tips of
Ga,0;/EGaln suspended from a syringe, we fabricated silver
microelectrodes supporting SAMs, positioned microchannels
molded in polydimethylsiloxane (PDMS) over these micro-
electrodes, and filled the microchannels with EGaln (probably
having a thin or patchy discontinuous layer of Ga,0; between
the EGaln and the SAMs)." We successfully fabricated
junctions of n-alkanethiolates over molecular lengths for
Ag™-8C,_;CH,//Ga,0;/EGaln of n = 12, 14, 16, or 18.'
This method (i) makes it possible to conduct measurement of
J(V) as a function of temperature, T (K), over the range of T =
110-293 K, (ii) produces a packaged device that can be
transported without destroying the contact between the
electrodes and the molecules, and (iii) mitigates some of the
variability that affects junctions formed with conical tips of
Ga,0;/EGaln, by providing reproducible conditions under
which to form contacts between the electrodes and the SAM
with well-defined areas. This method also has the potential to
generate structures that might eventually be incorporated into
practically useful devices, although the current generation of
devices has limited stability (on the order of 2—3 days; see
below). This method has one disadvantage compared to cone-
shaped tips of Ga,O;/EGaln: it requires basic cleanroom
procedures to fabricate the electrodes and the molds for the
PDMS, whereas all of the fabrication steps of the method using
suspended conical tips of Ga,0;/EGaln can be performed in
the laboratory.

These two methods, however, stand together, in contrast to
other techniques (see the Supporting Information for more
details), in that they do not require (i) the deposition of metal
or other reactive species on SAMs (a process associated with
damage to the SAMs>*"**), (ii) a solvent bath and two face-to-
face SAMs (as in Hg-drop based junctions),* or (iii) a buffer
layer of conducting polymer, formed using solvents and
annealing steps that are poorly understood, and with poorly
understood electrical properties.*® Importantly, both methods
involving Ga,0;/EGaln enable the collection of statistically
large numbers of data and make it possible to perform careful
statistical analysis of charge transport as a function of the
structure of the SAM.

These two methods also share disadvantages: they feature an
incompletely characterized layer of Ga,O; between the SAM
and the bulk EGaln, an ill-defined interface between the SAM
and the Ga,0; and an uncertainty in the effective electrical
contact area of the Ga,O;/EGaln electrode with the SAM.
(There are “ill-defined interfaces” in all junctions now being
used, so the Ga,O;/EGaln system is not exceptional in this
regard.) For SAMs of SC,_,CHj;, the values of f and J,
determined using these methods are statistically indistinguish-
able, even though we strongly suspect that the details of the
contact of the Ga,0O;/EGaln with the SAM and the
composition of the layer of the Ga,O; differ significantly
between them (see below). This observation is important: it is
one of several that we use to conclude that the layer of Ga,O; is
conductive enough that its influence on measurements of J(V)
is not significant (see below).

Characteristics of the Layer of Ga,0;. We discussed
many of the characteristics of the layer of Ga,O; in previous
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papers.”"”"*?® We found,”® as have other groups,””*® that this

self-limiting film of predominantly Ga,Oj is ~0.7 nm thick. The
layer of Ga,O; may be no more than 65—100 times more
resistive than the bulk EGaln (determined using two different
techniquesl’N) ; EGaln, in turn, has a resistivity close to that of
Ag. We conclude that the layer of Ga,O; is sufficiently
conductive that it does not influence the J(V) characteristics of
SAM-based tunneling junctions that use top electrodes of
Ga,0;/EGaln. We also found that the mechanism of charge
transport across this thin layer of Ga,O; appeared to proceed
by a thermally activated process," and not by tunneling. This
finding is in agreement with observations of Paterson et al,”
who reported that thermionic emission is the dominant
mechanism of charge transport through epitaxially grown
films of Ga,O; on GaAs. Thus, the Ga,O; does not provide an
electrically significant tunneling barrier in series with the barrier
defined by the SAMs.

We measured the composition of the layer of Ga,O; on a
drop of EGaln, and its thickness, by time-of-flight secondary-
ion mass spectroscopy (ToF SIMS) and angle-resolved X-ray
photo- electron spectroscopy (ARXPS).*® We concluded that
the layer of Ga,O; consists mainly of Ga,O; (with low
concentrations of indium, indium oxides, and other gallium
oxides). These measurements also indicated that, for the cone-
shaped tips of Ga,O;/EGaln, the layer of Ga,O; is not
homogeneous: this layer—as it forms—has a thickness of ~0.7
nm. It is flexible, but incompressible, and during mechanical
deformation during tip formation, and or contact with the
SAM, it buckles and forms local grains or lumps of gallium
oxides with diameters of ~1 m. These particles penetrate into
the bulk EGaln by up to ~1 m.

Possible Defects inside Ag™-SAM//Ga,0;/EGaln Junc-
tions. We have previously described the two classes of possible
defects, which we called “thin-area” and “thick-area” defects, in
SAM-based junctions.’® Thin-area defects result in smaller
values of d than expected for the thickness of the SAM; these
defects, in turn, cause larger values for J than expected (eq 1).*°
We identified five possible sources that cause disorder in the
SAMs leading to thin-area defects:®" (i) the metal-bottom
electrode has grain boundaries,* (ii) the bottom electrode has
step edges (vacancy islands cause similar defects),®* (iii)
physisorbed impurities on the bottom electrode or impurities
present in the electrode material may locally prevent the
adsorption of the alkanethiols,®" (iv) the SAM has a tilt angle
and, therefore, domain boundaries where the top electrode may
partially penetrate the SAM,* and (v) at the edges of the
electrodes, the SAM cannot pack densely and, thus, will have
defects (see below).>*

Defects that cause a larger-than-ideal separation between the
two electrodes will cause low current densities (eq 1).>° We call
such defects “thick-area” defects. We expect the two main
sources of thick-area defects to be nonconformal contact of the
top electrode with the SAM, and physisorbed impurities on top
of the SAM or top electrode. We believe that the Ga,0;/EGaln
top electrode makes electrical contact with the SAM only over a
fraction (~20—50%) of the estimated “footprint” of contact.
Scanning electron micrographs (SEMs) and optical micro-
graphs indicate that the layer Ga,O; is rough. Only a part of the
tip of the cone-shaped Ga,0;/EGaln is in conformal contact
with the SAMs, and this percentage may vary from contact to
contact. The area of electrical contact is also not established
quantitatively (see the Supporting Information, Figure S4).'
The uncertainties due to the variation in the area of contact are
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probably small—for most junctions, and in the hands of a
careful experimentalist—relative to other sources of variation.*’
Further, so long as the area of contact is relatively constant
from junction to junction, it is not important in physical-
organic studies, which depend on relative values of ] as a
function of the structure of the SAM, and not on absolute
values of J.

Properties of Ga,0;/EGaln Inside Microchannels. We
believe that a layer of Ga,0O; is responsible for the fact that
Ga,05;/EGaln behaves like an elastic material until it
experiences a critical surface stress (~0.5 N/m); at this value
of stress, it yields (probably by fracturing under tension or
shear, and by buckling under compression) and flows
readily.*>*® This property makes it possible for Ga,05/EGaln
to fill microchannels rapidly when sufficient vacuum is applied
to the outlet of the channel. Because the Ga,0; skin adheres
well to oxidized PDMS, structures formed by flowing Ga,05/
EGaln through microchannels of oxidized PDMS remain stable,
even when ambient pressure is restored.

In a previous report on this system, we suggested that the
layer of Ga,O; at the SAM//Ga,0; interface might be
discontinuous—bulk EGaln might form direct contact with
the SAMs—because the microchannels do not contain enough
O, to react with all exposed Ga surface atoms while EGaln is
filling the channel.' We now believe that the layer of Ga,O,
between bulk EGaln and oxidized PDMS is continuous,
although possibly variable in thickness, because O, can diffuse
through the PDMS.

We did not try to fabricate our devices under an atmosphere
of N, since, in the absence of O,, the EGaln top electrodes do
not form stable, continuous structures in the microchannels in
oxidized PDMS.

B RESULTS AND DISCUSSION

General Characteristics of the Devices. We have
described the procedure for the fabrication of arrays of SAM-
based junctions using microchannels, with top electrodes of
Ga,0;/EGaln.! The preparation of the Ag™ electrodes
requires photolithography, but the silver electrodes can be
produced in large numbers (we produced 12 devices—that is,
84 junctions—per 4 in. wafer). It is, thus, possible to fabricate
large numbers of devices—each containing multiple junctions,
and incorporating a different type of SAM—from one round of
photolithography.

The devices are stable to handling in the lab and unperturbed
(in our experiments) by normal vibrations in the apparatus and
variations in the ambient temperature. Applying pressure to the
PDMS, or subjecting it to large shocks, resulted in shorting of
the devices, leakage of the Ga,0;/EGaln out of the channels,
and/or separation of the layer of PDMS from the substrate.
Thus, the interaction of the PDMS and the substrate is stable
enough for everyday handling in the lab, but not for rough
handling.

The mechanical stability of the devices, and the convenience
with which large numbers of devices can be formed, makes it
possible to perform interpretable physical-organic studies (we
discuss statistical issues in the following section). This
mechanical stability also makes it possible to use these devices
to perform measurements of J(V) as a function of temperature,
T." In the process of varying the temperature of the junctions
from 295 to 110 K, the differences between the thermal
expansion coefficients for PDMS (3 x 107* K1), glass (0.08
x 107 K™),*® Ga,0, (0.042 x 107* K'),*” Ag (0.18 x 107
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Figure 1. Plots of <log(I]J)> vs V, and histograms of log(I]l) at —0.50 and —0.20 V (with Gaussian fits) for junctions incorporating SAMs of SC,,CH,
(A—C), SC,5sCH; (D—F), SC,4,CH; (G-1), and SC,;CH, (J—L). Nj; indicates the total number of measured values of current density plotted in the
histogram. The data for junctions with SAMs of SC;;CH; or SC,,CH; SAM have been reproduced by two researchers. These data are taken from ref

1.

K™),* and EGaln (1.1 x 107 K™})*" did not cause shorts,
lead to loss of contact, or alter the device characteristics in
destructive ways. We observed, as we contacted the drop of
Ga,0;/EGaln with the microneedles of the probe station at
different temperatures, that the bulk EGaln solidified at T =
240—260 K. (This temperature is lower than the melting point
reported in the literature: T = 288 K.)* We performed our
temperature—dependent measurements of ](V) in vacuum (1 X
107° bar). Lowering the pressure did not lead to short or open
circuits, nor did it modify the J(V) characteristics observed at
room temperature (the only temperature for which compar-
isons between pressures was possible, due to the nature of the
apparatus).

Electrical Characterization of the Junctions. We used
this system to collect J(V) data for junctions incorporating
SAMs of S(CH,),_;CH; (n = 12, 14, 16, or 18; hereafter
abbreviated SC,_,CH,); these data were reported previously.
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We choose this set of n-alkanethiolates explicitly to allow
comparisons with data collected using other systems and to
assist in comparing different protocols. With these data, we
determined the reproducibility and the yield of working devices
(in the Supporting Information, Table S1 summarizes the
number of devices, junctions, and yields in working junctions).
We did not include devices that were short circuits or open
circuits: we attributed failures of this type to errors in the
fabrication process, rather than defects in the junction. Thus,
the yields we reported reflect the characteristics of the junction,
rather than the skill of the user in fabricating the electrodes and
assembling the junction.

We analyzed the data statistically to determine the mean of
the log of the current density, <loglJl> (A/cm?), and the values
of the tunneling decay constant, f, and pre-exponential factor,
Jo (A/cm?), using a procedure described in previous
publications.">*" Briefly, we constructed histograms of the
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values of IJl. We observed, and assumed, that the values of |
were approximately log-normally distributed and characterized
by the log-mean <J> .. Plotting the values of I]l on a log scale,
thus, produced normal distributions of log(IJl) to which we
fitted Gaussian curves by nonlinear least-squares fitting to all
data (including shorts or open circuits) from devices that
produced at least one working junction. Including outliers has
the potential to distort calculations of the means, but we
minimized this error through the collection of large numbers of
data. The fitting parameters of each Gaussian gave the log-
mean, <logl]l>, and the log-standard deviation, ,, of loglJl,
which we used, in turn, to construct the plots of <IJI> as a
function of V (Figure 1).

We determined the values of 3 (see below) with four data:
<loglJ1> for the four different n-alkanethiolates. The error of the
value of f is also determined by the error of each value of <log|
JI>, which has been determined using hundreds of data.
Because we used large numbers of data, our confidence levels of
the values of f are >95% (see, for details, ref 2 and 21). We
could only improve the accuracy of the value of # by measuring
more n-alkanethiolates of different lengths, or by reducing the
log-standard deviation of the values of <logl|Jl>. The number of
n-alkanethiolates that are available and give SAMs of reasonably
well-understood structures is limited, and we have described
our efforts in reducing the log-standard deviation of <loglJl>
before by improving the top-electrode material,">'*™"" the
roughness of the bottom electrodes®® (see the Background
section), and the purity of the n-alkanethiolates.

Stability of the Junctions. The stability of the cross-bar
devices over time is crucial for conducting physical and
physical-organic studies. We tested the stability of 12 working
Ag™-SC,,CH,//Ga,05/EGaln junctions after standing for 48
h, undisturbed, under ambient conditions at room temperature.
All 12 junctions worked (see Table S1 in the Supporting
Information)—that is, they did not short, or give unstable
results—after this period of time. Figure 2 shows the J(V)

- t=0h
t=48h
"Ew‘
<
S o
10°+— T T r r

44 02 00 02 04
vV

Figure 2. Plot of <log(IJl)> vs V for Ag™-SC,,CH;//Ga,0;/EGaln
cross-bar devices measured at t = 0 h and at t = 48 h. Each point
corresponds to the mean of the Gaussian function fitted to the
histograms of log(IJl) (Figure 1), and the error bars represent one
standard deviation of the Gaussian function above and below the
mean. The values of J obtained at + = 0 h are one-fifth of those
obtained at t = 48 h.

characteristics at t = 0 h and at t = 48 h after assembly of the
devices. The J(V) characteristics look similar, but the current
density through these junctions decreased by approximately a
factor of 5. One junction of the type Ag™-SC,;CH;//Ga,0;/
EGaln showed a decrease of the current density of a factor of
2.0 X 10* over the course of 13 days (see the Supporting
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Information). To minimize the influence of aging of the
devices, we measured the J(V) curves within 2—4 h after
completing the fabrication of the devices.

We do not know the reason for the observed decrease in
current density. One possibility is the formation of a layer of
silver oxide or silver sulfide at the surface of the substrate;
another one is reaction of RS-Ag with atmospheric O, to form
RSO;"Ag" or other oxidized sulfur species.>”**

Dependence of J on Temperature. We have measured
the J(V) curves of the Ag"5-SC,;CH,//Ga,05/EGaln cross-bar
junctions in vacuum (~1 X 107° bar) over the range of
temperatures of 110—293 K.' The J(V) curves are (nearly)
independent of T over this range of temperatures. The J(V)
curves are linear in the low-bias regime (—0.10 to 0.10 V).'
These two observations are consistent with coherent tunneling
as the dominant mechanism of charge transport in the Ag™-
SC,3CH;//Ga,0,/EGaln junctions.'”">~"* Figure 3 shows the

9.0+ SC .CH

13 3
- " E,=25+1.5meV
& 914 . R? = 0.21
£
é’ 92/
§ »
= 931 .
)
= 94
A) 08— 0.006 0.008
122, UT(K')

< SC, CH,
5 1234 E,=10+2.1 meV
< R2=0.98
§ 1241
£

425/

B) 0.004 0.005 0.006

UT(K")

Figure 3. Arrhenius plots for a junction with a SAM of SC,3;CHj in the
temperature range of 160—270 K (A) and for a junction with a SAM of
SC,,CH; in the temperature range of 130—270 K (B). Values of ] were
measured at +0.50 V, and R? is the coefficient of determination
obtained by linear regression of the data.

Arrhenius plots for two devices: one with a SAM of SC;,CHj,
and the other with a SAM of SC,;CHj;. These Arrhenius plots
show that the junctions with SAMs of SC;,CH; have a small
contribution from some thermally activated process. During
this measurement, the current density appeared to decrease
from 4.9 A/cm’at T=270Kto3.7 A/cm’at T =130 K. We
cannot guarantee that this change in J (~25%) is not an artifact
(that is, not due to some cause other than a change in J due to a
thermally activated contribution to charge transport). From the
slope of the Arrhenius plots, we determined the activation
energy, E, (eV), using eq 2, where the Boltzmann constant kg =
8.62 X 107> eV K™\,

J = J, exp(=E,/ksT) )
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We estimated that E, = 10 + 2.1 meV (R* = 0.98) for junctions
with SAMs of SC;,CHj. For junctions with SAMs of SC;;CHj,
the value of E, was 2.5 + 1.5 meV, but the noise in the data is
so large (R* = 0.21) that this value is probably not meaningful.

We do not know what causes the small, but probably real,
thermally activated component of charge transport across the
SC,,CHj; junctions, but it might, in principle, involve (i) charge
transport through the layer of Ga,O,, (ii) conformational
changes of the molecules inside the junctions,*** or (iii)
charge transport mediated by impurities.*> We believe that
charge transport through the layer of Ga,O; is an unlikely
contributor, because we have measured temperature-dependent
charge transport through the layer of Ga,Oj; in the absence of a
SAM, and found that the activation energy for this system
depends strongly on the applied bias;' the conductivity of this
layer is also 4 orders of magnitude higher than that of a SAM of
SC,;,CH;.'® By contrast, in the SAM-based junctions reported
here, we observe no dependence of E, on applied bias; this
observation indicates that even the minor, thermally activated
charge transport in these junctions proceeds by a different
mechanism than that observed in the Ga,0; layer.
Furthermore, the fact that E, differs for SAMs of different
lengths suggests that the thermally activated charge transport
we observe is (at least partially) due to the molecular structure
of the SAM and is not an effect of the electrodes alone.

Values of § and J, of Junctions with Top Electrodes of
Ga,0;/EGaln Stabilized in Microchannels. We measured |
for four lengths of n-alkanethiolates to determine how charge
transport depends on the thickness, d (¢, or A), of the SAMs
in the junctions. Figure 4A shows the average current density,
<IJl> (A/cm?), as a function of n¢ at V = 0.050, 0.10, 0.20, 0.30,
0.40, and 0.50 V: the values of <I|JI> decrease exponentially with
increasing nc. This observation is consistent with the Simmons
equation, which describes tunneling across an insulator, and
indicates that the mechanism of charge transport in our
junctions is predominantly tunneling.

The Value of  Depends on the Voltage. We fitted the
data of <IJI> versus n¢ to eq 1 (substituting n for d) at several
values of V to determine the values of § and J, (Figure 4A).
Table 1 lists the values of § and ], in the potential range from
—0.050 to —0.50 V. We found that the value of f increases with
increasing magnitude of applied bias; Figure 4B shows this
dependence of the value of 5 on the applied bias (see below for
a discussion of this dependence). We do not understand the
details of how f depends on the potential.

Despite the large error in determining the value of f, each
value determined at a different bias is statistically significantly
different from the others. The large number of data in these
analyses greatly improves the sensitivity of the ¢ tests.”' The full
form of the Simmons equation predicts a decrease of the value
of the decay constant, 3, with increasing magnitude of bias,""?
but we observe the opposite trend: the value of 4 increases with
increasing magnitude of bias. This trend has also been observed
by us (using cone-shaped tips of Ga,0;/EGaln), and by
others.***”>” This result is interesting, but not, per se,
troublesome at this point in the study of rates of tunneling of
charges across SAMs for two reasons: (i) The Simmons
equation is a very approximate treatment of tunneling in these
molecular systems; in the absence of a detailed quantum
mechanical theory to guide analysis, and particularly one that
takes into account the atomic- and molecular-level structures of
the SAMs, there is no reason to be concerned about deviations
from it. (ii) The applied voltage corresponds to very large
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Figure 4. (A) ]l as a function of the number of carbon atoms in the
alkyl chain measured over a range of applied bias, from V = —0.050 to
—0.5 V. Each point corresponds to the mean of the Gaussian function
fitted to the histograms of log(lJl) (Figure 1), and the error bars
represent one standard deviation of the Gaussian function. The lines
are fits of eq 1 to the data (the fitting results are listed in Table 1). (B)
The value f as a function of the applied bias.

Table 1. Fitting Results® to Plots of the Value of J as a
Function of the Number of Carbon Atoms in the SAM

applied bias (V)? B(A™Y) Jo (A/cm?)
—0.050 0.81 0.93
—-0.10 0.81 248
-0.15 0.84 5.6
—-0.20 0.86 13
-0.25 0.89 25
—-0.30 0.92 57
—-0.35 0.93 79
—0.40 0.95 1.4 x 107
—045 0.96 2.2 X 10°
—0.50 0.98 3.4 x 10?

“These ﬁtting results were obtained by fitting eq 1 to the plots shown
in Figure 4. "These values represent all applied biases in the range of
0.050—0.50 V.

electric field gradients across the SAM (10'—10° V/m);
changes in these voltages could cause changes in thickness
(through electrostriction), orientation (as a result of anisotropic
polarizability), or contact resistance (especially at the CH,//
Ga,0; interface) that are not considered in the Simmons
equation. Thus, at the very least, the observed behavior suggests
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Table 2. Comparison of the Measured Decay Coeflicients and Current Densities in Different Tunneling Junctions with SAMs of

SC,_,CH;
type of junction top electrode bottom electrode
(1) Au-SAM//polymer/Au” conductive polymer AS-DEP#
(2) Au-SAM//polymer/Hg" conductive polymer AS-DEP#

(3) Hg-SAM//Hg* liquid metal

(4) Au-SAM//graphene graphene AS-DEP*
(5) Au-SAM-Au direct deposition of Au AS-DEP$
(6) Ag-SAM//Ga,05/EGaln liquid metal (cross-bar) TS

(7a) Ag—SAM//Ga;_O3/EGaInd‘e liquid metal (cone) TS

(7b) Ag-SAM// Ga,0;/EGaln®* liquid metal (cone) TS

(8) Ag-SAM// Ga203/EGaInd’ liquid metal (cone) TS

(9) Ag-SAM//Ga,0;/EGaln®’ liquid metal (cone) TS

(10) Ag-SAM//SAM-Hg liquid metal TS

(11) Si/Si0,//SAM-Hg liquid metal Si/SiO,
(12) Si-SAM//Hg liquid metal Si

(13) Hg-SAM//SAM-Hg
(14) Ag-SAM//SAM-Hg

liquid metal

liquid metal AS-DEP®

liquid metal

liquid metal

values of n Jo (A/cm?) B (A™) ref

8, 10, 12, 14 ~10%" 047 + 0.1 26

8, 10, 12, 14, 16 ~10%" 0.90 + 0.03 55
9,10, 11, 12, 15, 16, 18 ~10°" 0.85 + 0.06 56
8,12, 16 2 x 10% 0.84 + 0.1 57

8, 12, 16 ~10% 0.80 + 0.03 S8

12, 14, 16, 18 ~340 0.78 + 0.2 1, this paper
10, 12, 14, 16, 18 339+ 1 0792 + 001 21
9,11, 13, 15, 17 91 + 1 0819 + 0.01 21

12, 14, 16 (~0.2Y 043 + 02 19

10, 12, 14, 16 ~10° 0.88 + 0.2 2,19
20, 24, 28 ~10° 0.64 30

10, 12, 14, 18 NA 0.82 59

12, 14, 16, 18 LS x 10" 078 60

18, 20, 22, 24, 28 ~10%" 0.71 48

24, 26, 28, 30, 32 4% 10° 0.86 54

“The conductive polymer is PDOT:PSS with additives. ®The conductive polymer is PmPV. “Slowinski et al. measured single SAMs instead of
bilayers under electrochemical control. “These junctions were assembled using conically shaped tips of Ga,0;/EGaln suspended from a syringe.
“Junctions with an even number of carbons gave larger values of ] than those junctions with an odd number of carbons. The values of ], and /3 for the
odd and even series were not statistically distinguishable; this statistical uncertainty in these values makes it impossible to conclude if the values are
the same or different./The analysis of the data reported in ref 19 was erroneous: this analysis was biased and was based on a data selection. See text
for details. AS-DEP indicates electrodes that were used as-deposited; TS indicates template-stripped electrodes from a Si/SiO, wafer; the values for
Jo- hRoughly estimated from extrapolation of the plots J vs carbon number reported in the corresponding references at 0.50 V.

that there is a limit to how accurately the Simmons model alone
can describe these junctions. To explain the dependence of
on applied bias, Frisbie et al,** Majda et al,*® and we'” have
previously suggested an explanation based on electrostriction,
but the range of possible reasons for deviation from the
Simmons model is large.

Consensus Values of g and of J,. An important
unresolved issue is that, while there exists a consensus across
a wide range of systems and techniques that the value of § near
V = + 0.5 V is approximately # = 0.70—0.90 A™', or 0.875—
1.125 nc"!, there is little consensus concerning J,. Currently,
there is no way to determine J, without using a long-range
extrapolation that is prone to large error; there is also no reason
to believe that J, should, necessarily, be the same for different
junctions, since their interfacial structures may be quite
different. Despite the large uncertainty in Jj, and the use of a
simple form of the Simmons equation with all of its inherent
limitations and assumptions, J, is still a potentially useful
parameter for making comparisons among SAM-based
tunneling junctions. J, may carry information about the
efficiency of charge transport across the interfaces between
the electrodes and the SAMs, the resistivity or resistances of the
interfaces between the SAM and the electrode, the density of
states available for tunneling through the SAM, and the
influence of artifacts (such as metal filaments) on a particular
experiment.

Table 2 shows the values of J, and f for several types of
SAM-based tunneling junctions, and Figure 5 shows the same
values of f as a function of J;. Table 2 includes data obtained
for large-area junctions and does not contain data obtained with
conductive probe AFM based techniques,®*”***° break
junctions,”>* or STM>® based techniques. We refer to a
comprehensive review reported by others for a broader
comparison across different test beds.> AFM, STM, and break
junction techniques yield statistically large numbers of data, but
measure only a small collection of molecules, or even single

molecules, while the techniques listed in Table 2 measure areas
of SAMs containing up to 10'* molecules. Scanning probe-
based techniques give values of f = ~0.80 A~ (or ~1.0
nc").*7%% This value helps to consolidate the consensus value
of B, but the experimental details of these two classes of
methods are so different that meaningful comparisons of ], are
difficult, if not impossible.

Figure 5 is just a method of displaying data; there is no
reason to expect a functional dependency of § on J,. Figure S
shows that the values of J, (at V = 0.50 V) obtained with
various systems and techniques vary by more than 8 orders of
magnitude, but the range of 10—10* A/cm? contains half of the
values of ], representing four different approaches to
contacting the SAM (Au-SAM//polymer/Hg, Ag-SAM//
SAM-Hg, and Ag-SAM//Ga,0;/EGaln junctions, the latter
encompassing both conical tips and microfluidic arrays). We
believe that this range of ], is representative for junctions of the
form metal-SAM//(protective layer)liquid-metal. Junctions of
the form metal-SAM//(protective layer)/metal and metal-
SAM//metal exhibit values of J, that are larger (10°—10° A/
cm?). This large range suggests that charge transport across
SAM—electrode interfaces may differ substantially among these
three classes of junctions.

The junctions in Table 2 and Figure S can be divided into
two groups: those with a protective layer (a polymer, an oxide
film, or a second SAM) between the SAM and the top
electrode, and those without a protective layer. Junctions with a
protective layer (except for the Ag-SAM//SAM-Hg junctions
reported in ref 54) give a relatively narrow range of values of J,,
from 10 to 10*> A/cm® Junctions without a protective layer
give values of J; that are higher, and more widely spread, than
those with a protective layer. Thus, we refer to the values of f =
0.70—0.90 A™, or 0.875—1.125 n"", as the “consensus” value
of 8. Values of J, = 10°~10> A/cm” may emerge as consensus
values for this parameter for junctions in the same group having
a protective layer, but at present, this range should probably be
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Figure 5. Values of # (A™") and J, (plotted on the same axes for ease
of comparison) listed in Table 2, along with histograms of § and J,.
The black, dashed lines indicate the range of consensus values for
and J;. The plot has no theoretical basis: it is simply a method of
displaying data that is convenient for identifying patterns. The
numbers correspond to the numbered entries of Table 2. We do not
know the value of ], for junction 11, and hence, junction 11 could not
be plotted in this graph. The data obtained by junctions with top
electrodes of cone-shaped tips Ga,O3;/EGaln are indicated with red
squares and by top electrodes of Ga,0;/EGaln stabilized in
microchannels with blue diamonds; all other data are indicated by
black circles. The gray dashed line connects data for 8 and 9: these two
data sets are the same but have been analyzed differently, as discussed
in the text.” For the data labeled 7a and 7b, we found an odd—even
effect: junctions with SAMs of n-alkanethiolates with an even number
of carbons gave always larger values of J than those junctions with an
odd number of carbons.” A detailed statistical analysis indicated with
confidence levels of >99% that the difference of the values of J; are
significant (p < 107"3), but the values of 3 are statistically different, but
with a lower confidence level (p = 0.011).>' Data that are encircled
with red are either suspect or incorrect, as explained in the text.

considered as an empirical cluster of experimental data. There is
presently no convincing theoretical justification for these values,
and we consider them as hypotheses, against which to test
future data and theory.

Cone-Shaped Tips of Ga,0;/EGaln vs Ga,0;/EGaln
Stabilized in Microchannels. In this section, we compare
data obtained from junctions with top electrodes of cone-
shaped tips of Ga,0;/EGaln with data obtained from junctions
with top electrodes of Ga,0;/EGaln stabilized in micro-
channels. (In one prior publication—the first communication
describing the Ga,0;/EGaln tip—we reported a low value of
and J, for junctions of the type Ag"5-SAM//Ga,0,/EGaln with
cone-shaped top electrodes of Ga,05/EGaln: # = 0.43 A™* (or
0.54 nc!) and J, = 0.2 A/cm®* These low values were based
on an erroneous value for one n-alkanethiolate. We have
corrected this early estimate in subsequent publications.”)

SAM-based junctions with cone-shaped top electrodes of
Ga,0;/EGaln, and junctions with top electrodes of Ga,0;/
EGaln stabilized in microchannels, have three differences that
could lead to different experimental results. (i) The contacting
surfaces of cone-shaped top electrodes of Ga,03/EGaln are rough:

they contain 1—-2 m scale grains of Ga,03.>° Optical
micrographs of the electrodes stabilized in microchannels
show that they are smoother than the cone-shaped electrodes."
We believe, therefore, that electrodes stabilized in micro-
channels conform better to the SAMs than cone-shaped tips
and have fewer regions of thick (and less conductive) Ga,O,
within the contact area. (ii) Cone-shaped top electrodes of Ga,O;/
EGaln formed in ambient conditions are covered (at least partially)
with adventitious organic contaminants.”® Top electrodes of
Ga,0;/EGaln stabilized in microchannels were formed in a
confined space under reduced pressure. As a result, we believe
that these electrodes may have less adventitious material, or at
least different adventitious material (e.g, low molecular weight
siloxanes), on the surface than cone-shaped tips formed in
ambient conditions. (iii) Cone-shaped top electrodes of Ga,05/
EGaln are covered with a continuous layer of Ga,0O3, and thus,
junctions formed with these electrodes are expected to have a
continuous layer of Ga,O; between the SAM and the bulk
EGaln. The layer of Ga,O; covering top electrodes of Ga,05/
EGaln stabilized in microchannels appears to be discontinuous:
these electrodes were formed in microchannels that lacked
sufficient oxygen to react with all superficial Ga atoms as EGaln
flowed through the channel. These conditions apparently
resulted in a discontinuous layer of Ga,O; between the SAM
and the bulk EGaln.!

Figure 6 compares the values of <log(lJl)> obtained with
these two different systems. It is surprising, given the apparent
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Figure 6. Comparison of IJl, at V' = —0.5 V, measured using conical

tips of Ga,05/EGaln (black squares; data taken from ref 2) and the
microfluidic arrays (red circles; data taken from ref 1). For the former,
values of n have been offset for clarity.

similarity of the two sets of data, that two-sample Student’s ¢
tests show that the differences between the values of <log(IJ1)>
are statistically significant (for all n = 12, 14, 16, and 18). Even
though the error bars overlap in all cases, the large numbers of
data collected with each technique greatly increases the
sensitivity of the t tests. Although the differences in the log-
average values of ] are statistically significant, they are not
consistent; that is, the log-average values of J determined with
one method are not consistently larger than those values
measured with the other method. Nonetheless, we conclude
that these (nonsystematic) differences do not arise from factors
intrinsic to the two methods. In fact, the two methods produce
results that are surprisingly similar, given that they represent
very distinct approaches to forming the contact between
Ga,0;/EGaln and the SAM. The similarity of these results
implies that the properties of the Ga,O; layer (with its
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adventitious organic material) either remain constant over a
wide range of processing conditions or do not affect
measurements of charge transport through the types of SAMs
studied so far, or both.

Junctions with Large Values of J,. The substantial range
of values for J, suggests (not surprisingly, perhaps) that there
may be different contributions to the resistance of junctions
having different interfaces with the metallic conductors in the
junction. These differences indicate that J, may emerge, with
further study, as a more informative parameter with which to
characterize these SAM-based junction than f.

The junctions described by Akkerman et al. have values of ],
that are larger by a factor of ~10” than the values of J, we
observe with the Ga,0;/EGaln-based systems; one interpreta-
tion of this result posits that the polymer intercalates with (or
displaces) the SAM (see above), and reduces the width of the
tunneling barrier in the junction. Another interpretation holds
that the discrepancy in ], between these techniques reflects the
different (area-scaled) resistances of the electrodes, and/or
different efficiencies of charge injection at the interfaces
between the respective electrodes and the SAM.

Lee et al.>® reported two values of J, (for Au-SAM-Au and
Au-SAM//graphene/Au junctions) that are much larger than
any other values (Table 2; Figure S). The large value of J; for
Au-SAM-Au junctions might indicate that the evaporated top
electrodes partially penetrated the SAMs and resulted in a high
density of thin-area defects. Thin-area defects will have a large
affect on the measured values of ] (see the Background section)
and will lead to higher values of J than expected from the
thickness of the SAMs and, thus, large values of J.
Alternatively, the large values of ], may result from the fact
that evaporated Au top electrodes most likely form a very
different contact with the SAM than Hg-SAM or Ga,0;/EGaln
top electrodes. Lee at al.*” also reported a very high value of J,
(Table 2) for junctions in which a multilayer of graphene,
rather than a conducting polymer, contacted the SAM and
protected it during the deposition of the Au top-electrode
material. The fact that ], values for these graphene-based
junctions are about a factor of 10° larger than those values
measured for junctions with Ga,O;/EGaln electrodes may
reflect the different interfaces formed by the SAM with a
multilayer of graphene and with a Ga,O;/EGaln top electrode.

One study by Slowinski et al.*° investigated Hg-based
junctions under potentiostatic control; they reported stable
junctions of the form Hg-SAM//Hg. These junctions have a
value of J; that is about 2 orders of magnitude larger than those
values reported for junctions with Hg-SAM or Ga,O;/EGaln
top electrodes.

The values of ], for junctions with Ga,O;/EGaln top
electrodes are consistent with one another (within roughly 1
order of magnitude) and also with the values reported for
junctions based on top electrodes of Hg-SAM. The values of ],
for junctions of the form metal-SAM//metal are 2—6 orders of
magnitude larger than those for junctions of the form metal-
SAM//SAM-metal or metal-SAM//Ga,0;/metal.

Junctions with Low Values of . Three papers report
junctions giving values for /3 that are lower than the consensus
value: junctions with SAMs of n-alkanethiolates incorporating
(i) cone-shaped top electrodes of Ga,O5/EGaln and template-
stripped silver bottom electrodes (one of four values reported
for Ag™-SAM//Ga,0;/EGaln junctions; point 8 in Figure
5)," (i) Hg-drop top electrodes and template-stripped silver
bottom electrodes (Ag'S-SAM//SAM-Hg; point 10),*° and

(iii) top electrodes of PEDPOT:PSS with gold bottom
electrodes (Au-SAM//PEDOT:PSS-Au; point 1).>° We have
already indicated that the low value of B for the first
communication describing the cone-shaped top electrodes of
Ga,0;/EGaln includes one erroneous datum and is thus also
incorrect.

The low values of  reported for Au-SAM//PEDOT:PSS/Au
might indicate that increasing the molecular length of the SAM
does not equally increase the width of the tunneling barrier in
these junctions or that the mechanism of charge transport
differs from ideal through-bond tunneling. Either of these
phenomena could result from a significant modification, or
even partial removal, of the SAM by the procedure used to
apply the layer of PEDOT:PSS.”® This interpretation would
also explain the long term stabilities of the Akkerman-type of
devices (t, > 2.5 years®') despite the fact that the gold—
thiolate bonds are only stable on the order of days in contact
with 0,,°>%% whereas the PDOT:PSS is permeable for 0,536

The results of the current work stand in contrast with a
study30 comparing junctions of the form AgTS-SC,HCH3/ /
CH,C,_;S-Hg and Ag*P*’.sC,//C,S-Hg (AS-DEP means
bottom electrodes used “as-deposited” by e-beam evaporation;
see the Supporting Information). This study indicated that
Ag™ bottom electrodes resulted in lower values of § than
Ag™S PEP bottom electrodes (Table 2) because the Ag™ surfaces
have a lower density of defects than SAMs on Ag*S P surfaces.
These defects, in turn, affect the quality of shorter SAMs more
than the longer ones and lead to different values of 3 for these
two systems. This conclusion, however, differs from the results
described in this paper. Here, we report a value of /3 for Ag™
bottom electrodes (0.98 + 0.2 nc™", 0.78 + 0.2 A™') that is
higher than the previous value for Ag™ bottom electrodes (0.80
ne ', 0.64 A™"), but approximately equal to the value obtained
for Ag* PEP bottom electrodes (1.1 nc™", 0.87 A™!). We note
that the previous study using Ag™ bottom electrodes calculated
a value of B from the slope of a linear fit using only three n-
alkanethiolates, which is not a large enough data set to estimate
the slope of a regression line with high statistical confidence. By
contrast, the prior study using Ag**"FF bottom electrodes
performed a linear regression on data from five n-
alkanethiolates to determine f, and the current study employs
four n-alkanethiolates. Another study," using Ag"™ electrodes
and conical tips of Ga,0;/EGaln, corroborates the value of
found in this work (Table 2; Figure 5). We conclude, therefore,
that the previously observed difference in the values of S
between Ag™ and Ag"® PFP bottom electrodes probably reflects
the uncertainty arising from a small data set and that we should
consider the low value of f§ represented by point 10 in Figure 5
to be anomalous. Furthermore, because reliable estimates of the
values of /3 for Ag™ and Ag*® P bottom electrodes are roughly
equivalent, we conclude that decreasing the density of defects
in the SAM does not significantly affect # (although doing so
does increase the yield of nonshorting junctions, and may
decrease the width of distributions of ).

B CONCLUSIONS

Junctions with Ga,0;/EGaln Stabilized in Micro-
channels and Junctions with Cone-Shaped Tips of
Ga,03/EGaln Give Similar Values of # and J,. This paper
demonstrates that using EGaln (with a partial or complete
Ga,0; interface) top electrodes, mechanically stabilized in
microfluidic channels, for the fabrication of arrays of metal-
SAM//Ga,0;/EGaln junctions provides a useful method of
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measuring charge transport across the SAM. Importantly, using
Ga,0;/EGaln suspended from a syringe gives J(V) data with
statistically indistinguishable characteristics. Both methods are
appropriate for physical-organic studies of charge transport, and
both generate statistically large numbers of data. The area of
the cross-bar junctions (300 m?) is well-defined by the
dimensions of the bottom electrode and the microfluidic
channel. The main difference between the two methods is the
confinement of Ga,0;/EGaln inside the microchannels, and its
adhesion (mediated by the layer of gallium oxides) to the
oxidized interior surface of the PDMS; this confinement
provides the mechanical stability that is necessary for handling
junctions in the laboratory. It also enables measurements of
J(V) as a function of temperature; these temperature-
dependent measurements are not possible with the cone-
shaped tip of Ga,O;/EGaln suspended from a syringe.

This fabrication of junctions using Ga,O;/EGaln in
microchannels differs from the method based on cone-shaped
tips of Ga,O3/EGaln suspended from a syringe in three ways.
(i) The composition and thickness of the layer of Ga,O; in
each type of junction is almost certainly different. The cone-
shaped tips of Ga,03;/EGaln were formed in ambient
conditions and subsequently brought into contact with the
SAM. This method produces junctions with a continuous layer
of Ga,O; between the SAM and bulk EGaln. By contrast, the
Ga,0;/EGaln top electrodes in the microchannels were formed
under reduced pressure (~500 Torr). Under these conditions,
the microchannels probably did not contain sufficient O, to
react with all newly exposed Ga atoms during filling.," This
method most likely generated junctions with a thin or even
discontinuous layer of Ga,O; between the SAM and the bulk
EGaln.' (i) To form the cone-shaped tips and to contact the
SAMs with these tips, the Ga,O;/EGaln tips had to be
deformed in a way that resulted in ripples that were visible at
high optical magnification." These deformations most likely
cause (small) variations in the composition of the layer of
Ga,0; and in its thickness and certainly caused the true contact
area to deviate from that calculated on the basis of the
footprint."*® (iii) We found by ToF SIMs and XPS that a
(discontinuous) layer of organic contaminations covers the
cone-shaped tips of Ga,O;/EGaln formed under ambient
conditions.”® The Ga,0;/EGaln electrodes formed under
reduced pressure (500 Torr) in the microchannels are probably
covered with less, and perhaps different, adventitious material
(including low-molecular-weight dimethylsiloxanes) than the
cone-shaped Ga,O;/EGaln electrodes.

We emphasize that this problem of organic contamination of
the surface of our electrode is, in principle, an issue with any
electrode (including surfaces in junctions using evaporated
gold, and break junctions) that has a high excess of surface
energy (e.g,, bare metals and oxides). Electrodes, such as Hg-
SAM—with low surface energy—are less likely to be influenced
by adventitious adsorbates, although the presence of solvent
complicates understanding the nature of interfaces in these
junctions.

Despite their differences, both methods involving Ga,0;/
EGaln top electrodes produce very similar values of # and J,.
Thus, we conclude that the layer of Ga,O; and the layer of
organic contaminations adsorbed on its surface in these
junctions do not significantly impact the measurements of
J(V). This conclusion—that the measurements of J(V) are
dominated by the chemical structure of the molecules, the
supramolecular structure of the SAMs, and the nature of the

interfaces inside the Ag'S-SAM//Ga,0,/EGaln junctions,
rather than by the Ga,O; film (which will be different for
cross-bar and cone-shaped electrodes)—is one of the most
important inferences from this work.

Junctions with Ga,0;/EGaln Stabilized in Micro-
channels Have Advantages and Disadvantages over
Other Methods. Junctions formed with top electrodes of Hg-
SAM and Ga,0;/EGaln give values for § and ], that are similar
to each other and lie within the consensus of other techniques
(see Table 2 and Figure S). Thus, both methods seem to
produce good-quality junctions and reliable data, but top
electrodes of Ga,0;/EGaln have four advantages over
junctions formed with top electrodes of Hg. (i) Ga,O,/
EGaln-based junctions give better yields in working devices
(~80—100%) than Hg-based junctions (~25%).°° (i) Unlike
Hg, Ga,0;/EGaln is nonvolatile, nontoxic, and does not alloy
with the Ag bottom electrode. (iii) Ag'>-SAM//Ga,0;/EGaln
junctions are stable for at least 2—3 days, although a small
decrease in the current density is observed over this period
(junctions using Hg top electrodes are stable for 100—200 s).
(iv) Ga,05/EGaln cannot intercalate with the SAM, as may the
alkyl chains of a second SAM on Hg (or a polymer).

Akkerman et al.* reported a method for fabricating SAM-
based tunneling junctions of the type Au-SAM//polymer/Au.
These junctions are reported to be stable for years, have
excellent mechanical stability, and produce yields of nearly
100%.°" Despite these excellent properties, we favor top
electrodes of Ga,O;/EGaln over conducting polymers for
physical-organic studies because the data obtained from the
Akkerman system can be interpreted to suggest that, during the
fabrication of the devices, the polymer may intercalate into the
SAM and alter or even displace it. A process that changes the
nature of the SAM will influence the mechanism of charge
transport and hamper the interpretation of data of physical-
organic studies generated by junctions using polymers as top
electrodes. Also, unlike polymer-based systems, Ga,0;/EGaln
is probably compatible with many different types of SAMs. The
very interesting junction reported by McCreary et al,% based
on evaporated carbon top electrodes, has excellent stability, but
published characterization is not presently sufficiently detailed
to allow comparison with the systems discussed here.

The method we report here overcomes many, but not all, of
the problems associated with the fabrication of SAM-based
tunneling junctions, but it has three disadvantages. (i) The
SAM//Ga,0; interface is still incompletely defined. We believe
that the Ga,O; forms a van der Waals interface with CHj-
terminated SAMs. (ii) Although the electrical characteristics of
the Ga,0; layer do not seem to influence the junctions, the
influence of the topography of the Ga,O; layer on the
characteristics of the junction is still undefined. (iii) The
stability of our devices (2—3 days) is good enough for physical-
organic studies, but for most practical applications (e.g, in
devices), stabilities on the order of years are required.

Thus, our method seems to be suitable for physical-organic
studies that compare relative values of ] rather than absolute
values of ], despite an incomplete understanding of the details
of the contact between the Ga,0;/EGaln and the SAM. This
method still lacks, however, the stability required for wide-
spread applications.

J(V) Measurements as a Function of Temperature Are
Required to Determine the Mechanism of Charge
Transport. Junctions with Ga,0;/EGaln stabilized in micro-
channels make it possible to conduct measurements of J(V) as
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a function of temperature over the range of 110—293 K. Such
measurements are required to confirm the mechanism of charge
transport.m’67_69 We found that the J(V) characteristics of
junctions with SAMs of SC,_,CHj are, as expected, (roughly)
independent of temperature over this range. Thus, tunneling is
the dominant mechanism of charge transport across these
junctions. For junctions with SAMs of SC;,CH;, we found a
small, thermally activated component in the mechanism of
charge transport, with an activation energy of 10 + 2.1 meV.
We do not know the origin of this small contribution, but it
might involve charge transport across the layer of Ga,O;,
conformational changes of the molecules, or charge transport
mediated by impurities. For junctions with SAMs of SC;;CHj,
the activation energy was not significantly different from zero.

Values of # and J, Are Both Required to Determine
the Quality of SAM-Based Junctions. Our junctions give
values of f# of 0.98 + 0.2 nc™" (or 0.78 + 0.2 A™"), effectively
identical to the consensus value of 1.0 nc' (or 0.80 A™!).
While there is a consensus on f3, a value of 8 = 0.70—0.90 A™%,
or 0.875—1.125 n¢~", should not necessarily be regarded as an
indication of a “high quality” tunneling junction without first
evaluating J,. For many systems, values of f# close to the
consensus value have been reported, but the spread of the
values of J, among these systems spans more than 8 orders of
magnitude (Table 2; Figure S). The fact that # = 0.70—0.90
A~ or 0.875—-1.125 nc!, has been confirmed by many
different techniques establishes it as a consensus value, but also
suggests that the variations across these systems are not large
enough to influence the value of 3, unlike the value of J;, which
requires extrapolation of data over a large range and is, by
definition, sensitive not only to the SAM but also to interfaces,
electrodes, and protective layers. Here, we report a value of J; of
~3.4 X 10> A/cm?® for even-numbered n-alkanethiolates; this
value is close to values reported for several similar systems
(Table 2; Figure S) of the form metal-SAM//(protective
layer)liquid metal (protective layer is Ga,O5 for EGaln, or a
second SAM for Hg). We believe that systems giving values of
Jo outside the range of 10°—10° A/cm® for these types of
junctions (despite having the correct value of ) must be
interpreted on a case-by-case basis. The factors that determine
Jo are complicated and not well-understood. For instance,
junctions reported by Lee et al. with graphene as a 8protective
layer,”” or metal directly deposited on the SAMs,*" generate
values of J, that are in the range of 10° A/cm? These high
values may suggest that the top electrodes in these systems
interact with the SAM in a different way than Ga,O;/EGaln, or
Hg-SAM, top electrodes, or that other phenomena (formation
of filaments, or thin-area defects) are involved, or that there are
unrecognized factors in the class of junctions with “protective
layers” that increase their resistivity in ways for which we do not
currently account. A complete understanding of these SAM-
based tunneling junctions should be able to reconcile values of
both f and J; across the several classes of junctions that have
been developed and examined.

B ASSOCIATED CONTENT

© Supporting Information

The experimental procedures, nomenclature, and the J(V)
characteristics of a Ag™>-SC,;CH;//Ga,0;/EGaln junction that
was stable during J(V) measurement for 13 days are included in
the Supporting Information. This material is available free of
charge via the Internet at http://pubs.acs.org.
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