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Running Head. Resistance of Ag
TS

-S(CH2)n-1CH3//Ga2O3/EGaIn Junction 

ABSTRACT: Tunneling junctions having the structure Ag
TS

-S(CH2)n-1CH3//Ga2O3/EGaIn allow 

physical-organic studies of charge transport across self-assembled monolayers (SAMs). In 

ambient conditions, the surface of the liquid metal electrode (EGaIn, 75.5 wt% Ga, 24.5 wt% In, 

mp 15.7 
o
C) oxidizes and adsorbs — like other high-energy surfaces — adventitious 

contaminants. The interface between the EGaIn and the SAM thus includes a film of metal 

oxide, and probably also organic material adsorbed on this film; this interface will influence the 

properties and operation of the junctions. A combination of structural, chemical, and electrical 

characterizations, leads to four conclusions about Ag
TS

-S(CH2)n-1CH3//Ga2O3/EGaIn junctions. 

(i) The oxide is ~0.7 nm thick on average, is composed mostly of Ga2O3, and appears to be self-

limiting in its growth. (ii) The structure and composition (but not necessarily the contact area) of 

the junctions are conserved from junction to junction. (iii) The transport of charge through the 

junctions is dominated by the alkanethiolate SAM and not by the oxide or by the contaminants. 

(iv) The interface between the oxide and the eutectic alloy is rough at the micron scale.   

Molecular electronics, EGaIn, SAMs, tunneling, junctions, resistance 
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Introduction 

We, and others, are developing procedures with which to study charge transport across self-

assembled monolayers (SAMs).
1,3,4,6,7,11-37

 We have explored two systems, both based on 

electrodes made of liquid metals (Hg, and a eutectic alloy of gallium and indium, which we 

abbreviate as EGaIn) and focused on the latter. The latter system has two major components: (i) 

a SAM supported by a template-stripped silver (Ag
TS

) electrode, and contacted by (ii) a ―top‖ 

electrode of  EGaIn (75.5 wt% Ga, 24.5 wt% In, mp 15.7 
o
C 

42
) that is a liquid at room 

temperature and covered with a thin metal oxide film; we refer to these junctions by a 

nomenclature defined earlier
14

 as Ag
TS

-SR//Ga2O3/EGaIn, where R is an organic group (which 

may range in structure from simple n-alkyl groups to more complex functionalities, e.g., 

aromatics
33

, or ferrocenes
23,45,46

).  

These junctions are typically formed, characterized, and used in contact with ambient 

laboratory atmosphere. In these conditions, the surface of EGaIn oxidizes rapidly and 

spontaneously (for convenience we indicate the composite structure — oxide skin and metal 

electrode — as ―Ga2O3/EGaIn‖) and it — as do all other surfaces — adsorbs adventitious 

contaminants (e.g., water, organic molecules, particles). The electrical resistance, thickness, and 

heterogeneity of the composite films of metal oxide and contaminants on the surface (and their 

variability from electrode to electrode, and from junction to junction) have not been 

characterized: the most serious ambiguity affecting the measurement of charge transport through 

Ag
TS

-SR//Ga2O3/EGaIn junctions is currently the effect of the oxide skin and adventitious 

contaminants.
14,20,23,33,45,46

  

The Ag
TS

-S(CH2)n-1CH3//Ga2O3/EGaIn tunneling junctions comprise three principal 

components: (i) the SAM, (ii) the template-stripped Ag (Ag
TS

) substrate and ―bottom‖ electrode, 
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and (iii) the Ga2O3/EGaIn ―top‖ electrode. Thiolate SAMs. Self-assembled monolayers of 

alkanethiolate should, in principle, be good model systems to use in physical-organic studies of 

charge transport across molecules. When the starting alkanethiols are carefully purified, SAMs 

of alkanethiolates have three important qualities: (i) a molecular structure that is precisely 

controllable and well defined, (ii) a reasonable stability (typically days) in ambient conditions, 

(iii) a thickness (defined by the structure of the alkanethiol, the structure of the SAM, and the 

topography of the Ag
TS

 surface) that is defined with an accuracy of ±10%.
52,53

 Ag
TS

 Substrates. 

Silver is a good substrate for the characterization of charge transport through SAMs of 

alkanethiolates. The packing density of alkanethiolate in a SAM on flat Ag substrates is 26% 

higher than on flat Au substrates due to differences in the tilt angle (10º on Ag vs. 30º on Au) of 

the alkanethiolate molecules in the SAM and in the footprint of the thiolate on the two 

metals.
21,54

 Template-stripped Ag substrates (Ag
TS

) have a lower root-mean-square roughness 

(1.2 ± 0.1 nm) than do Ag substrates (Ag
AS-DEP

) deposited by an electron-beam evaporator (5.1 ± 

0.4 nm). A flatter substrate should introduce fewer defects into the structure of the SAM. Defects 

in the structure of the SAM are considered one of the causes of shorts in tunneling junctions 

based on SAMs;
19

 a flatter substrate should, therefore, result in fewer shorts. Previous work from 

our laboratory supports this hypothesis: junctions formed on Ag
AS-DEP

 substrates failed 3.5 times 

more frequently than those formed on Ag
TS

 substrates.
22

 Ga2O3/EGaIn “Top” Electrode. 

Electrodes made of Ga2O3/EGaIn are useful in SAM-based tunneling junctions for three reasons. 

(i) The bulk EGaIn alloy conducts electricity as a metallic conductor (the conductivity of bulk 

EGaIn is ~10
6
 S∙m

-1
; for comparison, the conductivity of Al is 10

7
 S∙m

-1
). (ii) Ga2O3/EGaIn has 

the apparent rheological behavior of a shear-yielding fluid; it flows under moderate surface-shear 

stresses (0.5 N∙m
-1

), but retains its shape when the stress is removed.
14,55,56

 Therefore, 
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Ga2O3/EGaIn can retain sharply curved, yet compliant features (i.e., conical tips) that can form 

small-area (~100 m
2
), nondestructive contacts when brought into gentle contact with the 

surface of SAMs. (iii) The (apparently) self-limiting, flexible, but incompressible skin prevents 

the formation of metal filaments through the SAM (or its defects); the formation of filaments is 

the most common cause of shorts in junctions formed with evaporated metal top electrodes.
40

 

Experimental efforts to understand charge transport across SAMs have been hampered by poor 

replicability caused, in part, by the difficulty of forming a reproducible electrical contact 

between a macroscopic electrode and a SAM. This poor reproducibility has both made it difficult 

to examine correlations between structure and conductance, and made it impractical to compare 

the results of measurements from techniques that operate under different conditions, and with 

different limitations (e.g. break junctions,
57

 scanning probe microscopy,
58

 Hg-drop 

junctions,
1,3,6,31,32,59

 PEDOT:PSS junctions,
15,27

 STM break junctions,
60-62

  CP-AFM,
12,63

 carbon 

electrode junctions,
49,50,64,65

 or evaporated metal junctions
18,66

). The fact that few data have been 

analyzed for statistical significance, and that most sets of data are sparse,
20,23,40,44,45

 due often 

(but not exclusively) to technical limitations, makes it difficult to evaluate and compare sets of 

data.
67,68

 

In Table I we list and divide into eight categories the main kinds of ambiguities affecting the 

most common methods of measuring tunneling currents through molecules. (i) num. The number 

of molecules that contribute to the total tunneling current cannot be determined experimentally. 

(ii) int. The influence of the interface between the electrodes/buffer-layer and the molecules is 

uncertain. This uncertainty can arise from the type of contact between the molecules and the 

electrode/buffer-layer, the exact composition of the electrode/buffer-layer, or the electrical 

properties of the electrode/buffer-layer. (iii) fab. The influence of the fabrication process (e.g., 
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photolithographic steps that are performed after the molecules are incorporated into the junction) 

on the structure of the SAM and/or on the conformation/structure of the molecules is not known. 

(iv) conf. The conformation of the molecules in the junction is uncertain. This uncertainty 

includes the effect of mechanical stresses — due, for example, to electrostriction — that can be 

applied to the molecules inside the junction. (v) geom. The geometry of the molecule-electrode 

complex is uncertain. For example, when thiols adsorb on the tips of metal probes (especially in 

AFM- and break junction-based systems), it is not clear how/where they bind. (vi) for. The 

effects that forces applied to the molecules in the junction (e.g., when a probe is brought into 

contact with a SAM using a piezoelectric drive in a feedback loop) have on the structure of the 

junction cannot be determined experimentally (vii) env. The effects of the local environment 

(e.g., the solvent bath in Hg drop junctions, or contaminants from the fabrication process) on the 

molecules in a junction is unclear
69

  (viii) sel. The self-selection of data is inherent to the 

technique. For example, certain types of defects in a SAM cause the catastrophic failure of the 

junction, and mask the influence of these defects on the data. 

As a top electrode in SAM-based molecular junctions, Ga2O3/EGaIn offers four useful 

characteristics (Table I). Throughput and Yield of “Working” Junctions. The 

Ag
TS

-SR//Ga2O3/EGaIn junctions are sufficiently easy to fabricate and use that they allow the 

collection of statistically significant numbers (N = 400-800) of J(V) traces from relatively large 

numbers (20-40) of junctions in convenient times (~1 day). ―Working‖ junctions (i.e., in the case 

of junctions comprising SAMs of alkanethiolates, those junctions whose I-V curves are evidence 

that charge transport through the junction is dominated by a tunneling mechanism) are routinely 

formed with yields that are >70% and that depend on the structure of the thiol comprising the 

SAM.
23,70,71

 The statistically significant number of J(V) traces obtained from these junctions 
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results in distributions of logJ(V) values that can be adequately fitted to Gaussian distributions.
48

 

The accuracy of this fitting procedure allows us to calculate the values of logJ(V) with a relative 

uncertainty as small as 0.08. Toxicity. Ga2O3/EGaIn is non-volatile and less toxic than the Hg 

used in ―Hg drop‖ junctions. Requirements for Instrumentation. The preparation of the samples, 

and the collection of the J(V) curves from Ag
TS

-SR//Ga2O3/EGaIn junctions, do not require a 

controlled atmosphere or vacuum, or equipment that is either expensive or sophisticated (e.g., a 

clean room). They do, however, require an experienced operator
20

 (a caveat that is not unique to 

this technique
13

). Impact on SAM. The formation, characterization, and use of 

Ag
TS

-SR//Ga2O3/EGaIn junctions do not appear to destroy, or interfere with, the structure of the 

SAM
72

 (as shown for evaporated metal junctions,
40

 and suspected for large-area PEDOT:PSS-

based junctions
26

).  

Figure 1 outlines the formation of Ag
TS

-SR//Ga2O3/EGaIn junctions. We form the electrodes 

by stretching a droplet of Ga2O3/EGaIn between a syringe — which functions as a reservoir of 

fresh EGaIn — and a substrate to which the droplet adheres (Figure 1a-b). As we move the 

substrate away from the syringe with the help of a micromanipulator, the droplet elongates into 

an hourglass shape (Figure 1c), which eventually snaps at its thinnest point. This break generates 

two opposing tips: one hanging from the syringe, and the other protruding from the substrate 

(Figure 1d). These tips do not spontaneously revert to a nearly spherical shape as expected for a 

liquid with high excess interfacial free energy (e.g. Hg). Instead they retain their conical profile, 

apparently due to the non-compressible Ga2O3 skin.
55,56

 With the help of a micromanipulator and 

a microscope (or a camera) connected to a monitor, we form the molecular junction by bringing 

a new substrate — this one supporting the SAM — in contact with the apex of the tip attached to 

the syringe (Figure 1e-f). 



8 

 

Top contact Junction 

Yield of non-

shorting 

junctions (%) 

Toxic 

Require 

clean room 

or major 

equipment 

Performed in 

laboratory 

atmosphere
g
  

Contact 

area 
Ambiguities N (C

-1
)

h Ref. 

Hg drop 
M-SAM//SAM-Hg ~50%a 

Yes No Yes 250 µm2 sel, env 
0.51-1.04 1-7 

M-SAM//Hg N/A 1.06 6,7 

STM (tunneling) 

M-CO2H-Cn-CO2H-M 

N/A No Yes Yes SM conf, geom, env 

0.77-0.81 8 

M-S-Cn-S-M 0.5-1.04 8-10 

M-NH2-Cn-NH2-M 0.81-0.88 8 

CP-AFM 

M-SAM//M 

N/Ab No Yes Yes 25 nm2 

int, num, for 0.88-1.17 11-13 

M-SCnS-M 
num, conf, 

geom, for 
0.99 12,13 

M-SAM//NP-M int, num, for 0.54-0.95 38,39 

Evaporated metal M-SAM//M 1.2 % No Yesc Yes 7 µm2 fab, int 0.8 40,41 

Break junctions M- SCnS –M N/A No Yes Yes SM conf, env 1.0 43,44  

Nanoparticle 

bridge 
(NP-SCn//)xM N/A Yesd Yes No N/A num, sel, conf 0.79 47 

Ga2O3/EGaIn AgTS-SAM//Ga2O3/EGaIn 80-100% No No Yes N/Ae int, num 

1.000 ± 

0.015 (even) 

1.033 ± 

0.021 (odd)f 

14,20,23,48 

Carbon-based 

electrodes 
PPF-H2NCnNH3//M 90% No Yes Yes 100 µm2  

int, conf, num, 

fab 
1.1 28,49,50 

Large-area 

junctions 
M-SAM//PEDOT:PSS ~100% No Yes Yes 100 µm2 fab, int, env 0.66 15,25-27 

NP arrays M//(SCnS-NP-M-SCnS)n//M N/A Yes Yes Yes N/A num, conf N/A 51 

Table 1. Fundamental characteristics of the most common techniques for the fabrication of molecular junctions. A green background 

indicates a positive trait of a technique, while a red background indicates a negative trait.  
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a
 Within the first five traces 

b
 In CP-AFM measurement the yield of the junction depends strongly on the pressure applied on the 

tip. 

c
 Evaporated electrodes require a clean room whenever  high throughput (and hence, patterning) is 

required. 

d
 Nanoparticles should be considered toxic especially when handled in their dry state. 

e
 While the area of contact of the EGaIn electrode on the SAM can be visually estimated (~100 μm

2
), 

we don’t have a direct measurement of the effective area of electrical contact, which is presumably 

smaller (25% of the visual estimate, according to a microscopy study
45

). 

f
 The two values of β were measured on alkanethiolate SAM containing, respectively, an even or an 

odd number of carbons in the alkyl chain.  

g
 we define ambient conditions as either air or solution, on a laboratory workbench. 

h
 usually b is not reported with error: when the error is reported, it is calculated differently by different 

laboratories 

NP = Nanoparticle, Cn = alkyl chain, SAM = self-assembled monolayer, SM = single-molecule, 

positive traits of techniques are highlighted in green, negative traits are highlighted in red. 

 

We estimate the upper bound of the area, A, of the electrical contact from the diameter, d, of the 

contact region shown by the microscope, assuming (by using A=(d/2)
2
) that the contact is circular in 

shape. The contact of the electrode with the SAM can be imperfectly conformal due to macroscopic 

buckling of the Ga2O3 layer. A microscopy study suggests that the area that is effectively in electrical 

contact is ~25% of the upper bound A.
45

 

The exposure of the apex of the electrode to the laboratory atmosphere is not rigidly defined in our 

experimental protocol, because it is impossible to assign a fixed time to what is, for now, a manual 

procedure such as the formation of the junction. Nonetheless, in typical practice, ~1 min of time 

separates the formation of the tip and the formation of the junction. This degree of exposure also occurs 

whenever a junction is disassembled by separating the Ga2O3/EGaIn tip from one region of the SAM, 

and another junction is formed with the same tip in a different region. One tip is used typically to form 

five (standard in our most recent protocols) to 12 (occasionally in our early reports) junctions. 

 



 10 

 

 

Figure 1. The formation of Ag
TS

-SR//Ga2O3/EGaIn junctions. a) A droplet is formed at the tip of a 

syringe filled with EGaIn. b) Pushing the substrate against the droplet causes it to adhere. c) Careful 

withdrawal of the substrate deforms first the droplet into an hourglass shape (the different colors in 

the two halves of the hourglass shape are due to the reflection of the gold substrate and dark ceiling — 

in these pictures we use this difference in color to improve the clarity of the image).  
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The Oxide Film on the Surface of Liquid Metals and Liquid Metal Alloys. The studies of oxidized 

surfaces of liquid metals that are most relevant to this work were conducted on Ga,
73

 In,
74

 and on the 

alloys Ga-In-Sn
75

 and EGaIn.
14,56,76

 Liquid Ga. Regan et al. found by low-angle X-ray scattering that the 

oxide formed on the surface of liquid gallium (after exposure to oxygen at dosages between 10
4
-10

5
 

Torr∙sec, in vacuum conditions) was a 0.5 nm-thick and atomically smooth layer.
73

 The thickness of the 

film did not change within the range of oxygen dosages and temperatures (between room temperature 

and 573 K) that were tested. The oxide skin was found to be partially passivating; increasing dosages of 

oxygen (between 10
4
 and 10

5
 Torr∙sec) in vacuum did not increase the thickness of the layer, but 

exposure to air at atmospheric pressure formed a macroscopic and rough oxide layer (the authors did not 

pursue a detailed characterization of those samples). Liquid In. Tostmann et al. showed, using low-angle 

X-ray scattering, that the oxidation of liquid indium (in the same range of temperatures, pressures, and 

exposures to O2 explored by Regan et al. on Ga) formed macroscopic oxide clumps rather than the 

smooth film observed on liquid Ga.
74

 The authors interpreted this difference as evidence that the oxide 

skin on In was not passivating, while the one on Ga was. Liquid Ga-In-Sn alloy. Using X-ray 

photoelectron spectroscopy (XPS), Scharmann et al. found that the oxidation (by exposure to air for 

unspecified times at 303±1K, 1 atmosphere, and between 9% and 95% RH) of a Ga-In-Sn alloy
75

 

formed an oxide skin (a mixture of Ga2O3 and Ga2O) whose thickness ranged between 1.9 nm and 2.5 

nm, depending on the relative humidity. Liquid EGaIn. Dumke et al. analyzed the surface of 

d) The hourglass-shaped droplet snaps eventually at its thinnest point, and forms two opposing tips. e) 

The sacrificial substrate is removed and the SAM-covered Ag
TS

 substrate (supported on borosilicate 

glass by optical adhesive, OA) is placed under the new tip (in the inset, a diagram of the substrate 

before contact with the SAM shows the heterogeneities and defects that are present in the substrate, in 

the SAM, and in the tip; airborne contaminants and water molecules adsorbed on the oxide surface 

have been omitted for clarity). f) The substrate is pushed in contact with the electrode (in the inset, a 

diagram of the junction shows the partially conformal deformation of the electrode). 
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Ga2O3/EGaIn by ion sputtering and scanning Auger spectroscopy.
76

 They concluded that the oxide layer 

(formed in the ambient laboratory atmosphere after a few minutes of exposure) was mostly Ga2O3 and 

that, since the metal was visible by eye underneath, it was thinner than 10 monolayers; for the sake of 

expressing this estimation in SI units (~2 nm), we interpret here these ―monolayers‖ to be the Ga-O 

bilayers in the Ga2O3 structure proposed by Regan at al. for the oxide skin on liquid Ga.
73

 Our group has 

previously characterized the structure and composition of the surface of Ga2O3/EGaIn by Auger 

spectroscopy and by parallel-plate rheometry.
14,56

 Our Auger spectra showed that the surface of 

Ga2O3/EGaIn was enriched in Ga, compared to the bulk alloy. After sputtering to remove the oxide, the 

surface was instead enriched in In. Exposure to ambient air caused the surface to revert to the original 

Ga-enriched state. Our rheometry data showed that the yield stress of Ga2O3/EGaIn did not change over 

time.
55,56

 In our interpretation, these results suggested that the oxide on EGaIn was mostly composed of 

gallium oxides (hence the Ga2O3/EGaIn nomenclature), that In segregates to the interface between the 

liquid alloy and the oxide,
77

 and that the oxide is passivating. 

The Electrical Characteristics of the Surface Layer Formed on EGaIn in Air. The electrical properties 

of Ga2O3 have been extensively studied in the past.
78-80

 Resistivity of pure crystals of -Ga2O3 have 

been reported between 1 ∙cm (when they are grown from Ga2O3 dissolved in pure Ga)
78

 and ~10
10

 

∙cm (when grown as epitaxial thin films on GaAs).
80

 The resistivity of thin (4-400 nm) films of Ga2O3 

deposited by e-beam evaporation was reported to be 10
12

-10
13

 ∙cm.
79

 The extraordinarily large range 

of resistivities displayed by Ga2O3 makes it difficult to compare the resistivities or resistances of the 

oxide formed on EGaIn and of Ga2O3 crystals. 

Comparably accurate studies on the electrical characteristics of the surface layer (i.e., oxide + 

adventitious contaminants) formed on EGaIn in air are missing due to the difficulty of establishing a 

well-defined and reliable contact with a thin oxide skin on a liquid surface. Our group has reported 

estimations in previous papers.
23,45

 Nijhuis et al. estimated the resistance of the surface layer on an 

EGaIn drop by comparing the transport of charge between two copper wire electrodes in three different 
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configurations.
23

 (i) In the first configuration (open circuit), both copper wires penetrated the oxide skin 

of the same droplet of EGaIn: a bias applied to the copper wires showed metallic conduction through the 

eutectic alloy. (ii) In the second configuration, one wire penetrated the oxide skin of a droplet of EGaIn, 

while the other touched its surface; transport of charge between the two wires occurred through one 

surface layer. (iii) In the third configuration, both wires contacted the surface of the same droplet of 

EGaIn; charge transport occurred through two surface layers. Those experiments showed that the 

surface layer on a Ga2O3/EGaIn drop was ~two orders of magnitude more resistive than the rest of the 

circuit, including the bulk EGaIn. In a later paper, Nijhuis et al. also measured the temperature 

dependence (between 260 and 295K) of the resistance of the surface layer on a Ga2O3/EGaIn drop again 

by the copper wire scheme;
45

 the transport of charge was thermally activated within the range of 

temperatures explored. In a dielectric, a dependence of charge transport on temperature suggests that 

tunneling is not the dominant mechanism of charge transport. (Nonetheless, one has to be careful about 

the contribution of interfaces and adventitious contaminants on the temperature dependence of J(V)).  

Adsorption of Water Vapor on Surfaces. The adsorption of water on surfaces in the ambient 

atmosphere is affected by temperature, relative humidity, reactions between water and the surface (e.g. 

chemisorption onto oxide surfaces), the roughness and curvature of the surface, competition with the 

adsorption of adventitious organic contaminants, the duration of exposure to water vapor, and defects or 

impurities at the surface. Due to its complexity, the adsorption of water on surfaces is typically studied 

in conditions that can simplify its understanding (e.g. HVAC, low temperatures), but that are very 

different from ambient atmosphere. These studies give us limited information about the quantitative 

details of water adsorption (e.g., the amount of water adsorbed and its distribution) in conditions that are 

meaningful for our study. Studies at ambient pressures and temperatures are more meaningful to our 

study and have compared data (e.g., adsorption isotherms) obtained by gravimetry
81

, IR spectroscopy
82

, 

and Ambient Pressure XPS (APXPS)
83,84

 on surfaces of polar (e.g., quartz, borosilicate glass, Cu, TiO2) 

and nonpolar surfaces (e.g., PTFE, n-octyltrichlorosilane SAMs on Si). The adsorption of water at high 

RH (>75%) was reported to be quite sensitive (ranging from four to eight layers of water) to the history 
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and composition of the surface.
82

 At lower RH (between 20% and 60% RH), instead, the amount of 

water adsorbed (usually ~two water layers) was independent of the processing history of the surface and 

consistent across techniques (i.e., gravimetry, IR spectroscopy, and surface conductivity).
81-84

  

Adsorption of Organic Vapors on Surfaces.  All surfaces (e.g., metals, such as EGaIn, and salts, such 

as Ga2O3) adsorb some adventitious species (e.g. water, CO2, CO,  O2, volatile organics, fatty acids, 

ions, hydrocarbons, sulfur-containing molecules, dust particles, and aerosols) when exposed to ambient 

conditions;
85

 the rate of deposition depends on the surface energy, the reactivity of the adsorbate, and 

the partial pressure of contaminants in the atmosphere. Ga2O3/EGaIn tip electrodes are exposed to the 

laboratory atmosphere for a few minutes during the formation of Ag
TS

-SR//Ga2O3/EGaIn junctions. We 

must, therefore, consider the possibility that adventitious contamination of the surface of the tip affects 

the J(V) measurements obtained from the junctions. This complication is not unique to our technique, 

but should be accounted for in all techniques in which any element of the molecular junction has been 

exposed — during fabrication, use, or storage — to ambient atmosphere. Therefore, an analysis of the 

impact of adventitious contamination on the resistance of Ag
TS

-SR//Ga2O3/EGaIn junctions is relevant 

to most experimental efforts in molecular electronics. 

Adventitious organic contaminants originate from a multitude of sources: photooxidation of volatile 

organic molecules, plasticizers, breath, curing agents, plant debris, dead skin, tapes, gloves, clothes, oils 

and greases, etching solutions, solvents, mold releases, body oils, cosmetics, food, rubber fragments, 

etc…
86-88

 Their composition is different from place to place, and from time to time. Nonetheless, the 

collective body of work performed with XPS suggests that adventitious carbon is characterized by six 

features:
85,89

 (i) it is not homogeneously distributed on the surface; (ii) it is detected in every sample that 

is prepared in ambient atmosphere; (iii) its physical and chemical properties are similar from sample to 

sample; (iv) it is chemically closer to hydrocarbons than to graphitic carbon; (v) it is not covalently 

bound to the surface; (vi) it does not necessarily originate from pump oil in the vacuum system of the 

XPS. Analyses conducted with other techniques (e.g., AFM) showed that these contaminants are 

mobile,
90,91

 they partially desorb under vacuum,
90

 they can react with the water adsorbed at surfaces,
92
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they can segregate atop water droplets,
90-92

 and they can reduce the work function of the surface on 

which they are adsorbed by ~1 eV.
93,94

 The rate of deposition of adventitious organic contaminants on 

surfaces has been reported to vary by orders of magnitude, depending on the conditions (we found 

reports of rates between 0.001 nm/day
95

 to 0.4 nm/h
96

 for laboratory environments), to decrease quickly 

with increasing coverage,
97

 and to be higher at defects or grain boundaries.
91

 The distribution of 

adventitious contaminants on surfaces (including that of Ga2O3/EGaIn) is still unclear. However, 

scanning probe microscopy experience and published reports
90,91

, XPS experience,
85,98

 and the rates of 

adsorption measured by other techniques (e.g., thermodesorption-gas chromatography/mass 

spectrometry)
97,99

 consistently suggest that organic contaminants do not form a continuous layer on 

initially-clean surfaces within the timeframe of typical usage of a Ag
TS

-SR//Ga2O3/EGaIn junction (~20 

min)  

Motivation for this Study. Previous work on SAM-based tunneling junctions using Ga2O3/EGaIn as a 

top contact yielded consistent values of J(V) for a given alkanethiolate molecule (SC9-SC18), whenever 

the number of measurements was statistically significant.
20,45,100

 These results suggest that the influence 

of the Ga2O3 skin and of the adventitious adsorbates on the conductivity of the junction is either 

negligible, or similar from junction to junction.  

The most serious ambiguities of Ag
TS

-SR//Ga2O3/EGaIn junctions lie with the surface of the top 

electrode; specifically, the absolute contribution of the oxide and of the adventitious contaminants to the 

resistance of the junction is unclear (we have typically focused on studies that compare paired 

measurements on the same junctions — e.g., rectification — in order to alleviate this problem
20,23

), and 

the effect of environmental or procedural variables (e.g., manipulation, length of exposure to air, 

sharpness of the tip) on the resistance of the surface of the electrode is complicated and still undefined. 

These electrical unknowns (e.g., resistance of oxide, adventitious contaminants, and interfaces) derive in 

part from structural and chemical unknowns (e.g., the thickness and composition of the oxide and their 

uniformity and reproducibility, the nature of the interface between the oxide and the SAM, the 

distribution, composition, and typical thickness of adventitious contaminants on the tip), and result in 
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ambiguities in the measurement of the J(V) characteristics of SAMs with Ga2O3/EGaIn top electrodes. 

Understanding the structure and composition (and, therefore, the resistance) of the surface of 

Ga2O3/EGaIn in ambient atmosphere is an important and necessary step in developing the Ga2O3/EGaIn 

electrode as a tool for characterizing the tunneling properties of SAMs.
14,20,23,33,45

 

This paper elucidates the composition and structure of the surface of Ga2O3/EGaIn electrodes and, by 

extension, clarifies the composition and structure of Ag
TS

-SR//Ga2O3/EGaIn tunneling junctions. The 

oxide skin is apparently passivating, ~0.7 nm-thick (on average), predominantly composed of Ga2O3, 

and, importantly, unaffected by its curvature (between radii of curvature of ~50 m and ~1 cm) and its 

history of exposure to repeated deformations (between 0 and 25 deformations). The adventitious 

contaminants consist largely of partially oxidized aliphatic chains (0.7 nm thick, on average, after ~1 h 

in laboratory air), and water (likely two-four layers of molecular water at typical laboratory relative 

humidities, i.e., 20-60%).  

These results allow us to estimate the upper bound of the resistance (~10
3
 Ω) of the surface layer (i.e., 

metal oxide + adventitious contaminants) on the contacting surface of the ―Ga2O3/EGaIn‖ electrode. 

This maximum resistance is ~four orders of magnitude smaller (at 0.5 V bias) than that of the least 

resistive alkanethiolate SAM-based junction we measured so far (Ag
TS

-S(CH2)9CH3//Ga2O3/EGaIn). 

These results help define the range of applicability of these junctions for physical-organic studies of 

charge transport through organic molecules. 

 

Experimental Design 

Samples. We were interested in assessing the influence of the curvature and of the history of 

deformations on the composition and structure of the surface of Ga2O3/EGaIn. To this end, we 

characterized three kinds of samples. “Fresh” Tips. We fabricated (in laboratory atmosphere, and at 

room temperature) electrodes in the form of tips (seven replicates), by the four-step procedure 

introduced earlier
14

 and detailed in the Methods section. These tips differed from those used as top 

electrodes in molecular junctions in that they were pointing upwards instead of downwards (which 
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affects the roughness of the surface), were exposed to laboratory atmosphere for a longer time (~1 h, 

they were probably more contaminated than the electrodes used in molecular junctions), and were 

exposed to the XPS sample exchange chamber (which can be a source of organic contamination
96,101

). 

“Cycled” Tips. We assessed the influence of the history of deformations on the surface of Ga2O3/EGaIn 

by deforming repeatedly (25 times) a number of tips (seven replicates). The deformations were achieved 

by bringing the two opposing tips that formed after the fracture of the hourglass shape against each 

other. Visible deformations that occurred at the edges of the contact indicated mechanical contact 

between the tips. Sufficiently small deformations did not weld together the two tips. Upon separation, 

the opposing tips appeared to revert to the original shape. Drops. Ga2O3/EGaIn, spread on a flat glass 

substrate with a syringe, formed drops with a diameter of ~1 cm and a radius of curvature of ~1 cm. The 

radius of curvature of these samples (~1 cm) is approximately two orders of magnitude larger than of 

the tips used in junctions. We used this difference to infer the influence of curvature on the composition 

and structure of the Ga2O3/EGaIn surface by comparing the XPS data collected from the apex of the 

curved surface of the drops and the tips.  

Techniques. We characterized the apex of these samples using XPS and ToF-SIMS. The choice of 

these experimental techniques was based on their ability to characterize the average chemical 

composition of the surface of a solid oxide film supported on a non-volatile liquid material as a function 

of depth. The Methods and the Supporting Information describe the details. 

 

Results and Discussion  

The Composition of the Surface Oxide. In all samples, the survey XPS analysis showed only signals 

from C, O, Ga and In atoms. Figures 2a, 2b and 2c show the high-resolution XPS spectrum of the Ga 3d 

and In 4d peaks collected from the ―fresh‖ tips, the ―drops‖ and the ―cycled‖ tips. Our assignments of 

the peaks are consistent among all samples, and with literature values.
102

 For Ga, we observed Ga
0
 

(doublet centered at ~18.2 eV), which we associate with the EGaIn alloy, Ga
+
 (~19 eV), which we 

associate with Ga2O, and Ga
3+

 (~20.5 eV), which we associate with Ga2O3. (The assignments of the Ga 
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signals were confirmed by the high resolution XPS spectrum of the Ga 2p peaks shown in Figure 2d.
103

) 

For In, we observed In
0
 (doublet at ~16.3 eV and ~17.3 eV), which we associate with the EGaIn alloy, 

and In
3+

 (doublet at ~17.1 eV and ~18 eV), which we associated with In2O3, after comparison to a In2O3 

standard. The composition profile of the three types of samples — ―drop‖, ―fresh tip‖, and ―cycled tip‖ 

(table in Figure 2) — is within the error expected from XPS. (The ratio of oxide to metal is different 

when considering the Ga 2p or the Ga 3d  levels due to the relative escape depths of these two types of 

photoelectrons; this difference is reflected in different sampling depths.) The similarity of these 

compositional profiles indicate that neither reversible deformations, nor the curvature of the electrode, 

affect the composition or the average thickness of the oxide layer; Å-scale differences in the average 

thickness of the oxide layer would result in observable differences in the ratios between the intensities 

of the Ga
3+

 and Ga
0
 XPS signals.

104,105
 While deformations have an effect on the mechanical properties 

of the surface,
55

 and might plausibly have a macroscopic effect on its roughness (and thus on the 

effective contact area of the junctions), the nanoscopic characteristics (i.e., composition and thickness of 

the layer of oxides and contaminants) of the surface, and thus of the junctions, are — according to these 

XPS results — unaffected by the history of handling and by the shape of the electrode.  

The O1s region of the spectrum showed a minimum of three species of oxygen (Figure 2e); while the 

shape of the peak could be deconvoluted well with a minimum of three peaks, it is likely that the 

samples contain more than three species of oxygen. We attributed the first peak (530.8 eV, O1s) to the 

inorganic oxides of gallium and indium. The remaining two peaks at higher binding energies (531.5 eV, 

O1s A and 532.8 eV, O1s B) are likely produced by hydroxyl groups and organic oxygens, but cannot 

be attributed unambiguously.  
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Figure 2. Composition of the oxide layer; a-c) high-resolution XPS spectrum of the Ga 3d/In 4d region 

collected from the apex of samples of Ga2O3/EGaIn; a ―fresh‖ tip (r 10
2
 m), a drop (r 1 cm), and a 

tip that has undergone 25 cycles of reversible deformations. d) High-resolution XPS spectrum of the Ga 

2p region collected from the apex of a drop of Ga2O3/EGaIn indicated the presence of three species of 

gallium (Ga2O3 species, Ga2O species, and metallic gallium). e) High-resolution XPS spectrum of the 

O1s region collected from the apex of a drop of Ga2O3/EGaIn and indicating the presence of three 

species of oxygen (attributed to oxides, hydroxyls, and oxidized carbon). The table compares the atomic 

percentages of Ga metal (Ga
0
) and Ga oxide/suboxide (Ga

3+
 + Ga

1+
) obtained from the fitting of XPS 

Ga 2p and Ga 3d signals from drop samples, fresh tips and cycled tips. 
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The Thickness of the Oxide Skin. The compositional profile of the oxide skin was determined by 

Angle-Resolved XPS (ARXPS) and ToF-SIMS. Both analyses could only be performed on drops of 

Ga2O3/EGaIn. In the case of XPS, the apex of the tips had a curvature comparable to the spot size of 

these techniques. In the case of ToF-SIMS, the tips collapsed under sputtering, upon removal of the 

oxide layer; cooling the tips below the melting point of the alloy also caused the tips to collapse. The 

data shown in Figure 2, however, demonstrates that the average thicknesses of the oxide layer (and thus 

its structure) in the drop and tip samples are indistinguishable by XPS.  

ARXPS characterizes the variation of the intensity of an XPS signal with the angle of detection 

(defined here as the angle between the direction of detection and the normal to the surface). Electrons 

detected perpendicularly to the surface (i.e., at 0 degrees) originate from a volume of material which is 

proximal to the surface and whose thickness is approximately equal to the escape depth of electrons. 

Electrons detected at angles other than the normal to the surface will have, on average, escaped from a 

volume of material closer to the surface, and will therefore be more representative of the composition at 

the surface. A dependence of the intensity (usually plotted in units of atomic fraction) of an XPS signal 

on the angle of collection indicates that the species responsible for that signal are not homogeneously 

distributed in the volume being probed, but are instead heterogeneous with depth. ARXPS cannot give 

comparably accurate information describing the lateral distribution of the species: most models used to 

simulate ARXPS data assume that the surface is adequately approximated as a stack of layers of 

different thickness and composition.  

The derivative of the dependence of atom fraction on the collection angle indicates if a species is 

localized at the surface (positive slope) or deeper in the material (negative slope); normalized data from 

multiple signals is often plotted in the same graph to compare the relative vertical distribution of the 

species assigned to those signals. Figure 3a shows the ARXPS data from the C and O species. The 

signal from C increase with decreasing angle, while the signal from the inorganic oxides decreases with 

decreasing angle. These opposite trends indicate that the adsorbed organic contaminants are localized 
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above the oxide (O1s signal), as expected. The other oxygen signals (O1s A and O1s B) had a much 

smaller dependence on the angle of collection. The signals associated with the C1s orbital showed 

indistinguishable dependencies on the angle of detection (data not shown). Figure 3b shows the ARXPS 

data that compares Ga and In species. The signals from Ga
3+

 and Ga
0
 have opposite slope; Ga2O3 is 

located, on average, above the alloy. The signals from In
3+

 and In
0
 have similar dependence on the angle 

of detection; In2O3 and In are both localized below Ga2O3.  

Relative depth profiles (RDP) provide a semiquantitative way of summarizing ARXPS data.
106

 The 

relative depth (RDi) of a chemical species i is calculated as             
    

  ⁄ , where    
  and    

  are 

the intensities of the XPS signals from the species i collected at angles  and from the normal to the 

surface, where > (i.e.  is more surface sensitive than ). (Compared to other approaches, RDPs 

avoid making assumptions about the structure of the surface, or about the lateral distribution of the 

species.) The result of this analysis is a plot of the relative depth RD for all the species we detected 

(Figure 3c), sorted on the abscissa in order of increasing relative depth. The organic contaminants 

associated with C1s were the outermost species, followed by the oxygens associated with the O1s A and 

O1s B signals (tentatively attributed to organic oxygens and hydroxyls). Beneath these species, in order 

of increasing depth, we found Ga2O3 (i.e., signals from Ga
3+

 and O1s), Ga2O (i.e., signal from Ga
1+

), 

In2O3 (i.e., signal from In
3+

), and the eutectic alloy (i.e., signals from both In
0
 and Ga

0
). 

A calculation of the average thickness of the oxide (Ga2O3 and Ga2O), according to the method used 

by Piao and McIntyre,
107

 indicated that the average thickness of the oxide is ~0.7 nm. While this value 

is consistent with the one (0.5 nm) obtained by X-ray scattering from the Ga2O3 layer formed on 

oxidized liquid gallium,
73

 those experiments were performed in high-vacuum conditions. The same 

authors reported that Ga develops an oxide layer of macroscopic thickness when exposed to ambient 

atmosphere. Therefore, the apparently passivating character and the remarkable thinness of the oxide 

skin formed on EGaIn in air are, to a certain degree, surprising. The average thickness of the oxide 

obtained by ARXPS was validated by ToF-SIMS. Figure 3d shows the abundance of the four most 
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abundant oxide fragments as a function of depth (in nm) for the drop sample; we conclude from the 

profile that the thickness of the oxide is no more than 2-3 nm, consistently with the estimation from 

ARXPS. 

 

Figure 3. Structure of the surface of Ga2O3/EGaIn in ambient conditions; a) ARXPS profile of the C 

and O species collected from a drop of Ga2O3/EGaIn (signals at higher angles on the abscissa are more 

sensitive to the surface); b) ARXPS profile of the Ga and In species collected from a drop of 
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Ga2O3/EGaIn (signals at higher angles on the abscissa are more sensitive to the surface); c) Relative 

depths of the main species identified by XPS. The relative depth is a dimensionless number 

(            
    

  ⁄ , where    
  and    

  are the intensities of the XPS signals from the species i 

collected at angles  and , and  >) that is related with the average depth of origin of the signal 

from a species. This calculation does not make assumptions about the structure of the surface; here, we 

assume that the surface is, in first approximation, a stack of layers with homogeneous composition. The 

compositions shown were calculated from the ARXPS data collected from the drop of Ga2O3/EGaIn; d) 

ToF-SIMS depth profile of the drop of Ga2O3/EGaIn, for four fragments associated with Ga2O3. 

Topography of the Ga2O3/EGaIn interface. The analysis of the ARXPS data yielded a value of 

thickness for the oxide layer which is averaged over the spot size from which electrons are collected 

(100 m). We were interested in characterizing the heterogeneities in the thickness of the oxide layer 

over dimensions relevant to the scale of the molecular junctions (~100m in radius). To this end, we 

measured the two-dimensional map of the intensity of 
71

GaO2
-
 fragments ejected from the surface of a 

frozen drop of Ga2O3/EGaIn, as the sputtering progressed. (The drop had to be frozen to -25 ºC; upon 

sputtering of the oxide layer, the liquid drop of EGaIn reverted to the shape with minimal surface energy 

expected from high surface energy liquids.) The thinnest regions (thickness of 0.7 nm) of the oxide film 

were removed first, thus exposing the bulk eutectic, decorated by thread-like islands of thicker oxide. 

The resulting map is shown in Figure 4 (the lighter the tone, the higher is the count rate of 
71

GaO2
-
 

fragments). 

While the majority of the surface of the bulk eutectic is coated with a thin (~0.7 nm) layer of oxide, 

Figure 4 shows that the oxide skin is heterogeneous. These heterogeneities, which appear in the form of 

threads ~3-4 m wide, could be due, in part, to the freezing of the droplet or handling. We were able to 

observe the surface of the drop during its solidification and the formation of corrugations on the surface 

as the temperature was lowered.
108
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Figure 4. ToF-SIMS analysis of inhomogeneity in the thickness of the oxide layer; 
71

GaO2
-
 signal from 

the bottom of the sputter crater produced on a Ga2O3/EGaIn drop sample (the dimensions of the imaged 

area are 151 µm x 151 µm) after the thin fraction of the oxide skin has been sputtered away; the lines 

indicate regions of thicker oxide. The lines are ~3-4 m in width. 

 

The Thickness, Nature, and Characteristics of the Adventitious Layer. Figure 5a shows the HRXPS 

spectrum of the C1s region obtained from the ―drop‖ sample. We deconvoluted the signal into four 

peaks at 284.70 eV (set as the binding energy reference, and attributed to methylene carbons), 286.34 

eV (compatible with ethers), 287.91 eV (compatible with alcohols) and 289.03 eV (compatible with 

C=O groups). The table in Figure 5 shows the atomic fractions of the species. The fraction of carbon 

atoms that was bound to at least one oxygen was approximately 17%, consistent with the observations 

of Barr and Seal (10-30%
85

), 

The amount and nature of the contaminants strongly depended on the environmental conditions. 

Figures 5b and 5c show the ToF-SIMS TIC-survey spectrum from the drop samples during analyses 

conducted in April 2010 and November 2009, respectively, on the same instrument. In the November 
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experiments, we detected a series of fatty acids (C9 – C22). In April, however, the MS spectra were 

cleaner and dominated by the inorganic fragments, while no particular organic functional group (e.g. 

carboxylic acids, nitriles, amines, thiols, phenyls) seemed to dominate the organic fragments. 
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Figure 5. Chemical analysis of the adventitious carbon; a) high-resolution XPS spectrum of the C1s 

peak collected from a drop of Ga2O3/EGaIn. The table on the right shows the atomic percentage of the 

four species of carbon identified in the deconvolution. b) ToF-SIMS survey spectrum obtained from a 

drop of Ga2O3/EGaIn characterized in April 2010; c) b) ToF-SIMS survey spectrum obtained from a 

drop of Ga2O3/EGaIn characterized in November 2009 

The adventitious carbon formed a ~0.7 nm (on average) thick deposit after ~1h of exposure of the 

Ga2O3/EGaIn conical tip to ambient conditions. We estimated this thickness by using the method 

outlined by Piao and McIntyre
107

 (see Supporting Information). This value of thickness is consistent 

with the one (0.3-0.9 nm) measured on Al2O3/Al by Piao and McIntyre.
107

 The duration of the exposure 

to ambient laboratory atmosphere (~1 h) was dictated by the experimental (e.g. fabrication of multiple 

tips on a single substrate as replicates) and instrumental (e.g. mounting the sample on the sample holder 

of the XPS, inserting the sample, degassing) protocols. When Ga2O3/EGaIn is used as a conical tip 

electrode in molecular junctions, its exposure to ambient conditions is typically much shorter than 1 

hour (~5 minutes: each tip is used to make ~5 junctions and each junction takes ~1 min to make).
23

 We 

can, therefore, expect that this amount of contamination is larger or equal to that found in the junctions. 

Influence of the Oxide on the Transport of Charge through the Junctions. Regardless of the 

mechanistic details of charge transport, all elements in a SAM-based molecular junction (in the case of 

Ag
TS

-SR//Ga2O3/EGaIn junctions, the oxide layer, the adventitious contaminants, the SAM, and the 

interfaces) can be thought of as a combination of resistors in series and in parallel. If we assume the 

junction to be parallel to the xy plane of a Cartesian coordinate system and that charge transport occurs 

only in a direction perpendicular to this xy plane, each infinitesimal element of the junction t∙dx∙dy 

(where t is the thickness of the junction) can be considered as a series of resistors (in the case of 

Ag
TS

-SR//Ga2O3/EGaIn junctions, the bottom-electrode, the SAM, the van der Waals contact, the 

organic contaminant, the oxides, and the bulk metal) with different resistances (due to their different 

thicknesses, composition, and structure); if the resistances of these resistors are sufficiently different at a 
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particular bias, the resistance of the t∙dx∙dy element perpendicular to the xy plane is dominated by the 

most resistive layer within it (because the total resistance of t∙dx∙dy is rtot = r1 + r2 + r3+ … +ri, where i 

is here the number of layers and the r are the resistances of each layer). In the junction, all these 

infinitesimal t∙dx∙dy elements are in parallel to each other. The resistance of the junction will, therefore, 

be determined by the least resistive areas (―thin areas‖
22

), because 1/Rtot = 1/R1 + 1/R2 + 1/R3 + … + 

1/R∞, where the R are the resistances of each t∙dx∙dy element comprising the junction. This feature is 

common to SAM-based molecular junctions, where thin-area and thick-area defects are always present 

and in parallel to each other
22

.  

Since the thinnest areas dominate the charge transport through the junction,
22

 but the resistance of 

each area is dominated by its the most resistive element, we only consider in the following discussion 

the areas of the junction where the surface layer is thinnest and yet displays all the elements that could 

be contributing to charge transport (i.e., 0.7-nm-thick oxide layer, 0.7-nm-thick adventitious layer).  

Estimating the resistances of the individual elements is difficult, in part because it is currently 

experimentally impossible to measure the contribution of the electrical contacts. The resistance of the 

metal oxide on EGaIn could not be extracted from our measurements of its electrical characteristics, 

because adventitious contamination and contact resistances were present in all of the measurements.
23,45

 

Nonetheless it is possible to estimate the resistance of the surface layer (i.e., oxide, adventitious 

contaminants, and interfaces) from an analysis of the J obtained at a chosen bias from 

Ag
TS

-S(CH2)n-1CH3//Ga2O3/EGaIn junctions of different thickness (e.g., different values of n). The 

conduction of charge through SAMs in Ag
TS

-S(CH2)n-1CH3//Ga2O3/EGaIn junctions is dominated by 

tunneling.
14,20

 The rate of tunneling is described, to a first approximation, by a simplification of the 

Simmons equation
109

 in the form J (V,d) = J0(V) exp[-(V)d(V)], where V is the bias, d is the thickness 

of the tunneling barrier (which may be a function of V via electrostriction), J0(V) is the hypothetical 

value of J at d = 0.
110

 A comparison of J(V) characteristics of Ag
TS

-S(CH2)n-1CH3//Ga2O3/EGaIn 

junctions of different thickness (e.g., different values of n) can, therefore, (i) determine the characteristic 

―tunneling resistance‖ to tunneling (the decay constant of the SAM and (ii) collect in one parameter 
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(J0) the contribution of electrical contacts and other nuances of the junction (in the case of 

Ag
TS

-S(CH2)n-1CH3//Ga2O3/EGaIn junctions, J0 should be an estimate of the current density that would 

cross the junction in the absence of the SAM). Knowledge of the bias and of the contact area of the 

junction, allows the determination, from J0, of the resistance of the entire circuit surrounding the SAM. 

We know from previous experiments that, in the absence of the SAM, the surface layer on the electrode 

is the largest contributor to the resistance of the circuit.
45

 Therefore, the resistance that we estimate from 

J0 is a good estimate of the resistance of the surface layer on the electrode. This ―surface‖ resistance can 

be then compared to that of the entire junction; this comparison allows us to infer the influence of the 

surface of the electrode on the charge transport in the junction, regardless of the mechanistic details of 

charge transport through the surface layer.  

Due to the uncertainties (e.g., influence of interfaces and adventitious contaminants) associated with 

these resistances, we consider here the limiting case in which (i) the resistance of the surface layer is the 

largest that is still compatible with experimental results, and (ii) the resistance of the SAM is the 

smallest that is still compatible with experimental results. We calculate (using Rsl = Vsl/(J0∙A)) the 

maximum resistance of the surface layer Rsl as ~1∙10
3
 , by using a conservative overestimation of the 

voltage drop across the surface layer (Vsl overestimated as 0.5 V; it is most likely orders of magnitude 

less than that), and a contact area A of 500 m
2
. 

The shortest — and therefore least resistive — alkanethiolate that we have characterized with 

Ga2O3/EGaIn-based junctions is a SAM of HS(CH2)9CH3, on a Ag substrate. The resistance of the 

Ag
TS

-S(CH2)9CH3//Ga2O3/EGaIn junction at 0.5 V was ~10
7
 Ω. Using a thickness of 1.1 nm for the 

SAM, and the maximum resistance (~10
3
 ) for the skin, we estimate the resistance of S(CH2)9CH3 at 

0.5V to be ~1∙10
7
 .  

In conclusion, the most resistive surface layer compatible with our experimental results is still 

approximately four orders of magnitude less resistive than the least resistive SAM we measured in 

Ag
TS

-S(CH2)n-1CH3//Ga2O3/EGaIn junctions; the values of J measured with 
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Ag
TS

-S(CH2)n-1CH3//Ga2O3/EGaIn junctions are not dominated by the surface of the Ga2O3/EGaIn 

electrodes.  

Influence of the Adventitious Contaminants on the Transport of Charge through the Junctions. Our 

data suggest that adventitious carbon consists mostly of aliphatic organic molecules that are partially 

oxidized (e.g. ROH or RCOOH, where R is an aliphatic group).
85

 Most aliphatic molecules are 

electrically insulating in the bulk, but their contributions to the total resistance of tunneling junctions 

vary with their length and how they are oriented with respect to the electrodes.
111

  

Although we cannot determine the structure of the adventitious adsorbates experimentally, we know 

the following experimental facts: (i) the apparent average thickness of these adsorbates (after 1 hour of 

ambient exposure in a laboratory and loading into the XPS exchange chamber) is of the order of ~1 nm; 

(ii) J and  values collected from the same SAMs with Ga2O3/EGaIn electrodes in the form of tips or 

microfluidic arrays (i.e., presumably two systems with significantly different amounts and compositions 

of contaminants) were indistinguishable 
45,100

; (iii) J and  values collected from the same SAM with 

Ga2O3/EGaIn tip electrodes in different environments and laboratories (i.e., Harvard University and 

National University of Singapore) were indistinguishable.
100

  

We estimated the influence of organic contamination on the conductivity of the electrode empirically 

by characterizing junctions of decanethiols formed with Ga2O3/EGaIn tips that had been exposed to the 

ambient atmosphere of our laboratory for different periods of time (1 min, 5 min, and 15 min). The plot 

in Figure 6 compares the J(V) curves from each set (seven replicates; each replicate was a new tip) of 

these increasingly contaminated Ag
TS

-S(CH2)9CH3//Ga2O3/EGaIn junctions. The 99.9% confidence 

intervals of all three J(V) curves overlap across the entire range of voltages. The junctions measured 

after 1 minute of aging were significantly less stable, noisier and more prone to shorting (yield of 80% 

after 1 minute vs. yield of 100% after 5 or 15 min); this instability resulted in a confidence interval that 

is larger than that of the other two datasets. We interpret the difference in behavior between shorter (1 

min) and longer exposures (5 and 15 min) as an effect of the oxide layer formation and not as a 

difference in levels of contamination. A difference in the level of contamination would decrease the 
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mean value of J(V) by increasing the average thickness of the insulating layer, but no significant 

difference was observed for this last value. These data suggest that the length of time that the 

Ga2O3/EGaIn electrodes are exposed to ambient conditions does not significantly affect our data within 

the timeframe of our experiments. 

Figure 6. This plot shows the J(V) traces obtained from Ag
TS

-S(CH2)9CH3//Ga2O3/EGaIn junctions 

formed after exposing the Ga2O3/EGaIn electrodes to laboratory air for 1 (black filled squares), 5 

(dark grey empty circles) and 15 minutes (grey empty triangles). Error bars correspond to the 99.9% 

confidence interval for each point. An offset of +0.01 and +0.02 V was applied respectively to the 5 

min and 15 min data to facilitate comparison of the three traces and their overlapping error bars. The 

lines are guide to the eye.  
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The results in Figure 6 can be explained in at least two ways. i) The accumulation of organic 

contaminants is already complete (the rate of adsorption of contaminants decreases strongly over time as 

the surface energy is gradually reduced by adsorption) after 1 min. This explanation implies that, the 

average rate of adsorption over the first minute of exposure is ~10-70 nm/h, which is two orders of 

magnitude faster than the fastest rate of contamination from laboratory ambient atmosphere that we 

could find in the literature.
101

 (ii) The amount of contamination is negligible during our typical total 

exposure of an electrode (~5-15 minutes). This explanation is consistent with published rates of 

contamination.
97,99

 The reason why an incomplete layer of adventitious contaminants would have a 

negligible effect on the resistance of the junction can be explained by using the electronics analogy 

defined previously in this discussion. A discontinuous layer of organic contaminants would provide a 

barrier to charge transport not in the form of a single resistor placed in series with the SAM, but as 

multiple resistors placed in parallel with the van der Waals interface. The areas with the least resistance 

will be those where the oxide is in van der Waals contact with the SAM; even if 50% surface of top-

electrode is covered with adventitious carbon having a resistance much larger than that of the SAM, the 

measured current density would only decrease by a factor of two,
22

 which is a relatively small 

uncertainty when compared the spread in our data.  

112-114
 

Conclusions 

The oxide skin formed spontaneously on EGaIn in ambient conditions is apparently passivating, 

0.7 nm thick (on average), and mostly composed by Ga2O3. Combined data from ARXPS and 

TOF-SIMS established that the thickness of the oxide on EGaIn after ~1 h of exposure to ambient 

conditions was, on average, 0.7 nm thick, and composed mostly of Ga2O3 (Ga2O and In2O3 exist 

underneath the Ga2O3). This analysis gave no information about the crystallinity of the oxide. 

The structure and composition of the Ag
TS

-SR//Ga2O3/EGaIn tunneling junctions are conserved, 

from junction to junction, and from tip to tip. To assess the effect of mechanical handling (which is 

involved in the formation of junctions with Ga2O3/EGaIn tips) and of the curvature of the surface, we 
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compared the XPS signals (Ga3d  and In4d) from an as-fabricated tip (i.e., minimal handling, radius of 

curvature of ~100 μm) with the same signals originating from drop-shaped samples (i.e., minimal 

handling, radius of curvature of ~1 cm), and from mechanically deformed tips (i.e., 25 cycles of 

deformation, radius of curvature of ~100 μm). The ratio of the intensities between the signals 

originating from the liquid alloy and the oxide were indistinguishable in the three different samples. We 

inferred that the average thickness of the oxide was comparable among the three samples and, therefore, 

that mechanical deformations and curvature did not affect the average thickness and composition of the 

oxide. 

The transport of charge through the junction is dominated by the SAM. The determination of the 

average thickness of the oxide and adventitious contaminants allowed us to infer the influence of this 

surface layer on the measurement of current densities from Ag
TS

-S(CH2)n-1CH3//Ga2O3/EGaIn tunneling 

junctions. We compared the resistance of the most conductive junction we measured (10
7
  at 0.5 V, for 

n = 10) with the upper bound of the resistance of the surface layer (~1∙10
3
 ) calculated by considering 

the experimentally determined value of J0 for Ag
TS

-S(CH2)n-1CH3//Ga2O3/EGaIn junctions (10
2
 A/cm

2
). 

Even in this limiting case, the resistance of the junction is larger than that of the surface layer by four 

orders of magnitude; this observation indicates that the surface layer does not affect the measurement of 

current densities of Ag
TS

-S(CH2)n-1CH3//Ga2O3/EGaIn junctions. This conclusion is probably not valid 

for much more conductive SAMs, as has already been suggested in recent reports.
33

 The values of 

resistance and average thickness of the oxide reported here will be useful in evaluating the impact of the 

surface layer on the measurement of current densities from highly ―conductive‖ SAMs.    

Exposure of the electrode to adventitious contaminants found in laboratory atmosphere does not 

significantly change the conductivity of the junction over the time required to measure tunneling 

currents through SAMs. Adventitious contaminants also adsorb on the tip, as suggested by the amount 

of carbon detected by XPS on Ga2O3/EGaIn electrodes. We measured the conductivity of 

Ag
TS

-S(CH2)9CH3//Ga2O3/EGaIn junctions formed after exposing the Ga2O3/EGaIn electrodes to 

laboratory atmosphere for 1, 5, and 15 minutes. These times are representative of the typical exposure a 
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tip undergoes in a typical junction experiment. The J(V) values for all three conditions were within the 

99.9% confidence interval of each other. We infer that, at such levels of exposure, either the amount of 

adventitious contamination on the surface is negligible, or that it is constant.   

The Ga2O3/EGaIn interface is rough at the micron scale. Simultaneous ToF-SIMS mapping and Ar-

ion sputtering of the surface of a frozen Ga2O3/EGaIn drop yielded tomographic maps of the lateral 

distribution of oxide as function of depth. Our results show that, while most of the oxide is ~0.7 nm in 

thickness, the Ga2O3/EGaIn interface exhibits a micron-scale roughness, characterized by thread-like 

strands of oxide, ~4 μm wide, and several μm thick. It appears, however, that this roughness — and the 

effective contact area of the junction — is constant from junction to junction, since the values of J(V) 

are reproducible. 

In
3+

 segregates at the interface between the bulk liquid alloy and the rigid oxide. High resolution 

ARXPS analysis of drop samples identified In
3+

 species as being segregated between the oxide and the 

liquid metal alloy. This finding is consistent with the lower surface tension of In compared to Ga, and 

with previous results by our group
56

 and others.
76,114
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