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Abstract 

The detailed understanding of electronic transport through a single molecule or an 

ensemble of self-assembled molecules embedded between two metallic leads is still a matter of 

controversy. Multiple factors influence the charge transport in the molecular junction, with 

particular attention to be given to the band states of the electrodes, molecular orbital energies, 

bias potential and importantly molecule-electrodes electronic coupling. Moreover it is not trivial 

to disentangle molecular contributions from other possible conduction pathways directly 

coupling the opposite electrodes. We here investigate the electronic transport properties of an 

ensemble molecular junction embedding an alkylthiol derivative of a diphenol substituted 

bithiophene (DPBT) by means of current vs. voltage and temperature dependent measurements. 

We explored different junction configurations using: micropores (Au// DPBT //Au and Au// 

DPBT -polymer conductor//Au) and conductive-Atomic Force Microscopy (c-AFM). In all 
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cases, we found a transition voltage, VT of  0.35 V. The consistent presence of a similar VT in 

all tested configurations is a strong, yet not conclusive, indication of a molecular signature in the 

charge transport, which we assessed and confirmed by temperature dependent measurements. 

We found a transition from incoherent resonant tunneling at low biases and close to room 

temperature, where transport is thermally activated with activation energy of 85 meV, to a 

coherent tunneling at voltages higher than VT. Unlikely many other molecular junctions reported 

in the literature, resonant conditions commonly attributed to a hopping transport regime can be 

found already at room temperature and very low biases for a molecule only 1.5 nm long. This is 

the first report clearly showing temperature activated transport through a short and not fully 

conjugated molecule. Moreover, we could clearly identify a regime at low temperatures and low 

bias where the transport mechanism is controlled by the thermal conductivity of the metal 

electrodes rather than the molecule.  

 

Introduction 

The wide flexibility in tailoring the optoelectronic properties of organic materials has 

justified the efforts for their integration into electronic circuits for technology application. 

Molecular electronics studies are motivated by the promise for future electronics being based on 

single molecules or ensemble of molecules, providing one possible answer for extreme 

downscaling requirements needed to satisfy the ever increasing demand for denser computational 

capability.
1
 Self-assembly of functional molecules and their tunable chemical composition may 

also provide a mean to deploy complex logic functionalities at the nanometer scale, through a 

unique and efficient bottom-up approach, thus enabling alternative applications not accessible 

with current technologies.
2
 In order to achieve these targets, fundamental properties of molecular 
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junctions have to be investigated. Most of the current studies focus on conductive Atomic Force 

Microscopy (c-AFM) measurements
3,4

 and the break junction approach.
5
 These junction 

configurations enable very important fundamental studies, but they are still far from being 

suitable for the following step of integration into a scaled-up technology. Furthermore, the 

transport properties so far investigated with the break junction technique are strongly correlated 

to the particular atomic configuration of the apex metal contacts, and the effectiveness of 

controlling the alignment of a single molecule between them. A more scalable design is based on 

ensemble molecular junction diodes, where many self-assembled molecules are sandwiched 

between two electrodes.
6
 Various examples of ensemble molecular junctions can be found in 

literature, and most of them exploit the self-assembling properties of thiolated molecules bound 

to gold electrodes.
6b

 Typical artifacts encountered in the electrical characterization of molecular 

junctions are caused by metal diffusion filaments formed during the thermal evaporation of the 

top metal contact.
7
 Unfortunately, the electronic conductivity of those filaments has been often 

misinterpreted and assigned to molecular charge transport features.
8
 More recent strategies 

foresee the development of soft electrode deposition methods.
9
 A valuable approach is the 

insertion of a protective poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate) (PEDOT:PSS), 

acting as a conductive interlayer, between the self assembled monolayer (SAM) and the 

thermally evaporated top metal contact.
10

 Other works have also shown the effectiveness of 

using graphene and graphene oxides as soft contacts.
11

 Once the diode configuration is defined, 

the junction transport properties have to be rationalized in light of the specific adopted 

architecture and molecular features have to be extrapolated.  

The typical transport mechanisms often showed in a molecular junction are tunneling and 

resonant transport.
12

 A non resonant tunneling mechanism, which is temperature independent, is 
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favored in the case of thin monolayer and high energy offset between molecular orbitals energy 

and electrodes work function. Resonant transport mostly occurs when the molecule’s HOMO or 

LUMO are involved into the electronic transport through the electrode-molecule electronic 

coupling. In particular, the charge hopping mechanism operates in resonant conditions and 

features an Arrhenius dependence of the conductivity versus temperature. Non resonant 

tunneling has been previously found to dominate for chain length shorter than 2.5 nm even for 

fully conjugated molecular wires.
13

 For these molecules a hopping mechanism is more likely to 

occur when the chain length is longer than 5 nm.
14

 So far it is not clear if a hopping mechanism 

can be achieved for short and not fully conjugated systems. 

In this work we present ensemble molecular junctions based on an alkoxythiolated 3,3'-

diphenyl-2,2’-bithiophene (DPBT), which is designed to embed insulating alkyl chains in 

between the electrodes and the aromatic core.  Multiple techniques have been employed in this 

study to unveil a molecular fingerprint in the electrical conduction, namely the robustness of the 

electrical parameters extracted with different junction architectures comprising the same DPBT 

molecule. In particular, c-AFM allows for an easier fabrication and a wider junction’s statistic 

with respect to the case of pore-junctions. Therefore, our study foresees the use of c-AFM as a 

first technique, which allows us to identify from the current-voltage (I-V) measurements a 

precise transition voltage (VT), which is found as a minimum in the transition voltage plot, where 

the usual I-V data are plotted in a Fowler Nordheim (FN) manner (i.e., ln(I/V
2
) vs 1/V).

15
  

The study then moves to the I-V characterization of a large number of micro-pore 

junctions with and without the PEDOT:PSS soft-contact. In both cases we found the same VT as 

for c-AFM measurements, highlighting the critical role of the molecule in determining the 

junction transport characteristics independently from the top contact. Variable temperature I-V 
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curves acquired on micro-pore junctions allow the proper investigation of the transport 

mechanism. Importantly, we were able to evidence a clear agreement between variable 

temperature measurements on pore junctions with both top Au and PEDOT:PSS contacts. This is 

a critical finding, further confirming the specific role of the molecule in determining charge 

transport. Therefore, by combining different characterization techniques and by a critical 

assessment of the thermal dependence of the current-voltage (I-V) characteristic curves, we 

found that resonant transport can be achieved also for such short and not fully conjugated chain. 

We show that by the proper design of the Highly Occupied Molecular Orbital (HOMO) level, 

being very close to the gold work function, and by inserting a short insulating alkyl chain 

between the metal and the aromatic core, we could enable a thermally activated transport regime 

at low biases and at room temperature implying the contribution of the conjugated core of the 

molecule.  

 

Results  

The molecule under study (DPBT, Figure 1) has an aromatic core and two insulating 

saturated alkyl chains constituted by six carbon atoms, one of which terminated with a thiol 

group. The aromatic core determines its HOMO and LUMO, whose energies have been 

measured through Cyclic Voltammetry (CV, Figure S1 Supporting Information, SI). A DPBT 

monolayer was grown on a gold surface thanks to its anchoring –SH group, according to the 

methodology reported in the Methods section, and its presence was shown by grazing angle 

incidence Reflection Absorption Infrared Spectroscopy (RAIRS) data (Figure S2 and Table 1 in 

SI).  
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We first investigated the conduction through such monolayer by means of c-AFM 

technique, i.e. by adopting the conductive tip of an AFM as the counter probing electrode.  

I-V measurements were performed at room temperature and under N2 atmosphere. The collected 

data are reported in Figure 2a and c, and compare c-AFM junctions containing saturated 

tetradecanethiol (C14) SAMs or DPBT SAMs chemisorbed on gold. C14 based junctions have 

been selected as reference samples since C14 chain length is comparable to the DPBT one. Per 

each molecule at least four freshly made SAM samples were characterized. Per each SAM at 

least three different sampling points were tested. The data presented are averaged over at least 20 

I-V curves acquired per each tip load per testing point (raw data shown in Figure S3).  We also 

present the data as a function of the applied load.
16

 The lowest currents are measured by applying 

the minimum load necessary to make the first electrical contact to the SAM. For DPBT the 

higher load is the one preceding the SAM rupture, favoring a short circuit through the junction. 

As shown in Figure 2, for similar tip loads the current intensities measured on C14 and DPBT 

(58 nN and 50 nN respectively) can be very different. Such differences may arise from a 

combined effect of different intrinsic conductivity and different mechanical properties of the two 

investigated SAMs due to the different packing and moisture adlayer, which affects the effective 

load to be applied for establishing the electrical contact to the SAM.  

Though it has raised some controversy with respect to its proper interpretation, a useful 

tool to monitor the electrical characteristics of molecular junctions, is the extrapolation of the 

transition voltage VT from the FN plot of I-V characteristics.
15,17

 The theoretical concept behind 

this plot is the Simmons model,
18

 which identifies in the VT the voltage threshold for the 

transition between a direct tunneling to a Fowler Nordheim tunneling. However, care must be 

taken when assigning the minimum in the VT plot to a transition between these or other specific 
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mechanisms.
19-20

 Vilan and Cahen analyzed different tunneling transport models and have shown 

that such minima can also be found when a Taylor expansion is used to introduce small 

perturbation on one single tunneling mechanism, therefore no transition between two different 

transport mechanisms would be needed to observe a VT.
21

  

Keeping in mind all the above, the I-V data measured for molecular junctions in a c-AFM 

configuration are presented for comparison also in the form of transition voltage plots (Figure 2b 

and d). By comparing the I-V curves for both DPBT and C14 samples at very low applied loads, 

where the current intensity measured for the two junctions is similar, we can clearly see that a VT 

(  0.35 V ) appears only for the DPBT SAM, while is absent for the C14 one. Interestingly, the 

measured VT for the DPBT junction is even lower than the one found for very short alkyl chains, 

as for example for a C8, where a VT of  0.5 V was reported for high tip loads.
22

 Also we 

observe that a persistent VT is found for the entire range of applied loads for DPBT, contrarily to 

the C14 SAM. With increasing tip-load, VT for DPBT stays almost constant at around VT = (0.32 

± 0.03) V, while a jump to higher values occurs only for a tip-load closer to conditions of short 

circuiting of the diode ( 0.5 V at 57 nN). From such analysis we observe that, besides showing 

a higher conductivity (Figure 2), DPBT junctions display a VT which cannot be reproduced with 

a saturated carbon chain of similar and even shorter length. It is worth here to underline that our 

measurements on the reference C14 samples are consistent with previous reports on long alkyl 

chains, showing a VT higher than 1V,
23

 at the limit of our bias window. Within this window we 

could observe a VT at around  0.7 V only for high tip loads and only for few (10%) C14 

junctions. Such decrease in VT was previously shown for alkanethiols and assigned to a different 

tilting angle of the alkyl chains with respect to the substrate thus enabling different pathways for 

the charges to tunnel through the SAM.
22

  Such behavior is highly reproducible and implies that 
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in c-AFM the applied tip load can play a major role in determining the transport properties of a 

junction, reflected by the overall current density and VT.
16

  

We then compared the c-AFM junctions characteristics with the one found in pore 

junction diode configurations. A sketch of all the three different diode configurations 

investigated in this study is presented in Figure 3: i- Au//DPBT//Au; ii- 

Au//DPBT/PEDOT:PSS//Au; iii- Au//DPBT//(Pt, c-AFM tip). Here, we would like to point out 

that the data presented are the outcome of over a thousand investigated pore junctions with and 

without the soft PEDOT:PSS electrode. In spite of the very low yield in fabricating 

Au//DPBT//Au diode junction ( 3%), due to the easy formation of short circuiting filaments, we 

could consistently and reproducibly compare those junctions with the Au//DPBT-

PEDOT:PSS//Au diodes. As shown in Figure 3, these data are also comparable with what 

observed in a c-AFM diode configuration, where the top electrode is a conductive Pt coated tip. 

The analysis of the VT plot, shown in figure 3, reveals that the normalized data are essentially the 

same. Interestingly, despite the differences in the investigation methods employed, we found the 

same VT = (0.32 ± 0.03) V all across the different approaches. Such VT is therefore the fingerprint 

of DPBT molecule in the conduction, no matter which junction configuration is used for the 

investigation. This appears as a first confirmation that the molecule rather than the diode 

structure is determining the junction electrical properties. Such solid persistency of an electrical 

parameter associated with a conjugated molecular ensemble probed in different junction 

architectures has not been previously reported. Moreover, while current density is usually not 

comparable in nano- and micro-pore junctions
12a

 as very often observed the current density is not 

scalable with the junction area, the robustness of VT  for DPBT junctions highlights a possible 

discriminating factor when comparing junctions characterized by very different probing areas. 
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As discussed above, a question arises about the possible physical origin of this parameter, VT, in 

the junctions under investigation. This VT corresponds to a clear change in conductivity of the 

junction, as shown by dI/dV measurement on a Au//DPBT//Au sample, directly performed with a 

lock-in based technique (see Supporting Information, Figure S3).  However at this stage we still 

cannot attribute the presence of a VT to a transition between different transport mechanisms.    

Deeper insights on the transport mechanism require further investigations. A molecular length 

dependence study is in principle an important tool to rationalize the transport regimes,
12a

 as an 

exponential dependence of the conductivity with length would be compatible with a non resonant 

tunneling process, while a linear dependence would imply an incoherent hopping process. 

However DPBT offers too many possibilities for varying the molecular length, as by changing 

the repeating unit in the aromatic core or in the alkylic side chains, making the approach not 

readily viable in this case. Temperature dependent measurements at different bias voltage 

become therefore mandatory to clearly disentangle and address different possible transport 

mechanisms.  

Temperature and bias dependent measurements for the Au//DPBT//Au junction are 

reported in Figure 4. Reversible, upward and downward temperature cycles demonstrate the 

stability of the junction. Analogous analysis performed on the thermal dependence of 

Au//DPBT-PEDOT:PSS//Au junctions (Figure 5) allows for the same conclusions and 

observations (see Discussion session). Independently of the underlying transport process, the 

substantial correspondence of the thermal dependence as found in junctions with and without 

PEDOT:PSS is a very critical evidence and confirms that the charge transport is not mainly ruled 

by the top conducting polymer or by defects following the deposition of the top Au electrode 

either, but rather associated with a molecular contribution.  
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All the data showed in Figure 4 are in the positive bias region and, due to the symmetry 

of the I-V curves at all temperatures, the same dependence is observed for the negative bias. 

Though this experimental evidence can be intuitive for the Au-SAM-Au sample, it is less 

straightforward to give a proper explanation for the observed symmetry in the PEDOT:PSS 

junctions. Similar findings have been previously reported for other molecular systems.
24

 Possible 

causes for such behavior are i) the similar work function of the two opposite electrodes, 

PEDOT:PSS and Au, providing the injection of similar current densities, or ii) a Fermi level 

pinning regime.
25

  

We also compared such thermal dependence as found for DPBT junctions with those spurious 

phenomena which can provide thermal dependent features even in saturated alkyl chain SAMs, 

and whose transport has been very often shown to be coherent and non resonant. Such 

comparative analysis is reported in the SI, and it shows that defective alkyl thiol junctions do not 

present the complex temperature dependence as found for DPBT junctions. 

 

Discussion 

The temperature and bias dependent measurements of a Au//DPBT//Au junction are shown in 

figure 4a. The temperature dependence of the VT is shown in figure 4b, where a broadening of 

the FN minima is observed with lower temperatures. For these junctions, marked temperature 

dependence is observed in the temperature range between 330 and 280 K (blue box figure 4a). A 

very weak or totally absent thermal dependence is expected in a non resonant tunneling process, 

while a clear thermal activation has been so far rationalized either as an effect of contact Fermi 

level broadening within a non resonant process or as a hopping process.
12a

 We found that this 

data range can be fitted with an Arrhenius dependence, returning an activation energy (Ea) which 
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is much higher at lower bias (Ea  85 meV from 10 mV up to 40 mV) and progressively 

decreasing with increasing bias voltage and tends to lower values at higher bias ( 0.01-0.02 eV 

above 0.4 V, figure 4c). This evidence strongly suggests that different mechanisms are 

responsible for the high bias and low bias regime.  

While the low bias and more strongly temperature dependent regime is discussed later,
26

  for 

high bias and high temperature good data fitting was found for a root square dependence of the 

current on temperature. Such dependence has already been  reported for injection processes at 

inorganic/organic interfaces and follows the Richardson-Schottky model for thermoionic 

emission at a metal vacuum interface.
27

 This mechanism is very well in line with the bias 

independent activation energy found for higher biases (> 0.4 V, figure 4c), i.e. biases higher than 

VT.  

From Figure 4, at T below 280 K we can clearly recognize two regions as a function of the 

applied bias (indicatively, green and red boxes figure 4a). Weak but measurable temperature 

dependence appears on the whole region from 280 K to 77 K at low biases, and an almost 

temperature independent region is found at higher biases. The temperature independent region 

above VT can be easily assigned to a direct tunneling process which is field assisted (red box).
28

 

A less straightforward assignment can be made for the region between 240 - 77 K and 10 - 50 

mV (within the green box). A very good interpolation of those data is only found for a cubic 

dependence of the resistance on T (Figure S5). Such dependence can be explained neither with a 

purely molecular mechanism, nor with a simple field assisted injection mechanism, nor with a 

thermionic emission. Such power dependence upon T is also responsible for the reversible 

broadening observed in the VT plot (Figure 4c). We highlight that this is very likely originated by 

the same mechanism responsible for the similar broadening already observed by Trouborst et 

Page 11 of 23 Nanoscale

N
an

os
ca

le
A

cc
ep

te
d

M
an

us
cr

ip
t



al.
29

 for pure gold break junctions in vacuum conditions and in absence of any molecular system. 

Therefore a molecular based mechanism cannot explain such low temperature behavior. Here we 

provide a possible explanation of such dependence. According to the Wiedemann-Franz law, 

relating the electrical conductivity with the thermal conductivity in metals, the presence of a 

temperature gradient between two electrodes, caused by bias applied to one electrode, determine 

a power law dependence of the current versus temperature (see SI for the derivation). At the base 

of this power law is the current dependence on the metal phonons energy, i.e. on the role they 

play into the electron tunneling probability. While at room temperature all the metal phonons are 

already active, at low temperatures the activation of thermal phonons can increase the tunneling 

probabilities. So far the influence of the metal phonons on the electron transport processes in 

organic diode studied at low temperature has been disregarded, and molecular contributions to 

the transport have been claimed before considering such a spurious effect.
30

 Hence, we propose 

that at very low bias and low temperature, thermal effects deriving from the metal electrode 

contacts can control the tunneling current. In conclusion, at temperatures below 280 K, the VT 

which shifts to lower values ( 0.32 V at 200 K and  0.07 V at 80 K), is associated with a 

transition from a metal phonons mediated transport at low biases to a non-resonant tunneling 

transport at higher biases.   

We discuss now the transport regime at low biases between 330 K and 280 K, where marked 

temperature activation is found.  An Ea of 85 meV is low if compared to the expected energy 

difference between the gold Fermi level and the HOMO of the molecule ( 0.3 eV). According 

to a previously reported work, the calculated reorganization energy () needed to ionize the 

DPBT aromatic unit in vacuum is   (0.2 - 0.3) eV.
31

 Considering the semi-classical Marcus 

model for electron transfer, which would imply a hopping process, Ea would be proportional to 

Page 12 of 23Nanoscale

N
an

os
ca

le
A

cc
ep

te
d

M
an

us
cr

ip
t



/4, which would make reasonable the low Ea value found from the slope in the Arrhenius plot. 

However, we cannot be conclusive at this stage regarding such process, also considering that 

when the molecule is bound on a solid substrate and interacts with nearest neighboring molecules 

in the SAM, the activation energy can be very different from what is calculated in vacuum for a 

single molecule and may not be simply associated to the molecular reorganizational energy. 

Therefore other reasons for such low energetic barrier have to be discussed first.  Previous works 

have already reported similar activation energy ( 0.1 eV), but mostly for fully conjugated 

systems embedded in a break junction
32

 or in a c-AFM configuration.
33

 Choi et al.
34

 investigated 

a fully conjugated molecule, and according to their interpretation the observed low activation 

energy has to be assigned to the intramolecular hopping process, while no energetic barrier 

would exist at the gold/molecule interface. Similar conclusions were drawn by Luo et al.,
33

 who 

embedded multiple units of a ruthenium complex within two alkylated side chains (O-(CH2)6). 

They showed a similar low values for the activation energy, only when more than two ruthenium 

complexes were present, resulting in a very long molecular wire where a hopping process was 

more likely to occur. Sayed et al.
35

 observed very low activation energy ( 0.1 eV), for long and 

fully conjugated molecule in an all carbon molecular junction. The discrepancy between this 

value and the expected hopping energy was explained in terms of coherent tunneling process 

affected by a broadened Fermi function of the carbon electrode.
36

 In particular, in order to 

explain their data, the authors introduced the thermal dependence of the Fermi function, as 

described by Simmons,
18,37

 including molecular parameters such as the SAM dielectric constant 

and an electron effective mass dependent upon the molecular conjugation length. Besides the 

difficulty to associate an electron effective mass to the short conjugated molecules under study, 

we note that the Simmons model cannot explain the observed dependence of the activation 
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energy from the bias as observed in Figure 4c. Therefore, the effect of the broadening of the Au 

Fermi function does not appear to be a strong enough argument for the observed temperature 

dependence in this case.
12b

  

Therefore our observations of temperature activation at low bias can be rationalized with a 

hopping process. The fact that it appears only at low biases is consistent with the short length of 

the molecule, which is not long enough to effectively decrease the direct tunneling between the 

two electrodes. However, the same molecular length is not consistent with an intramolecular 

hopping process, i.e. with the presence of multiple hopping sites on the molecule. Therefore the 

only plausible explanation supporting hopping is that the aromatic core represents a single 

hopping site for the charge between the two electrodes. Further experiments will be needed to 

fully confirm this hypothesis, e.g. by varying the chain length of the alkylic spacers. We also 

notice that a pinning mechanism is also compatible with a hopping mechanism. The presence of 

the short insulating alkyl chains and the proximity of energy levels between the Fermi energy 

level of gold (EF,gold) and the HOMO of DPBT could favor a metal-molecule coupling leading to 

molecular electron density redistributions. The formation of hybrid states, as also foreseen in 

pinning mechanism, can also explain the observed low activation energy.
25,38

 

Given the difficulty in assessing a tunneling mechanism according to the Simmons model, in all 

the other mechanisms described above both the molecules and the electrodes have to be 

considered to explain the observed data at low bias and close to room temperature, implying a 

resonant transport mechanism. So far in the literature there are no clear reports of an electrode 

molecule coupling despite the presence of insulating alkyl chains in short molecular wires. 
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Conclusions 

The thorough comparison of various junctions’ architectures demonstrates that the ubiquitous VT 

= (0.32  0.05) eV found for DPBT based junctions is a signature of the molecular role in the 

charge transport. Temperature and bias dependent measurements allow the identification of 

different transport regimes. The substantial agreement between temperature dependent 

conduction in junctions with Au and PEDOT:PSS top electrode rules out the possibility of trivial 

spurious effects (e.g. metal filaments) inducing such temperature dependence. We showed that at 

low bias and close to ambient temperature a resonant transport (Ea = 85 meV) is possible for 

short and not fully conjugated molecules. This mechanism is compatible with the presence of a 

single localized state, strongly contributed by the aromatic core of the molecule, to which charge 

injected from electrodes can hop to. In this frame, in agreement with recent studies on molecular 

junctions,
19a,21

 we can exclude that for DPBT junctions VT discriminates between direct and FN 

tunneling; instead, we show that for biases exceeding VT and close to room temperature, a 

transition from a resonant to a thermionic emission takes place.
39

  

In the low temperature range other two mechanisms are present. For biases exceeding VT 

a thermal independent, tunneling regime is clearly evidenced. Interestingly, at low temperatures 

and low biases, we found that thermal conductivity determines a power dependence of the 

current on temperature though a tunneling mechanism is still occurring in the junction. We have 

associated such regime to the influence of metal-phonons, spurious, i.e. non involving molecular 

electronic levels, contribution to the junction transport.  

While statistical measurements are to date one of the most reasonable approaches for 

studying molecular junctions, we would emphasize on the importance of temperature 

dependence studies in order to gather more awareness on the multiple channels which might 
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contribute to the junction transport, in particular of those non molecular mechanism which might 

mislead the interpretation. 

The overall importance of our work relies both in highlighting the robustness of an 

electrical parameter such as VT with respect to the variation in junction architecture and probing 

area, and in the definition of those fundamental parameters, energy level proximity to the 

electrode work function and alkyl chain length, which can control the resonant transport in 

molecular junctions with a conjugated core. Resonant processes are mostly desirable as they 

would bring-in the particular signature of the chosen molecules making worthwhile the specific 

effort into design and synthesis. 

 

 

Methods 

The -alkylthiol functionalized 3,3′-diphenyl 2,2′-bithiophene (DPBT) has been synthesized 

according to a previously reported route.
40

 

A scheme of the diode junction studied in this work is presented in Figure 1. The diode junction 

has been prepared by vacuum evaporation of 70 nm of gold onto 1737F glass slides. A 1.3 m 

thick photoresist layer (S1813) was spun on the gold substrate. Subsequently, part of the 

photoresist was removed through a photolithographic process, providing a patterning with 5-10-

20-40-80 m diameter holes. After oxygen plasma treatment (100 W, 10 min), the substrates 

were immersed overnight in a 510
-4 

M solution of DPBT in toluene. After vigorous rinsing with 

chloroform and drying under N2, the samples were either directly placed into the evaporator 

chamber for the gold top electrode deposition or topped with a PEDOT:PSS layer. In the last 
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case, the PEDOT:PSS interlayer was deposited by spin-coating on top of the molecular assembly 

prior to gold electrode evaporation.  

Variable temperature I-V measurements have been performed by means of an Agilent B1500 

Semiconductor Parameter Analyzer in a cryogenic probe-station (Janis). The temperature value 

was monitored with 4 sensors placed in different position of the chamber. To allow for a good 

thermal contact between the heat exchanger and the sample, the substrate was attached to the 

sample holder through a thermal paste (ApiezonN). The temperature at the top surface of the 

sample was also monitored in control experiments by recording the temperature of an additional 

Si diode sensor placed on top of a dummy 1737F glass substrate of the same thickness and 

comparable lateral dimensions of the actual samples.  

Direct measurements of the first derivative of the I-V curves were performed by providing a DC 

bias with a superimposed AC 10 mV at 654 Hz through a Keithley 3390 signal generator, and by 

reading the output AC signal at 654 Hz, amplified with a transimpedance amplifier (DHPCA-

100,  FEMTO Messtechnik GmbH), on a lock-in amplifier (SRS830, Stanford Research 

Systems). Conductivity measurements were performed at 77K. 

I-V characteristics have also been measured on a DPBT SAM chemisorbed on clean gold surface 

through a Conductive Probe Atomic Force Microscopy (c-AFM, 5500 Agilent Technology). 

Gold substrates used for c-AFM junctions experiment were prepared by evaporating 1.5 nm of 

Cr on mica prior the evaporation of 20 nm thick layer of gold. This allows us to obtain substrate 

with a roughness of  1.5 nm. Conductive platinum-coated silicon nitride cantilevers (N9540-

60002, Agilent Technologies, Santa Clara, CA) with a nominal force constant of 6 N/m were 

used for c-AFM measurements. Measurements where carried under nitrogen atmosphere. We 

observed that I-V characteristics measured with c-AFM are dependent upon the force constant of 
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the chosen tip, with higher tip forces being responsible for SAM penetration and formation of 

short circuits.
41
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FIGURES 

      

 

 Figure 1: Left: molecular structure of 3-(4-hexyloxyphenyl)-3'-(4-(6-mercapto)hexyloxyphenyl)-2,2'-

bithiophene (DPBT); Right: scheme of energy levels.  

 

 

Figure 2: A-B: I-V plot (A) and transition voltage plot (B) acquired on a c-AFM junction configuration 

for C14 SAM on gold; C-D: I-V plot (C) and transition voltage plot (D) acquired on a c-AFM junction 
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configuration for DPBT SAM on gold. The inset in C shows the I-V plot acquired for the lowest applied 

tip loads. Lower loads correspond to the minimum load required to achieve an electrical contact with the 

SAM/Au substrate. At higher loads, short circuits are very likely to occur, producing increased current 

densities especially in the case of non-densely packed monolayers. However, in densely packed and 

insulating SAMs, as for the C14 SAM, increasing the tip-load implies a higher probability to contaminate 

the metallic tip with detachment and physisorption of the SAM molecules on the tip. Such case can lead 

to the formation of a more insulating tip at increasing load with consequent decrease of the measured 

current as we can see by comparing the I-V curve acquired for C14 SAM at 173 nN and 216 nN. The 

abrupt jump in conductance observed for C14 (above 58 nN) and for DPBT (above 53 nN) is likely 

associated to a tip breaking the SAM packing, therefore reducing the gold substrate-tip distance, resulting 

also in a clear modification of VT. 

 

 

Figure 3: Transition voltage plot of the measured I-V characteristics in the three diodes configuration. a) 

c-AFM junction, b) PEDOT:PSS diode junction, c) Au junction. The dashed line is a guide to the eye 

showing the position of VT.  
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Figure 4: a: current dependence on temperature and bias for a Au-DPBT-Au junction (reversible up-

down cycles at 180 K and 77 K show the stability of the measured junction); b: broadening of the 

transition voltage plot at lowering temperatures (Au-DPBT-Au); c: Bias dependence of the activation 

energy as extracted from the Arrhenius plot of the current vs temperature (T) for 330<T<280. 

 

 

Figure 5: A: Current dependence on temperature and bias for a Au-DPBT-PEDOT:PSS-Au junction. B: 

Transition voltage plot Au-DPBT-PEDOT:PSS-Au junction.  
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