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particularly in terms of rectification ratio 
(R), has been improved considerably by 
introducing molecular dipoles,[3] asym-
metric molecule–electrode interface,[4] 
donor–acceptor (D–A) dyads[5] or asym-
metrically positioned redox-compounds.[6] 
However, the threshold voltage (defined as 
the voltage at which the current increases 
sharply in the direction of forward bias) of 
a diode, which is as important as R, has 
been rarely explored. This can be attrib-
uted to the fact that the designed energetic 
structure of a molecular junction is mis-
matched in reality due to strong Fermi-
level pinning of the molecular frontier 
orbitals.[7] This can also be attributed to 
the fact that the chemical modifications 
of molecules cause undesired changes 
in the supramolecular structure of the 
junctions.[8] We report a new series of 
molecular diodes based on self-assem-
bled monolayers (SAMs) composed of 
π-extended tetrathiafulvalene (exTTF). The 

effective threshold voltage of the diodes can be tuned to >1.0 V 
by introducing electron-withdrawing or electron-donating 
groups such as chlorine atoms or amino groups. These sub-
stitutional groups can efficiently generate an energy difference 
of the maximum magnitude of 0.6 eV for the highest occupied 
molecular orbital (HOMO) located on exTTF. This molecular 
design was accompanied by minimum changes in the supra-
molecular structure of the junctions. The control over the 
tunable threshold voltage at the molecular level can help in 
designing molecular functional devices in the future.

It has been widely reported that it is difficult to control the 
process of charge transport in molecular junctions to over-
come strong Fermi-level pinning. Bergren and McCreery et al. 
reported that tunneling barriers from aliphatic and aromatic 
molecules were compressed so that they were close to the 
Fermi level of the bottom electrode.[9] Frisbie et al. found that 
the desired energy-level alignment could not be achieved by 
replacing metal electrodes.[10] A few researchers have reported 
that the energy-level alignment can be tuned. For example, 
Veciana and Nijhuis et al. switched the polychlorotriphenylme-
thyl units, which provide molecular frontier orbitals, between 
the radical and nonradical form via a chemical modification to 
modulate the tunneling rate[11] or rectification ratio.[5a] Monti 
et al. demonstrated that small chemical substituents could be 
used to shift HOMO to regulate the energy-level alignment. 

It is a challenge to control the threshold voltage (defined as the voltage at 
which the current density increases sharply in the direction of forward bias), 
one of the basic parameters that define a molecular diode. The problem is 
that strong Fermi-level pinning of molecular frontier orbitals and the changes 
in the electronic structure are often overshadowed by the changes in the 
supramolecular structure. A chemical control approach is proposed to shift 
the effective threshold voltage of a series of molecular diodes composed of 
self-assembled monolayers (SAMs) of π-extended tetrathiafulvalene (exTTF) 
derivatives. The highest occupied molecular orbital of the molecules can be 
tuned by ≈0.6 eV (maximum) with the minimum changes in the supramole-
cular structure of the SAMs by introducing chlorine atoms or amino substitu-
tional groups into the exTTF moieties. To the best of the authors’ knowledge, 
this is the first paper that reports that the threshold voltage of the exTTF-
based diode can be modulated from 0.65 to 1.70 V. In addition, it is shown 
that these four molecular diodes can operate as half-wave rectifiers with the 
threshold voltage at positive direct current output ranging from 1.63 to 2.40 V, 
with the input voltage being 3.0 V at 500 Hz.
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1. Introduction

Electronics with charge transport that can be tuned at the 
molecular level is one of the fundamental systems for the 
development of next-generation nano-electronic devices.[1] 
The molecular diode is one of the basic components that 
should be developed in the first step. The operating principle of 
a molecular diode is that it only allows current to pass through 
a junction at forward bias, and block current at reverse bias. 
The first theoretical study was conducted by Aviram and Ratner 
in 1974.[2] Since then, the performance of molecular diodes, 
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This helped regulate single-molecule conductance.[12] Venkata-
raman et al. showed that the dominant conducting orbitals for 
thiophene/thiophene-1,1-dioxide oligomers of an equal length 
can be tuned by varying the electron affinity of the units incor-
porated into the backbone.[13] Koch et al. and Zojer et al. have 
demonstrated the importance of molecular modification for 
tuning charge transport in organic electronics from the sophis-
ticated study of spectroscopy[14] and theoretical calculations.[15] 
These studies show that a good strategy should be devised to 
gain full control of the process of charge transport at the mole-
cular level to avoid strong Fermi-level pinning. The process of 
chemical modification/substitution could be potentially used to 
efficiently address the issue. Therefore, it is natural to consider 
the use of electron-withdrawing or electron-donating groups 
to modify the conducting molecular orbitals for regulating 
the diode's threshold voltage. However, this strategy has failed 
before. Nijhuis et al. showed that the introduction of NHCO 
or NO2 groups into a molecular diode could help tune the 
values of HOMO by nearly 0.3 eV. Surprisingly, the new diodes 
did not rectify.[8] This can be potentially attributed to the change 
in the supramolecular structure of the SAMs caused by the 
slight change in the molecular structure, resulting in the gen-
eration of large amounts of leakage currents and impairment 
of the performance of the diodes.[16] Therefore, alternative 
approaches should be considered to choose the appropriate 
chemical groups to gate the molecular conductance, achieve 

rectification, and avoid the generation of undesired structural 
and energetical effects.

We have designed and synthesized a group of exTTF 
derivatives (Figure  1A) substituted by chlorine atoms (elec-
tron-withdrawing) or amino groups (electron-donating) and 
investigated the chemical gating effect on molecular junc-
tions to demonstrate the control over threshold voltages. In 
particular, we used the EGaIn junction technique[17] to per-
form the J(V) measurements of junctions based on SAMs of 
exTTF derivatives (namely, X-exTTF-C10-SH with X  = H, 2Cl, 
4Cl or NH2, abbreviated as exTTF, 2Cl-exTTF, 4Cl-exTTF, or  
NH2-exTTF) on AuTS (TS stands for template-stripping; see method 
of template-stripping in the Supporting Information) sub-
strates (schematic illustration in Figure 1B). 9,10-Di(1,3-dithiol-
2-ylidene)-9,10-dihydroanthracene (an exTTF) is a derivative of 
tetrathiafulvalene (TTF) that exhibits a strong donor character 
with the value of the HOMO energy being −5.0 eV (with respect 
to the energy level of vacuum). This is also close to the Fermi 
level of the electrodes.[18] The chlorination and amination at 
the edge of the exTTF moieties help in moving the HOMO 
energy level in the energy-level diagram (Figure  1C). The ten 
repeating methylene groups decoupled the HOMO from the 
AuTS substrates, despite reducing the total conductivity, and the 
unique bowl-shaped structure[18a] of exTTF (Figure  1B) makes 
the exTTF moieties tilted to the surface of the top electrode 
forming weak exTTF/EGaIn interactions. This helps avoid 

Figure 1. A) Molecular structures of exTTF derivatives. B) Schematic illustrations of the molecular junctions with the structures of AuTS-SC10-exTTF//
Ga2O3/EGaIn. C) Energy-level diagrams: The black rectangle indicates the HOMO position, the red rectangle indicates the HOMO position after 
amination of the exTTF moieties, and the blue rectangle indicates the HOMO position after chlorination of the exTTF moieties. D) Illustration of the 
mechanism of rectification: When the EGaIn electrode is negatively biased, the diodes are in the on state. The green arrows indicate the two-step hop-
ping process. When the EGaIn electrode is positively biased, the diodes are in the off state, and the black arrows indicate the direct tunneling process.
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HOMO strongly pinning at the Fermi level of the top electrode. 
We used the density functional theory (DFT) calculation (The 
DFT calculations are gas phase calculations, for comparisons of 
HOMO between exTTF and substituted exTTF, but the calcu-
lated HOMO levels do not represent the energy level inside the 
solid-state junctions), cyclic voltammetry (CV), and ultraviolet 
photoelectron spectroscopy (UPS) techniques to characterize 
the energetical structure of the SAMs. The results revealed 
that similar values of HOMO were obtained using these three 
techniques. To ensure that the supramolecular structures of 
the SAMs were similar, we used the CV and X-ray photoelec-
tron spectroscopy (XPS) technique to calculate the surface 
coverage and thickness of the SAMs. The values did not show 
statistical differences indicating that the supramolecular struc-
tures of SAMs remained unchanged. Clear rectification effects 
were observed in all four molecular diodes with the threshold 
voltage ranging from 0.65 to 1.70 V. The underlying mechanism 
for rectification involves the hopping of the exTTF moieties in 
only one direction of bias. This has been confirmed by con-
ducting temperature-dependent experiments (details are pre-
sented in the section on the molecular junctions). In addition, 
we used alternating current (AC) signals (frequency: 500  Hz; 
amplitude: 3.0 V) and showed that these four molecular diodes 
could operate as half-wave rectifiers with a different threshold 
voltage for the demonstration of the modulation of AC inputs 
by molecules.

2. Results and Discussion

2.1. The Molecules and Diodes

The detailed synthesis and characterization methods used 
for the four molecules (molecular structures are shown in 
Figure  1A; note that 2Cl-exTTF is a mixture of dichloro-
substituted exTTF) are presented in Section S1, Supporting 
Information. We fabricated the SAMs of exTTF derivatives on 
ultra-flat template-stripped gold-bottom electrodes (AuTS) and 
contacted the SAMs by EGaIn top electrodes (Figure  1B). All 
SAMs were prepared by immersing the AuTS substrates in 
0.5 mm solutions of X-exTTF-C10-SH in dry ethanol. After 16 h 
of immersion, we picked up the AuTS substrates from the solu-
tions using a tweezer and blew them to dryness using a stream 
of dry N2. Figure  1C illustrates the amination or chlorination 
of the exTTF moieties for moving (up or down) the relative 
energy position of the HOMO with respect to the Fermi level 

of electrodes. All four SAM junctions showed a rectification 
effect. The mechanisms of rectification for the exTTF-based 
SAMs were similar to the mechanism for other redox-active 
molecules[6a] (Figure  1D). This mechanism requires the mole-
cular frontier orbital; here, the HOMO of exTTF, to be physi-
cally close to one side of the electrode and energetically close to 
the Fermi level of one electrode. At sufficient negative bias, the 
HOMO of the exTTF molecule, as a hopping center, falls within 
the energy window of the Fermi levels of the electrodes. This 
results in the generation of a high current density, and this can 
be attributed to the presence of the reduced tunneling barrier. 
At positive bias, the HOMO does not fall in the energy window 
between the Fermi levels of the two electrodes. Under these 
conditions, the HOMO cannot participate in charge transport 
resulting in the generation of a low current density.

2.2. Characterization of the Supramolecular Structure

We used the CV and XPS techniques to characterize the elec-
tronic and supramolecular structure of the SAMs (Section S2, 
Supporting Information). The properties of the SAMs are sum-
marized in Table  1. We checked the quality of the SAMs by 
analyzing the CV (Figure 2A,B) and XPS data (Figure S35, Sup-
porting Information) of the SAMs to make sure that the supra-
molecular structure of the SAMs remained unchanged. The 
surface coverage for the four SAMs was obtained from the CVs, 
and the results were very similar (2.63–2.92 × 10−10 mol cm−2).  
The error bar was ≈5% for the three individual samples. The 
minimum value of Γ (2.63 × 10−10 mol cm−2) was recorded for 
4Cl-exTTF, and this could be attributed to strong intermole-
cular repulsions from the chlorine atoms. A similar surface cov-
erage value indicated that the process of chemical modification 
of molecules did not influence the packing of the SAMs. We 
performed XPS measurements to confirm that the four SAMs 
were of similar height. We integrated the intensity of S 2p from 
the two distinguishable peaks originating from the bottom 
sulfur in the SAu bond (I pS 2

Bottom ) and top sulfur in exTTF (I pS 2
ToP ).  

The values of I pS 2
Bottom  were dominated by the thickness and sur-

face coverage of SAMs, but the values of I pS 2
ToP  were almost solely 

dominated by the surface coverage of SAMs. Hence, we cal-
culated the I pS 2

Bottom /I pS 2
ToP  ratio (element ratio analysis; XPS data; 

Table S2, Supporting Information) for the four SAMs that could 
be used as the indicator of the thickness of the SAMs. The 
similar I pS 2

Bottom /I pS 2
ToP  values presented in Figure 2B indicated that 

the SAMs were in a standing-up phase with the exTTF groups 

Table 1. Summary of the properties of the SAMs.

UPS CV DFTe)

SAM EHOMO [eV] WF [eV]a) δEME [eV]b) Oxidation peak [V]c) Γ(× 10−10 mol cm−2)d) EHOMO [eV] EHOMO [eV]

NH2-exTTF −4.80 4.31 0.49 0.174 2.72 ± 0.02 −4.76 ± 0.01 −4.37

exTTF −4.96 4.23 0.73 0.358 2.89 ± 0.08 −4.89 ± 0.01 −4.54

2Cl-exTTF −5.20 4.42 0.78 0.565 2.92 ± 0.08 −5.04 ± 0.03 −4.85

4Cl-exTTF −5.47 4.67 0.80 0.712 2.63 ± 0.01 −5.23 ± 0.01 −5.08

a)Work functions were derived from UPS data; b)HOMO onset values were derived from UPS data; c)Oxidation peaks were derived from CV data; d)Surface coverage values 
were derived from CV data, and the error bars represented the standard deviation of the three independent measurements; e)The values were derived from the DFT/B3LYP 
function with the basis set 6–31G (d), as implemented in Gaussian 09.
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pointing away from the Au surfaces. From these results, we 
could conclude that the overall supramolecular structures of the 
four SAMs were similar despite some subtle changes followed 
by the chlorination or animation of the exTTF moieties.

2.3. Characterization of the Electronic Structure

Next, we characterized whether the chlorination or anima-
tion process could effectively gate the HOMO of exTTF in the 
SAMs. From the CV spectra shown in Figure 2A, we observed: 
i) The CVs recorded for exTTF and NH2-exTTF exhibited a 
single wave involving a single pseudoreversible two-electron 
oxidation process to form a stable dication species (exTTF2+). 
On the contrary, the CVs recorded for 2Cl-exTTF and 4Cl-exTTF 
present separate oxidation peaks, which strongly indicates that 
the chlorine atoms exhibit much higher electron-withdrawing 
affinity than the NH2 groups to stabilize the exTTF radical cat-
ions (exTTF•+).[18a] ii) The oxidation peak of the original exTTF 

was 0.358 V. This decreased to 0.174 V after the amino substi-
tution and increased to 0.565  V following the substitution of 
two chlorine atoms. In addition, the oxidation peak increased 
to 0.712  V with an increase in the number of Cl atoms (from 
two to four). These are clear pieces of evidence that the pro-
cesses of chlorination and animation can help tune the energy 
level of the HOMO of exTTF. Figure 2C shows the UPS profiles 
recorded for the SAMs and illustrates the HOMO (left panel) 
and second electron cut-off (right panel) with respect to the 
Fermi level of a clean Au surface. The values of EHOMO extracted 
from the CV and UPS spectra were compared with the theoret-
ical values obtained using the DFT technique (Figure 2D). The 
values obtained using the three different techniques show a 
good agreement for the EHOMO values. The values of the energy 
offset between the Fermi-level of the bottom electrode and the 
HOMO and δEME (eV) for these SAMs vary between 0.49 and 
0.80  eV, indicating that the HOMOs are energetically close to 
the Fermi level of the electrodes. The lowest unoccupied mole-
cular orbitals (LUMOs) are not energetically accessible in the 

Figure 2. A) Cyclic voltammograms were recorded in an aqueous solution of 1.0 m HClO4 for exTTF (black), 2Cl-exTTF (blue), and 4Cl-exTTF (purple) 
and in an aqueous solution of 1.0 m NaClO4 for NH2-exTTF (red) (amino groups are easily protonated in HClO4 solution). Ag/AgCl was used as a refer-
ence electrode, and the profiles were recorded at a scan rate of 1.0 V s−1. B) Surface coverage of the SAMs (black) and the relative integrated intensity 
of the S 2p spectra of the bottom sulfur ( S 2

BottomI p ) and top sulfur ( S 2
ToPI p ) for the four SAMs (blue). C) HOMO peak and secondary electron cut-off spectra 

of NH2-exTTF (red), exTTF (black), 2Cl-exTTF (blue), and 4Cl-exTTF (purple) (Figure S39, Supporting Information; complete spectral profile) recorded 
using the UPS technique. D) EHOMO values of NH2-exTTF (red), exTTF (black), 2Cl-exTTF (blue), and 4Cl-exTTF (purple) obtained using the DFT (at 
the B3LYP/6-31g* level), CV, and UPS techniques.

Adv. Mater. Interfaces 2022, 2201238



www.advancedsciencenews.com

© 2022 Wiley-VCH GmbH2201238 (5 of 8)

www.advmatinterfaces.de

applied bias window within the HOMO–LUMO gap.[19] The 
results reveal that the energy-level alignment can be controlled 
by introducing appropriate substituent groups before the for-
mation of the junctions.

2.4. The Molecular Junctions

We used the EGaIn Junction setup[17] to perform the SAM-
based junctions test following previously reported procedures 
(the details are described in reference[20] and also in Section S3, 
Supporting Information). At least 20 different junctions with 24 
traces of each junction were studied for each type of SAM. The 
data were plotted in histograms of log|J| and log|R| (Figures S41 
and S42, Supporting Information,) to which we fitted Gauss-
ians to obtain the mean values of <log|J|> and <log|R|> with 
their log-standard deviations. We applied the bias ranging from 
±0.8 V to ±2.0 V to realize the best performance (in terms of R). 
For instance, 4Cl-exTTF presents a rectification effect at 2.0 V 
(and not at 1.0 V), and this can be attributed to the maximum 
threshold voltage. The exTTF and NH2-exTTF, with a smaller 
threshold voltage than 4Cl-exTTF, would reduce rectification at 
2.0 V, and this could be attributed to the generation of a high 
leakage current. The four diodes are very stable within the 
applied bias, with 100% yield over at least 20 junctions and 480 
traces (Table S4, Supporting information). Figure 3A–D presents 
the log(average J(V)) curves generated for the AuTS-SC10-exTTF-
X//Ga2O3/EGaIn junctions. All four types of junctions can rec-
tify the current but they show different values of R. The exTTF 
is the best diode in terms of R (6.9 × 102 at ±1.0 V). The value 
of R for the other three diodes is less (NH2-exTTF, R = 1.8 × 102  
at ±0.80  V, 2Cl-exTTF, R  = 77 at ±1.50  V, and 4Cl-exTTF,  
R = 48 at ±2.0 V). We believe that there are two reasons behind 
the difference in the R values: 1) Chlorine substitution lowers 
the energy level of the HOMO when the junction is in the on-
state and a large threshold voltage is applied (voltage higher 
than 2 V will break down the junction). At the off state, a high 
leakage current (higher than that of unsubstituted exTTF) is 
generated. Although the 2Cl-exTTF and 4Cl-exTTF SAM show 
high leakage current at 1.5 V or 2.0 V, in fact, they have similar 
values of leakage current (≈10−4 A cm−2) at 1.0 V comparing to 
that of exTTF SAMs. 2) NH2 substitution can efficiently reduce 
the threshold voltage but the NH2 moieties are ≈0.9 Å larger 
than the hydrogen atoms. This results in a slight reduction 
in the surface coverage (Table  1), resulting in the generation 
of a higher leakage current than that of exTTF. Although the 
substituted-exTTF molecular junctions have lower rectification 
ratio than that of exTTF, they still maintain a relatively good 
rectification function that allows us to demonstrate the effective 
threshold voltage by the energetic control of the HOMO level.

To investigate the operating mechanism of these new types of 
diodes based on exTTF, we performed junction measurements 
at variable temperatures (Section S4, Supporting Information) 
to differentiate between a temperature-independent tunneling 
mechanism of charge transport and a thermally activated hop-
ping mechanism.[5b,21] We used the devices made of the poly-
meric polydimethylsiloxane (PDMS) mold, in which the top 
electrodes of EGaIn were stabilized in a microfluidic channel 
(device images in Figure S43, Supporting Information), to 

obtain temperature-dependent measurements. Figure  3E pre-
sents the J–V curves for the exTTF molecular junctions meas-
ured in the temperature (T) range of 260–330 K at intervals of 
10 K. Figure 3F presents the values of ln|J| at +1.0 and −1.0 V. 
The values of ln|J| change with the temperature at −1.0  V but 
are independent of temperature at +1.0 V. Based on the analysis 
of the combined results, we believe that at negative bias, the 
HOMO is an accessible molecular orbital that can participate in 
hopping transport. At a positive bias, a direct tunneling trans-
port mechanism is operative. Considering the fact that different 
bias windows are applied for different SAMs, all four HOMOs 
should be energetically accessible to fulfill the requirement of 
the “hopping” mechanism.

2.5. Determination of Threshold Voltage

We determined the effective threshold voltages of the four 
diodes by plotting the normalized J(V) values on a linear scale 
and linearly extrapolating them to cut the current at the on-state 
of each diode (Figure 4A). The normalization of J helps visu-
alize the change in effective threshold voltage, which does not 
change the values of the effective threshold voltage. The values 
of effective threshold voltage varied (>1.0  V) among the four 
diodes, and the values were −0.65, −0.87, −1.27, and −1.70 V for 
NH2-exTTF, exTTF, 2Cl-exTTF, and 4Cl-exTTF, respectively. 
Considering the characterization results, we concluded that one 
NH2 substitution increased the values of EHOMO by ≈0.15  eV, 
resulting in a decrease in the effective threshold voltage by 
0.22  V. Every two Cl atoms decreased the values of EHOMO by 
≈0.20  eV, resulting in an increase in the effective threshold 
voltage by roughly 0.4 V. This finding would be useful to pre-
cisely control the effective threshold voltage during the chemical 
design of a molecular diode based on redox-active molecules. 
Although we did not directly observe the overcoming of Fermi 
level pinning inside junctions, we observe a ≈1.0 V tunability of 
the effective threshold voltage in our molecular diodes, which 
suggests that chemical control of the HOMO alignment has 
succeeded.

To examine the applications of effective threshold voltage in 
molecular diodes, we fabricated a half-wave molecular rectifier 
and analyzed the conversion from the input AC signal into an 
output pulsing direct current (DC) signal. Figure 4B shows the 
equivalent half-wave rectifier circuit based on the molecular 
diodes under conditions of 3.0  V amplitude of AC signals at 
500  Hz. The half-wave filtering performance of ex-TTF based 
molecular diodes is similar to that of Fc-based molecular 
diodes.[22] It can be seen that all output waves exhibit a posi-
tively rectified half wave, as shown in Figure 4C, and the mag-
nitude of the output voltage decreases from NH2-exTTF to  
4Cl-exTTF. In other words, the output voltage decreases with an 
increase in the electron affinity of the substituents (Figure 4D). 
The effective threshold voltage obtained from AC measurement 
is defined by the time when the output voltage starts to increase 
significantly in the rectifier from the V(t) traces (the values 
were 1.63, 1.87, 2.18, and 2.40  V for NH2-exTTF, exTTF, 2Cl-
exTTF, and 4Cl-exTTF, respectively), as shown in Figure  4C. 
The trend of the effective threshold voltage of the half-wave rec-
tifiers is consistent with the results obtained by analyzing the 
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J–V curves. The higher extent in reduction of Vout (compared 
to Vin; the peak voltage of the input voltage, Vpeak,in, was 3.0 V, 
while the peak voltage of the output voltage, Vpeak,out, was ≈0.74, 
0.59, 0.31, and 0.21  V for NH2-exTTF, exTTF, 2Cl-exTTF, and 
4Cl-exTTF, respectively) which could be attributed to the loss 
in power in the load resistor (to divide the total voltage that can 
avoid the breakdown of the molecular diode) and the reverse-
bias leakage currents.[23] Figure  4D reveals that a stable and 
reproducible AC–DC conversion can be realized over at least 
eight cycles.

3. Conclusion

We have demonstrated a chemical strategy to modify the exTTF-
based molecular diodes, regulate the energy-level alignment of 

molecular tunneling junctions, and shift the effective threshold 
voltage by a maximum of 1.0  V. We found that by introducing 
amino groups to the exTTF-based diodes, the effective threshold 
voltage of the diode could be decreased with a decrease in the 
EHOMO values. When we introduce chlorine atoms to exTTF, 
the effective threshold voltage increases due to the increase 
of EHOMO. The results reported herein can potentially help 
in adjusting the effective threshold voltage by controlling the 
molecular frontier orbital of the active components in the redox-
active-based molecular diodes. The results can shed light on the 
methods that can be used to precisely fine-tune the energy-level 
alignment. The results can also help precisely control the energy-
level alignments to control the performance of the molecular 
devices. We believe that the findings will help design elaborate 
organic–electronic systems that can be used for the fabrication of 
functional molecules in the future.

Figure 3. Log-average J(V) plot of the junctions with SAMs for A) NH2-exTTF, B) exTTF, C) 2Cl-exTTF, and D) 4Cl-exTTF. The values of R, log-sigma, 
and the number of traces are shown in each panel. E) Temperature-dependent J(V) data for junctions with SAMs of exTTF. J–V curves measured at 
T in the range of 260–330 K at intervals of 10 K. F) Values of ln|J| measured at −1.0 V and 1.0 V as a function of temperature. The Arrhenius fit for the 
values of J measured at −1.0 V as a function of temperature (solid lines; Arrhenius equation: / BJ e E K Ta= − , where Ea is the activation energy and KB is 
the Boltzmann constant).
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4. Experimental Section

Synthesis: The detailed synthesis and characterization of the 
molecules are described in Section S1, Supporting Information.

Preparation and Characterization of SAMs: The procedure of SAM 
preparation and characterization was similar to the previous reference.[24] 
A thermal deposition (KYKY-400, China) was used to deposit Au vapor 
on top of the polished surfaces of Si/SiO2 wafers. Thermal adhesive 
(EPOTEK 353ND) was used to glue the cleaned glass slides on the 
metal surface, then cured at 80 °C for 8 h. About 1 × 10−6 m solutions of 
the thiol precursors in ethanol (AR grade), after degassing by bubbling 
with N2 for over 15 min. The fresh template-stripped Au substrates were 
immersed and the solution was kept under an atmosphere of nitrogen 
and in the dark at room temperature. The SAMs were formed over a 
period of time of 16 h, thereafter they were washed with ethanol (AR 
grade) to remove the physical adsorption materials and gently dried in a 
stream of dry nitrogen.

The SAMs of exTTF derivatives on AuTS electrodes were characterized 
by cyclic voltammetry (CV), X-ray photoelectron spectroscopy (XPS), 
and ultraviolet photoelectron spectroscopy (UPS). The detailed 
characterization of the SAMs are described in Section S2, Supporting 
Information.

“EGaIn” Junctions and Statistical Analysis: The home-made “EGaIn” 
junction setup was described in Section S3, Supporting Information. 
Junctions were formed containing each type of SAM on three to four 
different substrates. Six to eight junctions were formed on each 
substrate. For each type of SAM, the J(V) characteristics of 20 to 30 
junctions were recorded with a 0.2 s delay. Data was recorded from 
0 V → −1.0 V → 0 V → 1.0 V → 0 V with a step size of 50 mV for exTTF, 
0  V →  −0.8  V → 0  V → 0.8  V → 0  V with a step size of 40  mV for  
NH2-exTTF, 0 V → −1.5 V → 0 V → 1.5 V → 0 V with a step size of 80 mV 
for 2Cl-exTTF and 0 V → −2.0 V → 0 V → 2.0 V → 0 V with a step size 

of 100 mV for 4Cl-exTTF. The raw data were filtered through a pruning 
algorithm to remove shorted traces. Matlab was used to calculate the 
log-average log|R| using all values of log|R| determined from every single 
J(V) trace and fitted the data plotted in histograms on a log-scale to 
Gaussians to obtain the log-mean (µlog) of the values of J and R and 
their log standard-deviations (σlog).

Temperature-Dependent Measurements: The top-electrodes of Ga2O3/
EGaIn stabilized in a microfluidic chip made of PDMS (Sylgard 184, 
Dow Corining) were fabricated. See details in Section S4, Supporting 
Information.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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Figure 4. A) Normalized J–V curves corresponding to NH2-exTTF (red), exTTF (black), 2Cl exTTF (blue), and 4Cl-exTTF (purple). B) Circuit diagram for 
the rectifier fabricated by incorporating molecular junctions as the diodes in series with a resistor (10 MΩ) and an AC signal generator. C) Sinusoidal 
input signals (Vin) and the corresponding output signal (Vout) for NH2-exTTF (red), exTTF (black), 2Cl-exTTF (blue), and 4Cl-exTTF (purple). These data 
are not smoothened; the noise levels of the data are in the mV range. The input signal is sinusoidal (500 Hz), with a peak voltage (Vpeak, in) of 3.0 V 
for the AuTS-SC10-exTTF-X//Ga2O3/EGaIn junctions. D) Vout as a function of time plotted based on a sinusoidal input signal with an amplitude of 3.0 V, 
for NH2-exTTF (red), exTTF (black), 2Cl-exTTF (blue), and 4Cl-exTTF (purple).
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