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ABSTRACT: The fabrication and characterization of single-molecule junctions provide
a unique platform to study the physical phenomena of a single molecule, and the
electrical characterization enables us to understand the electrical transport properties of
a single molecule and guide the fabrication of molecular electronic devices. However,
the electrical characterization of single-molecule junctions is sometimes insufficient to
extract the structural information on single-molecule junctions, and an alternate method
to address this problem is to characterize the mechanical properties of single-molecule
junctions. Simultaneous measurement of mechanical and electrical properties can
provide complementary information on single molecules to analyze the correlations of
their electrical and mechanical properties in the evolution of single-molecule junctions.
In this mini-review, we summarize the progress on the simultaneous characterizations of
mechanical and electrical properties for single-molecule junctions, and discuss the
challenges and perspectives of this research area.

1. INTRODUCTION

Inspired by the idea that molecules could serve as functional
building blocks in electronic devices,1 scientists all over the
world have been exploring the electrical properties of single-
molecule junctions experimentally and theoretically during the
past decades.2 To characterize the charge transport phenomena
of a single molecule, a molecule is usually captured by two
microelectrodes to form a single-molecule junction. Most of the
studies on molecular electronics are focused on the measure-
ment of conductance of the single-molecule junctions. However,
the structural information about single-molecule junctions
sometimes cannot be obtained from the electrical character-
ization. Simultaneous measurement of mechanical and electrical
properties can provide additional information to improve the
understanding of molecular configuration in the single-molecule
junctions.3

On the basis of atomic force microscope (AFM), the
conducting probe atomic force microscope break junctions
(cpAFM-BJ or AFM-BJ) technique4 uses a conductive probe
with a cantilever, and combines the inherent laser system of
AFM with the current measurement circuit, allowing the force
and conductance signal during break junction process to be
measured simultaneously. At the end of the 20th century, Rubio
et al. reported the simultaneous measurement of force and
conductance of the Au atom junction by AFM for the first time.5

Xu et al. combined the break junctions technique with the force
measurement of AFM, proving that the AFM technique is
feasible to extend from metal atom-scaled contacts to the
measurement of mechanical and electrical characterization of
single-molecule junctions.4a Based on simultaneously measured

forces and electrical signals, the rupture force of single-molecule
junctions can be obtained, which can be used as a criterion for
the existence of single-molecule junctions. With the improve-
ment of testing techniques and the development of analytical
methods, progress has been made in deciphering the structure−
function correlations of single-molecule junctions; for example,
force analysis provides a simple characterization of the
molecule−electrode connecting form,4b,6 and configuration
analysis plots a more detailed view which refers to the dynamic
evolution of single-molecule junctions.3a−c Energy analysis
quantifies the current-induced local heat and the binding energy
of molecule−electrode,7 and by quantitatively regulating the
tip−sample force, molecular conformation control can also be
realized.8

In this mini-review, we summarize the study progress of
measuring single-molecule junctions using the AFM-BJ
technique. The application of force analysis in break junctions
is introduced first, and the configuration analysis of single-
molecule junctions, which involves diverse analytical methods, is
highlighted. Energy analysis of the molecule−electrode interface
involving the establishment of the theoretical model is also
introduced. The studies of molecular conformation controlling
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using a modified AFM-BJ technique are presented, and the
challenges and perspectives for AFM-BJ technology are
discussed in the last part of this mini-review.

2. RESEARCH PROGRESS OF SIMULTANEOUS
ELECTRICAL AND MECHANICAL
CHARACTERIZATION OF SINGLE-MOLECULE
JUNCTIONS

Since 2003, Xu et al. used the AFM-BJ technique to measure the
mechanical and electrical properties of single-molecule
junctions,4a and the method has gradually become a tool to
characterize the structure of single-molecule junctions. This
pioneering study was based on the traditional break junction
technology, and the obtained sawtoothed force traces contain

intact mechanical information during the break junction
process.
As shown in Figure 1, with the continuous innovation of

measurement techniques and data analysis methods, the
application of AFM-BJ has expanded to various research
systems. The primal study of AFM-BJ technique is the force
analysis of single-molecule junctions, providing a simple
characterization of the molecule−electrode connecting form,
and proving that the measured conductance originated from
single-molecule junctions. Based on force histogram analysis, a
series of rupture forces of single-molecule junctions were
measured.4b,6 Subsequently, the research extended from the
analysis of single-molecule junctions to more complex supra-
molecular systems, and the distinctive weak rupture force makes

Figure 1. Schematic diagram of AFM-BJ technique and the research directions based on it.

Figure 2. (a) Chemical structures of C8SH, BPY, and C4NH2. Representative simultaneously measured force and conductance traces of C8SH (b,c)
and BPY (d). 1D conductance and force histogram of C8SH (d,e) and BPY (f,g). 2D conductance and force histogram of 1,4-butanediamine (h,i).
Some of the subgraphs are reprinted in part with permission from ref 4a. Copyright 2003 American Chemical Society; from ref 4b. Copyright 2011
American Chemical Society.
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it suitable for force analysis.9 Subsequent research focused on
the relationship between electrical and mechanical properties of
single-molecule junctions. The correlation analysis of con-
ductance and force can effectively reveal the configuration
change of break junctions,3a−c and the involvement of the
controllable mechanical modulation technique promotes the
further study of the dynamic process of single-molecule
junctions.10 It can hold the single-molecule junctions for a
moment or even add a regular mechanical oscillation, and the
dynamic variation of contact configuration of the molecule−
electrode interface during oscillation can be studied.11 The close
relationship between force and energy also makes it possible to
study the heat and energy at the molecule−electrode interface
using AFM-BJ, and the difficulty lies in the establishment of the
theoretical model. The effect of thermal fluctuations on the
rupture force causes the temperature change between the
molecule−electrode interfaces to become measurable.7a On the
other hand, the integral of the force traces corresponds to the
bond energy. The characteristics of potential energy surface
during the rupture of single-molecule junctions were obtained
by fitting a hybrid model, which made it possible to measure
bond energy experimentally.7b Furthermore, assisted by tactile-
feedback controlled conductive AFM, the relationship between
molecular conformation and conductance can even be studied
by controlling the tip−sample force.8

2.1. Force Analysis of Atomic-Scaled Junctions. Single-
Molecule Junctions. The force and conductance traces
obtained synchronously are shown in Figure 2b−d, while the
force traces feature with the sawtooth. The rupture point of the
single-molecule junctions can be quickly found through the
position of the molecular conductance plateau in the
conductance traces, and the 1D force histogram can be obtained
through statistical analysis of the force difference before and
after the rupture of the single-molecule junction (Figure 2f and
h). The corresponding 1D conductance histogram can also be
obtained simultaneously (Figure 2e and g). Xu et al. measured
the rupture force of Au point contacts, C8SH and BPY junctions
(Figure 2a) based on the 1D force histogram.4a Because the
values of forces before and after the rupture should be calculated
for every force curve, this method introduces considerable
uncertainty, especially for junctions with relatively small rupture
force. To further improve the data accuracy, Frei et al. developed
the 2D force histogram.4b The rupture point of single-molecule
junctions found through conductance traces was set as the zero
point of the displacement axis, and the maximum force value at
the rupture point of junctions was shifted to the origin of
coordinates by subtracting an offset from the entire force trace.
All the force curves are overlaid statistically. By fitting the vertical
sections at every displacement bin through Gaussian distribu-
tion, a statistically averaged force trace was obtained. Figure 2i,j
shows the 2D conductance and force histograms of C4NH2. The
differences in rupture force of the Au−N bond using amino and
pyridyl as anchoring groups were compared through the
method. Ahn et al. also measured the breaking force of the
carboxyl group as an anchor group using a 2D force histogram.6

A rupture force of 0.6 ± 0.1 nN suggests that COO−-Au has
excellent mechanical stability comparable to the Au-SMe bond.
For the molecule with destructive quantum interference, it is

difficult to measure the conductance because of the poor
conductivity, but rupture force may provide more direct
evidence for the existence of the single-molecule junctions.
Aradhya et al. analyzed contact mechanics of stilbene derivatives
(Figure 3a)12 and realized the first study of mechanical

properties of single-molecule junctions with destructive
quantum interference effect. The conductance curve of
PMSMe (Figure 3d) is the same as that of the Au−Au junction
(Figure 3b), with no obvious conductance platform observed
because of destructive quantum interference. However, force
analysis finds that PMSMe has the same value of rupture force as
PPSMe (Figure 3c), which proves the existence of PMSMe
junctions. These results demonstrate that quantum interference
is an inherent nature generated by molecular structure.

Single-Supramolecule Junctions. The study of electrical
transport through intermolecular interaction is much more
complicated than through a single molecule.13 The character-
istic weak rupture force can provide evidence that the
conductance is derived from a single-supramolecule junction.
In 2015, Yoshida et al. performed the electronic and mechanical
characteristics of stacked dimer molecule junctions using tolane-
type molecules, which can form π−π stacking dimers.14 Tolane-
type molecules always have two distinct conductance platforms.
The rupture forces of single-molecule junctions were charac-
terized as a function of their conductance before breaking. The
rupture force of the high conductance peak wasmuch larger than
that of the low conductance peak, which means that the former
was originated from monomer molecule junctions and the latter
to π−π stacking dimers.
Single-molecule junctions formed by intermolecular inter-

actions are characterized not only by weak rupture forces. With
the help of diverse data analysis methods, Magyarkuti et al.
further explored single-supramolecule junctions.9 Similar to
tolane-type molecules, molecules such as DAT (Figure 4a) and
DAF (Figure 4b) have two distinct conductance plateaus, which
may be caused by π−π stacking (Figure 4c and d). The
traditional 2D force histogram cannot compare the rupture force
of two or more rupture events on a single trace, and then a new
type of scaled 2D force histogram was introduced to analyze the
data. The two rupture regions aligned along the horizontal axis,
and the measured traces were overlaid. This method may lose
displacement information, but force information is still intact.
The rupture force can be determined by measuring the average
force curve at the point where the single-molecule junctions
rupture (Figure 4e and g). The weak rupture force of the low
conductance plateau is obtained from the 2D force histogram
and combined with conductance data and flicker noise power
(PSD) analysis, and the authors concluded that the low
conductance plateau comes from π−π stacking dimers. Further

Figure 3. (a) Chemical structures of PPSMe and PMSMe.
Representative traces of simultaneously measured force and con-
ductance for (b) Au−Au junctions, (c) Au−PPSMe−Au, and (d) Au−
PMSMe−Au single-molecule junctions. Adapted from ref 12. Copy-
right 2012 American Chemical Society.
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study used the 2D conductance versus force histogram which
was acquired by plotting every single trace of conductance data
against force data and overlaying all the resulting traces. The
tilted feature indicating conductance and force has a positive
correlation whichmeans the property of dimer junctions (Figure
4g and h, dashed line).
2.2. Configuration Analysis of Molecular Junctions.

Unlike the force analysis which only focuses on the force events
at the rupture point, contact configurations and structural
rearrangement of the molecule−electrode interface involve a
very complex dynamic process.15 AFM-BJ can give more
information about molecular junctions than single conductance
measurements, and the dynamic process can be observed
experimentally. The correlation analysis of conductance and
force makes it easier to map the configurations of the molecule−
electrode interface.
Using the AFM-BJ technique, Aradhya et al. characterized the

force and conductance of BPY and BPE junctions (Figure 5a).3c

Both molecules show a high conductance plateau around 10−3

G0 (BPYH and BPEH) and a low one around 10−4 G0 (BPYL and
BPEL) (Figure 5b and c). It was found that the force traces go
through several noticeable sawtooth changes, while the
conductance traces remain unchanged (Figure 5d and e),
which suggests that the high conductance plateau undergoes a
rearrangement process. Further analysis of rupture force curves
shows that the average rupture forces of both BPYL and BPEL are
0.8 nN, which is smaller than the Au−Au bond, while the
rupture forces of BPYH and BPEH are 1.5 nN and 1.9 nN,
respectively, which are not weaker than the Au−Au bond. The
stiffness of BPYH and BPEH is also larger than that of the Au−Au
bond. Combined with rupture force, stiffness, and rearrange-
ment length analysis, the evolution process of the single-
molecule junctions is deduced as illustrated in Figure 5f. The Au
substrate may present undercoordinated sites which can support
N−Au bonds, and adjacent larger Au uplift structures have van
der Waals (vdW) interactions with the pyridine rings, which
results in the high-conductance plateaus.

Combined with time series analysis (TSA) technology, the
dynamic evolution process of single-molecule junctions can be
analyzed in more detail. Cross-correlation is one of the time
series analysis (TSA) techniques. Hamill et al. analyzed the
evolution process of BPY single-molecule junctions through the
force-conductance 2D cross-correlation histogram (FC-
2DCCH).16 As shown in Figure 6b, the sawtooth force traces
can be converted into a step shape by removing the common
slope associated with the constant retracement rate of the
cantilever. Then 1D force histogram (Figure 6a) and 1D
conductance histogram (Figure 6c) were obtained, and the peak
values were 0.68 nN and 8.65 × 10−3 G0, respectively. To
eliminate the global trend, this study only focused on events
within a short time scale around the plateau region of the peak
value (8.65 × 10−3 G0). Both of the average values of
conductance and force for each trace were calculated, and
then the average subtracted to offset each trace to zero. This
ensured that the correlation analysis only considered the
changes of force ΔF and conductance ΔG with respect to the
plateau region, and the FC-2DCCH was subsequently obtained
by cross-correlation calculations. Combining with the DFT
simulation, the slight changes of the molecular structure during
break junctions can be plotted. As shown in Figure 4f, the black
circle (ΔF = 0.1 nN; ΔG = 6.0 × 10−4 G0) corresponds to the
molecular torsion at the beginning of the break junctions.
During the torsional relaxation, the distance between the π-
orbital of the molecule and the s-orbital of Au gradually returns
to the overlapped direction, resulting in a sudden change in force
and conductance simultaneously. The black square (ΔF =−0.40
nN;ΔG = 1.2 × 10−4G0) corresponds to nitrogen atom slipping
from the low spot of the Au electrode to the adjacent Au uplifted
structures, which results in another sudden change. This area is
similar to the change marked by the arrow in Figure 6e.
Molecules with thiol as an anchoring group tend to have

multiple conductance plateaus, but the reason for this is
unclear.17 Early in 2006, Li et al. investigated the origin of this
phenomenon using the AFM-BJ technique.18 They found that
C8SH had two conductance features (H and L in Figure 7c). It

Figure 4. Structure of DAT (a) and DAF (b), and conductance histograms of DAT (c) and DAF (d). Scaled conductance (top) and force (bottom)
histograms of DAT (e) and DAF (f). Conductance versus force histogram of DAT (g) and DAF (h). Adapted with permission from ref 9. Copyright
2018 the Royal Society of Chemistry.
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was found that a conductance trace may raise an L step following
an H step but the opposite never happens. The two conductance
features had the same rupture force value of about 1.5 nN
(Figure 7a and b), similar to the Au−Au bond. It was concluded
that the H step corresponds to a molecule with one end sitting
on a hollow site of the Au electrode while another is on a top site,
or top-hollow geometry; the L step corresponds to a top−top
geometry (Figure 7d). This explains why the L step can appear
after an H step, but the opposite cannot occur. Although this
conclusion explains the experimental phenomenon, this
conclusion is in a sense speculative.
Thanks to the improvement of analytical methods, the study

of the Au−S bond configuration can go a step further. Nef et al.
studied the mechanical and electrical properties of C8SH and
mC8SH by analyzing the 2D conductance versus force
histogram.19 Figure 8b shows the 2D histograms of C8SH
(upper panel) andmC8SH (lower panel) and the corresponding
1D conductance and force histograms. The conductance

histogram shows that the molecular conductance Gmol is 1.1 ×
10−5G0. The force histogram of C8SH above the noise (open
bars) does not show a significant peak instead of a shoulder
around 1 nN (arrow), but it can be seen from the 2D histogram
that there is a considerable force value above 0.8 Gmol. By
subtracting the force below 0.8Gmol, the force histogram shows a
peak (solid bars) and the average rupture force above 0.8Gmol is
1.6 ± 0.4 nN. Furthermore, the average rupture force
corresponding to the molecular conductance is analyzed and
the value is 1.5 ± 0.4 nN, which is similar to that of the gold−
gold junction. In contrast, the histograms of mC8SH do not
show an obvious peak. This further confirms that the molecule
junctions may undergo a rearrangement process before the
junction breaks. The 2D conductance versus force histograms of
C4SMe and C4SH were analyzed (Figure 9d).3a The histogram
(Figure 9a top) shows that C4SMe has a well-defined
conductance value, which means the structural rearrangements
of C4SMe have less effect on conductance. However, C4SH
shows an average of several force events for each trace which
indicates that more rearrangement is performed during the
break junction (Figure 9a bottom). As shown in Figure 9b, a 1D
force histogram analysis of the force events within the dashed
box in Figure 8a indicates that C4SH can form a donor−
acceptor bond similar to C4SMe (Figure 9e). The maximal
rupture/rearrangement force histogram per trace with con-
ductance conforms to molecular characteristics showing that the
most probable rupture force of C4SH is 1.2 nN, which is lower
than that of the Au−Au bond (Figure 9c). This indicates that the
rearrangement process does not need to rupture the single gold
atom contacts. Combined with molecular dynamics simulation
analysis, it is speculated that the molecular bond formed by the
Au−S bond may result in a variety of adsorption configurations
during break junctions, and the rupture may occur in both the
Au−S bond and Au−Au bond. The terminal Au atom may be
attached to one side of the electrode, analogous to hollow
geometry (Figure 9f); an angle may be formed between the
molecular backbone and the electrode (Figure 9g) or the Au

Figure 5. (a) Structure of BPYand BPE. Representative conductance
(BPY (b) and BPE (c)) and force traces (BPY (d) and BPE (e)) during
break junctions. (f) Schematic illustration of structural evolution
pathways. Adapted with permission from ref 3c. Copyright 2012
Springer Nature.

Figure 6. (a) 1D force histogram of BPY from constant-slope-adjusted
force traces. (b) Representative force and conductance traces. (c) 1D
conductance histogram of BPY. (d) Force-conductance 2D cross-
correlation histogram of BPY. (e) Examples of the platform correlations
of force and conductance. Adapted with permission from ref 16.
Copyright 2014 the Royal Society of Chemistry.

ACS Omega http://pubs.acs.org/journal/acsodf Mini-Review

https://doi.org/10.1021/acsomega.1c04785
ACS Omega 2021, 6, 30873−30888

30877

https://pubs.acs.org/doi/10.1021/acsomega.1c04785?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04785?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04785?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04785?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04785?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04785?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04785?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04785?fig=fig6&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c04785?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


atom coordination which is bond to S atom is different (Figure
9h). The strength of the Au−S bond and the flexibility of Au lead
to rearrangement synergistically. However, the force and
conductance signals are not assigned to the corresponding
metal−molecule junction structure.
Zhou et al. developed a new technique called controllable

mechanical modulation based on AFM-BJ.10,11,20 The process of
the break junction was modified: After the abrupt stretching of
the tip over a short distance, the single-molecule junctions held
for a moment, and then the conductance could be measured
without the disturbance caused by retracting the tip, which is
called the “stretching-holding” approach.10a This approach
minimized the variations of experimental conditions. The
conductance of α,ω-alkanedithiols (CnSH) and α,ω-alkanedi-
amines (CnNH2) were measured based on the “stretching-
holding” approach (Figure 10a). Both molecules have four
distinct molecular conductance features (Figure 10b and c). It is
found that these four conductance features have similar decay
constants and different contact resistances by measuring alkane

chains with different lengths. This indicates that the discrepancy
of four conductances originates from the different contact
configurations between molecules and electrodes. Further
studies were conducted by adding regular AC triangular
piezoelectric transducer modulations during the “stretching-
holding”,10b and the concept of contact decay constant βC is
introduced to represent different molecule−electrode contact
configurations, which is different from the molecular decay
constant β (Figure 10d and e). The contact decay constant βC
can be written as11a

d
G

d
( )

In( )
( )Cβ = − ∂

∂ (1)

The conductance is differentiated in every half of the oscillation
period as shown in Figure 10f; the curve of βC concerning the
extensions Δd can be obtained from eq 1. The variation of the
tip−molecule force ΔF concerning Δd can also be calculated.
After statistical averaging, βC−Δd and ΔF−Δd curves were
obtained for these four conductance features. In C8SH
junctions, as the rupture force of Au−S bond exceeds Au−Au
bond, the mechanical extensions could cause the rearrangement
of the gold atoms leading to changes of the contact decay
constant βC. This process confirms the creep mode in whichΔF
increases nonlinearly with extensions Δd. The GS4 set of C8SH
therefore indicates that the molecule may locate in the hollow
sites of Au electrodes originally. At the beginning of extensions,
the rearrangement of the gold atoms takes place. With the
extensions above 0.4 Å, the molecule changes to the top sites of
electrodes; further extension could only elongate the Au−S
bond in which βC remains constant and follows the elastic mode
where ΔF increases linearly with extensions Δd (Figure 10g).
Similar analyses show that the molecule may locate in the top
sites of Au electrodes originally for the GS1 set of C8SH (Figure
10h). The GS4 set of C8SH indicates that the molecule may

Figure 7. (a) Conductance and force traces which have only H steps. (b) Conductance and force traces have H steps followed by L steps. (c) 1D
conductance histogram of C8SH. (d) Models of molecule−electrode contact geometries. Adapted from ref 18. Copyright from 2006 American
Chemical Society.

Figure 8. (a) Structure of C4SMe and C4SH. (b) 2D conductance
versus force histogram; 1D force and 1D conductance histogram for
C8SH (upper panel) and mC8SH (lower panel). Adapted from ref 19.
Copyright from 2012 American Chemical Society.
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locate in the hollow sites of Au electrodes originally, while the
GS1 set may indicate the top sites. On the other hand, the rupture
force of Au−N bond is below the Au−Au bond, resulting in no
rearrangement process; this results in the four conductance
features with similar βC−Δd and ΔF−Δd curves (Figure 10i).
Combining the controllable mechanical modulations and the

cross-correlation analysis, Wang et al. mapped the relationship
between conductance and force of the C8SH molecule
junctions.21 Compared with nonmodulated data (Figure 11a),
FC-2DCCH for modulated data shows four strong positively
related regions consistently for different modulation amplitudes
(Figure 11b−d solid line circles), which reflect the conductance
and force changes during the intermediate state of two kinds of
junction conformations. The two configurations may have
different Au−S bond sites, molecular angle tilt, or single-
molecule junction length. This change in conductance may
result from the variation of the coupling energy between anchor
groups and Au. However, if a large enough force is applied, the
accompanying large coupling energy change can lead to the
change of molecule−electrode adsorption configuration. On the
other hand, these discrete regions (Figure 11d dashed line
circles) are speculated to be related to the intermediate
evolutionary state of single-molecule junctions. Although this
study provides a novel approach to analyze the correlation
between force and conductance, it is still unable to correlate
these related regions of force and conductance with the structure
of single-molecule junctions completely.
One of the ultimate goals of molecular electronics is to make

effective molecular electronic devices, and one of the parameters
that has to be considered is mechanical stability.22 Although the
Au−S bond is widely used in molecular electronics research due
to its convenient operation, its nature is still dominated by
dispersion force, so its weak strength and poor directional
determination make it difficult to be applied in the manufacture
of molecular electronic devices.23 In recent years, contacts based
on covalent bonds such as Au−C, Si−C, and Si−S bonds have
been studied using STM-BJ.24 They should have superior
conductivity and mechanical stability, but these studies lack
direct characterization of their mechanical properties. AFM-BJ is
especially suitable for studying these systems, and it can be

predicted that AFM-BJ will be widely used in the measurement
of mechanical and electrical properties of single-molecule
junctions based on covalent bonds in the future.

2.3. Energy Analysis of Molecule−Electrode Interface.
The thermal energy caused by the high current can affect the
value of rupture force because of the correlation between energy
and force. On the other hand, bond energies can be quantified by
integrating the sustaining force.

Current-Induced Local Heating Analysis. Local heating is an
important problem to be considered in the design of molecular
electronic devices. Although there is no energy exchange
between electrons and phonons in coherent transport, local
heating can still be generated by a large current density. Huang
et al. developed a method for analyzing local heating based on
rupture force.7a Because chemical bonds have a probability of
breaking down due to thermal fluctuations, the rupture force
increases with the probe loading rate until a constant value has
been reached. However, as the loading rate increases, the
contribution due to thermal fluctuations decreases until the
adiabatic regime is reached, and the loading rate which had just
reached the adiabatic regime was chosen in follow-up experi-
ments to diminish the thermal fluctuations. The most probable
rupture force (F*) can be written as
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where kB is Boltzmann constant; Teff is the effective local
temperature of molecule−electrode interface; xβ is the average
length of thermal bonds along the stretch direction until
breaking; rF is the loading rate, and toff is a bond lifetime which
can be given by
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where tD is diffusion relaxation time, and Eb is the dissociation
activation energy. So, the local temperature can be deduced from
the rupture force. When the bias is increased, the rupture force
decreases with bias which was attributed to the current-induced
heating effect. Under a bias of 1 V, the temperature of the C8SH

Figure 9. (a) 2D conductance versus force histogram for C4SMe and C4SH. (b) 1D force histogram for C4SMe and C4SH with conductance within
the dashed box in (a). (c) 1D force histograms of maximum force events per trace with conductance conform to molecular features for C4SMe and
C4SH. (d) Structure of C4SMe and C4SH. (d−g) Possible contact configuration of C4SH with the gold electrode. Adapted from ref 3a. Copyright
from 2012 American Chemical Society.

ACS Omega http://pubs.acs.org/journal/acsodf Mini-Review

https://doi.org/10.1021/acsomega.1c04785
ACS Omega 2021, 6, 30873−30888

30879

https://pubs.acs.org/doi/10.1021/acsomega.1c04785?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04785?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04785?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04785?fig=fig9&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c04785?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


junction increased by about 30 K relative to room temperature.
With the increase of bias voltage, the single-molecule junctions
become unstable increasingly.
Bond Energetics Analysis. The force as a function of

elongation indicates a mechanical model of the single-molecule
junctions. Figure 12a shows the junction stiffness is the first
derivative of the rupture force, and the bond energy is the
integral of the rupture force for distance. The junction stiffness
can be simply measured by calculating the slope of the ramps
near the rupture force in force traces.3c,4a,7b According to the
rules of static equilibrium, the weakest part of the bond
determines the limitation of sustainable force, which can
associate junction stiffness and the energy of the bond. However,
affected by thermal fluctuations, the experimental rupture force
is consistent with the maximum sustainable force on the
potential energy surface; the measured rupture point still does
not reach the asymptotic range of zero interaction energy. The
formation and break of the single-molecule junctions would go

through a series of structural rearrangements, making it difficult
to measure a complete mechanical curve. Aradhya et al.
improved the quantitative calculation method of bond energy
by presenting a new hybrid model,7b that combines the
harmonic component (which describes the linear force-to-
displacement relationship of the near-equilibrium regime) and
the logarithmic component (which describes the nonlinear
segment of the bond rupture and the asymptotic zero force
regime). By fitting the mechanical curve through this model and
integral the force concerning distance, a more accurate bond
energy can be obtained. Figure 12 shows some representative
traces of Au−Au junction (b and d) and C4SMe−Au junction (c
and e) fitted using the hybrid model. Using the optimized
model, a series of the binding energy values of bonds were
quantified. The results were similar to those calculated by DFT,
which proves the correctness of this model.

2.4. Controlling the Molecular Conformation. Taking
advantage of tactile-feedback controlled AFM-BJ, the tip−

Figure 10. (a) Structures of C8SH and C8NH2. Representative conductance traces for the four features (GS1−GS4) of C8SH (b) and C8NH2 (c).
Schematic diagram of energy profile (d) before and (e) after the extension Δd of single-molecule junctions. (f) Conductance (blue) and force (red)
trace measured by the controllable mechanical modulations. βC−Δd and ΔF−Δd curves of GS4 (g) and GS1 (h) conductance sets for C8SH and GS4
conductance sets for C8NH2 (i) single-molecule junctions. Some of the subgraphs are reprinted in part with permission from ref 10a, Copyright 2009
American Chemical Society; ref 10b, copyright 2010 American Chemical Society; ref 11a, Copyright 2011 American Institute of Physics; ref 11b,
Copyright from 2012 Institute of Physics.
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sample forces can also be quantitatively controlled, which allows
the molecular conductance as a function of the tip−sample
force. Chen et al. measured the effect of molecular conformation
on molecular conductance using C8SH and 1,8-Bis-
(diphenylphosphino)octane (C8PPh2).

8 The break junction is
realized by a linear increase of tip−sample force rather than
displacement (Figure 13a and e). Known from Figure 13b and f,
the conductance fluctuation decreases with the increment of
tip−sample force which exhibits triangle-shaped occurrence in
2D force versus conductance histogram. The molecule
conductance is measured by maintaining the single-molecule
junctions with different force values (Figure 13c and g). The
fluctuation of conductance decreases significantly with the
increase of tensile force, and the peak values of conductance
decrease slightly (Figure 13d and h). The reason for this is that

as the tensile force increases, the conformation of the alkane
chain changes from gauche to all-trans conformer, which leads to
the decrease of conductance fluctuation. Meanwhile, the defects
of the gauche conformer create coupling between spatially
adjacent methylene units and cause a through-space pathway,
which leads to the conductance of gauche higher than that of all-
trans. This study achieves the control of molecular conformation
to some degree, which is of great significance.

3. THEORETICAL STUDIES

The theoretical research prior to the experiment is of great
significance, providing guidelines for the subsequent exper-
imental research. This has also stimulated some theoretical
research attempts in this area.
The change of structure is inevitably accompanied by the

change of mechanical properties, indicating a correlation
between force and conductance.25 Franco et al. studied the
change of force and conductance of PDI−PY based on
molecular dynamics (MD) simulations and tight-binding
methods. The structure of PDI−PY is shown in Figure 14a,
which is easy to make conformational change.26 Specifically, a
folded conformation includes a π−π stacking interaction
resulting in higher conductivity, and stretching results in an
extended conformation that reduces the conductance by several
orders of magnitude. Figure 14b shows the change of force and
transmission during pulling where L is the distance between the
cantilever and the substrate; both force and transmission have
significant variations around 23 Å. Transmission was also
studied as a function of molecular length ξ (Figure 14c). Both
Hückel IV and gDFTBmethods indicate a similar trend in which
transmission drops rapidly near 22 Å. These changes correspond
to the unfolded conformation of PDI−PY. The local trans-
mission elements were calculated, and a quantitative diagram of
the contribution of local transmission to total transmission was
plotted as Figure 14c, which is highlighted if the local
transmission contribution associated with the conformation
accounts for more than 80% of the total transmission. At shorter
molecular length ξ, the transport is mainly based on π−π
stacking interaction (red points) and quadruple hydrogen bonds
(green points). As the molecule elongates, a new hydrogen bond

Figure 11. Force-conductance 2D cross-correlation histogram (FC-
2DCCH) for nonmodulated data (a) and modulated data (amplitude =
0.8 Å, b; amplitude = 1.0 Å, c; amplitude = 1.2 Å, d). Adapted from ref
21. Copyright from 2014 American Chemical Society.

Figure 12. (a) Schematic diagram of the potential energy, force, and stiffness as a function of elongation. (b−e) Representative force traces of Au−Au
junction (b and d) and C4SMe−Au junction (c and e) fitted using the hybrid model. Adapted from ref 7b. Copyright from 2014 American Chemical
Society.
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is formed at ξ ≈ 21 Å, which plays a significant role in
transmission (purple points). The continuous elongating results
in the weakening of the π−π stacking and the destruction of the
hydrogen bond, which performs the decrement of transmission.
When stretched beyond 23 Å, again, a new hydrogen bond is
formed gradually, causing the increment of transmission (blue
points).
Another interesting molecule that has the cyclophane

structure (Figure 15a, cyc-PH) was also investigated sub-
sequently.27 As shown in Figure 14a, cyc-PH shows an abnormal
increase in molecular conductance as the molecule elongates
(Figure 15b). This is because the molecular structure has
transport-determining electronic couplings, which can be
enhanced by applying force. In 2017, Pirrotta et al. investigated
the force-conductance spectrum of two hydrogen bonding
complexes (Figure 15a, Hydro C and Hydro O).28 As depicted
in Figure 15c and d, with the change of chemical structure, the
force-conductance spectrum shows a variety of changes, which
promises to be a fingerprint that can identify subtle changes in
molecular structure during break junctions.
Chemical reactions at the single-molecule scale are obviously

different from the macroscopic scale, which makes this research
a hot topic, but the lack of characterization limits further
development. Themechanical and electrical properties of single-
molecule junctions varied after chemical reactions, resulting in
force-conductance spectroscopy becoming a potential tool for
studying chemical reactions at the single-molecule scale. In
2019, Mejiá et al. studied the isomerization of cyclopropane
oligomers using force-conductance spectroscopy.29 The cyclo-
propane oligomer (cyc-C3, Figure 16a) was fixed on graphene
nanoribbon (GNR) electrodes. As shown in Figure 16b and c,
three regions appear in both force and transmission distribution
denoted as I, II, and III. Cyclic isomerization occurs in region II,
which shows a marked change. The correlation between force
and conductance signals provides a new idea for the character-
ization of chemical reactions at the single molecular scale,
allowing reactants, products, and intermediates or even small
conformational changes to be differentiated. Recently, Mejiá et
al. studied Diels−Alder (DA) reaction theoretically.30 The
results show that the reactivity can be controlled by changing the
distance between electrodes and the activation energy decreases

at low temperatures. Meanwhile, the formation of reaction
products also leads to the increase of conductance. These allow
the reaction to be mechanically regulated and simultaneously
characterized by AFM-BJ.

4. OTHER COMPLEMENTARY TECHNIQUES
Although most studies to measure the mechanical and electrical
properties of single-molecule junctions use AFM-BJ, the
researchers developed various other techniques to measure
these properties, which provide an additional perspective on
molecular junctions and allow us to more fully understand the
correlations of their electrical and mechanical properties in the
evolution of single-molecule junctions.
Rasco ́n-Ramos et al. applied a small-amplitude high-

frequency sinusoidal mechanical oscillation based on STM-BJ
technique (Figure 17a).31 The tunneling current can usually be
expressed as

I z VG( ) eC
z= β−

(4)

where V stands for the bias between the electrodes,GC is contact
conductance, β represents the tunnelling decay constant, and z is
the electrode spacing. In the case that mechanical oscillations
were added, z can be expressed by z = z0 + A0 cos ωt, and by
performing a Taylor expansion of the above equation around Z0
= L, eq 5 can be obtained:
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where the first term is DC magnitude which can be expressed as
IDC(L) = VGC e

−βz, and the second term is AC magnitude (IAC).
A value called α can be given by α = IAC/(A0 × IDC). By
comparing the measurements of C6SH and mC6SH (Figure
17f), it can be found that the α and β values of mC6SH, which
only has the tunneling current, are almost equal (Figure 17b and
c). Alternatively, the α and β values of C6SH are quite different
(Figures 17d and e). Through control experiments, it is
concluded that the difference between the two values stems
from themechanical properties of molecular junctions. Based on
the fact that most of the applied amplitude is absorbed by the
gold contact region, the actual amplitude of mechanical

Figure 13. Conductance distributions of C8SH (a−d) and C8PPh2 (e−h). (a, e) Force and conductance traces. (b, f) 2D force versus conductance
histogram. (c, d, g, h) Conductance response as a function of tip−sample force. Adapted with permission from ref 8. Copyright from 2013 WILEY-
VCH Verlag GmbH & Co. KGaA, Weinheim.
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oscillation Ajxn has the following relation: α/β = Ajxn/A0. By
combining density functional theory (DFT), molecular
dynamics (MD) modules, and a reasonable mechanical model
of the single-molecule junction (Figure 17g), the most suitable
single-molecule junction structure can be obtained in which the
thiol anchoring groups are both on the top site, while the apex
gold atoms of the two electrodes are on the top site and bridge
site, respectively.
In 2018, Ramachandran et al. extended this method to

measure molecules with aromatic rings (Figure 18a).32 Different
from alkanedithiols, the thiol is an electron-withdrawing group

relative to the phenyl ring, which causes a discrepancy in binding
energy of the thiol group to the gold atom. This results in the
phenomenon in which oligophenylene-dithiol molecules have
two significantly different conductance values. The α values of
the low-conductance states have a similar change of
alkanedithiols (Figure 18c upper panel), indicating that a simple
mechanical model can describe the results and provide a
configuration as shown in Figure 18b (Config. A). However, the
high-conductance states have a lower value of α (Figure 18c
lower panel), and amore complexmodel is needed. It is assumed
that the phenyl overlaps with the gold electrodes and the

Figure 14. (a) Structures of PDI−PY and schematic diagram of the single-molecule junction. (b) Snapshot of molecular structure changes and average
force and transmission during junction stretching. (c) Conformational properties in the charge transport. The dots are highlighted if the local
transmission of a conformation contributesmore than 80% of the total transmission. Adapted from ref 26. Copyright 2011 American Chemical Society.
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molecules only slip along the electrode, resulting in a change in
the area of overlap between the π orbital and the gold electrode
as shown in Figure 18b, which is consistent with the experiment
results (Config. B). This method provides insights into the
origin of polydispersity of molecular conductance and provides
more accurate single-molecule junction models, which lays a
foundation for further exploration of molecule-electronic
devices.
The break junction technique is a statistical method, the

advantage of which is performing many experiments in a short
space of time and obtaining the properties of single-molecule

junctions through statistical analysis. However, this in turn limits
the precise insight into the specific configuration and the
dynamic change of the conformation of single-molecule
junctions. Scanning tunneling and atomic force microscopy
(STM/AFM) pulling experiments (Figure 19a)33 overcome
these shortcomings. In 2009, Lafferentz et al. studied the
electrical properties of poly-DBTF (Figure 19a) by STM
pulling. Poly-DBTF was prepared by in situ polymerization, and
the end of molecular wire could be found by STM imaging. The
AFM tip was positioned at one end and established electronic
contact with the molecule. Then the molecular wire was

Figure 15. (a) Structures of cyc-PH, Hydro C, and Hydro O. Snapshot of molecular structure changes and average force and transmission (or
conductance) during junction stretching for cyc-PH (b), Hydro C (c), and Hydro O (d). Some of the subgraphs are reprinted in part with permission
from ref 27, copyright 2011 American Chemical Society; from ref 28, copyright 2017 American Institute of Physics.

Figure 16. (a) Structures of cyc-C3. Average force (b) and transmission (c) during stretching. Adapted with permission from ref 29. Copyright from
2011 the Royal Society of Chemistry.
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gradually pulled away from the Au(111) surface. The
conductance G which is obviously higher than the vacuum gap
at a 0.1 V bias was recorded as a function of the distance z
between the tip and the surface. The conductance curve decays
not completely linearly, but a characteristic oscillation occurs at
a particular stretch distance (Figure 19b). It is speculated that
the maximum of this oscillation comes from the monomer units
adsorbed from the surface being detached gradually. In 2014,
Kawai et al. further investigated poly-DBTF based on AFM

equipped with a tuning-fork piezoelectric sensor. The sensor will
oscillate at a certain frequency through mechanical excitation.
Themeasured frequency shiftΔf can reflect the force gradient kst
of the tip−sample interaction. The molecular wire was pulled
away from the surface similarly, and a periodic jump of Δf is
observed. The average step distance is 0.91± 0.07 nm, similar to
the length of the monomer unit (0.845 nm), verifying that the
molecular wire was detached from the surface unit by unit. Based
on the Frenkel−Kontorova (FK) model, it can be theoretically

Figure 17. (a) Schematic diagram of the experimental setup. Representative curve of current versus distance (blue curve) and normalized current (α)
at the oscillation frequency (2 kHz) for mC6SH (b) and C6SH (d). 2D histogram extracted from thousands of current versus distance traces for
mC6SH (c) and C6SH (e). (f) Structures of mC6SH and C6SH. (g)Mechanical model of single-molecule junction. Adapted with permission from ref
31. Copyright 2015 Springer Nature.

Figure 18. (a) Structures of 2P-DT, 3P-DT, and 4P-DT. (b) Schematic diagram of configurations of 3P-DT in break junctions. (c) Plot of α versus
conductance for the two configurations of 2P-DT, 3P-DT, and 4P-DT. Config. A for gray panel and Config. B for pink panel. Adapted from ref 32.
Copyright 2018 American Chemical Society.
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concluded that kst also has similar periodic changes and
predicted the components of lateral force and normal force.
The adsorption energy can be extracted by quantifying the
difference between the work done by the tip and the energy
dissipation. In 2018, Koch et al. studied graphene nanoribbon
(GNR) defects combining STM and AFM pulling,34 which
permit a simultaneous electrical andmechanical characterization
of the molecular wire. As shown in Figure 19c, structural defects
exist in non-fully dehydrogenated ribbons, which emerge as a
highlight in STM images. The period of Δf fits well with the
length of a dianthracene unit, and Δf changes significantly only
in the defective positions, while weak changes were observed in
the defect-free units. All the features suggested that each period
corresponds to a unit of defect in ribbons. The addition of bias
makes it possible to measure conductance simultaneously
(Figure 19d). The features of current and Δf can be divided
into two parts: the more strongly bound unit detached causes a
negative peak of Δf and decreasing current feature, while the
weakly bound unit results in a positive peak of Δf and constant
current feature (Figure 19e).

5. CONCLUSIONS

In this mini-review, we summarized the research progress using
the AFM-BJ technique. Briefly, the rupture force of single-
molecule junctions and even single-supramolecule junctions can

be analyzed, the configuration evolution process can be mapped
through force and conductance correlation analysis, and the
energy of the molecule−electrode interface can be quantized,
and even molecular conformation can be regulated to some
extent utilizing controlling tip−sample force. However,
satisfying the simultaneous measurement of force and
conductance signals also limits the improvement of signal-to-
noise ratio, and the development of targeted data analysis
methods is still a key point.
As a perspective, AFM-BJ technique is essentially the

intersection of molecular electronics and molecular mechanics,
which provides a unique platform. It may become an important
method to characterize the stability of molecular electronic
devices and the chemical reactions in single-molecule level, and
we hope that it can be further extended to the measurement of
the electromechanical properties of supramolecular systems,
which can shed new light on the nature of supramolecular
interactions. This may be a powerful tool for characterizing
novel phenomena at the single-molecule level.
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