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ABSTRACT: Single-molecule junctions (SMJs) have been fabricated using layers generated by diazonium electroreduction. This
process immobilizes the molecule and creates a direct C-Au covalent bond between the molecule and the electrode. As a result,
rigid oligomers of variable length, mainly perpendicular to the surface, are formed. The oligomers are based on porphyrin deriva-
tives in their free base or cobalt complex forms. The conductance of the grafted oligomers has been studied by means of the scan-
ning-tunneling-microscopy break-junction (STM-bj) technique and G(t) measurements, and the lifetime of the single-molecule
junctions has been investigated. The conductance histograms indicate that charge transport in the porphyrins is relatively efficient
and influenced by the presence of the cobalt center. With both systems, random telegraph G(t) signals are easily recorded showing
SMJ on off states. The SM]Js then stabilize and exhibit a surprisingly long lifetime around 10 s, and attenuation plots, obtained by
both G(t) and STM-bj conductance measurements, give identical attenuation values. This work shows that highly stable SMJs can

be prepared using diazonium grafting approach.

KEYWORDS: diazonium electroreduction, single-molecule junctions, molecular electronics, tunneling, hopping

Organic and molecular electronics are scientific domains
aiming at developing lower-cost materials, processes and
devices for information technologies. Whereas organic elec-
tronics have already a significant impact on the market, with
the commercialization of display technologies based on or-
ganic light-emitting diodes,' > molecular electronics have an
obvious potential for extreme miniaturization, but the pro-
duction and the commercialization of devices is hindered by
several key issues, such as robustness, reliability, fabrication
yield and reproducibility.

The molecular junction (M]) is the basic component of mo-
lecular electronics, and consists of an assembly of many mol-
ecules or a single molecule between two conducting elec-
trodes.37 Large-area molecular junctions are usually stable
and reproducible.>78 Fabrication consists of the deposition
of a molecular layer on a bottom electrode and the subse-
quent deposition of a top contact electrode.”»'3 It is possible
to record I(V) curves at various film thicknesses and tempera-
tures, to obtain an attenuation plot (slope B) vs. junction
length and to study the dominant transport mechanism. 0’517
Production yield can be high and, when robust multifunc-
tional layers based on diazonium electroreduction are used,
the top contact electrode can be deposited by direct evapora-

tion. Since large-area MJs are stable, many important results,
leading to a better understanding of transport mechanisms,
have been reported. '8-23 However, such systems, need to be
shrunk to a few molecules or to the single-molecule level to
make molecular electronics highly valuable.

Single-molecule junctions (SMJs),242 are less stable and are
technically more challenging. They are fabricated mainly by
two techniques, i.e. scanning-tunneling microscopy break
junction (STM-bj).263* or mechanically controlled break-
junction (MCB]J), 3>3¢ and graphene-based SMJs have also
recently appeared in the litterature. 3739 In most STM-bj
experiments, the conductance is continuously recorded as an
atomic contact is broken in a solution of molecules, and a
conductance plateau, indicating the formation of a SM]J, is
observed when a molecule comes between the two electrodes
during the pulling process. The Au tip is further stretched
into a thin gold wire and finally breaks. As a result, the life-
time of SMJs fabricated by the STM-bj technique is short.
SMJs have been constructed using different families of mo-
lecular building blocks, 4°-46 and various anchoring groups,
314748 and were recently combined with sophisticated swit-
chable functionalities. 49-5' Transport in these SMJs is highly
versatile to the variation of different factors, whereas the
instability largely limits a deeper investigation of their com-



plex transport and electronic properties. Consequently, one of
the major challenges in molecular electronics is to optimize
SMJs in terms of both charge transport and lifetime for the
development and fabrication of real-life molecular devices.
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Figure 1. Diazonium-based porphyrin SMJs: (a, b, ¢) Scheme
of Au-[MTPP],-Au SMJs where M is cobalt or H, and n = 1~3;
(d) electroactivity (CV) of CoTPP layers with different thick-
ness in 0.1 M solution of tBuNPFs in acetonitrile with scan
rate 0.1 V.s™.

This work describes highly stable SMJs prepared using layers
generated by diazonium electroreduction. 5254 The oligomers
are based on porphyrin derivatives in their free base or cobalt
complex forms; these are promising building blocks for mo-
lecular devices (Figure 1). The conductance of the oligomers is
studied by the STM-bj technique, while the lifetime of the
SMJs generated are investigated by conductance vs. time
(G(t)) measurements. The SMJs have very long lifetimes,
around 10 s, and signal/noise ratios above 10 are observed.
Plots of the attenuation of conductance with increasing junc-
tion length, obtained by both G(t) and STM-bj measure-
ments, give similar results for the attenuation factor, which is
smaller in the porphyrin-metal complexes than in those of
the free base.

The free base, amino-tetraphenyl-porphyrin H,TPP-NH, and
its corresponding Co complex, CoTPP-NH,, were synthesized

using previously reported procedures.5s 5¢ The two molecules
have the same length (1.8 nm) but differ in the presence or the
absence of the cobalt metal center. The amino terminal group
acts as an electroactive precursor for diazonium grafting onto
the bottom electrode. The electrochemical properties of
H.TPP-NH, and CoTPP-NH, in solution are described in the
Supporting Information. Briefly, CoTPP-NH, shows (Figure
Sia) four reversible signals at o0.75, -0.86, -1.20 and -1.59
V/SCE, attributed to Co(III)/Co(II), Co(II)/Co(I) and the
porphyrin core (two signal), respectively, and an irreversible
peak for amine oxidation at 1 V/SCE. H,TPP-NH, shows (Fig-
ure S1b) the two reversible signals of the porphyrin subunit at
-1.14 and -1.53 V/SCE and an irreversible peak for amine oxida-
tion around 1 V/SCE. These results indicate that the HOMO
and LUMO of CoTPP-NH, are centered on the cobalt atom
and are completely different from those of the free porphyrin
base. The HOMO of CoTPP core is much closer to the Fermi
level of the bottom gold electrode than that of the free base.

The porphyrins were grafted, as free base or metal complexes,
with thickness control on flat gold substrates deposited on
Si/SiO2 wafers. The diazonium derivatives of the amino-
porphyrin derivatives were generated in-situ following an
already published procedure.5? and were then reduced by
sweeping the potential of the gold electrode between 0.5 V or
0.1 V/SCE and various final potentials for a variable number of
scans (Table S1). During the first cycle, an irreversible peak
close to o V/SCE, characteristic of diazonium reduction, is
observed. In the next cycles, the cyclic voltammograms (CVs)
show a current decrease, and the diazonium reduction peak
almost disappears after a few cycles, indicating that oligopor-
phyrins have been grafted onto the surface. 7:5457-59 Ultrathin
modified films are thus obtained, as confirmed by thickness
measurements by the AFM scratching technique % (see Fig-
ure S2 and S3). Films with thicknesses between 2 and 5+1 nm,
i.e. consisting of n-mers with n =1, 2 or 3, were thus generat-
ed; the roughness was close to 1 nm. The [CoTPP],-modified
electrode was also studied by cyclic voltammetry focused on
the reduction of CoTPP?*. The CV curve in Figure 1a shows
the expected reversible reduction wave at E,/, = -0.9 V (AE, =
o V at low scan rates). The shape of this signal is characteristic
of immobilized electroactive species. The film deposited is
very stable and can be reversibly swept without any loss of the
CoTPP>+/+ signal. Integration of the redox peaks yields an
apparent surface concentration which depends on the elec-
trochemical conditions used for grafting. Assuming a surface
concentration of 5x 107° mol-cm~2 for a monolayer,® the sur-
face concentrations for the three films displayed in Figure 1b
are 5.3x 107, 11.8x 10" and 16.4+ 1x 10"° mol-cm~ and corre-
spond to measured thicknesses of 2.5, 3.2 and 4.8+1 nm, re-
spectively.
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Figure 2. Combined STM-bj histograms of Conductance vs. length plots from Au-[MTPP],-Au SMJs, n = 1~3. (a) Au-[CoTPP],-Au,

Vbias = 50 mV; (b) Au-[TPP]n-Au, Vpias = 50 mV.

The surface concentration and the thicknesses are in good
agreement (Inset in Figure 2 and Table 1 in SI) thus indicat-
ing that the grafted films are based on n-mers of [CoTTP]
with n = 1 (monolayer), 2 and 3.

Since it is usually difficult, using diazonium electroreduction,
to restrict the growth to a precise number of layers on the
whole surface, the average thickness measured by AFM on a
2x2 pm? area provides only the most probable number of
monomers in the oligomers. For this reason, two possible for
the numbers of porphyrins are given in the Table inset of
Figure 1b. Moreover, once a monolayer is grafted, the deposi-
tion of the next layers can generate moderate roughness, %
as illustrated in Figure 1c with films of Next, the STM-bj
technique was used to build Au-molecule-Au junctions.
Contrary to most of the STM-bj results already published,
the target molecules are immobilized on the Au bottom
electrode in a compact layer and cannot leave the substrate
or move easily inside the layer. SMJs have already been
formed from highly compact grafted films generated from
diazonium electroreduction.294% from thiols layerss' or from
self-assembled monolayers with terminal alkyne contact
groups 4 absorbed on a Si or Au surface. Self-assembled
monolayers with molecules flat on the surface have also been

used in this case a flat-lying single molecule is picked up to
form a SMJ.% This is not the case in the present study as the
molecules are mainly perpendicular to the surface in the
films.>® The gold STM tip was mechanically driven into con-
tact with the molecules on the bottom electrode and was
then pulled out to generate SMJs. The conductance vs. dis-
tance (G(d)) traces show current plateaus, which clearly
indicate that a single molecule bridges the gap between the
two electrodes and that Au-[MTPP],-Au (n =1, 2, 3) SMJs are
formed. Typical traces with current plateaus which clearly
indicate that a single molecule bridges the gap between the
two electrodes and that Au-[MTPP],-Au (n = 1, 2, 3) SMJs are
formed. Typical traces with current plateaus are shown (Fig-
ures 2a and 2b) with plateau lengths from 3 A to 1 nm. (more
G(d) traces showing plateaus are given in the SI file). The
conductance of the junctions is determined by two-
dimensional (2D) histograms constructed from hundreds of
G(d) traces with visible current plateaus. %967 Only single
peaks were observed for all the histograms that are due to
the simple Au-phenyl terminal group contact configuration.
5068-72 The conductance value obtained from the STM-bj
measurement is defined as Gristo hereafter and is a averaged
value for many different SMJs.
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Figure 3. Conductance vs. time traces from Au-[CoTPP]-Au junction (a) G(t) trace showing initial blinking and subsequent stabi-

lization of the SM]J. (b) Zoom in the first second of SMJ formation showing random telegraph signals. (¢) Au-[TPP]-Au junction
telegraph signals (d) Scheme showing the SM] ON (tip is in contact with the molecule) and OFF (tip is not in contact with the

molecule) states.

Three Au-[CoTPP],-Au SMJs with different lengths, varying
from about 1.8 (n = 1) to 5 (n = 3) nm, were studied. Typical
plateaus are displayed and combined conductance histo-
grams for the three systems are shown in Figure 2a. The
conductance values (Gristo) of the SMJs are around 3.2x1073
Go, 2x103 G, and decrease to 1.3x103 G, as shown in the table
in Figure 2a. The Au-[CoTPP],-Au SMJs transport charge
efficiently, have rather high conductance values (103 G,) and
fall relatively slowly as the junction length increases.

Au-[TPP],-Au SMJs, formed with free base [TPP], oligomers
having exactly the same configurations and contact groups as
Au-[CoTPP],-Au SMJs were also studied. It is interesting to
compare the transport behaviors of the two different types of
SMJs, as any difference can be clearly attributed to the metal.
Conductance vs. distance (G(d)) traces, showing plateaus, are
displayed in Figure 2b. As already observed, the conductance
of the Au-[TPP],-Au SM] is slightly higher (4x103 G,) than
that of the Au-[CoTPP],-Au SM] (3x1073 G,,).4445 73-75 However,
the Au-[TPP]n-Au SMJs show a stronger dependence on the
number of monomers in the junction. Combined conduct-
ance histograms for the three Au-[TPP],-Au (n = 1-3) SMJs are
also shown in Figure 2b. The conductance values are around
4x1073 Go, 1.2x1073 G, and 3.6x10 G, (table in Figure 2b). The
Au-[TPP],-Au SMJs, without a coordinated metal center,
transport charges less efficiently and show a rather fast decay

of their conductance (one order of a magnitude from 103 to
104 G,) as the junction length increases. This indicates that
the metal has a strong impact on the conductance of the SMJs
and reflects the fact that the HOMO and LUMO of [CoTPP],
are closer to the Fermi level of the gold than those of -[TPP],,
in agreement with the electrochemical results.

The advantage of using diazonium reduction to prepare SMJs
is that the oligomers are covalently bonded, which impedes
molecular motion. This could help to improve junction stabil-
ity. STM conductance vs. time (G(t)) measurements were
therefore performed. This technique has been previously
used, mainly in MCBJ configurations, to demonstrate the
formation of SMJs, and characterizes both the SMJ] conduct-
ance and the lifetime of the junction. 29:3839:50,73,76.77:78

In such experiments, often referred to as SMJ blinking in
previous work; the conductance blinks between two different
values, one corresponding to a situation where no molecule
bridges the two electrodes and another where an SMJ is
formed. As a consequence, the G(t) curve shows random
telegraph signals.

To perform such experiments, the STM tip was stabilized at a
fixed distance set according to the initial tunneling parame-
ters (It = 1 nA, and Us = 0.05 V are used here). These parame-
ters are chosen so that the tip is almost in contact with the
layer. The STM feedback is then turned off and the base cur-



rent is recorded when no molecule bridges the two electrodes.
Due to thermal or mechanical drift, the tip comes into contact
with the layer and the conductance suddenly increases once a
junction is formed, meaning that one or several molecules
bridge(s) the two electrodes. All the G(t) curves reported here
are shown as untreated raw data.

The gold electrode modified by a monolayer of CoTPP was
first studied. The measured current, converted into conduct-
ance values and recorded as a function of time, is shown in
Figure 3. A conductance blinking series is recorded from the
STM G(t) curve at the initial state of MJ formation (shown in
Figures 3a and b). This indicates that a single molecule is
trapped between the two electrodes?#° for a short time (less
than o.1 s), where a plateau of the conductance is observed at
2.7x103 G, (corresponding to the SMJ ON state). The con-
ductance value is coherent with those observed in the STM-bj
current histograms, which again confirms that only one mol-
ecule bridges the two electrodes. After a very short time, the
contact between the molecule and the tip is broken, and the
conductance jumps back to the tunneling current level (SM]
OFF state). The SMJs are repeatedly formed and broken se-
quentially without any modulation of the tip surface distance
(different from the STM-bj G(d) measurements). As a result, a
random telegraph signals is observed in Figures 3b, where the
SMJ ON and OFF states alternate. Similar telegraph G(t)
signals are also recorded form the freebase Au-[TPP]-Au SMJ
in Figure 3¢ which the ON/OFF signals alternate at different
frequencies. Note that the blinking lasts, in the present SMJ
formation, for 2 s which was reported mainly when using the
mechanically controlled break junction (MCBJ) techniques,
due to a known higher stability. 3536388

Next, the frequency of the SM]J blinking decreases, showing
that the SMJ ON state tends to stabilize. After 2 s the con-
ductance stops blinking and a very stable SMJ is formed with
a conductance close to 3.3x103 G, and a lifetime as long as 8 s
before the junction breaks down again (Figure 3a). The time-
average value of the conductance for a single SM]J calculated
from the stabilized G(t) curves is defined as Grime. Grime iS
again coherent with Ghisto Observed in the STM-bj current
histograms but is slightly higher than the conductance of the
ON states (2.7x103 G,) found from the telegraph G(t) signals.
Interpretation of these two values is beyond the scope of this
study. Note also that the signal-to-noise ratio in the G(t)
curves, defined by the central conductance value divided by
the maximum conductance fluctuation, is higher than 10.
This is better than in most SMJ blinking experiments previ-
ously reported, 7577 and is close to the best value from the
MCBJ experiments, 3 and the very recent result by Diez-
Perez. 29

Similar G(t) measurements with junctions of different lengths
were performed on Au-[CoTPP], layers with n = 2 and 3, and
on Au-[TPP], layers with n = 1 and 2. Figure 4 shows the dif-

ferent G(t) curves from the Au-[CoTPP],-Au (n =1, 2 ,3) SMJs
measured with recording time of 3 s. The conductance values
are first close to zero as the SMJs are not yet formed but fur-
ther jump, blink (see SI files for detailed blinking curves) and
stabilize for a few seconds at Grime values of 3.2x103 G, 2x1073
Go and 1.2x103 G, for n =1, 2 and 3, respectively. A small, non-
linear decay of the conductance is thus observed as the
[CoTPP], thickness increases. The G(t) conductance values
for different lengths are in particularly good agreement with
those observed from the STM-bj G(d) histograms in Figure
2a. Figure SI6 shows similar G(t) curves for Au-[TPP],-Au
SMJs with n = 1 and 2. Here again the conductance values
obtained from the G(t) experiments are in good agreement
with the results of STM-bj measurements.
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Figure 4. Conductance vs. time traces from Au-[CoTPP]n-Au
junctions (n =1, 2, 3)

It is important to note that SM]Js fabricated with these molec-
ular systems can easily have lifetimes as long as several sec-
onds. We attribute this improvement to the advantages of the
diazonium electroreduction grafting, i.e. the oligomers are
covalently bonded to the bottom electrode in a highly com-
pact and robust film which impedes molecular motion.
Moreover, the conductance values Guisto and Grime are meas-
ured from two different methods of SM]J formation and char-
acterization. The Ghiswo value is an average conductance value
extracted from hundreds or thousands of G(d) traces using
the STM-bj technique. It represents a statistical conductance
value from many different SMJs just after they are generated.

The Grime value is the average conductance value over time
(lifetime always above 1s in our experiments) obtained direct-
ly from one stabilized SMJ. These two average values may
differ significantly 8 if the configurations and the coupling
between the molecule and the electrodes during the STM-bj
pulling process are different from those obtained after stabili-
zation of the SMJ. However, in the present case, the Gristo and
the Grime values agree well for two different molecules and for
several n-mers. This is very first time that such agreement is



observed, (i) confirming the reliability of the SM] conduct-
ance measurements and (ii) indicating that both methods
provide reliable and factual measurements.
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Figure 5. (a) Au-[CoTPP],-Au and Au-[TPP],-Au SMJs con-
ductance decay with junction length (b) same data in Ln scale
Attenuation plots vs. thickness are indicated for the two mol-
ecules in red and green, respectively. The plain lines are plot-
ted from the Grime values shown in Figure 4 while the dotted
lines are from the Gjsto in Figure 2.

Attenuation plots (or 8 plots) reflect the transport mecha-
nisms from the conductance dependence on the molecular
junction length. '517.40-428384 Figure 5a shows that both the
Au-[CoTPP],-Au and the Au-[TPP],-Au SMJs show non-linear
conductance decay with junction length. The Au-[TPP],-Au
SMJs conductance values decay faster than those of the
CoTPP SM]J. B plots for the Au-[CoTPP],-Au and Au-[TPP],-
Au SMJs (n =1, 2, 3) measured from the STM-bj histograms
(Ghiisto, red dotted plot) are given in Figure sb. For the Au-
[COoTPP],-Au SMJs, a 8 value of 0.27+t0.1 nm™ is obtained
while a value of 0.67+0.1 nmis found for Au-[TPP],-Au SMJs
(green dotted plot in Figure sb). These values are much
smaller than those observed with 1D conjugated molecules in
the non-resonant tunneling regime (thickness below 5 nm)
but are close to those already observed for porphyrin-based
molecular nanowires. 77-79-85 The lower sensitivity of the con-

ductance of Au-[CoTPP],-Au SMJs to junction length (from 2
to 5.5¢1 nm) indicates that (i) while the dominant transport
mechanism for Au-[TPP],-Au SMJs is still most probably non-
resonant tunneling, that for Au-[CoTPP],-Au SMJs is closer to
resonant tunneling with some contribution from redox hop-
ping (the temperature effect on the transport properties of
Au-[CoTPP],-Au SMJs is beyond the scope of this study); (ii)
there is a strong signature of the cobalt center on the elec-
tronic transport properties at the single molecule level. This
last effect can be explained in several ways but the most
straightforward one is that 3, in the simple Simmons model,3¢
decreases with the square root of the gap between the Fermi
level of the electrodes and the molecular orbital involved in
transport. The fact that the HOMO of the CoTPP is closer to
the Fermi level of the bottom gold electrode than that of the
free base explains, qualitatively, the difference in the 3 values.

More importantly, the S values can thus be obtained from
both the Gtiisto (dotted plot in Figure 5b) and the Grime values
(plain plot in Figure sb). To the best of our knowledge, due to
the instability of SMJs in previous work, such attenuation
plots from the two methods have never been reported and
compared elsewhere. Here, § values of 0.28+0.1 nm™ and
0.57+ 0.1 nm™ are found for the first time from Grime vs. length
plots for Au-[CoTPP],-Au and Au-[TPP],-Au SMJs, respec-
tively. The results are very similar to those obtained from
Ghisto (dotted plot in Figure sb ).

Overall, we have fabricated SMJs from two different porphy-
rins (CoTPP and TPP freebase) oligomers with junction
lengths varying from 1.8, 3.6 to 5.5+0.5 nm. In contrast to
many SMJ studies the molecules used are not in solution but
are first organized in layers of controlled thickness using
diazonium reduction. SM] conductances have been character-
ized by the STM-bj technique and SM]J stability was investi-
gated by conductance versus time (G(t)) measurements. The
Au-[CoTPP],-Au SMJs have high conductance values (103 G,)
which fall slowly (8 around 0.3 nm™) with increasing junction
length. The conductance of Au-[TPP],-Au SMJs falls faster
(from 1073 to 104 G,) with the junction length and B is around
0.6 nm™. More importantly, it is found that the diazonium-
based deposition method generates robust and compact
layers which allow the fabrication of SMJs with unprecedent-
ed stability. Au-[CoTPP]i-Au SM]J blinking is first observed
with random telegraph G(t) signals, indicating ON/OFF
junction formation. The SM] then stabilizes and exhibits a
surprisingly long lifetime, lasting up to around 8 s before
partial breakdown. Moreover, taking advantage of the high
stability of the junction, we have obtained G(t) curves for Au-
[CoTPP],-Au and Au-[TPP],-Au SMJs of various thicknesses.
It is found that the attenuation plots obtained from the STM-
bj histograms and the G(t) curves are almost identical. This
clearly indicates that the time-average for one long-lived SMJ



and the average for many SMJs with short lifetimes are here
similar.

This work shows that diazonium grafting is very effective for
building highly stable SMJs and may allow improved charac-
terizations of the transport properties through various mo-
lecular systems at the single-molecule level.

METHODS SECTION

Equipments for electrochemical experiments were described
in a previous publication. 57 The diazonium derivatives of the
amino-porphyrin derivatives were generated in-situ and were
then reduced by sweeping the potential of the gold electrode
between 0.5 V or 0.1 V/SCE and various final potentials for a
riable number of scans (Table S1). Before grafting, the solu-
tions were deoxygenated by bubbling argon for at least 15 min.
After each grafting, the modified electrodes were copiously
rinsed in an acetonitrile solution to remove all physisorbed
molecules from the deposited layers. AFM measurements
were performed using a Nano-Observer AFM microscope
(CSInstruments AFM Microscopes, France). Images were
recorded in the tapping mode with a tip from Budgetsensor
(AFM tap 300 G, resonance frequency 300 kHz, force constant
40 nN/m)

Scanning tunneling microscopy (Molecular Imaging) is used
for the fabrication of SMJ. Two different methods are em-
ployed. For the G(d) measurement, the STM tip is driven into
contact with the molecules on Au substrates and then pulled
out to generate metal-molecule-metal junctions. The tip picks
(with a certain yield) a molecule and an SMJ can be formed.
During the pulling process, the Au tip is stretched into a thin
gold wire where a current plateau versus distance (I(d) trace is
observed. With further pulling the Au nanowire is broken the
SMJ breaks down. The mechanically controlled building and
breaking of the junctions allow a statistical record of I(d)
traces, converted to G(d) showing conductance plateaus. The
conductance of the junctions is determined by constructing a
histogram from hundreds or thousands of I(d) traces with
visible current plateaus. In the G(t) method, the STM tip is
stabilized at a fixed distance by adjusting the initial tunneling
parameters (It = 1 nA, and Us = 0.02-0.05 V). These parameters
are chosen so that the tip is almost in contact with the layer.
The STM feedback is then turned off and the current is rec-
orded as a molecule bridges the two electrodes, showing that
an SM]J is formed, and the conductance vs. time traces are
recorded.
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