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ABSTRACT: Here we report molecular films terminated with diazonium salts moieties at both
ends which enables single-molecule contacts between gold and silicon electrodes at open circuit
via a radical reaction. We show that the kinetics of film grafting is crystal-facet dependent, being
more favourable on (111) than on (100), a finding that adds control over surface chemistry during
the device fabrication. The impact of this spontaneous chemistry in single-molecule electronics is
demonstrated using STM-break junction approaches by forming metal-single-molecule-
semiconductor junctions between silicon and gold source and drain, electrodes. Au—C and Si—C
molecule-electrode contacts result in single-molecule wires that are mechanically stable, with an
average lifetime at room temperature of 1.1 s which is 30400 % higher than that reported for
conventional molecular junctions formed between gold electrodes using thiol and amine contact
groups. The high stability enabled measuring current-voltage properties during the lifetime of the
molecular junction. We show that current rectification, which is intrinsic to metal-semiconductor
junctions, can be controlled when a single-molecule bridges the gap in the junction. The system
changes from being a current-rectifier in the absence of molecular bridge to an ohmic contact when
a single-molecule is covalently bonded to both silicon and gold electrodes. This study paves the

way for the merging of the fields of single-molecule and silicon electronics.

1. INTRODUCTION
One of the main goals of molecular electronics is to use molecular films, or even single molecules,
as functional electronic components such as diodes, resistors or transistors.!”* The biggest
challenge preventing this concept from becoming reality is the lack of mechanically robust
contacts of an organic molecule with source and drain electrodes.*> To date, the most used
electrode—molecule contacts have relied on the chemisorption of thiols on gold surfaces.®!! Such
contacts are spontaneously formed from dilute solutions of thiols.!*!* Although widely used,

molecular electronics on gold platforms suffer from major drawbacks, such as the lability of the



S—Au bonds, electric field-induced structural changes and the lack of tunability of the electric
properties of the gold substrate which limits the scope of these junctions.!*!® In the last few years
there has been an increasing interest in expanding the field of molecular electronics from gold
towards semiconducting platforms, particularly GaAs'’'® and Si.'®! It is anticipated that
combining the vast and tunable range of the electrical properties of semiconductors with the

chemical variety of molecules, new technological development can be achieved.

Among all the methods developed to modify semiconducting surfaces, the most common is the
addition of an 1-alkene or 1-alkyne to a silicon radical to produce a covalent Si—C bond.?*>* This
process, although successful in forming well packed monolayers, requires either a source of UV-
light or heat, as well as a concentrated solution of the alkene or alkyne molecule. Such assembly
requirements are not viable to form a stable contact in molecular electronics devices, and it is
therefore essential to find new chemical strategies to form contacts on silicon electrodes that are
of comparable ease to those for standard thiol-based contacts on gold. In this context, the cathodic
electrochemical reduction of aryldiazonium salts is one of the most widely used methods for
chemically modifying metal, carbon and silicon surfaces, which leads to strong covalent bonds.>!"
2333 Tao and co-workers>* have reported the formation of single-molecule junctions in the presence
of diazonium molecules in solution by means of electrochemically reducing, simultaneously, the
two diazonium terminal groups. This allowed to form two Au—C covalent bonds, in-sifu, using a
bipotentiostatic “gated” control of two gold electrodes against a reference electrode. The Au—C
contact is significantly more stable to what is achievable with thiol and amine molecules, which

are typically used for molecular junction contacts.

In this study the diazonium radical reaction is demonstrated on semi-conducting electrodes, Si

(111) and Si (100}, and is utilized to form metal-molecule—semiconductor junctions at the single-



molecule level. We use two axial diazonium terminal groups to form covalently bonded molecular
junctions on gold and silicon electrodes. We show that molecular contacts on both silicon and gold
can be made spontaneously by using a diazonium salt of high redox potential such that it can be
reduced and consequently bridge both electrodes at open circuit. The role of surface energy was
investigated by studying the effect of crystal orientation ({(100) vs (111)) on the grafting process.
Our findings remove the need of applying an electrochemical gate because the top and bottom
contacts can be formed on the same molecule spontaneously and yet sequentially. Further our
strategy does not require the continuous presence of molecules in the solution, which simplifies
device fabrication for molecular junctions. The molecular films reported here are characterized by
electrochemical methods, X-ray reflectometry and by atomic force microscopy. The scope of this
chemistry in single-molecule electronics is demonstrated by means of single-molecule STM-break
junction technique to electrically bridge silicon and gold electrodes via axial diazonium terminal
groups. The mechanical stability of these covalently bonded single-molecule junctions were
investigated using the “blinking approach” and compared to standard Au—molecule contacts.
Current-voltage properties are reported for junctions made in the presence or absence of molecules;

demonstrating the tunability of semiconductor junctions by the electronics of a single-molecule.
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Figure 1. Structure of the molecule (bis-diazo) studied and a schematic describing its reaction with surface and tip
electrodes or with ferrocene. The surface and tip electrodes can be gold or silicon.

2. RESULTS AND DISCUSSION

2.1. Electro- versus spontaneous-grafting of bis-diazo on gold

Multiple reduction peaks during the electrografting of diazonium salts on polycrystalline Au have
been reported for several molecules and are often attributed to a range of different phenomena.
One hypothesis is that multiple waves originates from the presence of different crystallographic
facets present on the polycrystalline Au surface.’-® To test this hypothesis we deliberately varied
the crystallinity of the Au surface from a completely polycrystalline sample to a single crystal
(111) surface (Figure 2a—c). The degree of crystallinity was estimated from the gold oxide anodic
wave in cyclic voltammetry: a single oxidation peak indicates that the surface is 100% (111) while

multiple or broad oxidation waves are ascribed to a polycrystalline sample (Figure 2a-c). For the



reduction of bis-diazo on highly oriented single crystal Au(111), only a single wave is observed
at =70 mV (Figure 2d). A second wave at more negative potentials (—350 mV) appears for the
reduction of bis-diazo on other Au crystal orientations. For instance, the reduction of bis-diazo on
a 70% Au(111) surface (Figure 2e) results in two waves, with that assigned to (111) being almost
three folds larger than that centered at —350 mV (Figure 2e). Completely polycrystalline samples
(Figure 2f) shows multiple broad waves between 0 and —400 mV, again highlighting the
correlation between the crystallinity of the surface and the shifts in biases required to graft bis-

diazo.
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Figure 2. Electrochemical grafting of bis-diazo on mono- and poly-crystalline gold surfaces. Cyclic voltammograms
showing the oxidation and reduction waves of a) 100 % single crystal Au (111). The Inset in (a) shows an AFM
topography image of the single crystal surface. b) 70% Au (111) and c) polycrystalline gold (0.5 M H2SO4 as the
electrolyte) at scan rate 100 mV s~!. The potential is expressed in mV against aq. Ag/AgCl electrode (1 M KCI). The
inset in (c) shows an AFM topography image of the polycrystalline Au surface. The gold oxidation wave is a single
peak at around +1300 mV for 100% Au (111). (b—c) Multiple oxidation waves between +1000 mV and +1400 mV
appear for 70% Au (111)/30% polycrystalline in (b) and for a 100% polycrystalline surfaces in (c). (d—f)
Electrochemical reduction waves for the grafting of bis-diazo (1 mM) with BusNPFs (0.1 M) in a 1:49 (v/v) dimethyl
sulfoxide/acetonitrile (DMSO/ACN) solvent mixture on the different gold surfaces shown in panels a—c. The scan
rates in panels d—f are 50 mV s™! and the potential is expressed in mV against Fc/Fc* (1 mM in ACN). The more
polycrystalline the Au surface is the broader and the more split are the reduction waves.



The reduction potential of bis-diazo on Au(111) is relatively anodic (=70 mV vs Fc/Fc*, Figure
2), meaning the grafting could spontaneously occur even at open circuit. Following the reduction
step, a radical intermediate will form a covalent bond between the organic molecule and the gold

surface, >4

as schematized in Figure 3a. The surface-tethered molecule would still have a diazo
group at the distal end, and this hypothesis was tested by resting a clean Au(111) sample at open
circuit in a solution of bis-diazo for 2 h, after which the sample was transferred to a ferrocene
solution. Ferrocene can act as sacrificial electron donor, reducing the diazonium to generate a
radical’***" that can in turn react with excess ferrocene in solution forming a covalent bond (see
Figure 3a). The coupling reaction between the metallocene and the unreacted azo distal end of the
monolayer formed at open circuit was then tested by means of measuring cyclic voltammograms.
Cyclic voltammetry data for these films is shown in Figure 3c, and the amount of ferrocene units
tethered on the surface are comparable to films formed by either spontaneous or potentiostatic
electrolysis 2.30 (£ 0.40) x107'° mol cm™2 equivalent to a 1.38 (£ 0.24) x10'* molecule cm 2 for

the electrochemical grafting (Figure 3b) and 1.80 (x 0.29) x107!° mol cm 2 equivalent to 1.08 (+

0.17) x10'* molecule cm 2 for the spontaneous process (Figure 3c).
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Figure 3. Electrochemical and spontaneous grafting of bis-diazo on Au{111) followed by a reaction with ferrocene.
a) Schematics describing the formation of a diazonium film on an Au surface and the reduction of the distal diazonium
moiety by ferrocene molecules. b) Cyclic voltammogram for an Au(111) surface that was first modified with bis-
diazo then exposed to a solution of ferrocene. The electrochemical reduction was first performed via 1 potential cycle
(0 to —1 V vs Fc/Fc*) in a solution of bis-diazo (1mM) with BusNPFs (0.1 M) in a 1:49 (v/v) DMSO/ACN solvent
mixture. The surface was then exposed to a solution of ferrocene (1 mM in ACN) for 30 min at open circuit. Note that
the schematic in (a) does not take into account the polymerization of the film, see Supporting Information, Figure S1
for details. ¢) Cyclic voltammogram for the spontaneous reduction of bis-diazo, by means of resting an Au(111)
sample in a solution of bis-diazo for 2 h at open circuit, followed by the spontaneous reaction with ferrocene (30 min)
to indirectly probe the presence of an intact unreacted diazo group at the distal end of the monolayer. The potential
scan rate is 50 mVs™. d) Stability of the interface tested by means of 30 repetitive cyclic voltammograms scans for a
surface that is prepared in a similar way to that described in (c), see Eigure S2, Supporting Information for details.
The voltammograms in (b—d) were recorded in 1 M HCIO, and the potential is expressed in mV against Ag/AgCl
electrode (1 M KCI).



2.2. Electro- versus spontaneous-grafting of bis-diazo on silicon
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Figure 4. Electrochemical and spontaneous grafting of bis-diazo on silicon. a) Reductive grafting of bis-diazo (1
mM bis-diazo with 0.1 M BusNPFs in a 1:49 (v/v) DMSO/ACN solvent mixture) on Si{111) (red line) and on Si{100)
(black line) using one potential cycle (+0.4 V to —1.8 V for Si (111) and +0.5 V to —2.1 V for Si (100)) at scan rate
of 50 mV s™!. The second potential cycle is shown in . b) Reduction of bis-diazo
on Si{111) using one potential cycle at different scan rates (10, 25 and 200 mV s™!). ¢) XRR profiles for samples
prepared by grafting bis-diazo on Si(111)—H electrochemically (black trace) or spontaneously (blue trace). The inset
in (c) shows an AFM topography image of the Si(111)—H surface. The symbols with error bars are the collected data
and the red solid lines are the fits to each data set. The data is vertically offset for clarity and the parameters used in
the interpretation of the XRR data are listed in Table S1 of the Supporting Information. d) Cyclic voltammogram at
a scan rate of 200 mV s ! of a film of bis-diazo spontaneously prepared by resting a hydrogen-terminated Si{111)—
H surface in a solution of bis-diazo for 8 h and then exposing it to a solution of ferrocene for 30 min. The potential
in (a-b) is expressed in mV against F¢/Fc* (1 mM in ACN). The voltammogram in (d) was recorded in 1M HC1O4
and the potential is expressed in mV against Ag/AgCl electrode (1 M KCl).

Having established the formation of bis-diazo monolayers on gold surfaces, we then attempted to
graft bis-diazo on silicon electrodes. Figure 4a shows that the wave for the electrochemical

reduction of bis-diazo is centered at —650 mV and —830 mV on Si(111) and Si(100), respectively.



The thickness of the films was determined using X-ray reflectometry (XRR) and was found to be
2.43 nm when one potential scan, between 0 and —1.8 V vs Fc/Fc+ with a scan rate of 50 mV s/,

was applied. A thickness of 2.43 nm means that bis-diazo polymerizes and the film comprises

about 3 repeated bis-diazo units (Figure'Si‘and Table'S1. Supporting Information).

As shown in Figure 4b, the electrochemical reduction of bis-diazo is scan rate-dependent, and
digital simulations of the experimental voltammetry were used to gain quantitative insights on the
heterogeneous electrochemical rate constant, ke, values for the electrochemical reaction on both
gold and silicon electrodes (_). We assumed an ECiyey
mechanism (E is the homogeneous redox step, bis-diazo'/bis-diazo; Ciwrev is the chemical
homogeneous nitrogen loss, bis-diazo — bis-diazo® + N.). The ke best-fit values are 4.0 x 10 3cm
s ! for Au(111), 1.0 x 10 cm s™! for Au(100), 2.0 x 10”7 cm s! for Si{111), and 5.0 x 10 °cm
s for Si(100). The electrochemical rate is significantly slower for silicon, and both for silicon
and gold the ke drops from (111) to (100) facets. Furthermore, it is apparent from the absence of
a return wave that the reduced form of the diazonium salt expels nitrogen after its initial
electrochemical reduction with a rather large chemical rate (best-fit k¢ of 5.0 x 10* s7!). The
sluggish reduction kinetics on silicon indicates that for films of bis-diazo to form spontaneously
at open circuit on silicon may require more time than that on gold. This was confirmed by
measuring the ferrocene surface coverage vs time on both gold and silicon electrodes (_

S10, Supporting Information). The ferrocene molecules coverage increase from 7.67 (+ 1.15) x

10! molecule cm 2 to 3.89 (£ 0.58) x 102 molecule cm 2 when the resting time of the Si—H surface

in the solution of bis-diazo increased from 2 min to 8§ h (_). In

contrast, on the gold electrode the reaction reached equilibrium after 2 h.
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As in the case of gold, a surface comprising both Si{111) and (100) facets should show two discrete
waves. To verify this, we etched crystallographically oriented Si(111) pyramids on a Si(100)
surface by anisotropic etching in KOH solutions.*'*** KOH etching creates samples with both (111)
and (100) that can be used to probe in-situ the crystal-facets dependency of the electrochemical

reduction.

(a) 560 nm (b)

Figure 5. Electrochemical grafting of bis-diazo on crystalline silicon: Si{100) vs Si(111). a) AFM image of Si{111)
pyramids grown on Si(100) by anisotropic etching of the surface in a solution of KOH solution. b) SEM image for
the same surface. ¢) A zoom-in AFM image of a single pyramid. d) The electrochemical reduction wave of bis-diazo
(1 mM bis-diazo with 0.1 M BusNPFs in a 1:49 v/v DMSO/ACN mixture) on the sample presented in (a) and (b).
The potential scan rate in (d) is 50 mV s™' and the potential is expressed in mV against Fc/Fc* (1 mM in ACN).
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The difference in the peak position for the reduction waves of bis-diazo on separate samples of
Si(111) and (100) is 180 mV, as in Figure 4a. Similar differences (ca. 200 mV) in the position of

the reduction were observed for the mixed (111/100) (sample with pyramids; (100) surface etched
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to expose (111) pyramids) (Figure 5b). The 200 mV difference is significant such that it can be
used to control chemical reactivity on different silicon crystal orientation by controlling the applied
reduction potential. The crystal-facet dependence is not restricted to the bis-diazo compound, and
similar shifts in the diazo reduction wave were observed for 4-bromodiazonium salts
electrochemically reduced on Si(111), Si{100) and on mixed (111)/{100) silicon surfaces (Figure

S11, Supporting Information).

It is worth noting that since the source of electrons is not identified, the mechanism by which the
spontaneous modification on both Au and Si occur is less clear than that when using the
electrochemical method. The open circuit potential (OCP) measured for Au and Si
electrode/electrolyte systems used in this study are —200 £ 100 mV and =300 mV + 100 mV vs
Fc/Fc*, respectively. These values are relatively cathodic, and the formal potential of the bis-diazo
is relatively anodic making it easily reducible to the aryl radical. The most plausible electron
donors are the gold and silicon surfaces. Unlike bulk gold, which can usually be regarded as inert,
surface defects, step edges and nanoscale protrusions are known to oxidize at significantly lower
potentials. ** Silicon oxidation can involve up to four electrons,*® and the anodic growth of oxide
can extend longitudinally away from the interface*’ meaning that the oxidation of limited surface
areas can be sufficient to generate enough coulombs to reductively graft a bis-diazo monolayer.
This scenario is in agreement with the slightly lower coverage measured by XRR (Table S1,
Supporting Information) for the spontaneous versus electrochemical grafting. Another possibility
or a contributor is the oxidation of adventitious impurities in the reaction solution; however this
possibility is unlikely since the spontaneous reaction also occurred with an STM gold tip in a

mesitylene solvent (section 2.3), a different environment to that used to form the bis-diazo films.
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2.3. Single molecule STMBJ studies

The monolayer results of the previous section verify the spontaneous attachment of an electron-
poor diazonium salt (bis-diazo) to both gold and silicon electrodes. The distal diazonium group of
the molecule is conserved upon attachment, which opens the possibility for the further spontaneous
attachment of a redox active organic molecule (e.g. ferrocene in Figure 3a), or more importantly,
of a top metal point-contact to spontaneously close the electrical circuit. We proceeded to show
this by forming Si—bis-diazo—Au junctions (Figure 6a). We performed single-molecule
measurements using the scanning tunneling microscopy (STM) junction technique in the “blinking
approach”®* in which a gold STM tip is brought within tunneling distance to a silicon surface
that was pre-modified with bis-diazo molecules. When a chemical bond is formed between the tip
and the molecule a sudden current jump, or blink, appears in the current-time STM trace. A typical
blink is shown in Figure 6b (inset) depicting the junction comprising a bis-diazo molecule passing
acurrent of 3.5 £ 0.5 nA for 1.2 s. Figure 6b shows a histogram of the single-molecule conductance
obtained from hundreds of blinks, with an average value of 90 + 35 uGo (Go,77.5 uS, is the
conductance of a single quantum channel). The relative uniform conductivity distribution indicates
that these molecular circuits are reproducible and of similar chemical nature. A histogram of blink
lifetimes is shown in Figure 6b with the average being centered at 1.1 £ 0.2 s. This lifetime is
significantly higher than previously reported for single-molecule junctions between gold surfaces
using other chemistries.’! As a comparison, the lifetime of an Au—bis-diazo—Au junction is 0.75
+0.15 s (Figure S12, Supporting Information) which is 30% less than that of the Au—bis-diazo—Si
system. The difference was unexpected, given that the lifetime of both junctions should be limited
by the relatively weak Au—molecule contact. We attribute the superior stability of the Au—bis-
diazo—Si system to the presence of at least one robust point of contact (the silicon side), which can

enhance the robustness of the junction if the mechanical pull is distributed more heavily on the
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silicon side, which is a probable scenario as the STM tip is drifting away during measurements.
The lifetime of the junctions was also compared on gold electrodes, but using a contact chemistry
different than the Au—carbon of the Au—bis-diazo—Au junctions. The blinking lifetime for
Au—molecule—Au system that relies on either Au—sulfur or Au—nitrogen contacts are 0.50 £ 0.10
s and 0.20 + 0.05 s, respectively. These blinking lifetimes are several folds lower than that of the
Au—bis-diazo—Au and Au—bis-diazo—Si contacts, highlighting the superior mechanical stability

of the covalent Au—C and Si—C electrode contacts. (Figure S12, Supporting Information).
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Figure 6. Single-molecule junction measurements of a Si(111) surface pre-modified electrochemically (1 potential
cycle from +0.4 V to —1.8 V Fc¢/Fc*) by a bis-diazo film with a gold tip forming the top contact. a) Schematic depicting

the molecular junction formed. b) Conductance histogram built from ca. 200 blinks averaging 90 * 35 uGo. The inset
shows a representative Au—bis-diazo—Si blink, measured at a bias of 0.5 V. ¢) Histogram of blink lifetimes with the

average being 1.1 = 0.2 s d) Blinking color maps obtained by accumulating ca. 200 blinks and normalized to a common
time origin. (e) Representative data for a voltage sweep applied during a blink of a single-molecule Au—bis-diazo—Si
junction. The current is monitored before and after the voltage sweep to ensure the voltage is ramped while the
molecular junction is still intact. The inset shows the corresponding current-voltage curve. The STM experiments
were performed at room temperature in mesitylene.

The superior duration of the blinks formed by bis-diazo molecules is owed to its covalent bonding
to both electrodes (Si—C and Au—C). Figure 6e shows that these junctions can be subjected to a
voltage ramp of = 1.5 V, for a duration of 0.5 s, without rupture. The timescale for the collection
of current—voltage (I-V) is well within the ~1 s of the lifetime of a bis-diazo junction. I-V curves
are symmetrical around the origin with very limited current rectification being observed. This is

in contrast to the I-V curves measured on bare unmodified Si—H surfaces which showed current
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rectification (Figure 7a). Even when the molecule is not bridging the two electrodes a shift towards

a non-rectifying [-V curves are observed (Figure 7b).
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Figure 7. STM-current-voltage measurements. a) Schematic and current-voltage measurements of Au-Si tunneling
junctions in the absence of bis-diazo molecules. b) Schematic and current-voltage measurements Au--bis-diazo--Si
junctions in the absence of a “blink” and therefore absence of covalent bonding to both electrodes. ¢) Schematic and
current-voltage measurements of Au—bis-diazo—Si junctions in which the bis-diazo molecule is covalently bonded to
both electrodes. The data for each set is the accumulation of 30 different voltage sweeps and the bias is applied to the
silicon surface. The characteristics of the current-voltage curves changes from rectifying in (a) to ohmic in the presence
of a top contact with the molecule in (c) where the path of charge transfer is restricted to within the molecule. If the
electrons can tunnel in the gaps between the molecules the rectification characteristic is intermediate. The STM
experiments were performed at room temperature in mesitylene.

Of a particular note is the gradual decrease in the current rectification ratio (RR) when the system
switches from a tunneling through space (Figure 7a, RR = 10-20 at + 1V) to tunneling through the
bis-diazo molecular film without a covalent attachment to the top gold electrode (therefore
absence of a blink, Figure 7b, RR = 1-10 £+ 1V), then to tunneling though the molecule when a
blink forms (RR = 1-2 £ 1V). As a comparison we have performed [-V curves on symmetrical

Au-bis-diazo—Au junctions (Figure S13, Supporting Information). Although the I-V of Au—bis-
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diazo—Au junctions are also symmetrical, they are significantly different than the Au—bis-diazo—
Si junctions. First, they are more conducting as evidenced by a larger [-V slope specifically in the
small bias window of —0.5 to +0.5 V; and secondly there is no difference in the I-V curves shape
nor in the non-rectifying properties of the junctions whether a molecule is connected between the
gold electrodes or whether electrons are tunneling through space and not through a connecting bis-
diazo molecule. This rules out the possibility of gold atom transferring to the silicon being the
reason for the symmetric I-V curves for the Au—bis-diazo-Si junctions in Figure 7c. It also means
that in Au-bis-diazo-Si junctions the covalently-connected molecule is providing a pathway for
electrons to tunnel through the silicon’s band gap. Non-rectifying junctions were recently observed

for Au-molecule-GaAs junctions by Nichols and co-workers!”!®

in which the degree of
rectification was found to depend on the molecules used to bridge the Au and the semiconducting
GaAs electrodes: the more conjugated the molecules are (such as bis-diazo) the smaller the band
gap and the more likely to have the lowest unoccupied molecular orbitals (LUMO) energy closer
to the metal Fermi level enabling states for electron transport from the metal to the semiconductor
under reverse bias. Another possible contributor to the high reverse bias current is the introduction
of surface states that reduces the barrier height for electron transfer between the metal and the
bottom of the conduction band.’? This means that unlike conventional solid-state metal-
semiconductor diodes, the metal—bis-diazo—semiconducting diodes can be tuned not only by the
choice of the molecule but also by the nature of the top-contact (covalent versus non-contact).

3. CONCLUSION

We demonstrated that bis-diazo compounds form molecular films spontaneously, as well as
electrochemically, on gold and silicon electrodes. The grafting is more sluggish on silicon that it

is on gold and is crystal-facet dependent, being more favourable on (111) than it is on (100). This

aspect of the work could become a way to address chemical reactivity at discrete locations, for
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example by forming molecular monolayers on Si{111) pyramids on a rather unmodified Si{100)
surface. This can be of significant practical implications in molecular electronics. We also show
that the formed molecular films enable for the further attachment of top molecules and/or
electrodes. We utilized this approach to form metal-molecule—semiconductor junctions between
silicon and gold electrodes using the STMBJ technique. The single-molecule wires are
mechanically stable, owed to the strong Au-C and Si-C contacts, with an average life time of 1.1
s, which is 30—400 % more stable than previous molecular junctions on gold electrodes and which
enables current-voltage properties of the devices to be measured while the molecule is intact. We
demonstrate that unlike conventional metal-semiconductor diodes, the metal—bis-
diazo—semiconducting diodes can be tuned by a single-molecule contact and by the nature of the
top-contact being covalent versus non-contact. This study offers a viable way to make top/bottom
contacts between semiconductors and metals in miniaturized electronic devices and open prospects
for a hybrid silicon and single-molecule electronics technology.

4. EXPERIMENTAL METHODS

4.1 Chemicals and Materials

Unless stated otherwise all chemicals were of analytical grade and used as received. Hydrogen
peroxide (30 wt% in water), sulfuric acid (PuranalTM, 95-97%), ammonium fluoride (Puranal TM,
40 wt% in water), ammonium sulfite monohydrate (Sigma-Aldrich, (NH4)>SO3, 92%) used for
wafer cleaning plus etching, and silicon modification procedures were obtained from Sigma
Aldrich. Acetonitrile (ACN) and dichloromethane (DCM) were distilled before use. O-Dianisidine
bis(diazotized) zinc double salt (Sigma Aldrich, 98%), bis-diazo hereafter, 1,4-phenylenediamine
(Sigma Aldrich > 99%), benzene-1,4-dithiol (Sigma Aldrich, 99%), potassium hydroxide (VWR,
86%) and dimethyl sulfoxide (DMSO) were used as received. Tetrabutylammonium
hexafluorophosphate (BusNPFs, Sigma-Aldrich, >99%), used as supporting electrolyte, was

recrystallized twice from 2-propanol. Milli-Q™ water (>18 MQ cm) was used for surface cleaning
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procedures and to prepare electrolytic solutions. Gold polycrystalline (rod like) electrodes were
purchased from CH Instruments, USA. Gold single crystal electrodes (99.999%) were purchased
from Goodfellow. Prime-grade, single-side polished silicon wafers were obtained from Siltronix,
S.A.S. (Archamps, France) and were n-type (phosphorous doped), 500 = 25 pum thick and either
(100) £ 0.5° (with resistivity of 0.003 Q cm), or (111) £0.5° (0.003 © cm).

4.2. Surface Modification

4.2.1. Polycrystalline Au modification

Au polycrystalline electrodes were polished to a mirror-like finish by means of mechanical
polishing (ca. 5 min) on a micro cloth pad, using a slurry of 0.05 pm Al>O3. The electrodes were
then rinsed with water, acetone, and then sonicated for 5 min in Milli-Q™ water. The electrodes
were then electrochemically cleaned by cycling them between —300 mV and +1600 mV (versus
an aqueous Ag/AgCl reference electrode) in 0.5 M H2SOs. The electrode cleaning by cyclic
voltammetry was continued until a reproducible voltammogram was obtained (typically after 25
cycles), and the electrode was then rinsed with Milli-Q™ water and rested in distilled acetone prior
to use.

4.2.2. Preparation of 100% Au(111) and 70% Au(111) single crystal

Single-crystal Au(111) disks were cleaned in a hot Piranha solution for 2-3 min (3:1 (v/v) mixture
of concentrated sulfuric acid to 30 wt % hydrogen peroxide), rinsed with Milli-Q™ water and then
annealed using a hydrogen flame. Annealed crystals were cooled down to room temperature,
washed with Milli-Q™ water, DCM and then blown dry under stream of argon gas. The crystals
were then transferred to a deoxygenated solution of bis-diaze (1 mM) and BusNPFs (0.1 M) in a
1:49 (v/v) mixture of DMSO and ACN and then either dynamically biased against a reference
electrode or rested at open circuit.

For the preparation of surfaces exposing only ~70% of Au(111), a single-crystal Au(111) disk was

melted on one of'its edges (Figure S14, Supporting Information). The remaining intact surface area
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of Au(111) was estimated from the oxidation wave in cyclic voltammetry (Figure 2). The samples
exposing ~70 % of Au(111) were modified with bis-diazo in a similar way to that described for
the 100 % Au(111) crystals (section 4.2.2).

4.2.3. Si(111) and Si(100) modification

Silicon electrodes were cleaned and etched following literature procedures.!” In brief, silicon
wafers were cut into pieces (approximately 10 x 10 mm), cleaned for 30 min in hot Piranha
solution, rinsed with Milli-Q™ water and then etched with a deoxygenated 40 wt% aqueous
ammonium fluoride solution for 13 min (Figure S15, Supporting Information). This process leads
to a hydrogen-terminated silicon surface (Si—H). To the etching bath was added a small amount
(ca. 5 mg) of ammonium sulfite. The etched samples were rinsed sequentially with Milli-Q™
water, DCM and blown dry in a stream of argon before modifying the silicon surface using the
same procedure as described in section 4.2.2.

4.2.4. Formation of (111) pyramids on silicon (100)

Hydrogenated n-type silicon (100) substrates (generally 10 x 10 mm in size) were rinsed with
DCM, 2-propanol and Milli-Q™ water, and then dried under the steam of argon. The samples
were then etched for 90 min in a 20 % (w/v) aqueous solution of potassium hydroxide (10 mL)
with 2-propanol (200 pL) and kept at 45 °C. The etched samples were then rinsed with copious
amounts of water before a final etching step in deoxygenated 40% aqueous ammonium fluoride
solution (13 min) followed by modification with the bis-diazo film as described in section 4.2.2.
4.3. Electrochemical measurements

All electrochemical measurements were performed using a CHI650 (CH Instruments, USA)
electrochemical workstation and a conventional three-electrode system with a platinum wire as the
auxiliary electrode. An Ag/AgCl aqueous electrode (1.0 M KCl, CH Instruments, USA) served as

the reference in the electrochemical cleaning of gold surfaces, while a non-aqueous “leakless”
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Ag/AgClelectrode (eDAQ, part ET072-1) was used in the experiments for the bis-diazo reduction.
The non-aqueous “leakless” reference electrode (3.4 M KCI) was calibrated before and after each
experiment against the position, on an Au electrode, of the ferrocene/ferricenium couple Fe/Fe™ (1
mM ferrocene solutions in acetonitrile containing 0.1 M BusNPFe). All potentials are reported
versus the apparent formal potential of the Fc/Fc* couple unless otherwise specified.

4.4. Atomic Force Microscopy (AFM)

Atomic force microscopy images were obtained using Bruker dimension microscope operating in
tapping mode. All images were obtained in air, at room temperature, and using silicon nitride
cantilevers (TESPA from Bruker, with a spring constant of 20 N m™!).

4.5. Scanning electron microscopy (SEM)

The SEM images were obtained using a Zeiss Neon 40EsB FESEM equipped with a Schottky field
emission gun operating at 5 kV and a chamber pressure of 4 x 10~° mbar and a Tescan Mira3
FESEM, also equipped with a Schottky field emission gun operating at 5 kV, and a chamber
pressure of 3 x 1072 Pa.

4.6. STM break junction

STM break junction (STMBJ) experiments were performed with a PicoSPM I microscope head
controlled by a ‘Picoscan 2500’ controller, from Agilent. Data were acquired using a NI-
DAQmx/BNC-2110 National Instruments data acquisition system and analysed with a code
written with the LabVIEW software. Single-molecule conductivity measurements were performed
using the STMBI in the blinking approach under fixed electrodes gap separation in a solution of
mesitylene. The tunnelling current is first stabilized then current transients are captured. When a
molecule bridges both electrodes, a sudden jump and ‘blink’ in the captured current is obtained.
Conductance histograms were built by the accumulation of hundreds of individual blinks. The

blinking histograms give information about the average conductivity of the single-molecule
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junctions that form spontaneously between the two electrodes, as well as information on their
mechanical stability (blink lifetimes).

4.7. X-ray reflectometry (XRR)

Specular X-ray reflectometry was conducted as previously described!® 2> 3 on a Panalytical Ltd
X'Pert Pro instrument. The instrument has a rotating anode source (Cu Ko radiation, A = 1.54 A),
has beam focusing using a Gobel mirror, and fixed collimation slits of 0.1 mm. Measurements
were conducted at the solid-air interface under ambient conditions using angles of incidence from
0.05° to 5.00° in 0.01° steps for 20 seconds per step. The raw data was processed using in-house
software so that the critical edge was normalised to a reflectivity of unity and the data was

presented as reflectivity versus momentum transfer, Q, defined as:

_41Tsin9
A

where A is the X-ray wavelength and 0 is the angle of incidence. Data analysis was conducted
using the MOTOFIT software package, which utilises an Abele’s matrix method and a least-
squares regression of varying the fitted parameters until a best fit that matches the experimental
data is achieved.>* The organic material was fitted using a single layer defined by its thickness,
roughness, and scattering length density (SLD), p, defined as:

TeZZi
Vi

where V), is the total molecular volume (determined to be 237 A? for bis-diazo), Z; is the atomic
number of each atom in the species, and r. is the Bohr electron radius (2.818 x107> A). The
theoretical SLD (py) of bis-diazo was determined to be 16.69 x10® A2, The number of molecules
per cm? was determined from the fitted values as follows:

Tpr101°

molecules per cm? =
VPt

Where 7 is the fitted thickness and pyis the fitted SLD.
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