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ABSTRACT: Bilayer molecular junctions were fabricated
by using the alkyne/azide “click” reaction on a carbon
substrate, followed by deposition of a carbon top contact
in a crossbar configuration. The click reaction on an alkyne
layer formed by diazonium reduction permitted incorpo-
ration of a range of molecules into the resulting bilayer,
including alkane, aromatic, and redox-active molecules,
with high yield (>90%) and good reproducibility. Detailed
characterization of the current—voltage behavior of bilayer
molecular junctions indicated that charge transport is
consistent with tunneling, but that the effective barrier
does not strongly vary with molecular structure for the
series of molecules studied.

ne of the major motives for the development of

molecular electronics is the wide variety of molecular
structures available and the unusual electronic behaviors
expected for different molecules. Robust methods for bonding
molecules to electrode surfaces and immobilizing different
functional entities are among the challenges encountered in the
field. Electro-reduction of aryl diazonium salts on carbon
surfaces followed by vapor deposition of copper or carbon
produced stable and reproducible molecular junctions, which
exhibit strong electronic coupling through a covalent carbon—
carbon bond between the substrate and nanoscopic molecular
layers (2—22 nm thick)."”
aromatic diazonium reagent somewhat limits the range of
molecules available, and often results in multilayers with
attendant necessity of verifying layer thickness with atomic
force microscopy (AFM).* Herein we report the use of the
alkyne—azide “click” reaction to prepare covalently bonded
molecular bilayers, which may include alkane, aromatic, and
redox moieties, some of which are not possible with solely
diazonium chemistry. We demonstrate high-yield and reprodu-
cible carbon/bilayer/carbon molecular junctions formed by
click chemistry on a diazonium-derived “primer” layer, and

However, the requirement of an

investigate their dependence on molecular structure and
temperature. Ultraviolet photoelectron spectroscopy (UPS)
was used to probe the energy levels of the modified carbon
substrates, notably the difference between the highest occupied
molecular orbital (HOMO) level and the Fermi level (E; —
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EHOMO,onset)'4 Strong coupling between the bilayer and carbon
contacts results in the formation of an overall new system with
its own characteristic energy level alignments and tunneling
barrier, which in turn control charge transport.

The Huisgen 1,3-dipolar cycloaddition of azides and alkynes
to produce 1,2,3-triazoles is one of the most efficient click
reactions.>® In addition to being amenable to a wide range of
molecules, azide—alkyne click chemistry is self-limiting and not
prone to multilayer formation. Consequently, click chemistry
has been used in a variety of applications, including micro-
contact printing,7 polymer8 and biomedical’ synthesis, and the
fabrication of solar'® and OLED'' devices.

Two-step diazonium/click modification of carbon electrodes
has been demonstrated, resulting in high coverage of ferrocene
(Fc) on glassy carbon.'” First, a molecular layer with a
functional group is electrografted on carbon surfaces via
reduction of an aryldiazonium reagent, as shown in Scheme
1, method 1. The precursor 4-((triisopropylsilyl)ethynyl)-
benzenediazonium salt (TIPS-EBN,*) was found to impede
the production of multilayers and form a reactive ethynylben-
zene monolayer after deprotection of the bulky silyl groups.'”

Scheme 1. Different Modification Pathways for Formation of
Molecular Bilayers via Click Chemistry
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The azide—alkyne click reaction was then used to produce the
Fc-modified surface shown in the upper right of Scheme 1,
which exhibited the expected Fc voltammetry in electrolyte
solution.

We applied the TIPS/click procedures to modify pyrolyzed
photoresist film (PPF) surfaces, and then prepared large-area
(~0.0013 cm*) molecular junctions by deposition of e-beam
carbon (e-C) and Au. TIPS-EB junctions show high and nearly
linear conductivity (3.4 A cm™ at 50 mV) (Figure S1,
Supporting Information), indicating direct contact between the
PPF and e-C layers. Click reactions of different azide molecules
on deprotected TIPS-EB surfaces resulted in junctions showing
similar short circuits, probably due to the existence of pinholes
in the initial EB layer following hydrolysis of the bulky silane
protecting group (method 1 in Scheme 1). A less bulky
substituent, trimethylsilyl (TMS), on the ethynylbenzeneN,"
moieties should decrease the pinhole density. However,
junctions obtained by reduction of TMS-EB-N," followed by
deprotection and e-C deposition also exhibited direct contact
between PPF and e-C, implying a porous molecular layer
(Figure S2).

An alternative approach is shown in Scheme 1, method 2, in
which an initial ethynylbenzene “primer” layer is formed by
electroreduction of ethynylbenzene diazonium ion on PPF
followed by click coupling to azidomethylferrocene (MeFc). As
shown in the Supporting Information, AFM indicates an EB
layer thickness of 2.2 & 0.5 nm, indicating a multilayer of 3—4
molecules terminated by an ethynyl group. The AFM root-
mean-square (rms) roughness increases slightly from 0.26 nm
for unmodified PPF to 0.43 nm for the PPF/EB, indicating
good thickness uniformity (Figure S3). We reported previously
that similar EB multilayers could be incorporated into PPF/
EB/Cu molecular junctions, with behavior similar to that of
other aromatic molecules." Click modification of the EB layer
with MeFc yielded a total layer thickness of 3.4 + 0.6 nm, also
with minimal change in rms roughness. Attachment of Fc to the
EB layer was confirmed by X-ray photoelectron spectroscopy,
showing Fe,, peaks at 707 and 721 eV, representative of Fe’* in
Fc (Figure $4)."* The ferrocene/ferrocenium electrochemical
redox behavior for immobilized system on PPF was confirmed
by cyclic voltammetry (Figure SS), revealing high Fc coverage
of ~4.3 X 107'° mol ecm™.

Figure 1 shows the current density vs bias voltage (J—V)
curves for PPF/molecule/e-C(10 nm)/Au(15 nm) molecular
junctions containing EB alone or EB modified with methyl-
phenylazide (EB-MePh), MeFc, and hexylferrocene azide
(HxFc). Detailed statistics are provided in Table S1, but the
overall yield for 96 junctions on 16 samples was 95% of non-
shorted devices, with the relative standard deviation of the
current at 0.1 V ranging from 1.2% to 26%. Figure S6 shows an
overlay of 1S junctions for EB-HxFc from two samples.
Moreover, the J—V curves show only a small decrease in
current density after exposure to ambient air for 8 months.
These findings are similar to the results observed from
diazonium-derived molecular devices,"* and clearly indicate
that bilayer devices may be fabricated with high yield.

Diverse aromatic compounds strongly coupled to PPF
surfaces were found to result in a modest span (<0.3 eV
from J—V measurements) of the tunneling barrier with an
average of 1.2 eV, statistically distinguishable from the 2.0 eV
average tunneling barrier for alkanes.” In order to modulate the
charge transport of the functioning molecular junction, we
coupled the EB layer (by click chemistry) with three different
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Figure 1. (a) Schematic of carbon/bilayer/evaporated carbon
junction. Overlay of J—V curves for EB and EB after click coupling
with methylphenyl (a), methylferrocene (b), and hexylferrocene (c)
moieties. Each curve is an average of four junctions, with error bars
equaling +1 standard deviation.

alkanes: azidooctane (Cg), azidododecane (C,), and azidohex-
adecane (C,). Figure 2 shows J—V curves from EB-triazole-
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Figure 2. Overlay of J-V curves for EB and EB coupled with Cg, C)5,
and C,¢ moieties by click chemistry: (a) attenuation plot and (b) In
Jo1 v versus thickness (d) of alkane junctions.

alkane bilayer junctions containing 8, 12, and 16 methylene
groups. It is reasonable to assume that the triazole/alkane layer
is one molecule thick, given the self-limiting nature of the
alkyne/azide reaction.

The bilayer thicknesses measured with AFM were 3.0 + 0.6,
3.3 + 0.6, and 3.8 + 0.5 nm for Cg, C,,, and C,, respectively.
Note that the alkane layer is likely disordered and not
necessarily in an all-trans configuration. J—V curves for EB/
alkane bilayers are shown in Figure 2, with statistics provided in
Table S1.

The current density decreases monotonically with alkane
layer thickness, with a roughly linear plot of In] vs bilayer
thickness (Figure 2b) having a slope of ~3.2 nm™". The J-V
curves for the EB/alkane, EB/Fc, and EB/MePh junctions were
all nearly symmetric, with rectification ratios (IJ+/]J—I) of less
than 1.4 at +£0.6 V. Figure 3 shows a composite attenuation plot
for the bilayer junctions as well as results for nitroazobenzene
devices made with both Cu and e-C top contacts. Note that the
magnitudes of the current densities are comparable for similar
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Figure 3. Overlay of selected attenuation plots for aromatic, aliphatic,
and bilayer molecules in ensemble molecular junctions. NAB =
nitroazobenzene with Cu or e-beam carbon contacts, alkane with Au
top contact. Alkane/Au data are from ref 20. Solid lines are the least-
squares fits for the aromatic and aliphatic devices with the indicated
slopes.

thicknesses for the entire range of molecules, and the slopes of
the attenuation plots are all close to 3 nm™".

The temperature dependence of the J—V curves was
determined between 100 and 400 K to investigate the charge
transport mechanism. Figure 4a,b shows -V curves for EB/C,
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Figure 4. J—V curves at 100, 210, 300, and 400 K for (a) EB-C,, and

(b) EB-HxFc junctions. Arrhenius plots of In J vs 1000/T for (c) EB-
Cy, and (d) EB-HxFc junctions.

and EB/HxFc junctions, respectively, with corresponding
Arrhenius plots in Figure 4c,d. Figures S8 and S9 provide
Arrhenius plots for MePh and MeFc junctions, and Table S2
presents the apparent Arrhenius slopes at various voltages and
temperature ranges. Although the temperature dependence is
weak for the entire 100—400 K range, two approximately linear
Arrhenius regions are observed at high (300—400 K) and low
(100—210 K) T. Nearly temperature-independent conductance

is observed from 100 to 210 K, with apparent activation
energies (E,) ranging from 2 to 8 meV, while for 300—400 K,
E, values ranged from 32 to 114 meV. The appearance and
slopes of the Arrhenius plots are quite similar to those observed
for PPF/molecule/e-C devices based on diazonium reduction
without click chemistry."> The low activation energies at low
temperatures are consistent with a quantum tunneling transport
mechanism.>'* The highest E,, observed at 300—400 K (114
meV for HxFc), is significantly smaller than that expected for a
redox hopping mechanism (0.35—0.64 eV),>'® and may be due
to the broadened Fermi function of the carbon contacts.'”

Frisbie et al.* used UPS of the substrate/molecule surface
(without top contact) to determine the onset of photoemission
from the HOMO relative to the system Fermi level, ie.,
Enomo,onserr This technique applied to PPF modified by
diazonium reduction indicated that Egonoenser for eight
different aromatic molecules was “compressed” to a relatively
narrow range of 1.3 & 0.2 eV, while that of an alkane on PPF
was 2.0 + 0.1 eV.! UPS spectra of the PPF/EB, PPF/EB-Cs,
PPF/EB-C,,, and PPF/EB-C 4 indicated Egopnonset Values in
the range of 1.20 + 0.04—1.28 & 0.04 eV, indicating little effect
of the alkane on the UPS emission. Furthermore, the
Exomo,onset and attenuation constants for the EB-triazole-alkane
series are very similar to those observed for molecular layers
derived from reduction of aromatic diazonium reagents without
subsequent click chemistry.

The high yield and good reproducibility of the bilayer devices
studied here should significantly increase the range of
molecules amenable to incorporation into molecular junctions,
with the current examples including aliphatic, aromatic, and
redox-active bilayers. Both the EB and triazole molecular layers
are less ordered than Au/thiol self-assembled monolayers, but
the resulting molecular junctions are more temperature tolerant
and have long operating lifetimes. While the click reaction is
self-limiting at one molecular layer, the EB layer preparation is
not, and we continue to investigate self-limiting reactions with
sufficiently low pinhole density to fabricate bilayer junctions
from two self-limited molecular layers. Although there is a
possibility of vapor-deposited e-carbon penetrating the triazole
layer to make direct contact with the EB layer and the nature of
the alkane/e-C contact is uncertain, the EB/alkane series of
Figure 2a is evidence that such penetration is not a major
factor. The monotonic decrease in current density with alkane
length by a factor of >30 is difficult to explain if the response
were dominated by direct EB/e-C contacts, and the
reproducibility of current magnitude for a range of devices is
unlikely for pinhole conduction.

The similarity of the J—V responses for the range of
molecules shown in Figure 3 was unexpected, given the fact
that the various bilayers include alkane and aromatic fragments,
and a redox center. Nijhuis et al. reported rectification in Fec-
containing molecular junctions when the Fc was positioned
closer to one contact than the other,'® structurally similar to the
HxFc case reported here. As already noted, our group reported
a tunneling barrier of 1.2 eV for aromatic junctions made with
diazonium chemistry, and 2.0 eV for aliphatic junctions made
by primary amine oxidation." The EB-triazole-alkane bilayer
devices reported here could be considered to contain two
tunneling barriers of different heights for the aliphatic and
aromatic segments, yet they exhibit similar current magnitudes
and f values to devices containing only conjugated structures
without alkanes. Furthermore, the redox activity of Fc appears
to have no effect on symmetry or current magnitude, since the
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Fc-containing structures lie on the same attenuation line as
non-redox-active MePh and alkanes (Figure 3). We also note
that Yoon et al.'” observed very similar J—V curves for 13
molecules of similar length but with a range of structures,
including thiophene, pyridine, aromatic, and aliphatic segments.

All of the bilayers reported here have total thicknesses
determined by AFM of <5.0 nm, well within the range where
coherent tunneling is possible for aromatic molecules.””"* The
results indicate that the alkane segment in the EB-triazole-
alkane bilayers does indeed decrease the current density, but
the observed /3 for the triazole-alkane series of ~3 nm™" (Figure
2b) is smaller than that typically observed for alkanes alone, i.e.,
8—9 nm~".*° A possible reason is that the EB-alkane bilayers are
comprised of conjugated structures for >70% of their total
thickness, so that the tunneling barrier is dominated by the
conjugated section. Using the average barrier model of
Simmons as a first approximation, the length-weighted barrier
height increases from 1.2 to 1.4 eV with the addition of C}, to
EB (Figure S15b), which is within the experimental error of our
measurements. It is likely that attempts to model the bilayer as
a combination of two tunneling barriers are insufficient, and we
are currently conducting detailed calculations with density
functional theory to determine the factors affecting the barrier
height. The UPS results showing minimal effect of the alkane
on photoemission and similar Eyop0,onset Values for EB and EB-
triazole-alkane could reflect a narrow range of tunneling
barriers, or that photoemission is predominantly from the
orbitals of the aromatic EB layer.

To summarize, in this study we demonstrated that the self-
limiting characteristic of click chemistry enabled the con-
struction of various bilayer junctions with a monolayer of the
second functional moiety, with high yield and reproducibility.
The covalent carbon—carbon bond between the PPF and the
EB layer and the covalent bonding between the EB layer and
the monolayer formed by click reaction resulted in the
formation of a new system with a unique set of energy level
alignments. The similarity of charge transport characteristics of
bilayer molecular junctions containing EB-alkane (Cg—C),
EB-MeFc, EB-HxFc, and EB-MePh molecular layers is
consistent with a tunneling mechanism governed by an average
barrier height, resulting in a symmetric J—V curve.
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