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N
oninvasive contacting is at the
forefront of studies on molecular
electronic materials,1�7 but its ex-

ploitation depends upon the fabrication of

nanometer-sized electrode gaps8 and avail-

ability of self-assembling molecular wires

whose lengths coincide with the widths to

be bridged.9�12 It represents the ultimate

challenge in device miniaturization, but for

commercial realization, if at all, it is neces-

sary to develop scalable contacting tech-

nologies to provide a high density of molec-

ular devices per single chip. We focus on

sandwich structures in which the electrodes

are separated by an insulating layer which

is undercut to provide vertical nanogap elec-

trode devices. There are few examples12�20

with only one to date in which conjugated

molecular wires are covalently bonded to

the electrodes on opposite sides of the ver-

tical gap. It comprises a Au/SiO2/Si3N4/Au

structure in which 3.5 nm long molecules

connect top and bottom to the gold elec-

trodes in a necklace arrangement around

the perimeter of an insulating SiO2/Si3N4

mushroom-shaped core.12 Vertical nano-

gaps have also been bridged by molecule-

connected nanoparticles15 as well as by C60

and nanoparticulate deposits.17,21

Molecular electronics is still in its infancy,

and considerable effort is required for the de-

sign and synthesis of appropriate materials

and the development of scalable contacting

techniques. Silicon is an emerging platform:

the covalent grafting of molecules is

well-established22�25 and, although it is diffi-

cult to match the length of a molecule to the

width of the electrode gap, molecular bridg-

ing may be achieved in situ by the stepwise

coupling of chemical building blocks.9�12 This

highly versatile method combines ease of

synthesis26�33 with subnanometer control of

molecular length and, in addition, provides a
means of exploiting functionality by incorpo-
rating electroactive units (electron bridges,
donors, and acceptors) at defined points
along the molecular backbone of the
stepwise-formed wire.27,33

In what follows, this modular approach is
adapted to bridge silicon nanogaps and the
devices provide evidence of long-term stabil-
ity. Here we report the fabrication of vertical
nanogap structures featuring two highly
doped silicon microelectrodes with a nomi-
nal separation of 7 nm and molecular bridg-
ing by the in situ synthesis of conjugated
wires within the nanogaps. To limit the num-
ber of bridges, we rely on surface roughness
and molecular lengths that are ca. 1 nm shorter
than the nominal width of the gap. This delib-
erate mismatch limits the number of work-
ing devices but provided the means to bridge
the silicon electrodes via either a single mol-
ecule or few molecules. The molecule inte-
grated Si�wire�Si structures exhibit a lower
limiting current of ca. 10 nA at �1 V.

*Address correspondence to
g.j.ashwell@lancaster.ac.uk.

Received for review September 20,
2010 and accepted November 09, 2010.

Published online November 17, 2010.
10.1021/nn102460z

© 2010 American Chemical Society

ABSTRACT The highly doped electrodes of a vertical silicon nanogap device have been bridged by a 5.85 nm

long molecular wire, which was synthesized in situ by grafting 4-ethynylbenzaldehyde via C�Si links to the top

and bottom electrodes and thereafter by coupling an amino-terminated fluorene unit to the aldehyde groups of

the activated electrode surfaces. The number of bridging molecules is constrained by relying on surface roughness

to match the 5.85 nm length with an electrode gap that is nominally 1 nm wider and may be controlled by varying

the reaction time: the device current increases from <1 pA at 1 V following the initial grafting step to 10�100

nA at 1 V when reacted for 5�15 min with the amino-terminated linker and 10 �A when reacted for 16�53 h.

It is the first time that both ends of a molecular wire have been directly grafted to silicon electrodes, and these

molecule-induced changes are reversible. The bridges detach when the device is rinsed with dilute acid solution,

which breaks the imine links of the in situ formed wire and causes the current to revert to the subpicoampere

leakage value of the 4-ethynylbenzaldehyde-grafted nanogap structure.

KEYWORDS: silicon nanogap · vertical nanogap electrode device ·
molecular electronics · molecular wire · self-assembled monolayer ·
stepwise synthesis
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RESULTS AND DISCUSSION
Complementary metal-oxide-semiconductor

(CMOS) processing14,15 is fundamental to our approach

to mass produce electrode nanogaps8 and, using pro-

cess steps outlined in Figure 1, was employed here to

fabricate vertical Si/SiO2/Si structures in which the lower

and upper electrodes are highly doped Si(111) and

polycrystalline Si, respectively, and the gate oxide layer

is nominally 7 nm thick. The oxide layer was etched with

NH4F to expose and hydrogenate the silicon surfaces

of an undercut nanogap (Figure 2) and reacted under

argon with the diethylacetal derivative of

4-ethynylbenzaldehyde in hexadecane (0.1 mg cm�1)

for 2 h at 190 °C to protect the surface from oxidation.

Devices were rinsed with chloroform to remove phys-

isorbed material and with acidified solution to gener-

ate the aldehyde. Analytical studies confirm the cova-

lent grafting of the 4-ethynylbenzaldehyde to Si(111)

under these conditions. The silicon�organic interface,

investigated by Fourier transform infrared attenuated

total reflection spectroscopy (FTIR-ATR) of molecules

grafted to planar silicon, exhibits stretching vibrations

consistent with the grafted molecule (e.g., �CO 1703

cm�1) as well as a SiOx contaminant34 (Figure 3). More-

over, its X-ray photoelectron spectrum (XPS) exhibits a
peak at 101.9 eV (Si 2p, Si�C) consistent with covalent
grafting of the molecule35 but whose maximum is influ-
enced by a nearby shoulder at ca. 103 eV, which corre-
sponds to the binding energy of the oxide contami-
nant.36 Both the XPS and FTIR-ATR data conform to

Figure 1. Microfabrication of a silicon nanogap structure:
(a) growth of a 7 nm thick gate oxide layer on n-type Si(111)
included in the LOCOS isolation process; (b) arsenic implan-
tation to provide a highly doped N� channel in the substrate
followed by deposition, patterning, and implantation of a
polycrystalline silicon overlay on the preformed oxide;
(c) deposition of low temperature oxide (LTO), patterning
of contact holes, and deposition and etching of either plati-
num or aluminum plugs to act as contacts to each of the
doped silicon electrodes; (d) patterning and etching of the
LTO to expose the active area of the nanogap structure;
(e) enlarged view of the active area after etching with NH4F
solution followed by molecular grafting and in situ reaction
to provide a molecular bridge between the top and bottom
electrodes. The height of the silicon nanogap is controlled
by the thickness of the initially formed gate oxide layer.

Figure 2. Magnified image of the silicon nanogap device
structure (top) and TEM cross section of the electrode gap
obtained by undercutting the gate oxide layer (bottom).
Thickness variation along the length of the oxide layer is
shown upon enlargement of the lower image, and this varia-
tion is significant at the molecular scale.

Figure 3. FTIR-ATR spectrum of 4-ethynylbenzaldehyde
grafted to silicon: � 1703 cm�1 (CO); 1604 cm�1 (CAC); 1057
cm�1 (SiOx).
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moderately high coverage of the silicon substrate by
the grafted molecule but also indicate partial oxidation
of the surface. This is not problematic for the nanogap
device which requires only a small overlapping region
of electrode-grafted molecules to connect the top and
bottom surface aldehyde groups to a diamino-
substituted linker.

Si(111) was chosen because its external bond is nor-
mal to the surface and produces an upright orienta-
tion for the grafted coating [Si�CHACH�C6H4�CHO)],
which acts as a template for reacting amino-terminated
units to bridge the nanogap. A 4 nm long fluorene
linker (A) was chosen (Figure 4) and, albeit confirmed
from studies on planar substrates, in situ coupling is
manifested by a 1.3 eV shift of the N 1s binding en-
ergy when NH2 (400.3 eV) converts to CHAN (399.0
eV).37 To achieve bridging, the coated nanogap devices
were immersed in chloroform solutions of the amino-
terminated linker A (0.03 mg cm�3) to which catalytic
traces of glacial acetic acid were added. Different
samples were exposed for 5 min to 53 h and rinsed
with copious volumes of solvent to remove physisorbed
material. Following this procedure, molecular bridging
is apparent from changes in the electrical properties:
empty devices and those with 4-ethynylbenzaldehyde
covalently grafted to the silicon electrodes exhibit leak-
age currents of �1 pA at 1 V, whereas connection
across the nanogap, by coupling linker A with the sur-
face aldehyde groups on opposite sides, causes the cur-
rent to increase by at least 4 orders of magnitude.

I�V characteristics of CMOS-based arrays of nano-
gap devices (675 devices on 23 chips) were investi-
gated using a Keithley Instruments model 6430 subfem-
toamp source meter with contact to the metallic pads
of the individual structures made using a Wentworth
manual probe station. Following grafting of
4-ethynylbenzaldehyde in hexadecane at 190 °C, 435
devices showed evidence of shorting and were ex-
cluded from further investigation. Another 50 shorted
when immersed in chloroform solutions of linker A. Of
the remainder, 166 showed no change in their electri-
cal properties, which is consistent with the length of the

molecular wire (5.85 nm) being incompatible with the
nominal width of the silicon nanogap (ca. 7 nm). These
dimensions should be matched, but we considered the
discrepancy to be appropriate, as it was necessary to re-
duce the number of docking sites when attempting to
bridge the electrodes by a single molecule. Only 24
nanogap structures showed currents indicative of mo-
lecular bridging, and for each of these, we relied upon
surface roughness and an uneven oxide layer thickness
to provide compatibility of the gap width for bridging.
This approach reduced the quantity of bridged devices
but afforded control of the number of connecting mol-
ecules. For example, devices immersed for 5�15 min
yielded currents of ca. 10�100 nA at 1 V (Figure 5),
where the lower threshold corresponds to a value ap-
proaching the single-molecule limit and the upper
threshold to a few connecting molecular wires. In con-
trast, those reacted for 16�53 h yielded currents of ca.
10 �A at 1 V, characteristic of multiple molecular
bridges. Our control studies provide evidence that the
behavior is induced by the bridging molecules as it was
found that these conductive devices revert to a cur-
rent of ca.1 pA at 1 V when rinsed with dilute acid solu-
tion (acetic acid, 10�3 M), which displaces the amino-
terminated fluorene linker. Moreover, silicon nanogap
devices with 4-ethynylbenzaldehyde covalently grafted
to the electrodes fail to exhibit current enhancement
when reacted with amino-terminated molecules that
are too short to bridge the coated silicon electrodes, or
aniline (C6H4�NH2), which is monosubstituted. Values
of ca. 1 pA at 1 V were obtained in each case.

Of the 24 molecule-inserted silicon nanogap de-
vices studied, two exhibited currents of ca. 10 nA at 1
V when reacted for 5 min with the amino-terminated
linker, three gave currents of 20�100 nA when reacted
from 5 to 15 min, and the remainder showed enhanced
currents of ca. 10 �A, characteristic of multiple molecu-
lar bridges, for reaction periods of 16�53 h. The devices
showed no significant variation in the magnitude of
the current or the shape of the I�V curve when stud-
ied in air or under an inert atmosphere. Most exhibited
reproducible characteristics without degradation when

Figure 4. In situ coupling with a 4 nm long amino-terminated linker (A) to bridge the silicon nanogap.
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cycled between �1 V, and from a limited study of a

single device, there was no appreciable change when

investigated six months after fabrication. All but one ex-

hibited symmetrical or almost symmetrical I�V curves,

and the slight electrical asymmetry of the nonconform-

ing device may be attributed to a partial breakdown of

the Si�(molecular wire)�Si structure during measure-

ment. In each case, the I�V characteristics differ from

those of shorted devices whose current is several orders

of magnitude higher and varies linearly with voltage.

Representative plots are included as Supporting Infor-

mation.

The steep wedge-shaped undercut of the

Si�SiO2�Si nanogap (Figure 2) provides a narrow re-

gion of compatibility where the length of linker A coin-

cides with the width of the gap reduced by the thick-

ness of 4-ethynylbenzaldehyde grafted on each

electrode. Surface roughness is fundamental to match-

ing these dimensions, and although interdigitating ar-

rangements cannot be excluded, limiting currents of ca.

10 nA at 1 V have been obtained using wafers from dif-

ferent batches. This threshold value is therefore more

likely to arise from a single molecular bridge rather than

an interdigitating arrangement where there is no con-

trol of the size of the cluster. Moreover, the somewhat

limited increase in current when the reaction time is in-

creased from 5 min to 53 h (Figure 5) is consistent with

the electrode area for bridging being restricted by the

wedge-shaped undercut. The accessible area for inter-

digitation is greater: it is not limited by a precise gap

width as there may be variable intermolecular overlap

between molecules on opposite sides.

To predict the electrical transport properties of this

molecular wire attached to silicon leads, we used the

ab initio transport code SMEAGOL38 and the density

functional (DFT) code SIESTA.39 First we calculated the

relaxed geometry of the isolated molecule shown in

Figure 4 using DFT and the optimum binding geom-

etry of this molecule to the silicon surface. The molecule

was then extended to include 6 layers of Si(111), each

containing 25 atoms, which were attached to infinite

periodic leads. Periodic boundary conditions were im-

posed in the x and y directions (the axis of transport is

along the z axis).We chose a lead structure to mimic the

doped behavior, that is, with a finite density of states

at the Fermi energy. The zero bias electron transmis-

sion coefficient, T(E), was then calculated using

SMEAGOL and is shown in Figure 6. Here, the Fermi en-

ergy (0 eV) sits closer to the LUMO resonance, and the

gap between the resonances is approximately 2 eV. The

I�V relation, obtained from T(E) using the following

formula

is shown in Figure 7. The theoretical curve shows a

more pronounced reverse S-shape in contrast to the ex-

perimental I�V curves of Figure 5, which may be due

Figure 5. I�V characteristics of bridged silicon nanogap de-
vices: (top) the current of ca. 10 �A at 1 V arises from mul-
tiple molecular bridges and was achieved following reaction
for 53 h in a solution of the amino-terminated linker; (bot-
tom) the current of ca. 10 nA at 1 V corresponds to the lower
limit and was obtained following reaction for 5 min. For
comparison, empty silicon devices and those grafted with
4-ethynylbenzaldehyde each display leakage currents of <1
pA at 1 V, and we note that the former, whose unprotected
electrodes oxidize, shows no change in the electrical charac-
teristics when immersed in solutions of amino-terminated
linkers.

Figure 6. Theoretical transport properties of the molecule-
inserted silicon nanogap: zero bias transmission coefficient
of the molecular wire contacted by silicon leads as a function
of E � Ef, where Ef is the Fermi energy and E is the energy
of the transmitted electrons.

I ) 2e
h ∫-eV/2

eV/2
T(E)dE
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to higher voltage effects not included in the equilib-

rium calculation, and the conductance is lower than the

experimentally determined limiting value. There may

be more than a single bridging molecule. However,

these discrepancies probably arise from well-known

problems associated with the use of DFT to estimate

the HOMO�LUMO gap and position of the Fermi en-

ergy as well as to difficulties in simulating molecule-

integrated device characteristics when the electrodes

of the nanogap structure are highly doped and asym-

metric: the lower surface is Si(111), and the upper is

polycrystalline Si. It leads to problems from a theoreti-

cal viewpoint as it makes it difficult to model a system

with unknown parameters. Full details of the theoreti-

cal method can be found in the Supporting Informa-

tion.

In conclusion, we have demonstrated the scalable

fabrication of silicon nanogaps and achieved molecu-

lar bridging by the in situ stepwise synthesis of mol-

ecules within the gap. The limiting current of 10 nA at

1 V (cf. 0.3 nA from theory for a single molecule) may be

assigned to a small number of molecular bridges, al-

though a single molecule contact cannot be ruled out

as the simulated value was obtained using silicon leads

instead of the arsenic-doped silicon contacts used in

the experimental study. It is the first time that both ends

of a molecule have been grafted to silicon, but there

have been previous reports of the electrical character-

ization of silicon nanogaps bridged by alkanethiolate-

connected gold nanoparticles15 and C60 deposits21 as

well as monolayer-coated silicon nanowires in physical

contact with silicon pads.40 These few examples differ

from the undercut Si�SiO2�Si device structure shown

here in which a conjugated molecular wire bridges the

nanometer-sized gap and covalently bonds to the

highly doped silicon electrodes via Si�C linkages on

opposite sides.

Acknowledgment. We thank the Technology Strategy Board,
EC FP7 ITN “FUNMOLS” Project No. 212942 and EPSRC for finan-
cial support and Jean-Noel Chazalviel (Ecole Polytechnique,
Paris) for FTIR studies on 4-ethynylbenzaldehyde grafted to Si.

Supporting Information Available: Synthetic methods; analyti-
cal data; I�V characteristics of an empty silicon nanogap de-
vice, a shorted device, and various bridged devices; theoretical
calculations. This material is available free of charge via the Inter-
net at http://pubs.acs.org.

REFERENCES AND NOTES
1. Li, T.; Hu, W.; Zhu, D. Nanogap Electrodes. Adv. Mater.

2010, 22, 286–300.
2. Moth-Poulsen, K.; Bjørnholm, T. Molecular Electronics with

Single Molecules in Solid-State Devices. Nat. Nanotechnol.
2009, 4, 551–556.
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