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gap junctions for electronic
detection and characterization of molecules and
quantum dots†
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Fabrication of self-forming nanojunction devices is demonstrated using positioning of nanofloret-like

building blocks that serve as self-assembled electrodes. A main feature of the device is a self-formed

nanogap bridging between the nanofloret (NF) hybrid nanostructures (HNS) and a macroscopic counter-

electrode. When nanostructures are introduced to the device they provide facile bridging across the

nanostructure. This strategy is used to demonstrate electronic measurements across molecules and

nanoparticles. Connecting the NF nanojunction to the micro-, and macro-scales is achieved by applying

standard, robust, optical lithography. In addition, the devices are operable at ambient conditions and in

solvent environments, where introducing molecules to the device results in a prominent change in the

conductance characteristics. Furthermore, introduction of quantum dots results in the mapping of their

band structure at ambient conditions. Our results provide a proof-of-concept of large scale self-forming

nanogap device platform realized using simple fabrication tools. Such a technology can be used for

molecular detectors, as a potential building block for molecular electronics, or as a platform for

fundamental research.
Introduction

Coupling standard electronic circuits with large size contacts to
the nanoscale molecular-level and nanoparticles is an attractive
concept with intense research and technological activity.1–5

Central to this concept is the transport of charge carriers
through a single molecule, or a small ensemble of molecules.
Transport properties in molecules exploit the richness, versa-
tility, repeatability and functionality that are the hallmarks of
molecular components in the context of electronic devices.1

Current synthesis methods offer a large variety of molecules and
nanoscale building blocks with high purity, tunable electronic
structure, connectivity and functionalities, together with
uniform size and composition. This makes them attractive
candidates for integration as electronic components. However,
despite these advances, substantial obstacles are still present
when coupling molecular and nanoscale building blocks to
external electrodes, which hamper the exploitation of their huge
potential for large scale electronic components. These
University of Jerusalem, 9190401 Israel.

science and Nanotechnology, The Hebrew

ampus, Givat Ram, Jerusalem, 9190401,

c.il

tion (ESI) available. See DOI:

hemistry 2017
difficulties are both technical and fundamental in nature. One
technical challenge is the fabrication of contacts to the element
under study, such as a molecule, or a quantum dot, without
causing damage or altering its electronic properties. Two of the
key fundamental issues are (i) keeping the connection stable for
long time periods, and (ii) controlling the chemical or physical
bonding between the element under study and the electrodes.6

A promising approach for overcoming some of these obstacles
involves nanogap architectures with good conductivity to the
respective element under study, which is also commonly termed
registry. Fabricating nanogap devices with specic dimensions
is not simple and usually requires complicated technology,
making the fabrication yield of two-terminal connectivity
nanogap junctions quite low. Indeed, signicant efforts have
been dedicated toward the realization and study of nanogap
architectures for diverse applications including molecular
rectiers, switching and electro-chemical sensors.7–9 These
efforts yielded great advances in the study of the transport
properties of molecular junctions in two-terminal devices,
serving as a powerful platform for research at the single-
molecule level. Similar studies were conducted using STM/
AFM-based junctions,10 mechanically-controlled break junc-
tions11 and electromigration-controlled gaps.12 While all these
platforms yielded fundamental insights and research tools for
charge and energy transport for single molecules,13 the fabri-
cation methods are usually complex and require advanced e-
RSC Adv., 2017, 7, 25861–25866 | 25861
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Fig. 1 NF-based nanogap electronic junction. (a) Summary of the
fabrication process: first, fabrication of micro-scale metal electrodes
using simple photolithography, followed by selective adsorption of
gold nanoparticles on one of the electrodes that will act as catalysts for
the CVD growth of the NWs. Then, insertion of the sample into a CVD
system, where SiGe NWs are grown, to eventually lay horizontally to
form the nanojunction. Lastly, synthesis of the NFs. (b) Optical image of
a NF junction array, where the black lines correspond to locations
where NFs were selectively grown. Inset: scanning electron micro-
scope image of the nanojunction, where several NFs are shown
bridging the gap between the two metal electrodes. (c) The NF junc-
tion facilitates the bridging from the nanoscale and sub-nanoscale to
the macro scale.
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beam lithography, high-vacuum conditions, or complicated
feedback mechanisms for junction formation.

These methods inhibit the realization and integration of
these classes of devices. Fabricating small and compact junc-
tions usually requires complex, multi-step processes which are
not easily reproducible or scalable, and are not compatible with
standard clean room methods.12,14 On the other-hand, simple
methods for fabricating nanogaps, usually have low control over
gap size15 or are limited in scaling the junction cross section.16,17

Therefore, it is highly desired to develop nanogap device
fabrication schemes that would be compatible with standard
silicon device technologies. Such hybrid integrated circuits have
the potential to be operated, tested, and to function under
ambient conditions and may open the way for utilization of
such devices in numerous applications.

Here, we present a fabrication method for a self-formed
nanojunction based on nanooret (NF) hybrid nanostructures
(HNS) using SiGe nanowires (NWs) grown at selective locations.
The fabrication process is robust, using simple lithographic
methods (top-down) for themicron-scale parts of the device, and
bottom-up methods for the nanoscale elements. The nanogap is
self-formed, created by wet processing at ambient conditions,
whereas the gap size is adjustable according to the trapped
nanostructure. High geometrical aspect ratio SiGe NWs are used
to form the nanooret HNS where a metallic nanoshell cap that
function as a contact is deposited selectively at the NW tip.18 The
length of the NWs can be tuned between 1–10 microns, enabling
to bridge the gap between two distant optical lithography
fabricated contacts. The active junction is formed between the
edge of the NFwhere themetallic cap is deposited by wet process
and the counter electrode with a very small contact area owing to
the geometry of the NF HNS. I–V transport measurements per-
formed aer the introduction of molecules and quantum dots
(QD) into the system reveal that they control and change the
junction conductance, thus establishing a simple molecular
detector and provides information on their electronic structures.
The resulting platform is a rst step towards achieving a simple
and robust method to study and control of molecular- and
nanostructure-based electronic devices.

Results and discussion

Typical fabrication of self-forming nanogap junction device
includes the following process steps, depicted in Fig. 1a: (I) gold
nanoparticles are selectively adsorbed at the edge of one of the
two prefabricated Ti contacts separated by amicrometric gap. (II)
The sample is inserted into a Chemical Vapor Deposition (CVD)
system, where SiGe nanowires are grown where the gold nano-
particles act as growth catalysts, similar to related works.19–22

The length of the NWs is controlled by the CVD growth
parameters and deposition time and the density and position of
NWs seeds is controlled by the selective adsorption of nano-
particles. (III) Above several mm in length, the NWs do not stand
vertically but rather fall and lay horizontally, where the ones at
the edge of the contact tends to fall outwards, thus bridging the
gap between the contacts. (IV) NF HNS are synthesized as
described previously,18 the wetting and drying of the samples
25862 | RSC Adv., 2017, 7, 25861–25866
during the NF synthesis results in collapse of the high aspect
ratio HNS onto the device substrate because of capillary forces,
increasing the probability of nanojunction formation.

Notably, this procedure requires simple and crude litho-
graphic techniques and wet chemical methods, while no elec-
trical or mechanical forces have been applied in order to align
This journal is © The Royal Society of Chemistry 2017
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the NFs, unlike other alignment methods.23–25 In addition, the
resulting nanojunction device is compact, requires no feedback
system and is stable under ambient conditions, which makes it
suitable for integration in complex measurement systems. The
junction by itself is stable in various chemical and biological
conditions, thus enabling measurements at variant conditions.

The inset of Fig. 1b presents an example (SEM image) of
a NF-based junction device. Here, several NFs are shown
bridging a micrometric gap between two metal electrodes, thus
allowing current to ow when a voltage is applied across the
contacts. The size of the established nanojunction depends on
the contact area between the NF tip and the counter electrode,
whereas in the investigated devices described here, the junction
is typically�60 nm in length. The junction size can be altered as
the NF dimensions can be controlled.18 An optical microscope
image of the fabricated junctions is shown in Fig. 1b. The black
lines identify the selective area where the NF is grown. Current
can only ow through the NF and not through the substrate due
to the 1 [mm] SiO2 insulating layer on top of the substrate. Note
that typically several junctions are formed. Therefore, the
measurements consist of multiple nanogap junctions per
device. The NF density can be varied for attaining many- or few-
nanogap junction devices and by that control the device
sensitivity.

Ti metal contacts bridged by the NF HNS were deposited for
compatibility with the CVD process and subsequent chemical
processing. These contacts were used as they form a good ohmic
contact with the SiGe NF. At the tip of the NF a metal-
semiconductor junction is created between the semi-
conducting NW and the gold nanoshell, forming a Schottky
Fig. 2 Current vs. voltage measurements of NF junctions. (a) A junctio
junction. This results in a rectifying behavior due to the Schottky junctio
contact is achievedwhen the NF is allowed to grow in such a way that not
facets bridge the junction.

This journal is © The Royal Society of Chemistry 2017
junction. The NF length is determined by the duration of
growth in the CVD system and can be adjusted to match or
exceed the size of the gap between electrodes. Over-growth of
the NWs used for NF synthesis offers additional exibility in the
fabrication process. NF HNS length can be tuned such that the
contact is formed at the counter electrode either with the gold
shell at the tip only, or by the semiconducting NW as well. The
electronic behavior in the two cases is clearly different as shown
in Fig. 2. When the contact between the counter electrode and
the NF is limited to the gold shell at tip, a diode-like behavior is
obtained and the nature of the junction is that of a Schottky
junction. In contrast, when the semiconducting NW bridges
both sides of the junction, an ohmic contact is formed on both
sides and the behavior is more symmetric. These results are in-
line with previously performed measurements on similar
Schottky junctions on Ge NWs.26 Moreover, these results
demonstrate the signicant inuence of the gold nanoshell cap
on the electronic behavior of the hybrid nanostructure, which is
an important feature when introducing molecules to the system
at the interface of the NF shell and counter electrode.

The electronic response of the NF junction resulting from
adsorption of molecules was studied on junctions of the second
type, i.e., junctions where both the gold cap and the semi-
conducting NW are touching the counter electrode (Fig. 2b).
This was achieved by performing a sequence of three consecu-
tive experiments for each device in an inert environment. The
measurements were performed at three stages: the rst
measurement was taken before any chemical treatment, the
second aer 20 microliters of absolute ethanol was dripped
onto the sample and allowed to dry, and the third measurement
n measurement where only the gold nanoshell of the NF bridges the
n between the gold and the semiconductor. (b) Both NW facet and tip
only the gold nanoshell touches the counter electrode but also the NW

RSC Adv., 2017, 7, 25861–25866 | 25863
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was performed aer dripping 20 microliters of 5 mM ethanol
solution of cysteamine.

This allowed us to identify conductance changes that might
arise from the introduction of solvent apart from those related
to molecular adsorption at the junction, possibly arising from
mechanical changes induced, for example, by capillary forces
that the solvent treatment may cause. This procedure allowed
us to exclude the contribution of such effects demonstrated by
two distinct examples of typical measurements in Fig. 3. In both
cases, only minor differences are present between the
measurement before and aer ethanol treatment, however
dripping the cysteamine solution resulted in a large decrease in
conductance. By inspecting the numerical derivative (dI/dV) of
the rst example (Fig. 3a and b) one notices a big energy gap.
When molecules are captured a nanogap is formed changing
the conductivity. In (Fig. 3c and d), the numerical derivative (dI/
dV) shows that the conductance was reduced, but with no clear
energy gap. These results demonstrate two cases: (1) molecules
intercalate at the interface between the NF and the Ti electrode
resulting in electron transport through the adsorbed molecules
(see Fig. 3a and b), and (2), a change in conductance due to the
Fig. 3 Transportmeasurements of NF junctions. (a) Current vs. voltage
characteristic and (b) its numerical derivative. The formation of an
energy gap after the introduction of cysteamine molecules indicates
that the electron transport occurs through the molecules. (c and d)
Here, the presence of the cysteamine molecules caused a decrease in
the conductance, with no energy gap. This indicates that the mole-
cules only affect the conductance of the junction through their
adsorption on the NF surface.

25864 | RSC Adv., 2017, 7, 25861–25866
presence of molecules on the surface of the semiconducting
NW, which has altered the band bending and thus changed the
electron density27,28 (see Fig. 3c and d). The interplay and control
of the two transport mechanisms, through the SC NW surface in
contact with the electrode and directly through the NF gold cap
is under further study and optimization. The adsorption of
molecules was further veried by XPS measurement and gold
nanoparticle adsorption experiments (see ESI†). All experiments
were repeated several times with several batches of NF nanogap
devices to ensure the generality of the results. It is important to
note that a small change in the conductance aer dripping only
the solvent (ethanol) was observed, however, in these cases the
change was random and of a smaller magnitude; i.e. in some
cases the conductance was improved while in others it was
reduced (with an almost equal distribution between the cases –
see ESI for more information†). When the cysteamine molecule
was introduced to the junction, the conductance was reduced in
70% of the cases. Therefore, we expect that the solvent
mechanically changed the position of the NF, while the mole-
cules actually changed the electronic properties of the junction.
The generality of the NF-based nanogap devices was further
demonstrated by introducing quantum dots (QDs) into the
device. This fourth stage was added to the transport measure-
ment sequence, i.e. on the same device, QD were introduced
aer molecules adsorption. Typical results are shown in Fig. 4,
where, similar to the previous cases, introduction of molecules
resulted in the characteristics energy gap shown by the
numerical derivative (dI/dV). Furthermore, the followed intro-
duction of 2.5 nm CdSe QDs resulted in clear changes of the
numerical derivative features, hence the energy gap was
reduced and shied, and new peaks are clearly observed at
higher bias voltages (Fig. 4b). We attribute these features to
tunnelling through the QD, either between the Ti contact and
the gold tip or the semiconducting NW and Ti contact, so that
the peaks in the (dI/dV) curve correspond roughly to the energy
Fig. 4 I–V curve of a NF junction device (a) and its numerical derivative
(b). Only after the introduction of molecules into the system was
a band gap formed, and after the insertion of CdSe QD new peaks
appeared, corresponding to the QD energy levels.

This journal is © The Royal Society of Chemistry 2017
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levels of the QD, considering that our measurements are per-
formed under ambient conditions and not under UHV.29 The 2–
2.2 V gap at around zero current is in agreement with the CdSe
band gap, though this band gap is smaller than the measured
photoluminescence gap of 2.35–2.45 eV (see ESI†).30 This
difference is ascribed to the existence of multiple conduction
channels available in the NF junction structure. We also note
the appearance of negative differential conductance at the
regions �1.5 V, which supports a current owing in parallel
routes.29,31

Similar experiments were performed by applying the chem-
ical treatment to NWs instead of NF-devices, namely, by
repeating exactly the same fabrication procedure but excluding
the step where NWs are processed to NF. These experiments with
conventional NWs showed no formation of an energy gap. This
result further supports the role of the gold nanoshell cap which
is unique to the NF architecture and its key role in the trapping
of molecules and QDs between the NF and the Ti contact due to
the strong covalent bonds between the thiol linkers and the gold
tip and its unique geometrical arrangement.

Methods
Electrodes preparation

Si substrates with 1 mm SiO2 layer (University Wafer©) were
baked at 120 �C for 5 min to dry them. Then, they were spin-
coated with LOR5b for 3 s at 600 rpm, and then for 30 s at
4000 rpm. Aerwards, the samples were baked for 5 min at
200 �C. The samples were then spin-coated with nL of 2020
photoresist for 2 s at 600 rpm and then 40 s at 4000 rpm, fol-
lowed by a bake for 75 s at 110 �C. The samples were exposed to
UV light using a SUSS©MA06mask aligner for 1.6 s, followed by
post-bake of 75 s at 110 �C. Then, the samples were placed in an
AZ-726 for 30 s for development. Aerwards, Ti was evaporated
at �5 �C at 1 Å s�1 followed by li-off using N-methyl-2-
pyrrolidone (NMP) warmed to 80 �C, 30 s sonication, and
rinse with isopropanol and water.

Gold nanoparticle selective adsorption

The substrates with the prefabricated contacts were baked at
120 �C for 5 min to dry them. Aer drying, they were spin-coated
with nL of 2020 photoresist for 2 s at 600 rpm and then 40 s at
4000 rpm, followed by baking for 75 s at 110 �C. Gold nano-
particles (30 nm) functionalized covalently with phosphonic
acid (Nanopartz™), were dripped onto the samples (�20 mL,
until full coverage) and le on for 30 min. Then, the samples
were washed gently in water and dried, followed by 5 min in
acetone (“li off”). Lastly, the sample was rinsed gently again in
water and dried.

Synthesis of silicon–germanium (Si–Ge) alloy nanowire (NW)

The substrates patterned with Au NPs at specic locations were
transferred to a custom-built CVD system, where SiGe NWs with
an alloy composition of 1 : 18 (Si : Ge) were obtained by owing
0.5 SCCM of SiH4 and 90 SCCM of GeH4 (10% in H2) for 5 min at
247 �C and 45 Torr.
This journal is © The Royal Society of Chemistry 2017
SiGe nanooret (NF) synthesis

SiGe alloy NWs that were prepared by CVD on the patterned
substrates were stored in an ambient atmosphere for 48 h to form
a native oxide layer. Then, Au-NFs were prepared by immersing
the substrates with SiGe NWs in an EtOH solution (99%, ACROS
Organics) containing 1mMAuCl3 (99%, ACROSOrganics) and 30
mL per mL DI water for 3 min at room temperature, followed by:
cleaning in anhydrous ETOH twice, DI water, ETOH again, and
drying under a gentle stream of N2. Samples were placed under
vacuum for 3 h to remove moisture residues.

Electron transport measurements

The prepared samples with the NF junction were bonded using
a wire bonder. All electronic measurements were performed
inside a sealed chamber (Faraday cage) under constant nitrogen
ow. The device was connected via BNC feedthroughs to
a Keithley© 6487 Picoammeter/Voltage Source. The voltage
sweep was performed in such a way that the current under each
voltage was measured 5 times and then averaged. This method
results in a noise reduction of the signal.

Molecules and QD solutions perpetration

5 mM ethanol solution of cysteamine (Sigma Aldrich©) and
5 mM ethanol solution of thiolaminephenol (Sigma Aldrich©)
were prepared for the self-assembly procedure. The QDs that
were used are Lumidot™ core-type CdSe 520 [nm] 5 mg mL�1.
The QDs solution was diluted 1 : 20 with anhydrous toluene.

Conclusions

A fast and simple method for the fabrication of nanometer-scale
gap devices is presented using nanooret hybrid nano-
structures as building blocks with unique structural character-
istics. The nanogap junction devices are used to enable
electronic measurements by connecting molecules and QDs to
a macroscopic electronic circuit. The unique hybrid metal-
semiconductor structure of the modied NWs, nanoorets,
facilitates the intercalation of molecules and nanostructures
onto the interfaces formed between the NF and the counter-
metal contact, which is exhibited in the characteristics of the
electronic measurements and allows qualitative mapping of the
semiconducting nanoparticle band structure at ambient
conditions. This work establishes a rst proof of concept for our
platform. The new class of devices presented here were realized
using relatively simple fabrication and operation procedures.
These devices are attractive for exploiting the vast knowledge
gained with platforms such as break junctions in a scalable
platform. For applications, such devices are important in
a broad context and in a variety disciplines including funda-
mental research of charge transport through molecules and
nanostructures, sensing applications, and more.
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