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All-carbon electrode molecular electronic devices comprising a Langmuir-Blodgett monolayer of an
organic ‘molecular wire’ sandwiched between two carbonaceous electrodes have been fabricated.
The bottom electrode was highly oriented pyrolytic graphite (HOPG) and the top contact electrode

was deposited with nm precision over the position and shape by Focused Electron Beam Induced

Deposition (FEBID) to give ‘all-carbon’ electrode molecular electronic devices.
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Abstract

Nascent molecular electronic devices, based on monolayer Langmuir-Blodgett (LB) films
sandwiched between two carbonaceous electrodes, have been prepared. Tightly-packed monolayers
of 4-((4-((4-ethynylphenyl)ethynyl)phenyl)ethynyl)benzoic acid were deposited onto a highly
oriented pyrolytic graphite electrode. An amorphous carbon top contact electrode was formed on top
of the monolayer from a naphthalene precursor using the Focused Electron Beam Induced Deposition

technique. This allows the deposition of a carbon top-contact electrode with well-defined shape,

thickness, and precise positioning on the film with nm resolution. These results represent a



substantial step towards the realization of integrated molecular electronic devices based on
monolayers and carbon electrodes.

Introduction

Molecular electronics, in which a single molecule or a single layer of molecules is oriented
between two immobile electrodes!!! to create a nascent, nanometer-sized device which harnesses the
electrical properties of the molecular component[z] i1s an exciting area of science and an emerging

3

technology base. The use of functional molecules capable of working as molecular wires,””) rectifiers,

I molecular switches,™ etc. may provide many benefits to the electronic industry'® including the
overcoming of the difficulties associated with top-down scaling of conventional silicon technology

1 as well as the introduction of new

and provide new avenues to increase device density,””
chemically-derived functionalities!”) and electronic properties due to the quantum effects that appear

at the scale of atoms and molecules.”!

The field of molecular electronics has been driven through the development of experimental
methods for assessing the electrical properties of molecules in contact with two electrodes. This has
in turn led to immense interest in molecular ‘anchoring’ groups to contact the molecule to the
electrode surface, the nature of the electrode-molecule contact and the effects of contact resistance on
the overall device performance. Much of the contemporary work in the area has concerned the
electrical properties of single molecules contacted with metallic, often gold, electrodes. However, in
the last few years, both the methods for contacting larger area films of molecular components into
device-like structures more compatible with conventional fabrication strategies and the use of non-
metallic electrodes have attracted growing attention.”’ Additionally, there is a growing interest in the

[10]

construction of carbon based (opto)electronic devices' ' avoiding the use of rare and expensive

metals as well as potentially toxic materials that result in electronic waste or e-waste.!'



McCreery and co-workers”*'? have elegantly addressed these topics and characterized the

9¢] [9a,12b]

electronic properties of molecular bilayers® or thin multilayers sandwiched between two
carbonaceous conducting electrodes. In this seminal work, a carbon-based top contact electrode was
deposited by e-beam deposition from pure graphite using shadow masks to obtain regular-shaped
carbon features (C-stamps) onto the organic film.”® However, extension of the method to the e-beam
deposition of the top-contact carbon based electrode onto diazonium-grafted monolayer films
arranged onto graphite-like surfaces resulted in short-circuited devices due to the frequent occurrence
of defects and pinholes in the organic layers.” Indeed, many deposition strategies for the assembly
of the ‘top-contact’ onto monolayer films suffer from such interpenetrations through defects in the
film, or result in damage to the underlying layer.!"*!

The establishment of new methods for the shape and location specific deposition of ‘top-contact’
electrodes onto monolayers of electrically functional molecules that avoid film damage or
penetration, would be an obvious milestone on the roadmap to the development of scalable molecular
electronic devices. The use of simple, reliable and in sifu methods for the measurement of the
electrical properties of the resulting sandwich-like assemblies would also be beneficial during the
development process of such prototypical electronic devices. In this paper, we report the fabrication
of molecular electronic devices derived from molecular monolayers with all-carbon electrodes. Each
single device has a top-electrode of controllable area and shape, and multiple devices can be
constructed over a single substrate with control of the spatial arrangement. Thus, a carbon-based top
contact is precisely deposited by Focused Electron Beam Induced Deposition (FEBID) onto a
Langmuir-Blodgett (LB) monolayer of a densely assembled organic material onto a highly oriented

pyrolytic graphite (HOPG) substrate. Figure 1 illustrates the fabrication process of these all-carbon

electrode molecular electronic devices. A two-wire microprobe station was used to accurately locate



the probes that permit in situ electrical characterization of these nascent devices. In this way,
deposition of a metal interconnects is not required for electrical assessment, revealing that the

reliability of the fabrication process is high with a low occurrence of short-circuits.
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Figure 1. Sketch of the fabrication process of all-carbon electrode molecular electronic devices by carbon FEBID
deposition onto a monolayer LB film. (a) Langmuir film at the air-water interface and scheme of the transference process
onto HOPG by withdrawal of the electrode from the water subphase. (b) Monolayer LB film deposited onto an HOPG
electrode. (c) FEBID is an additive lithography technique where the precursor (naphthalene, C;,Hg) is delivered onto the
surface by a nearby gas injection system. As the focused beam is scanned, it dissociates locally the precursor gas
molecules, creating a deposit with the same shape of the beam scan. (d) 3D view of all-carbon electrode molecular

electronic devices.



Results and discussion

The initial stage of device fabrication commenced with deposition of a highly-ordered and tightly-
packed monolayer LB film of 4-((4-((4-ethynylphenyl)ethynyl)phenyl)ethynyl)benzoic acid (1)!"¥
onto a HOPG electrode (Figure 2). A thorough characterization of a monolayer LB film of 1 has been
previously reported.!'* In contrast with the self-assembly (SA) technique, no specific chemical
interactions between the substrate and the molecules are required for LB film formation. Therefore,
by making use of the wide variety of functional groups that can be physically adsorbed onto different
substrates, it is possible to use LB methods to fabricate structures featuring any one of a large
number of organic-electrode interfaces.'” HOPG electrodes exhibit exceptionally flat surfaces and

therefore the morphology of monolayers deposited onto HOPG can be studied in detail by Atomic

Force Microscopy (AFM).

Figure 2 shows a representative AFM image of a monolayer film of 1 onto HOPG,
illustrating the highly homogeneous and tightly-packed monolayer LB film of 1, with a low density
of holes, three dimensional aggregates and defects. In addition, the film closely follows the
topography of the entirely covered underlying substrate and characteristic features of the HOPG
substrate, such as steps and terraces, remain visible through the LB film. The monolayer LB film of 1
exhibits a low RMS (root mean square) roughness of 0.44 + 0.07 nm (Figure S2 in the Supporting
Information). The thickness of the LB film was determined by scratching the film with the AFM
tip!'®! which resulted in a 2.1 + 0.3 nm film thickness (Figure S3 in the Supporting Information),
which is in very good agreement with the molecule length of 1 (2.1 nm) determined from molecular
models (Spartan 08 V1.0.0), and consistent with these molecules being assembled into a 2D

arrangement normal to the surface.



2.0 um
Figure 2. Top: molecular structure of 4-((4-((4-ethynylphenyl)ethynyl)phenyl)ethynyl)benzoic acid,
1. Bottom: 2.0 x 2.0 um* AFM image showing the topography of a monolayer LB film of 1 on a
HOPG substrate.
Most large area devices in the field of nanoelectronics and molecular electronics are fabricated in a
top-down approach, which entails the use of micro- and nano-lithography techniques to create the

(30171 FEBID is an additive lithography technique where

‘top-contact’ to the molecular film.
precursor molecules delivered by a gas-injection system become adsorbed onto a surface and are
dissociated by back-scattered and secondary electrons produced by interaction of a focused electron
beam with the substrate, creating a local deposit with the same shape of the scanning beam, thereby
avoiding the use of resists, masks and etches (Figure 1c). By exercising control over the precursor
and e-beam, it is possible to use this process to grow carbonaceous deposits with tailored shapes,!'!
and structures such as carbon supertips!'®! or carbon nanotweezers*” have been prepared in this way.

The use of such carbonaceous deposits for the creation of low resistance electrical connections to

carbon-based nanostructures has been demonstrated,''! as has the use of this technology to tailor the



contact resistance between graphene and metals.'*?! A related approach is to introduce the precursor
molecules in a controlled manner through a gas-injection system. This permits not only selection and
use of well-defined precursor molecules, but also allows control of their flux within the chamber that
in turn helps to control the deposition parameters and outcome. A variety of precursor molecules has
been used to date for different applications, which have been reviewed elsewhere,'”! including
carbon deposition from organic precursors.** In the work presented here, naphthalene (C,oHg) has
been employed as a precursor, resulting in deposition of an amorphous carbon layer (hereafter called
a C-FEBID layer) the properties of which are reported in detail in the Supplementary Data. This
amorphous carbon deposit shows suitable properties to establish electrical contacts to monolayer

organic films.

The carbon top electrode of the devices was obtained by introducing the naphthalene
precursor as a gas, which produces a controlled carbon-based nanodeposit (C-FEBID) after its
dissociation by the focused electron beam under a voltage acceleration of 5 kV and using a 26 nA
beam current. The electrical resistivity of these carbon C-FEBID nanodeposits was measured as (5.2
+0.1) x 10° uQ-cm (see Supporting Information for further details: Figures S4 and S5). Examination
of the structure, morphology and thickness of the C-FEBID-patterned top-contact electrode was also
conducted by TEM and AFM (Figures S2, S6 and S7 in the Supporting Information). According to
the AFM images and the height profiles registered for different carbon squares patterned in the same
substrate and also in distinct but equivalent samples, the obtained area and thickness of the carbon
layer deposited by FEBID were 5 x 5 um” and 49 + 4 nm, respectively. Taking into account these
dimensions and the electrical resistivity value of these nanodeposits, the top-electrode resistance is
about 10.2 Q, much lower than the resistance of the LB film, which ensures uniform current flow

across the device. In addition, AFM imaging conducted on top of the C-FEBID patterned squares



shows a very smooth, compact and homogeneous carbon layer (Figure S7 in the Supporting
Information), substantially free of pinholes, defects and large 3D aggregates. Indeed, after carbon
deposition, the RMS of the area masked by the top contact decreased to 0.30 + 0.02 nm (Figure S2 in

the Supporting Information).

The electrical properties of the resulting sandwich-like all-carbon electrode molecular
electronic devices were determined by contacting two in situ electrical microprobes. Figure 3 shows
the (artificially colored) SEM micrograph of a monolayer LB film of 1 on HOPG with red regions
indicating the three all-carbon electrode molecular electronic devices fabricated on top of the LB film
and blue regions indicating the in situ electrical microprobes. One of the electrical microprobes was
placed on the top electrode and the second one provided electrical contact to the bottom electrode,

1.€. to a clean area of the HOPG substrate.

e 3() pmM st

Figure 3. Artificially colored SEM micrograph of a monolayer LB film of 1 grown on HOPG, containing four
all-carbon electrode devices, with red regions indicating the four carbon top electrodes and blue regions indicating the in

situ electrical microprobes.



Figure 4 shows current density vs. voltage curves, J-V curves, obtained for three different
devices, fabricated on three different monolayer LB films of 1 each transferred onto different HOPG
substrates. The measurements on these three distinct devices are similar (Figure 4), demonstrating
the high reproducibility of the different steps involved in the fabrication process. Additionally,
control experiments were done by recording the J-V curves of a C-FEBID deposit onto a HOPG
substrate (without the monolayer in between both electrodes: red curve in Figure 5) to verify that the
observed electrical properties are due to the HOPG/monolayer/C-FEBID devices. This control
experiment also permits to rule out both the degradation of the organic monolayer of 1 into
amorphous carbon by the electrons of the FEBID process and short-circuiting due to possible/
hypothetical pinholes and defects occurring in the LB film of 1. The experimental J-V curves for the
HOPG/monolayer/C-FEBID exhibit a linear response in the -0.7 V - +0.7 V voltage range and a
nonlinear behavior for higher bias voltages. The nonlinear transport across 1 has been previously
observed,!'*! with Scanning Tunneling Microscopy (STM) experiments showing that the transport

through individual 1 molecules can be modeled in terms of transport across a tunneling barrier, by
the Simmons expression: >

N2 1/2 2 1/2
Jz% [@—ﬂ]exp —&a(db—ﬂj —[®+ﬂjexp —ﬂo{qnﬂ] S
A °hs 2 h 2 2 h 2 0

s 1s the width of the tunneling barrier, ® is the effective barrier height of the tunneling junction, V' is

the potential applied to the junction, a is a parameter related to the effective mass of the electrons in
the tunneling process and e and m are the charge and the mass of the electron. Solid lines in Figure 4
are the best fits obtained by using Equation 1 with the width of the tunneling barrier s being the value
determined in the AFM experiments, 2.1 nm, and allowing @ and a to behave as free parameters. For

the three J-V curves shown in Figure 4, the best agreement between the experimental J-J curves and

10



the Simmons model is found for ® = 2.05 eV (a), 2.00 eV (b), 2.01 eV (c) and a = 0.41 (a - c¢). The
values obtained for the effective tunneling barrier height modeling the transport across the devices
based on LB films of 1 are relatively high, and of the same order of magnitude of the work function
values in HOPG and C, around 5 eV. This implies that all the interfaces present in the devices are
clean and flat and the LB film forming the tunneling barrier is compact and almost defect-free: only
when having a defect-free tunneling barrier as well as clean and flat interfaces in the junction, the
effective tunneling-barrier height determined experimentally approaches that of the work function (a
reduction of 50% in magnitude can reasonably be attributed to image potential and corrugation

effects).[*%)

3241012 3 32419012 3 -3-2-41901 2 3
Voltage (V) Voltage (V) Voltage (V)
Figure 4. J-V curves of three all-carbon electrode molecular electronic devices (a, b, ¢) fabricated on three different
monolayer LB films of 1 transferred onto HOPG, stressing the reproducibility in the growth of both the LB films and the

top contact by FEBID. The standard deviation of the experimental voltage values is 0.01 V. Solid lines are fittings to the

Simmons equation with ® = 2.05 eV (a), 2.00 eV (b) and 2.01 eV (c¢), and o = 0.41.

In order to guarantee the reproducibility and the robustness of the fabrication process, twenty-
four devices were fabricated on different regions of six separately formed LB films of 1, only three

of which were short-circuited. The J-V curves of each of the other twenty-one functional devices

11



were determined from different positions on the top electrode by carefully placing in situ the
electrical microprobe with the aid of the SEM. The J-V curves measured on the devices fabricated
onto different regions of the same monolayer LB film of 1 are similar. The measurements of each
functional device are also fully reproducible on two different positions of the top contact electrode,
and the resulting forty-two measurements from across the range of devices can be fitted to the
Simmons model (Equation 1, inset of Figure 5) with fixed width of the tunneling barrier (2.1 nm) and
® and a as free parameters. These curves are collected in Figure 5. The values found for the effective
tunneling barrier height, @, in the fitting of each J-V curve measured are plotted in the inset of Figure
5. The spread in the values of the effective tunneling barrier height for each sample, (2.02 + 0.02)
eV, is extremely low, indicating the reproducibility and the robustness of the fabrication process of
the all carbon electrode devices. The statistical distribution of the rectification ratio values has also
been investigated. The rectification value is defined as the ratio between the current densities at the
maximum positive and negative voltages. The histogram of the rectification ratio values constructed
from the data of all the devices fabricated in this work (Figure S9 of the Supporting Information)
shows a very small spreading in the values, which suggest a very good reproducibility among all the

devices.
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Figure 5. J-V curves measurements of twenty-one different all-carbon electrode molecular electronic
devices (HOPG/monolayer LB film of 1/C-FEBID top contact electrode. The figure includes two J-V
curves per device, i.e., a total of 42 J-V curves. The standard deviation of the experimental voltage
values is 0.01 V. The red line corresponds to the curve obtained for a HOPG/C-FEBID device,
without the monolayer LB film of 1 between the two electrodes. The inset figure shows the values
obtained for the effective barrier height of the tunnelling transport across the all-carbon electrode

molecular electronic devices in all the measurements performed.

Conclusion

In this contribution, FEBID has been used to fabricate small area top-contact carbon
electrodes on tightly packed monolayer LB films supported on HOPG substrates allowing the
production of robust all-carbon electrode based electronic devices. The devices fashioned in this way

exhibit high reproducibility in their electrical properties. These carbon-based nanoelectronic devices

13



arise from a metal-free top contact carbon based electrode, which can be deposited without the need
of resists nor masks, with the location, shape and size of the C-FEBID deposit determined by the
path of the e-beam. The low-cost carbon precursor avoids the use of expensive and scarce metals or
metal oxides, while the deposition process avoids atomic diffusion and quenching phenomena
common to metal-top-contact based opto-electronic devices. The proof-of-concept demonstrated here
paves the way for further advances in the development of electronic devices based on the
combination of LB films and carbon-based electrodes. Since the FEBID technique is capable of very
high lateral resolution (a few nm), further advances towards ultra-miniaturized devices should prove

possible;*”! work towards these goals is now underway.
Experimental

The synthesis of 4-((4-((4-ethynylphenyl)ethynyl)phenyl)ethynyl)benzoic acid, 1, has been

4] Langmuir films of 1 were prepared on a Nima Teflon trough with dimensions

reported elsewhere.
(720x100) mm?, which was housed in a constant temperature (20 + 1 °C) clean room. A Wilhelmy
paper plate pressure sensor was used to measure the surface pressure (r) of the monolayers. The sub-
phase was an aqueous (Millipore Milli-Q, resistivity 18.2 MQ-cm) solution of NaOH whose pH was
9, which reduces the formation of 3D aggregates at the air-water interface. A solution of 1 in
hexane:ethanol (2:1) (both solvents purchased from Aldrich and used as received; purity HPLC grade
99% and >99.5%, respectively) was delivered from a syringe held very close to the surface, allowing
the surface pressure to return to a value as close as possible to zero between each addition. Hexane
was employed as the spreading solvent since 1 is not soluble in other common solvents used in the
Langmuir-Blodgett technique (e.g. chloroform). The use of ethanol in the spreading solvent serves to

limit the formation of hydrogen-bonded carboxylic acid dimers and aggregates in solution prior to

deposition. The spreading solvent was allowed to completely evaporate from the surface of the sub-

14



phase over a period of at least 20 min before compression of the monolayer commenced at a constant
sweeping speed of 0.015 nm?moleculemin™. The Langmuir monolayers of 1 were deposited onto
HOPG electrodes at a constant surface pressure of 18 mN-m™ by withdrawing the HOPG electrodes
from the water subphase using the vertical dipping method and a dipping speed of 3 mm-min™. In
this way, compound 1 is connected to the HOPG electrode through the carboxylate group

(Supporting Information).

Atomic Force Microscopy (AFM) experiments were performed by means of a Multimode 8
AFM system equipped with a Nanoscope V control unit from Veeco, operating in Tapping and Peak-
Force modes. The data were collected with silicon cantilevers provided by Bruker, namely
ScanAsyst-Air-HR (130-160 kHz, and 0.4-0.6 N-m™) and RFESPA-75 (75-100 kHz, and 1.5-6 N-m’
1). The images were collected with a scan rate of 0.5-1.2 Hz, an amplitude set point lower than 1 V,
and in ambient air conditions. The electrical properties of the sandwich-like all-carbon electrode
molecular electronic devices were determined by contacting two in situ electrical microprobes from
Kleindiek, connected via a feed-through to a combined Keithley system featuring a 6220 dc current

source and a 2182 nanovoltmeter located out of the microscope chamber.
Supporting Information

Supporting Information related to this article can be found at http:// (to be completed by the editorial
office...)
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