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Abstract—The implementation of circuit architectures based on
molecular electronic devices has been impeded by the availability
of facile fabrication schemes for the interconnection of individual devices. The deposition and patterning of a top contact layer
between adjoining devices for interconnection purposes can result in contacts of poor fidelity, which introduces artifacts in the
I–V characteristics that are not attributable to molecular transport between the contacts. In this study, through the fabrication
of interconnected devices within the crossbar device architecture,
we demonstrate that the vapor-phase molecular deposition method
for fabrication of device layers was compatible with the massively
parallel microelectronic fabrication process of liftoff, for patterning of contact layers. A prepatterned device with Au bottom contacts, as well as a bilayer resist for patterning the top Au contacts
through postdeposition liftoff was used as the substrate for vaporphase deposition of a monolayer of conjugated oligo-(phenylene
ethynylene) (plain-OPE) molecules and patterning of the top metal
contact layer. Interconnection in series and parallel configurations
was confirmed by I–V characteristics similar to classical resistors
with equivalent conductivity of each individual molecular device.
Additionally, to better understand molecular transport in the device junctions, we performed temperature-dependent I–V studies
on individual molecular devices that were fabricated using prepatterned Au bottom contacts as the substrate for solution-phase deposition of the molecular monolayer, onto which the Au top contacts
were evaporated and patterned using a shadow mask. Molecular
layers of two distinctly different room-temperature I–V characteristics, including nonswitching plain-OPE and switching nitro-OPE
molecular devices, were used to study the fidelity of the molecular
junctions. Based on the persistence of the device characteristics of
both types of molecular layers down to 100 K, and in particular, the
observation of switching between “high” and “low” conductivity
states at characteristic threshold voltages at all temperatures, only
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with nitro-OPE molecular devices, and not with plain-OPE molecular devices, we conclude that the observed transport was a characteristic molecular signature not dependent on filament formation
at contacts.
Index Terms—Electrical contacts, interconnected devices, molecular electronics, semiconductor device fabrication.

I. INTRODUCTION
EVICES and circuits based on molecular electronics are
now on the International Technology Roadmap for Semiconductors (ITRS) [1], [2] for scaling below ∼30 nm, where
performance gains are expected to be severely limited. In spite
of several proposals for circuit architectures based on molecular electronics [3]–[6], barring those based on charge storage
memory devices [7], [8], few others have been implemented.
A major challenge in fabricating the circuit is the fidelity of
the contacts [9] upon interconnection of molecular devices,
since the deposition and patterning of a top contact layer between adjoining devices impedes the chemical stability and
electronic coupling at metal–molecule junctions [10]–[12], resulting in artifacts in the I–V characteristics due to filament
formation rather than the molecular nature of phenomena at the
contacts. Prior work has demonstrated the fabrication of interconnected molecular devices in a crossbar architecture using
methods such as imprint lithography [13]–[15] or nanowire assembly techniques [16], which can be made compatible with
molecules in the device structure. However, multiple process
steps and masks are required for contact patterning; the devices are not well suited to vertical integration due to exposed
edges, and there is much debate on the role of filaments in the
I–V characteristics of these structures [17]. Contact and interconnect patterning process strategies based on the commonly
used microelectronic fabrication techniques of liftoff or etching require that the electron-beam or photolithographically patterned resists be compatible with the deposition step for molecular self-assembled monolayers (SAMs). However, most prepatterned resists dissolve in the liquid-phase SAM deposition solution. The microelectronics industry has traditionally benefited
from gas-phase processing methods for deposition and etching, since these offer far superior uniformity and reproducibility
than liquid-phase methods. This motivates us to consider the
application of vapor phase molecular monolayer deposition in
conjunction with liftoff techniques for contact patterning, using a sealed nanowell device structure [18], to ensure insulation
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of device layers from the atmosphere and each other, thereby
enabling compatibility to subsequent vertical integration. Such
process strategies for interconnection are likely necessary for
the construction of molecular circuits to a level of complexity
that is eventually necessary for computational memory [19] and
logic circuits paradigms [20].
In this study, we report on the fabrication of one type of interconnected molecular device using vapor-phase deposition of
a molecular monolayer onto a planar nanowell device structure
with Au bottom contacts, followed by application of the massively parallel microelectronic liftoff technique to pattern the
Au top contacts. Central to the fabrication strategy was the use
of a prefabricated device substrate that was prepatterned with
bottom contacts as well as a bilayer resist for top contact patterning through postdeposition liftoff. Vapor-phase deposition
methods were used to form a uniform monolayer of conjugated
molecules of oligo-(phenylene ethynylene) (plain-OPE) on the
prefabricated substrate, followed by top metal deposition and
resist liftoff to pattern the top metal. In this manner, we demonstrate that vapor-phase molecular deposition methods for device
layers were compatible with the resists used for patterning of
contact layers by liftoff and etch techniques, and the molecules
of the SAM were subject to minimal damage due to the deposition and patterning step for the top contact. Interconnection
of molecular devices in series and parallel configurations was
confirmed by I–V characteristics that were similar to classical
resistors with equivalent conductivity of each individual molecular device, thereby attesting to the fidelity of contacts since
I–V characteristics of the individual devices were preserved
upon interconnection.
Temperature-dependent I–V studies can aid in the distinction
of molecular transport from transport due to filament artifacts,
since the latter usually does not persist down to low temperatures [21]. Hence, to better understand molecular transport of
the nanowell device structure, a second set of individual (rather
than interconnected) molecular devices was fabricated using
prepatterned bottom gold contacts as the substrate for solutionphase deposition of molecular monolayers with two distinctly
different room-temperature I–V characteristics, followed by
evaporation and patterning of top contacts on the respective
molecular layer using a shadow mask. Prior work on roomtemperature I–V characteristics of these molecular devices has
shown that devices with plain-OPE SAMs did not exhibit variations in conductivity based on the history of the voltage sweep;
whereas devices with nitro-OPE SAMs showed switching between the “high” and “low” conductivity states at characteristic
threshold voltages [22]–[24]. Through temperature-dependent
I–V studies we aimed to test if these room-temperature device characteristics persist down to lower temperatures, where
transport due to processes such as filament formation was less
likely. The resulting I–V characteristics confirm that switching from “high” to “low” conductivity states at characteristic
temperature-dependent threshold voltages was observed at all
temperatures down to 100 K, only with nitro-OPE molecular
devices; and switching was never observed at low or room temperatures with plain-OPE molecular devices. Based on the persistence of the device characteristics of both plain-OPE and
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Fig. 1. Schematic process flow for fabrication of crossbar nanowell molecular
devices. (a) Photoresist patterning for bottom contacts on SiO2 (50 nm) / Si
wafer. (b) Deposition of 5 nm of Ti and 200 nm Au over patterned substrate.
(c) Lifting off excess Au with removal photoresist. (d) Deposition of 100 nm
of HPD-CVD Si3 N4 over the entire substrate. (e) Photoresist patterning for top
contact, followed by FIB milling (100 nm × 10 nm). (f) Vapor deposition of
molecules into the FIB-milled holes. (g) Deposition of 5 nm of Ti and 200 nm
Au over the entire substrate and lifting off excess Au with removal of photoresist
to serve as top-contacts.

nitro-OPE devices down to low temperatures, we conclude that
the transport mechanism observed within our device structure
was a characteristic molecular signature of the particular type of
molecular layer within the device structure and not of processes
at the contacts, such as filaments.
II. EXPERIMENTAL METHODS
A. Fabrication of Interconnected Nanowell Crossbar Molecular Devices
Vapor-phase methods for the deposition of plain-OPE monolayers have been described previously [26]. We present here a
summary of how this process was integrated with the microelectronic liftoff technique to form a patterned top contact on the
molecular monolayer to enable the construction of a crossbar
architecture, as shown in Fig. 1.
Step 1: Lithography for bottom electrodes was accomplished
by starting with a clean single-side polished silicon substrate onto which a thin layer of hexamethyldisilizane
(HMDS) was vapor deposited to promote photoresist
adhesion to the oxide surface. Photoresist AZ 5214 was
spun on at 6000 r/min for 30 s, and left to dry and then
baked at 100 ◦ C for 2 min. The resist was exposed using
the appropriate mask pattern in a Karl Suss, DUV mask
aligner (320 nm wavelength) for 18 s, and developed in
diluted AZ 400 K (1:4) for 30–40 s to form the pattern
for the bottom electrode lines.
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Step 2: Metal deposition and liftoff: 5 nm of titanium and
200 nm of gold were deposited by electron-beam evaporation on the photoresist-patterned wafer and the wafer
was submerged in acetone to remove the photoresist
and the excess metal adhered on the resist.
Step 3: Silicon nitride deposition was accomplished using highdensity plasma-enhanced chemical vapor deposition
(PECVD) to form a uniform pinhole-free 100 nm layer.
Step 4: Photolithography to expose bond pad areas for electrical probing was done by standard wet or dry-etch
methods for silicon nitride to expose 200 µm square
pads.
Step 5: Prepatterning resist for top contact was accomplished
similar to Step 1, except that the use of a bilayer resist
process was vital to the fabrication of the resist overhang
profile that is necessary for easy lift off of metal after
SAM deposition, as is described in greater detail in
Section III. First, HDMS was used to promote adhesion
of the resist AZ 4110, which was spun on at 5000 r/min
for 30 s and baked at 100 ◦ C for 1 min. The resist was
flood-exposed in the Karl Suss, DUV aligner for 18 s.
A second resist, AZ 4210, was spun on at 5000 r/min
for 30 s, baked at 100 ◦ C for 1 min, and exposed to the
appropriate pattern in the Karl Suss DUV aligner for
90 s. The resists were then developed in diluted AZ 400
K (1:4) for 30–40 s and rinsed in deionized (DI) water
to form the patterned area for postdeposition liftoff.
Step 6: Active regions for deposition of the molecular layer
were milled using a gallium-focused ion beam (FEI FIB
200) with an 8-nm diameter to mill 30- to 100-nm-sized
square wells through the 100-nm-thick silicon nitride
film. Direct-write electron beam lithography could also
be used for this step.
Step 7: Vapor-phase deposition of plain-OPE molecular layers
was accomplished as described previously [26], in an ultrahigh vacuum (UHV) chamber (5 × 10−9 Torr), with
a cold cathode gauge for measurement of the pressure,
and a low-temperature thermal cell that was optimized
for performance in the ∼100 to 130 ◦ C temperature
range, with less than 0.4 ◦ C of overshoot for improved
temperature control. For deposition of the molecular
layer, the temperature of the thermal cell was ramped
up to 80 ◦ C, and the gold surface of the substrate in the
deposition chamber was placed to face the source and at
a separation of 8 cm. The flux of impinging molecules
was varied by changing either the exposure time or
the source temperature, and these were optimized to
determine the conditions required for deposition of a
chemisorbed monolayer, by various surface analysis
methodologies. The Au top-contact was deposited in
an e-beam evaporator (pressure ∼1 × 10−6 Torr) where
the source was ∼35 cm away from the substrate. To
ensure complete wetting of the nanowell by vapordeposited metal, a thin adhesion layer of titanium (<5
nm) deposited at 1 Å/s was necessary, prior to deposition of 200 nm Au at 10 Å/s on the monolayer.
Step 8: Top metal liftoff in acetone was similar to Step 2.

Fig. 2. Molecules used within the device structure: plain-OPE (molecule 1)
and nitro-OPE (molecule 2).

B. Fabrication of Individual Nanowell Crossbar Molecular
Devices
To distinguish between transport due to molecular phenomena
and transport involving metal filaments, temperature-dependent
I–V characteristics of devices composed of molecular layers
with distinctly different room-temperature characteristics were
studied at low temperatures (100 K). Unlike devices with metal
filaments, devices with molecular-dependent I–V characteristics would be expected to retain their distinct electrical behavior, even as the ambient temperature decreases. For this purpose, devices composed of nonswitching plain-OPE molecules
were compared to those of the switching nitro-OPE molecules
(molecular structures shown in Fig. 2). Since vapor-phase deposition of nitro-OPE SAMs was not possible, we used liquidphase process for deposition of these SAMs. However, since
the liquid-phase SAM deposition method was not compatible
with the “liftoff” resists used to enable interconnection, the
temperature-dependent I–V studies were conducted by comparing individual nanowell (rather than interconnected) molecular devices composed of liquid-phase deposited nitro-OPE and
plain-OPE molecular layers. We also confirmed that the I–V
characteristics of plain-OPE devices fabricated by vapor-phase
deposition matched those obtained with liquid-phase deposition. To ensure a large number of working molecular device
junctions (no “short” or “open” devices) on Au surfaces, the devices need to be constructed on a portion of the Au surface with
no defects and which is less likely to form filaments. Hence, the
nanowell device structure is required so that the SAMs do not
extend over a grain boundary of the Au surface where such defects are likely, whereas the same is not required for molecular
device junctions constructed on single-crystal semiconductor
surfaces, where a high device yield may be obtained even with
micron-sized wells [25]. Fabrication of the individual nanowell molecular devices by liquid-phase deposition methods has
been described previously [24], as well as the room-temperature
I–V characterization of switching properties of the nitro-OPE
versus plain-OPE monolayers [27]. Briefly, a gallium-FIB (FEI
FIB 200) with an 8-nm diameter was used to mill 30- to 100-nmsized square wells through the 100-nm-thick silicon nitride film
to form a nanowell of prepatterned bottom gold substrates for
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Fig. 3. Cross-section drawing of liftoff process. (a) Photoresist overhang using bilayer process makes clean pattern on substrate. (b) Lack of photoresist
overhang can lead to excess metal staying on the substrate.

solution-phase deposition of molecular monolayers. This was
followed by evaporation and patterning of top contacts on the
respective molecular layer using a shadow mask.
C. Characterization of Individual and Interconnected Nanowell Crossbar Devices
Temperature-dependent I–V characteristics of the molecular
devices were acquired using a standard semiconductor parameter analyzer (HP 4145 B) on a cryostat modulated between
20 K and room temperature, to probe the respective pads for the
top and bottom contacts to the molecule. Following the identification of pads with molecular device response in their I–V
characteristics (confirmed through Simmons equation analysis),
experiments on interconnected molecular devices in series and
parallel were conducted as described in the following section.
III. RESULTS AND DISCUSSION

Fig. 4. (a) Schematic of bilayer photoresist covering all areas except the dark
shaded region (in red for color version). The underlying patterned gold (light
shade) and silicon nitride (grey shade) layers are also shown for comparison.
(b) Secondary electron emission image (10 µm scale marker) from the FIB
showing the bilayer resist edge. The silicon nitride was milled by FIB in areas
where the bottom Au lines are visible in this image to form the nanowell. The
circles are alignment marks.

A. Fabrication of Resist Overhang for Lift Off
The liftoff step in acetone to remove the resist and metal adhered to it, without destroying the metal contact layer or the
vapor-phase-deposited SAM layer, was a crucial step in the device fabrication process. Vital to this step was a resist overhang
that permitted the lift off to occur easily, without the need for
agitation or high temperatures, since these were destructive to
the SAMs. Fig. 3(a) schematically shows how the overhang
facilitates a patterned metal overlayer to remain only in the
region neighboring the SAMs, while Fig. 3(b) schematically
shows how the lack of an overhang can lead to an excess metal
overlayer remaining on portions of the substrate other than the
area neighboring the SAM, thereby causing electrical shorts.
Fig. 4(a) schematically shows the expected resist pattern on all
areas except within the central lines where Au lines are needed
for the top contact, and Fig. 4(b) shows the secondary electron
emission image from the FIB, showing the bilayer resist edge
in those areas.

whereas vapor-phase deposition methods were compatible with
the prepatterned resist layers and did not disrupt the electrical
characteristics of the active device regions. Furthermore, metal
deposition and patterning on the vapor-phase-deposited SAMs
was accomplished with a relatively large number of working devices free of electrical shorts or opens (yield is 15–20% per run
for individual devices). Finally, this method was compatible with
the use of multiple underlying layers of circuitry for insulated
bottom contacts and patterned top contacts, as long as vapor
deposition of SAMs and metal layers followed by lift off were
the final steps. Hence, the process lends itself rather easily to
the fabrication of complex, high-density circuits. Ellipsometry,
scanning tunneling microscopy (STM), and X-ray photoelectron spectroscopy (XPS) were used to confirm the consistent
deposition of a single, dense, chemisorbed, ordered, and uncontaminated monolayer of OPEs, as reported previously [26].

B. Vapor-Phase Deposition of OPE SAMs

C. Room-Temperature Electrical Characterization of Interconnected Devices

Another unique attribute of this study was the use of vaporphase techniques to deposit a uniform layer of plain-OPE SAMs.
This was necessary since liquid-phase deposition methods interfere with the prepatterned resist, thereby destroying the patterns
or contaminating the active area designed for SAM deposition,

The electrical behavior of plain-OPE molecular devices was
studied by testing each cross-wire molecular device junction,
first as individual devices, and then as interconnected devices
in series and parallel, and then once again as individual devices
to confirm that the I–V characteristics were preserved. Fig. 5
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Fig. 5. Current density–voltage (log(J ) versus V ) characteristics (inset shows
current–voltage, I–V ) characteristics for a series crossbar circuit with molecular
devices made from plain-OPE monolayers. Upon interconnection of device 1
(high conductance as judged by high current values of up to ∼20 nA at 1 V, as
shown by black circle symbols) to device 2 (low conductance device as judged
by low current values of up to ∼3 nA at 1 V, as shown by lighter triangular
symbols), the characteristics of the series circuit shows lower current values
than either of the devices (up to ∼0.7 nA at 1 V). The calculated characteristics
for the devices in series as sum of resistance of each individual device are also
shown. Error bars are based on standard deviations from multiple measurements
on the same device, before and after interconnection for the case of individual
devices.

shows example I–V characteristics from individual devices.
For purpose of comparison with nitro-OPE characteristics, we
picked two types of devices: one with a “high current” level
(device 1) and another with a “low current” level (device 2).
These differences in current values between the various individual molecular devices can be attributed primarily to the different
sizes of the nanowell device structures, as verified by scanning
electron microscopy (SEM). Since “current density” numbers in
Fig. 5 were calculated assuming a constant nanowell size (100
nm), whereas, in reality, these vary based on ion beam milling
conditions as well as on the quality and thickness of the silicon nitride layer that are difficult to control, these are shown in
Fig. 5, as devices with differing current density, whereas these
occur due to differences in current from each device. Other less
important conditions contributing to the variation molecular device junction current values include the chemical environment
around molecules [27], and surface coverage variations of the
monolayers. Next, we aimed to test for interconnection of devices by determining whether equivalent resistance of the two
devices in series or parallel followed the trends expected for
classical resistors. The characteristics based on calculated series
resistance obtained from the addition of resistances from each
individual device compares well in Fig. 5 with the experimentally determined device characteristics for the interconnected
device in series, where current values were far less than that of
either individual device. Subsequent retesting of the same individual devices showed that their electrical resistances remained
the same, thus indicating that the molecular devices retained
their individual electrical characteristics throughout testing.
Along similar lines, Fig. 6 shows that the current from interconnected devices in parallel was slightly higher than the
current from the individual devices; and the experimentally de-

Fig. 6. Current density–voltage (log(J ) versus V ) characteristics (inset shows
current–voltage, I–V data) from a parallel crossbar circuit with molecular
devices made from single monolayer of OPEs, showing characteristics from
two individual devices (with current values up to ∼250 nA and ∼320 nA at 1
V) and the interconnected device in parallel showing a higher current value (up
to ∼500 nA at 1 V). The calculated characteristics for the devices in parallel
as sum of individual device current values are also shown. Error bars are based
on standard deviations from multiple measurements on the same device, before
and after interconnection for the case of individual devices.

termined characteristics agree well with the calculated characteristics based on equivalent resistance for devices interconnected in parallel. For the purpose of testing of interconnected
series or parallel devices, although it was possible to fabricate in
parallel all of the nine devices within each crossbar cell, within
this work, nanowells were fabricated serially only for three devices within a row as shown in the green shaded insets of Figs. 5
and 6. This serial nanowell fabrication scheme was necessary
during the initial testing phase to screen for “shorts,” thereby
ensuring that the devices were electrically isolated from one another in the crossbar interconnection scheme and in this manner
avoiding any alternate current pathways other than the interconnection line. Upon improvement of process yields (lesser
number of “shorts”), we envision that the nanowell fabrication
and lift off can be accomplished in a parallel manner.
D. Temperature-Dependent I–V Characterization of Individual Molecular Devices
Temperature-dependent I–V characteristics were used primarily to study whether the observed characteristics resulted
from molecular transport signatures or due to transport through
filament formation at the metal contact. For this purpose, we
studied molecular devices with two distinctly different roomtemperature current–voltage characteristics, to confirm if the
characteristics persist down to low temperatures, where Joule
heating of the metallic area that spurs filament formation was
absent. We first studied the electron transport mechanism of a
monolayer of plain-OPE molecules in our nanowell device at
temperatures between 50 and 275 K. As is apparent from the
two sweeps at each temperature in Fig. 7, there was no switching between various conductivity values for a given device. The
current was observed to decrease with temperature, as would
be expected for thermally activated hopping transport for the
300–100 K range (below this temperature the dependence of
conductivity on temperature is minimal, but we do not have sufficient data points). Similar behavior has been reported in prior
work [28], [29].
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Fig. 7. Current–voltage characteristics of plain-OPE molecules within the
nanowell device structure at different temperatures between 50 and 275 K.
Multiple sweeps are shown to confirm that no switching was observed.

Next, we tested the nanowell device structure with the nitroOPE SAM layer at temperatures between 100 and 300 K. As is
apparent from Fig. 8(a), we observed switching with memory
behavior for the entire temperature range, and this is similar
to the room-temperature behavior as described elsewhere [24].
The current starts out in a “high” conductivity state, as shown
by the label, “1st scan, 200 K,” and switches to a “low”
conductivity state upon application of a threshold voltage of
−1.75 V. The current remains in the “low” conductivity state
during subsequent sweeps within the same voltage range as
shown by the label “2nd scan, 200 K.” In order to reset the
conductivity back to the “high” state a bias voltage greater than
1.5 V on the positive side was required, as is apparent from the
scans labeled “3rd,” in inset of Fig. 8(a). Following the reset,
current started again in the “high” state [“4th” scan of inset
of Fig. 8(a)] and could be switched to the “low” state upon
application of negative threshold voltage, as seen for “1st” and
“2nd” scans at 150 K.
The negative-voltage scan region is enlarged in Fig. 8(b) to
demonstrate that the switching characteristics persist down to
low temperatures (100 K). However, the threshold voltage for
switching increases as the temperature decreases, indicating that
more external energy needs to be supplied to switch the molecular device, as the internal energy decreases with decreasing
temperatures.
Recently, it has been suggested that filament formation at the
metal–molecule interface may be responsible for the switching
behavior of some molecular devices [17]. Since filament formation occurs due to Joule heating of a large metallic area [21], it
should not be observed at low temperatures. Our observations of
switching with memory behavior for nitro-OPE devices, down
to low temperatures (100 K), suggest that the switching behavior is unlikely to be caused by the filament formation. Furthermore, since the same device structure and fabrication process
were used for nanowell nitro-OPE and plain-OPE devices, and
switching was observed down to 100 K, only with the former

Fig. 8. (a) Switching behavior observed from nitro-OPE molecular devices at
200 and 150 K. Inset shows switching at (−V t ) and (+V t ) for molecular devices.
(b) Switching persists down to 100 K, but the threshold voltage for switching is
shifted to higher voltages for molecular junctions at lower temperatures.

and not with the latter, we hence conclude that the switching
and other device characteristics that we observed herein were a
characteristic signature of the molecular layer within the device
structure and not of phenomena at the contacts, such as filament
formation (since the latter would be the same for both nitro-OPE
and plain-OPE devices).
IV. CONCLUSION
A process sequence based on a combination of vapor-phase
deposition of molecular device layers and liftoff patterning
techniques used in microelectronics was developed to enable
massively parallel fabrication of a large number of interconnected planar nanowell molecular devices. The process was
engineered for chemical compatibility of the resists with vaporphase molecular deposition of a plain-OPE molecular layer and
for permitting top-contact patterning through resist liftoff using
a bilayer-resist process. Interconnection of molecular devices
in series and parallel configurations was confirmed by I–V
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characteristics similar to classical resistors with equivalent conductivity of each individual molecular device. To verify if the
observed device characteristics were molecular transport signatures rather than transport through filament formation at the
metal contact, individual molecular devices with two distinctly
different room-temperature I–V characteristics, and nonswitching plain-OPE and switching nitro-OPE molecular devices, were
studied as a function of temperature. Based on the persistence of
the device characteristics of the respective molecule down to 100
K, we conclude that the transport mechanism observed within
our device structure was a characteristic molecular signature of
the respective molecule in the device structure and not filaments
at the contacts, since Joule heating of the metallic area that spurs
filament formation was less likely at low temperatures.
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