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ABSTRACT: As integrated circuits continue to scale toward the
atomic limit, bottom-up processes, such as epitaxial growth, have
come to feature prominently in their fabrication. At the same time,
chemistry has developed highly tunable molecular semiconductors
that can perform the functions of ultimately scaled circuit
components. Hybrid techniques that integrate programmable
structures comprising molecular components into devices however
are sorely lacking. Here we demonstrate a wafer-scale process that
directs the localization of a conductive polymer, M,, = 20 kg mol ™’
polyaniline, from dilute solutions into S0 nm vertical nanogap
device architectures using electric-field-driven self-assembly. The
resulting metal—polymer—metal junctions were characterized by
electron microscopy, Raman spectroscopy and transport measure-
ments demonstrating that our technique is highly selective, assembling conductive polymers only in electrically activated nanogaps.
Our results represent a step toward scalable hybrid nanoelectronics that seamlessly integrate established lithographic top-down
fabrication with bottom-up synthesized molecular functional circuit components.
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Recent advances in the bottom-up synthesis and processing
of low-dimensional materials with highly tunable
electronic properties have reignited the prospect of hybrid
nanoelectronics. Combining the scalability of top-down
fabrication with the atomically precise structure of bottom-
up materials could one day supplant complementary metal-
oxide-semiconductor (CMOS) technology as silicon ap-
proaches its physical limits. Examples include semiconducting
carbon nanotubes,"” graphene nanoribbons,® or metal
chalcogenides™ as channel materials in field effect transistors
(FETs). Bottom-up synthesized graphene nanoribbons in
particular have been promising materials candidates that
combine electronic performance with highly tunable band
structures or magnetically ordered phases relevant for
spintronics.6 However, at the ultimate limit of scaling, the
integration of such discrete molecular components into dense
architectures requires deterministic control over position and
orientation.” Broadly speaking, the integration challenge
comprises two parts: nanogap formation and nanogap
bridging.” In this work, we address both aspects by combining
vertical nanogaps and electric-field-driven manipulation, giving
access to a scalable platform capable of localizing unfunction-
alized, low molecular weight conductive polymers at the
nanoscale, as a step toward the programmable assembly of
advanced molecular channel materials.

A successful integration of functional molecular materials
and devices requires electrodes with separation at the
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nanometer scale. This basic architecture can be realized in
planar electrodes, yet their patterning often relies on low-
throughput processes such as electron-beam lithography. The
introduction of vertical nanogaps instead lends itself to low-
cost wafer-scale fabrication. Channel widths can be precisely
controlled by the thickness of a dielectric layer instead of being
constrained by the diffraction limit of a photolithography
system. We herein adopted the simplest vertical nanogap
design, the etching of a metal-dielectric-metal stack, which has
recently been used to demonstrate organic thin-film FETs that
exhibited I,,/I,; ~ 10%.° This type of electrode geometry is not
intended for single-molecule device architectures but enables a
reliable contacting of 10> to 10°> molecules often required to
achieve the necessary current levels in charge-based logic
devices. Herein we describe the fabrication of dense arrays of
vertical nanogaps with 50 nm separation on 6-in. wafers, using
only standard microfabrication processes and materials. We
selected Ru as the electrode metal (in contrast to more
conventional Au and Pt commonly used in molecular
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Figure 1. (a) Hllustration of selective spatial localization of molecular wires at activated vertical nanogap electrodes via dielectrophoresis. (b) 4-mask
fabrication flow of wafer-scale vertical nanogap electrodes. (c) Cross-section SEM image of a single vertical nanogap well. (d) Top-view SEM image
of a well array. (e) Optical micrograph of a 9 mm?* die showing 16 well arrays and Al routing and bond pads.

electronics) due to its low solid-state diffusivity and
compatibility with dry etching, unique properties among the
noble metals which are driving its use in next-generation
CMOS interconnects.”” "'

The manipulation of particles with electric fields involves a
variety of effects, such as electrophoresis, dielectrophoresis
(DEP), and electro-osmosis. Among these, the most suitable
for manipulating quasi-one-dimensional particles intended as
molecular channels is DEP, due to its ability to not only
position but also orient particles across electrode gaps. Unlike
electrophoresis and electro-osmosis, it does not require the
presence of mobile ions. DEP has been successfully used to
bridge pym-scale electrode gaps with metal nanowires' ”"* and
carbon nanotubes (CNTs),"*™"° and to bridge nm-scale gaps
with spherical nanoparticles'”'® and polymer nanofibers.'’
Notably, it works with alternating current (AC) fields, which
allows the use of capacitively coupled electrodes to achieve
large-scale parallel assembly.”” In DEP a nonuniform electric
field, e.g. the fringe field at the edge of parallel-plate electrodes,
polarizes nearby uncharged particles. The electrostatic
interaction between the polarized particle, the medium, and
the local field causes the particles to experience a DEP force.
To compensate for ion migration, alternating current AC
modulation with zero bias is applied. For an ellipsoidal particle
aligned with the field, DEP theory gives the time-averaged
force F as

%

& & ~ e 72
F = aVe,, Re| ——— |V(E?)
Em (1)

where a is a shape factor, V'is the volume of the ellipsoid, &, is
the permittivity of the medium, £} and ¢} are the frequency-
dependent complex permittivities of the particle and medium
respectively, and E is the root-mean-square (rms) field
strength.”! In practice a multipole correction is included
when the size of the particle approaches the electrode
separation.”’ Adding to the complexity the polarizability of a
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solvated molecule depends on its local electrostatic environ-
ment,** rendering the evaluation of molecular DEP force
nontrivial. Nonetheless, the assembly of single molecules into
nanogap electrodes by low-voltage DEP and the measurement
of electrical transport through the resulting devices has been
demonstrated for DNA,*® polypeptides,”* and carbon nano-
tube-oligomer hybrids.”® A key advantage to DEP is that any
bridging molecule can be concentrated at the nanogaps from
very dilute solutions,”*** overcoming one of the main
challenges of undirected bridging with self-assembled mono-
layers.”®~** This often represents a necessity for conductive
polymers, which tend to be poorly soluble in many processing
solvents.

The successful assembly and electrical characterization of
molecular junction devices has shown that it is feasible to
manipulate molecules in the size range of 10'—10* kg mol™" by
DEP at low voltages but work on semiconducting molecules in
scalable device architectures is lacking. We herein demonstrate
the use of dense arrays of vertical nanogaps as dielectropho-
retic electrodes, report for the first time the assembly of a low
molecular weight (M, = 20 kg mol™!, confirmed by size
exclusion chromatography, Supporting Information Figure S1)
semiconducting polymer, polyaniline (PANI), from a dime-
thylformamide (DMF) solution, and measure appreciable
conductance. We show that it is possible to selectively localize
PANI at activated electrodes even if the entire device is
exposed to a dilute solution of the polymer. In addition to
electrical measurements, characterization by scanning electron
microscopy (SEM), energy dispersive X-ray spectroscopy
(EDX) and Raman spectroscopy support our conclusion. We
emphasize here that nanoscale localization was achieved on a
scalable device platform, fabricated with standard semi-
conductor materials and processes.

A schematic representation of the localization process, as
well as the electrode geometry, is shown in Figure la. 50 nm
vertical nanogap devices were fabricated on 6-in. Si wafers in
four mask layers (Figure 1b). First, 200 nm SiO, was
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deposited, followed by a stack of 50 nm Ru/50 nm SiO,/50
nm Ru. The top Ru/SiO, layers were patterned to define the
top electrodes. Second, a 200 nm SiO, passivation layer was
deposited and patterned to open vias to the Ru electrode
layers. Third, 1 gm Al was deposited and patterned to define
the bonding pads and routing to the electrodes. Fourth, the
vertical nanogaps were defined by patterning arrays of circles
and etching through all the SiO, and Ru layers, forming
vertical nanogaps along the circumference of each circular well.
A short HF vapor etch was used to slightly recess the SiO,
layers. Detailed fabrication procedures are provided in
Supporting Information, Section II. The completed devices
were diced and wire-bonded onto printed circuit boards for
subsequent DEP experiments. Figure 1c shows a cross-section
SEM image of a vertical nanogap well. The Ru electrodes
(bright layers) are clearly separated by SiO, (dark layers), with
a recess depth of approximately 50 nm. Electrical isolation
between electrodes was confirmed by two-terminal resistance
measurements. Vertical nanogaps with diameters ranging from
1to S pm in 8 X 8 to 90 X 90 arrays (Figure 1d) were formed
across different dies. In each array, nanogaps share the same
pair of electrodes such that an array can be considered a single
channel with a large effective width (circumference multiplied
by the number of wells). The layout of the arrays, routing and
bond pads was common to all dies (Figure le).

First, stable electrical connections between the test equip-
ment and the well arrays of a die were verified by capacitance
and resistance measurements. The capacitance of each array
was found to be approximately 50 pF, which is in the expected
range for the 210 X 210 um electrodes. Contact and routing
resistance was found to be less than 10 € and thus negligible.
Then, for each die tested, two-terminal I—-V sweeps in the bias
range +1 V were performed at three different stages of
processing (Figure 2a): first, on the as-fabricated die, before
exposure to any chemicals; second, after the die had been
exposed to a droplet of DMF while half the arrays were
activated (V,, = 2 V, 10 kHz sine wave applied); and third,
after the die had been exposed to a droplet of 35 yg mL™
PANI in DMF while half the arrays were activated. The arrays
to be activated were randomly assigned at the first stage and
the same arrays were activated through the second and third
stages. It should be noted that the droplets covered the entire
surface of the die and thus were in contact with all vertical
nanogap arrays regardless of activation (Supporting Informa-
tion Figure S2).

Figures 2b—e show the electrical characteristics of a
representative die (array effective channel width 12.7 mm) at
each stage. The as-fabricated arrays showed exponential I-V
curves and conductance values of ~10™° S at 1 V bias; this
leakage current is attributed to defect-assisted tunneling
through the reactive-sputtered SiO, interlayer. After exposure
to DMF, conductance values increased slightly but remained
within 1 order of magnitude for both the activated and
unactivated arrays. The overlapping conductance ranges for the
two sets of arrays indicate that the activation signal does not
interact with the solvent (DMF); subsequent changes in
conductance can therefore be attributed to PANI alone.
Indeed, after exposure to PANI, the conductance values of the
activated arrays increased by 2 orders of magnitude, while the
unactivated arrays showed no change. Measurements were
recorded on multiple arrays after rinsing and drying of the dies.
The increases in conductance of activated arrays following
exposure to PANI and DEP are repeatable and statistically
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Figure 2. Two-terminal -V measurements of nanogap electrode
arrays on a single die. (a) Schematic of the measurement sequence,
from as-fabricated arrays to arrays exposed to DMF to arrays exposed
to PANL (b) I-V curves of as-fabricated arrays. (c) I-V curves of
arrays after exposure to DMF (Step 1). (d) I-V curves of arrays after
exposure to PANI (Step 2). For (b—d), the solid lines represent the
average of 6 arrays while the upper and lower bounds of the filled
region represent the maximum and minimum, respectively. (e) Plot of
conductance (G) against applied bias (V) of activated and unactivated
arrays as fabricated, following sequential exposure to DMF (Step 1)
and PANI (Step 2) (each curve represents the average of 6 arrays).

significant. This indicates that new stable conductance
pathways have been selectively created between electrode
pairs activated in the presence of PANIL The exponential I-V
curves are qualitatively similar to those observed for transport
through conjugated oligomers.*®

For SEM, EDX and Raman characterization, a set of DEP
experiments were performed as detailed in the previous
subsection, except that the activation potential was increased
to 4 V. This resulted in more material being accumulated and
thus better signal for these spectroscopic techniques. Figures
3a,b are top-view SEM images recorded on the same die at the
edge of an unactivated and activated well, respectively. For the
unactivated wells, the grain structures of the two Ru electrodes
are clearly visible where they are exposed (bright layers); in
contrast, the activated electrodes are covered in a thin,
electron-translucent film that obscures the grain structure. This
is also observed to a lesser extent for the devices activated at 2
V (Supporting Information Figure S4). These films were
consistently observed in all wells of activated arrays but never
in the wells of unactivated arrays (Supporting Information
Figure SS), and are further evidence that additional

https://doi.org/10.1021/acs.nanolett.4c02329
Nano Lett. 2024, 24, 10155—-10160


https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.4c02329/suppl_file/nl4c02329_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.4c02329/suppl_file/nl4c02329_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.4c02329/suppl_file/nl4c02329_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.4c02329/suppl_file/nl4c02329_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.4c02329/suppl_file/nl4c02329_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.4c02329/suppl_file/nl4c02329_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c02329?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c02329?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c02329?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c02329?fig=fig2&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.4c02329?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Nano Letters

pubs.acs.org/NanoLett

¢ — activated array
(o] .
- — unactivated array
H - difference

3

S \

[2}

€

3

[o]

o

T T T T T T T T T T T T T T T T T T T T T T T T I.l T T T
0.5 1.0 1.5 20 25 3.0
E (keV)
d — activated array
— unactivated array
-~ PANI on Au

5 $i0, c=C

S C=N

. v

g

3 polaron

— T T
1100 1200 1300 1400 1500 1600 1700

Raman shift (cm™)

Figure 3. Scanning electron micrographs of wells exposed to PANI
solution with (a) no potential and (b) 10 kHz, 4 V applied between
the electrodes. The grain structure of Ru is clearly visible in the
former, while “cobwebs” over the electrodes are apparent in the latter.
(c) Energy-dispersive X-ray spectra of the exposed regions of the Ru
electrodes, averaged over S points, showing excess C and N signals at
the activated electrodes. (d) Low-magnification Raman spectra of
arrays exposed to PANI solution with and without potential applied,
compared to as-received PANI dropcast on a gold substrate. Inset:
colored circles over arrays representing the approximate laser spot size
used for spectroscopy. The activating potential was applied only to
the left array.

conductance pathways have been formed between electrodes
by the action of DEP.

The elemental composition of this assembled material was
analyzed by EDX. Spectra were averaged over five points on
the exposed electrode regions of both activated and
unactivated wells, and are normalized to the Si peak (Figure
3c). A peak at 0.2 keV is attributed to low-energy transitions
and could not be unambiguously assigned. Subtraction of the
two spectra reveals a strong peak corresponding to C and a
weaker signal attributed to N indicating that the assembled
material is organic. The small differences in signals of O, Si,
and Ru can be explained by the comparable sizes of the X-ray

generation volume and the exposed Ru regions. For the 5 kV
beam used, the X-ray generation volume is ~100 nm, and
depending on the precise beam location and sample drift over
the integration time, more X-rays may be collected from the
inside of the well (Si rich) or the outside (SiO,, Ru rich) rather
than the exposed electrode region.

The chemical structure of the assembled material was
probed by Raman spectroscopy (532 nm excitation). As the
exposed electrode region of a well is too small a target to focus
a laser spot, the spectra were recorded at a low magnification,
over the center of the well arrays, with a spot size of
approximately 50 ym. The spectra obtained are thus an average
over all the exposed surfaces of the array. Nevertheless, there is
a clear difference between the spectra obtained from the
activated versus unactivated array (Figure 3d). The spectrum
from the activated array matches the reference spectrum taken
of the source PANI solution drop-cast on an Au surface. The
unactivated array has no discernible Raman signatures aside
from SiO, (which is also seen in the spectrum of the activated
array). The Raman peaks associated with PANI were assigned
and match their reported spectra.”” This result confirms that
the selectively assembled material is indeed the emeraldine
base form of PANI, and that it is chemically unchanged from
that in the source solution.

Finally, to demonstrate that these molecular wire junction
devices can be fabricated repeatably, we perform PANI DEP
and [-V measurements on five additional dies to extract an
order of magnitude estimate of the conductivity of the
assembled PANI The chosen dies featured different well and
array sizes and thus different effective channel widths. Figure 4
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Figure 4. Scatter plot and constant conductivity fit of conductance
against effective channel width for a set of 6 dies. The conductance
curve for 107'° S cm™ conductivity, typical for undoped PANI, is
shown for comparison.

shows that the average conductance (at 1 V bias) per array
measured for each die are correlated with their effective
channel widths, with slope on the order of 1077 S em™, 3
orders of magnitude greater than the bulk conductivity of
undoped emeraldine base (107'° S cm™), which is limited by
interchain charge transfer. This increased conductivity could
be due to unintended doping by residual moisture from the
solvent, or a result of direct bridging of electrodes by PANI
chains. However, the Raman spectrum of the assembled PANI
shows none of the characteristic signatures associated with acid
doping, such as an augmented C—C stretching band shifting to
1620 cm™' or an augmented C—H bending band shifting to
1191 cm™'.*® On the other hand, the M, of PANI used
corresponds to a fully extended length of 92 nm,*' and under
the action of the localized high electric fields at the nanogap (2
X 10" V. m™") during DEP, it is conceivable that PANI chains
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adopt linear conformations that bridge the gap between both
electrodes.

We have demonstrated that the combination of vertical
nanogaps and AC electric fields can be used to selectively
localize low molecular weight PANI in dense architectures. I—
V measurements show that arrays with PANI assembled have 2
orders of magnitude increased conductance; SEM shows that
the assembled material presents as electron-translucent film;
and EDX and Raman spectroscopy confirmed the material to
be PANIL This platform is a step toward scalable molecular
electronic devices and could be applicable to more exotic 1D
molecular channel materials, such as graphene nanoribbons.
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