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Molecular junctions (MJs) are celebrated nanoelectronic devices for mimicking conventional electronic
functions, including rectifiers, sensors, wires, switches, transistors, negative differential resistance, and
memory, following an understanding of charge transport mechanisms. However, capacitive nanoscale
molecular junctions are rarely seen. The present work describes electrochemically (E-Chem) grown
covalently attached molecular thin films of 10, 14.3, and 18.6 nm thickness using benzimidazole (BENZ)
diazonium salts on ITO electrodes on a quartz substrate upon which 50 nm of aluminum (Al) top contact
was deposited to fabricate large-scale (area = 500 x 500 um?) molecular junctions. The capacitance of
the molecular junctions decreases with increasing thickness of molecular layers, a behavior attributed to
a classical dielectric role in which the geometric capacitance of the device within a uniform dielectric
component is expected to decrease with increasing thickness. An electrical dipole moment in BENZ
oligomers enhances polarizability; hence, the dielectric constant of the medium leads to an increase in
the capacitance of MJs, which reaches a maximum value of ~53 uF cm™2 for a junction of 10 nm
molecular film thickness. In addition to direct-current (DC) electrical measurements, and computational

Received 17th July 2024 studies, we performed alternating current (AC)-based electrical measurements to understand the
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frequency response of molecular junctions. Our present study demonstrates that BENZ-based molecular

DOI: 10.1035/d4sc04745a junctions behave as classical organic capacitors and could be a suitable building block for nanoscale on-
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switches, and transistors. Molecular junctions have been
studied by varying molecular structures, thickness, electrodes,

Introduction

Existing complementary metal-oxide-semiconductor (CMOS)
technology plays a crucial role in meeting the demand for
compact and faster electronics. However, it is believed by many
that microelectronics is about to reach the limit of miniaturi-
zation, which is constrained by physical principles.'™ Alterna-
tively, molecular electronics (MEs) is an important platform and
an attractive method compared to prevailing CMOS technology
for next-generation micro to nanoelectronics. Molecular elec-
tronics, which deals with either a single molecule or a group of
molecules sandwiched between two electrical conductors,
either metallic or oxides, is considered a potential building
block for diverse applications, including sensors, rectifiers,
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molecular layer deposition methods, and current-voltage
analysis techniques.*® An external bias is applied to the two
electrical contacts of molecular junctions, and the current-
voltage (I-V) response is analyzed to design appropriate
applications.”** Charge transport through a single molecule,
self-assembled monolayers (SAMs), oligomeric films or an
electrochemically (E-Chem) grown method can mimic the
electronic functions of traditional semiconductor devices, such
as diodes,” transistors,"* sensors and actuators,***” switches,'®*?
spin transporting media,**** and non-volatile memory, forming
the basis for molecular electronics.”* Considering the
modern-day demand for high energy and power density energy
storage devices, inorganic oxides have been extensively
explored.”**' However, such materials require high processing
temperatures, long reaction times to prepare, and high-vacuum
deposition, which increase production costs. Additionally, the
reproducibility of device yield remains in question as the
bottom electrical contact utilizes mostly drop-casting, spin-
coating, or physical vapor deposition methods, which create
weaker electrode-material interfaces, and thus the devices may
suffer from long-term stability problems. Instead, conductive

© 2025 The Author(s). Published by the Royal Society of Chemistry
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organic polymers, such as polyaniline (PANI) and polyaniline-
tetracyanoquinodimethane (PANI-TCNQ) composite thin
films, have been reported as good capacitors.**>* There is
a consensus that organic molecules can offer several advantages
over oxide materials due to their low-cost production and easy
synthesis, tunable electrical conductivity, solution process-
ability, light weight, flexibility, and the fact that they form
covalent interfaces that are compatible with CMOS
technology.>*?* However, in pursuit of this goal, molecular
junctions as “on-chip” capacitors have not been mechanistically
explored, which could be due to the lack of a suitable molecular
system design and device integration. A bottom-up approach in
the fabrication of molecular electronic devices provides the
advantage of controlling the thickness of molecular films within
the junctions, thus altering their electronic properties as
a function of thickness. Heteroatom (such as N, S, and O) doped
and porphyrin-functionalized carbon materials have been
proven to exhibit higher capacitance than undoped carbon
materials due to their large difference in electronegativity,
which causes an electrical dipole moment.**** For instance, the
McCreery group reports the presence of dielectric properties in
tetraphenyl-porphyrin and fluorene-benzoic acid hetero-
structures, redox-active naphthalenediimide molecular layers
placed between two conducting sp” carbon contacts and the
effect of solvent vapor and mobile ions on capacitance.***” The
same group also developed nanoscale molecular films that
could increase capacitance 100-fold compared to bare carbon
electrodes, and capacitance studies were performed in acidic
electrolytes.*®** In a recent report, around 1 nm thick benzo-15-
crown-5-based SAM exhibited an areal capacitance of 3.68 pF
cm 2% Typically, a classical capacitor utilizes two electrical
conductors to separate the opposite charges using a dielectric
component. However, all these demonstrations are limited to
carbon electrodes fabricated via either electron-beam (e-beam)
or pyrolyzed photoresist films (PPF), which are expensive and
require a long time for electrode preparation.

Apart from electrode-molecule interfacial stability, E-Chem
grafting and SAMs techniques offer advantages over drop-
casting and spin-coating methods in terms of depositing
molecular layers in a perpendicular orientation and controlling
molecular layers on the substrate.>*> Physical methods such as
drop casting and spin coating rely on non-covalent interactions
(electrostatics, van der Waals forces) and non-uniform molec-
ular structures. Hence, one might expect that a net dipole
moment in the E-Chem-grafted molecular layers could preserve
its structural integrity, and thus could be suitable for molecular
capacitor applications. Molecular thin films possessing a net
dipole moment can be electrochemically grafted on ITO
substrates.>

We focus on fabricating heteroatom (nitrogen, sulfur)-
containing molecular junctions that replace carbon electrodes
as bottom contacts with technologically relevant ITO electrodes.
An electrochemical (E-Chem) grafting method was employed to
grow benzimidazole oligomer films, which is a much faster
process than SAMs to grow molecular layers of varied thickness
and is seemingly popular among other thin-film preparation
strategies that use a covalent bond formation approach.>*” We
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chose aryl diazonium salts of 2-mercaptobenzimidazole, for
which heteroatoms such as nitrogen-sulfur bonding can facil-
itate an increase in charge occupancy within spatial charge
separation, which is so far an unexplored source of capacitance
contribution in solid-state molecular junctions for ‘on-chip’
energy storage applications. Considering the experimental
results, such as Mott-Schottky plots, VB-XPS, and thin film UV-
vis spectroscopy, a proposed energy profile diagram is
constructed.

Results and discussion

Heteroatom-containing imidazoles, due to their extended
conjugation, play immensely important roles in tuneable
properties; they are biologically relevant, as imidazoles are
a constituent of active component vitamin B;, and DNA base
structures.®®* The primary amino (-NH,) group present in
mercaptobenzimidazole can be diazotized (BENZ-D) using
NaNO,, which is a fast process, structurally confirmed via
"H-NMR (Fig. S1, ESI{), FT-IR, and UV-vis spectra. A solution of
5-amino-2-mercaptobenzimidazole in dimethyl sulfoxide
(DMSO) shows colorless, while diazonium salts exhibit an
intense yellow color, confirming the formation of aryl diazo-
nium salts (see the chemical structures in Fig. S2at). The UV-vis
spectrum of 5-amino-2-mercaptobenzimidazole in DMSO
exhibits two intense peaks at 266, and 335 nm, due to T to ¥,
and n to * electronic transitions, respectively (Fig. S2bt). The
aryl diazonium chromophore exhibits absorption at 286 nm,
which is around 20 nm red-shifted compared to that of the
amine precursor. Additionally, it shows a broad band in the
range of 350-535 nm, originating from a 7 to 7* transition of
the aromatic ring and an n to 7w* transition with A,,,ax at 413 nm,
confirming the formation of the corresponding diazonium salts
(see the normalized UV-vis spectra in Fig. S2bt), where the
positive charge on the aryl (Ar-N,") reduces the n to w* energy.
The formation of the corresponding diazonium salts can be
further confirmed by comparing the FT-IR spectra. The diazo-
nium salts display vibrational stretching frequencies at 2560,
1620, 1460, and 1020 cm ™!, which are attributed to functional
groups such as S-H stretching, C=C, C-H bending and B-F
stretching, respectively (Fig. S2ct). A strong signal at 2250 cm ™,
which is absent in the amino precursor, confirms the formation
of the aryl diazonium group. For the fabrication of MJs around
100 nm =+ 5 nm thick and 500 um wide, ITO electrodes were
deposited on a freshly cleaned quartz substrate via reactive
pulsed direct current magnetron sputtering using a custom-
made shadow mask (details are provided in ESI, Fig. S31).

An ex situ prepared diazonium salt solution (4 mM in dry
acetonitrile) was electrochemically reduced to generate radicals
on a chemically modified OH-terminated ITO electrode surface
(as a working electrode in a three-electrode set-up) to produce
strong, high-yield, fast-forming, robust covalent bonding
between the molecule and the patterned ITO substrates. A
proposed molecular layer structure is shown in Fig. 1a, for
which we supported the structures with the help of spectro-
scopic and elemental characterization (see the discussion in the
section below). Electrochemical (E-Chem) reduction of
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Fig. 1 Electrochemical grafting of 2-mercaptobenzimidazole diazonium salts on an ITO working electrode followed by characterization. (a)
Schematic representation depicting the irreversible binding of benzimidazole molecular layers on the ITO electrode via a concerted mechanism
employing the electrochemical reduction of diazonium salts. (b) Cyclic voltammogram manifesting the electrochemical reduction of BENZ-D on

the ITO electrode with a prominent reduction peak at

—0.65 V vs. Ag/AgNOs and the formation of a benzimidazole capacitive oligomeric film. (c)

The impact of different electrolyte ions on the ionic conductance of the solution. (Blue and green bars represents the conductance of electrolyte

ions alone and a mixture of electrolyte and BENZD.) (d) 2D AFM images

diazonium salt followed by thin-film formation was performed
by sweeping the working electrode potential from 0 Vto —0.85V
(vs. Ag/AgNOs;) for up to 6, 9, and 12 repetitive cyclic voltam-
mogram (CV) scans recorded at a scan rate of 0.1 V s,
consequently forming Films 1, 2 and 3, respectively (Fig. 1b). A
detailed discussion on electrochemical grafting is given in the
ESI} (Section 4, E-Chem grafting CV for Film 1-3, Fig. S4a-c,
and S51). The voltammogram exhibits an aryl diazonium
reduction peak, forming reactive radicals at —0.65 V, and it
seems that most of the diazonium salts accessible near the ITO
surface are consumed in film formation.® This E-Chem grafting
process is so fast that in the 2™ CV scan, almost no prominent
CV signal could be noticed, meaning that most of the diazo-
nium salts near the electrode surface were reduced to form
radicals. The surface coverage of Film-1 was estimated to be
6.1 x 10~° mol cm 2. The E-Chem conditions and a comparison
of surface coverage for Films 1-3 are provided in the ESI
(Table S1t) which are in good agreement with a well-packed
molecular density on the ITO surface. As the surface coverage
was calculated by integrating the area under the first CV scan in
the case of Films 1-3, it is almost constant. In contrast, the
increase in the number of CV scans from Film-1 to Film-3
resulted in increased thickness of the molecular films. As the
oligomeric films are grown via aryl radicals, the possibility of
branching molecular films cannot be ruled out, especially for
thicker molecular layers.

3562 | Chem. Sci,, 2025, 16, 3560-3570

of Film-1.

Role of electrolyte ions on solution conductance and E-Chem
grafting

For electrochemical cell reactions, electronic and ionic
conductivity plays a crucial role. Electrolytes such as tetrabuty-
lammonium tetrafluoroborate, tetrabutylammonium hexa-
fluorophosphate, and tetrabutylammonium perchlorate, at
0.1 M concentration, are commonly employed as organic
solvents to enhance the ionic conductivity of the solution. For
our studies, we chose fluoroborate as a counter ion in benz-
imidazole diazonium salts, so TBABF, is the preferred electro-
lyte. The size and nature of electrolyte ions have an impact on
the ionic conductivity, as evidenced by the electrochemical
impedance spectra obtained for three different electrolytes
(Fig. 1c, S6 and Table S2t). The order of ionic conductance is
hexafluorophosphate > perchlorate > fluoroborate (Fig. 1c).
However, in the presence of BEND salts, the order of ionic
conductance is altered as follows: perchlorate > hexa-
fluorophosphate > fluoroborate, which implies the different
extent of interactions between BENZD and counter ions (Fig. 1c,
S7 and Table S27). To investigate the influence of ions on
surface coverage, E-Chem grafting was performed under iden-
tical conditions utilizing three different electrolyte ions
(Fig. S81). BENZD perchlorate exhibits higher ionic conduc-
tance, which well matches the higher surface coverage
observed. Ions that offer less resistance to the solution result in
a higher degree of surface reactions and, hence, surface

© 2025 The Author(s). Published by the Royal Society of Chemistry
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coverage (Table S3t). The cyclic voltammogram of TBABF,
under similar conditions utilized for E-Chem grafting of BENZD
displays no characteristic electrochemical reduction peak
(Fig. S9at). However, the UV-vis spectrum of the ITO used for CV
shows a broad absorption band at 412 nm, which might arise
from electrolyte reduction at the electrode-electrolyte interface
(Fig. S9bt). The intensity of the absorption band is quite low
compared to BENZ film, implying that BENZD reduction during
E-Chem grafting is the dominant reaction at the interface.

ITO/BENZ thin-film characterization

The morphology of Film-1 was analyzed using non-contact mode
AFM, showing an increased roughness of 3.7 + 0.2 nm (Fig. 1d).
Such enhancement in roughness compared to the bare ITO (R
~2.8 £ 0.2 nm) is common for E-Chem-grafted molecular layers;
hence, our findings confirm the formation of nanometric BENZ
oligomers on ITO. The thicknesses of Films 1-3 were determined
by scratching the molecular layers followed by atomic force
microscopy measurements (details are given in the ESI section,
Fig. 10 and S11+). Film-3 shows the greatest thickness of 18.6 +
0.9 nm, which correlates well with the E-Chem grafting condi-
tions, as it experiences more CV scans, and thus a longer time for
consuming the maximum number of aryl radicals that take part
in film formation.®* The approximate number of benzimid-
azole units present in films of three different thicknesses, 10,
14.3, and 18.6 nm, were calculated from the length of the opti-
mized structure of 4 BENZ units (Fig. S12 andTable S4%). The
wettability measurements depict an increase in hydrophobicity
after modification of the ITO surface with BENZ layers, which
supports the formation of molecular thin films (Fig. S13 and
Table S51). A thinfilm X-ray diffraction (XRD) pattern was
recorded on a BENZ-modified ITO electrode, which exhibits
peaks at 2 theta values of 30.34, 35.33, 50.73, and 60.38°, corre-
sponding to the (222), (400), (441), and (622) planes of cubic
indium tin oxides (JCPDS 00-039-1058), but whose intensities are
reduced compared to those of bare ITO (Fig. S147). As the films
were grown via radical formation, which makes it difficult for
them to grow and assemble in a specific pathway, PXRD suggests
the amorphous nature of the oligomeric layers.

Absorption spectra of the films display a broad band in the
wavelength range 360-600 nm with Ajax at 391 nm, demon-
strating the formation of 2-mercapto benzimidazole films with
the dominant feature of azo bridge (-N=N-) formation on ITO
(Fig. S15at). A rise in absorbance at 391 nm from Film-1 to Film-
3 suggests an increase in the film thickness, but more random
or sidewise growth of molecular films without much 7-conju-
gation, as supported by the optical band gap values (Fig. S15b,
and S16a-ct), which could most likely exist in the thinner
films.*** The optical band gap of ITO is 3.7 eV (Fig. S16df). The
azo groups (see the chemical structure in Fig. S5T) that are
formed during E-Chem grafting facilitate lower energy elec-
tronic transitions (n to w*, and 7 to v¥); thus there is a huge red
shift of around 56 nm compared to the solution-phase spectra.
Electrochemically grown BENZ thin films on an ITO substrate
are thermally stable up to 150 °C, as supported by the thin-film
UV-vis spectra (Fig. S171). The ATR-IR spectrum after covalent

© 2025 The Author(s). Published by the Royal Society of Chemistry
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modification of ITO with a BENZ layer displayed stretching
vibrations at 1633 cm™', 1541 cm ™' (assigned to C=C),
1461 cm ™' (C=N), 3413 cm " with a shoulder band (N-H),
3121 ecm ' (aromatic C=C-H), and a band at 905 cm *
(bending vibration, out-of-plane imidazole ring) characteristic
of the benzimidazole ring present in the thin films. Such
vibrations correlate well with a previous report.®® Two additional
stretching vibrations at 816 cm ™" and 2678 cm ™' correspond to
the C-S-C linkage between the grafted molecules and the -SH
moiety at the terminal end of E-Chem-grafted BENZ molecular
layers. A weak-intensity band at 1323 cm ' and a medium-
intensity band of 654 cm™' confirm the presence of an azo
linkage and -S-N- bonds in the BENZ oligomeric films,
respectively (Fig. S18f). Raman spectra obtained on BENZ-
modified ITO showcased peaks at 622 cm™', 804 cm ',
967 cm ', 1402 cm ™', 1454 cm ™Y, 1554 cm ™!, and 1620 cm ™’
corresponding to C-S, N-H, S-H, C-N, N=N, and C=C,
respectively (Fig. S19, and Table S6%).°°® To diminish the
photoluminescence effect, which causes a low signal-to-noise
ratio in the case of ITO, BENZ-modified Au substrates were
utilized for Raman spectroscopy studies, and characteristic
Raman peaks were assigned according to previous reports in the
literature.***® Both thin-film FT-IR and Raman spectroscopy
studies correlates well with each other and the bond vibration
results combined with XPS analysis helped to deduce a plau-
sible grafted film structure. The formation of such azo linkages
(N==N) has been overlooked by many researchers in the domain
of E-Chem-grafted thin films.

The deconvoluted X-ray photoelectron spectra (XPS) of
constituent elements for bare ITO are presented in Fig. S20,T and
that of Film-1 (~10 nm) is given in Fig. 2 and the results are
summarized in Table S7.f The standard XPS signals of the
constituent elements of bare ITO, ie. In5ds.,, In5ds,, Sn5ds)s,
and Sn5dj,, are observed at 444.18, 451.70, 486.29, and
494.77 eV, respectively.® The C1s peak can be fitted into six peaks
at284.2,284.8,285.43,285.7, 286.17, and 287.00 eV for C=C, C-
C/C-H, C=N, C-S, C-N, and C-O, respectively (Fig. 2a), which
are well correlated with a previous report.”® Nitrogen and sulfur
are absent from the bare ITO sample, as expected, but clear XPS
peaks of N1s and S2p are observed in the molecular films, which
further confirm the film growth. The N1s peak can be further
fitted into three peaks at 398.65, 400.40, and 402.24 eV, corre-
sponding to azo (-N=N), pyrrolic-N, and pyridine-type nitrogen/
N-S, respectively (Fig. 2b).”* The O1s peak can be deconvoluted
into four peaks at 529.78, 530.36, 531.14, and 532.09 eV, corre-
sponding to oxygen in the oxide lattice with and without oxygen
vacancies, O-H and C-O, which confirmed In/Sn-O-C bonding
(Fig. 2c).”»” The S2p peak can be deconvoluted into two
doublets: one at 164.25 eV (163.76 €V for S2p;/, and 164.84 eV for
S2p1,) assigned to C-S and the other at 169.13 eV (168.54 eV for
S2p;,, and 169.66 eV for S2p; ;) assigned to N-S (Fig. 2d). Signals
due to the presence of In5ds),, In5d3,, Sn5ds,,, and Sn5d;), are
observed at BEs of 444.94, 452.48, 486.91, and 495.29 eV,
respectively, with slightly higher binding energy than bare ITO
(Fig. 2e and f).”* Additionally, the intensity of O1s, In3d, and
Sn3d in ITO-BENZ was significantly reduced compared to the
films, due to the presence of other elements.

Chem. Sci., 2025, 16, 3560-3570 | 3563
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Fig. 2 High-resolution and deconvoluted XPS spectra of (a) Cls, (b) N1s (c) Ols, (d) S2p, (e) In3d, and (f) Sn3d of Film-1 that has been elec-
trochemically grown on —OH-terminated ITO substrates. The characteristic signals related to the specific binding energy are marked in each

spectrum.

Electrical characterization of ITO/BENZ/Al MJs

The two-terminal (2T) molecular junction structure and the side
view of the sandwiched device are shown schematically in
Fig. 3a. A detailed description of top contact deposition (Al,
50 nm thickness) is discussed in the ESI (Fig. S21a and b¥). We

g

(a)

considered ITO to be an important transparent conducting

oxide electrode and molecular layers deposited on it could be
suitable for optical, and optoelectronic studies. An Al top
contact is cheaper than the widely used Au electrode. Two-probe
electrical measurements of current vs. voltage characteristics (I-

V) were performed on the freshly fabricated molecular junctions
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Fig. 3 Fabrication of ITO/BENZ/Al MJs of varying thicknesses followed by /-V characterization. (a) Illustration of ITO/BENZ/Al molecular
junctions, and zoomed-in side view of an MJ. Comparison of (b) j—V plots, (c) logj-V, (d) d//dV vs. V, and (e) log (d//dV) vs. V plots of ITO/Film-1/Al
to ITO/Film-3/Al MJs; j is the current density in Amp cm™2.
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(ITO/Film-1/Al, ITO/Film-2/Al, and ITO/Film-3/Al) with the
measurement setup shown in Fig. S22.1 In a controlled exper-
iment, where junctions were fabricated without incorporating
molecular layers, ITO/Al behaves as an ohmic conductor with
a very high current density flowing in the circuit (Fig. S23a and
bt). A comparison of electrical response (j = current density in
mA cm?) in response to an applied bias range of +2 V was
made for all the molecular junctions (one-way, either 0 to +2 V
or 0 to —2 V) (Fig. 3b-e). The average j-V curves in the +2 V
window for ITO/Film-1/Al, ITO/Film-2/Al, and ITO/Film-3/Al are
shown in Fig. S24a-c.f The ITO/Film-1/Al M]Js, composed of
layers of 2-mercapto benzimidazole of around 10 nm, show
a high current at both bias polarity and a rectification ratio (RR)
of nearly 3, while ITO/Film-2/Al and ITO/Film-3/Al MJs show
nearly symmetrical current-voltage responses. The junctions
with thinner molecular layers most likely contain a strong
interface effect and relatively more m-conjugation, which might
cause the rectification.””””” Another interesting feature
observed here is the non-zero current at 0 V, suggesting the
charge-storage behavior of BENZ molecular layers (Fig. 3c). The
magnitude of the non-zero current at 0 V decreases with an
increase in layer thickness. The current density decreased with
an increase in layer thickness,which is characteristic of
tunneling molecular junctions.

A 1% derivative of current as a function of applied bias (d7/dV
vs. V) helps us to understand the origin of the conductance in
the devices. The ITO/Film-1/Al MJs show a sharp rise in
conductance at —0.8 V due to the matching of the frontier
molecular orbital of BENZ molecular layers and the Fermi
energy of ITO, while no such rise in conductance is observed for
thicker molecular films, such as ITO/Film-2/Al or ITO/Film-3/Al
M]Js (Fig. 3d and e).

Charge conduction in molecular junctions is contingent
upon various factors, such as energy offset (the energy gap
between the Fermi level of the electrode, Ey, and frontier
molecular orbitals (FMO)), coupling strength, and the forma-
tion of gap states.”®”® Depending on the position of the Ey of the
electrode, the nature of the electrode-molecule electronic
coupling and charge conduction mechanism can be altered.****
For the experimental investigation, Hall measurements, Mott-
Schottky analysis, and valence band XPS (VB-XPS) measure-
ments were performed on bare ITO and ITO/Film-3. Hall effect
studies demonstrate an increase in sheet resistance, and resis-
tivity, and a decrease in carrier mobility for BENZ molecular
films compared to bare ITO electrodes, confirming the attach-
ment of molecular layers (Fig. S25 and Table S8%).** The sheet
resistance is a good match to the resistance calculated from I-V
measurements in the bias window of +0.2 V (following Ohm's
law in this region). The lower mobility, bulk, and surface
concentration of charge carriers are observed in organic thin
films, attributed to the localized charge carriers in localized
molecular states.*** The negative sign of the Hall coefficient
signifies electrons to be the majority charge carriers in the
molecular films (see Table S8t). Mott-Schottky plots obtained
for bare ITO and ITO/Film-3 showed a positive slope at different
frequencies, which points towards the n-type nature of the ITO
and ITO/Film-3 system (Fig. S26a and bt).**®” The flat-band
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potential values obtained for bare ITO and ITO/Film-3 at 5
kHz, 1.5 kHz, 1 kHz, and 0.5 kHz using equations (i)-(iv) were
used to determine conduction band minima (Ecgy) (Fig. S26c,
d, Tables S9 and S107).%® The optical band gap combined with
the Ecgym was used to obtain the valence band upper edge or
valence band maximum value with reference to the vacuum
level. The VB-XPS for bare ITO matches reports in the litera-
ture.®* From the VB-XPS of bare ITO, the valence band
maximum is 2.55 eV away from the Fermi level of the ITO
electrode (Fig. S27atf). The VB-XPS for ITO/Film-3 displayed
valence band onset (Ex — Eypm) at 1.15 eV, which implies that
the valence band lower edge is 1.15 eV away from the Fermi level
of ITO/Film-3 and the conduction band lower edge is 0.67 eV
away from the Fermi level of ITO/Film-3. The VB-XPS data
exhibits the n-type nature of ITO/Film-3, as the Fermi energy
level is closer to the conduction band of Film-3 (Fig. S27b¥).
Considering the Er of ITO at —4.7 eV as per reports in the
literature, the conduction band corresponding to the LUMO
level of Film-3 is closer to the Fermi level of ITO and AL* A
plausible energy level diagram for the ITO/Film-3/Al MJs is
shown in Fig. S28.7 Hall measurements, Mott-Schottky plots,
and VBXPS data correlate well with each other. Therefore, the
LUMO of Film-3 is the dominant molecular orbital for charge
conduction in ITO/Film-3/Al M]Js. Carefully examining the
optical band gap values in the case of 2, 3, and 4 units of BENZ
layers obtained theoretically (6.45 eV), literature reports (4-5.2
eV),*** and the experimental value of 1.82 eV suggests that,
because of extended conjugation in multilayers of BENZ films,
the HOMO and LUMO orbitals come closer to each other and
the energy offset between the LUMO and the Fermi energy level
of the electrode is decreased. This could be a plausible reason
for the LUMO-controlled charge transport in ITO/BENZ/Al MJs.

The scan-rate-dependent I-V loop of the ITO/BENZ/Al junc-
tions was examined under ambient conditions in the bias ranges
of —1 to +1.5 V (Fig. S291). With the increase in the scan rate, the
enclosed area also continued to increase, suggesting an electro-
chemical capacitive contribution of the MJs (ITO/Film-1/Al MJs J-
V hysteresis Fig. 4a). The calculated capacitances were 53.4 +
13.5,32.1 + 7.48, and 26.8 + 5.14 uF cm 2 for ITO/Film-1/Al, ITO/
Film-2/Al, and ITO/Film-3/Al MJs, respectively, determined at
a scan rate of 500 mV s (Fig. 4b). The MJs exhibit classical
capacitance, as the capacitance of the junctions was found to
decrease with an increase in layer thickness, which acts here as
a separator between two electrical conductors. The stability of the
molecular junctions (ITO/Film-1/Al) was confirmed by running
3100 continuous j-V loops and it was reasonably stable with ~95
+ 2% of initial capacitance retained after 1200 cycles and
retention of ~82 £ 2% of initial capacitance after 3100 cycles
(Fig. 4c, and S30t). To understand the capacitance behavior of
the BENZ imidazole-based nanoscale MJs, electrical impedance
spectra (EIS) measurements were performed and the capacitance
was demonstrated to be highly frequency dependent, a behavior
that cannot be visualized from conventional direct current (DC)-
based electrical measurements.'® EIS studies were carried out on
the molecular junctions at 100 mV amplitude applied between
the bottom and top contacts. Such a high amplitude was chosen
to obtain a high signal-to-noise ratio (S/N); however, it does not
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Fig. 4 DC and AC-based electrical measurements demonstrate the capacitive nature of molecular junctions. (a) Scan-rate-dependent J-V
hysteresis in ITO/Film-1/Al MJs. (b) Bar plots with error bars for the variation in capacitance with the thickness of ITO/BENZ/Al MJs at 500 mV s,
(c) Capacitance retention in ITO/Film-1/Al MJs up to 1200 cycles. (d) Nyquist plot: Z” (imaginary part) as a function of the real part Z’ of the
complex impedance of parallel plate capacitor. (e and f) Bode plot of ITO/Film-1/Al MJs measured at VV = 0 DC voltage in the frequency range 10°

to 1 Hz, applying AC perturbation of 100 mV amplitude.

hamper the linear response. The Nyquist plot, where Z' and Z”
indicate the real and imaginary parts of the complex impedance
function, respectively, exhibits a steep line, which is typical
capacitive behavior (Fig. 4d). The EIS data of the reference ITO/Al
junction are provided in Fig. S31.1 Additionally, a straight line in
a low-frequency regime parallel to the imaginary y-axis confirms
the capacitive nature of the junction. The impedance at higher
frequency is related to R, (contact resistance), which appears
near the origin of the Nyquist plot, and the Bode plot shows
a phase angle of ~6° at 1 MHz (note that the reference value is 0°
for an ideal resistor). With decreasing frequency, capacitance
starts to develop at the interfaces due to polarization of the
molecular films. The capacitive reactance (X¢ = ;, where,
JwCPE
Jj=+/—1) increases with decreasing frequency. The Bode plot also
shows a maximum phase angle of ~—82° at 158.4 Hz (note that
the reference value is —90° for an ideal capacitor), which depicts
the highly capacitive nature of ITO/Film-1/Al MJs at 158.4 Hz
(Fig. 4e and f). At lower frequency, the capacitance reactance
increases, so the current passes through the resistor, and the
phase angle decreases (61° at 1 Hz).

An equivalent electrical circuit model comprising three
resistances in parallel to the capacitance was used to evaluate
the response of the MJs (Fig. S32, and Table S117}), where an
uncompensated resistance (R,) was considered in series to
comprise the contact and other parasitic contact contributions.
The three resistances in parallel with three capacitances corre-
spond to the ITO/BENZ interface, BENZ layer, and BENZ/Al

3566 | Chem. Sci, 2025, 16, 3560-3570

impedance, respectively. The capacitive reactance increases at
higher frequencies; thus, the MJs behave as a resistor at
frequencies over 10°> Hz, and the phase angle also decreases as
expected, in agreement with the equivalent circuit analysis. The
EIS plots for ITO/Film-2/Al and ITO/Film-3/Al MJs are shown in
Fig. S33.1 The frequency-dependent capacitive response for the
ITO/BENZ/Al MJs of different thicknesses is shown in Fig. S34.F
The EIS data also shows a decline in capacitance with an
increase in the thickness of the molecular film, a signature of
classical molecular capacitors. The percentage device yield of
fabricated M]Js via the electrochemical grafting method is given
in Table S12.1 A comparison of fabricated ITO/BENZ/Al M]Js to
literature reports in terms of device performance demonstrates
good capacitive features of ultrathin (10 nm) BENZ film. The
fabricated devices require no binder, utilized in most capacitor
devices, which makes ITO/BENZ/Al junctions light in weight.
The performance is on the lower side compared to graphene-
based micro-capacitors fabricated by sulfur heteroatom
doping of graphene, which requires a high temperature of 800 ©
C, and expensive methods like the laser light scribing technique
(Table $131).10°t

Classical vs. quantum capacitance: a molecular approach

At the mesoscopic/nanoscopic electronic scale, it is well known
that the circuit elements do not have the same physical inter-
pretation as in the case of classic electronics.®*®* The physical
principles for electronic circuit elements at the nanoscale

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 DFT optimized geometry along with the calculated dipole moment, molecular orbital (MO) pictures, and the computed electrostatic

potential maps for (a) 2, (b) 3, and (c) 4 units of benzimidazole.

depend on the electronic structure characteristics of nanoscale/
molecular elements. For instance, the electrochemical capaci-
tance C, is the series combination of spatial charge separation
(associated with classical electric dipoles) C. and electronic
structure occupancy Cq contributions.” In an electrolyte envi-
ronment nanoscale circuit, as is the case here, C. ~ C,, and the
equivalent capacitance C, can be governed by C, ~ e(dn/dV)
that, in turn, is dependent on the electronic structure that is
macroscopically accessible by macroscopic contacts, where dn/

[}
o

(a)
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dV is the electron occupancy n at given potential V. Notably, if
electron occupancy n, which is volume dependent, increases
with thickness, the capacitance can increase with thickness,
which is not possible considering the classical characteristics of
geometric C. capacitance. In this way, molecular layers con-
taining electronegative nitrogen and one sulfur-producing site
in its structure that are accessible by macroscopic contacts can
increase their capacitance if the number of molecular nitrogen-
sulfur sites is increased. In other words, these types of sites can
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Fig. 6 A plausible charge storage mechanism in BENZ molecular films is proposed based on the mesoscopic physics of molecular junctions
containing nitrogen—sulfur groups. (a) Schematic illustration of molecular layers in contact with two electrodes but in the absence of voltage; (b)
electrochemical dipole-moment-driven electric field, and the presence of an external voltage.
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be organized along with the size of the molecules and thus can
be a source of capacitance that depends on layer thickness. A
molecular occupancy of states, in the presence of an electrolyte,
can act as an electrochemical type of dipole,”® where the elec-
tron occupancy can be charge compensated by an ion in the free
electrolyte, forming a nanoscale electron-ion-pair dipole.

In the present work, it has been observed that ITO/BENZ/Al
MJs exhibit capacitive behavior. The emergence of capacitance
in these MJs can be attributed to the significant amount of elec-
trical dipole moment present in the heteroatom-containing
benzimidazole molecules, as supported by the DFT calcula-
tions. Density functional theory (DFT) calculations were carried
out at the B2PLYP level of theory®” and aug-cc-pVTZ basis set to
compute the dipole moments of 2, 3, and 4 units of optimized
geometry of the BENZ molecular layers (see ESI for detailst).”® The
DFT-computed dipole moments are 8.5 D, 13.5 D, and 16.9 D for
2, 3, and 4 units of BENZ molecular layers (Fig. 5a-c, and Table
S141). The observed increase in this type of electrical dipole
moment with the rise in the number of molecular oligomeric
layers could be the origin of the charge storage phenomenon in
the molecular junctions, which is consistent with other types of
high-magnitude capacitance observed in electrochemical envi-
ronments, such as those associated with double-layer and pseu-
docapacitive phenomena. One might expect an increase in ITO/
BENZ/Al MJs capacitance with an increase in the thickness of
BENZ oligomeric thin film if electrochemical grafting occurs in
a linear fashion. However, in our present study, the growth of
oligomer layers of benzimidazole formed via reactive radicals is
not fully linear, but rather is mixed with branched formation at
higher thickness. The thin-film UV-visible results also support
this argument. The BENZ layer acts as a dielectric medium and
with an increase in the thickness of the layer, the capacitance
value decreases, as in the case with classical capacitors.

The molecular layers have two subunits: (i) a less polarizable
benzene ring and (ii) a highly polarizable imidazole ring,
attached alternately in the E-Chem-grafted molecular thin
films. At zero applied bias, the directions of polarizable units
can be random and are averaged to produce a lower electrical
dipole moment. To store charge within a good electric screen
that is higher than the charge observed in pure macroscopic
solid-state situations, a polarizable electrochemical subunit
must have sufficient ability to contribute to the screening of the
electric field in response to the applied external electric field
coming from the macroscopic electrodes. In the presence of an
external electric field, the BENZ layers with built-in permanent
electrical dipole moments (due to the presence of heteroatoms)
resulted in electrochemical dipolar-like polarization, which in
turn contributed to the electric field screening and hence gave
rise to higher capacitance in BENZ layers.*>'* This is a plausible
mechanism that is predicted by the mesoscopic physics of these
MJs (Fig. 6).

Conclusions

Small-organic-molecule BENZ-based thin films display reason-
able areal capacitance compared to inorganic-oxide-based
nanometric dielectric films. To fabricate such molecular
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junctions, we employed an electrochemical grafting method to
grow the molecular layers on a custom-made patterned ITO,
producing a single chip of dimensions 15 mm x 15 mm, which
can yield 30 molecular junctions in a time period which is
highly advantageous for this method. The extent of polariz-
ability or dipole moment present in oligomeric films of
heteroatoms containing small organic molecules is a plausible
reason for the higher capacitance observed. An ultrathin
molecular film, according to classical physics or thickness-
dependent polarization (as per quantum capacitance at the
nanoscale) can give rise to higher capacitance. However, the
experimental results were found to be inconsistent with the
initial hypothesis of a rise in capacitance with increasing film
thickness at the nanoscale. Considering an organic molecule as
a single dipole, the orientation of dipoles is contingent upon the
manner of film growth and the thickness of the film, and hence
on the net electrical dipole moment of the films. The major
disadvantage of the electrochemical grafting method is random
and branched film growth. The branching in molecular film
growth can reduce the net dipole moment of the film and hence
the capacitance. Therefore, emphasis on molecular design to
achieve linear film growth could provide a great opportunity to
optimize thickness-dependent capacitance as well as the
formation of pin-hole-free compact thin films. The electro-
chemical grafting technique deployed in this work can furnish
ultrathin molecular films on versatile substrates, extending this
approach to flexible electronics. On-chip charge storage in
solid-state micro and nanoelectronics has always been chal-
lenging. The current study can inspire the development of
a variety of heteroatom-containing molecular electronic devices
for nanoelectronics applications, and open new avenues for
exploring organic thin-film on-chip charge storage devices.
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