Published on 05 December 2022. Downloaded on 1/17/2023 9:23:39 PM.

Nanoscale

M) Check for updates

Cite this: Nanoscale, 2023, 15, 171

Received 16th August 2022,
Accepted 2nd December 2022

DOI: 10.1039/d2nr04498f

™ COYAL SOCIETY
ap OF CHEMISTRY

Humidity sensors based on molecular rectifiers¥
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Ambient humidity plays a key role in the health and well-being of us and our surroundings, making it
necessary to carefully monitor and control it. To achieve this goal, several types of instruments based on
various materials and operating principles have been developed. Reducing the production costs for such
systems without affecting their sensitivity and reliability would allow for broader use and greater
efficiency. Organic materials are prime candidates for incorporation in humidity sensors given their extra-
ordinary chemical diversity, low cost, and ease of processing. Here, we designed, assembled and tested
humidity sensors based on molecular rectifiers that can electrically transduce the changes in the ambient
humidity to offer accurate quantitative information in the range of 0 to 70% relative humidity. Their oper-
ation relies on the changes occurring in the electric field experienced by the molecular layer upon
absorption of the polar water molecules, resulting in modifications in the height and shape of the tunnel-
ing barrier. The response is reversible and reproducible upon multiple cycles and, coupled with the simpli-
city of the device architecture and manufacturing, makes these nanoscale sensors attractive for incorpor-

rsc.li/nanoscale ation in various applications.

Introduction

Ambient humidity can vary greatly depending on the geo-
graphical location, the season and even the time of day.
Monitoring and controlling it is of utmost importance since it
affects the corrosion in buildings, vehicles and infrastructure,
the operation of industrial equipment, and the quality of the
products and goods."* Our well-being is also very much depen-
dent on the ambient humidity since both our health and
comfort are optimal in a narrow humidity window.
Uncontrolled environmental moisture can lead to a reduction
in shelf life and performance degradation in electronic devices
playing key roles in energy, communication, security, or
medical fields.>” Given its profound impact on multiple
sectors of our lives, the development of sensors for monitoring
environmental humidity is an active area of research. Various
types of equipment that can monitor humidity in both indus-
trial and household settings have been proposed. These instru-
ments operate on different principles and incorporate a wide
range of materials from electrolytes to porous ceramics, poly-
mers, or composites thereof.®” Commercially available humid-
ity-sensing technologies are diverse, ranging from units relying
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on monitoring capacitive, resistive, or thermal conductance
changes occurring in material properties upon interaction
with water vapor, to exploiting acoustic, optical or electro-
mechanical effects.*®° The versatility in chemical structure
offered by organic compounds allows for synthetic designs
that target specific interactions with water, and hence they
quickly became popular in the humidity sensing arena, along-
side active components in chemical and biological
sensors.'’™” Single-molecule-based sensors are particularly
attractive since they can be integrated into semiconductor array
chips to provide the much-sought electronics miniaturization.
Additionally, they are manufactured by low-cost, high-through-
put techniques and hence can be easily mass-produced and
deployed. One such molecular-scale device is the molecular rec-
tifier (diode), which was shown to efficiently transduce the
ambient moisture absorbed in a monolayer to an electrical
signal under special conditions.'® Analogous to the convention-
al diodes, the molecular rectifiers induce an asymmetry
between the current measured under forward and reverse bias
regimes, with the figure of merit being the rectification ratio R =
J(+W)[J(-V)|, where J is current density at the applied voltage V.
Toggling between low and high humidity environments resulted
in a reversible and consistent change in R,'® but so far, to the
best of our knowledge, no quantitative dependence of R versus
relative humidity (RH) has been reported. These demonstrations
represent important milestones since they offered proof of
concept that humidity sensing is possible in molecular diodes,
but the development of systems that can allow the generation of
a calibration curve with intermediate RH values is necessary to
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be able to accurately monitor and control the ambient humidity
using molecular diodes.

In this work, we designed, fabricated, and tested a nano-
scale humidity sensor based on a molecular rectifier that can
provide accurate quantitative information on RH in the range
of 0-70%. The molecular monolayer consists of a self-
assembled monolayer (SAM) and the water detection mecha-
nism relies on altering the dipolar field within the device
upon absorption of water molecules. The sensor operates at
low voltages (max 2 V), and subtle changes in ambient humid-
ity give rise to clear and reproducible changes in R. The
response is fully reversible upon multiple RH cycles and the
simple electrode/monolayer/electrode structure could enable
low-cost production and facile integration with other circuitry
elements to develop advanced applications.

Results and discussion

The molecular rectifier-based humidity sensor consists of an
(E)-1-([2,2"-bithiophen]-5-yl)-N-(3-(triethoxysilyl )propyl ) metha-

nimine (BT-TESP-MA) SAM sandwiched between a bottom
electrode consisting of a highly doped silicon substrate with a
thin naturally forming SiO, layer on its surface, and an eutectic
gallium indium (EGaln) top electrode. The soft nature of the
top electrode ensures a high yield (>90%) in the measurements
since it preserves the quality of the SAM layer and can be
efficiently used even below its freezing temperature (16 °C), as
proven by the successful testing of SAMs at temperatures as
low as —160 °C.">*° The SAM was deposited at the surface of
the silicon oxide layer from a solution in chloroform following
the procedures described in the Experimental section. The
triethoxysilyl head of the molecule bonds to the SiO, layer via
covalent Si-O bonds to spontaneously form a monolayer, while
the bithiophene tail group is a humidity-sensitive functional
moiety that facilitates interactions with water molecules.
Details on the synthesis and chemical characterization of the
SAM are provided in the Experimental section and ESIL.{ The
devices were characterized in a bespoke vacuum-sealed
chamber that was either purged with dry (channel 1 in Fig. 1)
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Fig. 1 Configuration of the setup used for testing molecular diodes as
humidity sensors. The delivery and control of the water vapours is
shown on the left and the device structure on the right.
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or water-saturated air (channel 2 in Fig. 1), while the RH was
constantly monitored with a NIST-traceable psychrometer. All
tests were performed at room temperature. The schematic con-
figuration of the testing setup, as well as the structure of the
SAM and the molecular rectifier, are included in Fig. 1. The
porous and rough nature of the surface of the Ga,O; oxide
layer that naturally forms on the surface of the EGaln contact
(Fig. 2a) results in an effective contact area of ~10~* of the geo-
metrical area, allowing water molecules introduced in the
measurement chamber to come into contact with the SAM
without disturbing the molecular junction.>'>* The SAM recti-
fies the current, with an R = 33 + 3 in dry air (see the black
curve in Fig. 2b, where the logarithm of the absolute current
density is plotted versus voltage). This rectification strength is
lower than that obtained in other SAM-based rectifiers since
these molecules have not been specifically designed and/or
optimized for efficient current rectification.”>**> What is
important, however, is that humidity has a notable effect on
the current-voltage (I-V) characteristics of these molecular
diodes, as can be seen in Fig. 2b: the reverse current is
reduced by a factor of 5, whereas the forward current increases
by about 50% in the samples measured under 70% RH (red
curve), compared to the benchmark obtained in dry air, yield-
ing a rectification ratio of R = 160 + 10. Since bare SiO, is
hygroscopic, we also tested if water surface condensation has
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Fig. 2 (a) Molecular rectifier device structure with BT-TESP-MA SAM
molecules sandwiched between the Si/SiO, and EGaln electrodes inter-
acting with water molecules. (b) The current density versus voltage
curves for the molecular humidity sensor based on the BT-TESP-MA
monolayer for low and high humidity. The substrate response (control)
is included for reference.
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an effect on the electrical properties of our substrates and
found that there is a negligible difference between the
measurements taken under 70% RH (blue) or dry air (orange)
in the absence of the SAM, confirming that the interactions
between BT-TESP-MA and the water molecules are solely
responsible for the changes in the electrical response of our
molecular rectifiers.>> While these instabilities are unwanted
in conventional circuits because they render them unreliable
and unpredictable, they can be harnessed to detect the RH
value if the response is reproducible and reversible. To bench-
mark the changes in electrical properties upon exposure to
water vapours, the rectification ratios of the molecular diodes
were measured as a function of the relative humidity (Fig. 3a,
black). We found that R depends linearly on RH (Pearson’s r =
0.99) from 0 to 70% RH, with an adjusted R* of 0.98, following
the expression R/R, = 5.2-RH + 0.91. Here the results have been
normalized with respect to the rectification ratio value
obtained in dry air. The properties were reproducible upon
repeated cycles of ascending RH (red points in Fig. 3a) and
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Fig. 3 (a) Dependence of the normalized R on RH for two ascending
cycles (1 and 2) and one descending cycle (3) upon a 5 min exposure
time for each point. The x-axis error is dominated by the accuracy of the
calibrated sensor, but it also considers any RH deviations measured
inside the chamber during the 10 min exposure. (b) The normalized R
when cycling between low and high RH using a rise time of 10 min and
fall time of 30 min. The y-axis error represents the standard deviation of
repeated measurements.
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have been completely restored upon cycling the humidity in
the reverse direction (blue points). The bare Si/SiO, substrates
with the EGaln top contact showed no rectifying behaviour
and the changes recorded in the same RH range were signifi-
cantly inferior to those exhibited by the SAM, and thus can be
ignored (grey points in Fig. 3a). This observation is important
since it also confirms that water electrolysis, if occurring, does
not contribute significantly to the effects observed here and
hence can be ignored in elucidating the mechanism for
humidity sensing. The reversibility of the response is also illus-
trated in Fig. 3b, where the samples were cycled between high
(70%) and low RH (labelled 0%) several times, resulting in a
consistent switching in R (black) and negligible switching due
to the substrate alone (light grey). For reference, we also
include the response of a SAM that consists of alkyl chains,
with no other functional groups, namely triethoxy(octyl)silane
(burgundy). The changes in R for this molecule are extremely
small (R/R, < 2, with Ry = 4.19 + 0.05), suggesting that the pres-
ence of the thiophene end-group is critical in the sensing
mechanism, as we will discuss later. When cycling between 0
and 70% RH, the total rise time was determined to be approxi-
mately 10 min with a fall time of 35 min as shown in Fig. S1.7
The mechanisms through which polar molecules, including
water, can be sensed by organic semiconductors (OSCs) have
been extensively discussed throughout the literature.'***3* For
organic thin-film transistors not dominated by contact effects,
for example, dipole-induced charge trapping at grain bound-
aries represents the major effect, while in short-channel length
devices, where the contacts become more relevant, the inter-
actions between analytes and the contacts dominate the
response.”® In these latter devices, injected charge carriers
accumulate close to the organic semiconductor/electrode inter-
face and induce an image charge in the metal electrode, which
results in the formation of interface dipoles. Upon absorption,
polar analytes alter (shield or enhance) the net interface
dipole, thus adjusting the Schottky barrier which, in turn,
directly affects charge injection.>*® The formation of the
interface dipoles was investigated by measuring the change in
the ionization potential. For example, the chemisorption of
NO, was found to induce a change in film ionization potential
up to 650 mV resulting from the band bending due to the
dipolar field it introduces.*® To elucidate if a similar phenom-
enon occurs in our molecular diodes in the presence of water
molecules, we measured the shifts in the work function of a
silicon substrate treated with BT-TESP-MA SAM versus RH uti-
lizing the Kelvin probe technique.***° The instrument was
placed inside the same chamber setup illustrated in Fig. 1 that
was used for the electrical characterization of the rectifiers. At
RH = 0% the BT-TESP-MA/SiO, work function shifted by A® =
—0.43 £ 0.03 eV with respect to the untreated substrate due to
the internal dipole of the SAM molecule (4say), which mod-
ifies the surface potential. The magnitude and direction of the
shift are dictated by the strength of the SAM intrinsic dipole
and its orientation with respect to the surface, with the SAM
density playing a crucial role.*'™** Remarkably, the work func-
tion of the SAM-modified silicon changed by roughly A® =
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Fig. 4 (a) Work function shift of SAM-modified Si/SiO, substrate as a
function of the surrounding RH. (b) Schematic of the effects contribut-
ing to the work function shift of the SAM-modified silicon due to the
shielding effects from the dipoles of the water molecules.

200 mV when adjusting the RH from 0 to 70% (Fig. 4a) and
depended linearly on the relative humidity, similar to the recti-
fication ratio (Fig. 3a). In contrast, the work function of the
silicon substrate exhibited a negligible change (A® ~ 10 mV)
over the same range. This finding suggests that the adsorption
of water molecules in our devices induces additional interface
dipoles around the contact-SAM interface due to the internal
dipole moment of the water molecule (fyacer = 1.86 D).** While
a detailed description of the mechanism responsible for water
sensing will not be attempted given the multiple processes
that could play a role, as well as possible interferences with
other species present in the atmosphere, which make it extre-
mely complex, in Fig. 4b we sketch the phenomena that could
lead to the measured shift in the net dipole moment in the
rectifier. Water molecules that penetrate the molecular rectifier
are likely to interact with the SAM molecules via noncovalent
bonds (hydrogen bonds or = interactions), disrupting inter-
molecular interactions within the monolayer and inducing
local fields that are superimposed on the applied voltage. As a
result, the net field experienced by the molecule changes
monotonically upon gradual absorption of the water mole-
cules, altering the height and shape of the tunneling barrier
and consequently the current magnitude. This effect results in
a steady change in R, similar to the case when the internal
dipole moment determined strictly by the molecular structure
of the SAM enhanced the rectification strength of the mole-
cular rectifiers.>>*® The formation of a thiophene-water
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complex is also possible, which has been shown to be stabil-
ized by C-H---O, O-H---S, and O-H---t interactions.*> Indeed,
other SAMs containing a thiophene rather than bithiophene
functional group in their structure responded to water vapours
in a similar manner (Fig. S2t). Nevertheless, the stability
across multiple cycles was reduced in this case, a subject that
is under study. To evaluate whether the molecular interactions
involving the imine bond present in our molecules contribute
to the observed device response, we further tested molecular
diodes based on (E)-1-phenyl-N-(3-(triethoxysilyl )propyl Jmetha-
nimine, a molecule containing the imine bond, but not the
thiophene functional group; results are shown in Fig. S3.1 It
can be observed that the rectification ratio is independent of
the relative humidity in this case, suggesting that the inter-
action with the imine does not contribute to the humidity
sensing mechanism.

Experimental
Device fabrication

We fabricated the molecular rectifiers on highly n-doped
silicon wafers (resistivity of 0.001-0.005 Q cm) with a thin
native oxide layer (~ 2 nm) that were cut into 1 x 1 cm sub-
strates. The wafers were cleaned by a 10-minute acetone bath
at 85 °C; rinsed with acetone, followed by isopropyl alcohol
(IPA); a 10 min IPA bath at 85 °C; rinsed with IPA then blown
dry with nitrogen; exposed to UV ozone for 10 min; then
thoroughly rinsed with deionized water and blown dry with
nitrogen. Self-assembly of the molecular monolayers occurred
inside a nitrogen glovebox (<0.1 ppm H,O, <0.1 ppm O,),
where the substrates were submerged using a glass jar contain-
ing 7 mM solution of the SAM in room-temperature chloro-
form for 16-24 hours. Afterwards, the substrates were
thoroughly rinsed with chloroform, then IPA, and were blown
dry with nitrogen. The electrical characterization was per-
formed immediately after fabrication.

Electrical characterization

Devices were characterized in a custom-made vacuum-sealed
chamber that was either purged with dry air or water-saturated
air as illustrated in Fig. 1. The RH of the camber was con-
stantly monitored using an Extech RH300 NIST-traceable psy-
chrometer (accuracy + 3%). The samples were maintained for a
minimum of 5 min at a given RH, which is a significantly
larger time interval than the time needed to adjust the RH
inside the chamber and for the calibrated sensor to respond.
The SAMs were electrically characterized in a metal/SAM/metal
sandwich configuration. A malleable top contact was formed
by dipping a 0.5 mm tungsten tip into eutectic gallium indium
(EGaln). The geometrical area of the EGaln area was estimated
to be 0.020 + 0.006 mm®. A rough Ga,Oj; layer forms on the
surface of the EGaln electrode allowing targeted analytes to
directly interact with the underlying SAM.**> An external poten-
tial was applied to the top EGaln electrode, while the silicon
substrates, acting as bottom contacts, were grounded. The
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molecular junctions were measured using an Agilent 4155C
semiconductor parameter analyser. The rectification ratio, R,
was calculated as the ratio between the current density J at a
forward bias (+V) and the current density at a reverse bias (-V).
The current density was obtained by dividing the measured
current by the geometrical area of the EGaln probe tip. The
rectification ratios for all SAMs were calculated at +2 V, while
for the untreated substrates we used +1 V as the current values
reached the compliance of our instrument at higher voltages.

Work function determination

The shift in the work function of the Si/SiO, substrate upon
self-assembly of BT-TESP-MA and as a function of RH were
analysed using a Trek model 325 electrostatic voltmeter config-
ured for Kelvin probe measurements. The Kelvin probe was
calibrated using highly-ordered pyrolytic graphite (HOPG) and
placed in the same environmental chamber that was used for
characterising the molecular rectifiers. The work function @,
of the untreated substrate, as well as of the treated substrate
was determined by the expression:

@ = —e(Vsam — Vaorc) + Puorc (1)

where e is the elementary charge, Vsay is the signal measured
on the blank or SAM-modified Si substrate, Viopg is the signal
from HOPG and ®Pyopg is the work function of HOPG (@yopg =
4.48 eV).*® Clean untreated substrates in dry air were used as a
reference for all the work function data. Negligible changes in
the measured work function of HOPG were found for the same
ranges of RH.

BT-TESP-MA synthesis

The aromatic-N-(3-(triethoxysilyl)propyl)methanimines used in
this study were gathered from the reactions of the appropriate
benzaldehydes  with  (3-aminopropyl)triethoxysilane  as
described previously with more details in the ESI{.”®*¢ All
methanimines used in this work were analysed by **C and 'H
nuclear magnetic resonance spectroscopy (NMR) and high-
resolution mass spectrometry (HRMS) which are included in
the ESI (Fig. S4-S9).1

Conclusions

In summary, we developed nanoscale humidity sensors based
on molecular diodes consisting of SAMs sandwiched between
silicon substrates and a EGaln contact. The detection relies on
the consistent and reproducible changes observed in the
current-voltage characteristics of these diodes upon inter-
action with water vapor: the current rectification exhibits a
linear dependence on the relative humidity for ranges of
0-70%, with a maximum relative change in the rectification
ratio of 5 recorded for high humidity environments. The
changes are completely reversible upon multiple cycles and
result from the modifications in the interface dipole environ-
ment upon the absorption of the polar water molecule, con-
firmed by the 0.2 eV shift measured in the work function,
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which alter the height and shape of the tunneling barrier. Our
results highlight a novel practical application for molecular
rectifiers as highly sensitive humidity sensors. Further tuning
of the molecular structure could allow the detection of other
analytes in the future which, coupled with the low fabrication
cost and integrability with current silicon technologies, could
lead to new paradigms for sensing technologies.
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