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Hybrid van der Waals heterostructures made of 2D materials and organic molecules exploit the high
sensitivity of 2D materials to all interfacial modifications and the inherent versatility of the organic
compounds. In this study, we are interested in the quinoidal zwitterion/MoS, hybrid system in which
organic crystals are grown by epitaxy on the MoS, surface and reorganize in another polymorph after
thermal annealing. By means of field-effect transistor measurements recorded in situ all along the
process, atomic force microscopy and density functional theory calculations we demonstrate that the
charge transfer between quinoidal zwitterions and MoS, strongly depends on the conformation of the
molecular film. Remarkably, both the field effect mobility and the current modulation depth of the
transistors remain unchanged which opens up promising prospects for efficient devices based on this
hybrid system. We also show that MoS, transistors enable fast and accurate detection of structural
modifications that occur during phases transitions of the organic layer. This work highlights that MoS;
transistors are remarkable tools for on-chip detection of molecular events occurring at the nanoscale,
which paves the way for the investigation of other dynamical systems.

Introduction

Two dimensional (2D) transition metal dichalcogenides
(TMDC) are considered promising materials for nanoelectronic
applications due to their mechanical properties to meet flexible
requirements, scalability in terms of thickness to take advan-
tage of their unique optical properties such as direct band gap
inducing high efficiency luminescence, their high specific
surface area and high chemical sensitivity for compact and
efficient sensors."” Many effects, induced by the adsorption of
organic molecules on top of field effect transistor (FET) based
on 2D materials have recently been demonstrated. Among the
most striking effects, benzyl viologen adsorption or pyrimidine
reduces the contact resistance that often limits the performance
of TMDC-based devices.* Thiol functionalized molecules can
repair defects such as sulphur vacancies hosted in MoS, while
inducing either n- or p-type doping.'® Comparative studies with
different molecules have shown that a wide range of doping can
be induced by the creation of organic/2D materials hybrid
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heterostructures. Either n- or p-type doping and even quasi-
metallic states can be achieved.'*** Among organic molecules,
quinoidal zwitterions (QZ) are particularly interesting because
they can act as efficient dopants and their epitaxial growth on
van der Waals materials in the sub-monolayer regime has been
reported.*** In addition, QZs are simple chemical building
blocks that can be very widely modified by molecular engi-
neering to tune optical properties, size, supramolecular inter-
actions, electrostatic or magnetic properties in their
coordination complexes.**™**

In this work, we will show that on crystalline MoS, surfaces,
QZs crystallize following epitaxy-guided growth. This type of
growth guarantees good interface quality allowing, in partic-
ular, efficient charge transfers. The resulting layer, formed of
microcrystals, induces n-type doping of MoS,. Subsequent
thermal annealing realized on grown QZ layer lead to new
molecular conformations accompanied by strong modifications
of the current flowing in the transistors. Based on the analysis
of FET characteristics, atomic force microscopy (AFM) and
density functional theory (DFT) calculations, our study reveals
that the charge transfers that occur at the organic/MoS, inter-
face are highly dependent on the molecular conformation. Such
results show the usefulness of MoS,-based sensors to probe
events occurring at the nanoscale, such as molecular growth
and conformational changes.
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Results and discussion

Fig. 1a shows a schematic representation of the studied hybrid
materials. The growth starts with the evaporation of a powder of
QZ-C4, which is a quinoidal zwitterion with n-butyl substituents
(R = C4Hy) shown in Fig. 1b. The organic crystal epitaxial
growth is realized by condensation of the QZ-C, vapour on top
of MoS, transistors. Fig. 1b presents the band diagram align-
ment of MoS, and QZ-C,, indicating that an electron transfer
from the QZ-C, toward the MoS, is expected.*"** This transfer is
confirmed by ab initio calculations (see ESIf). Fig. 1c shows
typical optical micrographs of both the MoS, transistors (the
fabrication process is detailed in the experimental method part)
and the QZ-C, powder which is composed of micrometric
crystals exhibiting a flat geometry. In powder form, the QZ-C,
molecules, which hosts a strong permanent electrostatic dipole,
crystallizes as head-to-tail dimers via intermolecular hydrogen
bonding interaction.**

The evaporator of molecules used in this work consists in
a glass tube that can be pumped under a high vacuum of 10’
mbar (Fig. 1d). This tube is embedded is a tubular oven used to
heat both the molecules initially placed in a copper crucible on
the left side and the tube walls to avoid molecular adsorption.
The molecular flow is directed toward the edges of the oven
where the MoS, transistor is placed (at a distance of 7 cm away
from the edge of the oven) and maintained at room tempera-
ture. The MoS, transistor is mounted on a homemade sample
holder equipped with a heating resistor and a Pt100 tempera-
ture sensor. The sample can thus be heated independently,
allowing thermal annealing processes both before and after the
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adsorption of molecules. The transistor is connected to source
measure units (SMU in Fig. 1d) using electrical feedthroughs,
allowing in situ electrical measurements.

Before molecule evaporation, the MoS, transistor is ther-
mally annealed in situ at 120 °C for 1 hour. This temperature is
the optimal trade-off to improve both the sample performance
and its surface cleanliness while avoiding the desulfurization of
MoS, which can induce a metallic transition and strongly
modify the transistor behaviour. During this first step, the
drain-source current unambiguously increases. This well-
known effect is mainly due to the desorption of O,/H,O and
the improvement of the metal-MoS, contact interface.*® Thus,
after this important preliminary step, the MoS, surface is left as
clean as possible to promote the formation of molecular layers
of optimal interfacial quality (see ESIf).

After this preparation step, the QZ-C, powder is heated up to
its sublimation temperature (Ts = 130 °C) and the deposition of
the QZ-C, molecules occurs on the MoS,, which is maintained at
room temperature. The QZ-C, deposition is carried out in two
steps and is monitored iz situ by measuring drain-source current
of the MoS, device, while a drain-source voltage (Vps = 1 V) and
zero gate voltage (Vgs = 0 V) are applied to the transistors
terminals as shown in Fig. 2. The first step lasts 3500 s [0-3500 s].
At 3500 s, the oven is opened for 300 s to visually check the
sample appearance and to record a transfer characteristic while
the condensation of QZ-C, is interrupted. Then a second evap-
oration step is carried out until a visible molecular layer forms on
the surface of the sample [3800-6000 s]. Far from being monot-
onous, the evolution of the current throughout the whole process
presents many variations including both increases and decreases

MoS,
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Fig. 1

the oven edge

(a) Scheme of the studied hybrid materials, where organic crystals of QZ-C,4 grow by epitaxy on MoS,. (b) Band diagram of MoS, (left)**

and QZ-C, (right) determined by cyclic voltammetry measurements.** An increase of the MoS, electron density is expected in the hybrid
materials through charge transfer from the QZ-C,. (c) Optical images of the MoS; transistors (left) and of the QZ-C,4 powder (right). (d) Scheme
of the molecular doping reactor. The colour in the tube illustrates the temperature distribution during the QZ-C,4 evaporation: 130 °C inside the
oven (red) and about room temperature in the right side of the tube that stands out of the oven (light blue). The studied transistors are positioned
at 7 cm from the oven edge. The electrical measurements are performed using two source measure units (SMU).
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Fig.2 Evolution of the drain-source current ratio I (hybrid)//p (pristine) as a function of time during 1/evaporation—condensation of the QZ-C4
and 2/post-deposition thermal annealing of sample 1 (blue triangle symbols) and sample 2 (green diamond symbols) as labelled on the graph. Vps
=1V, Vgs =0V, Ip (pristine) is 1 pA for sample 1 and 0.2 pA for sample 2. The MoS, thicknesses are two layers for sample 1 and five layers for
sample 2. The blue-red-blue background illustrates the transistor sample temperature evolution during the deposition/post-annealing process.
Light blue corresponds to room temperature and full red corresponds to 110 °C. The black star indicates the time when the oven was opened to
visually check the appearance of the sample and to record a transfer characteristic. The red star indicates the time when the post annealing

temperature is 70 °C.

(Fig. 2). The drain source current evolution of the two samples
shown in Fig. 2 are rather comparable as they share most of the
current variations. Similar trends are observed on all the inves-
tigated samples whatever the MoS, thickness. The growth of the
thick molecular layer is always accompanied by an obvious
increase of the drain source current and subtler variations that
will be discussed later. The reproducibility of the experiment has
also been checked with two other identical samples based on four
layers thick MoS,.

In a third step, still followed in situ, the molecular flow is
interrupted by switching off the oven heater and we carried out
a post-deposition thermal annealing of the device up to 110 °C.
The annealing temperature is set 20 °C below the evaporation
temperature of the QZ-C, in order to avoid any degradation of
the molecules. When the temperature reaches 70 °C we observe
by naked eye the appearance of interference fringes on the
sample surface accompanied by an increase in chamber pres-
sure (see ESIt). These effects indicate a decrease in the thick-
ness of the molecular layer and its partial evaporation. This
evolution continues up to a temperature of 110 °C at which the
sample regains its initial appearance. The evolution of the
current is, once again, complex and will be discussed later. We
should note that the current increases significantly again
during this step. Overall and considering the whole deposition/
post-annealing process, the current increased by a factor 3-4 for
both samples (Fig. 2).

To analyse the morphology of the molecular layers, we per-
formed AFM imaging ex situ at room temperature after the

© 2023 The Author(s). Published by the Royal Society of Chemistry

deposition process (Fig. 3a) and after the post-annealing step
(Fig. 3d and e). The deposition process leads to the formation of
a thick layer of QZ-C, microcrystals exhibiting an elongated and
flattened shape. Six preferred growth directions are observed,
split into three chiral pairs with 60° periodicity, and 23.5° + 0.8°
split between the chiral pair directions. The growth directions
clearly indicate epitaxy of the QZ crystals on MoS, as the motif
follows the trigonal symmetry of the substrate (Fig. 3c). This
type of growth guarantees high interface quality allowing, in
particular, efficient charge transfers as discussed in the
following. To get into detail, we carefully analysed the geometry
of organic layer. Fig. 3b presents a topographic profile taken on
the Fig. 3a. We extracted an average thickness of about 70 nm.
Considering the AFM image, it appears that the variations
around this average value are due to the inclination of the
microcrystals with respect to the surface (see ESIf). We thus
determined the geometry of the crystal by performing a statis-
tical analysis leading to an average set of dimensions (length =
1.5 + 0.1 pm, width = 60 &+ 10 nm and thickness = 20 &+ 5 nm).
After the post-annealing at 110 °C, most of the molecules from
the microcrystals have re-evaporated from the MoS, surface
leaving a thin compact layer of round aggregates with an
average thickness of about 3 nm (Fig. 3d-f).

To investigate the effect of the molecular morphologies on
the behaviour of MoS, transistors, the transfer characteristics
were recorded and compared to those of bare pristine MoS,. In
Fig. 4a and b, we present the transfer characteristics of the
sample 1 (two layers of MoS,) recorded at Vg = 1 V: (1) after the

Nanoscale Adv, 2023, 5, 1681-1690 | 1683
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Fig. 3 (a) AFM topography image of the condensed phase. (b) Extracted
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carried out by cropping a binary mask from the crystallites selectively only on the MoS, flake. The orange circle is 20 pm~! in diameter. The
procedure used to perform the FFT has been described.*® We carefully checked that the flake edges play a negligible role in the observed FFT
pattern (d) AFM topography image of the post-annealed phase. (e) High-resolution AFM topography image of the post-annealed phase. (f)

Extracted height profile from (e) (red line).

initial in situ thermal annealing, (2) after the first QZ-C, depo-
sition (which corresponds to 3500 s in Fig. 2), (3) after a second
QZ-C, deposition (which corresponds to 6000 s in Fig. 2), and
(4) after the post-deposition thermal annealing. Apart from
a shift of the threshold voltage that increases in absolute value
at each stage, most features of transfer characteristics are
preserved. The Ion/Iorr ratio remains large, about six orders of
magnitude. The sub-threshold slope is not affected by the
presence of the organic layers which indicates that the current
flows only through the MoS, channel of the transistor.

By analysing these FET measurements, we calculated the
field effect mobility and the carriers density (see Methods). We

a T T T T T T T -

1.0x10° After pre-annealing 7

— After 3500 s of evaporation
8.0x10° - - After 6000s of evaporation
' After post-annealing

6.0x10° -
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Vs (V)

Fig. 4

find that the field effect mobility remains almost unchanged at
the value of u = 10 = 1 em?® V! s7'. The carriers densities
calculation is based on the determination of the threshold
voltage which shifts toward negative values, indicating electron
transfer from the molecules toward the MoS,. We obtain, with
respect to the pristine MoS, transistor AV, = —3.85V (An =2.8
x 10" em™?) after the first deposition, AVy, = —18.4V (An= 1.3
x 10" ecm™?) after the second deposition and AV, = —33.3 V
(An = 2.4 x 10" em?) after the post-deposition annealing.
To understand these induced doping levels, we performed
DFT calculations in order to determine molecular states posi-
tions with respect to the MoS, band structure, binding energy of

Iy (A)

/

T
-60

|
T |‘ T
-20 0 20 40

Vs V)

T T |
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(a) Transfer characteristic recorded at Vps = 1 V of the device annealed in situ (black), after the first molecular deposition (red), after the

second molecular deposition (green) and after the post-annealing (blue). Both gate voltage sweep directions are plotted, which shows negligible

hysteresis. (b) Same transfer characteristics presented in semi-log scale.
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the QZ-C, molecules to the MoS, surface (see ESIt) and charge
transfer between the molecules and MoS,. We considered two
cases in the simulation: the case of a single QZ-C, molecule
deposited on MoS, surface and the case of two molecules in the
head-to-tail configuration. We found that a single molecule
transfers 0.0183 electron to the surface. In the case of two
molecules in head-to-tail configuration, the transferred charge
is 0.00786 electron. Considering a compact layer of dimers
formed by two molecules in head-to-tail configuration, and the
0.00786 electron transferred by dimers, we get an induced
electron density of about 10> cm ™2 into the MoS, in agreement
with the experimental results.

In Fig. 5, we present the experimental data on (a) induced
doping and (b) the field-effect mobilities of six samples with
different MoS, thicknesses 1L, 2L, 4L, 4L, 5L and 8L as a func-
tion of the post-deposition annealing temperature. The thick-
ness nL corresponds to the number of # monolayers in the MoS,
flake used to fabricate the device. The values of induced doping
and mobilities at T = 25 °C (RT) correspond to the as-deposited
phase (not annealed). These devices had field-effect mobilities
in the range of 0.3-35 cm® V"' s !, which is in a good agreement
with the data reported for exfoliated MoS, on SiO, substrates.*’
All these devices behave the same way under the effect of QZ-C,
adsorption, crystallisation, and thermally-induced changes in
the molecular film conformation. The mobility remains
unchanged for most samples, and even increases by two for two
samples (Fig. 5b). These results unambiguously show that the
molecular layers, either as-deposited or annealed, can dope the
MoS, layer without degrading the field effect mobility. In
Fig. 5a, we show that the induced doping increases when the
number of layers decreases. These results show that the thinner
the MoS,, the more sensitive is the transistor.

In order to interpret the multiple changes observed, we now
examine in more details the evolution of the drain source
current as a function of time presented in Fig. 2. Given the
reproducibility of these variations, it seems reasonable to infer
that they are correlated with key stages of QZ-C, crystal growth.
Thus, in order to image the different stages of the growth of
organic crystals, we performed a deposition of QZ-C, on MoS,

o = N W b

12 -2
nhybrid'npristine(lo cm )
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flakes placed at several distances from the edge of the oven.
Given the condensation of the molecules on the samples and on
the cold walls of the tube, the molecular flux decreases with this
distance. This allows obtaining different QZ-C, concentrations
on different flakes of MoS, in a single experiment. The different
QZ-C, phases obtained by this way are then imaged by AFM
(Fig. 6). The measurement of the temperature at the different
positions of the tube outside the oven showed that the
temperature was constant and equal to room temperature above
6.5 cm with less than 2 °C variations (see ESIT). Thus, the QZ-C,
concentration is the only varying parameter for the QZ-C,
phases corresponding to images of Fig. 6a-h. In the early
deposition stages (low QZ-C, concentration, Fig. 6a-c), the
deposit is essentially composed of round nanoparticles and few
larger islands of variable shapes. As the QZ-C, concentration
increases, the QZ-C, islands coalesce and get larger and larger.
Such a liquid-like behaviour reflects a certain disorder of the
organic layer structure. These growing stages match the drop in
the drain-source current of the MoS, transistors observed
around 2000 s of deposition (Fig. 2). Transfer characteristics
recorded around the same deposition time exhibit a reduced
slope in the transistor's ON-state signalling a reduction of the
field effect mobility (see ESIf). We thus observe a strong
correlation between the presence of the disordered organic
phase and the reduction of the field effect mobility that would
explain the current drop observed around 2000 s of deposition.
In Fig. 6d-h, QZ-C, needle-like crystallites begin to form in the
largest islands indicating that crystallization needs a critical
concentration to be initiated. Then, the number of crystallites
increases with the QZ-C, concentration (and thus with the
deposition duration) until the entire surface is covered (Fig. 6h).
The structure of the organic layer tends towards an increasing
order until forming the well-ordered epitaxial structure pre-
sented in Fig. 3a. These growth stages are correlated with an
increase of the current. The transfer characteristic also presents
obvious changes: an increase of the slope in the ON-state of the
transistor and a shift of the threshold voltage indicating
respectively an increase of the field effect mobility and an
increase of the electron density. The field effect mobility

“hybrid/upristine

O = N W b

Fig. 5 Annealing temperature dependence of the induced doping (a) and the field effect mobility (b) measured on six samples of MoS,

thicknesses 1L, 2L, 4L, 4L, 5L and 8L.
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(a—h) AFM images of the organic phases located at different distances from the edge of the oven (see Fig. 1d scheme). Vapour

concentration is increasing from (a)—(h). All the transport measurements shown in other figures have been performed with sample positioned at
7 cm (h). Scale bars are 2 um for every image and height scale are in nm.

evolution is correlated with the progressive organization of the
organic layer while the increase of the electron density origi-
nates from electron transfer from the QZ-C, crystals toward the
MoS,.

During the acquisitions shown in Fig. 2, after 3500 s of
deposition, the oven has been opened for a few minutes,
inducing a short interruption of the QZ-C, deposition necessary
to visually check the sample appearance and to record a transfer
characteristic with an interrupted molecular flow. As the flow
resumes, the current initially decreases slightly over 1000 s and
then increases largely up to a factor of 2.5 compared to the
pristine sample. Such evolution could not be attributed to the
interruption of molecular flow since uninterrupted experiments
exhibit similar evolution (see ESIt). An interpretation, which
could explain this evolution, is that a molecular layer presenting
a good organization is reached at 3500 s and that the addition of
molecules on top of this layer could be accompanied by
a molecular reorganization that tends to induce disorder at the
beginning and to evolve towards an orderly phase afterwards.
Using the same arguments as before, the current decrease and
increase indicate a further degradation and recovery of field
effect mobility correlated with the degree of disorder of the
organic phase.

During the post-deposition annealing phase, a similar
evolution of the current is observed. It first decreases until the
sample temperature reaches 70 °C and then increases again
significantly. Below 70 °C, the sample appearance does not
change, indicating that the QZ-C, quantity remains constant on
the sample. The MoS, carriers density is thus not expected to be
modified. On the contrary, it is highly probable that the
molecular phase becomes disordered under the effect of
thermal agitation. Based on this assumption, the drop in drain-
source current is again most likely due to a field effect mobility
degradation. At 70 °C, interference fringes visible by the naked
eye appear on the surface of the sample indicating a reduction

1686 | Nanoscale Adv, 2023, 5, 1681-1690

in the thickness of the organic layer, which is due to the re-
evaporation of QZ-C,. The morphology of the organic layer is
then profoundly modified as the microcrystals disappear
leaving an inhomogeneous layer. During these modifications of
the organic layer, the transfer characteristics of transistors
become unstable with the appearance of a large hysteresis (see
ESIt). When the annealing temperature is increased beyond
70 °C, we observe that both the morphological inhomogeneity
of the organic layer and the instabilities of the electrical
response of the transistors are progressively reduced. The
annealing temperature at 110 °C is the best trade-off allowing
an optimization of the structure of the organic layer from which
derives optimal electrical properties including in particular
a field effect mobility comparable to that of pristine MoS, and
a strong n-type doping (Fig. 5).

To explain the conformational change of the organic layer
induced by a post-annealing at 110 °C, namely the formation of
the flattened round aggregates, we first notice that such aggre-
gates are observed in the early stage deposition then they
disappear in favour of microcrystals when the QZ-C, concen-
tration exceeds a certain critical concentration (Fig. 6a-d). We
thus compared the volume of the organic layer after the post-
deposition annealing to the volume occupied by the mole-
cules at different stages of the growth. It appears that the
volume of molecules is lower in the annealed phase than in the
transient phase where the first elongated crystals appear
(Fig. 6d). Given that the molecular concentration is lower than
the critical concentration mentioned above, QZ-C, form
spherical aggregates, which is the stable conformation at these
low molecular concentrations. No specific organization of the
aggregates was observed on the surface. Presumably, the high
polydispersity in size of the aggregates does not allow for a good
epitaxy with the MoS, surface to be maintained (see ESIY). It is
important to note that the post-annealing is a top-down process
which allows the formation of dense layer of aggregates that we

© 2023 The Author(s). Published by the Royal Society of Chemistry
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never got by our bottom-up approach. Indeed, during the QZ-C,
deposition the microcrystals appear before the completion of
a molecular layer. In the as-deposited layer the very anisotropic
geometry of the microcrystals limits the surface of the mole-
cules in contact with the MoS, because of steric hindrance. On
the contrary, and this is presumably the reason why the induced
doping is the highest, the organic layer obtained after the post-
deposition annealing exhibits a high surface density, which
makes it possible to have a large effective surface of the QZ-C,/
MoS, interface.

Finally, combining studies of the organic layer morphologies
with quantitative measurements of the doping and the field
effect mobility provide a comprehensive interpretation of the
drain-source current evolution during the entire process.

Conclusions

In summary, we have investigated the electrical response of
MoS,-FET during the growth of quinoidal zwitterion crystals on
the MoS, surface and during subsequently carried out thermal
annealing. We have shown that the charge transfers occurring
at the QZ-C,/MoS, interface are strongly dependent on the
molecular film conformation. Interestingly, the MoS, FET
retain all the other performance indicators such as field effect
mobility and current modulation depth. These results highlight
the compatibility of QZs with MoS, and open interesting
perspectives for future devices insofar as QZs can be widely
modified by chemical engineering to induce specific functions
required in applications such as optoelectronics or sensors. We
also showed that MoS, transistors could dynamically detect
molecular organisation changes that occur during the growth of
organic crystals and conformational changes induced by
thermal annealing. This result highlights the relevance of MoS,
transistors for on-chip detection of molecular events occurring
at the nanoscale, which paves the way for the investigation of
other dynamical systems.

Methods

MoS, transistor fabrication

MoS, flakes are obtained by micromechanical cleavage of
a MoS, crystal (HQ graphene) using scotch tape (Nitto) and
PDMS slabs (Gel-Pak). The flakes are transferred onto 90 nm or
300 nm thick dry-oxidized SiO, layers grown on a heavily doped
p-type Si substrate. Flakes are selected by optical microscopy
and their thicknesses are determined by optical contrast. They
are then patterned in a rectangular shape by e-beam lithography
(Pioneer Raith) and reactive ion etching in SFe gas (Plassys).
Finally, the electrodes (Cr/Au) on top of the MoS, flakes and the
contact pads are patterned by e-beam lithography followed by
metal evaporation and lift-off.

Quinoidal zwitterion synthesis

The compound QZ-C, was synthesized in two steps from
commercial 4,6-diaminoresorcinol dihydrochloride following
a reported procedure.** After a transamination reaction in

© 2023 The Author(s). Published by the Royal Society of Chemistry
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presence of excess n-butylamine, a straightforward purification
by precipitation afforded QZ-C, in high yield as an orange-pink
powder.

Doping reactor

Organic films were grown using a doping reactor made with
a glass tube, which can be pumped under a high vacuum (1077
mbar) and a tube oven to heat the molecules and the tube walls.
The oven can be opened at any time without breaking the
vacuum in the tube, which allows both to inspect the sample
and to cool the tube more quickly in order to interrupt the flow
of molecules. Electrical connections to the sample holder allow
in situ electrical measurements and independent heating of the
sample. Sample preparation (pre-annealing), organic layer
growth and post-annealing were carried out under high vacuum
(base pressure of 107 mbar). The electrical powers applied to
the heating sample holder have been calibrated to maintain the
annealing temperatures constant without regulation thanks to
the thermal losses of the setup.

Electrical measurements

Electrical measurements were carried out in situ using an Agi-
lent 1500a SourceMeter. Voltage sources were used to apply Vps
voltage between source and drain electrodes and Vg voltage
between gate and source electrodes. I, drain current and I; gate
current were measured. Transfer curves were acquired with
AVgs = 0.5 V voltage steps and time step of 200 ms. All these
measurements were repeated several times to ensure their
reproducibility.

FET measurements analysis

We calculated the field effect mobility at the voltage threshold
(Vin, extracted by finding the interception of the tangential line
of the linear region of the transfer characteristic and the X-axis)
using eqn (1):*

L dip

=—- D 1
K= W Vs dVas @)

where I, is the drain-source current, L and W are the MoS,
channel length and width, C, is the dielectric capacity, Vgs is
the backgate voltage and Vpg is the drain-source voltage. The
fact that the sub-threshold slope is not affected by the presence
of the organic layers indicates that the current flows only
through the MoS, channel of the transistor. The carriers
concentrations in MoS, are quantitatively determined for each
curve with respect to the pristine sample using eqn (2):

_ COXA Vth
q

An (2)
where An is the carrier concentration variation, AVy, is
threshold voltage shift with respect to the threshold voltage of
pristine sample (after the initial annealing). C,y is the dielectric
capacity and q is the electron charge.
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Atomic force microscopy

AFM images were recorded using a XE-100 (Park Systems)
equipped with a 100 x 100 x 12 um scanner in tapping mode at
room temperature. Silicon probes HQ:NSC15/AL BS, Mikro-
masch with curvature radius of about 8 nm (supplier specifi-
cations). The AFM images were analyzed using the Gwyddion
software.”

Computational details

We simulated the QZ molecules adsorbed on MoS, using 8 x 8
x 1 supercell. The total energy and the atomic position were
obtained using DFT with PBE-sol functional*® plus van der
Waals corrections.*” We used a cutoff of 90 Ry for the wave
function, a gamma point sampling for the k-points, and
a distance of 41 (a.u.) in the z-direction in order to reduce the
interaction between the replica. We verified that increasing the
sampling of the Brillouin zone to 2 x 2 x 1 does not change the
structural properties. Calculations were performed using
Quantum-Espresso (QE) code.* The atomic positions were then
optimized using the conjugate gradient algorithm implemented
in QE code. Charge transfer between the molecule and the
surface is calculated using the Bader approach.*
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