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MoS; Defect Healing for High-Performance Chemical Sensing of Poly-
cyclic Aromatic Hydrocarbons

Fernando J. Urbanosj, Sara Gullace}, and Paolo Samori*

University of Strasbourg CNRS, ISIS UMR 7006, 8 Allée Gaspard Monge, Strasbourg, F-67000, France

ABSTRACT: The increasing population and industrial development are responsible for the environmental pollution. Among
toxic chemicals, polycyclic aromatic hydrocarbons (PAHs) are highly carcinogenic contaminants resulting from the incom-
plete combustion of organic materials. Two-dimensional materials, such as transition metal dichalcogenides (TMDCs), are
ideal sensory scaffolds, combining high surface-to-volume ratio with physical and chemical properties that are strongly sus-
ceptible to environmental changes. TMDCs can be integrated in field-effect transistors (FETs), which can operate as high-
performance chemical detectors of (non-)covalent interaction with small molecules. Here, we have developed MoSz-based
FETs as platforms for PAHs sensing, relying on the affinity of the planar polyaromatic molecules for the basal plane of MoS:
and the structural defects in its lattice. X-ray photoelectron spectroscopy analysis, photoluminescence measurements and
transfer characteristics showed a notable reduction in the defectiveness of MoS: and a p-type doping upon exposure to PAHs
solutions, with a magnitude determined by the correlation between the ionization energies (Ei) of the PAH and that of MoSa.
Naphthalene, endowed with the higher E; among the studied PAHs, exhibited the highest output. We observed a log-log cor-
relation between MoS: doping and naphthalene concentration in water in a wide range (10-2-10-¢ M), as well as a reversible
response to the analyte. Naphthalene concentrations as low as 0.128 ppb were detected, being below the limits imposed by
health regulations for drinking water. Furthermore, our MoS; devices can reversibly detect vapors of naphthalene both with
an electrical and optical readout, confirming that our architecture could operate as a dual sensing platform.

KEYWORDS: transition metal dichalcogenides, MoSz, polycyclic aromatic hydrocarbons, field-effect transistors, defect heal-

ing, doping, sensing.

The contamination of soil, water sources and air, resulting
from the rapid industrial development and the growing
world population, has become a major worldwide concern.!
4Fast and precise sensors for air and water quality monitor-
ing are required for tracking the activity of power plants, oil
and gas industries, with a specific focus on their impact on
nature. This monitoring can take place via the identification
and quantification of trace concentrations of toxic heavy el-
ements and molecular contaminants.> Among all the possi-
ble pollutants, polycyclic aromatic hydrocarbons (PAHs)
have been identified by the United States Environmental
Protection Agency (EPA) as a potential cause of serious
health problems, such as red blood cell damage leading to
anemia, suppressed immune system, developmental and re-
productive effects, and cancer.¢® Because of this reason,
their maximum concentration in drinking water has been
setto 0.2 ppb. Similarly, the European Parliament and Coun-
cil included PAHs, and especially naphthalene, in the list of
the priority substances that pose a significant risk to or via
the aquatic and air environments. Since PAHs usually origi-
nate from emissions from coal-, oil-, and wood-burning
stoves, furnaces in incinerators and asphalt processing,
their permissible air exposure level in the workplace has
been limited to 0.2 mg/m?3 by the Occupational Safety and
Health Administration (OSHA). Hitherto, the most common
techniques for the detection of PAHs are based on expensive

and non-selective methods, such as the Chelsea UviLux flu-
orometers employed to monitor the presence of fluorescent
contaminants in natural waters with high sensitivity but no
selectivity. Considerable research effort has been devoted
to the development of new sensing protocols, most of them
being time-consuming, requiring expensive techniques®10
and prior cumbersome functionalization of the sensing de-
vice as a route to attain selectivity via the supramolecular
recognition of the analyte.1112 Stanley et al. proposed the de-
tection of PAHs using a quartz microbalance functionalized
with aminethiols monolayers carrying an anthracene group
in order to achieve a preferential detection of anthracene,
with a sensitivity of 2 ppb.13 Qu and Li proposed the fluores-
cence detection of PAHs combining CdTe quantum dots
(QDs) and cyclodextrins: by varying the cavity size of the cy-
clodextrin, only a specific PAH could bind, thereby quench-
ing the QDs fluorescence. However, despite the relatively
low limit of detection of 0.58 pM for phenanthrene, the
method requires a long functionalization procedure.!4

Low-dimensional materials are ideal scaffolds for the devel-
opment of highly sensitive and selective sensors which are
unexpensive and easy to fabricate, enabling fast and reliable
detection of specific chemical species in liquid and gas me-
dia.315 Due to their nanometric size and highest surface-to-
volume ratio, they exhibit quantum confinement effects



combined with other exclusive properties such as extraor-
dinary thermal and electrical conductivity, markedly high
catalytic activity, and unique optical properties making
them extremely reactive and suitable candidates for envi-
ronmental pollution sensing and remediation.1¢ In particu-
lar, 2D transition metal dichalcogenides (TMDCs) and gra-
phene are considered ideal sensory materials,!718 since
their unique physical and chemical properties are highly
sensitive to environmental changes. Graphene oxide and re-
duced graphene oxide have been widely exploited for chem-
ical sensing,19-22 yet the presence of oxygen-containing func-
tional groups on the material’s basal plane and edges brings
into play background dipole-dipole interactions with multi-
ple potential analytes, thus drastically limiting the selectiv-
ity in the sensing process.23-26

The successful integration of TMDCs as active materials in
functional devices has led to the emergence of specific ap-
plications in a multitude of fields including flexible opto-
electronics,2728 medical diagnosis,??3° and chemical sen-
sing.31-36 Among 2D TMDCs, molybdenum disulfide (MoS:)
has stood out in view of its air stability, which renders it par-
ticularly suitable for sensing applications. Moreover, MoS:
exhibits high density of defects (strain, sulfur vacancies,
structural and nano-size defects, etc.)37-43 which are highly
reactive sites for unspecific (non-)covalent functionaliza-
tion with different chemical species.***> For example, the in-
trinsic defectiveness of MoS: was exploited for mercury (II)
sensing when integrated in field-effect transistors (FETSs).4¢
While a great attention has been paid to heavy metals and
organic dyes as analytes for chemical sensing, much less ef-
fort has been devoted to PAHs whose impact on human
health is equally relevant.

Hitherto, PAH sensing was achieved by using cumbersome
device architectures.*’-49 Mufioz et al. presented an electro-
chemical impedance spectroscopy sensor, with a compli-
cated heterostructure architecture, operating only in nar-
row range of concentrations. Baharak Sehatnia et al. used
square wave voltammetry as detection method, again, using
a complicated device structure, obtaining a small range of
detection. To the best of our knowledge, the only FET-based
device employed to detect PAHs was proposed by Mirzaii
Bagolghani and Mohammadi Manesh. In this case, the limit
of detection was unfortunately rather high (mM range),
even upon using highly complicated device architectures.

Here, we have developed a simple MoS: FET sensing plat-
form enabling the identification and quantification of PAHs
in water and air. To the best of our knowledge, TMDCS (in
particular, MoSz) integrated in a FET geometry have not
been studied in order to electrically sense different PAHs.
Our sensing platform, fabricated by means of simple optical
lithography protocols, is highly sensitive to naphthalene. X-
ray photoelectron spectroscopy (XPS) analysis, along with
photoluminescence (PL) measurements and transfer char-
acteristics in FETs showed a notable reduction in MoS: de-
fectiveness and a p-type doping upon exposure to PAHs so-
lutions, respectively. The electrical performance of our
sensing platform was tested by investigating three key fig-
ures of merit, i.e. dependence of the response on the analyte
type, lowest detectable concentration and reversibility. We
were able to correlate the ionization energy (Ei) of the stud-
ied PAHs with the magnitude of MoS: doping, revealing the

strongest signal for naphthalene, whose E; is the highest
among the chosen analytes. In addition, our sensors can de-
tect naphthalene concentrations down to 0.128 ppb, which
is below the limits imposed by EPA. Furthermore, they dis-
play high reversibility after several exposure/washing cy-
cles.

The fabricated MoS. FET-based sensors can also detect
PAHs in the gas phase, as demonstrated in a proof-of-con-
cept experiment through in-situ naphthalene sublimation.
The reversibility of our sensing platform was further sup-
ported by performing subsequent sublimation/washing
steps. Electrical and Raman spectroscopy readouts con-
firmed the possibility of using our MoSz-based sensor as a
dual highly sensitive identification platform for naphtha-
lene in air. Such dual sensing, through the collection of inde-
pendent signals, offers a powerful mean to achieve high se-
lectivity in the sensing process.

RESULTS AND DISCUSSION

The studied sensors consist of MoS: flakes integrated into
back-gated FET geometries. Figure S1 in the Supporting In-
formation displays a typical sensing device architecture. In
particular, it exhibits a scanning electron microscopy (SEM)
image of the MoSz-based FET prior to PAH exposure, along
with the optical image of the same few-layer flake. Raman
(E'2g-A1g) peak difference can be correlated with the num-
ber of layers of the MoS: flake.5° In our samples, the peak
distance is always ranging between 20 and 24 cm'!, corre-
sponding to 1 to 4 layer-thick flakes. Prior to the electrical
testing of the device, multiscale characterization (XPS and
PL) has been carried out on the same CVD grown MoS: films.

X-Ray Photoelectron Spectroscopy Characterization.
The defective nature of MoS: in its pristine form and when
exposed to different PAHs has been studied by high-resolu-
tion (HR) XPS by focusing on the S 2p spectrum. In the pris-
tine MoS: (Figure 1a) one can deconvolute two main com-
ponents, i.e. the S 2ps;2 and S 2p1,2, along with a lower inten-
sity shoulder at ~ 162 eV, the latter being usually associated
with defects in the semiconductor lattice, such as structural
defects or sulfur vacancies.>! Generally, the Mo 3d core lev-
els spectrum is also influenced by the presence of defects in
the MoS: lattice,5253 as evidenced in Figure S2a, where the
Mo** 3ds/2d and Mo#* 3ds/2d are associated to Mo next to a
sulfur vacancy. The intensity of the defective component in
the S 2p and Mo 3d XPS spectra (Figures 1b-d, and S2 b-d,
respectively) has been recorded after having drop-cast 1
mM acetonitrile solutions of pyrene, phenanthrene, and
naphthalene. We found that the adsorption of PAHs induces
a significant defect healing, as evidenced by the reduction of
the peak contributions of the S 2p defect component and the
Mo#* 3ds;2d and Mo** 3ds/2d. The healing appeared to be
more effective in the order pyrene < phenanthrene < naph-
thalene, as shown in Table S1. The functionalization of 2D
TMDCs with different molecules has been extensively stud-
ied.5+56 For example, metallophthalocyanines (MPcs) are
planar aromatic molecules coordinating a central atom in
the inner ring, which are able to reduce the structural de-
fects in TMDCs. In a similar fashion, in this work, the used
planar PAHs appeared to be able to induce defect healing in
the MoS: lattice.
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Figure 1. HR-XPS characterization of CVD MoS:. S 2p signal of a) pristine MoSz, and MoS: exposed to 1 mM acetonitrile solution of

b) pyrene, c) phenanthrene, and d) naphthalene.

Furthermore, it has been widely reported that thiolated
molecules can specifically heal sulfur vacancies in M0S2.53.57
58 Hence, for the sake of comparison, we have extended our
studies to the exposure of MoS: to 1-naphthalenethiol. The
thiol group effect is clearly demonstrated in Figure S3, with
the strong reduction of the defect components' intensity in
the Mo 3d and S 2p spectra. The defect healing induced by
1-naphthalenethiol is compared with the other unsubsti-
tuted PAHs in Table S1, revealing its higher magnitude, as
expected because of the presence of the thiol functional
group.

Photoluminescence Characterization. As a semiconduc-
tor material, MoS: exhibits a strong PL, with a contribution
from the so-called A and B excitons, coming from the split-
ting of the valence band due to the spin-orbit coupling.5?

When MoS: is exfoliated in ultrathin layers, this PL becomes
more prominent, as a consequence of the shift from indirect
to direct bandgap transition moving from multilayer to
monolayer.®® In Figure 2a, a typical PL MoS: spectrum is
presented, showing the A and B excitonic transitions. In par-
ticular, the A exciton can be deconvoluted in two compo-
nents, the X-and X9 namely the negative trion and the neu-
tral exciton, respectively.6! Pristine MoS: has been observed
to be intrinsically n-doped, with a PL spectrum dominated
by the X- exciton band (Figure 2a). However, it has been re-
ported that there is a correlation between semiconductor
doping and the X-/X° intensity ratio.6? Mouri et al. demon-
strated the tunable PL properties of MoS: through chemical
doping. The PL intensity of MoS; was drastically enhanced
or suppressed by the adsorption of p- or n-type dopants.
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Figure 2. Photoluminescence characterization of a) pristine MoSz and MoS: exposed to 1 mM acetonitrile solution of b) pyrene, c)
phenanthrene, d) naphthalene, and €) 1 mM ethanol solution of 1-naphthalenethiol. In every case, the A exciton was deconvoluted
into two different components: X- and X°. X-/X0 ratio exhibits a shift towards p-type doping after exposure to different PAHs.

In this work, we observed that the exposure of MoS: to the
PAHs gives rise to a p-doping, as demonstrated by the grad-
ual increase in the neutral exciton intensity when drop-cast-
ing the 1 mM solutions of pyrene, phenanthrene, naphtha-
lene, and 1-naphthalenethiol (Figure 2 b-e, respectively).
The X-/X° ratio was calculated for all the samples and we
found that a complete inversion takes place in the case of
naphthalene and 1-naphthalenethiol exposure (Table S2).
Furthermore, the A exciton energy shift has been correlated
to the semiconductor doping.*362 A blue-shift of 30 meV on
average for the A exciton peak has been observed by expos-
ing the MoS: to the PAHSs, confirming the p-type doping.

The difference observed in the B exciton transitions
shown in Figure 2 can be ascribed to the variability in the
CVD growth process, leading to small differences in the
local optical properties. For this reason, any further as-
sumption has been done on the basis of this exciton band.

Electrical performance of the MoS: sensor. To study the
performance of the proposed MoSz-based sensors, we have
monitored variations in the threshold voltage (Vu), hence
using doping changes as gauge. This parameter can be ex-
tracted from the FET’s transfer characteristic curve, using
the extrapolation in the linear region method.63 We linearly
fitted the OFF and ON states of the transistor and deter-
mined the interpolation between both fittings.

The performance of our MoS:-based sensors has been in-
vestigated by focusing our attention on three relevant fig-
ures of merit: the dependence of the response on the ana-
lyte type, the lowest detected concentration, and the revers-
ibility. The study on the dependence of the response on the

analyte type is shown in Figure 3. A quantitative insight into
the response to different PAH molecules is obtained by fol-
lowing AV upon exposure of the MoS: FETSs to the four dif-
ferent target analytes at an equal concentration: pyrene,
phenanthrene, naphthalene, and 1-naphthalenethiol. The
inset shown in Figure 3 represents an example of the FET
transfer characteristics before (black) and after (red) PAH
exposure. In this case, it corresponds with 1-naphthaleneth-
iol exposure. All the transfer characteristics corresponding
to the different analytes can be found in Figures S4-S7. By
extrapolating the values of Vi one can obtain the AVw re-
sulting from the exposure to the analyte, thereby monitor-
ing the doping effect. Figure 3 clearly demonstrates that
naphthalene and 1-naphthalenethiol caused stronger dop-
ing when compared to other PAHs, such as pyrene or phe-
nanthrene. The stronger interaction between MoS: and
naphthalene and the consequent greater response shown in
Figure 3 (and also in the PL experiments) can be correlated
to the higher ionization energy (Ei) of this targeted com-
pound compared to the others (~8.2, ~7.9, ~7.4 eV for
naphthalene, phenanthrene and pyrene, respectively).6465 It
has been indeed experimentally and theoretically found
that naphthalene’s E; is higher, implying a lower electron-
donating ability of this molecule compared to the other
PAHs. In fact, even sharing the same planar geometry, phe-
nanthrene and pyrene are characterized by a more ex-
tended m delocalized system, which renders them stronger
electron donors. The ionization energy of monolayer MoS:
has been reported as ~5.7 eV.66 The higher Ei of naphtha-
lene compared to the other PAHs can explain the higher p-
type doping observed in the electrical characterization, as



well as in the PL experiments. These results can be again
correlated to the defect healing induced by the PAHs mole-
cule adsorbed on our semiconductor. Amsterdam et al. re-
cently demonstrated by gate voltage-dependent measure-
ments and DFT calculations that organic macromolecules as
MPcs can stabilize the negatively charged defects in the
MoS: lattice.55 Indeed, they found that the positive electro-
static potential of the outer carbon ring of the MPc sitting
above the MoS: defects stabilizes its negative charge. CoPc
(7.46 eV) having higher Ei compared to H2Pc (7.36 eV)¢7 was
found as the best stabilizer. Similarly, the trend in ionization
energy reported for our PAHs is in good accordance with
the trend we observed in the study of the dependence of the
response on the analyte type: pyrene< phenanthrene<
naphthalene. However, it is not surprising that a markedly
higher effect is observed in the case of 1-naphthalenethiol
compared to naphthalene as a consequence of the well-
known strong interaction of the thiol groups and point de-
fects in TMDCs.6869 In this case, the defects present in MoS,
mainly sulfur vacancies, are acting as anchoring points for
the molecular thiol group.

Overall, Figure 3 reveals that, by tracking the change in Vu,
the different analytes caused a p-type doping of different
magnitude. Along the same line, by extrapolating the elec-
tron field-effect mobility (iL-) from the transfer characteris-
tics shown in Figures S4-S7, we could confirm this p-type
doping. In all the cases, pl. was reduced by almost one order
of magnitude. The pe decreased from 4.2 to 0.5 cm? V-1 s'!
for pyrene, from 7.4 to 2.1 cm? V-1 s'1 for phenanthrene, from
13.2 to 6.8 cm? V1 st in the case of naphthalene, and from
15.0 to 5.2 cm? V-1 s for 1-naphthalenethiol. Further infor-
mation about .- calculations can be found in the Supple-
mentary Information.
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Figure 3. Selectivity study under exposure to different PAHs.
Monitored change in threshold voltage (AVw in volts) is pre-
sented as a function of the selected PAH. Inset represents an
example of the MoS: FET transfer characteristic curves before
and after 1-naphthalenethiol exposure in black and red, respec-
tively.

While being instrumental to understand the role of the de-
fects in the sensing process, it is fair to point out that the
detection of 1-naphthalenethiol is not interesting in envi-
ronmental science, since this compound does not represent
a typical contaminant in water. On the other hand, the de-
velopment of highly performing sensors for naphthalene is

particularly interesting because of its impact on health. We
have therefore extended our investigation to shed light onto
the device sensitivity and reversibility, as presented in Fig-
ures 4a and 4b, respectively. Figure 4a displays the calibra-
tion curve, obtained by plotting AV as a function of the of
the naphthalene content in water, in a wide range of con-
centrations spanning from 1 uM to 1 nM.
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Figure 4. a) Calibration curve for naphthalene. AV as a func-
tion of different concentrations, from 1 uM to 1 nM in water,
with the device being able to detect concentrations in the nM
regime. b) Reversibility studies by successive exposure and
washing of the MoS2 FET. Two well-defined levels were ob-
served, highlighted by two background colors. Dashed lines
represent the average values of each level. The consecutive ex-
posing/washing cycles showed that the device can be recycled
and it is able to restore its initial state.

The log-log plot exhibits a linear trend. With this calibration
curve, we can define the lowest concentration that can be
detected by our MoSz-based sensors, being 1 nM. This con-
centration corresponds to 0.128 ppb, being below the max-
imum contamination limit of 0.2 ppb imposed by the EPA
for drinking water. When compared to the state-of-the-art,
our sensing device (i) allows PAH detection in a wider range
of concentrations, and (ii) enables to detect lower concen-
tration values. A comparative table can be found in Table S4.
Output characteristics before and after naphthalene expo-



sure at 1 uM concentration can be also found in the Support-
ing Information, Figure S8. Blank experiments correspond-
ing to the exposure of the MoS: FETSs to water, ethanol and
acetonitrile are reported in Figure S9.

Alongside, reversibility is also a critical characteristic of
chemical sensors. Figure 4b displays the evolution of Vi af-
ter successive washing/naphthalene cycles. It reveals a Vin
shift towards positive values, confirming the previously ob-
served p-type doping, and in good accordance with the PL
results. After several cycles, two well-defined levels of dop-
ing can be identified, as highlighted by two different colors.
The two dashed lines indicate the average Vi value for each
level (-7.9 V for the washed device and 12.4 V for the ex-
posed device). The reversibility study also proved that the
device can restore the initial state after every naphthalene
exposure cycle.

Overall, our MoSz-based sensor has been proved to be
highly reversible and capable to detect low concentrations
of the chosen analyte with a response driven by the differ-
ent Ei. On the other hand, we believe that one of the draw-
backs of the presented architecture is the lack of identifica-
tion when performing only electrical sensing. For this rea-
son, we propose the following proof-of-concept experiment.

Proof-of-concept air sensing. Different governmental
agencies have established standards for PAHs level in the
environment/workplace. For that reason, some organiza-
tions such as the OSHA, require strict controls related to the
presence of PAHs in the air. In view of the high performance
of our MoSz-based sensors in solution, and the lack of iden-
tification of naphthalene, we extended our investigations to
proof-of-concept air sensing demonstrations by using the
same MoS; FETs as a dual detection/identification sensing
platform.

Figure S10 shows the scheme of the experimental setup. A
homemade closed chamber was built in order to expose our
MoS2-based sensors to naphthalene whose sublimation oc-
curs at 80 °C.7% Sublimation was achieved by heating the
naphthalene crystals at 120 °C. Subsequent sublimation and
washing steps were executed. Further experimental details
are found in the Experimental Information section.
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Interestingly, our MoSz FETs were found to operate as dual
platform for naphthalene identification in air. The electrical
and optical response of the MoS: to the exposure to naph-
thalene gases is portrayed in Figure 5. Figure 5a shows the
results of the Vu shift in the MoSz-FET sensor after every
sublimation/washing cycle. As expected, the sensor was
found to be reversible, undergoing p-type doping which can
be recovered to its initial state upon successive steps of
naphthalene sublimation and washing, respectively.

Raman spectroscopy is a powerful technique for the analy-
sis of 2D semiconductors, and it is highly relevant for sens-
ing applications.” For this reason, we further investigated
the performance of our sensor by using the MoSz FETs as a
Raman identification platform. Figure 5b depicts the p-Ra-
man spectra of pristine MoS: (black), after its exposure to
vapors of naphthalene (red) and successive to its washing
with acetone and isopropanol (blue). Si Raman peak, origi-
nating from the substrate, is evident in all of them at 521
cmL. The well-studied Ezg and Aig Raman peaks of MoS: are
present in the three different spectra and their intensity, as
well as the Si one, is highly reduced when naphthalene is
sublimating on the sensor surface. Significantly, we ob-
served the presence of new Raman peaks after naphthalene
sublimation. These peaks can be identified at 509.7 cm,
764.2 cm1,783.8 cmt, and 1022.2 cm! and they correspond
to the Raman signals coming from the chosen analyte, such
as the out-of-plane and in-plane bending vibrations.”2 Upon
washing the device, the initial spectrum is completely re-
covered with the disappearance of all naphthalene peaks.
Detailed Raman spectra of the different steps covering
wider Raman shift ranges can be found in Figure S11, in the
Supporting Information.

Conventional FET-based sensors are typically unable to
identify the analyte. However, with the presented proof-of-
concept air sensing, the possibility to operate the same de-
vice architecture through independent electrical and optical
readouts represents a key advantage in order to attain iden-
tification in the sensing process.
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Figure 5. Proof-of-concept PAH air sensing. a) Reversibility study after sublimation/washing cycles, obtained monitoring the Vi
change. b). Raman characterization after every step. Black, red, and blue spectra correspond with the pristine, naphthalene subli-

mated, and washed device, respectively.

CONCLUSIONS

In this work, we have reported the fabrication of MoS:-
based sensors for the detection of different PAHs with both
an electrical and an optical readout. We have focused on
four different analytes, i.e. pyrene, phenanthrene, naphtha-
lene, and 1-naphthalenethiol.

XPS characterization showed that the intrinsic defective-
ness present in MoS: decreased upon exposure to the PAHs.
The efficiency of the healing process was found to be
stronger for naphthalene and 1-naphthalenethiol. PL char-
acterization offered further insight into the interaction
mechanism by providing evidence for a dramatic change in
the doping of the pristine material after its exposure to dif-
ferent analytes. More specifically, exposure to the PAH de-
termines a p-type doping effect as revealed by both the X-
/X% ratio evolution and by a blueshift of 30 meV in the A ex-
citon peak.

Electrical characterization of FET MoS: sensors devices re-
vealed a p-type doping after exposure to all the PAHs. Upon
monitoring the change in the Vu, we observed a greater re-
sponse to naphthalene and 1-naphthalenethiol due to thiol
effect in the latter case. The higher ionization energy of
naphthalene compared to pyrene and phenanthrene, along
with its less extended m delocalization, make it a better p-
dopant. The correlation between AV and Ei values is excel-
lent. It has been proved that the studied naphthalene sensor
presented high performance, as it allows the detection of
the analyte with a high precision in a broader range of con-
centrations spanning from 10 to 10-° M, with the lowest
detected value as low as 1 nM in water. Such concentration
corresponds to 0.128 ppb, which is below the current health
regulations reported by the EPA for drinking water. The re-
versibility of our sensor was demonstrated by performing
consecutive exposure/washing cycles. After every naphtha-
lene exposure, the device was washed, and it showed a full
reversibility.

Finally, our sensing platform could successfully detect PAH
contaminants in air both with an electrical and an optical
readout. The exposure of the transistor to the sublimed an-
alyte was accompanied by a p-doping effect which would be
reversed upon washing of the device. Such a reversible
sensing could be also detected by p-Raman spectroscopy by
monitoring the appearance and disappearance of naphtha-
lene peaks upon exposure and washing cycles, respectively.
Interestingly, the latter study demonstrates that our device
can be also used as a Raman identification platform for
naphthalene.

The use of defect engineering and controlled healing of
MoS2 upon its interfacing at the (non-)covalent level with ad
hoc molecules is a powerful protocol for the development of
MoSz-based sensing platforms combining high selectivity,
reversibility, and sensitivity both for detection in water and
in air, to meet technological and environmental demands.

EXPERIMENTAL INFORMATION

Materials. Naphthalene, 1-naphthalenethiol, pyrene, and
phenanthrene were purchased in Sigma Aldrich. MoS2 CVD
continuous films on Si/SiO2 substrates were acquired from
6Carbon Technology (Shenzhen). MoS: natural crystals
were purchased from 2SPI. Few-layer MoS: flakes were ex-
foliated onto substrates purchased from Fraunhofer-Gesell-
schaft, consisting of a degenerated n-doped silicon sub-
strate capped with 230 nm SiO2 film and pre-patterned elec-
trodes.

Device PAH exposure. Solutions of naphthalene, pyrene,
and phenanthrene were prepared in acetonitrile. Con-
versely, 1-naphthalenethiol solution was prepared in etha-
nol.

Response to different analytes and reversibility studies
were done by drop-casting 2 uL of different solutions at a
fixed concentration of 1 mM. A reversibility study was con-
ducted by washing the exposed devices for 5 minutes in ac-
etone, followed by gently rinsing in isopropanol to remove
the acetone residues. Calibration curve was obtained by di-
luting 1 mM naphthalene solution with water and exposing
the devices by drop-casting a 2 pL of the aqueous solutions
at different concentrations.

Sublimation experiments were performed at room pressure
by heating 75 mg naphthalene crystal at 120 °C for 1 h. After
every sublimation experiment, a washing step in acetone
was followed by gently rinsing the sensor with isopropanol.
The homemade chamber had a diameter of 5 cm and a
height of 3 cm.

Device Fabrication. Back-gated FETs were fabricated by
using laser optical lithography, followed by thermal evapo-
ration of gold (60 nm). After evaporation, a lift-off was per-
formed in acetone at 50 °C for 1.5 h. After this, annealing at
a high vacuum (10-6-10-7 mbar) at 180 °C was performed
overnight.

Characterization. HR-XPS characterization was carried out
on CVD MoS: using a Thermo Scientific K-alpha X-ray pho-
toelectron spectrometer, equipped with an aluminum X-ray
source (energy 1.4866 keV) at a vacuum level of 10-8 -10-°
mbar in the analysis chamber. The spot size of the X-ray
beam was fixed at 200 pm.

p-PL and p-Raman characterizations were performed onto
CVD MoS: using a Renishaw InVia Reflex system equipped
with a confocal microscope and a 2D-CCD camera. Measure-
ments were performed using an excitation wavelength of
532 nm with a 100x objective, and 0.18 mW maximum
power. A 300 and 2400 lines per mm grating was used for
PL and Raman measurements, respectively.

Electrical transport characterization was conducted in a
back-gated geometry using a Keithley 2636B Source Meas-
ure Unit, always at room temperature and ambient pres-
sure.

Optical images of MoSz FETs were obtained using an optical
microscope acquired from Zeiss (Zeiss Axioscope 5). SEM
images were acquired using a FEI Quanta 250 FEG Scanning
Electron Microscope, operating in a high vacuum mode.
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