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lar adsorption on the conductivity
of selectively grown, interconnected 2D-MoS2
atomically thin flake structures
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The gas sensitivity of field-effect structures with 2D-MoS2 channels selectively grown between Mo

electrodes using the Mo-CVD method was investigated by measuring the effect of molecular adsorption

from air on the device source-drain current (Isd). The channels were composed of interconnected

atomically thin MoS2 grains, with their density and average thickness varied by choosing two different

distances (15 and 20 mm) between the Mo contacts. A high response to the tested stimuli, including

molecule adsorption, illumination and gate voltage changes, was observed. A significant, persistent

photoconduction was induced by positive charge accumulation on traps, most likely at grain boundaries

and associated defects. Isd increased under high vacuum, both in the dark and under illumination. The

relative dark current response to the transition from air to high vacuum reached up to 1000% at the

turn-on voltage. When monitored during the gradual change in air pressure, Isd exhibited a non-

monotonic function, sharply peaking at about 10−2 mbar, suggesting molecular adsorption on different

defect sites and orientations of adsorbed H2O molecules, which were capable of inducing electron

accumulation or depletion. Despite the screening of disorder by extra electrons, the #20 mm sample

remained more sensitive to air molecules on its surface. The high vacuum state was also investigated by

annealing devices at temperatures up to 340 K in high vacuum, followed by measurements down to 100

K. This revealed thermally stimulated currents and activation energies of trapping electronic states

assigned to sulfur vacancies (230 meV) and other shallow levels (85–120 meV), possibly due to natural

impurities, grain boundaries or disorder defects. The results demonstrate the high sensitivity of these

devices to molecular adsorption, making the technology promising for the easy fabrication of chemical

sensors.
1. Introduction

Strong interactions of nanometer-thick layers of transition
metal dichalcogenides (2D-TMDs) and other 2D materials with
light, along with their good electronic transport properties, have
led to a large number of reported potential applications.1–4 In
atomically thin 2D-MoS2 layers, a strong increase in exciton
binding energy, dielectric connement, spin–orbit coupling
and large valence band spin-splitting strongly inuence the
electronic properties, making it attractive for photonics and
spintronics.5–8 The monolayer (ML) of 2H-MoS2 consists of an
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atomic Mo layer cladded by two S layers. In a trigonal arrange-
ment of atoms, the ML of 2H-MoS2 is a semiconductor with
a direct bandgap of about 1.9 eV. The 2D-MoS2 with multilayers
(MLs) remains a semiconductor, but the bandgap becomes
indirect and decreases with the number of ML layers, reaching
a value of 1.2 eV in the bulk material. Through different
arrangements of the atomic layers, other phases are formed: 3R
(rhombohedral) semiconducting and 1T (orthogonal)
metallic.9–11 The 2H-MoS2 phase is the most thermodynamically
stable.

The high surface-to-volume ratio and high ON/OFF current
ratio in eld-effect transistors (FETs) make 2D-MoS2 FETs
suitable for highly sensitive optical bio- and gas sensors.12–14

Multicolor sensors and improved photovoltaic efficiency in
solar cells can be obtained by alloying and forming hetero-
structures of different 2D-TMDs.15–17 Due to their chemical and
mechanical stability, ultrathin 2D-MOS2 devices can be fabri-
cated on different substrates, including exible ones, for
applications in electronics and optoelectronics as light emitters
© 2025 The Author(s). Published by the Royal Society of Chemistry
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or detectors.18–21 They can also be used in various electro-
chemical applications, such as batteries, supercapacitors, and
catalytic electroreduction.22–26 The modication of 2D materials
by heteroatoms or molecules through doping, intercalation or
surface modication opens a wide perspective to tune the
properties of 2D materials for many applications such as
magnetic, electrical, photoelectric, energy storage and
conversion.13,27

Different strategies for doping of 2D metal chalcogenides
have been employed, as follows: (i) substitutional doping, (ii)
charge transfer doping, (iii) intercalation doping and (iv) elec-
trostatic eld-effect doping.28 Atoms, molecules, particles,
support substrate or cladding layers can interact electrostati-
cally with 2D materials and change their carrier concentration.
They can change the charge state of defects, affecting the elec-
tronic transport through lms. Both effects can be inuenced
by light.29 Exfoliated ML akes of 2D-MoS2 and 2D-WSe2 have
been reported to show a 50- and 3-fold increase in photo-
luminescence, respectively, aer removing the adsorbed air
molecules by annealing at 450 °C under vacuum. The photo-
luminescence increased by a factor of 100 in 2D-MoS2 but
decreased signicantly in 2D-WSe2 upon exposure to pure H2O
and/or an O2 atmosphere.30 Dipole-induced molecular doping
has been shown to lead to the accumulation or depletion of
electrons depending on the orientation of the molecular dipole
in the collective molecular functionalization of monolayer
MoS2.31 Through simulation, the different adsorption sites
preferred by these molecules were identied, for which the
adsorption energy is negative, where the more negative, the
more stable the adsorption.32–34 Defect sites and sites at or close
to the edges are clearly preferable adsorption sites. The O2

molecule preference site is on top of Mo, where it receives more
electrons. In the case of H2O, there are more favorable sites and
molecule orientation with adsorption energy controlled by O–
Mo and H–S attractive interactions, but also O–S and H–Mo
repulsive interactions.31,32 Another possibility exists for H2O
molecules, i.e., chemisorption by dissociating water into H and
OH bound at different sites.33 H2O and O2 adsorption usually
induces electron depletion in the MoS2 layer, but in the case of
H2O with multiple adsorption sites and molecule orientations,
it can also induce electron accumulation, at least as a temporary
unstable adsorption effect. Also, the formation of clusters of
H2O dipolar molecules adsorbed on the surface of 2D-MoS2 can
in principle work as collective dipole doping similar to that
described in ref. 31.

The electrostatic and/or chemical interaction of molecules
adsorbed on atomically thin 2D-MoS2 layers constitutes the
working principle of highly sensitive FET detectors for inor-
ganic or organic molecules.13,14,35–39 However, the fabrication of
2D-MoS2 FET sensors is generally based on isolated 2D akes
obtained either by exfoliation from bulk materials or CVD
deposition with random nucleation on the support surface.40

The fabrication of FET electrodes requires the localization of
the akes and the expensive, slow electron beam lithography
technique, and thus cost-effective processes need to be devel-
oped to make these devices viable technology beyond lab tests.
© 2025 The Author(s). Published by the Royal Society of Chemistry
The device sensitivity to molecule adsorption is enhanced in
FETs with a high density of edge and boundary defects as
preferential adsorption sites.32–34 However, a high density of
defects inside and on the surface of MoS2, as well as at the
substrate interface has an important charge trapping effect,
which strongly affects the eld effect characteristics, inducing
large hysteresis through electronic and molecular trapping–
detrapping phenomena, resulting in a low-level source-drain
dark current and reduced mobility. In addition to the quality
of the 2D-MoS2 material, the performances of FETs depend on
their fabrication method and the usedmeasurement conditions
(contact resistance, free surface passivation, measurement
atmosphere, history of external stimuli, etc.). Thus far, it is
generally accepted that 2D-MoS2 with the best crystalline quality
is obtained in akes exfoliated from the bulk material. However,
the electron mobility values reported in the literature for
measurements on single exfoliated ake 2D-MoS2 FETs vary
over a wide range of 0.1–200 cm2 V−1 s−1.41,42 The balance
between intrinsic doping and the density of trapping centers
depends on the 2D-MoS2 fabrication method and its optimiza-
tion. By introducing structural defects through the optimal
incorporation of 1T metallic domains into exfoliated 2H-MoS2
akes by a mild oxygen plasma treatment to increase the layer
conductivity, a high eld-effect mobility of 237 cm2 V−1 s−1 was
achieved compared to 7–43 cm2 V−1 s−1 in the pristine akes.43

In contrast, due to the trapping defects induced by exposure to
oxygen above 2 mbar pressure, the hysteresis of the transfer
characteristics of the exfoliated multilayer FETs strongly
increased, while the mobility was signicantly reduced from 52
to 15 cm2 V−1 s−1.44 The hysteresis in the transfer characteristics
of 2D-MoS2 low mobility FETs (0.3–6 cm2 V−1 s−1) and its
correlation with the charge trapping and the exposure to H2O
and O2 effects, as well as the energy position of the trapping
levels in the gap have also been intensively investigated in
a series of publications.45–47 Employing gold-assisted mechan-
ical exfoliation, ultra-large monolayers (on the centimeter scale)
were obtained on an Al2O3/Si substrate, exhibiting a compres-
sive strain of −0.25%, n-doping of z5 × 1012 cm−2 and
mobility of 2.3 cm2 V−1 s−1.48 Films of interconnected (edge-to-
edge contact) MoS2 exfoliated nanoakes were produced on
a large area by self-assembled tiling at the planar interface
between two immiscible liquids, exhibiting an FET mobility of
0.73 cm2 V−1 s−1.49 MoS2 exfoliated nanosheet FETs were
measured with a four-terminal electrical device to eliminate any
contact contributions and reported in ref. 50, showing that
there are two classes of FET mobility with distinct behavior.
Specically, the mobility decreases (increases) with temperature
due to dominant phonon scattering (due to impurity scattering
and high contact resistance) in devices with room temperature
(RT) mobility higher (lower) than 30 cm2 V−1 s−1. To avoid direct
contact of MoS2 with the photoresist and the ambient envi-
ronment during the FET fabrication process, an SiO2 protective
layer was used, which was selectively etched on the contact
areas to improve the FET contacts, thus achieving a mobility of
42 cm2 V−1 s−1. This was ∼20 times higher compared to the
mobility of the MoS2 FET fabricated without the SiO2 protective
layer.51 Intentionally aged 2D-MoS2 FETs showed a signicant
Nanoscale Adv., 2025, 7, 2368–2380 | 2369
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decrease in electron mobility to 0.5 cm2 V−1 s−1 compared to
that of the as-fabricated devices of up to 8 cm2 V−1 s−1, but
better device stability working as a selective gas sensor by
detecting the current variation and low-frequency noise
induced by exposure to air and vapors of polar and non-polar
solvents.52 The trapped charges and related hysteresis giving
rise to the unscreened Coulomb scattering and/or the variable
range hopping in MoS2 FETs were also studied in ref. 47. CVD-
grown 2D-MoS2 using sulfur in the gas phase as the precursor
showed an average FET mobility value of 0.12 cm2 V−1 s−1 for
the sulfurization of very thinMometal lms, while in the case of
the Mo oxide lm, a very low mobility of 10−4 cm2 V−1 s−1 was
reported.41,53,54

The selective growth of 2D-MoS2 at predened positions on
the surface of supports is one of the promising solutions for the
mass production of 2D-MoS2 FET devices. The nucleation and
selective CVD growth of MoS2/WSe2 on c-Al2O3 or a-HfO2 was
demonstrated using vapor precursors of sulfur and oxides of Mo
and W and a sacricial SiO2 mask with several-micron-wide
windows.55 The selective growth of 2D-MoS2 has also been
achieved on structured Mo supports via CVD deposition with
sulfur vapor and Mo oxide as the precursors, where the oxide is
either fromMoO3 powder or the oxidation of Mo pads by oxygen
from vacuum leaks.56,57 In principle, selective growth at the
desired sites can be also achieved via the sulfurization of MoOx

thin lms pre-deposited through a photolithographic mask, but
this process still requires further optimization to reduce the
MO2 doping at high temperatures and improve the lm
uniformity, while maintaining a low oxide sublimation rate.58–61

The selective nucleation and growth of 2D-MoS2 around oxide
windows on structured SiO2/Si supports was achieved by vapor
transport deposition directly from MoS2 powder.62 The lms
consisting of multi-crystalline akes with the range of sizes and
density nucleated and grew around the substrate patterns.
Better control of the selective nucleation of 2D-MoS2 at the
proximity of Mo electrodes was obtained by the simultaneous
diffusion of Mo native oxide from the Mo electrodes and its
reaction with sulfur vapors (Mo-CVD method).63 An additional
advantage of this growth method is its bottom-up approach for
fabricating devices, where the source-drain Mo-electrodes are
pre-deposited and an MoS2 lm is self-aligned and in intimate
contact with them, without post-growth photolithographic
process, avoiding the surface contamination with resists aer
common the photo- or electron-beam device fabrication, which
is very important for the fabrication of gas sensors.64–66 The
photo-FET devices prepared using this method showed
a responsivity of 25 A W−1 and more than 4 orders of magnitude
variation in the photo-to-dark current ratio, which was adjust-
able by changing the gate voltage. The eld-effect structures
fabricated by this simple method can be used for various
applications, such as the detection of adsorbed molecules, but
to the best of our knowledge, there are no reports of these
studies.

In this work, we investigated the response to adsorbed air
molecules on selectively grown 2D-MoS2 interconnected akes
obtained via the Mo-CVD method with pre-deposited Mo elec-
trodes. The FETs were fabricated in the simplest way, by directly
2370 | Nanoscale Adv., 2025, 7, 2368–2380
bonding the contacts aer the growth of 2D-MoS2, avoiding
surface contamination with photoresist traces through any
additional photolithographic metallization process. The selec-
tively grown 2D-MoS2 layers covered the gap between the Mo
source-drain contacts of the eld effect structures, ensuring not
only the selective growth in the active areas, but also intimate
contacts with the pre-deposited Mo electrodes. We studied the
devices with electrodes spaced at 15 mm and 20 mm, which we
referred to as #15 mm and #20 mm, respectively, and expected to
have different densities and average thickness of MoS2 akes
given that they were grown using the same growth parameters.
The desorption of molecules from the air (O2 and H2O) by
exposure to high vacuum (HV) resulted in an increase in both
the dark and photo-currents compared with that measured at
atmospheric pressure. Both the #15 mm and #20 mm samples
exhibited similar behavior when measured during vacuum
annealing at 340 K and subsequent measurements of the
current-temperature dependence at low temperatures down to
100 K. We propose that depending on the orientation of the
adsorbed H2O molecules from the air and the adsorption sites
on the 2D-MoS2 layer, one can observe the accumulation (at
least as temporary effect) or depletion of electrons in MoS2.
2. Experimental methods
2.1 Sample fabrication

To prepare the growth substrate, an Mo layer with a thickness
of 30 nm was deposited by magnetron sputtering of SiO2 (300
nm)/c-Si and patterned by the photolithographic lioff process
to form multi-nger contacts to be used in FETs as source-
drain contacts, as illustrated in Fig. 1a by the bottom bird's
eye view image. Each contact consisted of a large square pad of
500 mm side and a number of ngers that t along the lateral
length of the pad. The Mo ngers were spaced at 15 mm or 20
mm, dening the channel length L of the FET device. The
overlap of the opposing source and drain ngers was designed
to beWi = 40 mm, corresponding to an active area of selectively
grown 2D-MoS2 of L × Wi for each overlapping region of the
opposing ngers (see a detailed image of the selective growth
in Fig. 1b). The total channel width of the FET is the sum of all
the nger overlap regions W ¼ P

iWi, which corresponds to
a total active area measured in squares of side L (W/L) of 48 and
28 for the #15 mm and #20 mm samples, respectively. The
selective growth of atomically thin MoS2 with Mo supplied
from the deposited layer was obtained by the Mo-CVD method
in a 3-zone horizontal quartz tube furnace (Carbolite HZS). The
growth substrate was placed in the higher temperature (750 °C)
zone of the furnace, while the crucible with sulfur powder was
placed in the low temperature (200 °C) zone. The selective
growth took place over 30 min by simultaneous surface diffu-
sion of native MoO2 from the Mo surface and its chemical
reaction with S vapor transported by 20 sccm Ar ux at 100
mbar pressure. Once the growth was nished, the FET device
was completed by making a GaIn ohmic contact on the back-
side of the Si substrate, which was used as the gate electrode.
More details can be found in ref. 63.
© 2025 The Author(s). Published by the Royal Society of Chemistry



Fig. 1 (a) Schematic of the electron depletion and accumulation in 2D-MoS2 due to the adsorption of O2 and H2O molecules from air, showing
the cross-section and bird's-eye view of the device with selectively grown MoS2 between Mo finger contacts; (b) optical image detail of
selectively grown 2D-MoS2 around Mo finger contact patterns; (c) comparison of high-resolution SEM images of 2D-MoS2 acquired from the
gap between Mo electrodes for #15 mm and #20 mm samples (dark areas –MoS2 MLs; lighter areas – SiO2); (d) representative Raman spectra of
2D-MoS2 for different gap lengths (inset shows the dependence of D between A1g and E12g peaks as a function of gap length).
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2.2 Morphology, structure and photosensitivity
characterization methods

The morphology of the selectively grown lms was investigated
by optical and scanning electron microscopy (SEM) (Zeiss
Gemini 500). The information about the nature of the crystal-
line structure and the layer thicknesses was obtained from
Raman spectroscopy, using a LabRAM HR (Horiba Jobin-Yvon)
with 532 nm excitation. The source-drain current, Isd, as
a function of the source-drain, Vsd, and gate, Vg, voltages was
monitored under monochromatic light with the wavelength
above the absorption edge. Transimpedance characteristics (Isd
as a function of Vg for a set Vsd) were recorded using a Keithley
236 Source Measure Unit and a Keysight B2902A Source
Measure Unit. A Newport Cornerstone™ 260 monochromator
was used for sample illumination. All measurements presented
herein were performed in a cryostat, in air and/or vacuum, at
room temperature without any prior annealing, except for those
in the last Subchapter 3.4 regarding the temperature depen-
dence of the current in the range of 100–240 K when the
samples were rst treated under high vacuum up to 340 K.
3. Results and discussion

A schematic diagram of the used eld-effect device with source-
drain nger contacts is shown in Fig. 1a. Under ambient pres-
sure, air molecules are adsorbed on the surface of MoS2,
modifying its conductivity via the trapping of charges or elec-
trostatic charging of the layers. O2 and H2O molecules are the
most oen considered adsorbates. As shown in the Introduc-
tion, the adsorption of H2O and O2 usually induces electron
depletion in the MoS2 layer, but in case of H2O molecules with
multiple adsorption sites and orientations, electron accumula-
tion can also be induced (sketch in Fig. 1a).

2D-MoS2 was selectively grown around Mo patterns via the
Mo-CVD method described in ref. 63. Employing this method,
MoS2 layers with intimate contact with the Mo patterns were
obtained through simultaneous processes of diffusion and
© 2025 The Author(s). Published by the Royal Society of Chemistry
sulfurization of the oxide previously formed on the Mo surface.
The details of the Mo nger contact patterns are exemplied by
the optical image in Fig. 1b (MoS2 layer (green contrast)
surrounds the Mo contacts (yellow)). We succeeded in selec-
tively growing MoS2 up to a distance of 10–15 mm from the Mo
pads, which was sufficient for 2D-MoS2 to cover the space
between the source-drain Mo nger contacts, as marked in
Fig. 1b, up to a gap of 20 mm. This structure grown on
conductive Si substrate covered by a 300 nm SiO2 isolation layer
can be used as a eld effect transistor with Mo source-drain
contacts and Si substrate as the back gate.

The selectively grown 2D-MoS2 layer consisted of inter-
connected akes of different thicknesses, ranging from single
ML to a stack of few ML.63 The interconnected MoS2 akes
formed conductive layers between the Mo source-drain nger
contacts dominated by many grain boundaries and ake edge
defects. The density of the akes and the average thickness
decreased with the distance (gap) between the Mo ngers.
Fig. 1c shows a comparison between the high-resolution SEM
images acquired from the 2D-MoS2 layer grown between the
source-drain Mo ngers at a distance of 15 mm and 20 mm, for
samples #15 mm and #20 mm, respectively. As can be seen, iso-
lated MoS2 akes more frequently appear in the #20 mm sample
than #15 mm. Moreover, distinct conductive channels of inter-
connected akes between the Mo electrodes were formed in the
#20 mm sample, some of which were interrupted. The uctua-
tion in ake density is also associated with the uctuation in
average thickness found by local m-Raman measurements for
different positions of the laser spot. Representative Raman
spectra in the frequency range of the specic A1g and E1

2g peaks
for MoS2 acquired from the devices with different size gaps
between the Mo ngers are shown in Fig. 1d. The frequency
difference D between these peaks could be used to evaluate the
mean thickness of a varying number of MLs based on the cali-
bration given in ref. 67. As revealed by the inset in Fig. 1d, the
mean thickness decreased with an increase in the gap between
the electrodes from 5 mm to 15 mm, with the D value decreasing
Nanoscale Adv., 2025, 7, 2368–2380 | 2371
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from 25.5 cm−1 (∼6 MLs) to 23.0 cm−1 (∼3 MLs). A uctuation
in the thickness in the range of 2.7–3.6 and 2.4–6.0 MLs was
clearly detected in #15 mm and #20 mm, respectively, as shown
by the results from the data of Fig. 1d inset. These large thick-
ness uctuations indicate that the thin intercalated akes of 1–
2 ML thickness have a large probability to be components of
channels, thus controlling their conductance. Additionally, the
larger number of interconnected akes, with the corresponding
grain boundaries and edge defects in the #15 mm and #20 mm
devices make them promising for sensing adsorbed molecules.
3.1 Molecule adsorption effects on gate voltage dependence

The gate voltage dependence of Isd (Vsd = 1.0 V) in the #15 mm
and #20 mm samples in the dark and under illumination with
monochromatic light, under vacuum of different pressures and
in the air (at atmospheric pressure) is presented in Fig. 2,
showing similar behavior. Specically, an increase dark current
and current during light exposure under vacuum in comparison
with the Isd currents measured in air. For better comparison
between samples, the current in Fig. 2a and b was normalized to
the total area of the 2D-MoS2 active layer between nger
contacts measured in squares of L2 area (L is the channel length
of 15 mm and 20 mm and samples #15 mm and #20 mmhave 48,
Fig. 2 Gate-voltage dependence of dark source-drain current and pho
temperature: (a) #15 mm (light of l = 600 nm) and (b) #20 mm (light of l
pressures (current normalized to the number of L2 squares (sq.) of the a
differences between currents measured at high vacuum (HV) of 2 × 10−

and #20 mm (relative differences (IHV − Iair)/Iair for dark current and photo
(d) gate voltage dependence of mobility ratio mHV/mair obtained from the d
values are shown in the inset).

2372 | Nanoscale Adv., 2025, 7, 2368–2380
and 28, squares, respectively). The normalized Isd (pA/,)
represents the product ssdVsd of the surface conductivity, ssd,
and source-drain voltage, Vsd.

At Vg = 0 V, in the dark, sample #15 mm was depleted at
atmospheric pressure and weakly n-doped under vacuum
(Fig. 2a). Removal of the adsorbed molecules from the surface
made electrons available for electronic transport and the
current reached about 1.0 pA/,. Sample #20 mm was depleted
in the dark at all pressures at Vg = 0 V and much larger positive
voltages were needed to accumulate free electrons (Fig. 2b).
Specically, a 4.4-times lower current density at the same
voltage (2.0 V) above the turn-on voltage owed through the #20
mm device than the #15 mm (e.g. 1.75 pA/, at Vg = 2 V for #15
mm device and 0.40 pA/, at Vg = 5 V for #20 mm device, both in
the dark and in air). This means that the #20 mm device had
more electron traps. As shown in Fig. 1c, the lower density of
interconnected MoS2 akes, forming separated conductive
channels, some of which were interrupted in #20 mm, may also
explain its lower surface conductance.

Illumination introduces a larger density of free electrons, as
can be seen from the shi in the turn-on voltage of both devices.
The #15 mm sample was already turned on at−2 V, while the #20
mm sample turned-on at around −2 V. The shi in the turn-on
voltage was larger for the latter device, which indicates that the
tocurrent under monochromatic light measured on samples at room
= 570 nm) samples under vacuum, in air at atmospheric and reduced
ctive MoS2 area, where L is the respective channel length); (c) relative
5 mbar (IHV) and in air (Iair) at atmospheric pressure on samples #15 mm
current under illumination with monochromatic light are shown); and
ark transfer curves in (a) and (b) measured in air and at HV (the absolute

© 2025 The Author(s). Published by the Royal Society of Chemistry
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photogenerated carriers reduced the potential disorder, freeing
more trapped electrons than in the #15 mm sample. Despite the
screening of the disorder by extra electrons, the #20 mm sample
remained more sensitive to air molecules on its surface. This is
better revealed by the changes in the source-drain currents due
to molecular desorption at HV of 2 × 10−5 mbar relative to the
values measured in air, as depicted by the gate voltage depen-
dence of (IHV − Iair)/Iair in Fig. 2c for both samples #15 mm and
#20 mm. The relative response of the illuminated samples to
a change in pressure was weak, and also very weakly dependent
on the gate voltage in both samples, but weaker in sample #15
mm with a 30% change in comparison to the 50% change in the
#20 mm sample. In contrast, the relative response of the dark
current to vacuum reached values up to 1000% at the turn-on
voltage. Upon increasing the carrier concentration with a posi-
tive gate voltage, the response tended to the value of the illu-
minated sample, indicating that electrostatic screening of the
molecules on the surface is the reason for the lower relative
sensitivity under light.

The FET mobility, m, can be evaluated by dividing the
derivative of the normalized dark current Isd (pA/,) in Fig. 2a
and b to the product of the voltage Vsd = 1 V and
capacitance Ci = 1.15 × 10−4 F m−2 of the 300 nm SiO2 layer:
m = (dIsd(A/,)/dVg)/(VsdCi). The increase in vacuum mobility
mHV relative to that in air mair is shown in Fig. 2d by the gate
voltage dependence of the mHV/mair ratio. It can be seen that
there is a huge increase in the vacuum mobility, of orders of
magnitude at voltages close to the turn-on voltage, for both the
#15 mm and #20 mm samples, similar to the relative change in
the dark current ratio (IHV − Iair)/Iair in Fig. 2c. The gate voltage
dependence of the FET mobility used to calculate the mHV/mair
ratio is illustrated in the inset in Fig. 2d for samples #15 mm and
#20 mm in the dark and in air or HV. The curves shied towards
positive gate voltages when going from vacuum to air, similarly
to the dark current curves in Fig. 2a and b, which can be
interpreted as an equivalent p-type doping induced by the
adsorption of molecules from air.

The mobility increased be an order of magnitude above the
turn-on voltage, but the maximum value remained in the order
of 10−4 cm2 V−1 s−1. Similarly, a very low FET mobility of ∼10−4

cm2 V−1 s−1 has also been reported for MoS2 obtained by sul-
furization of pre-deposited evaporated MoO2 lms.53 The
quality of 2D-MoS2 lms obtained by the sulfurization of pre-
deposited MoOx thin lms was also investigated in ref. 58 and
59 by Raman analysis, showing that the residual MoO3 content
in the lms decreased with an increase in the growth temper-
ature from 700 °C to 800 °C, resulting in a change from strong p-
type doping (∼1013 cm−2) for the growth temperature of 700 °C
to n-type doping (0.04 × 1013 cm−2) for growth at 800 °C. In our
FETs with MoS2 selectively grown at 750 °C by Mo-CVD, clear
intrinsic n-type doping was detected, which is typically reported
for CVD vapor transport layers that have a negligible Mo oxide
content. Thus, it seems that the Mo-CVD mechanism is closer
to that of CVD than to that of local sulfurization of an Mo
oxide layer.

As also discussed in Introduction, the high device sensitivity
to the molecule adsorption can be explained by the high density
© 2025 The Author(s). Published by the Royal Society of Chemistry
of edge and grain boundary defects as preferential adsorption
sites,32–34 but a high defect density strongly affects the eld
effect characteristics by charge trapping, which results in low
current and mobility values, depending on the device fabrica-
tion methods and measurement conditions (contacts resis-
tance, free surface passivation and contact resistance). As
shown in our previous publication, the surface resistivity R (U/
,) increased nonlinearly by ∼24 times when the channel
length increased only 4 times (from 5 to 20 mm), and this result
was explained by the variation in the density of interconnected
akes and their thickness.63 Low conductivity close to that of
undoped MoS2 is preferred for higher sensitivity to external
stimuli. Therefore, in this study, we chose to investigate the
sensitivity to molecule adsorption on larger channel devices (15
and 20 mm).

The very low mobility of our FETs can be explained by their
high density of intrinsic defects, grain boundaries of the
interconnected akes, and surface and interface defects, and
also by the particular construction of the device. The low
current can be further explained by the fact that the MoS2
coverage of the FET channel was not 100%, especially for the
#20 mm sample, as illustrated in Fig. 1c. In the case of our
devices, the simplest FET fabrication method was adopted, i.e.
the pre-deposited Mo used for the selective growth of MoS2 was
directly bonded for FET electrical measurements just aer the
growth of MoS2, without additional metallization photolitho-
graphic patterning. In this way, contamination of the MoS2
surface with the inevitable photoresist residue aer the photo-
lithographic process was avoided, which could have inuenced
the adsorption effect of the molecules studied in this work. In
ref. 51, a protective SiO2 layer that was selectively etched on the
contact areas was used to signicantly improve the metal
contact with MoS2, and thus the FETmobility. This procedure is
useful for improving a top-gate FET, but not a bottom-gate FET,
which must have the MoS2 surface uncovered for molecule
adsorption detection. The aging effect of 2D-MoS2 by prolonged
exposure to air should also be considered in evaluating the FET
performance. In ref. 52, it was shown that the MoS2 FET sensors
based on single MoS2 akes exfoliated from the bulk were more
stable aer intentional aging for a month, but their electrical
mobility was signicantly reduced from 1–8 cm2 V−1 s−1 to 0.5
cm2 V−1 s−1. In our case, the molecule adsorption experiments
were performed aer 3 months aging of the MoS2 samples, and
care was taken to obtain reproducible characteristics by
repeating the air–vacuum changes and the electric measure-
ment cycles to eliminate intermediary hysteresis states. In ref.
52, it was also shown that by exposure to different solvent
vapors, the drain current changed in positive (60−300%) and
negative (−75 to −98%) ranges for polar and non-polar mole-
cules, accompanied by modication in low-frequency noise.
Interestingly, we also performed some tests exposing our
devices to acetone vapor and found an exponential increase in
the source-drain current during exposure toward a saturation
value (∼an order of magnitude), as well as unexpectedly large
uctuations in the dc current, which we interpreted as the effect
of trapping–detrapping uctuations of adsorbed polar
molecules.
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In conclusion, our devices exhibited good sensitivity to
molecule adsorption, but for better FET electronic performance,
further optimization of the selective MoS2 growth and device
fabrication processes is required.
3.2 Time dependence of the current for light and molecule
adsorption excitations

The time-resolved response of Isd to variations in air pressure
and illumination is exemplied in Fig. 3a and b for samples #15
mm and #20 mm, respectively. The experiments shown in Fig. 3
started at atmospheric pressure in the dark aer the devices
reached a constant source-drain current.

The device response times for different stimuli (voltage,
light, and air/vacuum exposure) were between a few seconds
and minutes, or even longer in the case of molecule adsorption
(Fig. 3). This is mainly an electronic effect of changing the
concentration of free carriers by deep-level trapping on the
surface- and interface-electronic states, or on structural defects
in the “bulk” of the 2D MoS2 few-layers akes, and by electron
transfer or eld-induced doping in the case of molecule
adsorption and gate voltage variations. In the case of light
stimulus, the phenomenon is known as persistent photocon-
ductivity,68 which has been shown in some cases of ultraviolet
light exposure to have a decay-time constant of ∼30 days.69

In Fig. 3a, in period 1 (between zero and 115 min), the
sample in air was subject to two on–off illumination cycles.
From the initial value (when the sample was in the dark), the Isd
current increased by two orders of magnitude in response to
turning on monochromatic light (600 nm wavelength). The
current reached 40–50 pA and was not saturated within
∼30 min. The rst part of relaxation of the current with time, t,
upon turning the light on or off at time to can be well repre-
sented by the superposition of two exponential decay functions,
A1 exp(–(t − to)/s1) + A2 exp(–(t − to)/s2), where s1 and s2 are the
relaxation times A1 and A2 are coefficients (positive or negative
for light on and off, respectively). Almost the same relaxation
Fig. 3 Time dependence of the source-drain current, Isd, during on–
temperature and Vg = 0 for samples #15 mm (a) and #20 mm (b). Labels a
and light wavelength, l; air at atmospheric pressure is labeled as “atm”. P
pump, and those below 10−4 mbar with turbo-molecular pumps. Differe
pressure times.
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times, s1 (80–85 s) and s2 (700–800 s), were found for on and off
light excitation. A similar response with a slow decrease in
current aer illumination was observed during the second
illumination cycle. Aer 40 min in the dark following the
second illumination pulse, the dark current did not relax to the
initial value at the beginning of the experiment. Pumping the
cryostat with the sample to 4 mbar, which started at t =

115 min, did not change the current decay, which continued to
drop aer the last light exposure.

The reaction of Isd to the turning on the turbo molecular
pump (TMP) to achieve a high vacuum (HV) of 2 × 10−5 mbar
(Fig. 3a, period 2) in the dark was relatively fast. The Isd dark
current increased in sub-period 2a and reached saturation of
∼40 pA at HV. This current increase can be assigned to the
desorption of molecules, mainly O2 and H2O. Under high
vacuum, the current further increased to ∼76 pA upon illumi-
nation (sub-period 2b) and relaxed back to ∼40 pA upon
switching the light off (sub-period 2c), having almost the same
values of relaxation times s1 and s2 as that at atm pressure,
further suggesting that the photo-carrier recombination is
a bulk phenomenon in the #15 mm sample, which is less
dependent on surface recombination centers induced by the
adsorbed molecules.

By switching off the turbo-molecular pump, the pressure
increased slowly to 2 mbar, which was maintained by the fore-
pump (period 3). During the pressure increase, the dark
current, Isd, rst increased sharply, and when the pressure
reached the value of 2 × 10−2 mbar, it later steadily decreased
below the value at the beginning of the period 3. The occurrence
of the current peak at 2 × 10−2 mbar was veried by repeating
the experiment. The time evolution of Isd during increasing the
pressure can be explained by H2O adsorption, which can to
induce electron accumulation due to its multiple preferential
adsorption sites and molecule orientations, as discussed above
related to the schematic in Fig. 1a and in the Introduction.31–34

The data can be explained if we assume that initially during the
adsorption process, water molecules are electrostatically
off illumination cycles and vacuum–air pressure variations at room
bove the figures indicate Vsd and Vg voltages during the measurements
ressures of 2–4 mbar were obtained by pumping with a fore-vacuum
nt time intervals in panel (a), labeled as 1–4, correspond to constant air

© 2025 The Author(s). Published by the Royal Society of Chemistry
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adsorbed, with their positive pole towards the MoS2 surface due
to the H+–S− attractive interaction, inducing the accumulation
of electrons, which generates the current peak at 2× 10−2 mbar.
Over time and by increasing the pressure, the water molecules
are adsorbed on the surface of the MoS2 layer in a more stable
position, which is the one with the depletion effect induced by
charge transfer (see the schematic in Fig. 1a). The last period, 4,
in Fig. 3a corresponds to the rapid introduction of air at
atmospheric pressure. The adsorption of molecules starts in
period 4 by increasing the dark current, Isd, which forms
a current spike similar to that produced by increasing the
pressure to 2 × 10−2 mbar in period 3. The current strongly
decreased aer that due to the electron-depletion effect of the
dominant adsorption mode of H2O and O2 molecules.

As shown in Fig. 3b, the monitoring of current Isd of sample
#20 mm started whenmonochromatic light (wavelength 570 nm)
was turned on with the sample in air at atmospheric pressure.
As was the case for the #15 mm sample, the current increased
rapidly by over an order of magnitude upon illumination, from
the Isd of ∼0.1 pA to 5.5 pA. The huge photo-response with
respect to the steady state dark current, as also observed in #15
mm sample (Fig. 3a, two orders of magnitude increase of Isd),
can be explained by the combination of photocarrier generation
and hole trapping, which increases the electron concentration
to keep local charge neutrality. The relaxation times s1 and s2
are 50 s and 300 s, respectively, which are almost a half of the
values for sample #15 mm.

The light exposure of sample #20 mm was constantly main-
tained during the vacuum experiments in Fig. 3b until t =

115 min. The total Isd current increased at 4 mbar by a factor of
2 (Isd = 10 pA). Only a slow, 10%, increase in total current
occurred (Isd = 11.7 pA) when the vacuum further increased to
10−4 mbar. Also, in contrast to the measurement in the dark on
sample #15 mm (period 3 in Fig. 3a), under light, there was
a weaker decrease in the total current by increasing the pressure
back to 2 mbar. The Isd current peak at 2 × 10−2 mbar was
observed very clearly in the dark current of sample #15 mm,
while for sample #20 mm under illumination it was much
weaker, with a temporary increase in current by 10%. The rapid
insertion of air at atmospheric pressure at t = 93 min in Fig. 3b
resulted in a sharp peak of Isd, followed by a decrease towards
a lower value (Isd = 4.6 pA), close to that measured initially (at t
= 0) at atmospheric pressure. This is again similar behavior to
the dark current in sample #15 mm (period 4 in Fig. 3a). By
switching off the light at t = 115 min, the dark current in air at
atmospheric pressure decreased within ∼15 min close to the
value of 0.1 pA, the same as at the beginning of the experiment.

To evaluate the relaxation times of the light excitation
response in sample #20 mm under high vacuum, we performed
the measurement presented in Fig. 3b starting at t = 140 min.
The values of response times s1 and s2 for sample #20 mm
measured under high vacuum are 50 s and 280 s for the light on
and 35 s and 180 s for light off, respectively. These are shorter
than that measured at atmospheric pressure and found for
sample #15 mm. This is consistent with the higher density of
thinner akes that dominate the conduction path in larger
© 2025 The Author(s). Published by the Royal Society of Chemistry
electrode-gap devices and have faster photocarrier
recombination.
3.3 Molecule adsorption effects on spectral photocurrent

The spectral dependence of the photocurrent (dened as the
difference between Isd under illumination and Idarksd in the dark
before spectral illumination) measured on samples #15 mm and
#20 mm under vacuum at different pressures and in air at
atmospheric pressure is shown in Fig. 4a and b for gate voltage
Vg = 0 V. The spectral photocurrent was measured by varying
the wavelength from 800 nm to 400 nm in 10 nm steps, 30 s per
step, and the current acquired at the step end. As shown in
Fig. 3, the total current Isd varied on a scale of tens of min, more
than two orders of magnitude relative to the long-term dark
current, by switching on and off the light. Thus, we can say that
the spectral photocurrent presented here with only 30 s per
point refers to the faster device response.

In contrast to #15 mm (Fig. 4a), in the #20 mm sample
(Fig. 4b), the spectral photocurrent increased with a decrease in
the air pressure from atmospheric (atm) to 2–4 mbar (when the
sample was evacuated with a fore-vacuum pump, FVP) and to 2
× 10−5 mbar (evacuated with a high-vacuum pump, HV). For
better comparison, the spectral responsivity in air at atm pres-
sure and under HV was computed by normalizing the photo-
current to the spectral illumination power. As can be seen in
Fig. 4c, the spectral responsivity of sample #15 mm is almost
independent of the molecule adsorption and the atm and HV
curves almost overlap, with a small blue-shi in energy for the
measurements under vacuum. In sample #20 mm, the photo-
current increased under HV by a factor of 2.1 and is lower than
that of the #15 mm on the whole spectrum.

The weak photocurrent sensitivity of sample #15 mm to the
ambient pressure can be explained if we assume that the
spectral photocurrent is mainly controlled by photo-excitation
and recombination in the “bulk” of the 2D-MoS2 layer, which
is less inuenced by the molecules adsorbed on the surface.
This is supported by the red shi in the photocurrent threshold
from ∼1.7 eV in sample #20 mm to ∼1.6 eV ∼ in sample #15 mm.
Given that the bandgap decreases with an increase in MoS2
thickness, the reduced photocurrent threshold in sample #15
mm means that the highest photo-conductance path between
the contacts leads to thicker interconnected akes than in
sample #20. The dark current of both samples increased by
a factor of 2.4–2.8 under HV, as shown in the inset of the Fig. 4c.
It can be seen that sample #15 mm is sensitive to gas molecules,
but the large number of photogenerated charge carriers screens
the effect of molecules on its surface. The increase in dark
current under high vacuum and the spectral response to the
change in ambient pressure in the selectively grown 2D-MoS2
agree with the reported sensitivity of annealed MoS2 mono-
layers to H2O and O2 adsorption, which was observed as a 100-
fold increase in light emission efficiency.30

In summary, the selectively grown 2D-MoS2 lms were
sensitive to adsorbed gases, and thus can be potentially used as
gas sensors. The samples responded to air–vacuum changes in
the total current in the full range of l above their bandgap.
Nanoscale Adv., 2025, 7, 2368–2380 | 2375



Fig. 4 Spectral photocurrent measured for Vg = 0 on samples #15 mm (a) and #20 mm (b) at room temperature under vacuum and at different
pressures; and (c) comparison of the spectral photoresponsivity computed based on the data in panels (a) and (b) and the calibrated spectral
illumination power (the inset shows the dark current Isd normalized to its value at atmospheric Iatmsd ).
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Similar to the gate dependence, the higher dark conductivity in
#15 mm means a lower spectral photocurrent response. The
thicker lms were conducting at zero gate voltage (Fig. 2a), and
thus they can be used as sensors in the two-terminal congu-
ration. In both cases, gate voltage and light can be used to tune
the responsivity to molecule adsorption.

3.4 Annealing and temperature dependence of the dark
current

We observed that the source-drain dark current owing through
the devices increased when they were placed under high
vacuum, which was attributed to themolecule desorption effect.
Thus, it was interesting to investigate the high vacuum state of
the devices by increasing the temperature to see if the residual
adsorbed molecules were further desorbed (supposing that
desorption by long-time exposure to high vacuum was not
completed). The effect of a stepwise increase in the temperature
to 340 K on the samples under high vacuum (2 × 10−5 mbar) is
shown in Fig. 5a and b for samples #15 mm and #20 mm,
respectively. Each 20 K increase in temperature in Fig. 5a was
very fast (21 K min−1) and associated with an initial steep
increase in current, followed by a slower decrease at constant
temperature plateaus (∼60 min annealing). Similar behavior
can be seen in Fig. 5b for #20 mm; however, the steep increase in
the current is less pronounced and appears as a delayed
decrease of the source-drain current. The current measured at
340 K decreased compared with the values measured at 300 K by
a factor of 1.8 for #15 mm and of 5.5 for #20 mm. This decrease at
a higher temperature was unexpected in the frame of molecule
desorption phenomena previously discussed. If we interpret the
annealing results in this scenario of molecule adsorption–
desorption phenomena, the initial current increase in Fig. 5c
suggests the desorption of residual molecules, followed by their
readsorption on the energetically more favorable sites. The
readsorption should be accompanied by a stronger electron
depletion effect to explain the lower current aer annealing.

The results obtained by the moderate annealing under high
vacuum with a temperature increase of only 40 K can be better
explained by the redistribution of the trapped electrons. Thus,
2376 | Nanoscale Adv., 2025, 7, 2368–2380
the fast temperature increase (21 K min−1) in each step resulted
in an initial increase in current due to the electrons thermally
activated from the deep traps to the conduction band, as in the
well-known thermally stimulated current (TSC) phenomenon.70

Aer that, at constant temperature, the exited electrons are
trapped in deeper energetic levels, including defects on the
surface of MoS2 and at the interface with the SiO2 layer,
inducing the depletion of free electron concentration in MoS2
by the eld effect. In the literature, by stronger annealing at
200–300 °C, a drastically reduced off-current was reported in
thick 2D-MoS2,71 but in their case of high temperature anneal-
ing in air, the effect was attributed to the internal atomic
arrangement of MoS2 atoms, release of a native point defect at
the interface, or even the elimination of photoresist residue
included during the fabrication process, similarly to graphene
and other 2D-TMD FETs.64–66

Following annealing at 340 K under high vacuum, the dark
source-drain current in the samples was measured as a function
of temperature without breaking the vacuum (4 × 10−6 mbar).
The dark Isd measured for both samples by cooling from 340 K
to 100 K, and then heating back to 340 K are shown Fig. 5c and
d, respectively. These gures also include the curves Tup ann.
representing the annealing data in Fig. 5a and b, respectively.

The temperature dependence of the current revealed that the
conducting lm in sample #15 mm showed extrinsic
semiconducting-like behavior. When the sample was cooled at
the rate of 2.8 K min−1, the current decreased at variable rates
(curve Tdown in Fig. 5c), corresponding to different activation
energies, which suggests that the sample contains defects with
different trapping energies. Thus, in the range of 340–280 K, the
activation energy was 230 meV. The current remained almost
constant at the plateau down to 260 K, decreased again with an
activation energy of 85 meV, and then 120 meV through a quasi-
equilibrium process. This behavior means that the deeper
donor state at 230 meV is occupied rst during the cool-down,
and then the shallow levels at 120 meV below the conduction
band. The donor states located 250 meV below the conduction
band limit attributed to vacant sulfur vacancies were considered
in the model proposed in ref. 45. Using electron paramagnetic
© 2025 The Author(s). Published by the Royal Society of Chemistry



Fig. 5 Temperature dependence of Isd under high vacuum for samples #15 mm (a and c) and #20 mm (b and d): (a) and (b) Isd time dependence
during annealing at higher temperatures than RT (Tup ann.) and (c) and (d) Arrhenius plot of the Isd temperature dependence for cooling (Tdown)
and heating (Tup) at low temperatures. The saturation Isd values at different annealing temperatures (Tup ann.) in panels (a) and (b) are also plotted.
The insets of (c) and (d) show the corresponding temperature dependence of thermally stimulated current (ITSC).
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resonance (EPR), sulfur vacancies and rhenium impurities were
identied as defects in natural MoS2 crystals, in agreement with
Hall measurements revealing n-type conductivity with a carrier
concentration of 2.3× 1016 cm−3 andmobility of 60 cm2 V−1 s−1

at 300 K.72 Simulating the temperature dependence, they found
two activation energies of 89 meV, corresponding to shallow
donor states with a concentration of 7× 1015 cm−3 attributed to
rhenium impurities; and 241 meV of deeper donor states with
a high concentration of 2 × 1019 cm−3 related to sulfur vacan-
cies. Based on these literature data, we can attribute the acti-
vation energies found in our samples, such as 230 meV, to
sulfur vacancies, while 85–120 meV possibly to natural impu-
rities, grain boundaries or disorder defects.

At very low temperatures, the current was almost constant at
0.36 pA, where surface or tunneling-like hopping conduction
may dominate the electronic transport. In comparison to cool-
down (Tdown in Fig. 5c), the measurement upon warmup at the
rate of 2 K min−1 (Tup curve in Fig. 5c) shows almost the same
constant current of 0.36 pA for T < 160 K, followed by an increase
with an activation energy of 110 meV (instead of 120 meV for
Tdown-curve) in the interval of 160–210 K. At higher temperatures
of 210–300 K, the current increased with an activation energy of
∼200 meV and was higher in the Tup-curve compared with the
Tdown-curve. This hysteresis of the Tdown–Tup cycle is due to the
TSC phenomenon through which, by cooling, free carriers are
© 2025 The Author(s). Published by the Royal Society of Chemistry
trapped in the deep levels, and then thermally activated when the
temperature increases, generating an additional thermally acti-
vated current ITSC.70 This hysteresis is reduced for a low trap
density and low heating rate. This means that the ITSC current
(dened as the difference between Tup and Tdown curves, as
exemplied by the inset in Fig. 5c) is larger when the temperature
increases faster and shows a peak (or more) at a specic
temperature (290 °C in this case) depending on the trapping
energy level and heating rate. The thermally activated current in
our case decreased in the range of 270–300 K when the current
activation energy became closer to that of the Tdown curve.

Transport through the #20 mm sample upon cooldown (curve
Tdown in Fig. 5d) was almost independent of the temperature
(activation energy of 12 meV) and the current was very low,
suggesting that there is a very low concentration of free carriers
in the lm and the dominant current ows via tunneling, e.g.
hopping between different states on the surface or in the bulk.
The small increase in the current during illumination at 150–
160 K veries that the current ows through the lm and
induced the lling of deep traps with nonequilibrium electrons.
During the fast warmup (at a rate of 27 K min−1), electrons are
thermally activated from the traps and generate an ITSC above
210 K (see inset of Fig. 5d).

The investigations presented herein show the complexity of
the response of the eld-effect device based on interconnected
Nanoscale Adv., 2025, 7, 2368–2380 | 2377
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selectively grown 2D-MoS2 akes, a multifunctional device very
sensitive to changes in various external stimuli (Vg and Vsd
voltages, light, molecule adsorption, carrier trapping and
temperature). The large number of defects in the lm volume
and at the surface/interface and grain boundaries had a strong
inuence on the measurements. The data in Fig. 2–5 demon-
strate the strong and complex dependence of the source-drain
current in the devices on the pressure of air and the associ-
ated molecules adsorbed on the sample surface. This is
consistent with the transport and photoluminescence data of
the samples prepared by exfoliation or CVD.30,40 Typically, two
types of air molecules were considered in these reports, O2 and
H2O. Their effect is most oen studied, both theoretically and
experimentally, for perfect monolayers. In a monolayer, adsor-
bed O2 is theoretically predicted to introduce a deep acceptor
level in the bandgap.33 This means that O2 can trap electrons
from the conduction band and its desorption under vacuum
would lead to a higher electron density and conductance. This is
consistent with the signicantly lower dark current and
photocurrent in air than under high vacuum but it does not
explain the reduction in current upon annealing under vacuum
or the current spikes in Fig. 4a and 5a. Although water mole-
cules have been predicted to cause a small increase in the
valence band energy at the K-point in monolayer MoS2, a very
large inuence of adsorbed H2O molecules on carrier recom-
bination and photoluminescence in the monolayer was
demonstrated.30 In addition, the devices presented in this study
contain regions of thicker layers, which have different band
structures. Therefore, the interactions of polar molecules of
water with charge carriers in the presented devices with thicker
layers must be also considered. It is possible that when water is
rst adsorbed, it increases the current (carrier concentration)
via its electric dipole orientation (Fig. 4a) to then reorient itself
to be neutral (when aligned parallel to the surface) or even
reversing the dipole moment, lowering the current in a steady
state.

4. Conclusions

In conclusion, we investigated the sensitivity of eld-effect
structures based on 2D-MoS2 layers selectively grown via the
Mo-CVDmethod to molecule adsorption. These devices, which
were fabricated using the bottom-up approach, consisted of
layers of 2D-MoS2 interconnected akes selectively grown
between pre-deposited Mo source and drain electrodes spaced
by 15 mm or 20 mm. The effects of the air pressure, light
exposure and gate voltage on the current voltage were
measured. It was found that both types of samples (#15 mm and
#20 mm) responded similarly to changes in molecular adsorp-
tion (mainly H2O or maybe O2 from the air) by vacuum-level
variations. In both samples, the dark current decreased at
atmospheric pressure due to molecule adsorption, which
caused electron depletion in MoS2. Multiple possible adsorp-
tion sites and molecule orientations for H2O relative to the
MoS2 surface producing the depletion or accumulation of
electrons can explain the evolution of the current with the air
pressure. The response to the light on–off excitation was very
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high (orders of magnitude), but very slow, resulting from the
cumulative effect of photocarrier generation and hole trap-
ping, which increased the electron concentration by main-
taining local charge neutrality. In the case of on and off light
excitation of the #15 mm sample, almost the same relaxation
times, s1 (80–85 s) and s2 (700–800 s), were found for HV and
atmospheric pressure. A faster response to light excitation was
found in the #20 mm sample with smaller values of s1 (35–50 s)
and s2 (180–300 s). The dark current was investigated as
a function of temperature aer annealing the samples up to
340 K under HV. The two samples differed signicantly in
current values and activation energies. The differences
between the #15 mm and #20 mm samples can be explained by
the higher density of thinner akes in the latter sample, which
limited the current. The presented results demonstrate the
high sensitivity of the 2D-MoS2 eld-effect structures selec-
tively grown by Mo-CVD to molecule adsorption, as well as the
possibility to tune their sensitivity by adjusting the growth on
patterned substrates with varying gaps between electrodes. In
both investigated samples, the relative response at RT of the
dark current to vacuum reached values up to 1000% at the
turn-on voltage. The temperature dependence of Isd under high
vacuum revealed an activation energy of 230 meV, which can
be assigned to sulfur vacancies and other shallow levels (85–
120 meV), possibly due to natural impurities, grain edges or
disorder defects. This result is signicant considering the
simple, inexpensive, bottom-up technique for the fabrication
of devices that contain non-toxic materials. The demonstration
of a large number of structural and boundary defects in
selectively grown 2D-MoS2 interconnected akes controlling
the behavior of the studied FET structures can be of great
interest for the future applications of this versatile device
fabrication technique in optoelectronics or modern synaptic
electronics.
Data availability

Data will be made available upon request.
Author contributions

The manuscript was written with contributions from all
authors. All authors have approved the nal version of the
manuscript.
Conflicts of interest

There are no conicts to declare.
Acknowledgements

This work was nancially supported by a grant from the
Ministry of Research, Innovation and Digitization, CNCS-
UEFISCDI, project number PN.111-P2-2.1-PED-2021-2457, as
well as by the NIMP Core Program Project PC2-PN23080202.
© 2025 The Author(s). Published by the Royal Society of Chemistry



Paper Nanoscale Advances
References

1 V. Shanmugam, R. A. Mensah, K. Babu, S. Gawusu,
A. Chanda, Y. Tu, S. N. Khorasani, M. Försth, G. Sas and
O. Das, Part. Part. Syst. Charact., 2022, 39, 2200031.

2 H. S. Nalwa, RSC Adv., 2020, 10, 30529–30602.
3 Md. M. Uddin, M. H. Kabir, Md. A. Ali, Md. M. Hossain,
M. U. Khandaker, S. Mandal, A. Arifutzzaman and D. Jana,
RSC Adv., 2023, 13, 33336–33375.

4 D. Gupta, V. Chauhan and R. Kumar, Inorg. Chem. Commun.,
2020, 121, 108200.

5 S. Borghardt, J.-S. Tu, F. Winkler, J. Schubert, W. Zander,
K. Leosson and B. E. Kardynał, Phys. Rev. Mater., 2017, 1,
054001.

6 R. Suzuki, M. Sakano, Y. J. Zhang, R. Akashi, D. Morikawa,
A. Harasawa, K. Yaji, K. Kuroda, K. Miyamoto, T. Okuda,
K. Ishizaka, R. Arita and Y. Iwasa, Nat. Nanotechnol., 2014,
9, 611–617.

7 T. Heine, Acc. Chem. Res., 2015, 48, 65–72.
8 B. Zhu, H. Zeng, J. Dai, Z. Gong and X. Cui, Proc. Natl. Acad.
Sci. U. S. A., 2014, 111, 11606–11611.

9 H. Zeng, J. Dai, W. Yao, D. Xiao and X. Cui, Nat. Nanotechnol.,
2012, 7, 490–493.

10 D. Mouloua, A. Kotbi, G. Deokar, K. Kaja, M. El Marssi, M. Ali
and M. Jouiad, Materials, 2021, 14, 3283.

11 N. Thomas, S. Mathew, K. M. Nair, K. O'Dowd,
P. Forouzandeh, A. Goswami, G. McGranaghan and
S. C. Pillai, Mater. Today Sustainability, 2021, 13, 100073.

12 H. Wang, C. Li, P. Fang, Z. Zhang and J. Z. Zhang, Chem. Soc.
Rev., 2018, 47, 6101–6127.

13 K. Kalantar-zadeh and J. Z. Ou, ACS Sens., 2015, 1, 5–16.
14 R. Malik, V. K. Tomer, Y. K. Mishra and L. Lin, Appl. Phys.

Rev., 2020, 7, 021301.
15 Y. Li, Q. Li, Z. Wang, Z. Huang, J. Zhu, A. I. Channa, F. Cui,

H. Xu, X. Li, L. Zhou and G. Zou, Appl. Phys. Lett., 2023, 123,
151103.

16 L. M. Xie, Nanoscale, 2015, 7, 18392–18401.
17 G. Swain, S. Sultana and K. Parida, Nanoscale, 2021, 13,

9908–9944.
18 D. Andrzejewski, M. Marx, A. Grundmann, O. Pngsten,

H. Kalisch, A. Vescan, M. Heuken, T. Kümmell and
G. Bacher, Nanotechnology, 2018, 29, 295704.

19 L. Yu, M. Deng, J. L. Zhang, S. Borghardt, B. Kardynal,
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