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a b s t r a c t
Two dimensional transition metal dichalcogenides (TMDs) are exciting materials for future applications in
nanoelectronics, nanophotonics and sensing. In particular, sulﬁdes and selenides of molybdenum (Mo)
and tungsten (W) have attracted interest as they possess a band gap, which is important for integration into electronic device structures. However, the low throughput synthesis of high quality TMD thin
ﬁlms has thus far hindered the development of devices, and so a scalable method is required to fully
exploit their exceptional properties. Within this work a facile route to the manufacture of devices from
MoS2 and WS2 , grown by vapour phase sulfurisation of pre-deposited metal layers, is presented. Highly
homogenous TMD ﬁlms are produced over large areas. Fine control over TMD ﬁlm thickness, down to
a few layers, is achieved by modifying the thickness of the pre-deposited metal layer. The ﬁlms are
characterised by Raman spectroscopy, electron microscopy and X-ray photoelectron spectroscopy. The
thinnest ﬁlms exhibit photoluminescence, as predicted for monolayer MoS2 ﬁlms, due to conﬁnement in
two dimensions. By using shadow mask lithography, ﬁlms with well-deﬁned geometries were produced
and subsequently integrated with standard microprocessing process ﬂows and electrically characterised.
In this way, MoS2 based sensors were produced, displaying sensitivity to NH3 down to 400 ppb. Our
device manufacture is versatile, and is adaptable for future nanoscale (opto-) electronic devices as it is
reproducible, cost effective and scalable up to wafer scale.
© 2014 Elsevier B.V. All rights reserved.

1. Introduction
The novel properties of two dimensional semiconducting transition metal dichalcogenides (TMDs) make them of great interest
for both academia and industry [1–3]. They offer an exciting alternative to graphene, as they possess a band gap, which is crucial for
applications in electronics and photonics. These materials have the
general formula MX2 with M being a transition metal (commonly,
but not limited to, Mo, W, Nb, Ta, Ti); and X being a chalcogen (S, Se,
Te). This class can form two-dimensional layered ﬁlms composed
of a plane of metal atoms covalently bonded to chalcogen atoms.
Bulk crystals of such materials have long been studied[4], but in
recent years the isolation of their 2D analogues has led to renewed
interest in this ﬁeld.
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Importantly, a transition from an indirect gap to a direct gap
semiconductor has been reported for MoS2 [5], and WS2 [6,7] as
they approach monolayer thickness. Single layer MoS2 shows a
transition from the bulk indirect band gap of 1.2 eV, to a direct band
gap of 1.9 eV [8]. The WS2 analogue shows a similar transition with a
bulk indirect band gap and monolayer direct band gap of 1.4 eV and
1.8 eV, respectively [9]. Recent work has used micromechanically
exfoliated layers to produce devices which demonstrate excellent
on/off ratios and rapid switching [10–12]. Layers exfoliated by this
method have been shown to display photoluminescence (PL) [13]
and electroluminescence [14], and thus have potential applicability in optoelectronic devices. However, this production method is
very laborious and offers no prospect of scalability.
Scalable production of 2D TMDs has recently been achieved
using sonication assisted liquid phase exfoliation in organic solvents [15] and surfactant media [16] as well as by Li intercalation
[17,18] and by thermal decomposition of tetrathiomolybdates (or
tetrathiotungstates) [19]. Such methods can be used to produce
bulk quantities, well suited for applications in composites [20–23],
catalysis [19], lithium ion batteries [24,25] and supercapacitors
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[26]. However, they are not readily compatible with standard
microprocessing techniques; and the ﬁlms produced from individual ﬂakes display inferior electronic properties to those obtained by
mechanical exfoliation [27]. Chemical vapour deposition (CVD) is a
versatile, cost effective and industry compatible technique, which
has greatly advanced graphene research in recent years by making
high quality ﬁlms readily available [28,29]. Similar methods can
be used for the production of TMD ﬁlms, and several routes to the
production of MoS2 thin ﬁlms have recently been outlined. These
typically are not pure CVD processes but rather involve thermally
assisted sulfurisation of Mo [30–32] or, more commonly, MoO3
[33–36], however the use of liquid phase precursors has also been
demonstrated [37,38]. WS2 has similarly been produced through
the thermally assisted sulfurisation of WO3 [33] and W [39] or by
atomic layer deposition [40]. However, ﬁne control of TMD layer
thickness over large areas, in combination with structured growth,
has seldom been demonstrated.
Within this work a facile route to manufacture of devices from
TMDs, grown by vapour phase sulfurisation, is presented. Highly
homogenous TMD ﬁlms are produced over large areas by sulfurisation of pre-deposited metal layers. This is demonstrated for
MoS2 and WS2 , but can potentially be extended to produce other
TMDs. The thickness of the samples is well controlled, from bulk
down to monolayer, and high quality homogenous ﬁlms are produced over a centimetre scale. The uniformity of these ﬁlms, as
observed through scanning Raman analysis, signiﬁes an advance
on existing reports on the sulfurisation of Mo which typically show
non-uniform ﬁlms with limited thickness control [31]. By using
shadow masks we obtain ﬁlms with well-deﬁned geometries that
can be readily integrated with standard micro-processing technologies. This procedure minimises processing steps, and results
in quick, cost effective and versatile device manufacture.
One area of application, which is highly technologically relevant, is chemical sensors. The ever increasing demand for highly
sensitive, low cost and low power sensors, in particular for standalone and mobile systems, has necessitated the investigation of
new materials. Electronic gas sensors, based on 1D and 2D nanomaterials in a ﬁeld effect transistor (FET) conﬁguration, have shown
considerable promise [41–43]. Improvements in their sensitivity and selectivity have continuously been demonstrated through
covalent or non-covalent functionalisation [44–46]. As a semiconducting analogue of graphene, which has demonstrated single
molecule detection [43], 2D MoS2 is an exciting candidate for future
sensors. A number of MoS2 based gas sensors have recently been
reported using micromechanically exfoliated [11,47,48] and liquid
phase exfoliated [49,50] MoS2 ﬂakes. However, these approaches
suffer from the previously mentioned problems of poor scalability
and poor electronic quality, respectively and it is only recently that
devices from more scalable processes have been reported [51]. In
this study, we show that our simple process ﬂow is capable of producing gas sensing devices with ultra-high sensitivities, down to
400 ppb for ammonia.

heated to 750 ◦ C (25 ◦ C/min) and annealed for 30 min. A second
upstream hot zone was used to melt S powder (MaTecK, 99%)
to 113 ± 0.1 ◦ C, and thus introduce S vapour into the reaction
zone. This hot zone consisted of an assembly of halogen bulbs
coupled with a power supply. A k-type thermocouple, placed alongside the S supply, allowed for the temperature in the vicinity
of the S powder to be monitored. Following sulfurisation, the
samples were held at 750 ◦ C for a further 20 min, before the furnace was cooled. Upon removal from the furnace, samples were
cleaned with acetone and then isopropanol (both HPLC grade) to
remove unreacted residue.
For deposition of metal leads a hard mask was aligned to the prestructured TMD ﬁlms and Ti/Au (10/80 nm) was deposited with the
Gatan PECS.
High resolution transmission electron microscopy (HRTEM)
bright ﬁeld images were obtained using a FEI Titan 80–300 TEM.
Samples were prepared by ﬁrst spin coating a PMMA support layer
onto the MoS2 thin ﬁlms and then etching the substrate with 15 M
KOH. Samples were then transferred to lacey carbon TEM grids and
the PMMA removed by immersion in acetone.
Raman analysis was performed using a Witec Alpha 300R
confocal Raman microscope, utilising a 532 nm laser and an
1800 lines/mm grating. A laser power of less than 1 mW was used
for all measurements in order to avoid sample damage. Raman
maps were obtained by taking 4 scans every m in the x and y direction. PL measurements were taken using the same system with a
600 lines/mm grating in a high cm−1 regime.
X-ray photoelectron spectroscopy (XPS) was performed under
ultra-high vacuum conditions (base pressure of 2 × 10−10 mbar)
using a VG Scientiﬁc CLAM2 analyser operated at a pass energy
of 50 eV with 2 mm slits, giving a FWHM on Ag 3d5/2 of 1.25 eV for
the source (PSP twin anode, unmonochromatised Al K␣ , operated
at 12 kV and 12 mA). The core-levels were ﬁtted using the software
CasaXPS.
Electrical characteristics were measured under ambient conditions using a Karl Suss probe station in conjunction with a Keithley
model 2612A source meter.
Gas Sensing measurements were performed in a homemade
gas sensing chamber. 200 ppm NH3 gas, balanced by dry N2 , was
introduced into the chamber using mass ﬂow controllers to dilute
the gas concentration by mixing with dry N2 . At a 100 sccm ﬂow
of the NH3 /N2 mixture, the gas sensing chamber was kept at a
pressure of 10 Torr. The electrical resistance of MoS2 sensors was
measured using a Keithley model 2612A source meter at a constant
bias voltage of 0.2 V and all measurements were performed at room
temperature. In every test, the MoS2 sensors were exposed to pure
N2 for 2 min to record their initial resistance and then NH3 gas was
introduced for 2 min, and the sensor response measured. The sensors were exposed to N2 for 10 min to recover and the gas sensing
tests were periodically repeated four times.

3. Results and discussion
2. Experimental
Thin metal ﬁlms (Mo, W, 99.99% MaTecK) were sputtered onto
substrates (300 nm SiO2 on Si and fused quartz, Alfa Aesar) using
a Gatan Precision Etching Coating System (PECS) allowing for
variable thicknesses (0.5–20 nm). The ﬁlm deposition rate, and
thickness, was monitored using a quartz crystal microbalance,
maintaining a deposition rate of <0.1 nm/s. Hard masks were used
to pattern the coatings, thus deﬁning selective areas of ﬁlm growth.
Substrates were placed in a quartz tube furnace (Lindberg
Blue) and heated (∼50 ◦ C/min) to 500 ◦ C under Ar ﬂow (150 sccm,
P ∼ 0.7 Torr). After a 5 min dwell at 500 ◦ C, the samples were

TMD thin ﬁlms were produced by direct sulfurisation of predeposited metal ﬁlms in a quartz tube furnace with two heating
zones. MoS2 formed the primary focus of our study; however our
method was also well-suited to the production of WS2 . Thin ﬁlms
of Mo (W) of nominal thicknesses, between 0.5 and 20 nm, were
heated to a growth temperature of 750 ◦ C and S powder was then
melted in a second upstream heating zone. Using Ar as a carrier
gas, S vapour was transported to the substrates, forming MoS2
(WS2 ) at predeﬁned locations. A schematic of this process is shown
in Fig. 1a. Films were grown on both SiO2 /Si and fused quartz
substrates by sulfurisation of ﬁlms with different thicknesses of
pre-deposited metal. Photographs of MoS2 ﬁlms, on both SiO2 /Si
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Fig. 2. HRTEM image of a typical MoS2 thin ﬁlm (nominal Mo thickness of 5 nm).
Scale bar is 1 nm. Inset is a FFT of the enlarged image showing hexagonal symmetry;
sharp spots conﬁrm a very low level of defects.

Fig. 1. (a) Schematic diagram of the sulfurisation of Mo. Two distinct heating zones
were used; the growth substrates were held at 750 ◦ C, while in a second upstream
heating zone S powder was heated to 113 ◦ C. (b) Photograph of MoS2 ﬁlms formed
by sulfurisation of Mo ﬁlms of different thickness on fused quartz (top) and SiO2 /Si
(bottom) substrates. An increase in opacity with increasing starting ﬁlm thickness
is evident. Each sample shown has an area of ∼1 cm2 .

and fused quartz, are shown in Fig. 1b. Films are easily distinguished
from one another, even those with pre-deposited ﬁlm thicknesses
of 0.5 nm and 1 nm, indicating good control over ﬁlm thickness.
HRTEM was used to probe the crystalline quality of MoS2 ﬁlms.
Films were transferred to grids by etching away the underlying
Si substrate in 15 M KOH. An atomic resolution image of a typical
thin ﬁlm (5 nm Mo thickness) is shown in Fig. 2. It clearly shows
the hexagonal lattice structure of the ﬁlm suggesting it is highly
crystalline MoS2 . The inset shows a fast Fourier transform (FFT) of
the HRTEM image. The well-deﬁned spots indicate a low level of

Fig. 3. (a) Raman spectra for three different MoS2 ﬁlm thicknesses normalised to the Si (520 cm−1 ) peak intensity. (b) Raman spectra for three different MoS2 ﬁlm thicknesses
normalised to the A1g peak intensity highlighting the evolution of spectra with decreasing thickness. (c) PL spectra for the same ﬁlms as (b), normalised to the Raman intensity,
showing strong emission for the 0.5 nm ﬁlm and none for the 5 nm ﬁlm. (d) Optical image and scanning Raman maps of the , A1g and Si peaks for a shadow mask patterned
ﬁlm of 10 nm starting thickness.

Please cite this article in press as: R. Gatensby, et al., Controlled synthesis of transition metal dichalcogenide thin ﬁlms for electronic
applications, Appl. Surf. Sci. (2014), http://dx.doi.org/10.1016/j.apsusc.2014.01.103

G Model
APSUSC-27111; No. of Pages 8
4

ARTICLE IN PRESS
R. Gatensby et al. / Applied Surface Science xxx (2014) xxx–xxx

defects. There was some contamination on the surface of the ﬁlms,
most likely caused by the ﬁlm transfer process, which involves a
PMMA support layer and basic etchant, which could potentially be
the cause of the background noise in the FFT. An intensity proﬁle
was extracted from the HRTEM image (see supporting information Fig. S1). From this proﬁle, the d-spacing was measured to be
0.63 nm. This is in good agreement with the previously reported
spacing of (0 0 2) planes of hexagonal MoS2 [52].
Raman spectroscopy was used to assess the layer thickness and
uniformity of our ﬁlms. Bulk MoS2 has two well-known Raman
bands at 383 cm−1 and 407.8 cm−1 when probed with a 532 nm
1 and A
excitation laser [53]. These correspond to E2g
1g vibrational
modes, respectively. Spectra of three ﬁlms, with different starting Mo thicknesses, grown on Si/SiO2 , are shown in Fig. 3a. It is
clear that the relative intensity of the MoS2 bands to the Si peak
of the substrate at 520 cm−1 scales with increasing ﬁlm thickness,

Fig. 4. (a) An XPS survey spectrum for a ﬁlm with an initial Mo thickness of 1 nm.
The difference in binding energy between the Mo 3d5/2 and the S 2p3/2 peaks of
E = 67.1 eV indicates a stoichiometric ratio in our MoSx samples of x = 1.9 ± 0.1.
The lack of major contaminants, except natural organic matter (C), is also evident.
(b) The Mo 3d core-level with ﬁtted components after subtraction of a Shirley background, also including the S 2s core-level in the same binding energy region. The
main component at 230 eV corresponds to sulfurised Mo, with two minor components at 231.7 eV and 233.6 eV originating from residual oxides. The spin-orbit
splitting in the Mo 3d doublets is 3.25 eV and the branching ratio (Mo 3d3/2 to
Mo 3d5/2 ) is 2:3. All components of the Mo 3d line have been ﬁtted using a mixed
Gaussian–Lorentzian line shape with a FWHM of 1.3 ± 0.1 eV.

conﬁrming that the thickness of MoS2 produced is directly related
to the starting Mo thickness.
Li et al. described the evolution of the Raman signal of mechanically exfoliated MoS2 ﬂakes upon reducing the number of layers.
They observed an upward shift of 1.7 cm−1 and a downward shift of
5.1 cm−1 in the and A1g peaks, respectively, upon going from bulk
crystals to monolayers[53]. Such a trend was previously predicted
from ab initio calculations by Molina-Sánchez et al. [54]. Spectra of
three ﬁlms of different thickness, normalised to the A1g peak inten1 and A
sity are shown in Fig. 3b. As expected, the E2g
1g peaks shift
closer to one another with decreasing ﬁlm thickness. In the case
of the 5 nm sample the and A1g peaks are seen at 383.6 cm−1 and
408.6 cm−1 , a separation of 25 cm−1 , whereas for the 0.5 nm sample
the same peaks manifest at 385.9 cm−1 and 406.3 cm−1 , a separation of 20.4 cm−1 . This suggests that the 0.5 nm sample consists of
very few (1–3) layers, whereas the 5 nm sample behaves like bulk
MoS2 . It is probable that the laser, with a spot size of ∼300 nm,
probes a number of crystal sites and thus the observed Raman

Fig. 5. (a) Raman spectra for three different WS2 ﬁlm thicknesses normalised to the
A1g peak intensity. Unlike the corresponding MoS2 spectra, thickness dependent
peak shifts are not immediately obvious. (b) XPS of the W 4f core-level of a WS2 ﬁlm
with an initial W thickness of 20 nm, after subtraction of a Shirley background and
with the W 5p3/2 line in the same binding energy range. The 4f line was ﬁtted with
a single component at a binding energy of 33.05 eV (for the 4f7/2 ), which indicates
completely sulfurised W at the surface. The spin-orbit splitting in the W 3f doublet
is 2.13 eV and the branching ratio (W 4f5/2 to Mo 4f7/2 ) is 3:4. The line has been ﬁtted
using a mixed Gaussian-Lorentzian line shape with a FWHM of 1.15 ± 0.10 eV.
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Fig. 6. Schematic representation of the process steps involved in producing a TMD channel device. Selective areas are deﬁned with a shadow mask, metal is sputtered, the
sample is sulfurised, IDE contacts are deﬁned, and contacts are sputtered. The bottom right panel is a photograph of one such device, 1.5 cm × 1.5 cm in area. The dimensions
of the channel are 5.4 mm × 5.4 mm. The interdigitated electrode (IDE) pattern used for the contacts has a channel length of 200 m and a width of 5.54 cm (=277 × Length).

signal may consist of contributions from domains of different layer
thickness.
PL studies offer an alternative route to probing the thickness,
and electronic properties, of MoS2 ﬁlms. Splendiani et al. measured
PL spectra for MoS2 ﬂakes of different thickness [5]. In bulk MoS2 ,
with its indirect band gap, they observed no PL emission. However,
in few- and monolayer crystals they noted PL emissions at the A1
and B1 direct excitonic transitions. PL spectra, as shown in Fig. 3c,
were acquired on the same ﬁlms used for Raman analysis. The PL
intensity is normalised to the MoS2 Raman signal in each case. The
5 nm ﬁlm shows no PL, further implying that it constitutes bulk
material. However, both the 0.5 nm and 1 nm ﬁlms display the PL
emissions characteristic of few layer crystals. These spectra were
all acquired under identical acquisition conditions and so the high
spectral intensity and, relative high intensity of the A1 to B1 emission observed for the 0.5 nm ﬁlm imply that it is, at least partially,
monolayer in nature. Six separate ﬁlms with a starting thickness of
0.5 nm were fabricated and each one showed similar PL behaviour,
indicating good reproducibility.
Scanning Raman spectroscopy was employed to assess the uniformity of a MoS2 ﬁlm over a large area. An optical image and
Raman maps of a shadow mask patterned sample, with a starting
Mo thickness of 10 nm, are shown in Fig. 3d. These demonstrate
good uniformity in the ﬁlm, with no cracks or tears observed over
the scan area. Additionally, no MoS2 is seen outside of the patterned
region, signifying good control over feature placement when using
shadow masks. Additional Raman maps, highlighting the increase
in and A1g peak separation with increasing thickness are shown in

Fig. S2. Scanning Raman spectroscopy also allowed for PL spectra to
be acquired over a large area. A PL surface map of a MoS2 ﬁlm, with
a starting Mo thickness of 0.5 nm, is shown in Fig. S3. This shows
a reasonably consistent signal, over a large area, further implying
ﬁlm uniformity, even in the case of very thin ﬁlms. To the best of
our knowledge, such uniform PL has not previously been reported
for MoS2 ﬁlms produced by sulfurisation of Mo.
XPS measurements provided further information about the
composition, purity and thickness of our ﬁlms. They were
performed on ﬁlms which were produced from nominal Mo thicknesses of 0.5, 1 and 5 nm, sputtered onto Si/SiO2 substrates, as
well as on a clean Si/SiO2 surface as a reference for ﬁlm thickness
estimation. An XPS survey spectrum of a MoS2 ﬁlm with a starting Mo thickness of 1 nm is shown in Fig. 4a. Aside from a weak
carbon signal, which is generally unavoidable, no other contaminants were observed, indicating the high purity of our samples. In
a previous XPS study on bulk MoS2 , Baker et al. show that the difference in binding energy between the Mo 3d5/2 and the S 2p3/2
peaks can be related to the stoichiometric composition of the MoS2
[55]. All measured samples showed a E value of 67.1 eV, corresponding to a stoichiometric ratio of x = 1.9 ± 0.1. This is closer to
the nominal value of 2 for MoS2 than values reported previously for
ﬁlms produced by sulfurisation of MoS2 (2.2) [31]. Furthermore,
as shown in Fig. 4b, the Mo 3d core-level can be ﬁtted with one
main component at a binding energy of 230 eV for the Mo 3d5/2
peak, which originates from sulfurised Mo, and two smaller components on the high binding energy side of the peak which are most
likely related to residual oxides. The S 2p core-level (not shown)

Fig. 7. (a) Current voltage characteristic of a MoS2 device. The linear ﬁt shows that ohmic contact was achieved between the MoS2 and the sputtered contacts. Schottky
effects are negligible due to work function match between Ti and MoS2 . (b) (Ids –Vds ) plot of a WS2 device. The linear ﬁt shows that ohmic contact was also achieved between
the WS2 and the sputtered contacts.
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could be ﬁtted with only one component at a binding energy of
162.9 eV, indicating that there is no unreacted sulfur on the surface.
By comparing the areas of the silicon XPS peaks before and
after growth of MoS2 ﬁlms on the Si/SiO2 substrates, and using the
exponential decay relation of photoelectrons emitted through an
overlayer, the ﬁlm thicknesses of different samples were estimated.
The average thickness of a ﬁlm with an initial nominal Mo thickness
of 0.5 nm was found to be 2.0 nm. This corresponds to ∼2–3 layers,
given a typical MoS2 interlayer thickness of 0.66 nm [31]. Similarly,
ﬁlms with starting thicknesses of 1 nm and 5 nm were measured to
be 3.9 nm (6–7 layers) and 6.1 nm (9–10 layers) following sulfurisation. This is an expected result, as the ﬁlm will expand upon the
addition of S between the Mo layers. These estimated values are in
close agreement with the Raman and PL observation which suggest
thickness close to a monolayer. This expansion was also observed
by atomic force microscopy, as shown in Fig. S4.
WS2 ﬁlms were also produced and characterised, demonstrating the ﬂexibility of our production method. Raman spectra of such
ﬁlms are similar to those of MoS2 , with peaks corresponding to
and A1g vibrational modes. These are observed at 354 cm−1 and
420 cm−1 , respectively, as shown in Fig. 5a, which is in good agreement with literature values [56]. XPS analysis of the W 4f core-level,
as shown in Fig. 5b, shows only one component at a binding energy
of 33.05 eV (for the W 4f7/2 ) corresponding to sulfurised W with
no indication of oxides being present on the surface. Similarly to
the previously discussed MoS2 samples, the survey scan shows no
major contaminants and the S 2p core-level could only be ﬁtted
with one component at 162.5 eV (both not shown).
Devices were fabricated using selective area deposition,
employing a shadow mask during the metal deposition, to create
TMD patterns. A second shadow mask was used to pattern metal
contacts on the thus derived ﬁlms. A schematic of this is shown
in Fig. 6. The bottom right panel in Fig. 6 is a photograph of such
a device. Contacts were formed by sputtering Ti/Au (10/80 nm).
The Ti serves two purposes, it acts as an adhesion layer for the
gold, and it more closely matches the work function of the MoS2 ,
thereby limiting the height of the contact resistance at the interface. An interdigitated electrode (IDE) pattern, with a channel
length of 200 m and a width of 5.54 cm (=277 × Length) was used.
Additional electrical measurements are included in the supporting
information Figs. S6 and S7.
The source-drain current versus source-drain voltage (Ids –Vds )
characteristic, for a pre-deposited Mo thickness of 20 nm, is shown
in Fig. 7a. The 20 nm MoS2 ﬁlm is linear at a bias voltage sweep
in the range of ±50 mV. The observed behaviour indicates that our
device has intimate contact electrodes, with no contribution from
a Schottky contact at the interface, thus excluding the possibility
of a Schottky barrier, which would suppress charge carrier ﬂow in
the semiconducting channel. WS2 devices exhibit the same ohmic
(Ids –Vds ) characteristic, as evidenced by the linear nature of Fig. 7b.
The devices exhibit minimal contact resistance.
Fig. 8a shows typical gas sensor response curves of such a device
at various concentrations of NH3 , from 400 ppb to 200 ppm. NH3 is
an electron-donating moiety and our sensor devices show n-type
behaviour, thus adding majority carriers has the effect of increasing conductivity. A recent study on the gas sensing properties of
mechanically exfoliated MoS2 ﬂakes illustrated a selective response
to electron donors [47]. When the MoS2 ﬁlm is exposed to gaseous
NH3 , adsorbed molecules on the surface of MoS2 shift the Fermi
level to the conduction band, resulting in the observed resistance
decrease. Although the sensor response curves immediately indicate NH3 injections, even at sub-ppm levels (Fig. 8b), recovery is
slow in pure N2 ﬂow at room temperature; and baselines gradually
shift downward for consecutive NH3 injections. The surface may
exhibit tight bonding with NH3 molecules, as has commonly been

Fig. 8. (a) Sensor response (S) curves of the MoS2 ﬁlm at various NH3 concentrations
from 400 ppb to 200 ppm and (b) four-fold plots of sensor response at 400, 600, and
800 ppb. Grey vertical bars indicate NH3 gas injections for 2 min. (c) Plots of sensitivity indicating percentile resistance changes between initial resistance and peak
value of the ﬁrst gas sensing cycle. Open boxes and broken line indicate measured
data and ﬁtted line, respectively. Inset: A full-scale sensitivity plot from 400 ppb to
200 ppm.

observed for nanomaterial-based sensors with extremely high sensitivities. The recovery speed could potentially be accelerated by
ultra-violet illumination or annealing [43,57].
Sensor responses for ammonia gas injections, over 2 min intervals, deﬁne the sensor sensitivity in this study, as shown in Fig. 8c.
In this study, sensor response (S) is deﬁned by percentile resistance
change, given by the following relation;
S=

R
RS − R0
=
× 100%
R0
R0
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where R0 is the initial resistance of the sensor and Rs is the resistance at gas introduction. The introduction of ammonia causes a
decrease in S because Rs < R0 ; therefore S is a negative quantity.
The sensor sensitivity is linearly proportional to the concentration
of NH3 introduced in the low concentration range, which makes
determination of gas concentration feasible, and a full-scale plot
shows a hyperbolic curve (inset Fig. 8c). As a result, we obtained
a practical detection limit of 400 ppb, which could be proven by
signal-to-noise ratios (SNRs) based on simple signal processing.
From the ﬁrst 4000 data points (about 2 min), the initial resistance
and root-mean-square (rms) noise of sensors were derived using
the following equation;



rmsNoise =

(R − R0 )
N

where R is the measured resistance and N is the number of data
points. According to the IUPAC deﬁnition [58], the signal should be
at least three times larger than the rms noise. Our MoS2 sensors
have a SNR of 8.3 at 400 ppb, and the SNR increases with increasing
NH3 concentration. Overall, this sensor performance is superior to
previous reports on MoS2 based ammonia sensors, produced from
liquid phase exfoliated ﬂakes, which show poor recovery at higher
concentrations [50]. This low detection limit signiﬁes that our MoS2
sensor is a strong candidate for gas sensing applications. Functionalisation of the channel could engender selectivity in our device,
as has been observed previously for other nanomaterial based sensors [44–46]. Sensors such as this, whereby a particular analyte (e.g.
H2 S, CO2 ) is targeted, are of high commercial interest.
4. Conclusion
We have shown a versatile method for the production of devices
from TMD ﬁlms, in particular with MoS2 and WS2 . Control over ﬁlm
thickness was attained by modifying the thickness of pre-deposited
metal layers. HRTEM studies outlined the crystalline quality of our
samples with an FFT representative of hexagonal symmetry. XPS
analysis further emphasised the high quality of the ﬁlms, with minimal impurities present. The thinnest MoS2 ﬁlms (0.5 nm) exhibited
a photoluminescence signal and Raman spectra, consistent with
few-layer material. Films with starting thicknesses of 5 nm and
greater displayed bulk like properties. These ﬁlms were readily
integrated into devices using a facile shadow masking procedure.
Gas sensor devices produced in this manner display excellent sensitivity, with a detection limit of 400 ppb for ammonia. The ease
of device manufacture, cost effectiveness, scalability and compatibility with existing semiconductor fabrication methods make this
process favourable for future sensors and other electronic applications.
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