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ABSTRACT Trace chemical detection is important for a wide range of practical
applications. Recently emerged two-dimensional (2D) crystals offer unique
advantages as potential sensing materials with high sensitivity, owing to their

very high surface-to-bulk atom ratios and semiconducting properties. Here, we
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monolayer MoS, as high-performance room temperature chemical sensors. The Schottky-contacted MoS, transistors show current changes by

23 orders of magnitude upon exposure to very low concentrations of NO, and NH;. Specifically, the MoS, sensors show clear detection of NO, and

NH; down to 20 ppb and 1 ppm, respectively. We attribute the observed high sensitivity to both well-known charger transfer mechanism and, more

importantly, the Schottky barrier modulation upon analyte molecule adsorption, the latter of which is made possible by the Schottky contacts in the

transistors and is not reported previously for MoS, sensors. This study shows the potential of 2D semiconductors as high-performance sensors and also

benefits the fundamental studies of interfacial phenomena and interactions between chemical species and monolayer 2D semiconductors.
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nvironmental pollutant monitoring

and trace chemical detection are im-

portant issues for both military and
civilian purposes. Among air pollutants,
toxic gaseous species such as nitrogen
oxide (NO,) and ammonia (NH3) are two
of the most common ones' which can be
generated from emissions of vehicles, power
plants, and off-road equipment. NO, in am-
bient conditions contributes to the formation
of ground-level ozone and acid rain and
leads to fine particle pollution. Exposure to
NO, may cause chronic bronchitis, emphy-
sema, and respiratory irritation. On the other
hand, exposure to NH; may lead to tempor-
ary blindness, pulmonary edema, and respira-
tory irritation.? Due to these environmental
and health concerns, taking NO, as an exam-
ple, the US. Department of Environmental
Protection Agency (EPA) has set a primary
standard of 53 ppb (parts per billion) for NO,,?
NO, above which may cause possible health
problems especially for those sensitive popu-
lations including children, elderly, and people
with asthma. Therefore, it is crucially impor-
tant to develop high-performance sensors
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that are capable of detecting such toxic gases
quickly and reliably even at very low concen-
trations, for example, ppb level.

Nanomaterials hold promising potential
toward these requirements due to their
large surface-to-volume ratio and intrinsic
small dimension, which enable the fabrica-
tion of ultrasensitive chemical and bio-
logical sensors with minimized dimensions
and consequently high packing densities.>°
In this connection, various nanomaterials
including carbon nanotubes,>~>'° silicon
nanowires,® ® and metal oxide nanowires
and nanobelts''~'* have been demonstrated
to show high sensitivity to a large variety of
gas molecules and chemical and biological
species.

Two-dimensional materials (2D materials)
such as graphene, in the monolayer state,
offer the highest surface-to-volume ratio
and can provide ultimate sensitivity down
to the single-molecule level.'®'” Abundant
effort has been made in the fabrication of
graphene-based chemical and biosensors.
Previous studies have also shown that prop-
er gating of the sensors may offer them with
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optimal sensitivity.® Noticeably, layered transition
metal dichalcogenides (TMDCs), such as MoS,, share
similar 2D structures with graphene, which render
them very high surface areas. Moreover, recent theo-
retical and experimental studies have confirmed that
monolayer MoS, is a direct band gap semiconductor
with impressive device performance.’”®2° This offers
gate-tunable conductance for MoS, field-effect tran-
sistors (FETs)."®2°723 |n addition, the contact property
between MoS, and metal electrodes sensitively de-
pends on not only the types and work functions of
contact materials?* 8 but also the annealing recipes
and contact area of metal/MoS,,'8?%?%3° offering a
way to tune the nature of contacts in MoS, devices.
These features render MoS, a potential chemical sens-
ing material. Mechanically exfoliated monolayer to
few-layer MoS, have been demonstrated as promising
sensing materials for chemical and biological species
including NO, NO,, NH5, nerve gases, proteins, etc.>' ~3°
For example, Li et al. presented a detection limit of
~800 ppb of NO,3? and Late et al. showed a detection
limit of a few hundred parts per million (ppm) for both
NHs and NO; using mechanically exfoliated few-layer
MoS, FETs.3® Interestingly, in those studies,®*** the
authors found that monolayer MoS, devices were not
stable for sensing applications. Very recently, Perkins
et al. have reported highly sensitive detection of nerves
gases using mechanically exfoliated monolayer MoS,-
based FETs3* It is therefore interesting to study
whether monolayer MoS, can be a good sensing
material or not since the monolayer is the ultimate
form of these 2D materials. On the other hand, taking
NO, as an example, the reported detection limit of the
current MoS, sensors (e.g., a few ppm to a few hundred
ppm) is still moderate and higher than the primary
standard set by the EPA (i.e., 53 ppb). Clearly, more
effort should be devoted to MoS,-based sensing de-
vices to understand their working principle as well as to
develop devices with higher sensitivity to fulfill the
application needs. Another consideration is that me-
chanical exfoliation, which is used to prepare MoS,
materials for sensing in most of the recent studies, is
not suitable for large-scale fabrication of sensors, and
more scalable methods should be developed. Since
MoS; is a layered material with most of its atoms being
directly exposed to ambient conditions, it is also of
fundamental importance to study the interaction and
chemical reactions between gaseous species and the
surface of the monolayer 2D semiconducting materi-
als, about which little is currently known.

In this article, we report chemical vapor deposition
(CVD) growth of monolayer MoS; in a three-zone tube
furnace. We demonstrate the first use of CVD-grown
monolayer MoS, transistors with Schottky contacts
for the ultrasensitive detection of NO, down to a few
ppb level and NH3; down to 1 ppm and potentially
even lower concentration. Considering their atomic
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thickness and good mechanical robustness,® this
work shows that the 2D MoS, monolayer stands as a
competitive candidate for high-performance room
temperature gas sensors.

RESULTS AND DISCUSSION

We followed recent work for the CVD growth of
monolayer MoS,*”*° with some modifications, and
details of monolayer MoS, growth can be found in the
Experimental Section. Here, a three-zone CVD furnace
(Figure 1a) was used to grow MoS, monolayers, and
the temperature of each zone can be controlled sepa-
rately. Sulfur powder was used as solid sulfur source
and was placed at the first zone. MoOs; powder was
used as the Mo source which was placed at the second
or the third zone. The growth substrates, SiO,/Si, were
placed facing downward on top of the quartz boat
hosting the MoOs powders (Figure 1a). The furnace
was ramped up to the growth temperature of 625 °C
rapidly in 7 min, and MoS, growth lasted for 5—15 min,
which resulted in either isolated triangular monolayers
or quasi-continuous films (Supporting Information Fig-
ure S1). More details regarding MoS, growth are given
in the Experimental Section. Figure 1b shows a typical
optical microscopic image of the as-grown triangle-
shaped materials, which are light blue under the
optical microscope. The lateral dimensions of these
triangles are found to be 5—30 um. In addition to the
large triangles, detailed atomic force microscopy (AFM)
characterization also shows the existence of some
small triangles, with lateral size of ~1 um or smaller,
located around the large sheets and can be barely seen
under an optical microscope. Interestingly, bright dots
or triangles are frequently found at the center of the
large triangles (Figure 1c and Figure S1), which we
speculate acted as “seeds” for initial nucleation of MoS,
monolayers.*! The effectiveness of seeds in promoting
the CVD growth of monolayer MoS, has also been
reported recently by Ling et al.>*° Our Raman character-
ization shows that these dots are multilayer MoS,
in our samples (Figure S1e/(f). The degree of surface
coverage can be tuned by the growth time, ranging
from isolated individual domains (Figures 1b and S1a,b)
to quasi-continuous films (Figure S1c,d). The crystalline
nature of the MoS, was also confirmed by high-resolution
transmission electron microscopy (TEM) characterization
with a spacing of ~0.27 nm for the (100) crystal planes
(Figure 1d).

Raman spectroscopic and photoluminesence (PL)
spectroscopic studies were conducted to evaluate
the number of layers and the optical quality of the
grown materials. Shown in Figure Te are representa-
tive Raman spectra of the large triangles, where the
distance between the in-plane E291 mode and out-of-
plane A;g mode is 18—21 cm ™', indicating the formation
of predominately monolayer MoS,, consistent with
early reports.>’ 734173 One interesting property of
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Figure 1. Growth and characterization of monolayer MoS, using a three-zone CVD furnace. (a) Schematic of the three-zone
CVD furnace used for MoS, monolayer growth. Sulfur was put in zone 1, and the MoOs precursor and the growth substrates
were put in zone 2 or zone 3. The temperatures of the three zones can be controlled separately. (b) Optical microscopy image
of the as-grown MoS, monolayers on 300 nm SiO,/Si substrates. (c) AFM image of the as-grown MoS,. The height scale bar is
12 nm. (d) High-resolution TEM image of a MoS, monolayer. (e,f) Raman and normalized PL spectra of monolayer MoS, from
different samples. Inset of (f) shows the normalized Raman peak of the silicon substrates (2.266 eV) and two Raman peaks
from MoS, (2.283 and 2.280 eV). The Raman and PL measurements were performed using a 532 nm laser.

monolayer MoS; is that it is a direct band gap semi-
conductor with strong PL, showing sharp contrast with
its bulk counterpart, which is an indirect band gap
semiconductor with negligible quantum yield.>'>2 Qur
PL studies show that the samples show a dominated
single PL peak at ~1.85 to 1.86 eV (Figure 1f), which has
an exceptionally high intensity (for example, >70 times
higher than the Raman peaks from the SiO,/Si sub-
strate located at ~2.266 eV; see the blue spectrum in
Figure 1f). We have measured tens of different samples
and found that they possess very similar Raman and PL
characteristics, indicating the high uniformity of the
products.

Layered materials like graphene and MoS, possess
the highest possible surface-to-volume ratio when
they are in monolayer states, and it is expected that
these materials may offer ultrahigh sensitive detection
of various chemical species. The semiconducting
nature of MoS, may render efficient gate modulation
of the conductance in FETs, which adds another free-
dom to manipulate the properties of devices.>'> Such
studies may also benefit the fundamental understand-
ing of the gas—solid interactions and interfacial phe-
nomena. We have fabricated bottom-gated FETs
directly on the SiO,/Si substrates where MoS, were
grown. The devices were fabricated using e-beam
lithography, and 5 nm Ti/50 nm Au was deposited as
source and drain electrodes (see Experimental Section).
Figure 2a shows a schematic diagram of the device
configuration in this study. An optical image of two
fabricated devices is shown in Figure 2b with channel
length of ~1 um and channel width being determined
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by the size of the MoS, sheets and the positions of the
electrodes (dotted white lines indicate the position of
MoS, in one device). Typical output (Ips—Vps) and
transfer characteristics (lps—Vgg) of a MoS, FET are
shown in Figure 2¢,d. Figure 2d shows n-type transistor
behavior for MoS, FETs, consistent with an n-type
semiconducting nature of MoS, and recent electrical
transport measurements on mechanically exfoliated
or CVD-grown MoS,.2"#24142 The effective mobility
and on/off current ratios of our CVD-grown MoS, in
a bottom-gate FET configuration range from 0.2 to
3 cm?/Vs and 10* to 105 respectively, which are
comparable with the mechanically exfoliated or
CVD-grown monolayer MoS, under similar device
Conﬁguration.21'37'38'41'42'53

We notice that there is considerable level of Schottky
barrier (SB) existing in our devices with Ti/Au electro-
des, as evidenced by the output characteristics
(Ins—Vps) of MoS, devices from negative to positive
Vps range, which show the rectifying characteristic of
as-fabricated MoS, devices (Figure 2c and Figure 3a,b).
The shape of Ips—Vps originates from MoS, devices
with Schottky contacts at both source and drain sides,
consistent with a very recent study using Co contact.>* All
of the as-fabricated MoS, devices (without annealing)
show similar Schottky contact behavior. Such devices
were used for sensing studies reported later.

We have performed systematical low-temperature
measurements to quantitatively determine the height
of SB (Figure 3). We used the 2D thermionic emission
equation to describe the electrical transport behavior of
Schottky-contacted MoS, devices following Kawakami's
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Figure 2. Device characteristics of MoS, FETs. (a) Schematic of the back-gate MoS; FET in this study. (b) Optical image of two
devices. (c,d) Typical output (/Ips—Vps) and transfer characteristics (Ips—Vpg) of the MoS, FETs.
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Figure 3. Temperature-dependent transport measurements of MoS, FETs. (a) Ips—Vps characteristics of the devices at
different temperatures from 77.4 to 300 K. The Vps spans from negative to the positive range and Vg =40 V. (b) Zoom-in plot
of the Ips—Vps characteristics at low Vps regime. (c) Linear fit of the Arrehenius plot, In(Ips/T>'?) versus 1000/T (at temperatures
of 160, 200, 250, and 300 K), and a slope can be obtained at each Vps. (d) Slopes extracted from (c) as a function of Vps. Linear

fitting of the slope versus Vps gives a y-intercept of —0.839.

)]
n

Here, A is the contact area of the MoS,—electrode
junction, A5p is the two-dimensional equivalent Richard-
son constant, T is the absolute temperature, g is the
magnitude of the electron charge, kg is the Boltzmann
constant, @y is the height of the Schottky barrier, and n

recent report:>*

Ips = AA;DT3/2exp{ %’T(@B
B
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is the ideality factor. In addition, a reduced power law of
72 instead of T2 is used for the two-dimensional
transport system.

Figure 3c plots the linear fit of the Arrehenius plot,
In(lps/T*'?) versus 1000/T (at temperatures of 160, 200,
250, and 300 K), and a slope can be obtained at each
Vps. Figure 3d plots the slopes extracted from Figure 3¢
as afunction of Vps. Linear fitting of the slope versus Vps
gives a y-intercept of —0.839. Based on eq 1, the height
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Figure 4. Sensing performance of MoS, FETs to NO, and NHs.
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(a,b) Conductance change of MoS, FETs upon exposure to 400

ppb of NO; (a) and 500 ppm of NHj3 (b). The devices were initially turned on at Vgg =30V in (a) and turned off at Vg =0 Vin (b).
A conductance decrease by a factor of 174 was achieved in (a) and increase by a factor of 1218 was achieved in (b). (c,d) Real
time conductance change of MoS, FETs with time after exposure to NO, (c) and NHs (d) under different concentrations. The
arrows in (c) and (d) indicate the time when the corresponding concentrations of gas were introduced. Inset in (d) is a zoom-in
plot of the sensor response to low concentrations of NH; of 1, 5, and 10 ppm. (e,f) Conductance change versus NO,
concentration (e) and NH3 concentration (f) based on MoS, FET sensors.

of the SB can be deduced as follows:

q

" 1000k s @)

Yintercept =

Therefore, the height of the SB was determined to be
724 meV for this device, with a standard error of
6.5 meV. We have measured a few devices, and the
SB heights are in the range of 52.6 to 82.0 meV. We note
this shows reasonably good agreement with a recent
study where a SB height of 50 meV was obtained for Ti-
contacted MoS, devices.?’

The high surface area of monolayer MoS,; renders it
very susceptible to variation in ambient conditions. For
example, the devices exhibit different on-state current
and hysteresis in air and in argon, indicating the effect
of environment on the transport properties of the
MoS, (Figure $2).°° To study the gas—solid interaction
and to get a qualitative picture on the conductance
modulation of MoS, monolayers by gas exposure, we
chose NO, and NHs, the two representative toxic gases
with rather different electron affinity, for illustration.
Figure 4a plots the Ips—Vps of a MoS, FET upon
exposure to 400 ppb of NO,. The device was gated at
Vee = 30 V and was highly conductive before NO,
exposure. A conductance decrease by a factor of 174 was
achieved under such a low concentration of NO,, indicat-
ing the very high sensitivity of our MoS, sensor to NO,.
Furthermore, we monitored the conductance change of
the MoS, FET with exposure to NHs. The device was
gated at Vgg= 0 V and showed little conduction before
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NH; exposure, as shown in Figure 4b. We observed a
conductance increase of ~1218 times after exposure to
500 ppm of NHs. We chose different Vg for NO, and NH3
sensing since the threshold regime of the devices may
provide better sensitivity.® For example, at Vgg = 30V, the
device is in on-state before NO, exposure. The introduc-
tion of NO, may make current change more significant
than a device initially in the off-state. The same consider-
ation was taken for NH3 sensing. Collectively, the above
results show the high sensitivity and large modulation of
conductance of MoS; transistors by exposure to NO, and
NHs. Moreover, it also reveals the different interaction
processes between MoS, and those two gaseous species.
Later, we performed systematic chemical sensing
studies of MoS, FETs toward NO, and NH; molecules
under different concentrations, as shown in Figure 4c,d.
Figure 4c shows the real time conductance changes of a
representative MoS, FET toward exposure to NO, at
concentrations of 20, 40, 100, 200, and 400 ppb. Clear
response (conductance decrease) was observed for all
of these concentrations among multiple devices we

tested. The sensor response (S) is defined as follows:
s = % % q00% = 2 100% 3)

Go Go

Here, Gs and G, are the conductance of the MoS,
FETs under certain gas exposure and at an initial state,
respectively. Significantly, it can be seen from Figure 4c
that even for 20 ppb of NO,, a sufficiently large
response of >20% was achieved, which is superior
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to recent reports using exfoliated few-layer MoS, for
sensing NO, under a few ppm to even hundreds of
ppm concentrations.>'*3 We point out that this is
the record detection limit (20 ppb) for NO, using 2D
TMDCs so far, and it shows several orders of magnitude
improvement compared to recent studies. In addition,
the clear detection of a few ppb level of NO, shares
comparable performance with the best nanowire
and nanotube-based NO, sensing devices.>'" Since
the response at 20 ppb of NO, is sufficiently large, we
think that the detection limit can be further pushed to
an even lower value by optimizing the device perfor-
mance. Figure 4d shows the conductance change
(increase) of a MoS, FET upon exposure to NHs with
different concentrations of 1, 5, 10, 50, and 500 ppm.
Similar to NO,, clear conductance modulations were
observed for each NH3 concentration. Once again, we
noticed that a sufficiently large sensitivity of >40% was
achieved with low concentration (1 ppm) of NHs
exposure, indicating that detection below ppm level
of NH;s is highly possible. The response time of the
sensors, which was defined as the time required to
achieve a 90% change of the conductance of the
overall range at a specific gas concentration, was found
to be between 5 and 9 min. This is a direct reflection of
the adsorption rate of the sensors, and a response time
of several minutes is comparable to sensors based on
metal oxides, conducting polymers, and other nano-
materials like carbon nanotubes,®'" as well as recent
reports on MoS, sensors.3*** Figure 4ef shows the
sensor response versus the concentrations of NO, and
NHs, respectively. The sensors show initially rapid
conductance change upon exposure to low concen-
trations of NO, and NHjs, and then quasi-saturation
behavior was observed for high gas concentrations.
For both NO, and NHs sensing, we have fabricated
multiple devices and conducted sensing experiments
with different MoS, sensors and repeated measure-
ments on the same MoS, sensor after its recovery. Here
we found that the MoS, sensors can be fully recovered
by putting the devices in air for ~12 h at room temp-
erature. Alternatively, ultraviolet irradiation is found to
be very efficient to fully recover the devices within a few
seconds (data not shown). Among these series of sens-
ing experiments (more than 15 sensing experiments in
total), we found that the detection limits of different
devices are close to each other (e.g.,, ~10—20 ppb for
NO, and 1 ppm for NHs). The sensor response under
certain gas concentration varies by a factor of 2 among
different devices. Under repeated measurements of the
same device, the sensitivity remains largely unchanged.
It is important to understand the gas—MoS, inter-
action and sensing mechanism in the process. One
important question is whether there are chemical
reactions that take place and new compounds formed
between analyte and MoS; sensors. To probe this, we
first collected Raman spectra of MoS, on five different
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sheets. Then, the MoS, sensor was put in 400 ppb of
NO, (or 500 ppm of NH3) for 10 min (the highest gas
concentrations and the same amount of time exposure
in the sensing experiments). Lastly, we collected Raman
spectra at exactly the same positions as collected
before, under assistance of markers and electrodes
on the substrates. Figure S3 shows representative Ra-
man spectra of pristine and gas exposed MoS,; for NO,
(Figure S3a) and NH; (Figure S3b). We do not observe
the formation of MoOs after NO, exposure, which is
expected to show several strong Raman peaks at 821,
666, and 284 cm™ ', etc,, as reported by Kalantar-zadeh
et al.>®*~>8 Similarly, we do not see any noticeable changes
for MoS; after exposure to NH; either. These results reveal
that there are negligible irreversible chemical reactions
taking place between NO, (or NHs) and MoS, sensors,
which is in agreement with our observation that the
sensors are fully recovered after long time air storage.

Later, we studied how the device characteristics
change upon exposure of gases and tried to shed
some light on the understanding of sensing mechan-
ism of MoS, sensors (Figure 5). Figure 5a shows the
Ios—Vgg curves of a MoS, FET in different concentra-
tions of NO,. For this set of experiments, the devices
were exposed to corresponding gas concentrations
for 10 min and then the Ips—Vgg curves were mea-
sured. The Ips—Vgg curve taken at the initial state
(before 20 ppb NO, exposure) was also plotted as a
reference. A clear monotonic shift of the curves toward
positive gate voltage direction is observed, indicating
a continuous increase of the threshold gate voltage
(Vin), as shown quantitatively in Figure 5c. In contrast,
a monotonic shift of the Ips—Vpg curves, but in the
negative gate voltage direction, was observed for NH3
sensing, as shown in Figure 5b and quantitatively
plotted in Figure 5d.

The MoS, FET sensor relies on the conductance
(resistance) change of the devices upon gas exposure.
The resistance of a MoS, FET can be expressed as follows.

R = Rchannel +Rcontact (4)

Here, R, Rehannelr @Nd Reontact are the total device resis-
tance, the channel resistance from MoS,, and the contact
resistance at metal electrode/MoS, junctions, respec-
tively. The channel resistance Rcpannel is inversely propor-
tional to the carrier concentration in MoS,, while the
contact resistance, Reontacty relates to both electron con-
centration and the height of the SB and can be expressed
as follows:>®

1
Rehannet o< — (5)
n

1
Reontact &< n el@ss/KT) (6)

where n is the electron concentration in MoS,, ¢sg is the
height of SB formed at the MoS,—electrode junctions, kis
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Figure 5. MoS, sensing mechanism study. (a,b) Transfer characteristics (/ps—Vgg) of MoS; FETs upon exposure to NO, (a) and
NH; (b) with different concentrations. (c,d) Threshold voltage (Vy1,) versus gas concentrations for NO, (c) and NH;3 (d).

the Boltzmann constant, and T is the absolute tempera-
ture. Obviously, a change of either electron concentration
or SB height can lead to a change in the total resistance
(conductance) of the MoS, FET and consequently can be
reflected in the sensing experiments in Figure 4.
Charge transfer between gaseous species and na-
nomaterials serves as an important work principle for
sensing devices based on nanomaterials. NO, is a well-
known strong oxidizer due to an unpaired electron
from nitrogen atom, which tends to withdraw elec-
trons from sensing materials like MoS, studied here.
This leads to a decreased electron concentration in the
conduction band of the MoS,, and thus more positive
gate voltage is required to turn on the transistor,
indicating a positive shift of the V4, upon exposure to
NO, (Figure 5c). NHs, on the other hand, having a lone
electron pair tends to donate electrons to the conduc-
tion band of MoS,, and this would lead to an increased
electron concentration in MoS,, and thus a low gate
voltage is required to operate the transistor (Figure 5d).
Such a charge transfer mechanism was also used
recently to understand the sensing behavior of MoS,
toward NHs, NO, and nerve gas by other researchers
and showed good agreement with our experimental
results. 31233460 |n our experiments, we observed that
the detection limit for NO, is around 2 orders of
magnitude lower than that of NH; (e.g., 20 ppb versus
1 ppm), which is a common phenomenon observed in
many other nanomaterial-based sensors including car-
bon nanotubes and nanowires.®’ Density functional
theory calculations show that NO, has much stronger
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interaction with carbon nanotubes than NH; does,
which may be responsible for the detection of much
lower concentration of NO, than NHs. A very recent
calculation on the gas—MoS, interaction also shows
that NO, has a much larger charge transfer ability (10
times larger) than NH; with bilayer MoS,.3® This, con-
sequently, will lead to a very sensitive detection of NO,
because a small amount of NO, adsorption can cause a
substantial change of carrier concentration, which can
be reflected through electrical transport measurements.

The charge transfer mechanism suggests that carrier
concentration change is the work principle for sensing.
A reasonable approximation is that the conductance
change of the device should be related to the surface
occupancy (6) of the gas molecules on sensing materi-
als based on a site-binding hypothesis,®' which as-
sumes that atoms on the surface of the sensing
materials can act as binding sites for molecule adsorp-
tion. That is

AG

oy’

G @)

The surface coverage of the adsorbed molecules
follows a Langmuir isotherm, and this leads to a linear
relationship between inverse sensitivity (1/S) and the
inverse gas concentration (1/C), as shown previously
for ohmic-contacted In,O; nanowire'' and graphene
nanoribbon® chemical sensors. However, the Schottky-
contacted MoS, sensors do not follow such a linear
relationship between 1/S and 1/C (Figure S4). This
suggests that there should be other reasons in addition
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to charge transfer that also contribute to the observed
sensing behavior.

As there is clear SB in our devices (Figure 3) and
according to eq 6, the property of the SB can signifi-
cantly influence the resistance of the Schottky-
contacted devices due to their exponential relationship.>®
Figure 6 shows the schematic of an energy diagram of
aTi/Au electrode and MoS; monolayer, where the work
functions of Ti (¢r;) and Au (@a,) are 4.3 and 5.1 eV,
respectively,® and the electron affinity (y) of MoS, is
~4.2 eV.%35* As we deposited 5 nm Ti/50 nm Au onto
MoS; to form source/drain electrodes, we may have Ti
contacting MoS, for most area of the source/drain
contacts and Au contacting MoS, at the edges of
source/drain contacts because the metal evaporation
cannot be completely vertical. Therefore, the actual
metal contact may be an average effect of both Ti and
Au. In addition, we further note that whether there are
surface states between metals and 2D materials like
MoS, has not been well understood, and the presence
or absence of surface states may affect the band
diagram. Nevertheless, it is still reasonable to assume
that, before contact, the Fermi level of Ti/Au lies
between the conduction band and valence band of
MoS; (Figure 6a). After contact, the energy bands bend
for MoS, and a SB forms with a “nominal” height of

Psg = Prmetal — X (8)

When MoS, devices are exposed to different gases,
the conductance change can usually result from a coplay
of two factors: charge transfer and SB modulation.®’ The
absorption of gas will modify the built-in potential (V;;)
and the width of the SB. Specifically, NO, absorption can
move the Fermi level of MoS, toward the valence band.
This will increase the width of the SB and decrease the V,,
and device current. The opposite is true for NH; absorp-
tion (Figure 6b). On the other hand, it has been reported
that absorbed gas species can change the work function
of both metal electrodes and semiconducting materials
due to surface dipole layer formation.®"%>~¢ In the case
of NO,, it can withdraw electrons and form negatively
charged NOS~species, which may increase the SB height.
For example, oxidative species such as oxygen was
reported to increase the SB height of a ZnO nanowire
transistor.'? Collectively, both charge transfer and SB
modulation are believed to have the same trend to
decrease the conductance of MoS, devices in the case
of NO, exposure. On the other hand, NHz may hold
the opposite trend compared with NO,. Figure 6b
shows the band realignment and energy diagram of
the metal—MoS,; junction after exposure to NO, and
NHs, depicting the effects of change of SB height and
width (and Vy;) upon gas absorption. In addition, we
found that some MoS, devices show more Ohmic con-
tact after vacuum annealing (see Experimental Section
and Figure S5), and the sensing results show that
the ohmic-contacted device exhibits little conductance
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Ti/Au

Figure 6. Proposed band alignment diagrams at the
MoS,—metal junctions. (a) Energy diagram of the Ti/Au
and MoS, before contact. (b) Band realignment and energy
diagram of the Ti/Au and MoS, after contact and the
formation of Schottky barrier. Blue, green, and red lines
indicate the energy band of the pristine MoS, (solid blue),
after exposure to NO, (dashed green), and after exposure to
NH; (dashed red), respectively. NO, adsorption increases
the SB by ASB1 while NH3 adsorption decreases the SB by
ASB2. In addition, the built-in voltage (V,,;) will decrease
(increase) upon NO, (NH;3) exposure, resulting in a widening
(thinning) of the SB width and a decrease (increase) of the
device current.

change (<5%) upon exposure to NO, at concentrations
up to 400 ppb (Figure S6). This suggests that SB
modulation may play a key role in our sensors. Further
study is needed to obtain quantitative information
about the relative contribution from each mechanism.
Interestingly, we also observed that the effective
mobility of MoS, FETs changed upon NO, and NH;
exposure, and NHs exposure increased the effective
mobility of MoS, (Supporting Information Figures S7
and S8). This finding may serve as an effective strategy
to engineer the effective mobility of MoS,-based elec-
tronic devices.

CONCLUSIONS

In conclusion, we have demonstrated room tem-
perature highly sensitive detection of NO, and NH3
using CVD-grown monolayer MoS, with Schottky con-
tacts. In particular, 20 ppb of NO, and 1 ppm of NHs
were clearly detected with a conductance change
larger than 20 and 40%, respectively, which are much
superior to recently reported MoS, sensors. Both
charge transfer between gaseous species and MoS,
monolayers and SB modulation at the MoS,—metal
electrode junctions are suggested to be responsible
for the observed sensing behavior, while Schottky
barrier modulation is believed to be the key factor
for the significantly improved sensitivity. The detection
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limit can be further pushed to sub-ppb level by
optimizing the device performance like the features
of the Schottky barrier. Our work demonstrates the

EXPERIMENTAL SECTION

QVD Growth of Monolayer MoS,. We used a three-zone CVD
furnace to grow monolayer MoS,. In a typical experiment, sulfur
(99.95%, 300 mg, Sigma-Aldrich) was put in the first zone with a
temperature of ~300 °C during growth. MoOs3 (99.99%, 10 mg,
Sigma-Aldrich) was put in the second zone or the third zone
with a temperature of 625 °C. The three-zone furnace has a
much longer constant temperature zone than the one-zone
furnace. Therefore, the use of the three-zone furnace makes it
possible to tune the MoOs and sulfur distance, while keeping
the temperature of MoOs unchanged. The growth substrates
were SiO,/Si, which were put on top of the MoO3 and facing
down. The distance between sulfur and MoOs was 17—19 cm.
The furnace was first pumped down to 0.5 Torr, refilled with
high purity Ar until 600 Torr, and repeated once. Then, 50 sccm
of Ar was introduced to the system, and the furnace tempera-
ture increased to 625 °Crapidly in 7 min. The growth took 2—15
min and was naturally cooled under 50 sccm of Ar after growth.

Characterization. The as-grown MoS; was extensively charac-
terized by using optical microscopy, Raman and PL spectroscopy
(532 nm laser, Renishaw Raman), and TEM (JEOL 2100F, 200 kV).

Device Fabrication and Measurements. The devices were fabricated
using standard e-beam lithography. A poly(methyl methacrylate)
(PMMA) layer was first spin-coated onto the SiO,/Si surface with
MoS, growth. Then, e-beam lithography was conducted using
PMMA as a positive resist. Development, metal deposition, and
lift-off processes were conducted successively to fabricate the
devices. The electrode materials are made of 5 nm Ti and then
50 nm Au, which were deposited using e-beam evaporation. The
device measurements were performed under Agilent 4516 in
ambient conditions. The temperature-dependent transport mea-
surements were performed using a cryogenic measurement setup.
The temperatures of the devices were in the range of 77.4 to 300 K
and were controlled by liquid nitrogen and a temperature controller
(LakeShore 321 autotuning temperature controller).

As a comparison, some devices were annealed after metal
electrode deposition to modify the contact between metal
electrodes and MoS,. The annealing was conducted at 200 °C
for 2 h in a mixture of Ar and H, with flow rates of 200 and 20
sccm and a pressure of 1 Torr.'?!

Sensing Experiments. The fabricated devices were first wire-
bonded to a chip carrier, which was then monitored onto a sealed
sensing chamber. Electrical feedthrough and gas inlet and outlet
were installed in the chamber. The sensing experiments were
performed in Ar-diluted NO, or NH3 at room temperature. The
concentrations of each gas were adjusted by the flow rates of
gases which were controlled by mass flow controllers. Both as-
fabricated and annealed devices were tested under the same
sensing setup and gas flow conditions.
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