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Molybdenum disulfide (MoS») has attracted a lot of attention due to its semiconducting behavior. Chemical
vapor deposition of MoS; is considered a relatively simple and user-friendly technique but there are several
obstacles that may hinder the growth, and might result in rather small and non-uniformly distributed triangular
flakes over the substrate surface. To tackle this issue, we developed an approach for large flakes (>300 pm)
grown homogeneously over two substrates at once. This is based on spin-coating one of the two substrates with

an aqueous solution of Mo-based salt particles, and covering it with the other. During the growth, the particles
will act as nucleation sites for both substrates. Raman and atomic force microscopy measurements show that the
grown flakes are monolayer. Finally, electrical measurements demonstrate the semiconducting behavior of the
material and further analysis reveal two conduction mechanisms (nearest-neighbor and variable-range hopping)
that dominate according to the temperature.

1. Introduction

Molybdenum disulfide (MoS,) is a two-dimensional (2D) material
that belongs to the group of layered transition metal dichalcogenides. It
presents a large number of interesting electrical [1,2], optical [3,4] and
mechanical [5,6] properties which make it a very attractive material on
several different applications such as transistors [7,8], sensors [9-11]
and thermoelectric generators [12] among others. The main synthesis
methods to grow such a material are mechanical [13] and/or chemical
[14] exfoliation, as well as chemical vapor deposition (CVD) [15]. The
latter method is preferred and most widely used nowadays, since it of-
fers a large-area deposition with a controlled quality and thickness of the
synthesized MoS; [16,17]. However, this technique suffers from repro-
ducibility, due to the multiple input parameters that determine the
growth result of each CVD system, such as precursor materials, tem-
perature, pressure, reaction time, gas flow rate etc. Moreover, the values
of the aforementioned parameters might differ dramatically on different
CVD systems and are influenced by the geometrical characteristics of
each setup.

The most commonly used solid precursors for MoS; CVD growth are
molybdenum trioxide (MoOs) and sulfur (S). A major issue when using
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MoOgs is that the location of the formed MoS; flakes is dependent on the
relative distance among the substrate-MoOs3-S [18,19] and are not been
uniformly formed over the substrate surface [20], resulting in regions
with no growth at all and regions of multilayer/bulk MoS,. Specifically,
the region of the substrate surface that the growth (i.e. large monolayer
MoS; flakes) is observed, is usually at the edges of the substrate. This can
be crucial when devices or certain configurations need to be formed
based on the location of such flakes without any further transfer of the
2D material. Moreover, the usage of MoOs undermines several other
difficulties such as poisoning of the precursor material (i.e. sulfurization
of the MoOs powder which prevent the precursor’s sublimation), and
deposition of MoOy phases over the substrate which suppress the for-
mation of MoS,, among others. Many groups have tackled these prob-
lems using seeding promoters [21] or liquid precursors [22,23] which
on the other hand, require additional precursor elements (such as
perylene-3,4,9,10-tetracarboxylic acid tetrapotassium salt) and the
uniformity of the formed MoS, flakes over the substrate surface is not
always guaranteed.

Recent studies showed that the partial coverage of the substrate
during the growth process allows a uniform formation of monolayer
MoS,, (as well as other 2D materials) over the substrate surface [24,25].
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Mohapatra et al. [26] explained this phenomenon due to the increased
vapor sulfur pressure rate compared to MoOs, which flushes out MoO3
molecules of the covered region. However, the use of MoOs still results
in a lack of reproducibility among different CVD systems and thus, a
global recipe for massive and reproducible CVD growth of MoS; is yet
missing.

In this work, we present a substrate capping technique for repro-
ducible formation of MoS; over two substrate pieces at once (the orig-
inal and the dummy substrate that covers the former). The proposed
synthesis method is based on the combination of a liquid precursor
(NagMo0O4:H50) as the Mo-based precursor material (spin-coated over
one deposition surface), and the sandwiching of two deposition surfaces
that are used for MoS, growth. The physical contact of the two pieces
allows both of the substrates to share the Mo-based salt particles which
in turn, act as nucleation centers. Thus, this method offers a pair of
uniformly and fully covered MoS,-deposited substrates at once, with
large triangular-shaped flakes of larger than 300 pm in size. The pro-
duced MoS; is a monolayer, as shown by our Raman and atomic force
microscopy (AFM) measurements, and exhibits semiconducting
behavior, as shown by our low-temperature electrical characterization.
Finally, a further analysis and interpretation of our electrical data re-
veals two different conduction mechanisms of the 2D material, accord-
ing to the temperature.

2. Experimental details
2.1. Synthesis of MoS2

Sodium molybdate (NagMoOy, Sigma Aldrich (>98% purity)) is
diluted in deionized (DI) water in order to prepare a solution of 2 mg/mL
concentration. Additionally, two 2 x 2 cm? pieces of Si/SiO5 (300 nm)
are cleaned using a Piranha solution (H2SO4:H205 3:1) for 30 min,
rinsed with DI water and dried with N3. One of these two pieces is then
spin-coated with the aqueous solution at 2000 rpm for 2 min. This piece
will be hereafter named as “original substrate (OS)”. Next, the non-
coated piece (dummy substrate, DS) is placed on top of OS and the
sandwiched substrates are placed inside the quartz tube of a tubular over
(Carbolite, TZF 12/65/550); sulfur (S, Sigma Aldrich (99.998% purity))
is also added in the oven, inside an alumina boat. The distance of the
substrates and S is 15 cm. Once both substrates and alumina boat with S
are loaded into the quartz tube and the latter is sealed, the oven is heated
up to 150 °C for 1 hr with a constant flow of Ny at 1000 sccm. Then, the
temperature is increased up to 900 °C with a rate of 15 °C/min and kept
at this value for 5 min, while the N5 flow rate is set to 50 sccm. Finally,
the quartz tube is cooled off rapidly by setting the temperature value at
room temperature and pulling the tube outside the tubular oven.

2.2. Electrode formation

Ti (4 nm)/Au (40 nm) electrodes are deposited using an electron-
beam evaporation system (Mantis, QUAD Series). Patterning and for-
mation of the electrodes is achieved using optical lithography together
with a mask aligner, and the lift-off technique.

2.3. Characterization

The deposited MoS; is characterized using scanning electron mi-
croscopy (SEM, FEI, Nova NanoSEM230) at an accelerating voltage of
10 kV, in order to study the morphology of the grown material and
measure the size of the formed triangular flakes. Moreover, the thickness
of the flakes are measured using atomic force microscopy (AFM, Veeco,
di Innova) at non-contact (tapping) mode, as well as Raman spectros-
copy (Horiba, T64000 triple monochromator). Finally, low temperature
electrical measurements (down to 80 K) are performed using a cryostat
probe station with two probes (Janis Ltd., ST-500-1-(2CX)).
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3. Results and discussion
3.1. Growth of large MoS; triangular flakes

Fig. 1 shows the preparation and configuration of the “sandwiched
substrates” that are used in this work. As can be seen in Fig. 1(a), only
the OS is pretreated by spin-coating the aqueous solution (NagMoOg4:
H»0), which will result in uniformly ordered Mo-based salt particles
over the substrate surface (as shown by the SEM inset image). Then, the
clean DS is placed on top of the OS spin-coated side (see Fig. 1(b)).
Finally, the sandwiched substrates are placed inside the quartz tube of
the tubular oven, together with the S-containing alumina boat (see Fig. 1
(c)). At this point, it should be noted that a reference sample that is not
sandwiched (but spin-coated following the same procedure) is also
placed inside the oven. During the growth process, the inert gas (N2) will
carry the S vapors towards the substrates, where the sulfurization of the
Mo-based particles will take place at 900 °C. Different amounts of S
(300, 400 and 600 mg) have been tested with no significant differences
in the result of the growth process. Therefore, 300 mg of S has been used
in every growth run reported in this work. Fig. 2 shows SEM images of
the grown MoS; over both OS and DS at a random location of each piece,
whereby large (from 150 pm up to >300 pm, see Fig. 2(a)) triangular
flakes and at a relatively uniform order (Fig. 2(c) and (d)) are visible.
Both pieces demonstrate similar flakes in terms of size and quantity,
exhibiting no significant differences on various locations, which in-
dicates a homogeneous growth over their entire surface. The reference
sample demonstrates small flakes (<20 pm, Fig. 2(b)) with irregular
shapes, indicating that the concentration and flow rate of the precursor
gasses significantly change, close to the surface of the sandwiched
substrates. Therefore, the use of the liquid precursor results in a flake-
based layer of high density but with small and irregular shapes. How-
ever, the combination of the liquid precursor with the capping method,
which changes the concentration of the precursor gasses at the substrate
surface region, results in large and uniform MoS; flakes.

3.2. Raman and AFM characterization

Raman spectroscopy and AFM characterization are performed on
both OS and DS pieces, showing similar results. During Raman
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Fig 1. (a) Schematic and SEM image of the original substrate (OS) after being
spin-coated with Na,MoO4:H,O solution, (b) a clean dummy substrate (DS) is
placed on top of the OS forming sandwiched substrates, (c) sandwiched sub-
strates and the alumina boat containing S are located inside the quartz tube of
the oven.
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1mm

Fig. 2. SEM image (a) of a large triangular flake (>300 pm) grown over OS,
and (b) of the reference sample. Lower magnification SEM image of (c) OS and
(d) DS surface.

measurements, a 532 nm laser line has been used with a laser intensity of
0.2 mW. Fig. 3 shows two Raman spectra of flakes from both OS and DS.
Two vibrational modes are clearly visible, Exg and Ay . The former mode
is due to the in-plane vibrations of S atoms with respect to a Mo atom,
and the latter is due to out-of-plane vibrations of S atoms [27]. The
relative distance of these two peaks determine the number of layers of
the MoS; flake [28]. The measured Epg peak is located at 382.7 cm~! for
both OS and DS, and the A;4 peak at 403.5 and 403 cm™ !, which results
in a relative peak distance equal to 20.8 and 20.3 cm ™! for OS and DS
respectively, indicating a monolayer MoS,. To further confirm this
result, AFM measurements are performed on several different triangular
flakes from both OS and DS.

Fig. 4(a) and (c) show AFM images of the MoS triangle presented at
Fig. 2(a) of OS and a similarly large one of DS. Since the flakes are very
large (>300 pm) they cannot entirely be scanned and visualized by our
AFM system, thus they are only partially scanned at their border to
measure the thickness of the MoS; layer. A section profile is further
performed (see Fig. 4(b) and (d)), which reveals the thickness of the
MoS; layer (height of layer compared to substrate level) and is equal to
0.76 and 0.68 nm for OS and DS respectively, indicating a monolayer.
However, it can be seen that there is a region across the border of both
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Fig. 3. Raman spectrum of a MoS; triangular flake of both OS and DS. The
relative distance between the two peaks is equal to 20.8 and 20.3 cm ™! for OS
and DS respectively.

Thin Solid Films 733 (2021) 138808

flakes with a width of ~700 nm, where the thickness is approximately
double. Specifically, the thickness measured between the monolayer and
the top of this elevated region is 0.84 and 0.81 nm (for OS and DS
respectively), relatively equal to another monolayer of MoS,. Therefore,
we speculate that this is due to folding of the flake at its borders,
probably after the growth and during the cooling step which induces
strain between the substrate and the MoS; layer due to different thermal
expansion coefficients of the two materials.

Both Raman and AFM analyses demonstrate that our proposed
growth method results in large triangular flakes which are monolayers.
The grown MoS; flakes are similar in terms of quality with the flakes
deposited using the conventional CVD-based growth method (i.e. few
mg of MoO3 powder as the Mo precursor) [15,17]. However, the flakes
reported in this work appear to be larger compared to the ones deposited
with conventional growth method [18-20], which can be beneficial for
several different applications that require large active area for sensing
and/or device fabrication.

3.3. Electrical characterization

The electrical characterization of a MoS, flake is performed by
extracting current-voltage (I-V) measurements at a range of —2 to 2 V
with 0.1 V step and at a temperature range of 80 to 300 K with 20 K step,
using two probes. All measurements are done under vacuum conditions.
In a two-probe configuration, the current is described by the following
formula:

ah

I=-——V @
ps

where h is the thickness of the medium that the current is flowing
through, a is the electrodes’ width and s is the electrodes distance (see
Fig. 5(a)). In our case, the total measured resistance is a series resistance
of the MoS, resistance (Ryjos2), the contact resistance between Ti/Au
electrodes and MoSy (Reontact1), the contact resistance between the
probes and the electrodes (Reontact2z) and the connectors resistance
(Rwire), as can be seen in Fig. 5(a). We can assume that Reontact2 and Ryire
is negligible. Moreover, the electrical contact between Ti/Au and MoS,
is found to be ohmic and thus, Reontact1 can also be neglected. Further-
more, the MoS; conductivity can be calculated by the following formula:

-1
o=(p) "' = (Rmsz”—;‘) @

The thickness of the MoS, flake (h) is measured to be ~0.7 nm, the
width of the electrodes (a) is 50 pm and the distance of the electrodes (s)
is equal to 50 pm. Fig. 5(c) shows an optical microscope image of a
triangular MoS; flake with the formed Ti/Au electrodes on top.

Fig. 6(a) shows the temperature dependence of the MoS; flake
conductance. As can be seen, the conductance is decreased as the tem-
perature decreases which indicates the semiconducting behavior of the
material. The conductance (and thus, the conductivity) exhibits a strong
dependence with temperature, but at a certain temperature value (160
K) this dependence becomes weaker. The thermal activation energy can
be extracted by the Arrhenius plot (Fig. 6(b)), by calculating the slope of
the fitted straight line. However, one can see that the data points are best
fitted using two separate straight lines of different slopes. This indicates
that according to the temperature range, two different conduction
mechanisms may dominate [29]. In the case of the “high” temperature
range of 180-300 K, the conductivity is described by the following
formula:

Ea
o= ooexp( % T) 3
B

where oy is the conductivity at T = 0 K, E, is the thermal activation
energy and kg is Boltzmann constant. In such a case, the activation en-
ergy is indeed calculated by the slope of the line and is equal to 15.5
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Fig. 4. (a) AFM image and (b) section profile as indicated by the dashed line of part of a triangular flake of OS. (c) AFM image and (d) section profile of part of a

triangular flake of DS.
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Fig. 5. (a) Sketch of the triangular flake of thickness h, with electrodes of width a and distance s, (b) sketch of the electrical circuit when the probes come in contact
with the Ti/Au electrodes, (c) optical microscope image of the triangular MoS, flake with the formed electrodes on top of it.

meV. Our result is in good agreement with previously reported E, values
at this temperature range [29,30].

At the “low” temperature range of 80-160 K, the conductivity is
described by the formula:

o { (To> 1/(1+d)]
=0oexp| — | o
T

according to Mott’s variable range hopping (VRH) model [31,32], where
Top is the characteristic temperature and d the dimensionality of the
system (equal to 2 for a 2D material). Therefore, the exponent of Eq. (4)
is equal to 1/3 and Ty is found to be 6:10° K, based on the slope of the
fitted straight line shown in Fig. 6(c). This conduction mechanism model
has been previously proposed for MoS; nanoflakes, and accurately de-
scribes the transport mechanism of the 2D material at low temperatures

()]

[33,34].

Therefore, we conclude that the conductivity is more sensitive in
temperature changes at higher temperatures (180-300 K), and is
dominated by nearest-neighbor hopping mechanism. As the temperature
decreases (<180 K), charge carriers will more probably hop over longer
distances that have closer energy spacing, which indicates that the
dominant conduction mechanism is Mott’s VHR [35].

Furthermore, a back-gate Ag electrode is formed at the back side of
the sample by scratching the back surface and pouring a small amount of
Ag paste. Then, I-V measurements are performed between the two
electrodes (drain/source) at a range of 0 to 1 V with 0.1 V step and at
room temperature, while applying a gate voltage (V) at a range of 0 to
70 V with 10 V step. Such high V values are necessary in order to obtain
gate action for a 300 nm thick SiOs film. Fig. 7(a) shows the drain-source
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Fig. 6. (a) Temperature dependence of conductance, (b) variation of Inc with 1/T, fitting is performed for temperatures between 180 and 300 K, and (c) variation of
Inc with 1/(T/®), fitting is performed for temperatures between 80 and 160 K.
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Fig. 7. (a) Igs-Vgs characteristics for different applied V, values. (b) I4s dependence with V.

current-voltage (Igs-Vgs) characteristics for different Vg values, indi-
cating the clear dependence of the current flow between source-drain
electrodes with the applied gate voltage. Fig. 7(b) demonstrates the I4s
dependence with V. The field effect mobility u can be calculated by the
following formula [36,37]:

_dly S
F=av, ™ aCova

where s and a are the electrodes’ (drain/source) distance and length
respectively and equal to 50 pm for both values as denoted previously,
C,,x:l.2-10’4 Fm 2 and dlgs/dVy is calculated by the slope of the curve
shown in Fig. 7(b) for Vg values between 50 and 70 V. The calculated
mobility at 300 K is equal to 0.9 cm? V! s~! which is comparable to the
0.1-10 cm? V! 57! range reported in the literature for monolayer MoS;
[37-39].

4. Conclusions

In this work, we present a substrate capping technique for the growth
of large monolayer MoS; flakes, which are uniformly formed over the
entire substrate surface. The combination of two “sandwiched” substrate
pieces with a Mo-based liquid precursor has been proven to produce two
almost identical samples consisting of large (up to >300 pm) MoS;
flakes, which are homogeneously covering the entire substrate surface at
a relative uniform order. Moreover, Raman and AFM analysis demon-
strate that the grown material is a monolayer. Low-temperature elec-
trical characterization indicates that our MoS,; flakes exhibit a
semiconducting behavior. Further analysis of the results reveal two
conduction mechanisms according to the measurement temperature

range, the nearest-neighbor hopping mechanism for high temperatures
(180-300 K) and Mott’s variable-range hopping mechanism for low
temperatures (80-160 K). Future work includes further optimization of
this method in order to obtain a fully closed MoS; film with a low grain-
boundary area (thus, with even larger triangular flakes merged with
each other), which is highly attractive in many different applications
such as transistors and sensors, among others.
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