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Abstract

Metalorganic chemical vapor deposition is a promising synthesis technique for two-dimensional
materials such as MoS,. In this study, we controlled the growth mode of MoS, on SiO; using
Mo(CO)g and di-tert-butyl sulfide as precursors by adjusting the process conditions. The growth
was directed from amorphous deposition at 400 °C and 500 °C, to crystalline MoS, at 600 °C and
higher. From 750 °C, not only MoS, grains were deposited, but Mo metal nuclei were also formed
during the process. An enhancement of the grain size was achieved by increasing the S/Mo pre-
cursor ratio. A more effective method to enlarge the grains and to lower the number density of
crystals was to anneal the SiO, substrate in Ar atmosphere prior to deposition. The reduced num-
ber density suggested that the pretreatment increased the diffusion length of Mo adatom species on
the surface. Furthermore, addition of H, to the N, carrier gas had two effects on the growth mode,
without altering the amount of deposited Mo. On one hand, due to a higher fraction of H, in the
carrier gas, the grain size slightly increased, and on the other hand, a change towards Mo metal
deposition was observed. Control of the process conditions offers the opportunity to deposit large
MoS$; grains without co-depositing Mo metal.

1. Introduction

Since the isolation of a single layer of graphene in 2004 [1], two-dimensional (2D) materials have attrac-
ted considerable attention [2—4]. Transition metal dichalcogenides (TMDs) are a class of 2D materi-

als consisting of a transition metal atom sandwiched between chalcogen atoms. The class of TMDs is
diverse, ranging from semiconducting to metallic materials. Specifically, MoS, is an interesting TMD

as it is a semiconducting material. Multilayer MoS, has an indirect band gap, which transitions to an
direct band gap at the monolayer level [5]. MoS, can, for instance, be applied in field-effect transistors
(FETs), photodetectors, catalysts, and Cu diffusion barriers [6-9]. For the key application as the channel
material in FETs, the single monolayer of 6.15 A thick is the most interesting in terms of properties, due
to the high mobility at low thicknesses. Therefore, it is crucial to achieve the synthesis of high-quality
monolayers in order to replace Si channels with MoS, channels. Different synthesis options include
mechanical exfoliation, liquid exfoliation, sulfurization of molybdenum oxides, (metalorganic) chem-
ical vapor deposition ((MO)CVD), atomic layer deposition (ALD), and molecular beam epitaxy [10, 11].
Indirect, transfer-based, methods (e.g. exfoliation) are not suitable for commercial fabrication, while dir-
ect approaches (e.g. vapor phase synthesis techniques) allow for large-area growth [12].
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Metalorganic chemical vapor deposition (MOCVD) involves a metalorganic precursor, which
enables deposition at lower temperatures than CVD using other metal precursors, such as metal halide
molecules. Moreover, MOCVD provides control over film composition, and results in high-quality
materials with, for instance, large crystal grain sizes. Therefore, MOCVD is a promising technique for
high-quality deposition of TMDs on the wafer scale [13, 14]. In addition to the metal precursor, various
chalcogen precursors have been studied. H,S is a frequently used S precursor, although organic S pre-
cursors are becoming a more popular option, especially in the academia, to avoid costly facilities meas-
ures, such as toxic detection systems, related to the toxicity of H,S [15]. Moreover, organic S precursors
can more easily be obtained commercially in high purity (e.g. electronic grade 5N). Another advantage
is that they are typically liquids and can be used in easy-to-operate bubblers. A disadvantage of using an
organic S precursor is the possible formation of C impurities during deposition, which can be incorpor-
ated in the TMD film, or form a carbonaceous layer on the interface. The use of an organic S precursor
is believed to result in films with a similar quality as compared with H,S [16].

2D TMDs synthesized by MOCVD employing an organic S precursor form films of high quality
with large grains [8, 17], minimal bilayer formation [18], and good conformality [19]. The films exhibit
a high mobility [20], a high photoluminescence response [12], and good electrical properties [21]. C
incorporation can be limited by either introducing H, [16], or by limiting the maximal deposition tem-
perature to 700 °C [22]. In the different studies about 2D TMD film growth by MOCVD using vari-
ous precursors and reactor setups, several factors have been determined that affect the growth beha-
vior. A higher process temperature leads to a decrease in crystal density with a corresponding increase
in grain size [12, 13, 18, 21, 23, 24]. The effect of changing the chalcogen to metal precursor ratio was
investigated in several studies. For the growth of MoS; on SiO, by Mo(CO)s and H,S, as well as for the
growth of WSe, on sapphire by W(CO)s and diisopropyl selenide, no significant change in the nucle-
ation or grain size was observed [25, 26]. On the other hand, WSe, grown on sapphire by W(CO)¢ and
dimethyl selenide showed more multilayer growth and larger grains when the Se/W precursor ratio was
increased [27]. Furthermore, when the diethyl sulfide to Mo(CO)¢ ratio was increased for MoS, grown
on SiO,, the grains changed shape and more C was incorporated [16]. Additionally, lowering the S/W
precursor ratio led to W metal growth in MOCVD of WS; on SiO, using W(CO)s and di-tert-butyl
sulfide (DTBS) [21]. For the impact of a pretreatment of a SiO, surface, it was found that a prebake
in first N, and then in S atmosphere, resulted in a reduction of the nucleation density [21]. H, addition
to the carrier gas was shown to enhance precursor decomposition and limit C incorporation [8, 13, 19,
21], while it also led to etching of the 2D TMD film, thus resulting in smaller grains or a lower growth
rate [16, 20]. Besides the choice of carrier gas, the combination of a high carrier gas flow rate and a high
pressure resulted in a low nucleation density [25].

In this work, we investigated the MOCVD growth behavior of MoS; on SiO, using Mo(CO)s as Mo
precursor and DTBS (((CHj3);C),S) as S precursor, in order to expand the understanding of the growth
mechanisms. With respect to earlier studies involving DTBS, the difference is the combination of the dir-
ect deposition on SiO, in a shower head reactor and the studies on the impact of the process paramet-
ers, namely the Mo(CO)s to DTBS ratio, an Ar pretreatment, and H, addition to a N, carrier gas. The
effect of process temperature on the deposition was investigated by observing the effect on the nucle-
ation and growth. Besides an effect on the MoS, grain size, Mo metal nucleation was observed at high
temperatures. Several S/Mo precursor ratios were tested, and a higher S/Mo ratio resulted in a lower
number density of crystals and larger grains, which has been attributed to a larger diffusion length.
Pretreatment of the SiO, surface in Ar atmosphere was found to also increase the grain size, to a lar-
ger extent than the increase in S/Mo precursor ratio. Finally, addition of H, to the N, carrier gas was
studied, which led to more Mo metal deposition, while the growth rate was unaffected.

2. Experimental methods

MoS, was deposited by MOCVD in an AIXTRON 300 mm MOCVD Close Coupled Showerhead reactor
in 200 mm configuration for the growth of 2D materials, of which a schematic is shown in figure 1. All
films were deposited on thermal SiO, on Si substrates using molybdenum hexacarbonyl (Mo(CO)¢) and
DTBS as precursors for Mo and S respectively. The Mo(CO)s flow was 1.2- 1077 molmin~!, and the
DTBS flow was varied from 5.1-10~* molmin~! to 2.5- 107> mol min~!. The growth process was per-
formed under N,/H, atmosphere, where the addition of H, is assumed to assist in precursor decom-
position. The total flow was 18 slm, of which the H, flow rate was varied from 0 to 4slm (0%-22%). A
pressure of 50 mbar was used. Unless otherwise stated, the deposition temperature was 700 °C, and the
H, addition was set at 11%. The substrates were either not pretreated prior to deposition, or annealed in
Ar atmosphere at 900 °C for 5 min.
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Figure 1. Schematic representation of the used shower head reactor. Precursors are delivered into the shower head through two
separate inlets.

The samples were characterized by atomic force microscopy (AFM), scanning electron microscopy
(SEM), Rutherford backscattering spectroscopy (RBS), x-ray photoelectron spectroscopy (XPS), Raman
spectroscopy, and x-ray fluorenscence (XRF). A Dimension Icon instrument from Bruker was used to
characterize the morphology of the deposited MoS, crystals by AFM. The AFM images were captured in
PeakForce QNM mode using a Si tip (HQ-NSC19/AIBS). Later, data was processed in Gwyddion soft-
ware. A FEI Verios tool with TLD-SE detector was used to capture SEM images. The used beam energy
was between 1 and 2 keV, the beam current was 50-100 pA, and the working distance was 1-1.5 mm.
From AFM and SEM images, we characterized the morphology of deposited MoS, crystals, and extrac-
ted crystal density, and crystal size distribution. Further analysis of the SEM images was performed to
extract the number density of crystals. The StarDist plugin in Image], as developed by Schmidt et al,
was used to identify and count the number of nuclei on the surface [28]. To use the StarDist plugin
in Image], the colors of the SEM images were inverted. RBS was used to determine the Mo:S ratio and
the thickness of the deposited MoS,. A 1.523 MeV He™ ion beam and a scatter angle of 170° was used.
The XPS measurements were carried out in Angle Integrated mode using a QUANTES instrument from
Physical electronics. The measurements were performed using a monochromatized photon beam of
1486.6 eV and a 100 um spot. Charge neutralization was used during this experiment. The used sub-
strates were 200 mm in diameter and measurements were performed on the center, the middle, and on
the edge of the wafer. Since no significant differences were observed as a function of position, only the
measurements on the center are presented.

3. Results and discussion

3.1. Simplified growth model

Combining insights from literature and based on the following results, we propose a simplified growth
model of the different gas phase and surface reactions, which is schematically shown in figure 2. Both
precursors, Mo(CO)¢ and DTBS, and the carrier gas consisting of N, and Hj, are flown through the
reactor. The Mo(CO)¢ precursor decomposes in the gas phase, after which the Mo atoms adsorb on the
surface [8, 16]. DTBS decomposes above 380 °C into H,S and hydrocarbons such as isobutene [29, 30].
For simplicity, Mo(CO)s is assumed to decompose fully into Mo and CO, and for DTBS only H,S and
isobutene are considered as reaction products. H,S is believed to act as the main sulfur source, while
isobutene serves as a source for C co-deposition. At the surface H,S decomposes further. Diffusion of
Mo and S over the surface leads to the nucleation and growth of MoS,. When the process temperature
is increased, the residence time of S adatoms decreases. Mo is assumed to not desorb [31], thus, there is
relatively more Mo on the surface at high temperatures, which stimulates Mo metal growth. H,, which is
present in the carrier gas, can etch S preferentially [32], also leading to Mo metal growth. Moreover, H,
can limit C co-deposition, by etching the deposited C [8, 16].

3.2. Effect of temperature on growth

The process temperature determines the growth regime, which is either a mass transport limited or
a reaction rate limited regime. The MOCVD process was executed at 400 °C-800 °C for 360 s, which
corresponds to the early nucleation phase. For these depositions the substrate was pretreated in Ar
atmosphere at 900 °C. The growth rate was measured by XRF and RBS, and the results are shown in
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Figure 2. Schematic of different gas phase and surface processes during the MOCVD of MoS,, (a) MoS; deposition, (b) Mo metal
growth, and (c) C co-deposition. The Mo(CO)g precursor decomposes fully into Mo and CO, while the DTBS precursor decom-
poses into H, S and isobutene. In the reaction of H,S with the SiO; surface, H; is created when S species adsorb. The isobutene
can result in C co-deposition upon the release of H,.
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Figure 3. (a) Growth rate from the amount of Mo as measured by RBS and XRF as a function of process temperature. At 700 °C
two individual samples were measured, demonstrating that there is a slight sample-to-sample variation. (b) Mo** oxidation state
with respect to the total Mo** and Mo®t in the film, as measured by ex situ XPS, as a function of process temperature. Mo® was
not observed. (c) Raman spectra of films deposited at different temperatures, 400 °C—800 °C. The spectra were normalized to the
Si peak and have a vertical offset for clarity. The characteristic peaks for crystalline 2H-MoS; are indicated.

figure 3(a). Due to the low coverage, the amount of S was lower than the detection limit for RBS, and
could not be measured. While the growth rate remained constant between 400 °C and 500 °C, a slight
decrease of the growth rate was observed for process temperatures above 500 °C. The observed decrease
in growth rate at temperatures above ~600 °C can be attributed to the premature thermal decompos-
ition of the precursors used, primarily the rate-limiting Mo(CO)¢ precursor [33]. Therefore, it can be
concluded that the growth is mass transport limited in the range from 400 °C to 800 °C.
While the amount of deposited Mo is fairly independent of the deposition temperature, the mor-
phology and composition are temperature dependent, as indicated by AFM, XPS, and Raman analysis.
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Figure 4. AFM images of films deposited at different temperatures, in the range of 400 °C-800 °C. For the process temperature of
400 °C the large circular particle is expected to be contamination due to exposure to the atmosphere. (c) The inset in the image
for 600 °C shows a zoom in on the surface. (f) For the process temperature of 750 °C, deposited MoS, grains, deposited Mo
metal nuclei, and the SiO, substrate are indicated. The cross-sectional schematic at the top right shows MoS, grains and a Mo
metal nucleus on a SiO, surface.

Figure 4 shows the corresponding AFM images of the aforementioned data, the corresponding height
distributions are shown in figure S1 in the supplementary information (SI). A temperature of 400 °C
or 500 °C does not result in detectable MoS, grains in AFM, while from figure 3(a) it could be con-
cluded that material is deposited. Possibly, an amorphous film was deposited at these temperatures.
From 600 °C triangular MoS, grains are visible by AFM. The MoS, grain size increases when the tem-
perature is increased and the grains become hexagonally shaped. The larger grains are due to a larger
Mo adatom diffusion length because of the higher temperature. Furthermore, at 750 °C and 800 °C Mo
metal nuclei are visible in addition to the MoS, grains. The Mo metal nuclei can be distinguished by the
larger height and different shape compared the MoS, grains [34]. Mo metal nuclei are known to grow
as 3D islands, while MoS, grains are expected to grow laterally as 2D crystals. At these high temperat-
ures, fast desorption of S species leads to more Mo metal growth. At 750 °C multiple Mo metal nuclei
are visible together with some MoS, grains on the surface, while at 800 °C and higher hardly any MoS,
grains are detected. An additional morphological analysis, based on line profiles from AFM for a width
of 100 nm is presented in figure S3 in the SL

XPS measurements, which were performed after air exposure, show the presence of both Mo** and
Mo®* oxidation states, besides the expected Si and O peaks from the SiO, substrate. Sulfur was observed
in the $*~ oxidation state, confirming the MoS, composition. Some of the Mo3d spectra are shown in
figure S4 in the SI. Figure 3(b) shows the relative amounts of Mo in the 44 and 6+ oxidation states.
Below 600 °C, Mo is mostly in the Mo®t oxidation state, which matches the hypothesis that at these
temperatures an amorphous MoS, film is deposited, with x > 2. Additionally, it is hypothesized that the
amorphous MoS, film is oxidized strongly during air exposure between deposition and the XPS meas-
urement, as was seen for low-temperature ALD of WS, [35]. From 600 °C to 750 °C, Mo is mostly in
the Mo*T oxidation state, confirming the presence of MoS,. At 800 °C, the 6+ oxidation state becomes
dominant, which could be related to the presence of oxidized Mo metal nuclei on the surface, again due
to air exposure between deposition and the XPS measurement. Mo of Mo metal was not found in the
Mo3d spectrum. Possibly, the small metal nuclei are oxidized at their surface, resulting in more Mo®"
than Mo®.

The presence of crystalline MoS, at 600 °C and higher was confirmed by Raman spectroscopy meas-
urements, see figure 3(c). Raman spectroscopy is typically used to assess the crystallinity and struc-
tural quality of 2D materials, in particular in-plane order [36]. For MoS,, the E;; and A4 peaks are
expected to be found for the crystalline 2H-MoS, phase [37]. The weak Raman signal is due to the
low coverage of ~10% of MoS, on the SiO; surface. The apparent baseline tilt is due to the presence
of peaks corresponding to Si at 301 and 520 cm ™!, before the latter peak there is a small peak and
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Figure 5. (a), (c), (e) SEM images and (b), (d), (f) AFM images of the SiO, surface (light gray in the SEM images) with MoS,
grains (dark gray in the SEM images) for a growth time of 600 s. S/Mo precursor ratio of (a), (b) 4.4 - 10%, (c), (d) 10.3 - 10, and
(e), (f) 20.9 - 10°. From the SEM images the number density of crystals is extracted (figure 6). Please note that the scales of the
SEM and AFM images are different, the AFM images are a factor 1.7 more zoomed in.

valley located. For 400 °C and 500 °C no Raman response of MoS, is observed, indicative of either a
lack of crystalline material, or such small crystals that they cannot be measured by Raman spectro-
scopy. For 600 °C and higher, the characteristic E;, and A4 peaks of 2H-MoS, are present, which is at a
slightly higher temperature than expected for MOCVD. The locations of the E;; and A4 peaks are ~386
and ~405cm™!, respectively, and they do not change significantly as a function of temperature. From
figure 3(a) a decrease in growth rate for increasing temperature was observed. Therefore, the increase in
Raman intensity from 600 °C to 700 °C and from 700 °C to 750 °C can be attributed to the improved
crystal quality. The decrease in Raman intensity at 800 °C was most likely caused by less MoS,, since the
AFM images in figure 4 show more Mo metal deposition, and a lack of MoS, grains.

3.3. Modulation of the nucleation behavior by DTBS/Mo(CO)g ratio and pretreatment
To study the effect of the DTBS/Mo(CO)s precursor ratio, MoS, films were grown using different
DTBS flows, while keeping the Mo(CO)g flow constant. The constant Mo(CO)s flow in combination
with a constant temperature of 700 °C ensures the same growth rate for the different precursor ratios,
see figure S6 in the SI. The deposition was carried out for multiple growth times to study different
moments in the early deposition stage before film closure. The crystallinity of the films was verified
by Raman spectroscopy, as shown in figures S7 and S8 in the SI. The S/Mo precursor ratio was varied
from (4.4+0.1)-10° to (20.9£0.1) - 10°. Increasing the chalcogen to metal precursor flow rate results
in a lower nucleation density and larger grains as the amount of deposited material is similar [27]. This
could suggest that surface diffusion of adspecies is promoted when the (surface) concentration of chal-
cogen atoms increases. SEM and AFM images after 600 s of MoS, growth using different S/Mo precursor
ratios, shown in figure 5, confirm that a higher S/Mo precursor ratio results in a lower number density
of crystals and larger grains.

In theory, as a function of growth time, the number density of crystals N increases initially due
to the formation of new nuclei. Subsequently, N reaches a steady-state regime where existing crystals
grow and no new crystals are formed. In this steady-state regime, the average distance between exist-
ing crystals provides a rough estimation of the diffusion length of the adspecies. Lastly, coalescence of
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Figure 6. Number density of crystals of MoS, grains extracted from SEM images as function of growth time for different S/Mo
precursor ratios. (a) No pretreatment and (b) Ar pretreatment. At the ratios of 20.9 - 10> two separate samples were measured,
indicated by i and ii.

Figure 7. SEM images of MoS, grown for 1200 s with S/Mo precursor ratio of 4.4 - 10° on (a) SiO, without pretreatment, and (b)
SiO; with a pretreatment consisting of a 300 s anneal at 900 °C in Ar atmosphere. The insets show a zoom in on the surface.

nuclei should result in a decrease in N. From multiple SEM images per S/Mo precursor ratio, the num-
ber density of crystals N was determined for MoS, as described in section 2. In figure 6, N of MoS,
grains as a function of the growth time is shown for different S/Mo precursor ratios. The presented
data in figure 6(a) shows that N decreases for longer growth times, confirming coalescence of grains.
There is slight sample to sample variation, as can be seen by the two data sets at ratio (20.9 40.1) - 10°.
Increasing the S/Mo precursor ratio from (4.4 +£0.1) - 10° to (10.3£0.1) - 10° leads to a sharper reduc-
tion of the number density of crystals for 1200 s of growth time. An even higher S/Mo precursor ratio of
(20.94+0.1) - 10° shows that per growth time the number density of crystals is reduced more than at the
lower ratios. The slightly changing number density for times <1200 s suggests that the growth appears
to be in a steady-state regime before coalescence, where the crystals grow mainly by diffusion-driven
aggregation [38]. Therefore, it can be estimated that the diffusion length of the adspecies increases

with increasing S/Mo precursor ratio, since the number density of crystals in this steady-state regime
decreases.

Besides the S/Mo precursor ratio, the nucleation behavior is affected by the pretreatment of the
SiO; surface. In figures 6(b) and 7, a difference can be seen between the resulting grain size and num-
ber density of crystals as a result of the pretreatment. An Ar anneal at 900 °C for 300 s leads to larger
grains and a lower number density of crystals, while the total amount of deposited material remains
the same, see figure S6 in the SI. An explanation for the lower number density of crystals is that the
Ar pretreatment anneal reduces the number of hydroxyl groups, and thus lowers the number of avail-
able surface sites for nucleation of MoS, [39-41]. The extracted number density of crystals as presented
in figure 6 of the pretreated samples at a ratio of (4.4 40.1) - 10° is lower than that of the untreated
samples for all measured growth times. The lower N and less coalescence for the pretreated samples
makes it more straightforward to study the effect of S/Mo precursor ratio on the diffusion length. For
untreated samples this is more challenging as there is relatively early coalescence.

3.4. Effect of H, co-dosing on the growth mode
Adding H; to the gas mixture during deposition is known to lead to fewer carbon impurities [8, 42], but
can also result in smaller grains [20]. Furthermore, H, can induce preferential S etching, which would
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Figure 8. AFM images of films deposited with different H, additions to the carrier gas, from 0% to 22%, for different process
temperatures, 500 °C, 700 °C, and 800 °C. The large spots on the surface at 500 °C are likely contamination particles.

produce less MoS, and more Mo metal growth. The effect of H, was investigated by varying the amount
of added H; to the N, carrier gas, from 0% to 22% of the total flow. The total flow is kept constant
at 18 slm. AFM images for different H, additions and temperatures are shown in figure 8, the corres-
ponding height distributions are shown in figure S2 in the SI. Per H, flow rate the trend as a function
of the temperature is similar. A higher temperature results in larger grains and possibly Mo metal nuclei
growth, as was also seen in section 3.2. Per temperature the effect of H, can be distinguished. At 500 °C
no MoS$, grains are observed independent of the H, flow. Increasing the H, addition to the carrier gas
for 700 °C and 800 °C on the other hand, leads to larger grains, hexagonally shaped grains, and more
Mo metal nuclei formation. The change in grain shape and the formation of Mo metal nuclei are prob-
ably caused by etching of S by H,. Adding H, leads to etching of S, which changes the shape of the
grains and leads to more Mo metal growth, similar to the effect of increasing the process temperature.
Therefore, either adding H, or increasing the temperature can be used to control the growth behavior.
Figure 9 shows the amount of Mo and S on the surface of the samples of figure 8 measured by XRE.
The Mo amount does not change significantly per temperature even if more H, is added to the carrier
gas. This shows that the temperature defines the growth rate. The S amount decreases for increasing H,
flow at 700 °C and 800 °C, which supports the hypothesis of S etching by H,. The decrease in S counts
complements the observation that Mo metal is grown instead of MoS,. From XPS (see figure S5 in the
SI) at 800 °C a shift to higher binding energies is observed when more H, was added.
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Figure 9. (a) Mo and (b) S counts measured by XRF as a function of H, addition to the carrier gas for different temperatures,
500 °C, 700 °C, and 800 °C.

4. Conclusions

In this work we studied the effect of different process conditions on the growth of MoS, by MOCVD
using Mo(CO)es and DTBS. We found that the process temperature has an optimal range for crystalline
MoS, without Mo metal, namely from 600 °C to 700 °C. Increasing the S/Mo precursor ratio results in
larger grains and less nuclei. Enlarging the grains and reducing the number density of crystals can also
be achieved by pretreating the SiO, substrate prior to deposition using an Ar anneal. The lower number
density of crystals is most likely due to a longer diffusion length of the Mo adatom on the SiO, surface.
Addition of H; to the N, carrier gas barely affects the amount of deposited Mo. However, the growth
mode changes from predominantly MoS, grain growth to Mo metal growth when more H, is added.
The change towards more Mo metal deposition was also seen for increasing the process temperature.
This study provides new understanding of the growth of MoS, by MOCVD using Mo(CO)s and DTBS,
where the MoS, grain size can be increased and Mo metal deposition can be prevented by controlling
the process conditions.
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