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A low-temperature multi-frequency electron spin resonance (ESR) study has been carried out
on 1, 3.5, and 6 layer thick MoS; films, grown by metal organic vapor deposition (MOCVD) and
subsequently transferred on SiO,/Si. This reveals the observation of a previously unreported, nearly
isotropic signal at g = 1.9998 with corresponding spin center (spin S = %) densities ranging from ~ 6 x
108 cm™? to ~ 5 x 10 cm™. The ESR investigation is closely combined with an in-depth analysis by an
assortment of other experimental techniques, including atomic force microscopy (AFM), Rutherford
backscattering spectrometry (RBS), x-ray photoelectron spectroscopy (XPS), and transmission
electron microscopy (TEM), to ultimately result in the assignment of the ESR signal to a defect of
intrinsic nature, most likely a Mo vacancy (Vo) related defect located at MoS; grain edges or
boundaries. The oxidation of the 2D material at grain edges and boundaries combined with the
applied water-based transfer procedure is demonstrated to play a crucial role in the generation of
the newly observed defect, thus advising caution with the currently applied process method. The
presented analysis, which combines a variety of experimental techniques, contributes to the fine-
tuning of the CVD growth and transfer process of high-quality few-layer MoS; intended for next-

generation nanoelectronic devices.
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I. Introduction

Two-dimensional (2D) transition metal dichalcogenides (TMDs) exhibit several
outstanding properties [1-9] like, e.g., an ultrathin nature, high mechanical strength and
flexibility, and an advantageous band gap compared to graphene. A variety of promising
TMD-based applications have therefore been proposed in electronics, [10-12] photonics,
[13] and chemical and biological sensing. [14, 15] Molybdenum disulfide (MoS,) emerged as
a particularly interesting TMD [1] as it features a direct band gap of ~ 1.85 eV in covalently
bonded S-Mo-S monolayer (ML) form, [3, 4] making the 2D material especially useful for
optoelectronic and nanoelectronic applications. [2, 10-13, 16, 17] Furthermore, novel TMD
based MOSFET structures entail reduced short channel effects and lower power
consumption compared to traditional Si-based devices, paving the way for ultra-scaled
beyond-Si transistors. [2, 10-12, 16, 17] Moreover, the interlayer van der Waals bonding
nature of the 2D sheets potentially allows for the creation of novel heterostructures with
enhanced functionality through stacking of multiple 2D materials that are characterized by
different mechanical, electrical, and optical properties. [18-20]

As is the case with other semiconductor materials, the presence of structural defects
like grain boundaries and point defects in the 2D crystal lattice can considerably degrade the
performance of MoS;-based devices, resulting in an electron mobility significantly lower than
the theoretical limit of ~ 410 cm?/Vs. [2, 21-25] Because of their potentially negative impact,
a wide variety of intrinsic defects like vacancies, interstitials, and antisites have therefore
been extensively studied both theoretically [26-33] and experimentally. [26, 30, 34] Yet,
from the positive side, careful tailoring of crystal defects can also open a pathway to the

modification of key properties, such as the photoluminescence intensity, [35] contact



resistance, [36] and doping, [27] relevant for both the study of fundamental physics and
logic device applications.

Defects of intrinsic and extrinsic nature can be introduced both during the growth of
the 2D material and during its processing, be it intentional or not. In particular, the synthesis
of large area 2D materials of high epitaxial quality is often linked to growth processes that
employ high temperatures and device template substrates such as sapphire, incompatible
with direct device processing. [21, 37] The incorporation of 2D layers in logic devices is
therefore performed through a transfer step, which on the one hand decouples the harsh
growth conditions and use of non-standard substrates from the integration of the 2D layers,
but on the other hand can also potentially lead to a significant modification of the 2D
material. Hence, defect characterization and, more specifically, the evaluation of the impact
of the material growth and processing on its formation is considered indispensable in device
technology research. In this respect, electron spin resonance (ESR) arises as a particularly
useful technique for the atomic assessment and quantification of defects in 2D (TMD) layers
due to its exceptional sensitivity and atomic selectivity.

Aiming at a better understanding of point defects in transferred few-layer MoS, this
work reports on the first successful observation by multi-frequency ESR of a previously
unreported nearly isotropic signal at g = 1.9998 in metal-organic chemical vapor deposition
(MOCVD) grown MoS; transferred onto SiO»/Si substrates. [21] A comprehensive
comparison of the measured signal with previous ESR observations on bulk geological and
synthetic sulfurized and CVD-grown MoS; [25, 38-42] and first principles simulations [43] is
combined with an extensive analysis by various experimental techniques, including atomic
force microscopy (AFM), Rutherford backscattering spectrometry (RBS), x-ray photoelectron

spectroscopy (XPS), and transmission electron microscopy (TEM), to ultimately assign the



newly observed signal to a defect of intrinsic nature, most likely a Mo vacancy (Vmo) related
defect located at MoS; grain edges or boundaries. The oxidation at the grain edges and
boundaries of the 2D material combined with the applied water-based transfer procedure is
demonstrated to play a crucial role in the generation of the newly observed defect. The
presented comprehensive analysis unveils essential insights for the development of CVD
growth and transfer procedures of high-quality MoS; layers intended for promising future

nanoelectronic applications.

Il. Experimental details

A. Samples

The MoS; studied is grown using MOCVD on a c-plane sapphire template wafer, as
described by Chiappe et al. [21] The layers are grown using a Mo(CO)e solid precursor and a
gas mixture of high-purity N2, Hz, and H,S. During growth at temperatures ranging from 700
°C to 900 °C, the total pressure is kept constant at 20 Torr. After growth, the MoS; layers are
subjected to a post deposition anneal under a H2S/N; gas flow at a total pressure of 100 Torr
at 1000 °C.

Three samples of different MoS; thicknesses are studied in this work by a variety of
experimental techniques. A first sample consists of one monolayer (ML) MoS; obtained by
performing a temperature controlled lateral etching step after a first time-controlled regular
growth procedure, intended to create a high quality 1 ML MoS; by selectively etching away
the second (partially completed) layer through increasing the temperature to > 800°C,
hereby also inducing beneficial recrystallization of the firstly formed layer. [21] The second
and third samples are thicker, i.e., 3.5 and 6 MoS; MLs, and grown by the time controlled

method without a temperature controlled lateral etching step. [21] In addition to these



three extensively studied MoS; specimens, a fourth bilayer MoS; sample is grown by the
time controlled MOCVD method and investigated in the TEM analysis of this work.

After the layer-controlled MOCVD growth process, transferring of the 2D films is
started by first spin coating polymethyl methacrylate (PMMA) on top as a protective layer
and laminating a thermal removal tape as support layer. This procedure is followed by a
water-assisted delamination from the sapphire growth substrate in a heated ultrasound
water bath at 80 °C. Next, dry bonding of the 2D material to the target substrate (90 nm
thermally grown SiO; on Si or ALD grown Al,O3 on Si) is performed on a heated surface at 80
°C. The supporting tape is subsequently removed at 155 °C and the PMMA dissolved in
acetone overnight. The samples are then cleaned with isopropanol. Figure 1 shows a
simplified schematic of the growth and transfer procedure.

In addition to the MoS; specimens, a MoOs sample is investigated by XPS to further
understand the generation of the defects currently being investigated (vide infra). For this
purpose, a 2-nm-thick layer of MoOjs is deposited by thermal evaporation on top of a SiO»/Si
substrate.

For current analysis, both the transferred MoS; and the MoQOs samples are subjected
to low temperature annealing at 200 °C for 3 h in low vacuum (~ 10 Torr) with a ramping
rate of 2 °C/min in a Nabertherm furnace.

B. Characterization methods

After the MoS; layer transfer, for ESR purposes, parts of the SiO,/Si substrates are cut
into slices of ~ 2 x 9 mm?2 main area with the 9 mm edge along the Si [011] direction and the
c-axis along the main face normal n. The slices are stacked with the Si substrate [011]
direction of each slice pointing in the same ‘up’ direction. The ESR measurements are

performed over the temperature (T) range 1.6 - 27 K by means of conventional continuous



wave absorption derivative X- (~ 8.9 GHz), K- (~ 20.4 GHz), and Q-band (~ 34.3 GHz)
spectrometers using periodic modulation, Bmcos(wmt), at wm/2m = 100 kHz of the applied
magnetic field B. Accurate determination of defect densities and g values is aided by making
use of a systematically co-mounted Si:P marker sample [g(4.3 K) = 1.99869 + 0.00002; S = %]
[44]. Defect densities are determined by double numerical integration of the detected
dP./dB signals, where P, is the reflected microwave power.

The structural quality of the MoS; layers is investigated by AFM in tapping mode, with
topography and phase being taken simultaneously in ambient conditions. All AFM
measurements are performed on as-grown MoS; on sapphire substrates. The TEM analysis is
carried out with a Titan G2 60-300 operated at 120 kV in STEM mode with a convergence
angle of 23 mrad. The TEM specimens are prepared by transferring two small pieces of the
bilayer MOCVD-grown MoS; film onto two Quantifoil TEM grids using a water-assisted (80
°C) delamination process. The PMMA support layer of the two specimens is removed in
acetone (50 °C) followed by a rinse in isopropyl alcohol (IPA; 50 °C).

The RBS measurements are performed with a 6SDH Pelletron accelerator (National
Electrostatics Corporation, NEC), using He* ions and a beam energy of 1.523 MeV. The
collected data is analyzed using the in-house developed software “SA - numeric integration”.
XPS measurements are carried out in the angle resolved mode using a Theta300 system from
Thermo Instruments, where 16 spectra are recorded at exit angles between 22° and 78° with
respect to n and subsequently integrated. The XPS observations are performed using a
monochromatized Al Ka X-ray source (1486.6 eV) and a spot size of 400 um. Atomic
concentrations are obtained from peak deconvolution invoking mixed Gaussian-Lorentzian

peaks and standard sensitivity factors.



lll. Results and discussion

A. Spectral appearance of the ESR signal

As an illustration of the overall ESR results, Fig. 2 shows a comparison of K-band
spectra for the 1, 3.5, and 6 ML MoS; samples recorded at 4.3 K for B//n. A similar, so far
undocumented, nearly isotropic signal characterized by g = 1.9998 and K-band peak-to-peak
linewidth (4Bpp) in the range of 1.2 - 2.2 G is observed in the three studied samples of
different MoS; thickness. Henceforth, the newly observed signal will be referred to as LM2.

A careful analysis of the linewidth dependence of the LM2 signal on the ESR
observational frequency (v) is presented in Fig. 3 for the 3.5 ML MoS; sample. The
multifrequency (X-, K-, and Q-band) study reveals a dominant inhomogeneous broadening
characterized by an almost linear frequency dependence of ABpp. The latter points to a Voigt-
like lineshape, a convolution of the Lorentzian and Gaussian shape, instead of the more
general Lorentzian shape. Dealing with a Voigt profile, the linewidth of the ESR signal can be

accurately described by the expression [45]

2
AB,, = ~ABk, + \/i (ABL,)” + (ABS,), (1)

where ABzfp and ABpGp are the linewidths of the constituent Lorentzian and Gaussian shapes,
respectively. The dashed curve in Fig. 3 represents an optimized fitting of Eq. (1), revealing a
residual Lorentzian width (v = 0) ABj,, = 1.3 + 0.2 G and Gaussian part ABg,/v = 0.06 + 0.01
G/GHz. The distinct Gaussian line broadening can most likely be ascribed to a stress induced
g spread, presumably at grain boundaries and/or edges. [46]

As to the magnetic behavior of the newly observed signal, Fig. 4 shows the observed

inverse signal intensity versus T over the range 1.6 — 27 K for the 3.5 ML MoS; specimen. The

signal intensity corresponds to the area under the absorption curve of the LM2 signal and is



proportional to the magnetic susceptibility y of the spin system which can, in general, be
described by the Curie-Weiss law written as y o (T — Tc)1. From least-square linear fitting of
the data (dashed line in Fig. 4), we find for the current case a close to zero Curie-Weiss
temperature T, = 0 K, the latter indicating a distinct paramagnetic behavior which points to a
system of dilutely distributed spins with faint or negligible mutual interaction.

Crucial to the current analysis, ESR also allows for reliable quantification of the number
of centers corresponding to the observed signals, performed, as outlined before, by double
numerical integration of the dP,,/dB signal. A distinctly varying density is obtained, i.e., (6 *
1) x 108 cm™, (4.5 +0.3) x 10! cm™, and (5.0 + 0.7) x 10° cm™ for the 1, 3, and 6 ML MoS;,
respectively, with the densities given per cm? SiO,/Si substrate area covered by one or more
MoS; layers.

In comparison with the results for the other two sample types, the high LM2 defect
density found in the 3.5 ML MoS; sample may come as inconsistent. Accordingly, ESR
measurements have been repeated, albeit much later, on a newly prepared 3.5 ML MoS;
sample layer transferred from a similarly MOCVD-grown MoS; film. The result, in terms of
LM2 defect density (in the 10% — 10° cm™ range), is now found to be more in line with the 1
ML and 6 ML MoS; data, indicating that the unique first 3.5 ML specimen’s significantly
higher defect density can be attributed to an as of yet undetermined transfer and/or growth
related cause. For clarity, figures 3 and 4 have been composed — for reasons of sensitivity —
using data from the initial 3.5 ML MoS; sample, of which a representative K-band ESR signal

observed at 4.3 K is shown in Fig. 2.

B. Tracing the origin of the LM2 signal



Having observed the previously unknown LM2 ESR signal, the crucial quest as to its
atomic origin emerges. The AFM images shown in Fig. 5 may serve as an illustration for the
structural quality of the MoS; layers and provide an initial indication for the possible atomic
origin of LM2. Figure 5 (a) exposes the excellent monolayer coverage of the 1 ML MoS;
attained thanks to the successful temperature controlled etching step. [21] The observed
topographical features in Fig. 5 (a) are originating from the atomic steps of the sapphire
substrate and no additional second layer nucleation islands can be discerned. On the other
hand, the AFM images of the 3 and 6 ML MoS; shown in Fig. 5 (b) and (c) respectively, reveal
several grain edges and boundaries, linked to triangular growth on top of the closed basal
plane. [30, 47] Notably, the grain edges and boundaries in Fig. 5 (c) corresponding to the 6
ML sample, are characterized by narrow brightly colored lines indicative for the presence of
MoOs which is expected to form at the highly reactive edges and boundaries. [48, 49]

In looking for the origin of the newly observed ESR signal, we first note that since the
LM2 signal is absent in a SiO2/(100)Si/SiO2 control sample, and given the high purity level
typically attained in synthesizing MoS; layers, it likely concerns an intrinsic defect in MoS,.
Next, the rather ‘high’ defect density, especially for the 3.5 ML MoS,, excludes right away
the defect to originate from the very edges of the MoS; layers at the borders of the
substrate. In this respect, the grain boundaries and grain edges emerge as a primary suspect
for the location of the defect.

Generally, reliable atomic identification by ESR heavily relies on the observation of
signal hyperfine structure. However, in the absence of any such resolved structure in the
LM2 signal, the search for its origin may initially be guided by a comparison with previous
ESR studies on a variety of bulk geological and synthetic MoS, samples [25, 38-42] and

computational assessment of intrinsic MoS; defects. [43] Yet, no LM2-like spectrum appears
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to be reported so far. Perhaps most pertinently, in a recent ESR study on few-layer MoS;
produced by sulfurization directly on the Mo target substrate, [25] the anisotropic (g value
varying from 2.00145 to 2.0027) signal - denoted LM1 - has been observed, which was
attributed to the Swo antisite defect (S substituting for Mo) located at grain boundaries.
Although the LM1 and LM2 signals are distinctly different, on spectroscopic grounds, the
LM2 signal can presumably still be attributed to a defect of intrinsic nature residing at grain
boundaries or edges. Furthermore, a comparison of the measured g value with those
obtained from first principle simulation of a set of intrinsic defects, [43] would allow for two
possibilities as to the atomic defect nature of LM2: the observed LM2 g value (g = 1.9998) is
reasonably close to both the one calculated for Vo (g = 1.994) and that for Smo (g = 2.004).
Now, as the previously observed LM1 signal in sulfurized MoS; has been assigned to Smo and
is spectroscopically well distinct from the current LM2 ESR signal, the latter is, purely from
an ESR perspective, tentatively assigned to the Vv, defect.

Pertinent to this interpretation though, it should be added that previous experimental
work, using atomic resolution annular dark field (ADF) imaging, has found that Vimoss is much
more prevalent than Ve in CVD grown monolayer MoS;. [30] Therefore, keeping in mind
that the specific CVD growth conditions are known to be specifically determinative for the
resulting material quality attained and the abundance of certain defects, the LM2 signal
might be comprised of both the Vo and Vmoss components. Yet, the STEM-ADF findings in
recent work [30] only concern Vmo/Vmoss defects at an ‘inner’ layer position which is
different from the presumed location of the currently observed defect, i. e., at grain
boundaries or edges, urging great caution in the direct comparison of the present results
with those of the previous STEM-ADF analysis. [30] While in the ‘inner’ region of the grains,

sulfur vacancies and Vmos3 have been suggested to be dominant, grain boundaries and edges
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can accommodate a large variety of defects and dislocations. Therefore, the ESR-observed
defect in this work will henceforth be referred to as ‘Vmo related’ since further theoretical
and experimental investigation is required to determine the exact atomic structure of the
point defect, most likely located at grain edges or boundaries and possibly distinct from an
‘inner’ layer Vo or Vimoss defect.

The assignment of the LM2 signal to a Vmo related defect is further substantiated by
the RBS data shown in Fig. 6, demonstrating a noticeable increase of the S/Mo ratio after
transfer of the MoS; material from the sapphire growth substrate to the SiO,/Si target
substrate. The increase of the S/Mo ratio is ascribed to a Mo loss since an increase in S
atoms is unlikely in ambient conditions. As to the presumed mechanism of Mo loss, MoOs is
expected to form primarily at grain boundaries and edges, [48, 49] as also shown in Fig. 5 (c),
and most likely subsequently dissolved during the wet transfer process in hot (80 °C) water.
[50, 51] Furthermore, the RBS data in Fig. 6 demonstrate that a 200 °C anneal in vacuum
after transfer induces an additional loss of Mo. The latter RBS observation is firmly
corroborated by XPS measurements shown in Fig. 7 on pure MoOs layers. The reduction in
peak intensity and shift towards higher binding energy is consistent with a conversion of
MoOs to MoOy suboxides and concomitant loss of Mo after a 200 °C anneal in vacuum. This
indicates that not only hot water but also low temperature (~ 200 °C) anneal in vacuum can
induce chemical modifications in MOCVD-grown MoS; layers. One more observation
pertinent to tracing the nature of the LM2 ESR signal, the current RBS analysis suggests that
there must be at least some transfer induced Vmo component to the LM2 signal as only an
increasing number of Vo defects would lead to an increase of the observed S/Mo ratio.

So far, the oxidation — and subsequent dissolution — of grain edges and boundaries is

concluded to play an important role in the generation of the Vo related defect. To get a
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better understanding of the oxidation behavior of the MoS, material, and thus possibly aid
the identification of the LM2 signal, an oxidative etching [48, 51] TEM analysis has been
carried out on a bilayer MoS; sample grown by the time controlled MOCVD method. [21]
Figure 8 shows a comparison of TEM images of the bilayer MoS, material demonstrating the
influence of a short anneal of 5 min at 250 °C in air preceded by a rinse in warm water (50
°C) to oxidatively etch and change the morphology of the MoS; layers. The TEM images in
panels (a) and (c) in Fig. 8 expose, as a result of the rinse and anneal procedure, the
appearance of holes in the first MoS; monolayer which are seemingly located at grain
boundaries and, interestingly, predominantly close to the edges of the second layer grains.
Furthermore, panel (d) in Fig. 8 shows a representative degradation of the relatively sharp
second layer grain edges (panel (b)) after the rinse and anneal procedure. The current TEM
findings reveal an aggressive oxidative etching, particularly at the grain edges and
boundaries, similar to what has been reported in a recent STEM study performed to reveal
the kinetics for oxidative etching in monolayer CVD-grown MoS; by heating the 2D material
in air. [48] This dramatic effect further substantiates our argument of process-induced
defect generation at grain boundaries and edges. While a number of point defects can be
generated by the growth (e.g. Vs, Vimoss, etc), the processing significantly alters the MoS;
morphology and generates further uncontrolled defects.

In addressing the atomic structure of the grain edges, Fig. 9 (a) shows a high resolution
TEM image of a representative abundantly present second layer zigzag Mo edge (ZZ-Mo),
[48, 52] with, in the current case, an additional S atom bonded to each edge-terminating Mo
atom, as schematically demonstrated in Fig. 9 (b). The presence of the additional S edge
atoms is attributed to the post deposition anneal in H2S/N; performed after MOCVD growth.

Additional S edge atoms aside, the nature of the most abundant edge structure, i.e., ZZ-Mo,
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is similar to what has been reported in the previously mentioned recent oxidative etching
study. [48] Crucially, this recent study advances, as an oxidation mechanism for the
abundant ZZ-Mo edge, that the oxygen molecules initially bond with unsaturated Mo atomes,
generating Mo vacancies leaving unsaturated S atoms. Since the ZZ-Mo edge is energetically
more stable than the ZZ-S edge, the reaction continues along the S terminated directions to
result in a terrace like ZZ-Mo edge structure. [48] To be noticed is that the proposed
oxidative reaction pathway provides a plausible explanation for the current generation of
the Vo related or, put differently, unsaturated S-bonds nature of the LM2 defect. The
aggressive oxidative etching process can essentially be seen as a significantly accelerated
version of the current situation where the MoS; edges oxidize and are subsequently
subjected to a MoOs dissolving transfer procedure in hot water (80 °C). Moreover, a similar
reaction pathway can be considered for the grain boundaries as it has been demonstrated
before that the oxidative etching occurs in a similar way at this location. [48] Nevertheless,
further complications arise in the unambiguous identification of the LM2 signal at grain
boundaries as these are known to contain complex 4|4, 4|7,5]|7, and 6|8 dislocation core
structures. [30] However, as these samples are grown on a sapphire template, the
predominant grain boundary structure is dominated by 60° rotational twins which usually
only consist of 4|4 and 4|8 structures, as shown in Fig. 9 (d).

Admittedly, the exact determination of the atomic structure of the newly revealed
defect located at grain edges or boundaries proves to be an arduous task. The current
extensive analysis, combining a variety of experimental techniques, does however provide
reasonable evidence for the Vo related nature of the LM2 defect along with suggesting a
plausible generation mechanism, thus establishing a basic platform for future theoretical

and experimental endeavor.
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C. Influence of the growth conditions on the Vi, related defect formation

Thus far we have evaluated the appearance of the newly observed LM2 ESR signal in
MOCVD-grown few-layer MoS; transferred on SiO,/Si and attributed it to a Vo related
defect at grain boundaries or edges. However, at first sight, no obvious correlation is
observed between the Vv, related defect densities and the respective number of MoS;
layers. The remarkably different defect densities, varying by up to almost three orders of
magnitude, over the different MoS; thicknesses studied can however be tentatively
attributed to the specific layer-by-layer MOCVD growth method which requires a meticulous
control of the growth temperature and, crucially, deposition time to allow for the growth of
high quality uniform 2D layers. [21]

As discussed before, two MOCVD growth approaches have been implemented: The 3.5
and 6 ML MoS; are grown by the time-controlled method and the 1 ML MoS; is grown by
including a temperature controlled lateral etching step in the regular MOCVD growth
procedure. The latter approach allows for the selective removal of the (partially completed)
defective top layer. [21] In the current work, the 1 ML MoS; is supposedly of the highest
epitaxial quality, as also demonstrated by its AFM image (Fig. 5 (a)), with the lowest Vmo
related defect density at grain boundaries or edges due to the successful application of a
lateral etching step. The defect density for the 6 ML MoS; sample is also relatively low, most
likely due to a beneficial complicated recrystallization process during the MOCVD growth,
resulting in a material of decent epitaxial quality. On the other hand, the 3.5 ML MoS; is
tentatively demonstrated to be of the lowest epitaxial quality as it exhibits the highest Vmo
related defect density out of the three studied samples, which is attributed to the absence of
a temperature controlled lateral etching step and possibly less extensive recrystallization of

the underlying MoS; layers when compared to the 6ML MoS; specimen.
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Regardless of the intricate growth mechanisms at play, the particular growth process
can supposedly enhance the generation of Vo related defects either by providing a higher
density of grain edges and boundaries at which the Vo related defect can form or by making
the boundaries and edges more susceptible to oxidation and subsequent Mo loss during the
wet transfer procedure. In fact, a combination of both effects also seems plausible. Yet, due
to the MOCVD growth procedure inherently being delicate and complex, a detailed
investigation of the influence of the specific growth conditions on the formation of the Vmo

related defect is set aside for future work.

IV. Conclusions

In summary, a low-T multi-frequency ESR study on MOCVD-grown few-layer MoS;
transferred on a SiO,/Si substrate revealed a previously unreported nearly isotropic signal
characterized by g = 1.9998 and 4B,y in the range of 1.2 - 2.2 G at K-band. Aided by AFM,
RBS, XPS and TEM observations, the newly observed LM2 signal is attributed to a defect of
intrinsic nature, more specifically a Vmo related defect located at grain edges or boundaries.
The wet transfer procedure is shown to play a crucial role in the generation of the Vmo
related defect as MoOs is expected to form primarily at grain edges and boundaries and then
to be subsequently dissolved in hot (80 °C) water, thus causing a loss of Mo. An annealing

procedure in vacuum at 200 °C is also demonstrated to induce a loss of Mo.

The LM2 defect densities of the 1, 3.5, and 6 ML MoS; vary by almost three orders of
magnitude, ranging from ~ 6 x 108 cm2 to ~ 5 x 10*! cm™. The 1 ML MoS; is shown to be of
the highest epitaxial quality showing excellent 1 ML coverage and lowest ESR-inferred defect
density which are both most likely related to the successful application of a lateral etching

step in the MOCVD growth process. The 6 ML MoS; also appears to be of decent epitaxial
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quality ascribed to a beneficial complicated recrystallization taking place during the MOCVD
growth. The specific MOCVD growth procedure is demonstrated to alter the oxidation
behavior of the 2D material, subsequent loss of Mo during the wet transfer, and

concomitant generation of Vo related defects.

The current study provides essential insights for further development of MOCVD
growth and transfer procedures to obtain a high-quality 2D MoS; material, partly in that it
urges great caution with water-based transfers and highlights possible chemical instabilities

of few-layer MoS; during thermal treatments.
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Figure captions

Figure 1: Simplified schematic of layer growth and transfer procedures. MoS; layers
are grown by MOCVD on sapphire templates, and then covered with a PMMA and thermal
release tape (not shown). MoS; is delaminated from sapphire through hot water
intercalation, and subsequently bonded to the target substrate at 80 °C. The thermal release
tape is removed at 155 °C, and the PMMA dissolved in acetone and IPA at room
temperature.

Figure 2: Derivative-absorption K-band ESR spectra dP,,/dB of MOCVD grown 1, 3, and
6 ML MoS; films transferred onto thermal SiO»/Si showing the observation of a nearly
isotropic signal at g = 1.9998 denoted by LM2. The newly observed signal is ascribed to a Vmo
related defect at grain edges or boundaries. The spectra are relatively scaled to their
respective total covered substrate surface area after transfer. The signal at g = 1.99869
stems from a co-mounted Si:P marker sample.

Figure 3: Frequency dependence of the peak-to-peak linewidth ABp, of the LM2 signal
observed in 3.5 ML MoS; by ESR at 4.3 - 11 K for B//n. The linewidth analysis reveals a
dominant inhomogeneous broadening characterized by an almost linear frequency
dependence of the linewidth on the observational frequency. The dashed curve represents
an optimized fitting of Eqg. (1), revealing a residual Lorentzian width (v = 0) ABﬁp =1.3+0.2
G and Gaussian broadening Ang/v =0.06 + 0.01 G/GHz. Error bars denote the spread on the
data of multiple observations.

Figure 4: Temperature dependence of the inverse K-band ESR intensity (double
integral of dP,/dB) of the LM2 signal assigned to a Vi, related defect in the 3.5 ML MoS;

sample. The dashed line represents an optimized linear fitting of the Curie-Weiss law (y « (T
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— To)!) demonstrating a nearly paramagnetic (y « T') behavior with a close to zero Tc= 0 K.

Error bars denote the spread on the data of multiple observations.

Figure 5: Comparative AFM analysis of the 1, 3.5, and 6 ML MoS; films on c-plane
sapphire substrates. Panel (a) shows the AFM topography of the 1 ML MoS; sample grown
by an MOCVD process including a temperature controlled lateral etching step. The etching-
based procedure results in an excellent monolayer coverage of the sapphire substrate. The
terraces that are visible in the topography originate from the sapphire substrate. The AFM
topography of the 3.5 and 6 ML MoS; samples is shown in panel (b) and (c) respectively.
Both MoS; specimens are grown by the time-controlled MOCVD process and exhibit islands
forming one or more layers that are not closed.

Figure 6: Plot showing the S to Mo ratio (S/Mo) determined by RBS before and after
transferring the MoS; layers to the target SiO»/Si substrate. The S/Mo ratio increases after
transfer with an additional increase after exposing the transferred layers to a 200 °C anneal
in vacuum. The increase of the S to Mo ratio is ascribed to a loss of Mo. ‘NA’ stands for ‘no
anneal’. Error bars are calculated from the statistical uncertainties of the RBS
measurements.

Figure 7: Overlay of XPS spectra of the Mo3d region of MoOs samples, highlighting the
reduction in peak intensity and peak transition to higher binding energy after the sample is
subjected to a 200 °C anneal in vacuum. The XPS spectra demonstrate the partial conversion
of MoOs3 to molybdenum sub-oxides and concomitant loss of Mo due to the anneal in
vacuum.

Figure 8: TEM image comparison of a MOCVD-grown bilayer MoS; specimen before (a,

b) and after (c, d) a warm water rinse at 50 °C followed by an anneal in air at 250 °C. The
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dark spots in panel (c) represent holes formed in the first monolayer that are mainly located
at grain boundaries and close to the second layer grain edges. A representative degradation
of the relatively sharp edges of a second layer grain is demonstrated in panel (d).

Figure 9: Panel (a) shows an atomic resolution TEM image of a representative
abundantly present second layer ZZ-Mo edge with an additional S atom bonded to each
terminating Mo edge atom. The atomic model in panel (b) serves as an illustration for the
current ZZ-Mo edge structure. The TEM intensity profile along the white dashed line in panel
(a) is presented in panel (c). Panel (d) shows the predominant grain boundary structure
which is dominated by 60° rotational twins which usually only consist of 4|4 and 4|8
structures.
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