

View

Online


Export
Citation

CrossMark

RESEARCH ARTICLE |  FEBRUARY 02 2024

Effect of growth temperature on the microstructure and
properties of epitaxial MoS2 monolayers grown by
metalorganic chemical vapor deposition 
Special Collection: 55 Years of Metalorganic Chemical Vapor Deposition (MOCVD)

Chen Chen  ; Nicholas Trainor  ; Shalini Kumari  ; Henrik Myja  ; Tilmar Kümmell; Zhiyu Zhang  ;
Yuxi Zhang  ; Anuj Bisht; Muhtasim Ul Karim Sadaf  ; Najam U. Sakib  ; Ying Han  ;
Thomas V. Mc Knight  ; Andrew R. Graves  ; Meghan E. Leger  ; Nicholas D. Redwing; Myeongok Kim  ;
Dorota Anna Kowalczyk  ; Gerd Bacher  ; Nasim Alem  ; Yang Yang  ; Saptarshi Das  ;
Joan M. Redwing 

J. Vac. Sci. Technol. A 42, 022201 (2024)
https://doi.org/10.1116/6.0003296

 05 February 2024 16:13:33

https://pubs.aip.org/avs/jva/article/42/2/022201/3261677/Effect-of-growth-temperature-on-the-microstructure
https://pubs.aip.org/avs/jva/article/42/2/022201/3261677/Effect-of-growth-temperature-on-the-microstructure?pdfCoverIconEvent=cite
https://pubs.aip.org/avs/jva/article/42/2/022201/3261677/Effect-of-growth-temperature-on-the-microstructure?pdfCoverIconEvent=crossmark
https://pubs.aip.org/jva/collection/1434/55-Years-of-Metalorganic-Chemical-Vapor-Deposition
javascript:;
https://orcid.org/0000-0001-9027-7107
javascript:;
https://orcid.org/0009-0007-3400-5327
javascript:;
https://orcid.org/0000-0001-6457-2858
javascript:;
https://orcid.org/0000-0002-3216-0901
javascript:;
javascript:;
https://orcid.org/0009-0001-8537-417X
javascript:;
https://orcid.org/0009-0004-2715-3514
javascript:;
javascript:;
https://orcid.org/0000-0002-1673-9497
javascript:;
https://orcid.org/0009-0002-2148-7340
javascript:;
https://orcid.org/0000-0002-6621-2351
javascript:;
https://orcid.org/0009-0002-2680-2434
javascript:;
https://orcid.org/0000-0001-8711-8279
javascript:;
https://orcid.org/0009-0006-6909-8861
javascript:;
javascript:;
https://orcid.org/0000-0001-7189-6228
javascript:;
https://orcid.org/0000-0002-5171-5490
javascript:;
https://orcid.org/0000-0001-8419-2158
javascript:;
https://orcid.org/0000-0003-0009-349X
javascript:;
https://orcid.org/0000-0002-0025-5914
javascript:;
https://orcid.org/0000-0002-0188-945X
javascript:;
https://orcid.org/0000-0002-7906-452X
javascript:;
https://doi.org/10.1116/6.0003296
https://servedbyadbutler.com/redirect.spark?MID=176720&plid=2314484&setID=592934&channelID=0&CID=850287&banID=521689177&PID=0&textadID=0&tc=1&scheduleID=2233967&adSize=1640x440&data_keys=%7B%22%22%3A%22%22%7D&matches=%5B%22inurl%3A%5C%2Fjva%22%5D&mt=1707149613464743&spr=1&referrer=http%3A%2F%2Fpubs.aip.org%2Favs%2Fjva%2Farticle-pdf%2Fdoi%2F10.1116%2F6.0003296%2F19338003%2F022201_1_6.0003296.pdf&hc=a7e42e349b54d85ef43b86de5d1d27da1f50d617&location=


Effect of growth temperature on the
microstructure and properties of epitaxial MoS2

monolayers grown by metalorganic chemical
vapor deposition

Cite as: J. Vac. Sci. Technol. A 42, 022201 (2024); doi: 10.1116/6.0003296

View Online Export Citation CrossMark
Submitted: 10 November 2023 · Accepted: 10 January 2024 ·
Published Online: 2 February 2024

Chen Chen,1 Nicholas Trainor,1,2 Shalini Kumari,1,2 Henrik Myja,3 Tilmar Kümmell,3 Zhiyu Zhang,4

Yuxi Zhang,2 Anuj Bisht,1,5 Muhtasim Ul Karim Sadaf,4 Najam U. Sakib,4 Ying Han,4 Thomas V. Mc Knight,1,2

Andrew R. Graves,1 Meghan E. Leger,1,2 Nicholas D. Redwing,2 Myeongok Kim,6 Dorota Anna Kowalczyk,7

Gerd Bacher,3 Nasim Alem,1,2 Yang Yang,4 Saptarshi Das,1,2,4,8 and Joan M. Redwing1,2,8,a)

AFFILIATIONS

12D Crystal Consortium—Materials Innovation Platform, Materials Research Institute, The Pennsylvania State University,

University Park, Pennsylvania 16802
2Department of Materials Science and Engineering, The Pennsylvania State University, University Park, Pennsylvania 16802
3Werkstoffe der Elektrotechnik and CENIDE, University of Duisburg-Essen, Duisburg 47057, Germany
4Department of Engineering Science and Mechanics, The Pennsylvania State University, University Park, Pennsylvania 16802
5Department of Metallurgical and Materials Engineering, Indian Institute of Technology Kharagpur, Kharagpur 721302, India
6School of Engineering, The University of Tokyo, Tokyo 113-8656, Japan, Japan
7Department of Solid-State Physics, Faculty of Physics and Applied Informatics, University of Lodz, Pomorska 149/153,

Lodz 90-236, Poland
8Department of Electrical Engineering and Computer Science, The Pennsylvania State University, University Park, Pennsylvania 16802

Note: This paper is part of the Special Topic Collection —55 Years of Metalorganic Chemical Vapor Deposition (MOCVD).
a)Electronic mail: jmr31@psu.edu

ABSTRACT

Metalorganic chemical vapor deposition (MOCVD) is a promising technique for wafer-scale synthesis of MoS2 monolayers for 2D field-
effect transistors (2D-FETs) and related devices. Epitaxial growth of MoS2 on sapphire provides films that are crystallographically well-ori-
ented but typically contain low-angle grain boundaries (e.g., mirror twins), voids, and other defects depending on growth conditions and
substrate characteristics. In this study, we investigate microstructure, optical properties, and field-effect characteristics of wafer-scale MoS2
monolayers grown by MOCVD on c-plane sapphire over a narrow window of growth temperatures (900–1000 °C). The density of low-angle
grain boundaries in the MoS2 monolayer was found to decrease dramatically from 50% areal coverage for films grown at 900 °C to 5% at
1000 °C. This decrease in low-angle grain boundary density is correlated with an increase in the room-temperature photoluminescence
intensity of A excitons and a decrease in the full-width-half maximum (FWHM) of the Raman A1g peak, which are typically indicative of a
general reduction in defects in MoS2. However, the best transport properties (e.g., mean field-effect mobility mFE= 17.3 cm2/V s) were
obtained in MoS2 monolayers grown at an intermediate temperature of 950 °C. It was found that as the growth temperature increased, small
regions bound by high-angle boundaries begin to appear within the monolayer and increase in areal coverage, from ∼2% at 900 °C to ∼5%
at 950 °C to ∼10% at 1000 °C. The growth temperature of 950 °C, therefore, provides an intermediate condition where the combined effects
of low-angle and high-angle boundaries are minimized. The results of this study provide guidance on MOCVD growth and characterization
that can be used to further optimize the performance of MoS2 2D-FETs.
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I. INTRODUCTION

Monolayer and few-layer semiconducting transition metal
dichalcogenides (TMDs), exemplified by materials like MoS2, have
garnered increasing interest in the realm of 2D field-effect transistors
(2D-FETs) for next-generation gate-all-around nanosheet devices and
heterogeneous integration with silicon complementary metal–oxide–
semiconductor (Si CMOS) technology.1,2 This burgeoning enthusi-
asm for TMDs is grounded in their ultrathin body nature, which may
enable high-density stacked nanosheets beyond that achievable with
silicon as well as low-power electronics needed for edge computing
and neuromorphic devices. However, realization of high-performance
2D-FETs requires advances in TMD synthesis to provide high-quality
monolayer and few-layer films that can be readily integrated into
devices via either direct growth or layer transfer methods.

Among the various methods available for TMD synthesis, met-
alorganic chemical vapor deposition (MOCVD) has emerged as a
promising scalable technique for achieving wafer-scale films via
either direct growth of polycrystalline films on amorphous substrates
such as oxidized SiO2/Si substrates at reduced temperature (<600 °C)3,4

or high-temperature epitaxy on sapphire.5–7 Epitaxial growth of
TMDs on sapphire is a particularly promising approach as it enables
control of TMD domain orientation, thereby reducing the density of
high-angle grain boundaries.8–11 While epitaxial growth allows for
the creation of large-area, well-aligned TMD films, the domain coa-
lescence process, responsible for forming wafer-scale epitaxial TMD
monolayers, often gives rise to various defects. These defects include
line defects such as mirror twins (also called inversion domain
boundaries) and translational boundaries12,13 as well as point defects
such as chalcogen vacancies and impurities.14 Understanding the
nature and impact of these defects is crucial for advancing the field
of TMD-based 2D-FETs toward practical applications.

Despite the growing interest in TMDs for 2D-FETs, attempts
to systematically correlate defects in wafer-scale TMD films with
device performance have been limited thus far. Therefore, the
primary objective of this study is to understand how MOCVD
growth conditions, specifically growth temperature, determines the
type and quantity of line defects present in wafer-scale epitaxial
MoS2 films to gain insight into their impact on 2D-FET perfor-
mance. Growth temperature is a crucial parameter in epitaxy since
it strongly influences nucleation and surface diffusion processes,
which ultimately impact the crystal quality and optical/electrical
properties of the MoS2 monolayers. In this study, we investigate the
effects of growth temperature on the properties of MoS2 monolay-
ers grown by MOCVD on c-plane sapphire over a limited tempera-
ture range (900–1000 °C) where the films remain epitaxial and
growth rate does not vary significantly with temperature. The
results reveal marked changes in the type and density of grain
boundaries in the MoS2 monolayers over this temperature window,
which are correlated to photoluminescence properties and 2D-FET
performance. Our results provide important insights necessary for
optimization of the MOCVD process for the synthesis of high-
quality MoS2 monolayers.

II. EXPERIMENT

MOCVD growth of wafer-scale MoS2 monolayers was carried
out in a horizontal cold-wall reactor that includes an induction-

heated rotating SiC-coated graphite susceptor and separate gas
inlets for the metal and chalcogen precursors [Fig. S1(a)].15,28

Molybdenum hexacarbonyl [Mo(CO)6] and hydrogen sulfide (H2S)
were used as precursors in an H2 carrier gas. C-plane sapphire
(200 diameter) with a nominal ±0.2° miscut toward the M-axis was
used for all growths. In brief, the MoS2 monolayer was grown in a
single-step process [Fig. S1(b)]28 where the growth temperature was
varied as 900, 950, and 1000°C. The flow rate of the molybdenum
precursor ranged from 2.3 × 10−3 to 3.5 × 10−3 SCCM, while the
H2S flow rate was maintained at 400 SCCM, resulting in an S/Mo
ratio of ∼105. Growths were carried out with a moderate reactor
pressure of 50 Torr using H2 as the carrier gas, and fully coalesced
monolayer MoS2 was achieved in 30 min across the 200 substrate.
Details on the MOCVD growth and characterization are included
in the supplementary information.28 In brief, atomic force micros-
copy (AFM) and field-emission scanning electron microscopy
(FESEM) were used to characterize the surface coverage and mor-
phology of the layers. In-plane x-ray diffraction (XRD) was used to
assess the crystal quality and epitaxial orientation of the films.
Raman spectroscopy was used to evaluate the number of layers and
defects/disorder of the films. Transmission electron microscopy
(TEM) including selected area electron diffraction (SAED) and
dark-field (DF) imaging as well as 4-dimensional scanning trans-
mission electron microscopy (4D-STEM) were used to evaluate the
grain structure of the monolayers. Room-temperature photolumi-
nescence (PL) spectroscopy and spatially resolved PL mapping
were carried out to assess the optical properties. The MoS2 mono-
layers were transferred from sapphire to back-gated field-effect test
structures with Ni/Au contacts for the source and drain to charac-
terize the electrical transport properties. Details on the transfer
process, FET device fabrication, and electrical characterizations are
included in the supplementary information.28

III. RESULTS AND DISCUSSION

A. Surface coverage and morphology of MoS2

monolayers

The effects of growth temperature on the surface coverage and
uniformity of the MoS2 monolayers across the 200 diameter sapphire
substrates were initially investigated over the temperature range
from 900 to 1000 °C. This temperature range was chosen as the
surface coverage did not vary significantly with temperature, as
illustrated in Table S1 and Fig. S4,28 hence minimizing the effects
of growth rate on film properties. The weak temperature depen-
dence suggests that in the range from 900 to 1000 °C, the growth
rate of MoS2 is limited by mass transport of precursors to the
surface rather than reaction kinetics similar to that observed previ-
ously for MOCVD growth of WSe2.

5 It is important to note that
similar MoS2 surface coverage does not imply that the crystallinity
and microstructure of the MoS2 monolayers are similar as will be
further elucidated in this work.

Visually, the MoS2 films exhibit a uniform light green color
[Fig. 1(a)]. AFM images obtained at the center of the 200 sample
[Figs. 1(b)–1(d)] indicate fully coalesced monolayers of MoS2 that
cover the sapphire surface with no visible holes/voids and with
additional bilayers (in a form of triangles) and multilayer/
out-of-plane domains (white). Similar morphology is observed for
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the MoS2 at the edge of the 200 wafer attesting to the good film uni-
formity [Fig. S2].28 The surface of the MoS2 grown at 1000 °C
[Fig. 1(d)] exhibits clearly defined steps that arise from the miscut
of the underlying sapphire substrate, which are not as apparent at
the lower growth temperatures. FESEM images at the center
[Figs. 1(e)–1(g)] and edge of the sample [Figs. S3(b), S3(d), and S3
(f )]28 reveal similar surface coverages of MoS2 as the AFM images.
Analysis of the FESEM images (Table S1)28 indicates that the
surface coverage of bilayers decreases from 13% to 5% as the
growth temperature is increased from 900 to 1000 °C and
the average size of the bilayers increases from 9.5 × 10−3 to
3.3 × 10−2 mm2 due to the enhanced diffusivity of precursor
adatoms on the monolayer surface at higher temperature. In terms
of nucleation and growth of a bilayer on top of the monolayer
MoS2, the precursor adsorption on the monolayer surface will be
substantially reduced and surface diffusion lengths will be

substantially increased compared to the sapphire since the mono-
layer is a van der Waals surface. We hypothesize that bilayers
nucleate at defects in the monolayer; hence, the decrease in bilayer
coverage and the increase in bilayer average size suggest that the
defect density in the underlying MoS2 monolayer is reduced as the
growth temperature is raised.

In the FESEM images, the underlying monolayer generally
exhibits a bright contrast compared to the darker contrast of the
bilayer/multilayer regions. At the 950 °C growth temperature
[Fig. 1(f )], however, additional features appear in the monolayer
characterized by elongated regions of darker contrast that are
aligned with the underlying step terraces [inset in Fig. 1(f )]. These
darker features become more prominent as the growth temperature
is raised to 1000 °C [Fig. 1(g)]. Similar features have been reported
in WS2 monolayers grown by MOCVD on sapphire and have been
attributed to variations in electrical conductivity in the WS2

FIG. 1. Surface morphology of MoS2 monolayer samples. (a) Photos of samples grown at 900, 950, and 1000 °C on 200 c-plane sapphire. AFM images (from the center
of wafer) of the MoS2 monolayers grown at (b) 900, (c) 950, and (d) 1000 °C. FESEM images (from the center of wafer) of the MoS2 monolayers grown at (e) 900,
(f ) 950, and (g) 1000 °C.
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associated with increased levels of sulfur (sulfur-rich) and oxygen
that may originate from variations in the surface termination of
the underlying sapphire.16 Previous work11 has shown that the
hydroxyl (–OH) groups that initially terminate the sapphire surface
react with H2 in the MOCVD growth ambient at elevated tempera-
ture forming H2O. The loss of –OH results in an Al-terminated
surface that may then become passivated by sulfur or hydrogen
atoms. Consequently, the regions of darker contrast in the FESEM
images of the MoS2, which increase in number and size with
growth temperature, likely arise from changes in the surface termi-
nation of the sapphire. These changes in surface termination may
impact the nucleation and orientation of the MoS2 domains as well
as the adhesion of the MoS2 monolayer to the underlying sapphire.

B. Crystal quality and epitaxial orientation

In-plane x-ray diffraction (XRD) measurements17 were per-
formed to investigate the epitaxial relation of the MoS2 monolayer
to the sapphire substrate and compare the crystallographic proper-
ties of the MoS2 films grown at different growth temperatures. An
in-plane 2q-w scan at the f angle where the (11�20) peak of
α-Al2O3 was observed [Fig. 2(a)] shows two peaks at 37.7° and
58.5° corresponding to the (11�20) of α-Al2O3 and (11�20) of MoS2,
respectively. The full-width-at-half-maximum (FWHM) of the
(11�20) MoS2 peak decreases from 0.5° at 900 °C to 0.2° at 1000 °C
[Fig. 2(b)], indicating an improvement in crystal quality at higher
growth temperature. In-plane XRD f-scans [Fig. 2(c)] confirm that

FIG. 2. Crystallographic and vibrational properties of MoS2 monolayers. (a) In-plane x-ray diffractogram 2θ measurement at f = 28.38o showing reflections that correspond
to (11�20) planes of MoS2 and α-Al2O3. (b) FWHM of (112  0) MoS2 from 2θ-scan as a function of growth temperature. (c) In-plane XRD f-scans (left) of MoS2 as a function
of growth temperature confirming the sixfold [11�20] MoS2(0001)//[11�20] α-Al2O3(0001) epitaxial relationship. The FWHM of the MoS2 f-scan peak (right) exhibits a minimum
at 950 °C. (d) Raman spectra of MoS2 monolayers as a function of growth temperature.
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all the MoS2 films are nominally single crystal and epitaxially ori-
ented with respect to the sapphire. The FWHM of the f-scan
peaks, which provides a measure of the in-plane rotational misori-
entation of the MoS2 domains in the monolayer, shows a general
decrease with increasing growth temperature [Fig. 2(c)] although
the lowest value of 0.42° was obtained for the film grown at 950 °C.

Room-temperature Raman spectra of the MoS2 monolayers
[Fig. 2(d)], fitted by Voight functions [Fig. S5(a)],28 exhibit
in-plane E1

2g (385.9 cm−1), out-of-plane A1g (405.3 cm−1), and
second-order nonresonant 2LA(M) (450 cm−1) Raman active vibra-
tional modes. The Raman frequency difference between the E1

2g
and A1g modes is < 20 cm−1 (Table S2)28 for all of the MoS2
samples confirming that the films are monolayer.18 Raman maps of
the MoS2 grown at 950 and 1000 °C [Fig. S5(b)]28 provide an
average FWHM of the A1g modes of 9 ± 4 and 6 ± 2 cm−1, respec-
tively, indicating a reduced number of defects19 as the growth tem-
perature increases up to 1000 °C, which is consistent with the
observed reduction in XRD FWHM [Figs. 2(b) and 2(c)].

C. Microstructure of MoS2 monolayers

Transmission electron microscopy (TEM) characterization was
employed to characterize the microstructure of the MoS2 monolay-
ers after removal from the sapphire growth substrates and transfer
to TEM grids. Selected area diffraction patterns (SAED) obtained
along the [0001] zone axis of MoS2 and representative dark-field
(DF) TEM micrographs corresponding to the (10�10) diffraction
spot for samples grown at 900, 950, and 1000 °C are shown in
Figs. 3(a)–3(c), respectively. The SAED pattern is consistent with a
single crystalline structure for all three MoS2 monolayers, although
as shown in the insets in Figs. 3(a)–3(c), additional spots are
present in the SAED patterns for the 950 and 1000 °C samples as
will be discussed below. The DF-TEM images reveal regions of
bright contrast (white) associated with bilayers/multilayers as well
as some wrinkles, tears (black), and folds arising from the transfer
process. Within the continuous MoS2 monolayer, regions with dif-
fering contrast can be discerned. Regions of medium contrast, such
as those outlined in green, are associated with domains bounded by
low-angle grain boundaries such as mirror twins (also referred to
as inversion domains) and translational line defects.12,13 Regions of
darker contrast within the monolayer, such as those outlined in
red, are associated with high-angle grain boundaries. The MoS2
grown at 900 °C [Fig. 3(a)] contains a substantial fraction (∼50%
areal coverage) of regions bound by low-angle boundaries with a
smaller percentage (∼2%) of high-angle grain boundaries. The
areal coverage of low-angle grain boundaries within the monolayer
is substantially reduced as the growth temperature is increased to
∼20% at 950 °C and ∼5% at 1000 °C [Fig. S6].28 However, the
regions defined by high-angle grain boundaries increase with
temperature, from ∼2% at 900 °C to ∼5% at 950 °C to ∼10% at
1000 °C. It is interesting to note that the elongated regions of
darker contrast present in the FESEM images of Figs. 1(f ) and 1(g)
are not apparent in the DF-TEM images of these same samples
[Figs. 3(b) and 3(c)], indicating that the FESEM features do not
correlate with the grain structure of the MoS2 but instead arise
from variations in the interactions/adhesion of MoS2 to the under-
lying sapphire.

The high-angle grain boundaries observed in the MoS2 grown
at 950 and 1000 °C explain the additional diffraction spots present
in the SAED patterns shown in the insets of Figs. 3(a)–3(c). The
low-angle grain boundaries in the MoS2 grown at 900 °C are likely
to be mirror-twins, which would be indistinguishable in the SAED
pattern. The SAED pattern for the MoS2 grown at 950 °C [inset in
Fig. 3(b)], however, contains an additional diffraction spot of lower
intensity adjacent to the main diffraction spot. The SAED pattern
for the MoS2 grown at 1000 °C [inset in Fig. 3(c)] contains multiple
distinct low intensity diffraction spots, indicating that the high-
angle grain boundaries exhibit a wider range of orientations.

To provide a more detailed examination of the domains delin-
eated by both low- and high-angle grain boundaries as well as
in-plane strain, we conducted 4D-STEM characterization for the
MoS2 grown at 950 °C. The results are illustrated in Fig. 4 obtained
from five distinct regions of the sample. Figure 4(a) displays the
virtual HAADF image where white color contrasts denote bilayer/
multilayer regions, gray contrasts represent monolayer MoS2, and
black contrasts indicate holes, voids, or wrinkles. This observation
parallels the findings in Figs. 1(b)–1(d) and 3. Notably, there is an
absence of contrast related to strain and in-plane rotation in the
HAADF images. Strain in MoS2 plays a pivotal role in its physical
and electronic properties, influencing its overall performance in
various applications.20,21 Figures 4(b)–4(d) present the in-plane
strain mappings, revealing that a majority of the regions exhibit
strain variations below 1%, with the exception of wrinkle zones that
arise during the transfer of the sample to a TEM grid. Figure 4(e)
delineates the mapping of in-plane grain rotation, distinctly high-
lighting domains demarcated by grain boundaries. The histogram
of these misorientations is showcased in Fig. 4(f ), consistently
ranging from −5° to 2.5° across all five regions. A positive sign
denotes clockwise rotation, while a negative implies counterclock-
wise rotation. The average spread of these rotations approximates
2°–3°. By overlaying the two maps of Figs. 4(b) and 4(e), it is found
that the clockwise rotation domains [the orange color with positive
degree of rotation in Fig. 4(e)] appear to correspond to the regions
with tensile strain [the orange color with tensile strain in Fig. 4(b)]
and counterclockwise rotation domains appear to correspond to
the regions with compressive strain [the blue color with compres-
sive strain in Fig. 4(b)]. Finally, Fig. 4(g) displays the mapping of
the inversion domains. Interestingly, some inversion domains coin-
cide with the domains demarcated by misoriented regions as
depicted in Fig. 4(e). This suggests that the inversion domains
undergo some degree of rotation, implying that their orientation
does not consistently maintain a 60° angle relative to the matrix.

D. Optical properties

Room-temperature photoluminescence (PL) spectra of the
MoS2 monolayers grown at different temperatures are shown in
Fig. 5(a). MoS2 grown at 1000 °C exhibits intense PL emission cen-
tered at 1.93 eV and has a higher PL intensity (factor of 2–4) com-
pared to the samples grown at 950 and 900 °C. Given the fact that
these samples have comparable bilayer coverage, the higher PL
intensity of the MoS2 monolayer grown at 1000 °C could tentatively
be attributed to a higher A exciton recombination lifetime and
reduced nonradiative recombination.22 Alternatively, the higher PL
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FIG. 3. TEM characterization of MoS2 monolayers grown at different temperatures. SAED patterns (left) with magnified view of (11�20) diffraction spot (inset) and DF-TEM
micrographs (right) corresponding to the (10�10) diffraction spot for MoS2 monolayers grown at (a) 900, (b) 950, and (c) 1000 °C.
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FIG. 4. Comprehensive 4D-STEM imaging and results from four distinct regions of the MoS2 sample grown at 950 °C. (a) Virtual HAADF images showcasing bilayer/multi-
layer regions (white), monolayer MoS2 (gray), and areas of holes, voids, or wrinkles (black). All scale bars equal to 200 nm. (b)–(d) In-plane strain mappings. (e) Mapping
of in-plane grain rotation with clear demarcation of domains by grain boundaries. ( f ) Histogram representation of misorientations. Positive values indicate clockwise rota-
tions, while negative values depict counterclockwise rotations. (g) Mapping of inversion domain boundaries within the MoS2 monolayers.
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intensity could be associated with differences in the interactions of
MoS2 and the sapphire substrate as suggested by the FESEM
images [Figs. 1(e) and 1(f )]. To gain a better understanding of the
effect of growth temperature on the optical properties, the PL spectra
were fit using Voigt functions to identify the contributions of trions
(A−), neutral excitons (A0), and B excitons. A significant blue shift
of ∼90meV in the A exciton peak position was observed as the
growth temperature increased from 900 to 1000 °C [Fig. 5(b)]. This
blue shift could be due to an increase in strain, ∼2% estimated com-
pressive strain,23 induced in the MoS2 film from growth at high tem-
perature and cooling to room temperature, which arises from
differences in the thermal expansion coefficients of MoS2
(αa ¼ 1:9� 10�6/�C)24 and the sapphire substrate
(αa ¼ 8:1� 10�6/�C).25 To determine the source of the strain and
its impact on the PL spectra, the MoS2 monolayer grown at 1000 °C
was transferred off of the sapphire growth substrate onto a pristine
sapphire substrate. Then, PL characterization was repeated after
transfer, as shown in Fig. S7.28 The A exciton position, correspond-
ing to the maximum PL peak position, redshifted after transfer from
1.93 to 1.84 eV, a similar value to that obtained in the MoS2 on sap-
phire grown at 900 °C. These results indicate that MoS2 is more
strongly coupled to the sapphire at 1000 °C, resulting in significant
compressive strain due to thermal expansion mismatch that is

released upon layer transfer. The integral ratio of (A0 + A−)/B exci-
tons was found to increase with increasing growth temperature, as
shown in Fig. 5(c), indicating an improvement in the crystal quality
of the MoS2 monolayers,22 which is consistent with the results from
in-plane XRD and TEM. Spatially resolved PL maps of the integrated
PL intensity and peak width (FWHM) (Fig. S8)28 demonstrate that
the sample grown at 1000 °C has a more homogeneous distribution
and narrower peak FWHM of 20.8 ± 1.7 vs 23.5 ± 4.6 nm for the
sample grown at 950 °C. On the other hand, it is interesting to note
that the intensity ratio of A−/A0, which provides a relative measure
of trion emission, which is related to the n-type doping level in the
film,26 was highest for the MoS2 grown at 950 °C [Fig. 5(d)].
Background n-type doping in MoS2 is commonly attributed to sulfur
vacancies in the film. The sulfur vacancy concentration would gener-
ally be expected to increase as the growth temperature is raised;
however, it will also depend on the chemical potential of sulfur in
the growth ambient, which could increase with temperature due to
an enhanced cracking efficiency of H2S.

E. Electrical transport properties of MoS2 monolayers

The transport properties of the MoS2 monolayers grown at
different temperatures were characterized using field-effect

FIG. 5. (a) Room-temperature photoluminescence spectra of MoS2 monolayer on sapphire grown at 900, 950, and 1000 °C, including the Voigt fitting indicating contribu-
tions of trions (A−), neutral excitons (A0), and B excitons. The dependence of (b) A excitons peak position (c) integral ratio of (A0 + A−)/B, and (d) intensity ratio of A−/A0

on the MoS2 growth temperature.
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FIG. 6. Electrical transport properties of the MoS2 monolayers grown at different temperatures. (a) Schematic of back-gated FET device structure. (b) Top-down SEM
image of the MoS2 2D-FET device with LCH = 1 μm, (c)–(e) (top) transfer characteristics (IDS-VGS) and (bottom) typical output characteristics (IDS-VDS) of the MoS2 FET
devices (∼100 devices each) for growth temperatures of (c) 900, (d) 950, and (e) 1000 °C. The dependence of electrical transport properties on the growth temperature of
the MoS2 monolayer FET devices: ( f ) Vth, (g) SS, (h) ION, and (i) μFE.
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measurements. The FETs were fabricated on 285 nm SiO2/p
++-Si

substrates with 5 nm Ti/15 nm Pt serving as the local back gate
electrodes [Figs. 6(a) and 6(b)]. Additionally, a gate dielectric stack
of 9 nm Al2O3/3 nm HfO2/3 nm Al2O3 was employed. This gate
stack was employed instead of more traditional SiO2 or Si3N4 as it
provides a higher dielectric constant enabling a smaller equivalent
oxide thickness (EOT), which is crucial for scaling down transistor
dimensions in advanced semiconductor technologies.27 The mono-
layer MoS2 was then transferred to these substrates using the
PMMA-assisted wet transfer method, and 20 nm Au/30 nm
Ni/20 nm Au metals were utilized as the source and drain contacts.
All devices featured a 1 μm channel length (LCH) and width (WCH),
respectively, with the exception of 950 °C where varying channel
lengths from 0.5 to 5.0 μm were investigated. Detailed information
on the device fabrication can be found in the supplementary
information section.28 The transfer characteristics, i.e., the
drain-to-source current (IDS), while sweeping the back-gate voltage
(VG) at a constant drain voltage (VDS) of 1 V were measured for
100 devices for each growth temperature of 900, 950, and 1000 °C,
as shown in Figs. 5(c)–5(e), respectively. The devices were mea-
sured in ambient conditions, and minimal hysteresis was observed
for the three samples, as shown in Fig. S9.28 Minimal
device-to-device variation (range: ±13%) was observed across all
samples, which was attributed to the uniform and contaminant-free
MOCVD growth of monolayer TMDs and the clean device fabrica-
tion process. Transfer characteristics indicate n-type enhancement
mode FETs with normal-off state. Representative output character-
istics (IDS-VDS) for each of the devices are also included in
Figs. 6(c)–6(e). To further compare the performance of the devices,
off-state parameters such as threshold voltage (VTH) and subthres-
hold slope (SS), along with on-state parameters like peak
field-effect mobility (μFE) and on-current (ION) at the inversion
carrier concentration, were determined for all 100 devices at each
growth temperature, and the mean values and standard deviation
are depicted in Figs. 6(f )–6(i). The threshold voltage (VTH) was
extracted at 100 nA/μm iso-current and was found to decrease with
increasing growth temperature. For instance, the mean VTH

reduced from 2.52 ± 0.39 V for MoS2 grown at 900 °C to
2.01 ± 0.26 V for MoS2 grown at 1000 °C. The decrease in VTH indi-
cates an increase in n-type doping with higher growth tempera-
tures. Furthermore, we extracted the subthreshold slope (SS) of the
FETs for two orders of change in the IDS and found that the mean
values remained around 160 mV/dec for MoS2 grown at 900 and
1000 °C, while the 950 °C sample showed a reduced mean SS value
of 140.05 mV/dec. Field-effect mobility (μFE), a critical on-state
parameter that influences device performance, was extracted using
the peak transconductance (μgm) method. Our results showed a
nonmonotonic trend, with mean μFE increasing from 8.76 cm2/V s
for 900 °C MoS2 to 17.34 cm2/V s for 950 °C MoS2, and then
decreasing to 12.54 cm2/V s for 1000 °C MoS2. Although threshold
voltage indicated higher n-doping with increasing growth tempera-
ture, the subthreshold slope and mobility values suggested that
while the device performance improved from 900 to 950 °C, a
further increase in growth temperature to 1000 °C resulted in per-
formance degradation. This trend is further supported by the mean
on-currents (ION) at an inversion carrier concentration (nS) of
∼7.4 × 1012 cm−2. Inversion carrier in the channel can be obtained

using the following equation:

ns ¼ Cox(VG � VTH)
q

:

Here, COX≈ 5.9 × 10−3 F/m2 is the oxide gate capacitance. An
approximately 2× increase in mean ION was obtained when the
growth temperature increased from 900 to 950 °C, with the highest
mean ION obtained for the 950 °C growth temperature at
8.27 μA/μm. In contrast, the mean ION decreased to 6.05 μA/μm for
the 1000 °C growth temperature. It should be noted that for TMD
FETs, ION typically decreases and μFE increases as the LCH is
increased as shown in Fig. S1028 for devices fabricated using the
950 °C MoS2 sample. In general, channel resistance associated with
the MoS2 tends to dominate μFE for long channel devices while
contact resistance (Rc) becomes the dominating factor in the short
channel limit (see supplementary information).28 For champion
devices fabricated using the 950 °C MoS2, μFE ranges from
∼25 cm2/V s for LCH = 0.5 mm to ∼32 cm2/V s for LCH = 5.0 mm.

Overall, the electrical results indicate that a high density of
low-angle grain boundaries (most prevalent in MoS2 grown at
900 °C) have a negative impact on FET performance likely due to a
reduction in field-effect mobility. However, point defects, e.g.,
sulfur vacancies as well as high-angle grain boundaries, also play a
role in degrading FET performance, as observed in the MoS2
grown at 1000 °C sample.

IV. SUMMARY AND CONCLUSIONS

The effects of growth temperature on the structural, optical,
and transport properties of epitaxial MoS2 monolayers grown on 200

c-plane sapphire by MOCVD were investigated. Overall, a general
improvement in the crystalline properties of the MoS2 monolayers
was observed as the growth temperature was increased from 900 to
1000 °C as evidenced by a reduction in the FWHM of the (11�20)
MoS2 peak from in-plane XRD 2q-w scans, a significantly reduced
density of low-angle grain boundary defects from DF-TEM, an
increased A-exciton intensity and decreased A-exciton FWHM
from room temperature PL and a reduced FWHM of the MoS2 A1g

peak in the Raman spectra. The presence of a high number of low-
angle grain boundaries observed in DF-TEM clearly impacts the
FET performance, leading to a markedly reduced ION and μFE for
devices fabricated using the 900 °C MoS2 compared to devices fab-
ricated using the 950 and 1000 °C epilayers (Table S3).28 For the
900 °C MoS2 sample, the grains that are bounded by low-angle
boundaries are on the order of 50–200 nm in size; hence, a FET
with LCH = 1 μm will include several of these low-angle grain
boundaries within the channel region. Consequently, it is impor-
tant to minimize low-angle grain boundaries in epitaxial TMD
monolayers to optimize FET performance.

It is nevertheless interesting that the highest ION and μFE were
obtained for devices fabricated with the 950 °C MoS2 rather than
the 1000 °C MoS2, which from 2q-w XRD, Raman and PL would
appear to have the highest crystal quality. The SAED patterns and
DF-TEM images reveal that the areal percentage of high-angle
grain boundaries increases from 2% at 900 °C to 10% at 1000 °C.
While a 10% areal coverage in the 1000 °C sample would appear to
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be relatively small, the highly misoriented domains are well distrib-
uted throughout the MoS2 monolayer as evident in Fig. 3, exhibit-
ing grain sizes in the range of 50–200 nm. Consequently, many of
the FETs with LCH = 1 μm will include at least one of these high-
angle grain boundaries within the channel region, which could neg-
atively impact device performance.

The changes in the type and density of low-angle and high-
angle grain boundaries observed in the MoS2 monolayers with
growth temperature are intimately tied to the density and orienta-
tion of nuclei on the sapphire surface. While the nucleation process
was not investigated in detail in this study, it is clear from the AFM
and FESEM images included in Fig. 1 that the underlying sapphire
is changing as the growth temperature is increased as the steps
become more pronounced in AFM and the regions of darker con-
trast in FESEM, attributed to changes in adhesion of the MoS2 to
sapphire, increase in number and size. This is undoubtably related
to changes in surface termination of the sapphire, which impact
the nucleation and orientation of the MoS2 domains and the inho-
mogeneity in the in-plane strain. The results clearly illustrate that
inversion domains are reduced by increasing the growth tempera-
ture, but there is a trade-off as more highly misoriented domains
also start to appear. We speculate that as the growth temperature is
increased from 900 to 950 °C, the sapphire surface becomes more
Al-terminated and this is an important factor that is responsible
for a reduction in mirror twins. However, as the growth tempera-
ture is increased further to 1000 °C, the steps on the sapphire are
modified via step-bunching or a related mechanism that causes
nucleation of highly misoriented domains. Further studies are
needed to investigate this in detail.

The results demonstrate that the use of 2q-w XRD, Raman,
and PL cannot be reliably used as figures of merit to optimize
MoS2 epilayers for high-performance FET devices. Detailed investi-
gation of the microstructure of the monolayer is required in order
identify the presence of both low-angle and high-angle grain
boundaries that may impact device performance. Interestingly, the
FWHM of the in-plane XRD f-scan peak, which provides a
measure of the rotational misorientation of MoS2 domains within
the monolayer, appears to correlate best with FET performance
although further studies are needed to verify this metric. It should
be noted that this study has focused exclusively on line defects in
MoS2 epitaxial monolayers while point defects such as sulfur
vacancies will also play an important role in FET performance.
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