Downloaded viaNATL UNIV OF SINGAPORE on November 19, 2018 at 06:08:51 (UTC)
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

& Cite This: ACS Nano 2018, 12, 7562-7570

Www.acsnano.org

Molecular Beam Epitaxy of Highly Crystalline
MoSe, on Hexagonal Boron Nitride

Sock Mui Pohﬁfi’& Xiaoxu Z}lao,T’i’& Sherman Jun Rong Tan,JME Deyi Fu,;t’§ Wenwen Fei,” _
Leiqiang Chy,”® Dan li%dong,"l Wu Zhou,” Stephen ]J. Pennycool<,T’§’l Antonio H. Castro Neto,"®

and Kian Ping Loh*%

"NUS Graduate School for Integrative Sciences and Engineering, Centre for Life Sciences #05-01, 28 Medical Drive, 117456,

Singapore

*Department of Chemistry, National University of Singapore, Science Drive 3, 117543, Singapore

SCentre for Advanced 2D Materials and Graphene Research Centre, National University of Singapore, 117546, Singapore

IState Key Laboratory of Mechanics and Control of Mechanical Structures, Key Laboratory for Intelligent Nanomaterials and
Devices of the MOE, Institute of Nanoscience, Nanjing University of Aeronautics and Astronautics, Nanjing 210016, China

‘Department of Materials Science and Engineering, National University of Singapore, 117575, Singapore

#School of Physical Sciences and CAS Centre for Excellence in Topological Quantum Computation, University of Chinese Academy

of Sciences, Beijing, 100049, China

®Department of Physics, National University of Singapore, 3 Science Drive 2, 117542, Singapore
VSinBeRISE CREATE and C4T CREATE, National Research Foundation, CREATE Tower, 1 Create Way, 138602, Singapore

© Supporting Information

ABSTRACT: Molybdenum diselenide (MoSe,) is a prom-
ising two-dimensional material for next-generation elec-
tronics and optoelectronics. However, its application has
been hindered by a lack of large-scale synthesis. Although
chemical vapor deposition (CVD) using laboratory
furnaces has been applied to grow two-dimensional (2D)
MoSe, cystals, no continuous film over macroscopically
large area has been produced due to the lack of uniform

*MoSe, {1010}

control in these systems. Here, we investigate the molecular beam epitaxy (MBE) of 2D MoSe, on hexagonal boron
nitride (hBN) substrate, where highly crystalline MoSe, film can be grown with electron mobility ~15 cm?/(V s).
Scanning transmission electron microscopy (STEM) shows that MoSe, grains grown at an optimum temperature of 500
°C are highly oriented and coalesced to form continuous film with predominantly mirror twin boundaries. Our work
suggests that van der Waals epitaxy of 2D materials is tolerant of lattice mismatch but is facilitated by substrates with

similar symmetry.
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grain boundaries

ransition- metal dichalcogenides (TMDCs) are of

I great interest as they exhibit quantum properties in the
two-dimensional limit,' ™ with promising prospects

for next-generation electronics,” ™° optoelectronics,u_14 and
catalytic applications.””~"” 2D MoS, has been extensively
studied owing to it being a stable semiconductor that can
complement zero-bandgap graphene.'® Similar to MoS,,
MoSe, exhibits interesting 2D properties such as indirect—
direct bandgap transition,"” strong photoluminescence,”’
degenerate valleys,” and catalytic properties.”’ In addition,
MoSe, possesses several advantages compared to MoS,:
stronger spin—orbit coupling which can be utilized in
spintronic applications,'” highly stable tunable ambipolar

-4 ACS Publications  © 2018 American Chemical Society 7562

charge excitons,”” narrower bandgap for solar cell applica-
tions,”’ thermally accessible bandgap transition,” higher
optical absorbance’® and faster photoresponse.”” Yet, the
growth of MoSe, has received much less attention than MoS,>°
and there is still a lack of reliable technique for its large-scale
growth.

Chemical vapor deposition (CVD) is the most common
growth technique for 2D TMDCs. Compared to MoS,, the
growth of 2D MoSe, is more difficult as it uses solid Se, which
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is less reactive and requires additional H, gas as reduc-
tant.>>>’7** Common to all tube furnace-based CVD
processes, the as-grown film is highly inhomogeneous across
macroscopic length scales®”"*® due to the nonuniform
temperature gradient and precursor vapor concentrations
along the furnace tube. In contrast, MBE offers significant
advantages for the growth of highly uniform, wafer-scale 2D
TMDC film because the substrate temperature is decoupled
from the evaporation temperature of the growth precursors,
thus affording precise control in the growth rate of the film.
Wafer-scale growth of 2D MoSe, which shows good electrical
quality has not been achieved to date. Reported electron
mobilities of field-effect transistors (FETs) fabricated from the
synthesized 2D MoSe, ranges from 0.02 to 95 cm’/(V
§)?7?7393273% and for thicker samples of >10 nm, the
mobilities range from 100 to 160 cm?/(V s).*>*° However,
the growth of such thick samples is of less significance since the
desired two-dimensional properties only exist when MoSe, is a
tew layers thick. A comparison of the previous works on vapor-
phase growth of MoSe, is summarized in Table I.

Table 1. Consolidation of Reported MoSe, Vapor-Phase
Growth

year  method substrate device performance/remarks ref
2017 MBE hBN 15 cm?/(V s) this
work
2017 MBE  GaAs(111) electrons: 0.05 cm?/(V s), 37
holes: 0.28 cm?/(V s)
2017  MBE  sapphire insulating 38
2016 MBE  sapphire insulating 39
2017 CVD  Glass 5-95 cm?/(V s), 34
inhomogeneous
2016 CVD  SiO,/Si 42 cm?/(V s), inhomogeneous 33
2015 CVD  Mo/Si 121 ecm?/(V s), thick growth 36
201S  CVD  SiO,/Si 10 cm?/(V s), inhomogeneous, 32
micron-scale
2014 CVD  SiO,/Si 50 em?/(V s), inhomogeneous, 30
micron-scale
2014  CVD  Sapphire 15-23 cm?/(V s), 28
inhomogeneous; micron-scale
2014 CVD  Parylene-C/  100—160 cm?/(V s), thick 35
Si0,/Si growth
2014 CVD  SiO,/Si electrons: 0.02 cm?/(V s), 27
holes: 0.01 cm?/(V s)
2014 CVD  SiO,/Sj, device no mobility 31
Mica, Si
2014 CVD  SiO,/Sj, no device 29
Sapphire
2014 CVD  SiO,/Si no device 28

Molecular beam epitaxy (MBE) provides high precision in
the control of growth temperature and precursor flux, as well as
the use of a contaminant-free environment. The MBE of
MoSe, has been demonstrated to produce high quality growth
on metallic substrates, which enabled fundamental studies of
2D-TMDC system.'”***! However, the electrical performance
of MBE grown samples are rarely reported.'”*”**~*® Thus far,
MBE-grown MoSe, on GaAs(111) substrate exhibits mobility
values of <1 cm?/(V s),"” and on sapphire substrates, the
grown films are insulating’®* (Table I). This indicates that the
choice of substrate can drastically affect the electrical
performance of MBE-grown film.

Herein, we demonstrate the MBE growth of 1—-2 layers
MoSe, on van der Waals (vdW) substrate hBN, with an
average field-effect electron mobility of ~14.7 + 0.8 cm®/(V s).
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Although the lattice mismatch can be as high as 24% between
MoSe, and hBN, the ultraflat and dangling-bond free nature of
hBN appears to be a more important factor than its lattice
matching condition for the vdW epitaxy of 2D materials.
Importantly, FET devices can be directly fabricated on the as-
grown film using hBN as the dielectric layer, the latter is
known to reduce Coulomb scattering and greatly improve the
electrical performance.*® High-resolution transmission electron
microscopy (HRTEM) is applied to study the defects and
grain boundaries in MoSe, films grown at different temper-
atures in order to obtain insights on how high quality
crystalline film is grown.

RESULTS AND DISCUSSION

We investigated the change in growth morphology of films
grown on hBN at 250 and 500 °C as a function of time using
atomic force microscopy (AFM), as shown in Figure la—c and
Figure 1d—f. Their respective growth rates are found to be
~0.6 and ~1.3 ML/h. The Se flux was always maintained in
large excess to Mo at a ratio of ~20:1 (refer to the Methods).
The height of each grown layer was measured to be ~0.7 nm,
which corresponds to the height of a layer of MoSe,” (inset of
Figure le). Striking differences were observed for the growth
morphology at these two temperatures, in which a higher
temperature resulted in a much larger domain size and lower
domain density (Figure le vs b). These can be rationalized on
the basis of a higher diffusion rate of surface adatoms and
Ostwald ripening of the grains at higher growth temper-
atures.”””® When the substrate temperature is too low,
adatoms cannot overcome diffusion barriers and a high
nucleation density results.”> Importantly, a high growth
temperature allows sufficient mobility of the adatoms such
that the domains can be aligned with the substrate crystallo-
graphic orientation, leading to their seamless merging to form a
continuous film (Figure 1f) in the case of perfectly aligned
grains, or forming well-stitched, low-energy mirror twin grain
boundaries (MTBs) for grains that are rotated 60° with respect
to each other.’' (see section on STEM). Growth at a lower
temperature on the other hand, tends to form gaps between
the grains (Figure 1c), which eventually merged to form odd
numbered S|7-fold rings of dislocation cores (see TEM
discussion). However, 500 °C is identified as the optimal
temperature for film growth of MoSe, because at higher
temperatures the much higher desorption rate of Se adatoms
drive the growth mode to one-dimensional growth and
nanoribbons were produced instead, which had been reported
in our earlier study.”

The evolution in growth morphology of the crystals with
temperature agrees well with the diffusion-limited aggregation
(DLA) growth theory,”” which predicts a fractal growth mode
when surface diffusion is rate-limiting. A low temperature
growth produced faceted domains (Figure lab), whereas
compact and round-shaped domains (Figure 1d and e) were
obtained at high temperature growth. At sufficiently high
temperature, the adatoms can overcome diffusion barrier and
flow along the edges to form energetically favored compact
shape.”” The effect of temperature on the domain shape was
further verified by performing growth studies at increasing
temperatures to observe the morphological evolution (Figure
S1), in which the edges of facets become increasingly rounded
at higher growth temperatures. As the diffusion rate of Mo
adatoms is much lower than Se adatoms,”* diffusion-limited
growth is also observed when the Se flux is reduced
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Figure 1. AFM topograph of growth progress of MBE-grown MoSe, on hBN at substrate temperature of 250 °C (a—c) and 500 °C (d—f), and
on Si0,/Si at 500 °C (g—i). Arrows indicate increasing growth duration. All of the images are of the same scale bar: 200 nm.
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Figure 2. Spectroscopic characterization. (a) XPS spectra of MBE-grown MoSe, and bulk single crystal for the Mo core level peaks and Se
core level peaks. (b) PL of MBE-grown MoSe, on hBN at 500 °C and 250 °C, compared to mechanically exfoliated MoSe, on hBN. (c, d)
Raman spectra of grown samples at different conditions in comparison to mechanically exfoliated monolayer MoSe, on SiO,/Si. (d)
Zoomed-in spectrum showing the weaker secondary peaks, as highlighted.
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Figure 3. STEM—ADF characterization of MBE-grown MoSe, on hBN at 250 °C (a) and 500 °C (b), and on SiO,/Si at 500 °C (c),
respectively. Atomic resolution STEM—ADF images (d, e) of MBE-grown MoSe, on hBN at 500 °C and the corresponding (f) FFT image.
The MoSe, FFT spots in (f) are highlighted by yellow dashed circles and the hBN spots by red dashed circles. Scale bar: 200 nm in (a—c), 5

nm in (d), 0.5 nm in (e).

significantly (Figure S2). Therefore, it can be concluded that
high substrate temperature (<500 °C) and high selenium flux
is essential to obtain isotropic domains>> which can facilitate
the seamless merging of grains.

For comparison, we also performed MBE growth on a
nonepitaxial substrate, SiO,/Si. The same growth condition of
500 °C and Se/Mo flux ratio of ~20:1 was used. It can be
clearly seen (Figure lg-i) that the grains are much smaller
compared to growth on hBN. Varying the growth conditions in
terms of flux and temperature did not result in an increase in
the grain size.

Detailed spectroscopic characterizations were performed ex
situ to characterize the MBE-grown samples. X-ray photo-
emission spectroscopy (XPS) peaks with binding energies of
232.1, 228.9, 55.5, and 54.6 eV can be assigned to the core
level orbitals of Mo 3d;/,, Mo 3ds,,, Se 3d;/,, and Se 3ds),,
respectively, in good agreement with previous studies’® and the
bulk single crystal reference sample measured (Figure 2a).
Elemental composition analysis indicates that the Mo/Se ratio
is 1:2. Importantly, no oxidation peaks of Mo(VI) were
observed despite exposing the sample to air, which verifies that
the samples have a low density of defects.”® The photo-
luminescence (PL) measured from the MoSe, grown on hBN
at 500 °C has intensity and full width half-maximum (fwhm)
comparable to that of mechanically exfoliated MoSe, on hBN,
which signifies the high crystallinity of the grown film (Figure
2b). In comparison, the growth at 250 °C on hBN has poor
crystallinity and low PL intensity. The Raman peaks at 241.9
and 287.6 cm™' observed in the spectra (Figure 2c,d) are
assigned to the signature A;, and Ezzg vibrational modes of
MoSe, respectively. Remarkably, the secondary fingerprint
peaks®”>® of MoSe, grown on hBN at 500 °C are clearly
resolved (highlighted in Figure 2d) and match well with that of
exfoliated monolayer MoSe,. On the other hand, the secondary
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Raman fingerprint peaks of MoSe, grown at 250 °C and on
SiO,/Si, show broad peaks, signifying a poorer crystallinity for
these samples.

To evaluate the crystallinity of MoSe, grown at different
temperatures and on different substrates, we performed
scanning transmission electron microscopy—annular dark
field (STEM—ADF) imaging. The grains grown on hBN at
250 °C are found to have an average size of ~75 nm (Figure
3a), which increased to ~200 nm when grown at 500 °C
(Figure 3b). Grains grown on SiO,/Si have the smallest size of
<10 nm and exhibit nonuniform thickness even at such small
length scale (Figure 3c). The atomic resolution STEM—ADF
image of monolayer MoSe, reveals the long-range periodic
bright and dim columns of the MoSe, honeycomb pattern,
which represent the Se, and Mo atoms respectively (Figure
3d,e). The image contrast of the STEM image is directly
proportional to the atomic number Z as about Z'%7,*" this
factor renders the underlying hBN lattice invisible in the
presence of MoSe, due to the huge Z atom number variations.
The average lattice constant measured from the atomic
resolution images for all three samples is 3.29 A, which is
similar to that of bulk MoSe,," indicating that there is
negligible strain between the vdW epitaxially grown layer and
hBN substrate (lattice constant of 2.50 A®"). The fast Fourier
transform (FFT) analysis shows that the MoSe, grains grown
at 500 °C on hBN are well-oriented with its diffraction spots
aligned with those of the underlying hBN substrate (Figure 3f).

The merging of misoriented grains occurs via grain
boundary (GB), thus analyzing the distribution and morphol-
ogy of GBs for films grown at different temperature provide
crucial information about the grain coalescence process. Due
to the 6-fold symmetry in MoSe,, the diffraction spots indicate
that the grains are either perfectly aligned and merged
flawlessly without GBs,>® or rotated 60° with respect to each

DOI: 10.1021/acsnano.8b04037
ACS Nano 2018, 12, 7562—7570


http://pubs.acs.org/doi/suppl/10.1021/acsnano.8b04037/suppl_file/nn8b04037_si_001.pdf
http://dx.doi.org/10.1021/acsnano.8b04037

ACS Nano

Rotation,,

Rotation,,

Figure 4. Electron microscope analysis of GBs in MBE-grown monolayer MoSe, on hBN. (a) Atomic resolution STEM—ADF image of the
500 °C grown MoSe, film with MTB. (b) Strain analysis of (a) with the matrix series ¢,,, €, £,, and rotation,,. (c) Enlarged yellow box
region in (a) showing the atomic structure of the MTB as highlighted by the white dashed line and (d) the corresponding atomic model. (e)
Atomic resolution STEM—ADF image of the 250 °C grown MoSe, film with 6° tilt GB. (f) Strain analysis of (e) with the matrix series £, €.y
€,,, and rotation (g) Enlarged yellow box region in (e) showing the presence of dislocation cores. (h) Enlarged white box region in (g
showing the 5|7-fold ring dislocation core. A schematic of the dislocation cores is overlaid across the STEM image and also depicted on the
lower panel. Scale bars: 2 nm (a, e); 0.5 nm (¢, g).
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Figure 5. Atomic-level defect analysis in MBE-grown monolayer MoSe, films. Atomic resolution STEM—ADF images of (a) Vg, and (b) V.,
sites, with corresponding simulations and atomic models depicted on the right panels. (c) Atomic-resolution STEM—ADF image of a typical
monolayer MoSe, film grown on hBN at 500 °C. (d) Atomic structure model based on a histogram analysis. The Mo, Se,, Vg, and Vg, sites,
respectively, are illustrated by green, red, yellow, and white balls. Scale bar: 2 nm.
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other, merging by mirror twin boundaries (MTBs). At growth that the 4/4P-type MTB is metallic and shows charge density

temperature of 500 °C on hBN, the GBs observed in the wave order.*’ The MTB is not perfectly straight and two
MoSe, film are mainly MTBs (Figure 4a). To evaluate the shifted 4/4P segments are linked by a octahedron kink as
associated strain or imperfections along the merging regions, shown in Figure 4d. In contrast, growth at 250 °C results in
geometric phase analysis®” using the symmetric strain matrix both MTBs and low-angle tilted GBs of less than 10°
components (&, &,, £, and rotation,,) was applied. Notably, misorientation. A typical tilted GB with 6° misorientation is
the strain concentrates along the MTB and does not propagate depicted in Figure 4e, a few dislocation cores (Figure 4f) were
into the adjacent pristine lattices as verified by various strain observed along the titled GB as highlighted by the white
matrix series (Figure 4b). No dislocation cores are found along dashed circles. The dislocation core reveals an irregular 5I7-
the MTB regions. Although theoretical calculations® predict fold ring (Figure 4gh). The S|7-fold dislocation cores were
around 10 types of MTBs in group VIB TMDC films, found to impede electrical conductance as they introduce a
experimentally observed MTBs in MBE grown MoSe, film are series of localized midgap states that can serve as sinks for
mainly the 4/4P-type,®* which is characterized by 4-fold rings charge carriers.””%® In comparison, growth on SiO,/Si
with Se dimer as sharing sites (Figure 4c). It has been reported produces polycrystalline films with domains of different
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Figure 6. Transport properties of MBE-grown MoSe, on hBN substrates. (a) Output characteristics of MoSe, FET at various back gate
voltages. Scale bar of inset: 5 um. (b) Two-probe transfer curves of the back-gated device measured at room temperature. (c) Four-probe
conductance plot with respect to the back gate voltage. The dashed line shows the linear fit. The data shown here use leads 1 and 2 as source
and drain, and for (c) leads 6 and 8 were used to record the voltage.

orientations (0 to 60°), and comprises of mainly tilt GBs
(Figure S3).

The presence of point defects in TMDC films, in particular
chalcogen vacancies, has a critical effect on the electronic
properties of the TMDC films.”” The density of chalcogen
vacancies is a crucial determinant of the film quality. To
quantitatively calculate the density of chalcogen vacancies of
the optimized MBE-grown MoSe, films, we employed Python
scripts”® and massively processed the as-captured images. Since
the intensity contrast in ADF images is approximately
proportional to Z'%, the presence of single Se vacancies
(V) (Figure Sa) and double Se vacancies (Vs,,) (Figure Sb)
can be identified by the image contrast variations as confirmed
by the combined experimental and simulation results. An
example is illustrated in Figure Sc and d. Mo (green blob), Se,
(red blob), Vg, (vellow blob), and Vg, (white blob) sites from
the raw image (Figure Sc) can be effectively identified by the
Python scripts with high accuracy and efficiency (Figure 5d)
based on the image intensity. Importantly, negligible Mo
vacancy, antisite or interstitial defects are found. The calculated
Vs. and Vg, defect densities are Vg, = 0.88 nm™ and Vi, =
0.06 nm™?, which are much lower than in MoSe, single crystals
grown by CVD of ref 34 (Figure S4).

To evaluate the electrical performance of the grown film,
FETs were fabricated on the 500 °C grown MoSe,, with the
hBN substrate as the dielectric layer. Four-probe measure-
ments (a typical device image is shown in the inset of Figure
6a) were performed using different combinations of leads, to
ensure repeatability of results. Electrical measurements were
carried out in a nitrogen-filled glovebox at room temperature
with a probe station. Figure 6a shows representative output
performance of a device measured with lead 1 as source and
lead 2 as drain. The linear behavior of I; — Vj curves at
different gate voltages indicates that the contacts at the source
and drain electrodes are ohmic. Figure 6b shows the transfer
characteristics with a gate bias from —80 to +80 V. As shown,
the Iy increases monotonically with increasingly positive Vj,
indicating a typical n-type FET behavior, and on/off ratio in

the order of 10*. Using the formula y = (~ )(d—G (L), where p
G v, w

ox

is field-effect mobility, C,, is the capacitance, G is the measured

four-probe conductance, :—3 is extracted from the linear part of
8

the four-probe transfer curve, L and W is length and width of
the channel respectively, the average yu is extracted to be ~14.7
+ 0.8 cm® V7! s7'. The extracted mobility is more than 2
orders of magnitude higher than previously reported MBE-
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grown MoSe, on GaAs(111) and is comparable to CVD-grown
samples with values ranging from 0.02 to 95 cm®/(V's) (Table
I). It is noted that most of the previously reported MBE

growth studies rarely report on charge transport proper-
ties,19:37,40—46

CONCLUSION

In conclusion, we have successfully demonstrated the growth
of high quality 1-2 layers MoSe, films on hBN using MBE.
Crystalline MoSe, films can be grown at temperature as low as
250 °C on hBN. The highest quality film was grown at a
substrate temperature of 500 °C and under a large Se:Mo ratio.
STEM analyses of the 500 °C grown film show that they are
mostly coalesced from grains that are highly oriented, giving
rise to boundary-free regions; in some regions MTBs exist to
merge 60° misoriented grains. XPS and Raman spectroscopy
verified that the MBE-grown film has comparable quality to
that of single crystal. Transport results indicate a relatively high
electron mobility of ~14.7 + 0.8 cm?/(V s), which can be
attributed to the high crystallinity of the film grown by van der
Waals epitaxy on hBN substrate.

METHODS

The growth is demonstrated on mechanical exfoliated hBN on 285
nm SiO,/Si substrate, as prepared via the typical adhesive tape
technique.”” MoSe , film was grown using a MBE chamber with a
base pressure ~6 X 107'° Torr. Prior to growth, the substrate was
degassed in an ultrahigh vacuum chamber for 1 h and annealed at 600
°C for S min. Ultrapure Mo rod (99.99%) and Se pellets (99.999%)
were evaporated from an electron beam evaporator and a standard
Knudsen cell, respectively. For all the experiments, the temperature of
Se crucible cell was maintained at 180 °C with the cracker at 220 °C.
The flux ratio of Se/Mo was ~20:1. The chamber pressure during
growth was ~1 X 107® Torr.

Atomic force microscopy was performed using a Bruker Dimension
FastScan atomic force microscope in tapping mode at room
temperature. Raman spectra were recorded at room temperature
using the confocal WiTec Alpha 300R Raman microscope with laser
excitation at 532 nm and power of <300 yW. Scanning transmission
electron microscopy—annular dark field (STEM—ADF) was per-
formed using an aberration-corrected Nion UltraSTEM-100,
equipped with a cold field emission gun, operating at 100 kV. XPS
measurements were carried out using SPECS XR-50 X-ray Mg Ka
source with the pass energy of 30 eV and spot size of 5 mm, in
chamber pressure <8 X 107'% mbar. XPS peak fitting was carried out
using a mixed Gaussian—Lorentzian function after a Shirley
background subtraction. FET devices were fabricated using standard
electron-beam lithography procedures to pattern the samples with
metal electrodes, in which Cr/Au of 2 nm/50 nm were deposited
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through thermal evaporation. All the electrical transport measure-
ments were performed in a glovebox filled with nitrogen gas.
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