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ARTICLE INFO ABSTRACT

Keywords: Identifying the crystallographic orientations and understanding the growth mechanism of MoO, nanocrystals are
MoO> ) important for device applications. Here, we investigate the effect of precursor concentrations in chemical vapor
C-sapphire deposition on the orientation of MoO» nanoflakes with respect to the substrate surface. X-ray diffraction, optical
Epitaxial growth . . . . . . . .

— . microscopy, (tilted) scanning electron microscopy, high resolution transmission electron microscopy, selected

Crystallographic orientation . . ] .

Growth mechanism area electron diffraction, and angle-resolved polarized Raman spectroscopy were used to determine the crystal
orientations of the nanoflakes and their epitaxial relationship with c-sapphire substrates: lying-down MoO,
nanoflakes for MoO>(010)||sapphire(0001) and MoO, <001>//sapphire<1100>, and standing-up ones for
MoO2(100)|[sapphire(0001) and MoO; <001>|[sapphire<1100>. Tentative atomic epitaxial models are pro-
posed to explain the orientation and alignment. The investigations also demonstrated that angle-resolved
polarized Raman spectroscopy is a quick and nondestructive method to identify the crystallographic orienta-

tions of nanoflakes.

1. Introduction

Transition-metal oxides (TMOs) have been extensively studied for
their excellent properties and wide-range applications [1-3]. For
instance, molybdenum oxides (MoOy, with 2 < x < 3) exhibit compo-
sitional and structural diversity due to the multivalent molybdenum,
resulting in rich physiochemical properties and gathering much research
attention recently [4,5]. Among them, molybdenum trioxide (MoOs3)
and dioxide (MoO3) are of greater interest. While MoOs is an n-type
semiconductor with a wide bandgap of 3.1 eV [6], MoO, is metallic with
a high melting point and chemical stability [7-9]. Structurally, both are
consisting of point- and edge-sharing distorted MoOg octahedra but in
different ways [10]. Different from the most thermostable layered MoO3
(a-MoO3) in orthogonal phase, non-layered MoOs is in monoclinic rutile

structure (m-MoOy) with a space group P21/c and its lattice parameters
are a = 0.561 nm, b = 0.486 nm, ¢ = 0.562 nm, a = y = 90°, and j =
120.93° (152316-ICSD). Such low symmetry makes m-MoO, highly
anisotropic in electrical and optical properties [9].

In the past decades, m-MoO; in different morphologies has been
synthesized on various substrates [11-13]. MoOy thin films can van der
Waals epitaxially grow on mica with a crystalline relationship of the
surface normal MoO5(01 0)|muscovite(001) and the crystal direction
MoO3 <001>|muscovite <1 00> for flexible and transparent electronic
devices [12]. MoO2 nanorods can epitaxially grow on c-sapphire along
sapphire<1100> with (100), (110) and (110) planes exposed and
trapezoidal cross-section as well as on m-sapphire along the sapphire
<0001> with exposed (100) and (001) planes and triangular cross-
sections [7,8]. Well-crystallized MoO5 nanoflakes can randomly grow
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on SiO,/Si, which display great thermal stability and highly anisotropic
electrical conductivity (6max/Omin up to 10.1) [9,14,15]. The morpho-
logical diversities make MoO, promising for various applications in the
fields of catalysis, energy storage, and battery anode materials, and as
growth templates for transition metal dichalcogenides (TMDCs)
[13,16-20]. However, the reported MoOs crystal orientations are con-
tradictory. For similar high resolution transmission electron microscope
(HR-TEM) and selected area electron diffraction (SAED) results,
different crystal planes like MoO2(100) [13,19], MoO5(010) [9,21],
and MoO2(101) [20,22] have been identified, which may be attributed
to the close lattice parameters (the interlayer distances for (100), (010)
and (001) are all about 0.480 nm). Understanding the growth behaviors
of MoO; and correctly determining their crystal orientations are
fundamental and important for its applications in the fields such as
catalysis and electronic devices.

In this article, we demonstrate the morphologic competition in
nanostructured MoO; epitaxially grown on the (0001) surface of crys-
talline sapphire (c-sapphire) depending on the precursor concentrations
during chemical vapor deposition (CVD). Optical microscopy (OM), X-
ray diffraction (XRD), scanning electron microscopy (SEM) and TEM
were used to determine the morphologies and crystal orientations of as-
grown MoO; nanoflakes. We determined the possible epitaxial re-
lationships between MoO> and c-sapphire at atomic level and elucidated
their growth mechanisms by using growth kinetics. Angle-resolved
polarized Raman spectroscopy (ARPRS) was used to confirm the in-
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plane crystal orientation of MoO, nanoflakes quickly and non-
destructively.

2. Experiment details
2.1. Growth method

The c-sapphire substrates were carefully washed by sequential son-
ication in acetone, isopropanol, and deionized water, for 10 min per step
and two cycles, and dried with nitrogen. Afterward, the samples were
mounted on top of a quartz boat located in the right zone by using two
SiOy/Si substrates (with SiO thickness of 300 nm.) supported (as shown
in Fig. 1(a)) and facing downwards on top of high-purity MoO3 powder
(15 mg, 99.95%, Aladdin). Another quartz boat containing S powder
(300 mg, 99.999%, Aladdin) was placed in the left zone. After that, the
quartz tube was flushed with 1200 standard cubic centimeter per minute
(s.c.c.m) of nitrogen for 30 min to remove the air. During the growth
process, under a flow rate of 300 s.c.c.m of Ny, the temperature in the
right zone was raised to 300 °C at a rate of 15 °C/min and held for 30
min, then raised to 780 °C at a rate of 14 °C/min under a flow rate of 25
s.c.c.m and maintained for 10 min. Finally, it was cooled to 550 °C at a
rate of 20 °C/min, followed by a natural cooling process. The temper-
ature of the left temperature zone was kept at 50 °C until the end of the
synthesis process.
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Fig. 1. (a) Illustration of the CVD growth of MoO, on c-sapphire. (b) Typical XRD patterns of as-grown MoO, with different precursor concentrations (different d).
OM image for d = 4 c¢m (c, inset: cross-sectional OM image), d = 6 cm (d, inset: cross-sectional OM image) and d = 9 cm (e, inset: orientation histograms for lying-
down nanoflakes).
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2.2. Sample preparation

The MoO,-grown c-sapphire was placed backside up on tin foil and
cut with a diamond cutter along the sapphire[1100] direction to expose
the sapphire(1120) at the edge. A TEM grid was placed backside up on
the MoO,-grown c-sapphire. Slightly sliding the TEM grid, the MoO, was
transferred to the TEM grid for TEM measurements.

2.3. Characterization

The XRD patterns were collected with Bruker D8 Advance diffrac-
tometer. SEM observations were performed on field-emission scanning
electron microscopy (Tescan Mira3 LMU) after gold-spray treatment.
TEM images and SAED patterns were obtained using transmission
electron microscopy (jeol2100f). Raman spectra were recorded with a
Renishaw in an inVia Qontor Raman microscope. Spectroscopy data
analysis was conducted using Jade, WiRE and Origin software. Curves
were plotted by Origin software. Simulated XRD patterns were calculated
by VESTA ver3.5.7 [23]. Simulated SAED patterns were calculated by
ReciPro ver4.829 software [24]. The first edge of the two sides of the
nanoflake was selected that clipped the acute angle clockwise and the
angle between the edge and a nanorod was measured. A total of 120
nanosheets were counted for the orientation histogram.

3. Results and discussions

A two temperature zone furnace was used for growth of MoO, (For
details, please refer to experiment details). Thermal conduction occurs
between the two temperature zones in tube furnaces, resulting in
slightly different temperatures at different sites. Therefore, maintaining
the other settings, the supply of S depends on the distance from the S
source to the right temperature zone (defended as d, as shown in Fig. 1
(a)). Fig. 1(b) shows the normalized XRD patterns of the samples when d
= 4 (blue line),6 (red line), and 9 cm (black line). In addition to the c-
sapphire-related diffraction peaks located at ~ 42°, one intuitive dif-
ference among the three XRD patterns is the significantly stronger
diffraction peaks at ~ 18° and ~ 26° for the d = 4 cm sample. Due to
crystal symmetry, the diffraction peak at ~ 18° can only correspond to
Mo0O5(100) but not MoO5(010) and MoO5(001), which is consistent
with the simulated diffraction results of the powder in Fig. S1 and Tab.
S1. The peak located at ~ 26° is assigned to MoO(011). Another sig-
nificant difference among them is the diffraction peaks around 37°. In
the enlarged XRD patterns in the right part of Fig. 1(b), two peaks can be
distinguished with changed relative intensities, corresponding to the
expected peaks of MoO2(020), and MoO3(200). As d decreases, the
intensity ratio of MoO2(200) to MoO2(020) increases, which is self-
consistent with the d = 4 cm sample having the strongest (100)
diffraction peak. Thus, there are two kinds of MoO5 on c-sapphire with
Mo0O3(01 0)||sapphire(0001) or MoOx(100)|sapphire(0001), suggest-
ing that the precursor concentration can modulate the growth behaviors
of MOOz.

OM images can visually show the different growth behaviors of the
three samples. For d = 4 cm sample, MoO; crystallized mainly into
highly oriented pseudo-one-dimensional (1D) structures in ~ 10 pm
length and with an angle of 60° to each other, as shown in the top view
in Fig. 1(c). Compared with the MoOy nanorods grown on c-sapphire
[7,25,26], the pseudo-1D structures show a marked defocus, suggesting
significant out-of-plane features. The inserted cross-sectional OM image
(characterization details as shown in Fig. S2) along sapphire<1120>
reveals the pentagonal structures in a height of ~ 5 pm, confirming the
standing-up growth of MoO,. For d = 6 cm sample, except for some
pseudo-1D structures with triangular cross-section (inset in Fig. 1(d)) in
dark, there are some lying-down parallelogram-shaped flakes in bright
contrast in Fig. 1(d). Fig. 1(e) shows a typical OM image of a sample with
d = 9 cm, lying-down parallelogram-shaped flakes with lateral
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dimensions of 3 to 10 ym in various thicknesses dominate. The 1D dark
features without significant defocus are previously reported highly ori-
ented MoO» nanorods [7,25], as revealed by the followed SEM image in
Fig. 2(a). The orientation histogram based on 120 lying-down nano-
flakes inserted in Fig. 1(e) reveals the epitaxial growth of lying-down
MoO, flakes on c-sapphire due to the substrate 3-fold symmetry
induced 60° separation. Considering above XRD results, the MoO3 lying-
down flakes exhibit the (020) planes, while the standing-up flakes
exhibit the (200) planes.

To gain further insights into the orientation relationship between
MoO; nanoflakes and c-sapphire, SEM measurements were performed.
Fig. 2(a) shows a typical SEM image of a lying-down MoO nanoflake
surrounded by long straight MoO, nanorods orienting along sapphire
<1100> [25]. The lying-down MoO, nanoflake has a characteristic
acute angle of 83°, whose bisector is parallel to the red dotted lines
marked MoO; nanorods. Thus, the MoO,, crystalline direction along the
bisector is along sapphire <1100>.

In order to directly reveal the morphology of the standing-up MoO,
nanoflakes, a sample was truncated along sapphire<1100> to expose
the sapphire (1120) surface. Fig. 2(b) shows a cross-sectional SEM image
along the sapphire<1120>, displaying that the standing-up truncated
parallelogram MoO; nanoflakes have the same characteristic acute
angle of ~ 83°. The standing-up MoO> crystalline direction along the
corresponding bisector is along sapphire<1100>, too. Conclusively,
both lying-down and standing-up MoOs nanoflakes have the same
shapes and structures with the acute angle bisector parallel to
sapphire<1100>.

HR-TEM and SAED were used to investigate the crystallographic
structure of MoO; nanoflakes. The HR-TEM image in Fig. 2(c) exhibits
clear parallel fringes with the spacing of 0.237 nm that might be
assigned to the (200), (020) or (002) planes of MoO,, as discussed
above in the introduction. The SAED pattern inserted in Fig. 2(c) dis-
plays clear Bragg spots in a rectangular pattern, indicating spacing of
0.286 and 0.479 nm in real space. Geometrically, the SAED patterns for
the (100), (010), and (001) planes are similar in rectangles. Consid-
ering that the diffraction spots of the (0(2n + 1)0) (with n =0, +1, +2,
...) planes disappear due to the existing screw axis along MoO; <01 0>,
as shown in the simulated SEAD patterns in Fig. S3, only the one for the
(010) plane is consistent with the experimental results. Therefore, the
exposed parallelogram surfaces of MoO; nanoflakes are the (010)
planes, consistent with above XRD results. The bisector (83°) is assigned
to MoO» <001> and the bisector (97°) is assigned to MoO3 <201>, in
consistence with our previous reports on MoO; nanorods on c-sapphire
[7,25]. The detailed atomic structures of both lying-down and standing-
up nanoflakes are shown in Fig. 2(d): the exposed (01 0) crystal plane in
parallelogram shape is enclosed by the (102) and (302) crystal planes.
The epitaxial relationships between MoO5 nanoflakes and c-sapphire are
schematically shown in Fig. 2(e) (standing-up, MoOx(100)||sapphire
(0001) and MoO, <001>\|sapphire<1TOO> ) and 2(f) (lying-down,
Mo02(01 0)||sapphire(0001) and MoO» <001>||sapphire<1100 > ).

Tilted (45°) SEM measurements were carried out on d = 6 cm sample
and new trapezoidal nanoflakes with the bottom side parallel to the
sapphire<1100 > can be observed as intermediates, as shown in Fig. S4.
Fig. 3(a) shows a zoom-in tilted SEM image of such a MoO, nanoflake
with a base angle of ~ 32°. Fig. 3(b) shows a HR-TEM image of a
transferred trapezoidal nanoflake (enlarged from the marked area in
upper right inset) with a base angle of ~ 42°, half of the acute angle of a
parallelogram nanoflake. The lattice fringe spacings in Fig. 3(b) are
measured to be 0.491 and 0.283 nm, respectively. The corresponding
SAED pattern (inset in lower right) is consistent with that of parallelo-
gram nanoflakes. Therefore, the trapezoidal nanoflakes can be consid-
ered as partial standing-up nanoflakes and the trapezoidal shape is
enclosed by the (100), (102), and (302) surfaces, as schematically
shown in Fig. 3(c). It can be speculated that the orientation relationships
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Fig. 2. (a) SEM image of lying-down MoO, nanoflakes and nanorods. (b) Cross-sectional SEM image of standing-up MoO, nanoflakes along sapphire<1120>. (c) HR-
TEM image at the 83° corner of a MoO, nanoflake. Inset: SAED pattern. (d) The schematic of MoO, (010) (Mo in purple and O in red) and crystallographic con-
figurations of a nanoflake. The proposed models of standing-up (e) and lying-down nanoflakes, nanorods (f).

% M00,<001>

Fig. 3. (a) Tilted (45°) SEM image of standing-up trapezoidal MoO, nanoflakes. (b)HR-TEM image of a transferred trapezoidal nanoflake. Insets: low magnification
TEM image and SAED pattern. (c) The schematic of trapezoidal nanoflake on MoO, (010). (d) The proposed model of standing-up trapezoidal nanoflake.

of standing-up trapezoidal MoO2 nanoflakes with the sapphire substrate
are MoO(100)|[sapphire(0001) and MoO2 <001> \|sapphire<1T00>,
as shown in Fig. 3(d).

The c-sapphire exposes the O layer with an in-plane dense stacking
structure [27,28]. For metal atoms adsorption on c-sapphire, there are
usually two preferred adsorption sites: on top of O' or in the hollow
formed by three nearest-neighbor interfacial O atoms (above Al', Al%, 0%
or Al®) as shown in the atomic model in Fig. 4(a) and (b) [29,30]. Fig. 4
(c) and (d) show the top and side views of the proposed atomic model of
MoO3, on c-sapphire. For lying-down flakes, the O layer of MoO3(010)

has an in-plane-dense-stacking-like structure interlaced in the same or
the reverse direction with c-sapphire. The distorted MoOg octahedra in
MoO, flakes are exposed faces in the same direction. Mo atoms at the
interface occupy the hollow sites, as shown in Fig. 4(c, left). In contrast,
the distorted MoOg octahedra in standing-up flakes are exposed corners
in the direction perpendicular to the interface. Mo atoms at the interface
occupy the top sites, as shown in Fig. 4(c, right). The lattice spacing
value of MoO» (152316-ICSD) in (010), (102), and (100) is 0.486,
0.281, and 0.481 nm, respectively. In <1120> and <1100>, the lattice
spacing values of AlyO3 (9770-ICSD) are 0.476 and 0.412 nm,
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Fig. 4. Top (a) and side (b) views of atomic structure of c-sapphire and the commonly considered adsorption sites. (¢) Top view of epitaxial relationships between
MoO, (Mo in purple) and c-sapphire (O in red and Al in blue, the interfacial O atoms in yellow) with lying-down growth (left) and standing-up growth (right). (d)

Side view.

respectively. The lattice mismatch for lying-down flakes is 2.20% and
1.04% along sapphire<1120> and sapphire <1100> directions,
respectively, while that for standing-up flakes is 2.20% and 2.10% in
sapphire<1120> and sapphire <1100> directions, respectively. Such
small lattice mismatches ensure the epitaxial growth of both MoO,
flakes on c-sapphire. The surface energies of MoO>(100) (7.38 J/m?),
Mo05(010) (7.45 J/m?), and MoO2(001) (7.40 J/m?) are not signifi-
cantly different [20], but both lying-down and standing-up MoO,

nanoflakes exhibit significant growth rate anisotropy. The underlying
reason may be that the (010) surface is easily reconstructed to reduce
the surface energy [31]. The appearance of in-plane and out-of-plane
growth reveals the competition of the epitaxial growth between
MoO, <201>|/sapphire<1120> and MoO, <01 0> ||sapphire<1120>,
with the same epitaxy in the sapphire<1100> direction. Kinetically,
higher precursor concentrations will induce exposure of high surface
energy surfaces and overcome larger lattice mismatches, leading to out-
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Fig. 5. Normalized Raman spectra (to 228 cm ™) of lying-down nanoflakes (black line), rods (red line), standing-up nanoflakes (characterized from side, blue line)
with PyJ|(a) and L (b) sapphire<1100> under 532 nm laser. Polar plots of 125 cm™! under 532 nm (c) and 785 nm laser (d). 0° means Py ||sapphire<1100>. Raman

intensity maps (532 nm) with 40% transparency at 125 cm ™!

with Py||(e) and L (f) sapphire<1100> overlapped on the OM image. (Py: green double arrow).
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of-plane growth [32]. More information on the formation mechanisms
of MoO; in different shapes is discussed in Fig S5. By controlling the
precursor concentration at the nucleation stage, the transition between
in-plane and out-of-plane growth can be achieved. It should be impor-
tant to control the two modes of the oxide growth, as it is easy to have
traditional gating of devices for the nanoflakes of in-plane growth mode,
and more natural to apply gate-all-around (GAA) technology for those of
the out-of-plane growth mode.

The anisotropic response of Raman modes to linearly polarized light
can be used to quickly determine the crystal orientation without damage
[33,34]. Fig. 5(a) shows the Raman spectra with the excitation laser
polarization (Pp) parallel to sapphire<1100>. In addition to the char-
acteristic peaks of c-sapphire at 417, 577, and 751 em ! [35], the peaks
at 125, 203, 208, 228, 347, 364, 423, 459, 469, 497, 571, 589, and 748
em ™! belong to MoO,, which coincide with previous report [36]. The
Raman spectra with Py, | sapphire<1100> are shown in Fig. 5(b). The
characteristic Raman modes of MoOs are not detected [34], confirming
the high purity of MoO,. A, peak at 125 em ! has significant intensity
change in these spectra. Especially for lying-down MoO; nanoflakes, it
disappears when Py||sapphire<1100>. Fig. 5(c) show the Raman in-
tensity polar plots of mode at 125 cm ™! in parallel configuration, ac-
cording to the polarization Raman intensity color map shown in Fig. S6,
showing a periodicity of 180° with the maximum in MoO; <201>,
consistent with previous report on MoO5 nanoflakes grown on SiO5/Si
[9]. Therefore, the polarization dependence of Raman intensities of 125
em ! mode under 532 nm laser can be used to determine the in-plane
crystal orientation of MoOy nanoflakes quickly and non-destructively.
Interestingly, the polar plot mode at 125 cm ™! under 785 nm laser ex-
hibits centrosymmetry without axisymmetry, as shown in Fig. 5(d) and
Fig. S7, which may can be used to determine the out-of-plane crystal
orientation of MoO, flakes [37]. Fig. 5(e) and (f) display the same OM
image overlapped by the Raman intensity maps with 40% transparency
at 125 cm ™! under 532 nm laser with Py||(e) and L (f) MoO2 <010>.
The lying-down MoO, flake almost disappears Fig. 5(e), but show a
pronounced contrast in Fig. 5(f).

4. Conclusions

In summary, (truncated) parallelogram MoO, nanoflakes with the
same structural properties have been grown on c-sapphire in either
lying-down or standing-up modes depending on the precursor concen-
trations. XRD, SEM, HR-TEM and SAED results reveal that the crystal
orientations of such MoO, nanoflakes are with the bisector (83°) in
MoO; <001> and their epitaxial relationship with the substrate. In both
cases, MoO, <001> prefers to parallel to sapphire<1100>. The su-
persaturation of precursors determines that the MoO, nanoflakes grow
in either lying-down or standing-up modes. Possible atomic models at
the interface for epitaxy are proposed. ARPRS is a nondestructive and
quick method to identify the crystal orientations of MoO5 nanoflakes.
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