Journal of Crystal Growth 634 (2024) 127685

ELSEVIER

Contents lists available at ScienceDirect = CRYSTAL
Journal of Crystal Growth

journal homepage: www.elsevier.com/locate/jcrysgro s

GROWTH

Formation mechanism of two-dimensional hexagonal silica on SiOy/

Si substrate

Nuzhat Maisha *, Olugbenga Ogunbiyi”, Guanhui Gao ¢, Mingyuan Sun ¢, Alexander Puretzky ©,

a,b,*

Bo Li‘, Yingchao Yang

& Department of Mechanical Engineering, University of Maine, 75 Long Road, Orono, ME 04469, USA

b Department of Mechanical and Aerospace Engineering, University of Missouri, 416 S. 6th Street, Columbia, MO 65211, USA
¢ Department of Materials Science and Nanoengineering, Rice University, 6100 Main Street, Houston, TX 77005, USA

4 Department of Mechanical Engineering, Villanova University, 800 E. Lancaster Ave. Villanova, PA 19085, USA

€ Center for Nanophase Materials Sciences, Oak Ridge National Laboratory, 1 Bethel Valley Road, Oak Ridge, TN 37830, USA

ARTICLE INFO ABSTRACT

Communicated by Maria Hilse Owing to their remarkable electronic properties, silica ultrathin films have been utilized as an insulating layer in
nanoelectronics systems. Silica films have been epitaxially grown on different substrates using various synthesis
methods. Among all fabrication approaches, chemical vapor deposition has long been an advanced method for
synthesizing two-dimensional (2D) materials due to its ability to ensure precise stacking control and minimize
contamination between layers. This study harnessed the potential of CVD to atomically fabricate thin layered 2D
silica on a SiOy/Si substrate. Significantly, a unique combination of multiple transition metals and salt as the
catalysts aided the formation of 2D silica for the first time. Salt is a crucial catalyst in promoting the evaporation
of high-melting-point metal catalysts, resulting in hexagonal nucleation sites on the SiO,/Si wafer. By meticu-
lously controlling growth parameters, a distinctive hexagonal structure was obtained. Correspondingly, this work
delves into the growth mechanism of 2D silica, as evidenced by experiments involving salt alone and individual
transition metals. Group VB transition metals played a prominent role in achieving the hexagonal structure
compared to their group IVB counterparts. This research offers insight into the formation and growth mechanism

of 2D silica, expanding the understanding of silica nanostructures.

1. Introduction

Ever since the discovery of graphene in 2004, two-dimensional (2D)
materials have gathered enormous attention from researchers and have
been synthesized via different methods, such as chemical vapor depo-
sition (CVD) [1], molecular beam epitaxy [2], liquid template corrosion
[3], solid-state reaction followed by mechanical exfoliation. 2D mate-
rials can be categorized into insulators (e.g., hexagonal boron nitride (h-
BN)), semiconductors (e.g., transition metal dichalcogenides (TMDs)),
and supplementary semi-metals (e.g., graphene, black phosphorous)
[1]. Their unique features and physical properties, compared to indi-
vidual bulk counterparts, have shown a significant array of optical,
mechanical, chemical, and electric phenomena, enabling a wide range of
applications, including photodetectors [4], high-strength composites
[5], advanced catalysts [6,7], field-effect transistors [8,9]. Beyond well-
known 2D materials, silica, generally known as silicon dioxide (SiOy),
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can also exist in a 2D form for electronics and catalysis [10-12].
Through direct or indirect synthesis, 2D silica may exist as a crystalline
or amorphous structure (glass). For instance, a bilayer 2D silica was
accidently synthesized during the growth of graphene on copper foils
using CVD approach [13]. The formation mechanism was attributed to
contaminant in the graphene growth furnace [10,13]. Compared to all
previously reported 2D crystals, such as h-BN having a band gap up to
4.7 eV [14,15], theoretically, 2D silica has a substantial band gap of
7.69 eV [16], distinguishing it as an excellent dielectric material. Along
with other properties, 2D silica has the bending rigidity value of

.8+ 0.5 eV, which advances it for potential applications in flexible
electronics and strain engineering [12]. Moreover, 2D silica nanosheets
were demonstrated as a suitable catalyst in ammonia synthesis [17] and
the capturing of CO, [18]. Due to their high surface area, 2D silica
nanosheets possess the potential to serve as effective support for the
development of amine-based sorbents [18].
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Recently, several efforts have been made to fabricate ultrathin 2D
silica on a wide range of metal substrates [19]. These works were
accompanied with theoretical studies to understand the growth mech-
anism and the underlying defects in 2D silica [20,21]. Metals catalysts,
including Pt, Mo, Ni, Pd, Co and Ru, can facilitate the formation of silica
layers [22]. Among various methods to synthesize layered silica struc-
tures, in situ growth of hexagonally ordered crystalline silica layers was
achieved with a thickness of approximately one nanometer on transition
metal surfaces in an electron microscope [22]. The nucleation of
monolayer and bilayer silica layers formed via solid-state growth,
culminating in the establishment of a stationary cellular structure. A
strong bonding was found between the metal surface and the silica layer.
To further understand the silica-metal bonding and the origin of defects,
density functional theory (DFT) calculations revealed that metals with
strong oxygen adsorption were responsible for forming monolayer silica,
whereas bilayers result from weaker oxygen adsorption [10,23]. In
addition, the lateral growth between the silica nucleation on the metal
surface was limited due to the planar defect presence at the intersections
of the metal surface [24]. 2D silica nanosheets with a large thickness of
5-7 nm were also synthesized via the wet chemical method. The ob-
tained silica exhibits mechanical robustness, smooth surface, and
compact structures [25]. The lateral dimension of these nanosheets
varied in tens of micrometers. During growth, the size of intermediate
particles accounted for the obtained amorphous 2D silica nanosheets
[18]. Researchers have also adopted several materials as sacrificial hard
templates, such as graphene [26], peptides [27] and block copolymers
[28] for the synthesis of silica nanosheets. Although this approach was
widely used, it was compromised since several intermediate treatments
were required to obtain the final product [18]. Hence, a feasible and
user-friendly approach is of dire necessity to synthesize amorphous or
crystalline 2D silica with a well-defined shape and structure for a wide
range of applications.

CVD has been considered one of the most efficient techniques to
fabricate 2D materials as it offers precise control over the stacking
orientation and can avoid contamination among layers [29-31].
Although a significant number of 2D materials, such as graphene
[32-34], TMDs (e.g., MoS», [35-38] MoSes [39]), heterostructures (e.g.,
WSey/MoSey) [401, h-BN, [41,42] with various morphologies have been
synthesized via CVD previously, a hexagonal shaped and readily syn-
thesizable 2D silica has not been reported yet. In this work, we suc-
cessfully developed an approach to synthesize atomically thin layered
2D silica on a SiOy/Si substrate using CVD. A mixture of multiple tran-
sition metals and salt was employed as the active catalysts for the growth
of these 2D silica nanosheets. The salt played a key role in promoting the
evaporation of high melting-point metal powders with hexagonal close-
packed crystal structures that were responsible for hexagonal nucleation
sites on the SiO,/Si wafer. A unique hexagonal structure was achieved
through precise control of the growth parameters. The growth mecha-
nism was further investigated by performing several control experi-
ments with salt alone and individual transition metals. Overall, the
group VB metals played a significant role in promoting a more uniform
hexagonal structure compared to the other transition metals from group
IVB. This work provides valuable insight into the formation and growth
mechanism of 2D silica.

2. Experimental section/Methods
2.1. Materials

Hafnium (Hf, 99.6 % purity), Tantalum (Ta, 99.98 % purity),
Niobium (Nb, 99.8 % purity), Zirconium (Zr, 99,8% purity), and Tita-
nium (Ti, 99.5 % purity) metal powders, sodium chloride (NaCl, > 99 %
purity) and Sulfur (S, > 99.5 % purity) were purchased from Alfa Aesar
and used as precursors. The SiO5/Si wafer, with a thickness of 300 nm
SiO5 on the top was purchased from the University Wafer and used as
substrate. Acetone (purity 99.5 %) and Isopropyl alcohol (IPA) were
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supplied by Alfa Aesar and Fisher Scientific, respectively and used for
cleaning the substrate.

2.2. Synthesis of hexagonal 2D silica

The hexagonal structured 2D silica sample was synthesized in a
quartz tube with a diameter of 50 mm. The length of the furnace is about
36 cm. Ar was used as the carrier gas with a flow rate of 120 sccm (cubic
centimeters per minute). An aluminum oxide boat with a dimension of
8.5cm x 1.8 cm x 1 cm containing the precursor powders was placed at
the center of the tube. A mixture of five transition metal powders con-
sisting of Group IVB and Group VB elements, such as Hf, Nb, Ta, Ti, and
Zr metal powders, along with NaCl salt, was used as the precursor. A
SiOy/Si wafer was cleaned ultrasonically first for 10 min in acetone,
followed by 7-8 min in IPA. The substrate was placed on the aluminum
oxide boat with the polished surface facing down. Another aluminum
oxide boat containing S was placed at the upstream of the tube furnace,
where the temperature ranges between 150 and 200 °C. The distance
between the S and precursor boat is approximately 16 cm. The furnace
was heated with a ramp rate of 30 °C min~! to the growth temperature of
950 °C and held at this temperature for 30-35 min before cooling to
room temperature naturally.

2.3. TEM sample preparation

TEM samples were prepared with a poly (methyl methacrylate)
(PMMA)-assisted method with the assistance of acetone and isopropyl
alcohol droplet. The SiO,/Si substrate with the hexagonal structure was
cut into small squares of 5 mm x 5 mm according to the size of the TEM
grid. Then, a layer of PMMA was coated on the substrate with a VIVTE
spin coater (Model; vivo-lsc-pa). Subsequently, the substrate containing
the sample was heated at 90 °C on a hot plate for 1 min. The PMMA film
containing the sample was etched using a sodium hydroxide (NaOH)
solution purchased from Sigma Aldrich. Afterwards, a TEM grid was
used to fish out 2D silica/PMMA and washed a couple of times. Finally,
the specimen together with the TEM grid was gently floated onto
acetone to etch off PMMA. After acetone evaporation, the TEM grid
loaded with 2D silica is ready for TEM observation.

2.4. Characterization

The morphology and chemical composition of the synthesized 2D
silica samples were characterized by optical microscopy (AmScope Mi-
croscope MX6R), scanning electron microscopy (AMRAY 1820 SEM),
energy dispersive X-ray analysis (EDX, equipped with AMRAY 1820
SEM), and transmission electron microscopy (FEI, Titan Themis S/TEM).
Raman spectroscopy was performed on Horiba Xplore Plus Raman mi-
croscope with 523 nm excitation. The atomic thickness of the as-grown
2D silica was measured by a Bruker Dimension Icon scanning probe
microscope.

3. Results and discussions

A combination of five transition metal powders consisting of ele-
ments from Group IVB (Hf, Ti, Zr) and Group VB (Nb, Ta), along with
NaCl and chalcogen sulfur, was primarily employed as precursors to
synthesize 2D high-entropy materials (HEMs). Generally, the growth of
common 2D TMDs, such as MoS,, WS; and NbS,, can be typically ach-
ieved at a lower temperature from 600 °C to 850 °C [39]. However, the
combination of these elements yielded crystals, but no all metals showed
up at this temperature range. To ensure optimum evaporation of all high
melting-point transition metal powders, the temperature was elevated to
950 °C. During the growth of HEMS, salt is expected to reduce the pre-
cursors’ melting points and promote the overall reaction rate [39].
Interestingly, hexagonal 2D silica rather than 2D HEMs was obtained. A
series of characterizations were carried out to understand the



N. Maisha et al.

520 cm!

—_
—-
~

Si
re

Intensity (a.u.)

100 200 300 400 500 600 700
Raman Shift (cm1)

&y Opm 5 10 15
" i
0 _ ]
90 4
804
5 704 H
Height
604 .
10 O 504 1] ) A
40 4 ' '
15 U0 %01 ‘
20 T T T
000 o 5 10 15 20

Length (um)

IS)
o
o =

o

o

Thickness (nm)

o
(=
5
8

(c)

Journal of Crystal Growth 634 (2024) 127685

Si

. —_
Intensity (a.u.) 2

Thickness (nm)

Length (um)

Fig. 1. Morphology and structure of the synthesized hexagonal 2D silica. (a,b) Optical images, (c) SEM image, (d) EDS spectrum from the squared area on the 2D
silica in (c). (f) Raman spectrum of the 2D silica from the fine crosshair in (e). (g) TEM image of 2D silica with selected area diffraction (SAD) as inset. (h) EDS
mapping indicating uniform distribution of Si and O. (i-1) AFM images and height profiles of the edge and the center of 2D hexagonal silica.

morphology and structure of the fabricated 2D silica.

Fig. 1(a) shows an optical image of 2D silica hexagons in high den-
sity. The size of the hexagon can be as large as ~ 200 pm. Unlike other
TMDs with uniform morphology, the grown 2D silica hexagons have a
great number of defects, such as cracks and boundaries. Occasionally, an
individual hexagon has a uniform structure, as demonstrated in Fig. 1
(b). The hexagonal structures can also expand to form a continuous 2D
film on the substrate. SEM imaging and EDS analyses were carried out to
further visualize the defects and learn if there are any residual transition
metal nucleation. Fig. 1(c) clearly shows a nonuniform texture with gaps
between hexagonal flakes. From EDS analysis, both Si and O elements
are found at an energy of 1.70 KeV and 0.52 KeV, respectively, with
atomic percentages of 73 % (Si) and 27 % (O) (Fig. 1d). Regarding that
the Si substrate is with 300 nm SiO; layer on the top and the EDS
element signal can be from approximately 10 pm below the surface, such
atomic percentages cannot be directly used to determine the atomic
ratio of the grown silica layers. However, one can be sure is that no
transition metals are found at the center and across the hexagonal
structure. The observation supports the hypothesis that transition metals
served as heterogeneous catalysts, aiding in the growth of the 2D silica
hexagon without incorporating into the structure itself. Fig. 1(f) shows
the Raman spectra taken from the fine crosshair on the hexagon in Fig. 1
(e). Two peaks at 520 cm ! and 301 cm ™! revealed in Fig. 1(f) are the
signals from the 2D silica, which matches the Raman peaks of the SiO2/
Si wafer reported previously [43].

To understand the atomic structure of the as-grown 2D silica and
confirm the chemical composition, the high-angle annular dark field
(HAADF) transmission electron microscope (TEM) imaging was per-
formed and shown in Fig. 1(g). Defects shown as dotted lines are found
in the sheet-like pieces of the hexagonal structure. The dotted lines on
this image were also observed in the hexagonal structures of 2D silica in
Fig. 1(c) and Fig. 1(e). Therefore, the thickness of the 2D silica is not flat
locally. Confirmed by selected area diffraction (SAD) (Inset of Fig. 1(g)),

the obtained 2D silica is amorphous. The corresponding elemental EDS
mapping shown in Fig. 1(h) reveals the uniform distribution of Si and O
atoms represented by blue and pink colors, respectively, which confirms
the formation of 2D silica in the synthesized hexagonal flake. The atomic
percentages of Si and O atoms from the EDS spectrum are 30.03 % and
48.20 %, respectively, which indicates the atomic ratio of Si:O is about
1: 1.6 instead of 1:2. Therefore, the 2D silica consists of stable SiO5 and
metastable SiO. Fig. 1(i-1) shows atomic force microscopy (AFM) images
for morphology and thickness measurement of the synthesized 2D silica
hexagon. Fig. 1(j) exhibits the height profile of the edge of the 2D silica
hexagon obtained from Fig. 1(i), indicating that the obtained hexagonal
structure has a uniform thickness in a large scale, and the thickness is
approximately 45 nm. However, the alternative peaks and valleys sug-
gest that the thickness is not uniform locally. The height profile in Fig. 1
(1), plotted from Fig. 1(k), reveals that the thickness at the center of the
hexagon is 30 nm higher than that at the edge, which suggests a
vapor-solid growth mechanism for this silica hexagon formation.

Therefore, high temperatures facilitate the formation of silica rather
than TMDs, which agrees well with previous findings. For example, Si
nanosheets were successfully synthesized on a Si substrate at 1,000 °C in
the presence of silicon chloride (SiCls) with a reaction time of 30 min
[44]. Silica nanowires were also reported to grow at a temperature of
900 ~ 1,100 °C, with Si and O atoms acting as catalysts. These atoms
were produced from the oxidation reaction of silicon carbide (SiC)
during the ablation process, leading to the formation of silica nano-
particles from silicon monoxide (SiO) and silicon oxide (SiO3) vapors
[44]. As most transition metals effectively reduce the oxide layer on
SiO4/Si by forming volatile suboxides through the surface reaction and
deposition on the SiOy surface, in this work, the catalytic mixture of
transition metals at high temperatures may work to decompose surface
SiO5 on the substrate into Si and O atoms [45]. Once the Si-O-Si bond is
broken, the Si atoms will follow the O atoms and react with each other,
eventually forming a hexagonal structure of silica.
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Fig. 2. Growth of 2D silica to learn the role of salt. (a) Optical and (b) SEM images of SiO,/Si wafer treated at 950 °C without any precursor materials. (c) EDS
spectrum from the squared area in (b). (d) Optical and (e) SEM images of obtained 2D silica with salt as the only precursor. (f) EDS spectrum from the squared area in
(e). (g) Optical and (h) SEM images of obtained 2D silica with Ta and S as the only precursor. (i) EDS spectrum from the squared area in (h). (j) Optical and (k) SEM
images of obtained 2D silica with Hf and S as the only precursor. (1) EDS spectrum from the squared area in (k).

As SiOy/Si wafer has been widely used as a substrate to synthesize 2D
materials, the growth mechanism of 2D silica should be well understood
to avoid misidentifying the synthesized specimens by morphology only.
A series of experiments was carefully conducted to learn the role of one
parameter in each round. Fig. 2 focuses on the role of NaCl towards
nucleation and growth of 2D silica. All other parameters were kept the
same, including temperature (950 °C), growth time (30 min), and carrier
gas (Ar). Fig. 2(a) and 2(b), respectively, show optical and SEM images
of SiO,/Si wafer treated at 950 °C without any precursors. A few areas
are found with irregularly shaped structures, possibly due to residual

ethanol or acetone after washing following thermal treatment. Fig. 2(c)
shows the EDS analysis of the irregular structure, confirming the pres-
ence of both Si and O on the SiO,/Si wafer. The benchmark experiment
suggests that the formation of hexagonal 2D silica does not result from
the rearrangement of Si and O atoms in the substrate at a high tem-
perature. After the control experiment, NaCl was placed into a crucible
boat, where a piece of SiO,/Si wafer was placed on the boat and over the
NaCl. Fig. 2(d) demonstrates the macroscale pattern obtained after
thermal treatment. The SEM image in Fig. 2(e) clearly shows needle-like
structures formed on the SiO,/Si surface. The different morphologies in
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Fig. 3. Growth of 2D silica to learn the role of Group IVB metals. (a) Optical and (b) SEM images of obtained 2D silica with Hf, S and NaCl as the precursor. (c) EDS
spectrum from the squared area in (b). (d) Optical and (e) SEM images of obtained 2D silica with Zr, S and NaCl as the precursor. (f) EDS spectrum from the squared

area in (e).

Fig. 2(a)-2(d) indicate that a reaction between SiO3/Si and NaCl
happened. NaCl has a melting point of ~ 801 °C, lower than the setpoint
950 °C. During thermal treatment, NaCl was in the state of melting,
delivering vapor to the SiOy/Si substrate and subsequently etching the
substrate slightly. As a result, the pattern in Fig. 2(e) was formed. Fig. 2
(f) shows significant Si and O elements, as well as a very weak Cl peak at
the energy of 2.6 eV. Although the morphology of SiO5 was impacted by

NacCl, the cubic structure of NaCl cannot lead to the formation of hex-
agonal silica.

The role of the transition metals in the absence of NaCl in forming 2D
silica was further investigated. Fig. 2(g), 2(h), 2(j), and 2(k) demonstrate
SiO, morphology when Hf or Ta was used along with S as the precursor.
Apparently, small structures were obtained. Compared to the hexagonal
structures in Fig. 1(a) and 1(b), the structures are small and have an
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Fig. 4. Growth of 2D silica to learn the role of Group VB metals. (a) Optical and (b) SEM images of obtained 2D silica with Ta, S and NacCl as the precursor. (c) EDS
spectrum from the squared area in (b). (d) Optical and (e) SEM images of obtained 2D silica with Nb, S and NaCl as the precursor. (f) EDS spectrum from the squared
area in (e).



N. Maisha et al.

Transition metal (TM)
(@) powders + NaCl

Carrier gas

Journal of Crystal Growth 634 (2024) 127685

Si0,/Si substrate

Quartz tube

N Exhaust
Sulfur
(M ) (3)
(b)
()
( L) e
. ® o32g% %%
° ‘ @ ® ®
A TMs melt upon salt Vapor of TMs
passes SiO,/Si
6) (5) T(ljl) substrate
:Si: or l-o atom
/ :Si \
2D S0, , e NP
Unsaturated SiO,_, formed O from inner surface Vapor of TMs lifts
bonds to dissociated Si off O from SiO,

Fig. 5. Schematics for SiO, formation. (a) Illustration of the CVD synthesis setup. (b) Growth mechanism of 2D silica, where (B1)-(B3): salt (grey balls) reducing the
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irregular shape. The small size may be due to the lack of Si and O sources
during the growth. Fig. 2i shows the EDS spectrum of the red part in
Fig. 2(g), indicating that the obtained specimen is SiOy but with trace
amounts of residual sulfur. The EDS spectrum in Fig. 2(1) also confirms
that the obtained structures predominantly consist of Si and O as well.
This comparison collectively suggests that neither the substrate, salt nor
the transition metals are solely responsible for the growth of unique 2D
silica. A combination of transition metals and salt is required to achieve
large and uniformly distributed 2D silica.

The transition metals used for the synthesis of HEMs can be cate-
gorized into two groups: Group IVB (Hf, Ti, Zr) and Group VB (Nb, Ta).
Individual metal in each group was mixed with NaCl and sulfur. The
mixture was used as a precursor to investigate the possibility of
obtaining any 2D silica. Fig. 3(a) and 3(b) present the formation of an
irregularly shaped large-size structure on the SiOy/Si wafer where the
transition metal in the precursor is Hf. Fig. 3(c) confirmed the chemical
composition of Si and O. Similarly, an irregular structure is observed in
Fig. 3(d) and 3(e) on the substrate when the transition metal Zr from the
same group (IVB) was mixed with NaCl salt as the precursor. Fig. 3(f)
demonstrates the elements of Si and O in the grown structure. Based on
the morphology obtained from Hf and Za combined with S and NaCl, the
Group IVB metals alone cannot help the formation of hexagonal silica.

After examining the effect of Group IVB transition metals on the
growth of 2D silica, Group VB transition metals, including Ta and Nb,
were added into precursors for the growth of silica. All other conditions
were kept the same. Fig. 4(a) shows the optical image of a nearly hex-
agonal structure of 2D silica, where the precursor consists of a mixture of
Ta, S, and NaCl. As the fabrication was carried out at 950 °C, the S vapor
was predominantly exhausted without significant contribution to the
growth of 2D silica. The SEM image in Fig. 4(b) also shows the obtained
silica having the same needle-like structures found in Fig. 4(e). The EDS
spectrum in Fig. 4(c), obtained from Fig. 4(b), shows both Si and O.

There is no residue of Ta and other elements in the structure. Similarly,
when Nb was used as the precursor alongside NaCl, a complete hexagon
with sharp edges and a uniformly distributed structure was observed
(Fig. 4(d)). Only Si and O signals can be observed from Fig. 4(f).
Therefore, Group VB transition metals are found to have a more pro-
nounced effect on the formation of the hexagonal 2D silica compared to
Group IVB transition metals.

Based on the comparison of the performed experiment and the
observed relationship between morphologies and the used precursors,
the growth mechanism of 2D silica is proposed and schematically pre-
sented in Fig. 5. Fig. 5(a) demonstrates the synthesis of hexagonal 2D
silica flakes on a SiOy/Si substrate in a single-zone tube furnace. The
high synthesis temperature, 950 °C, allows the formation of silica but
not TMDs. Fig. 5(b1)-1(b3) schematically illustrate NaCl facilitating the
melting of transition metals at temperature of 950 °C [4], which is much
lower than the melting point of either transition metals in the precursor.
In addition to reducing melting points, salt can also promote the overall
reaction rates and enable formation of more transition metal vapors,
which interacts with the SiOy/Si substrate facing down to the transition
metal precursor. The catalytic transition metal vapor will lift off oxygen
in the SiO; (Fig. 5(b4)) at such high temperature and then form volatile
suboxides through the surface reaction, leaving the dissociated :Si: or :Si
= O on the surface (Fig. 5(b5)). To minimize surface energy, the un-
saturated :Si: and :Si = O further bond to O in silica around the reaction
area and from deeper surface. Such chemical reaction results in the
oxygen deficiency, which is confirmed by the atomic ratio approxi-
mately 1:1.6 between Si and O measured on the specimen in TEM.
During the O dissociation and :Si: or :Si = O stabilization through
rebonding to O, the structure is under reconfiguration, leaving a large
amount to defects, such as missing pieces, boundaries in Fig. 1(c) and 1
(g). The hexagonal structures may originate from the selected transition
metal atoms having a hexagonal close-packed crystal structure. When
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oxygen atoms are extracted from the top surface of the SiO,/Si substrate,
the :Si: or :Si = O may also attach to the transition metal atoms. With the
dissociation, bonding, and reconfiguration occurring, a hexagonal
structure may form shown in Fig. 1(a). However, if the reconfiguration is
not centered around the transition metals, the final silica shape may not
be in hexagonal shape, e.g. those in Fig. 4(a).

4. Conclusion

The synthesis of atomically thin layered 2D silica on a SiOy/Si sub-
strate using the CVD technique has been successfully performed. A
unique hexagonal structure of 2D silica was achieved by employing a
mixture of multiple transition metals and salt as catalysts. Salt plays a
crucial role in promoting the evaporation of high melting-point metal
powders, which facilitate the formation of nucleation sites on SiOy/Si
substrate. Several investigations were conducted to understand the
growth mechanism, including experimenting with salt alone and indi-
vidual transition metals. The group VB transition metals have a more
significant impact in promoting a uniform hexagonal structure
compared to the group IVB metals. Our work expands the understanding
of silica nanostructures and provides valuable insight for researchers on
utilizing 2D silica for various applications.
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