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Controllable growth of two-dimensional
materials on noble metal substrates
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SUMMARY

Chemical vapor deposition (CVD) is a promising approach for the controllable
synthesis of two-dimensional (2D) materials. Many studies have demonstrated
that the morphology and structure of 2D materials are highly dependent on
growth substrates. Hence, the choice of growth substrates is essential to achieve
the precise control of CVD growth. Noble metal substrates have attracted enor-
mous interest owing to the high catalytic activity and rich surface morphology for
2D material growth. In this review, we introduce recent progress in noble metals
as substrates for the controllable growth of 2D materials. The underlying growth
mechanism and substrate designs of noble metals based on their unique features
are thoroughly discussed. In the end, we outline the advantages and challenges of
using noble metal substrates and prospect the possible approaches to extend the
uses of noble metal substrates for 2D material growth and enhance the structural
controllability of the grown materials.

INTRODUCTION

Large-area, high-quality, and uniform two-dimensional (2D) materials are highly desired for their future ap-
plications in diverse fields (Choi et al., 2017; Fiori et al., 2014; Manzeli et al., 2017; Novoselov et al., 2012).
Several approaches have been developed for preparing 2D materials, such as micromechanical cleavage
(Novoselov et al., 2005), liquid exfoliation (Coleman et al., 2011), wet-chemical synthesis (Tan and Zhang,
2015), and molecular beam epitaxy (Park et al., 2010). Compared with the methods mentioned above,
chemical vapor deposition (CVD) shows excellent structural controllability of grown 2D materials with satis-
factory quality and great potential for future large-area applications (Chen et al., 2018; Zhao et al., 2019). As
a typical bottom-up method, CVD allows sufficient design space and precise control over its synthesis fac-
tors, which are difficult to achieve by a top-down method. Notably, growth substrate directly determines
the growth mechanism of a specific growth process, which differs considerably from many other growth
factors, such as growth temperature, growth time, and gas flow rate. Therefore, the rational selection
and design of the growth substrate are essential for the highly controllable growth of 2D materials.

Various metals and nonmetals have been explored as growth substrates for the large-area preparation of
2D materials (Qin et al., 2020). The representative substrates used for growing graphene and 2D hexagonal
boron nitride (h-BN) layers are Cu (Kim et al., 2012; Li et al., 2009) and Ni (Shi et al., 2010; Yu et al., 2008),
while inert nonmetal substrates (Wang et al., 2020) such as SiO; (Lee et al., 2012b, 2013) and sapphire (Lee
etal., 2013) are widely used for 2D transition metal dichalcogenide (TMDC) growth. However, poor quality,
low growth rate, and non-uniform structure of the obtained materials are still insurmountable problems in
using these substrates. In contrast, the excellent catalytic ability and fast diffusion of precursor atoms on the
noble metal substrates, i.e., Pt (Gao et al., 2012; Ma et al., 2019) and Au (Chen et al., 2019; Gao et al., 2015,
2017), allow very few defects, ultrafast growth and uniform structure in the grown 2D layers. For instance,
graphene grown on Pt can achieve ~3 mm large single-crystal domains without sacrificing carrier mobility
(Ma et al., 2014b). Inch- and wafer-scale h-BN films can be synthesized on Pt (Gao et al.,, 2013; Kim et al.,
2013; Park et al., 2014) and Au (Lee et al., 2018) substrates, respectively. MoS, (Shi et al., 2014; Yang
et al.,, 2020), MoSe, (Wu et al., 2021), WS, (Gao et al., 2015), and WSe, (Gao et al., 2017) on Au show
high uniformity in thickness over entire substrate areas.

This review categorizes the noble metal substrates used for CVD growth of 2D materials into three critical

aspects by designs, i.e., homogeneous, heterogeneous, and surface-engineered substrates (Figure 1).
First, we would like to introduce two main structures of noble metal substrates, i.e., the homogeneous
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Figure 1. Overview of designed substrates based on noble metals for the controllable CVD growth of 2D
materials

noble metal substrate containing only a noble metal and the heterogeneous substrate containing both a
catalyst-metal layer and a source-metal layer. The fundamental growth mechanisms underlying diverse
substrate designs are also discussed. Next, surface engineering is investigated to enhance the structural
controllability of 2D materials. Finally, the properties and potential applications of the grown 2D materials
using noble metal substrates are summarized. In addition, the challenges remaining in CVD growth using
noble metal substrates are particularly pointed out, and the prospective routes are proposed
correspondingly.

The epitaxial growth of atomically thin layers was achieved on diverse metal substrates in ultrahigh vac-
uum (UHV) systems (Corso et al., 2004; Gamo et al., 1997; Helveg et al., 2000; Nagashima et al., 1995)
many years ago, even before isolating graphene from graphite in 2004 (Novoselov et al., 2004). Such
growth requires complicated growth equipment and follows growth mechanisms different from those
of ambient-pressure and low-pressure CVD methods. Therefore, this review only focuses on CVD growth
under ambient or low pressure and does not extend to vapor-phase growth in UHV systems for
concision.

HOMOGENEOUS NOBLE METAL SUBSTRATE

This section discusses the design strategies of using only a noble metal as the substrate for CVD growth
of various 2D materials, including graphene, h-BN, and TMDCs. The unique features of noble metals
allow growth mechanisms different from those in CVD growth on nonmetal and other metal substrate
materials. Besides selecting growth substrates, the matching growth conditions and strategies are
also essential to take the best advantage of noble metals for the high structural controllability of 2D
products.
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Figure 2. Periodic table of the known 2D materials that can grow on noble metal substrates by CVD methods
All noble metal elementals are indicated in blue. Graphene, h-BN, metal chalcogenides, metal nitrides, and metal
carbides are marked with different colors. Note that this table excludes the 2D materials grown in UHV.

Noble metal for graphene growth

Noble metals refer to eight chemical elements shown in Figure 2, including Au, Ag, and six platinum-group
elements (Pt, Ir, Rh, etc.). As the name implies, they are well known for their “noble” characters distinct from
non-noble metals, not only high price but also, more importantly, excellent corrosion resistance at ambient
conditions and in more complex environments, such as CVD growth atmospheres and oxidizing acids. The
latter, i.e., excellent corrosion resistance, does not necessarily mean that noble metals are not involved in
multiple chemical reactions but instead is attributed to the difficulty in forming stable compounds between
noble metals and nonmetal elements. As a result, noble metals can be avoided from poisoning by
nonmetal elements in catalytic processes and thus serve as high-performance catalysts. During the whole
growth process of the CVD growth, the noble metals can maintain efficient and sustainable catalytic activity
without degradation because no stable compounds form on their surfaces at high temperatures. For
instance, phase diagrams and many studies show that no carbide exists in the Pt-C and Au-C systems;
noble metal nitrides can only be synthesized under extreme conditions (e.g., 45-50 GPa and exceeding
2,000 K) (Gregoryanz et al., 2004; Horvath-Bordon et al., 2006), or remain undetected; the decompositions
of Pt,B and AuB; occur over 950°C and over 1000°C, respectively. Therefore, it is possible to use Pt and Au
as the substrates for the CVD growth of graphene and 2D h-BN at reasonable temperatures. Also, the
absence of sulfide, selenide, and telluride in Au-S, Au-Se, and Au-Te systems above certain temperatures
(e.g., 500°C), respectively, indicates that Au can be a candidate as the substrate for 2D TMDC growth.

The first effort to use noble metal substrates for CVD growth of 2D materials was made in the graphene
growth on Pt (Figures 3A and 3B) (Gao et al.,, 2011, 2012; Kang et al., 2009; Yong and Hahn, 2011). Corre-
spondingly, we commence the review and discussion on the catalytic behavior of noble metals in the CVD
growth of graphene and then extend to that of 2D materials beyond graphene. Before then, Cu (Li et al.,
2009) and Ni (Kim et al., 2009; Yu et al., 2008) had been used for growing monolayer and few-layer gra-
phene, respectively, which had successfully achieved the controllable synthesis of graphene with both scal-
ability and uniform thickness to some degree. However, the crystalline quality was still incomparable with
that of mechanically exfoliated graphene. Point defects (Banhart et al., 2011), grain boundaries (Yu et al.,
20711), wrinkles (Chae et al., 2009), and other defects are detrimental to the electrical performance of gra-
phene-based devices. Thus, the carrier mobility of the CVD-grown graphene (Kim et al., 2009; Li et al., 2009,
Reina et al., 2009) is still an order of magnitude lower than those of the samples prepared by mechanical
exfoliation (Chen et al., 2008; Morozov et al., 2008). Therefore, it was desirable to explore new growth
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Figure 3. Comparison of the graphene growth on different polycrystalline noble metals

(A) Monolayer graphene with adlayers grown on Ptin a hydrogen-moderate environment. (i) SEM image of monolayer and
bilayer graphene on a Pt foil. (i) Optical microscopy (OM) image of monolayer graphene transferred on SiO,/Si. (iii)
Raman spectra of monolayer and bilayer graphene after transfer on SiO,/Si. Reprinted with permission from Gao et al.
(2011). Copyright 2011, American Chemical Society.

(B) Milliliter-sized monolayer graphene grains grown on Pt in a hydrogen-rich environment. (i) SEM image of monolayer
graphene grains on a Pt foil. (i) OM image of two coalesced graphene grains transferred on SiO,/Si. (iii) Raman mapping
of the D peak intensity of the joined area of two grains indicated by a red box in (ii). Reprinted with permission from Gao
et al. (2012). Copy right 2012, Springer Nature.

(C) Monolayer graphene grown on Pd. (i) SEM image of monolayer graphene on a Pt foil. (i) OM image of monolayer
graphene transferred on SiO,/Si. (iii) Representative Raman Spectrum of the graphene sample in (ii).Reprinted with
permission from Ma et al. (2014a). Copyright 2014, John Wiley & Sons, Inc.

(D) Monolayer graphene grown on Au. (i) SEM and OM (inset) images of monolayer graphene on an Au foil. (i) Raman
spectra of the graphene transferred on SiO,/Si. (iii) Transfer characteristic of a graphene-based FET. Reprinted with
permission from Oznuluer et al. (2011). Copyright 2011, American Physical Society.

substrates beyond Cu and Ni. Many other non-noble metal substrates, such as Fe and Co (Liu et al., 2011),
have shown unspectacular layer-number controllability of graphene, even worse than Cu and Ni. Several
noble metals (Gao et al., 2011, 2012; Liu et al., 2012b; Ma et al., 2014a, 2014b) have been selected as
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candidates for better control of graphene growth, highlighted with Pt substrates (Gao et al., 2012; Ma et al.,
2014b). Gao et al. (Gao et al., 2012) demonstrated the growth of large-area single-crystalline graphene by
using Pt foils, for the first time increasing graphene domain sizes to a millimeter scale, as shown in Figure 3B.
The faster growth rate and broader growth windows in the graphene growth on Pt than on Cu indicate that
Pt has higher catalytic activity than Cu for dissolving methane (Au et al., 1999) and H, (Gomez et al., 2011).
More importantly, the extracted mobility of the device based on Pt-grown graphene (Gao et al., 2012)
shows superior mobility (Gao et al., 2012) compared to Cu- (Li et al., 2009) and Ni- (Kim et al., 2009) grown
graphene measured under similar conditions. Besides Pt, Rh (Liu et al., 2012b) and Pd (Figure 3C) (Ma et al.,
2014a) have also been demonstrated to grow high-quality continuous graphene films by segregation
growth rather than surface-mediated growth using Pt (Gao et al., 2011, 2012). Monolayer graphene can
also be obtained on Au, but the crystalline quality is very poor, indicated by a strong D peak and low
mobility ~20 cm?V ! (Figure 3D) (Oznuluer et al., 2011).

Overall, the above explorations of noble metal substrates have demonstrated that not all but several noble
metal substrates have outstanding catalytic activity for graphene growth. It is worth noting that graphene
formation involves both hydrocarbon dissociation and graphitization on the substrate surface. The former
can occur on the surfaces of multiple transition metals. However, the catalytic activity of different noble
metals varies considerably in this step. Theoretical studies show that Pt is more active than Cu and Ni
(Au et al., 1999; German and Sheintuch, 2013; Nave and Jackson, 2009) in methane dissociation, and
such catalytic dissociation is almost negligible on Ag and Au because of high activation energy (Au
et al., 1999; German and Sheintuch, 2013). Nevertheless, this cannot fully explain why Au can grow mono-
layer graphene but only with poor quality. The growth temperature for graphene is typically 800-1100°C,
and methane spontaneously decomposes at such a high temperature. However, the dissociation produc-
tions, i.e., active carbon species such as carbon dimmers or chains, cannot stay long enough on the Au sur-
face to stabilize the sp2 carbons clusters (Raty et al., 2005). Thus, the obtained graphene contains amor-
phous regions shown as a strong D peak (Oznuluer et al., 2011).

Therefore, the substrate design is not just selecting noble metals with good catalytic activity. Deeper un-
derstandings of growth mechanisms are required to take advantage of these highly active noble catalysts
and thus to achieve better control of the quality and structure of the obtained graphene. For example, in
contrast to Au, Pt has both vigorous catalytic activity in methane dissociation (German and Sheintuch, 2013;
Nave and Jackson, 2009) and the formation of spz—bonded carbon atoms (Hamilton and Blakely, 1980).
However, excess active carbon species generated by Pt may also lead to two problems. First, the unrespon-
sive graphitization of these abundant carbon species generates non-sp? defects, shown as a notable D
peak in the Raman spectrum (Ferrari et al., 2006; Gao et al., 2011; Sun et al., 2014). Second, the relatively
high carbon solubility in Pt (still lower than that in Ni) can lead to the dissolution and segregation of carbon
atoms after sufficient feeding of active carbon species.

Consequently, the layer control of graphene on Pt may be difficult compared with less active non-noble
metals in methane dissociation (Sun et al., 2014), and thus the grown monolayer graphene may have
adlayers (Gao et al., 2011), as shown in Figure 3A. To mitigate this problem, another essential catalytic ac-
tivity of Pt, i.e., H, dissociation (Gomez et al., 2011), should also be considered. The catalytic activity of H,
dissociation is much stronger on Pt than on Cu and many other noble metals. Therefore, active hydrogen
atoms can passivate the overfeeding of carbon species in Pt and etch graphene adlayers, leading to the
surface growth of monolayer graphene and a reduction of the nucleation density. Therefore, a sufficient
H, supply is introduced in the growth process of graphene to achieve quasi-equilibrium conditions for bet-
ter control of the thickness and size of graphene grains (Gao et al., 2012; Wang et al., 2018). More impor-
tantly, disordered carbon species can be etched away in a hydrogen-rich environment. Ma et al. developed
a growth and repeated etching-regrowth (G-rE-RG) strategy to achieve both large-area single-crystal gra-
phene grains and excellent electrical performance compared to mechanically exfoliated samples (Figure 4)
(Ma et al., 2014b). In this case, hydrogen etching dramatically reduced the nucleation density by removing
the domains with relatively more defects. Then domains with fewer defects continued to grow by increasing
methane flows. By delicately balancing the flow rate ratio of methane to H,, ~3 mm defect-free graphene
single crystals were finally obtained (Figure 4E) and showed very high carrier mobility up to 13,000 cm? V™"
s~ " measured under ambient conditions. Both the sizes and crystalline quality of the obtained graphene
grains increased compared with those of the grains directly grown on Pt (Gao et al.,, 2012; Ma et al,,
2014b) without a hydrogen-etching process. Therefore, optimizing growth parameters and adopting
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Figure 4. Morphology evolution of graphene domains at different stages during a G-rE-RG process on
polycrystalline Pt

(A-C) Graphene domains at (A) the initial growth, (B) the sequential etching, and (C) the regrowth stages in the first
etching-regrowth (E-RG) cycle.

(D and E) Millimeter-sized graphene domains after (D) the second and (E) the third E-RG cycles. Reprinted with permission
from Ma et al. (2014b). Copyright 2014, American Chemical Society.

rational growth strategies are also essential for the precise control of graphene growth on noble metals and
the following cases of other 2D materials.

Noble metal for 2D h-BN growth

As with the CVD growth of graphene, the metals initially used for graphene growth, i.e., Cu (Kim etal., 2012;
Song et al., 2010) and Ni (Chatterjee et al., 2011; Shi et al., 2010), were soon explored for 2D h-BN growth
since its sp>-hybridized hexagonal honeycomb structure is very similar to that of graphene. However, it is
still challenging to precisely control h-BN thickness over a large area (Chatterjee et al., 2011; Guo et al.,
2012; Ismach et al., 2012; Shi et al., 2010; Song et al., 2010). For instance, Cu can be used to grow h-BN
monolayers with micrometer-sized domains only under low pressure (Kim et al., 2012) or 2-5-layer h-BN
films under atmospheric pressure (Song et al., 2010). On the other hand, 2D h-BN grown on Ni are multi-
layers with non-uniform thickness using ambient-pressure CVD (APCVD) or low-pressure CVD (LPCVD)
(Chatterjee et al.,, 2011; Ismach et al., 2012; Shi et al., 2010). Inspired by the impressive catalytic ability in
graphene growth, both Pt (Gao et al., 2013; Kim et al., 2013; Park et al., 2014) and Au (Lee et al., 2018;
Tan et al., 2020) were also chosen as substrates for 2D h-BN growth and show excellent controllability of
thickness and defects. Importantly, continuous monolayer h-BN films over 1 inch can be grown on Pt foils
by both APCVD and LPCVD methods (Gao et al., 2013; Kim et al., 2013; Park et al., 2014) shown in Figure 5,
indicating a wider growth window for h-BN monolayers on Pt than on Cu and Ni.

Interestingly, an increase of precursor concentration in the rational range leads to the formation of uniform
h-BN layers seamlessly stitched with bilayer domains on Pt (Figures 5B and 5D) (Gao et al., 2013), rather
than losing thickness control of 2D h-BN with prolonging growth time (Ismach et al., 2012). Besides Pt,
Au was also demonstrated for 2D h-BN growth (Lee et al., 2018; Tan et al., 2020). The migration barrier
for B and N atoms on Au is much lower than that on many other metals (i.e., Cu, Ni, Pt, Pd), allowing Au
to act as an excellent catalyst for 2D h-BN growth (Hu et al., 2015). Similar to the 2D h-BN grown on Pt,
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Figure 5. 2D h-BN growth on polycrystalline Pt using ammonia borane and borazine

(A-D) APCVD-grown monolayer and bilayer h-BN films using Pt and ammonia borane. (A and B) photography and (C and D) OM images of (A and C)
monolayer and (B and D) bilayer h-BN films transferred on SiO,/Si. Reprinted with permission from (Gao et al., 2013). Copyright 2013, American Chemical
Society.

(E and F) LPCVD-grown monolayer h-BN films using Pt and ammonia borane. (E) Photography and (F) OM images of monolayer h-BN film transferred on
SiO,/Si. Reprinted with permission from Kim et al. (2013). Copyright 2013, American Chemical Society.

(G and H) APCVD-grown monolayer h-BN films using Pt and borazine. (G) Photography of monolayer h-BN on a Pt foil and (H) OM image of monolayer h-BN
film transferred on SiO,/Si. Reprinted with permission from Park et al. (2014). Copyright 2014, American Chemical Society.

h-BN films with tunable thickness from 3.5 to 10.6 nm can be selectively grown on Au by changing the feed-
stock mass (Tan et al., 2020). Itis fascinating to note that the wafer-scale single-crystal h-BN monolayer films
can be grown on liquid Au (Lee et al., 2018). This method is related to the significant roles of surface
morphology in h-BN growth and will be thoroughly discussed in the Surface-engineered Substrate Section.

It is essential to point out that the careful use of precursors is also indispensable for achieving the high-
quality and uniform growth of 2D h-BN after selecting the highly catalytic substrates. Unlike graphene,
an elemental carbon, h-BN comprises two elements, i.e., B and N, and therefore it is challenging to achieve
1:1 stoichiometry of B and N atoms in the final 2D h-BN product. To this end, single-source precursors, such
as ammonia borane (borazane) and borazine, are used in the CVD growth of 2D h-BN (Figure 5). The
decomposition products of ammonia borane are borazine, monomeric aminoborane, and H, (Wolf
et al., 2000), and actually, the effective source used for 2D h-BN growth is still borazine. Borazine turns
to h-BN by gradually losing hydrogen atoms without breaking sp*hydridized B-N bonds at high temper-
atures (Fazen et al., 1995). Therefore, the grown 2D h-BN preserves a 1:1 atomic ratio of B to N. However,
borazine, isostructural with benzene, is a chemically unstable, highly volatile liquid. Therefore, a cold trap is
necessary for the safe use of borazine as a precursor for CVD growth (Park et al., 2014). Alternatively,
ammonia borane, a well-known hydrogen storage material (Demirci, 2017), is very stable at room temper-
ature and more promising for scale-up production of 2D h-BN films. However, a by-product from ammonia
borane, i.e., monomeric aminoborane, polymerizes into poly-aminoborane, followed by incomplete dehy-
drogenation. Finally, many nanoparticles appear on 2D h-BN (Kim et al., 2012; Lee et al., 2012a). Besides
directly using clean but unstable precursor borazine (Park et al., 2014), Gao et al. (Gao et al., 2013) demon-
strated a simple strategy to use ammonia borane free of nanoparticles. A cellulose acetate filter (separated
from a cigarette) placed after the precursor heater can effectively remove these nanoparticles and prevent
the contamination of growth substrates by nanoparticles. Similar methods were also widely used for the
clean growth of 2D h-BN from ammonia borane (Han et al., 2014; Wen et al., 2015).

Noble metal for 2D TMDC growth

Au is the only known noble metal widely used for 2D TMDC growth, now showing its multiple unique ad-
vantages in catalytic growth. The CVD growth of 2D TMDCs was first achieved on SiO,/Si by Lee et al. (Lee
etal., 2012b) in 2012. This pioneer report (Lee et al., 2012b) also mentioned the UHV epitaxial growth of
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MoS; on Au (Helveg et al., 2000) but considered it an overcomplicated technique compared with that on
SiO,/Si. In the following two years, SiO,/Si and other inert nonmetal substrates were widely investigated for
the CVD growth of diverse 2D TMDCs (Gutiérrez et al., 2013; Huang et al., 2014; Lee et al., 2013; Najmaei
etal., 2013; Wang et al., 2014; van der Zande et al., 2013). MoS; monolayers grown on Au were reported as
early as 2000 (Helveg et al., 2000) and were identified as excellent catalysts for hydrogen evolution reaction
(HER) by Jaramillo et al. in 2007 (Jaramillo et al., 2007). In 2014, Shi et al. first reported the LPCVD growth of
MoS; on Au foils and also explored the HER applications of the MoS,/Au hybrid catalyst (Shi et al., 2014).
Their CVD-grown MoS; on Au is strictly monolayer domains with tunable sizes from ~200 nm to ~50 pm by
changing growth temperatures, and the MoS, growth follows a surface growth mechanism (Figures 6A-
6C). Indeed, HER applications do not require 2D materials with high crystalline quality, large area grains,
or uniform thickness since they have fewer active sites for HER (Liu et al., 2017). Nevertheless, the results
of the strictly monolayer MoS, flakes grown on Au are remarkably different from those of the MoS; flakes
with adlayers grown on SiO,/Si (Lee et al., 2012b, 2013), suggesting that Au may play a unique catalytic role
in MoS, formation.

On the other hand, Au can also grow few-layer MoS; by combining surface alloying and sulfurization, as
shown in Figures 6D-6F (Song et al., 2014). A Mo-Au surface alloy formed after sufficiently feeding Mo
source under atmospheric pressure and then turned into MoS, on the top of Au by sulfidation (Song
and Choi, 2019). Bilayer to trilayer MoS, continuous films (Figure 6F) or desired patterns can be feasibly ob-
tained over a large area. However, the carrier mobility of field-effect transistors (FETs) based on the grown
MoS, is as low as 0.004 cm?V~'s™", indicating an unsatisfactory crystal quality. Precisely speaking, this
method is classified as thermally assisted conversion (TAC), but with an extra step, i.e., the diffusion of
source-metal atoms before conversion, compared with conventional TAC from Mo (Kong et al., 2013;
Zhan et al., 2012) or MoQOg3 (Lin et al., 2012) films into MoS,. The role of Au substrates, in this case, is to
reserve a limited amount of Mo atoms for the formation of atomically thin MoS; films rather than bulks
(Song and Choi, 2019). However, whether Au had the catalytic activity involved in the chemical reaction dur-
ing the 2D TMDC growth remained elusive.

Gao et al. reported the self-limited growth of monolayer WS, on Au foils (Figures 6G and éH) (Gao et al.,
2015). Both experimental studies and theoretical calculations revealed the surface-catalytic mechanism in
this method. Unlike the MoS; growth on Au, the extremely low solubility of W in Au substrates enables no
excess W atoms to dissolve in and segregate on Au even under atmospheric pressure. This unique feature,
together with the catalytic activity of Au, allows the surface growth of strictly monolayer WS, by using a low
concentration of precursors. Thus, both WS, adlayers and excess nuclei are intensively suppressed during
the growth process. As a result, millimeter-sized single-crystal domains (Figure 6G) and ~2-inch continuous
films can form on Au foils under optimized conditions. Au substrates have also been used to grow large-
area single-crystal WSe, domains (Figure 6l) and show the unique ability to speed up the growth rate of
WSe, by several orders of magnitude faster than those of conventional growth of 2D TMDCs on SiO,/Si
and other nonmetal substrates (Gao et al., 2017). Although the WSe, grows on Au is up to ~26 pms ™!
950°C, the extract carrier mobility ~143 cm?V~"'s™" indicates that the quality is not sacrificed even after
the growth at a remarkably high rate. Instead, the electrical performance of Au-grown WSe; is within the
best values of both CVD-grown and mechanically exfoliated monolayer WSe, (Li et al., 2015; Liu et al.,
2013; Wu et al., 2016).

at

Indeed, 2D TMDCs can directly grow on multiple inert nonmetal substrates by CVD, indicating that the
chemical reaction can occur without catalyst assistance at growth temperatures. After the formation of
monolayer TMDCs, the non-catalytic areas of the substrates, including both top surfaces of monolayer
TMDCs and bared areas of nonmetal substrates, are exposed to the same species of precursors, which
are directly from the growth atmosphere without catalytic dissociation. Thus, the nucleation and expansion
of adlayer domains can also occur on top of the first layers, which are simultaneously growing. Therefore, it
is challenging to retain the monolayer structure of 2D TMDCs on inert nonmetal substrates during CVD
growth.

The catalytic ability of Au substrates provides a new route for the precise control of 2D TMDC growth. It is
worth mentioning that it takes considerable energies of 3.37, 2.8, and 2.2 eV to dissociate Sy, Se,, and Te;
dimers into S, Se, and Te atoms, respectively (Somayajulu, 1960). Many other experimental studies have
also confirmed the energy barriers of forming active single chalcogen atoms from vapors, although only
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Figure 6. 2D TMDC growth on polycrystalline Au

(A-C) LPCVD-grown monolayer MoS; domains on Au foils with tunable sizes under distinct growth temperatures.
Reprinted with permission from (Shi et al., 2014). Copyright 2014, American Chemical Society.

(D-F) APCVD-grown few-layer MoS; films on Au by the sulfurization of the Mo-Au surface alloy. Photography of (D) as-
grown few-layer MoS; film on Au and (E) transferred sample on SiO,/Si. (F) Atomic force microscopy (AFM) image showing
the thickness of MoS, film. Reprinted with permission from Song et al. (2014). Copyright 2014, John Wiley & Sons, Inc.
(G) APCVD-grown millimeter-sized large-area monolayer WS, single crystals on Au.

(H) DFT calculated the minimum energy path for the dissociation of S, dimers into S atoms and the S atom diffusion on
Au(111). Reprinted with permission from Gao et al. (2015). Copyright 2015, Springer Nature.

(I) APCVD-grown millimeter-sized large-area monolayer WSe; single crystals on Au.

(J) DFT calculated the minimum energy path for the dissociation of Se; dimers into Se atoms and the Se atom diffusion on
Au(111). Reprinted with permission from Gao et al. (2017). Copyright 2017, John Wiley & Sons, Inc.

a minute difference in their measured values (Budininkas et al., 1968a, 1968b, 1968c; Meschi and Searcy,
1969). The density functional theory (DFT) calculations by Gao et al. show that the energy barrier required
in the sulfurization of W3Qg is ~0.9 eV lower by S atoms on Au than by S, dimers without Au (Gao et al.,
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2015). Interestingly, as shown in Figure 6H, the S, dissociation on Au is a spontaneous exothermic process
with only a small energy barrier of 0.22 eV. Moreover, Gao et al. found that the dissociation of Se, dimers
into Se atoms was a highly exothermic process releasing much more energy than S, dissociation and even
requires no energy barrier (Figure 6J) (Gao et al., 2017). Chen et al.’s kinetic Monte Carlo (kMC) simulations
revealed that the fast kink nucleation and ultrafast kink propagation along the edge were the direct origins
of the ultrafast growth of triangular WSe, domains (Chen et al., 2019). Notably, Gao et al. (Gao et al., 2015,
2017) and Chen et al. (Chen et al., 2019) confirmed that the energy barriers for the surface diffusion of a W,
dimer, S adatom, and Se adatom on Au(111) surface were all very low. Therefore, the nucleation and expan-
sion of monolayer WS, or WSe, domains prefer to occur on the catalytic Au surface. Furthermore, abundant
S or Se adatoms on the Au surface allow complete sulfurization or selenization, reducing the number of S or
Se vacancies in the lattice of WS, or WSe,, respectively.

Similarly, the catalytic Au surface can also be used to grow other sulfides and selenides of transition metals
and exhibits good controllability of both layer thickness and quality. To date, the growth methods of
several 2D TMDCs on Au, such as TaS,, TaSe,, ReSe,, PtSejet al., have been developed (Jiang et al.,
2018, 2019, 2019; Shi et al., 2017, 2018, 2019). The vertical heterostructures of 2D materials, such as
MoS,/h-BN (Zhang et al., 2017) and graphene/ReSe; (Xie et al., 2019), can also be successfully synthesized
on Au substrates by two-step growth.

HETEROGENEOUS CATALYST-/SOURCE- METAL SUBSTRATE

Only a limited number of 2D species have been prepared by directly using noble metals as homogeneous
substrates. Here, we would like to introduce a universal approach for 2D material growth by using hetero-
geneous substrates. A typical heterogeneous substrate contains a layer of a noble metal or its intermetallic
compound serving as the catalyst and the diffusion channel of source atoms, and the other layer of source
metal supplying source elements during the growth (Shivayogimath et al., 2019; Ma et al., 2019). By this
unique strategy, we can extend the uses of Au substrates for growing a wide range of 2D materials (Shivayo-
gimath et al., 2019) and those of Pt substrates for growing uniform AB- (Bernal-) stacked bilayer graphene
(AB-BLG) (Ma et al., 2019).

Au/source-metal substrate

As reviewed above, the controllable growth of several 2D materials on noble metals is based on two
notably different growth modes, i.e., surface-mediated mode and segregation-precipitation (graphene
growth) or segregation-conversion mode (the growth of 2D binary compound, such as 2D h-BN or TMDCs).
The former mode is essential for the growth of large-area single-crystalline domains or continuous uniform
films comprised of these domains. However, this mechanism is infeasible once the concentration of dis-
solved source elements is too high in a noble metal substrate or the catalytic activity of the substrate is
too low. Thus, the excess source elements tend to be precipitated or converted (such as sulfurized, sele-
nized, or tellurized by chalcogens) into thick layers on the top surface of the noble metal substrate; or, a
substrate surface with insufficient catalytic activity can only weakly attract sources to produce islands
instead of uniform layers by the Frank-van der Merwe model (Venables, 2000). The latter mode requires
an appreciable concentration of source atoms dissolving in noble metals, followed by the segregation
and precipitation/conversion of source atoms. However, the segregation-precipitation/-conversion
mode typically leads to the growth of 2D films with poor thickness controllability due to the difficulty in pre-
cisely controlling diffusion and precipitation/conversion of dissolved source elements.

The above two growth modes have a crucial step in common, i.e., the diffusion of source atoms. All
growth steps of surface-mediated growth, including the surface diffusion of adatoms, occur on the sub-
strate surface. In contrast, segregation-precipitation/-conversion growth involves the inner diffusion of
source atoms underneath the top surface of the substrate. Even with the high solubility of source atoms
in substrates, surface-mediated growth can still be achieved if the diffusion step is deliberately
controlled. For instance, the solubility of Mo atoms in Au (~1 atomic% at 800°C) (Massalski et al.,
1986) is much higher than W solubility (below 0.1 atomic% at 800°C) (Okamoto and Massalski, 1985),
but strictly monolayer MoS; can still grow on Au foils over a wide range of temperatures under low pres-
sure (Shi et al., 2014, 2015a, 2015b). This result is understandable because dissolving is a kinetic rather
than a thermodynamic process. Low pressure enables only a negligible amount of Mo atoms to dissolve
into Au foil within a limited growth time, restricting the diffusion of Mo atoms to the top surface rather
than the inside of the Au substrate.
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Au-M alloy

Figure 7. 2D binary compound growth on Au/M heterogeneous substrates

(A) Schematic of the synthesis process of 2D binary compounds and (B) SEM images of overall layered transition metal
chalcogenides using the Au/M heterogeneous substrates (scale bar, 1 um except where marked: *: 100 nm, **: 10 um).
Reprinted with permission from Shivayogimath et al. (2019). Copyright 2019, Springer Nature.

(C-E) Wafer-scale AB-BLG growth on Pt3Si/Pt heterogeneous substrate. (C) Overlapping image of an SEM image and an
EDS map of the cross-section of the substrate showing a shell-core structure. (D) Photography of two AB-BLG films
transferred on a 2-inch SiO,/Si wafer. (E) High-resolution transmission electron microscopy (HRTEM) showing the
graphene film is bilayer. Reprinted with permission from Ma et al. (2019). Copyright 2019, Springer Nature.

It is needed to point out that the two steps, i.e., source diffusion and surface formation of a 2D material,
occur in the same or nearly the same sites when using a homogeneous noble metal substrate. Hence, a
practical and universal strategy for controlling the diffusion step is to separate its sites from where the sur-
face formation occurs by using a heterogeneous substrate instead. Here we still consider the example of
MoS, growth to achieve a good thickness control. In the two-step growth of few-layer MoS; films, the direct
exposure of Au in Mo(CO), vapor causes the formation of the Mo-Au surface alloy (Song et al., 2014). As a
result, the highest Mo concentration exits in the topmost Au layer (Song and Choi, 2019). However, if the
location of Mo supply is shifted away from the top surface of the Au layer (Song et al., 2014) to its bottom
surface (Shivayogimath et al., 2019), the Mo concentration in the topmost Au layer still keeps very low due
to the presence of a concentration gradient. By such a small but essential change, the saturation or over-
saturation of Mo content in the topmost Au layer can be avoided despite the high solubility of Mo in Au,
allowing surface-mediated growth or even self-limited growth (Shivayogimath et al., 2019).

Shivayogimath et al. developed a universal approach for the synthesis of 20 binary MX,, (M represents metal
and X represents nonmetal) compounds using Au/source-metal substrates (Figures 7A and 7B) (Shivayogi-
math et al., 2019). These grown materials cover a wide range of 2D materials, including sulfides (MoS,, WS,,
CrS,, HfS,, et al.), selenides (MoSe,, WSe,, CrSe,, CoSe,, et al.), tellurides (MoTe,, WTe,, CrTe,, FeTe,
et al.), and even nitride MXenes (VN and TaN). The substrates were typically prepared by sputtering a
~20-nm layer of metal M on sapphire and a ~500-nm layer of Au on top. Similar to the MoS; growth on
Aumentioned above (Song et al., 2014; Shivayogimath et al., 2019), the diffusion route of M atoms changes
due to the shifted M supply when using a heterogeneous substrate. Specifically speaking, the surface

¢? CellPress

OPEN ACCESS

iScience 24, 103432, December 17, 2021 11




¢? CellPress

OPEN ACCESS

diffusion of source-metal atoms on a homogeneous substrate in conventional surface-mediated growth
can be changed to the inner diffusion through the Au layer by using a heterogeneous substrate, similar
to but not the same as that in segregation-precipitation/-conversion growth where the diffusion route is
much shorter and very close to the surface formation sites of the 2D material. The Au diffusion channel
of the heterogeneous substrate limits the amount of metal M available to a low level in the topmost Au
layer, and thus the available growth of 2D MX,, on Au requires no insolubility of metal M in Au (Shivayogi-
math et al., 2019).

Importantly, this approach also shows potential for growing large-area uniform films of 2D non-layered
materials such as VN and TaN besides 2D layered materials (Shivayogimath et al., 2019). In the conventional
surface-mediated growth of a 2D non-layered binary material, the top surface of the pre-formed 2D mate-
rial strongly attracts both metal and nonmetal sources from the growth atmosphere due to the presence of
surface dangling bonds. As a result, their thickness continuously increases with prolonging the growth
time, and thus thickness control becomes difficult. By using a heterogeneous substrate, in contrast, the
two different sources, i.e., metal and nonmetal, keep separated until they meet on the Au top surface.
The final formation of the 2D material is confined only at the solid-gas interface, and thus excellent thick-
ness control of a wide range of 2D binary materials can be achieved.

Similarly, Sun et al. synthesized high-quality 2D Mo,C and graphene/Mo,C on Au/Mo substrates and inves-
tigated their HER performance (Sun et al., 2019). The overpotential of the graphene/Mo,C vertical hetero-
structure is 249 mV, lower than that of pure Mo,C crystals. Zhang et al. successfully demonstrated the
twinned growth of ReS,/WS, hetero-bilayers on a re-solidified Au substrate supported with a W-Re alloy
foil (Zhang et al., 2016). The W-Re alloy foil serves as both the metal sources of ReS; and WS, monolayers.
These works greatly extend the uses of Au substrates for 2D material growth.

Pt5Si/Pt substrate

We have discussed the uses of pure Pt substrates for graphene growth in the last section and pointed out
that the outstanding catalytic activity of Pt can only be fully realized for the thickness control in monolayer
graphene growth under matching growth conditions and with rational strategies (Gao et al., 2012; Ma et al.,
2014b). The crucial step is to prevent excess carbon atoms from segregation and precipitation on the Pt
surface. Such quasi-equilibrium growth allows the growth of large-area uniform monolayer graphene
but also prevents the formation of the second- and third-layer graphene (Wang et al., 2018). Thus, a
more sophisticated control is highly desired for growing large-area bilayer graphene.

Based on the similar principles of designing Au/source-metal substrates, the concept of the heteroge-
neous substrates can be extended to a design of shell-core structural Pt3Si/Pt substrates (Figure 7C) for
the CVD growth of uniform AB-BLG (Ma et al., 2019). The liquid Pt3Si shell has high catalytic activity and
relatively low carbon solubility and therefore is used as “the catalyst-metal layer” through where carbon
atoms diffuse, followed by the surface growth of graphene layers on its top surface. On the other hand,
the solid Pt core is used as “the source-metal layer” to continuously supply carbon atoms due to its rela-
tively high carbon solubility. Here we only concentrate on the thickness control of in bilayer graphene
growth in this section and discuss the causes for the large coverage ratio of AB-stacked area, which is
strongly dependent on the unique properties of the liquid Pt3Si surface in the next section.

Babenko et al. first found that the growth rates of graphene domains on silicidated Pt foils were notably
higher than those on pristine polycrystalline Pt foils (Babenko et al., 2015). Besides, the sizes of graphene
domains on these silicidated substrates were increased, and their hexagonality and uniformity were also
improved, compared with those on pristine Pt. These findings indicate that silicidated Pt is a suitable sur-
face catalyst to grow monolayer graphene. Next, Ma et al. successfully achieved the growth of wafer-scale
continuous AB-BLG films on similar Pt3Si/Pt substrates but with a significantly different strategy combining
both roles of Pt3Si and Pt layers (Ma et al., 2019). The unique Pt3Si/Pt substrates show the outstanding
controllability of both the layer number and the stacking order of graphene bilayers. Both coverage ratios
of bilayer regions in the grown graphene films and AB-stacked regions in the bilayer graphene films
achieved perfection, up to 100%. Under rationally designed growth conditions, wafer-scale AB-BLG films
with milliliter-sized graphene grains finally covered the entire substrate surface (Figures 7D and 7E).
Both mechanical and electrical properties of these AB-BLG films were comparable to those of mechanically
exfoliated AB-BLG samples, indicated by a high 2D Young's modulus up to 684 N'm~", 2D strength of 82 N
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m~", and high carrier mobility up to ~2,100 cm? V=" s~ . It is worth noting that a widely tunable bandgap
exists in mechanically exfoliated bilayer graphene but only in AB-stacked form (Zhang et al., 2009). Notably,
a bandgap >26 meV was also observed in the large-sized dual-gate FET devices based on the grown AB-
BLG when the displacement field Dincreased to 1.0V nm~", strongly confirming their excellent crystallinity
in terms of stacking order.

The detailed growth process of graphene bilayers was systematically studied by Ma et al. using carbon
isotope labeling technology and DFT calculations (Ma et al., 2019). The whole growth process includes
two different stages to grow the first- and second-layer graphene, respectively. During the first 10 min of
the growth, the first graphene layer was formed on the Pt3Si surface at 1100°C, showing a typical self-
limited growth behavior similar to monolayer graphene growth on pure Pt substrates (Gao et al., 2012).
As the first-layer domains expanded and finally screened the entire Pt3Si surface, carbon atoms were dis-
solved and reserved in the Pt core for the next-stage growth, i.e., the epitaxial growth of the second-layer
graphene. Then, the carbon supply from the growth atmosphere was ceased due to the presence of the
continuous first-layer graphene film with very few defects through which the gaseous carbon source could
easily permeate. Then, under a rational cooling rate, the dissolved carbon atoms were continuously
released from the Pt core back into the Pt3Si shell, diffused through the Pt3Si channel to reach the Pt3Si
top surface, and were then used to grow the second layer. Next, these domains were stitched together
into a continuous graphene film underneath the first-layer graphene film. Finally, a bilayer film entirely
covered the entire Pt3Si surface.

It is essential to point out that, during the growth of the first- and the second-layer graphene, the carbon
supply and the diffusion modes of carbon atoms are shifted from the gaseous carbon source in the growth
atmosphere and the surface diffusion on Pt3Si for the first-layer growth to the dissolved carbon in carbon-
rich Pt core and inner diffusion inside the carbon-poor Pt3Si shell for the second-layer growth, respectively.
The resulting unique growth mode of the second layer leads to the precise control of layer numbers in the
bilayer graphene growth on Pt3Si/Pt. By comparison, it can be seen that the roles of the Pt3Si shell and the
Pt core in the second-layer growth of AB-BLG (Ma et al., 2019) are similar to those of the Au layer and
source-metal layer in the TMDC monolayer growth, respectively, when using Au/source-metal substrates
(Shivayogimath et al., 2019). Similar heterogeneous substrates were also proposed by Ma et al. to grow uni-
form graphene multilayers with precise thickness control, using other stoichiometric intermetallic com-
pounds as the diffusion channels (Ma et al., 2019). The graphene growth on PdsSi/Pd was also experimen-
tally demonstrated, showing similar AB-BLG results to those using Pt3Si/Pt.

SURFACE-ENGINEERED SUBSTRATE

Both noble and non-noble metal substrates are metallic. Therefore, all surface engineering strategies,
which have ever been used in non-noble metals for 2D material growth, can also be applied to noble metals
in principles. Surface engineering is to change the surface morphology of noble metal surfaces for
improving the structural uniformity of the grown 2D materials.

Surface roughness

A surface with significantly low roughness is usually smooth with very few surface defects. According to the
crystallography fundamentals and many experimental results (Venables, 2000), surface defects can act as
preferred nucleation sites for the surface growth of crystals. For instance, random point defects can trap
adatoms and thus increase nucleation rate. Therefore, lowering surface roughness to a significant level
can reduce nucleation density and increase domain sizes for 2D material growth. Mechanical polishing
and electrochemical polishing are two main polishing methods and directly lead to a decrease in macro-
scopic surface roughness by removing macroscopic surface imperfections such as scratches. In contrast,
thermal annealing causes surface reorganization and improves the crystallinity of metal surfaces by
removing microscopic surface irregularities such as grain boundaries and dislocations, thus decreasing
the microscopic surface roughness.

Polishing (Gao et al., 2013; Kim et al., 2012) and annealing (Li et al., 2009; Song et al., 2010) processes
have been widely used to improve 2D material growth since the earliest studies on the CVD growth of
graphene (Li et al., 2009; Yu et al., 2008) and 2D h-BN (Song et al., 2010). In the first report of graphene
growth by CVD in 2008, Yu et al. pointed out that smoother Ni surfaces after the annealing process led
to the fabrication of thinner and more uniform graphene (Yu et al., 2008). Furthermore, systematic studies
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revealed that a reduction in Cu substrate surface roughness caused a dramatic decrease in the nucleation
density (Hedayat et al., 2017) and increased domain sizes of graphene (Bracuninger-Weimer et al., 2016)
and h-BN (Tay et al., 2014) by comparing their CVD growth using Cu substrates with different roughness.
Moreover, these changes in substrates also notably improved the crystalline quality of graphene, indicated
by an enhancement of electrical (Griep et al., 2016; Luo et al., 2011) and mechanical (Griep et al., 2016)
properties.

Like non-noble metal substrates, polishing and pre-annealing processes can move surface imperfections of
noble metals and have become indispensable steps before the CVD growth of large-size 2D crystals using
noble metal substrates, such as monolayer h-BN or graphene on Pt (Park et al., 2014; Wang et al., 2018) and
monolayer WS, or WSe, on Au (Gao et al., 2015, 2017). In addition, the pre-annealing process is particularly
essential in the repeated growth of 2D materials on reusable soft noble metals such as Au. Because the soft
surface usually becomes rough after growth and transfer and can be recovered back to its flat state again by
a post-annealing process (Gao et al., 2015).

Single-crystalline surface

As noted above, the noble metal substrates used for CVD growth of 2D materials in pioneer reports were
the most readily accessible polycrystalline noble metal foils (Gao et al., 2011, 2012, 2013, 2015; Kim et al.,
2013; Shiet al., 2014) or films (Kang et al., 2009) rather than single-crystalline noble metals. Also, these sub-
strates were usually polished and annealed before further use for 2D material growth. During long-time
annealing, grains of noble metal substrates can grow to a millimeter or even larger scale, and substrate sur-
faces recrystallize, providing a possibility to investigate the crystallography effect of different facet orien-
tations on 2D material growth using polycrystalline noble metal substrates with large-sized grains. For
instance, continuous graphene preferred to grow on Pt(100) and Pt(111) facets, and graphene was rarely
found on Pt(311) due to the large lattice mismatch effect (Gao et al., 2011). Thick and thin h-BN films
were grown on Pt(111) and Pt(001), respectively, under moderate pressure by LPCVD (Park et al., 2014).
The domains of monolayer MoS, were larger on Au(100) and Au(110) facets than on Au(111) (Shi et al.,
2015b). These findings indicate that the crystalline orientation of facets on noble metal surfaces is crucial
for the precise control of the thickness, continuity, and uniformity of 2D materials.

Unlike various oriented facets forming the surface of a polycrystalline substrate, a large-area continuous
facet with only a single crystallographic orientation becomes the entire surface of the single-crystalline no-
ble metal. This factor may lead to the aligned growth of 2D single-crystalline domains or even highly ori-
ented 2D films. Yang et al. reported the growth of wafer-scale MoS; monolayer films stitched from highly
oriented MoS, domains using single-crystalline Au(111) films as growth substrates (Figure 8A) (Yang et al.,
2020). They found a crystal symmetry match between MoS, and Au(111) with large-area uniform moiré pat-
terns and a step-guided growth mode from Au<110> steps. Therefore, the structural continuity and orien-
tation uniformity of MoS, films were attributed to the homogeneous nucleation of MoS, domains along
step edges and their alignment with the lattice of Au(111), respectively. In contrast, only misaligned
MoSe;, domains were synthesized on Au(100) due to the weak coupling between monolayer MoSe, and
Au(100), and thus the grown monolayer MoSe; films were still polycrystalline (Figure 8C) (Wu et al.,
2021). Very recently, single-orientated graphene domains and their stitched films were also demonstrated
using twined Pt(111) as the growth substrate (Figure 8B) (Kang et al., 2021).

Liquid surface

Aliquid surface has multiple unique characterizations distinct from a solid surface. The two most important
are the ultrasmooth and noncrystalline structure and the excellent rheology (Liu and Fu, 2019; Zeng and Fu,
2018), allowing for many advantages in the 2D material growth, which are difficult or even impossible to
realize on their solids. Here we discuss how these two unique characterizations of liquid surfaces influence
the growth of 2D materials using noble metals.

It is widely known that a liquid at rest keeps an ultra-flat top surface due to the gravity pulling on liquid
atoms or molecules and the fluidity recovering its flatness from its deformation rapidly. Polishing and an-
nealing can reduce the roughness of a solid metal substrate to a certain extent, and the mono-crystalliza-
tion process can eliminate grain boundaries to form a single-crystalline surface. However, many
morphology irregularities such as steps and dislocations still exist on single- and polycrystalline substrates,
leading to a high nucleation density of 2D materials on these inhomogeneous defect sites. In contrast, the
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Figure 8. 2D material growth on single-crystalline Au and Pt

(A) Aligned MoS, domains (i) expanded, (i) joined up, and finally (iii) formed a continuous film on Au(111) with prolonging
the growth time. (iv) Photography and OM image (inset) of a 1-inch monolayer MoS; film transferred on a SiO,/Si wafer.
Reprinted with permission from Yang et al. (2020). Copyright 2020, American Chemical Society.

(B) Aligned graphene domains (i) expanded, (ii) joined up, and finally (iii) formed a continuous film on Pt(111) with
prolonging the growth time. (iv) Photography of 6-inch single-crystal graphene on Pt(111). Reprinted with permission from
Kang et al., 2021. Copyright 2021, Elsevier.

(C) Monolayer MoSe; growth on Au(100). (i) SEM image of misaligned MoSe, domains on a (100)-faceted Au foil. (i) OM
image of monolayer MoSe; transferred on SiO,/Si. Reprinted with permission from Wu et al. (2021). Copyright 2021,
American Chemical Society.

surface of a liquid metal substrate is ultrasmooth to a quasi-atomic level. Its structure can be described as
an assembly of metal atoms with long-range disorder and short-range order based on the random-packing
model (Finney and Bernal, 1970). Therefore, almost all crystallographic defects on a solid surface, such as
boundaries, are absent on a liquid surface, dramatically reducing the nucleation density of 2D materials in
CVD growth.

Nevertheless, vacancies are still randomly distributed on a liquid surface as a structural imperfection in a
short-range order (Wagner, 1977). The highly isotropic noncrystalline structure of the liquid surface allows
homogeneous nucleation of 2D materials on these defect sites. Therefore, 2D domains with similar sizes
are seamlessly stitched into a uniform continuous film (Geng et al., 2012). In addition, adatoms can diffuse
very fast on such an ultrasmooth surface. As a result, low nucleation density and high growth rate of 2D ma-
terials can be achieved on liquid surfaces at high growth temperatures, especially those of substrates with
high catalytic activity, such as liquefied noble metals (Babenko et al., 2015; Lee et al., 2018). For instance,
the nucleation density of the graphene domain is only 0.3 mm~2 on liquid Pt3Si, about 1.5 times that on
solid pristine Pt (Babenko et al., 2015). Also, the liquid Pt5Si surface enhanced the growth rate of monolayer
graphene domains an order of magnitude higher than the solid Pt surface, up to 120 and 133 pm min~"
reported by Babenko et al. (Figure 9C), and Ma et al. (the first-layer graphene) respectively (Babenko
etal., 2015; Ma et al., 2019). The similar speeding-up effect of liquefied metals on monolayer h-BN growth
was also demonstrated by Lee et al. using liquid Au (Lee et al., 2018).
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Figure 9. 2D material growth on liquid Au and liquid Pt3Si/Pt

(A) Schematic of single-crystal h-BN film growth on a liquid Au surface through the self-collimation of h-BN grains invoked
by the attractive Coulomb interaction.

(B) Photography of a wafer-scale single-crystal h-BN film transferred on a SiO,/Si wafer. Reprinted with permission from
Lee et al. (2018). Copyright 2018, American Association for the Advancement of Science.

(C) Comparison between the growth rates of graphene domains on a liquid Pt3Si surface and a pristine solid Pt surface as
functions of temperature.

(D) Representative SEM image of a millimeter-sized graphene domain on Pt3Si/Pt. Reprinted with permission from
Babenko et al. (2015). Copyright 2015, Springer Nature.

(E) Diagrams of representative atomic structures of a graphene nucleus on a liquid Pt3Si surface at 1500K. The graphene
nucleus can be (i) shifted by a distance and (iii) rotated by an angle from (ii) its original position.

(F) Comparison between the relative energies of graphene nuclei on liquid Pt3Si and solid Pt(111) surfaces as a function of
rotation angles at 1500K.

(G) 2D Raman peak of the AB-BLG film. The fit of four Lorentzian peaks is shown.

(H) Atomic resolution of scanning transmission electron microscopy (STEM) image of the AB-BLG film. Reprinted with
permission from Ma et al. (2019). Copyright 2015, Springer Nature.
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Besides the better structural controllability of 2D materials on a liquid surface than on a solid surface
mentioned above, the self-assembly manner of 2D materials due to the excellent rheological properties
of liquid noble metals is more of a concern, which solid substrates are unlikely to achieve. The self-assembly
of 2D materials has two different ways. One is the in-plane self-collimation of 2D domains induced by the
attractive electrostatic interaction of edges (Lee et al., 2018). The other is the vertical lattice matching of
different 2D layers due to their interlayer epitaxy and a week potential field of the underneath liquid surface
(Ma et al., 2019).

Lee et al. reported the wafer-scale growth of single-crystal h-BN films on liquid Au surface (Figures 9A and
9B) (Lee et al., 2018). With prolonging growth time, the h-BN domains were closely packed. The two adja-
cent randomly oriented h-BN domains were attracted by the Coulomb interaction of their B and N edges
but would be anchored if using solid substrates. However, as shown in Figure 9A, the rheological Au surface
allows the rotation and translation of h-BN domains that float above it. Therefore, a self-collimation and a
seamless stitch of h-BN domains were achieved due to a combined action of the electrostatic attraction of
h-BN domain edges and the excellent rheological property of liquid Au. It is essential to point out that, be-
sides the formation mechanism, the structure of a single-crystal 2D film via self-collimated grain formation
on a liquid surface differs hugely from that of a highly oriented 2D film via the lattice alignment with the
underneath single-crystalline surface. The former is a genuine 2D single crystal without grain boundaries
by perfectly collimating the lattices of adjacent 2D grains (Lee et al., 2018). However, the latter is an imper-
fect “single-crystalline” film with a preferred crystallographic orientation (Yang et al., 2020). For instance, a
small proportion of misaligned MoS; grains still existed on single-crystalline Au(111) (Yang et al., 2020). As
well known, a perfect single-crystalline surface is unlikely to be obtained since crystalline defects such as
steps and dislocations always exist. Therefore, the epitaxial 2D domains can only be imperfectly stitched.
Even coalesced 2D grains with the same in-plane crystalline orientation are still separated by translational
grain boundaries as they are anchored on the solid substrates with poor rheology (Chubarov et al., 2021,
Hickey et al., 2021).

As noted in the last section, the graphene bilayers obtained on Pt3Si/Pt are perfectly AB stacked (Ma et al.,
2019). The lattice of pre-formed first-layer graphene rather than the underneath substrate determines the
lattice orientation of the post-formed second-layer graphene. The DFT calculations by Ma et al. revealed
that the energy changes caused by the rotation and translation of a graphene nucleus on liquid Pt3Si were
both much lower than those on solid Pt(111), as shown in Figures 9E and 9F, but the binding strength of
graphene nuclei with these two different substrates was very close (Ma et al., 2019). Moreover, after geom-
etry relaxation, the liquid Pt3Si lattice showed a self-adjusting manner when the graphene nucleus was
shifted by a small distance or rotated by an angle (Figure 9E), revealing the typical rheological characteristic
of liquid Pt3Si influenced by the graphene nucleus movements. These results strongly confirm the signifi-
cant effects of rheological liquid substrates on the interlayer epitaxy of bilayers, enabling the weak van
der Waals potential to dominate the self-adjusting rotation and translation processes of the 2D nuclei of
the post-formed layers. Thus, a 100% coverage ratio of AB-stacked regions in bilayer graphene was
achieved (Figures 9G and 9H), and the area of the second layer was dependent on that of the first layer.
In contrast, the AB-stacked regions are usually discontinuous or even absent in bilayer graphene using solid
metal substrates (Hao et al., 2016; Liu et al., 2012a; Peng et al., 2011; Zhou et al., 2013).

PROPERTY & APPLICATIONS

Many efforts have been dedicated to the CVD growth methods of diverse 2D materials using noble
metals. Considerable numbers of these grown materials are of high crystalline quality and structural
uniformity and show excellent properties in electronics, optoelectronics, catalysis, and barrier property
(Table 1). This section summarizes these properties and discusses the potential applications of
these 2D materials, mainly relying on two classes of properties, i.e., the natural properties of pure 2D
products such as transport properties (Gao et al., 2012, 2015, 2017; Ma et al., 2014b), and the combined
actions of both the properties of growth substrates and as-grown 2D materials, such as HER properties
(Shi et al.,, 2014, 2017). Then, some possible improvements on synthesis are concluded for large-area
applications.

CVD-grown graphene using Pt (Gao et al., 2012; Ma et al., 2014b) and Pt3Si/Pt (Babenko et al., 2015; Ma
et al., 2019) substrates shows outstanding transport properties comparable to those of mechanically exfo-
liated samples, and therefore have great potential to be scaled up for the applications which have ever

¢? CellPress

OPEN ACCESS

iScience 24, 103432, December 17, 2021 17




¢? CellPress

OPEN ACCESS

iScience

Table 1. Summary of the representative CVD-grown 2D materials using noble metal substrates

Noble 2D Substrate
metal material design Morphology Performance Reference
Au Gr polycrystalline monolayer films with pronounced FET, mobility ~20 cm? V="' s™" Oznuluer
Au foll D peaks etal. (2011)
h-BN polycrystalline films with tunable thickness from DUV photodetector, rejection Tan et al. (2020)
Au foil 3.5to0 10.6 nm ratio Ryz0 nm/R280 nm > 102, Raoo nm/.
R290 nm > 107, responsivity 3.4 mA/W
at 220 nm
liquid Au/W foil wafer-scale single- gas-diffusion barrier, WVTR 0.60 g m—2 day’1; Lee et al. (2018)
crystal monolayer films oxidation-resistant coating for Cu, 300 °C for 1 h
MoS, polycrystalline strictly monolayer domains HER, Tafel slope 61 mV/dec, exchange current  Shi et al. (2014)
Au foil with tunable sizes from ~200 nm density ~38.1 pA/cm?, overpotential ~100 mV
to 50 pm
50-nm Au film 2-3-layer films or desired pattern FET, mobility 0.004 cm?V's! Song et al. (2014)
Au(111) film highly-oriented monolayer FET, mobility ~11.2 em? V"' s, on/off Yang et al. (2020)
domains and films ratio ~7.7%10°
MoSe, Au(100) foil randomly-oriented monolayer NM Wau et al. (2021)
domain and films
WS, polycrystalline mm-sized monolayer single-crystal FET, mobility 1-2 cm? V=" s, on/off Gao et al. (2015)
Au foil domains, ~2-inch continuous films ratio ~4x10° - ~5%107
~420 pm monolayer domains FET, mobility 20 cm?V~"' s, on/off ratio ~108  Yun et al. (2015)
monolayer nanosheets with tunable HER (~400 nm nanosheet), Tafel slope Zhang et al. (2015)
sizes from ~100 to 1,000 nm 100-104 mV/dec, exchange current density
~30.20 pA/cm?, overpotential 110-120 mV
WSe, polycrystalline mm-sized monolayer domains FET, mobility 143 em? V=" 57", on/off Gao et al. (2017)
Au foil ratio 9x10°
TaS, polycrystalline um-sized domains and 5-cm HER, Tafel slope 33-42 mV/dec, exchange Shi et al. (2017)
Au foil films with tunable thickness current density 100-179.47 uA/cm?,
from ~3 to ~350 nm overpotential 65-150 mV
TaSe, polycrystalline 5-cm monolayer film, flakes with Charge density wave (CDW), transition Shi et al. (2018)
Au foil tunable thickness from 0.8 to 150 nm  temperature ~125 K for monolayer and
90 K for bulk
PtSe, polycrystalline flakes with tunable thickness from HER (1L flake), Tafel slope 33-38 mV/dec, Shi et al. (2019)
Au foil 1 to 3 layers exchange current density ~215 pA/cm?,
overpotential ~210 mV
PdSe, polycrystalline even-layered ribbons from FET, hole mobility 0.1 cm? V=" s~ (8L ribbon) Jiang et al. (2019)
Au foil 2 to 20 layers and 0.9 cm? V~" s~ (20L ribbon)
ReSe, polycrystalline um-sized monolayer single-crystal NM Jiang et al. (2018)
Au foil domains
MoS,/ polycrystalline ~20 pum single-crystal MoS, FET, mobility ~11.4 cm?V~"s7", Zhang et al. (2017)
h-BN Au foil monolayer domains on a on/off ratio 107
monolayer h-BN film
Gr/ Au foil um-sized monolayer ReS, domains NM Xie et al. (2019)
ReSe, underneath a graphene film
Mo,C Au/Mo ~20 um Mo,C flakes with 6-14 nm HER, Tafel slope 75-77 mV/dec, Sun et al. (2019)
heterogeneous foil  thickness overpotential 340 mV
Gr/ Au/Mo NM HER, Tafel slope 75-77 mV/dec, Sun et al. (2019)
Mo,C heterogeneous foil overpotential 249 mV
ReS,/ Au/W-Re alloy >600 umz 100% overlapped NM Zhang et al. (2016)
WS, heterogeneous foil  ReS,/WS, hetero-bilayer domains
MX, Au/M 20 binary compounds including MoS,, MoS,-based FET, 4-30 ecm? V' s, on/off Shivayogimath

heterogeneous film

WS,, WSe, and WTe, monolayers
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Table 1. Continued

Noble 2D Substrate
metal material design Morphology Performance Reference
Pt Gr 100-nm Pt film monolayers with pronounced NM Kang et al. (2009)
D peaks
polycrystalline 1 to 2 layers NM Gao et al. (2011)
Pt foil 1.3 mm single-crystal domains FET, mobility ~7,100 cm? V" s~" Gao et al. (2012)
~3 mm single-crystal domains FET, mobility ~13, 000 cm? V" s~" Ma et al. (2014b)
liquid Pt3Si/solid mm-sized single-crystal domains FET, mobility 5,525 cm? V™" 57" Babenko
Pt foil et al. (2015)
wafer-scale 100% AB-BLG films dual-gate FET, mobility ~2,100 em?VlsT, Ma et al. (2019)
with 100% coverage and mm-sized tunable bandgap >26 meVat D=1.0Vnm™,
grains on/off ratio
~10; mechanical properties, 2D Young's
modulus 684 Nm~", 2D strength N m~’
h-BN polycrystalline ~1 um monolayer or bilayer OBG, 6.07, 5.94, 5.84 eV for monolayer, Gao et al. (2013)
Pt foil domains, 1-inch monolayer or bilayer, and few-layer h-BN, respectively
bilayer films
1-inch monolayer films OBG, 6.06 eV; FET, insulating nature Kim et al. (2013)
2-inch monolayer films NM Park et al. (2014)
Pd Gr polycrystalline monolayer to few-layer flakes FET, mobility ~3,650 cm? V" 57" Ma et al. (2014a)
Pd foil
Rh Gr polycrystalline films with tunable thickness from NM Liu et al. (2012b)
Rh foil monolayer to multilayers
Ag Gr polycrystalline few-layer films with pronounced tarnish-resistant coating for Ayhan et al. (2013)
Ag foil D peaks Ag against S vapor

‘Gr’, graphene; ‘NM’, not mentioned.

been demonstrated with mechanically exfoliated graphene. For instance, the gapless monolayer graphene
or the gapped AB-stacked bilayer graphene with a tunable but still small bandgap may be unsuitable for
low-power semiconducting devices. However, the ultrafast carrier dynamics and ultra-broadband light ab-
sorption of graphene allow for its attractive applications in high-speed transistors, or photodetectors and
bolometers with a broad operation bandwidth (Koppens et al., 2014; Liao et al., 2010; Mittendorff et al.,
2013; Nair et al., 2008; Novoselov et al., 2012). It is worth noting that the realizations of these fantastic ap-
plications significantly depend on the intrinsic properties of graphene. Therefore, large-area graphene do-
mains or films with ultrahigh crystalline quality and uniform stacking order close to or even the same as
those peeled from graphite, such as wafer-scale single-crystal graphene films consisted of monolayers
or perfectly AB-, ABA-, ABC-, ABAB-, or ABCA-stacked multilayers, are highly desirable for practical
applications.

An essential physical property of CVD-grown 2D h-BN using Pt (Gao et al., 2013; Kim et al., 2013; Park
et al.,, 2014) and Au (Tan et al., 2020) is the large optical bandgap (OBG) (Gao et al.,, 2013; Kim et al.,
2013; Tan et al., 2020) consistent with the theoretically calculated value (Blase et al., 1995). Tan et al.
demonstrated the high-performance deep-ultraviolet (DUV) photodetectors based on large-area multi-
player h-BN using Au (Tan et al., 2020). Owing to the high crystalline quality and excellent light absorp-
tions in the DUV range, these devices showed a large detectivity and ultrahigh rejection ratios with a very
low dark current. On the other hand, the outstanding thermal and chemical stabilities of bulk h-BN (Pier-
son, 1999) and good flexibility of 2D h-BN enables 2D continuous h-BN films to be atomically thin corro-
sion-resistant coatings against high-temperature oxidizing atmospheres or gas barriers against moisture
diffusion. These properties have been demonstrated with the wafer-scale single-crystal h-BN film grown
by CVD using liquid Au and are indeed superior to those of conventional polycrystalline h-BN (Lee et al.,
2018). The Cu surface coated with such single-crystal h-BN film was still smooth and clean after oxidation
in air at 300°C, and the water vapor transmission rate (WVTR) of single-crystal h-BN film was only 0.60 g
m—2 day_w. Based on these results, it is reasonable to infer that the corrosion-resistant and barrier
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properties can be further improved once using the large-area uniform single-crystal bilayer or multilayer
h-BN films.

2D binary metal compounds (chalcogenides, nitride, and carbides) have diverse properties primarily based
on their chemical compositions and phases, and the large-scale production of these 2D compounds with
uniform structures should open up possibilities for their applications in multiple fields. For example, Gao
et al. showed ~2-inch flexible FET arrays based on Au-grown monolayer WS, films (Gao et al., 2015). Very
recently, Yang et al. demonstrated the FET arrays based on their Au(111)-grown high-oriented MoS, mono-
layers showing narrow distributions in carrier mobility and on/off ratio (Yang et al., 2020). However, the
demonstrations of scale-up applications are still rare for most 2D binary metal compounds due to the
difficulty in obtaining large-area high-quality samples with continuous and uniform structures. Indeed,
seamless wafer-scale single-crystal films are ideal for applications of these 2D compounds. Alternatively,
high-oriented grain arrays of 2D compounds are also excellent choices if the fabrication process carefully
avoids grain boundaries.

A combination of a 2D material with active sites at the edges and in the basal planes and a chemically
stable, conducting, and flat noble metal substrate becomes an ideal HER catalyst system (Huan et al.,
2019; Jaramillo et al., 2007; Shi et al., 2017). Unlike those materials transferred on conductive substrates,
these grown 2D materials directly contact the growth metal with clean interfaces and very low charge-
transfer resistances, allowing enhanced HER activity (Shi et al., 2017). As noted in the Homogeneous No-
ble Metal Substrate Section, the use of Au for the CVD growth of MoS, (Shi et al., 2014) was inspired by a
much earlier pioneer HER research based on the UHV epitaxially grown MoS; on Au (Jaramillo et al,,
2007). Thus, the first application for exploring the CVD-grown MoS, using Au substrates was naturally
HER. Shi et al. found that the nanosized as-grown MoS, grains on Au with the largest edge length per
unit area showed the highest HER activity among their MoS, samples, with a low Tafel slope of 61 mV/
decade and a high exchange current density of 38.1 pA/cm?. This Tafel slope value is larger than that
of 1-3-layer MoS, grown on glassy carbon (140-145 mV/decade) (Yu et al., 2014) and pure Au foil
(110 mV/dec) (Shi et al., 2017), but still lower than UHV epitaxially grown MoS; on Au (55-60 mV/decade).
HER activity also was demonstrated in the other 2D material/Au combined systems. These CVD-grown 2D
materials on Au include some TMDCs (e.g., WSy(Zhang et al., 2015), TaS; (Shi et al., 2017), PtSe, (Shi et al.,
2019)), MooC (Sun et al., 2019), and graphene/Mo,C heterostructures (Sun et al., 2019). By comparing the
HER performance of these 2D material/Au systems, it can be found that the HER activity depends on both
the species and morphology of 2D materials. The lowest Tafel slope was found in PtSe,/Au (33-38 mV/
dec) (Shietal., 2019) and TaS,/Au (33-42 mV/dec) (Shi et al., 2017) systems. Also, higher coverage samples
with smaller 2D domains can provide longer edges per unit area on Au as more active HER sites usually
show lower Tafel slope, lower overpotentials, and higher exchange current density (Shi et al., 2014, 2019;
Zhang et al., 2015). In summary, for the high catalytic activity of 2D materials grown on noble metals in
HER applications, growth strategy, substrate design, and surface engineering should be combined to in-
crease nucleation density and prevent domains from stitched into continuous films. These are distinct
from those for the applications of high-quality, uniform 2D structures requiring intrinsic physical proper-
ties, such as electronics and optoelectronics. For instance, an approach using polycrystalline Au foils with
defective surfaces at a lower growth temperature is more promising to obtain dispersed 2D nanodomains
for HER applications than that using highly annealed single-crystalline Au at a higher growth temperature
(Shi et al., 2014).

In addition, more works still need to be done to make the most of new growth methods using noble metal
substrates. Besides all of these efforts devoted to the 2D material growth, the transfer process and fabri-
cation technology of the devices based on these 2D materials also significantly impact the properties and
performances in a large variety of applications, especially those requiring intrinsic properties ever found in
mechanically exfoliated samples (Banszerus et al., 2016).

CHALLENGES & PERSPECTIVES

Noble metals have been deliberately chosen as new substrates for CVD growth of 2D materials because of
their high catalytic activity, which is indispensable for controllable growth, and high maneuverability in
rational design and surface engineering. The excellent catalytic activity of noble metals allows for 2D ma-
terial growth with both uniform structure and high quality under optimized growth conditions. The design
of heterogeneous substrates introduces new variables in the catalytic growth, such as source supply and
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diffusion route, providing many opportunities for growing a wide range of 2D materials and further
improving the structural controllability of the grown materials with less dependence on experimental con-
ditions. Surface engineering changes the pristine surface morphology of noble metals, dramatically
increasing crystalline quality and reducing the nucleation density and disorientation of 2D materials.

However, compared with the most readily accessible Cu, Ni, and SiO,/Si substrates, the technology for 2D
material growth using noble metal has been far from fully understood. To date, the most frequently used
forms of noble metal substrates are still polycrystalline foils or films, with only simple treatments such as
polishing (Gao et al., 2013, 2015, 2017) and annealing (Gao et al., 2011; Kang et al., 2009; Kim et al.,
2013; Park et al., 2014; Shi et al., 2015b) before growth. New types of noble metal substrates based on
rational substrate design or surface engineering for 2D material growth have been reported more rarely
than those of non-noble metals, especially Cu, Ni, and their alloys. A few key challenges remaining in
this technology are listed as follows, together with the perspectives of their solutions.

First, the effective reducing resurface roughness for noble metals is relatively tricky. Conventional electro-
chemical polishing (Braeuninger-Weimer et al., 2016; Chae et al., 2009; Griep et al., 2016; Hedayat et al.,
2017; Luo et al., 2011; Tay et al., 2014; Yan et al., 2012) used for non-noble metals such as Cu and Ni is inap-
plicable to chemically stable noble metals, leaving mechanical polishing as the only choice as a polishing
process. Mechanical polishing, by contrast, is a metallography technology with higher skill requirements
and was less commonly used for smoothing metal substrate surfaces (Han et al., 2011; Luo et al., 2017,
Yu et al., 2008). Therefore, the pre-annealing treatment was used as the only process for reducing the sur-
face roughness in most of the reports using noble metals (Gao et al., 2011; Kang et al., 2009; Kim et al., 2013;
Park et al., 2014; Shi et al., 2015b). Similar to Cu/sapphire for graphene growth (Deng et al., 2017), uniform
deposition or epitaxy rather than sputtering (Kang et al., 2009) of noble metals on an ultrasmooth surface
like sapphire or SiO,/Si wafers is a promising way to achieve wafer-scale uniform noble metal films with low
roughness. However, available deposition or epitaxy technology still has limitations for noble metals with
high melting points such as Pt.

Second, the preparation of large-area single-crystal noble metal films or foils is almost absent compared
with that of Cu and Cu/Ni single crystals (Li et al., 2021). Typically, Wu et al. developed a seeded growth
technique to prepare over 30 kinds of 30 x 20 cm? single-crystal Cu foils with various facets (Wu et al.,
2020). Cu(111)/sapphire (Chen et al., 2020; Deng et al., 2017) and Cu-Ni (111)/sapphire (Zhang et al.,
2019) wafers, and Cu foils with (100) (Wang et al., 2016), (111) (Nguyen et al.,, 2015) or (110) (Wang
et al.,, 2019) facet have been used for the macro-sized growth of single-crystal (or to be more precise,
single-oriented) graphene (Deng et al.,, 2017; Nguyen et al., 2015; Wang et al., 2016; Zhang et al.,
2019) and h-BN (Chen et al., 2020; Wang et al., 2019) monolayers. In contrast, until very recently, a
few reports demonstrated the epitaxial growth of wafer-scale single-oriented 2D materials using
single-crystal noble metal substrates, such as monolayer graphene on Pt(111) (Kang et al., 2021) and
monolayer MoS, on Au(111) (Yang et al., 2020), which may be attributed to the difficulty in mono-crystal-
lization of noble metal films and foils but also inadequate study. Nevertheless, Jin et al. developed a
mono-crystallizing method to prepare diverse single-crystal metal foils, including noble metals, by the
contact-free annealing of commercial polycrystalline foils (Jin et al., 2018). As a result, large grains up
to centimeter size with orientations close to (111) were formed on Pt or Pd foils, opening up the possi-
bility of the CVD growth of single-oriented 2D materials using relatively inexpensive single-crystalline
noble metal foils.

Finally, besides graphene, h-BN, and TMDCs, there is considerable scope for the CVD growth of large-area
2D materials beyond them. The design of Au/source-metal heterogeneous substrates has shown its great
potential for the CVD growth of thin layers of various 2D materials, especially non-layered 2D nitrides and
carbide MXenes (Shivayogimath et al., 2019; Sun et al., 2019), but their large-area uniform films or single-
crystal domains have not been achieved. The excellent structural controllability of monolayer h-BN (Lee
et al., 2018) using liquid Au suggests a careful design of substrates with liquid surfaces may help for the
seamless stitching of a large-area continuous film by the domain self-assembly. Besides, more attention
should be paid to understanding the opposite process of growth, i.e., the etching process of 2D materials.
Alternative to the homogeneous nucleation on the liquid noble metals, a G-rE-RG process may remove
small randomly nucleated domains and leave only a few domains with fewer defects expanded to their
largest sizes before stitching together (Ma et al., 2014b).
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In summary, the explorations of noble metals as the growth substrates are still in their primary stage for the
CVD growth of 2D materials. More detailed considerations should be dedicated to integrating the overall
advantages of the intrinsic catalytic activity of noble metals, surface structure and morphology, rational

growth conditions, and new growth strategies.
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