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Straightforward strategy for selecting and tuning substrates for two-dimensional material epitaxy
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Wafer-scale two-dimensional (2D) materials grown directly on substrates via epitaxy methods are desired
for building high-performance electronic devices. Up to now, the selection of the appropriate substrates has
been dominated by trial and error, which has greatly hindered the mass production of 2D materials for device
applications. In this paper, based on the evolutionary trend of the formation energy during growth, we propose
that the epitaxy of monoelemental 2D materials on metal substrates can be classified into three types, and only
the third type with a significant energy benefit has the opportunity to grow into large-scale 2D monolayers.
By extensive first-principles calculations, we find that this concept can coincide well with experimental reports
when the energy threshold is set to 0.6 eV/atom, which provides a straightforward way to evaluate interlayer
interactions between substrates and adsorbates. Furthermore, taking the growth of blue phosphorene (blue-P)
on Ag(111) as an example, a heterogeneous epitaxial strategy to achieve a transition in growth type by surface
alloying is proposed. We verify the feasibility of this strategy and investigate the nucleation process of blue-P on
the Ag2Sb surface alloy. Our findings provide a valid path for substrate selection and tuning, and we believe that
this general strategy will stimulate the development of the large-scale synthesis of 2D materials.
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I. INTRODUCTION

Inspired by the extraordinary properties of graphene [1],
two-dimensional (2D) materials have sparked everlasting
research interests for their promising applications in fu-
ture electronic devices. Besides graphene, the emergence
of other 2D materials, such as hexagonal boron nitride (h-
BN) [2,3], transition metal dichalcogenides [4], silicene [5,6],
borophene [7,8], and black phosphorene [9,10], have also
been produced and studied. However, the synthesis of
wafer-scale 2D materials is the first critical step for in-
dustrial applications and currently remains a significant
challenge. Top-down isolation of layered bulk crystals us-
ing mechanical/liquid exfoliation techniques often generates
nanosheets with small and uncontrollable sizes, and this
technique is unable to fabricate 2D materials that lack cor-
responding layered bulk counterparts [e.g., blue phosphorene
(blue-P) [11]]. As the most promising method for synthesiz-
ing wafer-level 2D materials, the bottom-up epitaxial growth
of 2D materials on appropriate substrates has drawn great
attention in the past few years [12]. For example, the epi-
taxial growth of graphene and h-BN on Cu(111) [13,14],
Ag(111) [15,16], and Au(111) [17,18] surfaces has been ex-
tensively explored. Among all reported growth cases, the
epitaxy of monoelemental 2D materials on various metal
substrates provides suitable templates for exploring growth
mechanisms [12,19].
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Unlike the classical epitaxial theory, interfacial effects be-
come more relevant when the film thickness is reduced to
monolayers, which usually leads to substrate selection be-
coming extremely important [20,21]. For instance, coinage
metals with distinct chemical reactivity are the most widely
used substrates for monoelemental 2D material epitaxy. How-
ever, only cluster-structural blue-P has been fabricated on
Ag(111) at a substrate temperature of 420 K [22], while only
metal phosphides have been formed on both Au(111) [23]
and Cu(111) [24]. Likewise, silicene has only been success-
fully grown on Ag(111) [5] due to its moderate interfacial
interaction, and the ordered Cu2Si [25] and Au-Si [26] alloys
have been obtained on Cu(111) and Au(111), respectively.
To sum up, too strong interactions between substrates and
precursors usually limit the surface aggregation of adsorbates,
while too weak interactions prefer to form 3D islands. Several
theoretical works have been presented to explore the interlayer
interactions between metal substrates and adsorbates during
epitaxial growth [21,27], but a straightforward and conceptu-
ally intuitive approach is still missing.

In this paper, based on the evolutionary trend of the
formation energy during growth, we propose a straightfor-
ward classification to evaluate the interaction between metal
substrates and adsorbates. Using extensive first-principles
calculations, we provide a specific energy criterion of
0.6 eV/atom and confirm that the experimentally reported
growth cases indeed satisfy our prediction. In addition, using
blue-P growth on Ag(111) as an example, we propose to
modulate interlayer interactions by surface alloying to achieve
a transition in growth type. To gain deeper insights, we verify
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the feasibility of this strategy and confirm the suitable charge
transfer of blue-P on the Ag2Sb surface. Our results provide
useful insights into the synthesis of high-quality 2D materials
on suitable substrates.

II. COMPUTATIONAL METHODS

All the ab initio calculations are performed using the Vi-
enna ab initio simulation package (VASP) [28,29] and based
on the projector augmented-wave approach (PAW) with the
Perdew-Burke-Ernzerhof (PBE) generalized gradient approx-
imation [30]. The density functional theory (DFT-D3) [31]
method is employed to account for the van der Waals (vdW)
interaction. A kinetic energy cutoff of 450 eV and a conver-
gence criteria of 10−5 eV are used in all the calculations. The
2D Brillouin zones are sampled by uniform k-point meshes
with a spacing of about 0.03/Å. A conjugate-gradient algo-
rithm is used to relax the ions until the force is less than
0.02 eV/Å. The substrate surfaces are modeled as slabs con-
sisting of five layers, and the thickness of the vacuum layer is
15 Å. The bottom layers of substrates are fixed and the other
four layers are further relaxed during the geometry relaxation.
The charge density difference and slices are plotted with the
VESTA software package [32]. We performed lattice matching
by the package of structures of alloy generation and recogni-
tion (SAGAR) [33,34].

III. RESULTS AND DISCUSSION

The stability of adsorbates on metal surfaces has been
widely evaluated by the formation energy (Eform) [35]. Eform

is defined as

Eform = Etot − Esub − N × Ea

N
, (1)

where Etot and Esub are energies of a whole system and a
substrate, respectively. Ea is the energy of one adsorbate in its
stable bulk phase, and N is the number of adsorbates on the
substrate. We further define �E = E atom

form − Eml
form to describe

the interaction difference between the formation energies of
an individual adsorbate (E atom

form ) and the corresponding mono-
layer (Eml

form) adsorbed on substrates.
Without loss of generality, we can categorize the epitaxy of

monoelemental 2D materials on various metal substrates into
three types, depending on the evolutionary trend of Eform. As
shown in Fig. 1(c), type C represents that as the size increases,
from an individual atom to a discrete cluster and finally to a
desired monolayer, the decline trend of Eform is very obvious.
For type C, a large �E is sufficient to support the large-scale
growth of 2D materials on substrates. For type A shown
in Fig. 1(a), Eform increases with size, indicating extremely
strong interactions between the substrates and adsorbates,
which is generally difficult to obtain ideal 2D materials and
usually yields alloys. In Fig. 1(b), for type B, although their
�E is larger than 0, the smaller energy gain means that
there remains a relatively strong interlayer interaction, and
the surface aggregation behavior of adsorbates is still limited.
Besides alloys, type B also holds promise for small clusters.

To verify our viewpoint, we calculated �E of eight
monoelemental 2D materials (i.e., borophene, graphene, sil-
icene, germanene, stanene, phosphorene, antimonene, and

FIG. 1. Schematic diagram of the trend of Eform for growing
monoelemental 2D materials on potential metal substrates. (a) Type
A. (b) Type B. (c) Type C.

bismuthene) on commonly used metal substrates (see the Sup-
plemental Material for details [36]). As shown in Fig. 2, for
2D materials that have been successfully prepared through
numerous independent experiments (see the green panel in
Fig. 2) [5,8,13,15,17,37–40], we find that �E is over 0.6
eV/atom, corresponding exactly to the expected type C,
which can be attributed to the strong intralayer interactions
of borophene, graphene, and silicene with the correspond-
ing cohesive energies of 7.37, 5.81, and 4.63 eV/atom [27],
respectively. However, the interlayer interaction between ad-
sorbates and substrates is variable and can be modulated
by substrate selection. For example, graphene has been
successfully synthesized on Cu(111) [13], Ag(111) [15],
Au(111) [17], and Pt(111) [37], and all �E are greater than
the threshold value of 0.6 eV/atom. For borophene, vari-
ous boron monolayers have been experimentally reported on
Al(111), Ag(111), and Au(111), while an experimental report
of borophene on Pt(111) is lacking because �E is less than 0.6
eV/atom (see all �E in Table S1). Among all coinage metals,
silicene can only grow on Ag(111) [5] with �E of 0.677
eV/atom, which is above the threshold value of 0.6 eV/atom.

More convincingly, for surface alloys [see the yellow and
red panels in Fig. 2, P-Au(111), and P-Cu(111)] [23,25,41–
49] and clusters [P-Ag(111) [22]] in experiments, we are
indeed able to divide them into two types. Specifically, when
�E is over 0 and below 0.6 eV/atom, this corresponds to
type B. Here, �E for P-Ag(111) is 0.363 eV/atom, which
does not reach the threshold value of 0.6 eV/atom. Therefore,
only the cluster-structural blue-P [22] or quasi-1D phospho-
rene chains [50] were fabricated, while Si-Cu(111) [25],
Ge-Ag(111) [41], and Sn-Ag(111) [42] were all reported to
form surface alloys. As expected, for type A with �E less than
0, most reported results are alloyed structures. Ordered alloys
such as Cu2Sb [48], Cu2Sn [51], Cu2Bi [47], and Ag2Sb [52]
have been prepared on Cu(111) and Ag(111), respectively.
Furthermore, for more chemically active metal surfaces such
as Pt(111) and Au(111), the alloying of Si-Au(111) [26],
Sn-Au(111) [42], Sn-Pt(111) [53], Sb-Pt(111) [54], and the
formation of a porous Au-P network [23] on P-Au(111) have
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FIG. 2. �E of monoelemental 2D materials on fcc metal (111) surfaces. Blue columns represent the energy difference �E between an
individual adsorbate and the corresponding monolayer on metal substrates.

been reported experimentally, and �E for these cases are
well below zero, also indicating a stronger interlayer interplay
between these substrates and adsorbates.

For later discussion, we also performed calculations for the
rarely reported growth of blue-P on Al(111), Pt(111), Pd(111),
Rh(111), and Ir(111), and we found that �E for all these con-
figurations are below zero. These results are also consistent
with some recent theoretical works [24,55–57]. Collecting
all the results in Fig. 2, no data distribution is found in the
energy interval 0.4–0.6 eV/atom. Herein, we emphasize that
experimental reports that remain highly controversial, such as
Ge-Al (111) [58], Ge-Au (111) [59], and Ge-Pt (111) [60],
were not discussed much in this work. For these cases, we
infer that it is highly likely that alloys appear, which requires
further experimental verification. It is also worth noting that
although experimental synthesis processes are influenced by
many variables such as substrate selection, interfacial chem-
istry, temperature, and deposition rates, substrate selection
is particularly important as it can decrease the nucleation
energy of a given target, especially the metastable phase in
vacuum [61].

After clarifying the correlation between interlayer inter-
actions and �E , it is natural to artificially modulate the
interaction between adsorbates and substrates until the en-
ergy threshold is satisfied. Introducing buffer layers by
means of surface alloying or interfacial intercalation is
one effective method to modulate the interaction strength
from type A or type B to type C, enabling suitable sub-
strates for the self-assembled epitaxy of 2D materials.
Surface alloys may also allow the growth of ordered sur-
face structures, which are categorized into homogeneous
epitaxy and heterogeneous epitaxy modes. For homoge-
neous epitaxy, stanene/Pd2Sn [49], stanene/Ag2Sn [42],
antimonene/Cu2Sb [62], and antimonene/Ag2Sb [52] have
been experimentally reported. Our results show that �E rise
to 1.118, 0.605, 1.386, and 1.060 eV/atom after substrate
alloying compared to �E of −0.501, 0.107, −0.608, and
−0.240 eV/atom for Sn-Pt(111), Sn-Ag(111), Sb-Cu(111),

and Sb-Ag(111), respectively. These results still meet our en-
ergy threshold and achieve the transition from type A or type
B to type C. Therefore, suitable surface alloys can weaken the
vertical interaction between metal substrates and adsorbates,
allowing 2D materials to grow laterally in a self-assembled
manner. For heteroepitaxy, few 2D materials are reported, and
there is still much room for exploration.

To apply this strategy to practical problems of growing 2D
materials, we have performed theoretical calculations using
the growth of blue-P as an example. Although many theoreti-
cal and experimental works were suggested to prepare blue-P
on Au(111) [63–65], we have confirmed the Au-P network
rather than blue-P on Au(111) [23]. Buffer layers were intro-
duced by intercalation of Si on Au(111) [66] and oxidation
of Cu(111) [67], but the structural characteristics of buffer
layers are unclear, which significantly hinders the growth of
high-qualified blue-P.

In the following, we explored the feasibility of growing
blue-P on the Ag2Sb surface alloy. Compared with other com-
monly used metal substrates, the interaction between Ag(111)
and P element is relatively weak, making the alloying of the
Ag(111) surface most likely to synthesize monolayer blue-P.
It is worth mentioning that the interaction strength between P
and transition metals can be explained by the d-band center
theory [68]. Moreover, Ag2Sb belongs to a class of typical
surface alloys Ag2M (M = Sb, Sn, Pb, and Bi) with C3v sym-
metry [41,43], which meets the symmetry requirements for
blue-P growth [20], as shown in Figs. 3(a) and 3(b). Eform for
an individual P atom, hexagonal P24 cluster, and blue-P mono-
layer on the Ag(111) surface are 0.126, −0.196, and −0.237
eV/atom, respectively, as shown in Fig. 3(c). Although �E
(0.363 eV/atom) for Ag(111) is smaller than the threshold
value of 0.6 eV/atom, it is larger than those on Pt(111) and
Au(111), leading to the formation of the cluster-structural
blue-P. On the Ag2Sb surface alloy, the corresponding Eform

increase to 1.036, 0.060, and −0.035 eV/atom, respectively,
as shown in Fig. 3(d). As a result, �E increases to 1.071
eV/atom, which is markedly larger than the threshold value
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FIG. 3. (a), (b) Top views of blue-P on Ag(111) and Ag2Sb,
respectively. Formation energies of single atom, cluster (P24), and
blue-P monolayer on (c) Ag(111) and (d) Ag2Sb, respectively. The
blue, gray, and brown spheres represent P, Ag, and Sb atoms,
respectively.

of 0.6 eV/atom to grow 2D monolayers. Furthermore, two P
atoms on the Ag2Sb surface tend to bond together with an
energy reduction of 1.028 eV, which also indicates that the
P atoms prefer to aggregate. Therefore, Ag2Sb is an ideal
substrate for the epitaxy of blue-P monolayer.

To gain deeper insights into the interactions of blue-P with
pure metal and alloy substrates, we compare the charge den-
sity difference of monolayer blue-P on Ag(111) and Ag2Sb,
as shown in Figs. 4(a) and 4(b). It can be clearly seen that the
amount of charge transfer between Ag(111) and monolayer
blue-P is large, which indicates that the interlayer interaction
at the interface is strong, while it is greatly decreased for
monolayer blue-P on Ag2Sb. With the decreased charge trans-
fer, the vertical distance (h) between blue-P and substrates
is increased from 2.38 Å for Ag(111) to 2.61 Å for Ag2Sb.
The h of blue-P/Ag(111) is close to the sum of covalent
radii of Ag (1.28 Å) and P (1.11 Å), i.e., 2.39 Å, while
the sum of the covalent radii of Sb (1.40 Å) and P, i.e.,
2.51 Å, is smaller than h for Ag2Sb, which indicates that the
chemical binding between blue-P and Ag2Sb is weakened.
Furthermore, Figs. 4(c) and 4(d) show the charge transfer
along the direction perpendicular to the interface, and it is
found that the charge accumulation is in the region between
blue-P and substrates. For blue-P/Ag(111), 0.18 electrons are
transferred from the topmost Ag surface to the interface of
blue-P/Ag(111), while the amount of charge transfer is 0.13
electrons for blue-P/Ag2Sb/Ag(111), indicating a stronger
interaction between the Ag(111) surface and monolayer blue-
P. If we choose the binding energy of 0.03 eV/Å2 as the
criterion for the exfoliation of 2D materials [69], the binding
energy for monolayer blue-P on the Ag2Sb surface is 0.028
eV/Å2, showing the possibility of exfoliating freestanding
blue-P in experiments. By comparison, the binding energy

FIG. 4. Charge density difference plots of blue-P on (a) Ag(111)
and (b) Ag2Sb/Ag(111). The isosurface is 0.03 e/bohr3. Averaged
plane electron density difference �ρ along the direction perpendic-
ular to the interface for (c) Ag(111) and (d) Ag2Sb/Ag(111). The
yellow and blue colors represent the accumulation and depletion of
electrons, respectively.

between blue-P and Ag(111) is 0.065 eV/Å2, which is much
stronger that it may prevent it from being exfoliated from the
Ag(111) substrate.

To examine the nucleation mechanism in the early stages of
growth, PN clusters up to N = 24 on the Ag2Sb surface were
considered in the Supplemental Material [36]. Until the P24

island appears, E cluster
form − Emonolayer

form is 0.095 eV/atom, which
has a greater energy advantage than that on Ag(111) (0.041
eV/atom) to continue self-assembly growth. With increas-
ing P coverage, P-P interactions become more important and
gradually become the major determinant of the surface struc-
ture. Thus, the P-P interaction drives P atoms to adopt their
blue-P lattice structure, giving rise to a commensurate mono-
layer. To further examine the thermal stability of blue-P on the
Ag2Sb surface alloy, we performed molecular dynamics sim-
ulations at 300 K in Fig. S2, and the blue-P monolayer retains
the structure. In addition, we extend our studies to other Ag2M
surface alloys and dig out two other candidates that could
be applied to blue-P growth, as listed in Table S3. Among
them, Ag2Bi possesses a much larger �E (1.212 eV/atom)
and Ag2Sn has a slightly smaller �E (0.640 eV/atom).

IV. CONCLUSIONS

In summary, based on the evolutionary trend of the for-
mation energy during growth, we have proposed a strategy
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to intuitively evaluate the strength of interlayer interactions.
By extensive first-principles calculations combined with nu-
merous experimental reports, we have determined an energy
threshold of 0.6 eV/atom for 2D material epitaxy. Further-
more, taking the growth of blue-P on Ag(111) as an example,
we have proposed that the surface alloy serves as a buffer layer
for growing blue-P in a heterogeneous way, enabling a tran-
sition in growth type. Combined with comparative formation
energy, charge density difference, and bonding analysis, we
have verified the feasibility of this scheme and demonstrated
the nucleation and growth process of blue-P on the Ag2Sb
surface alloy in the early stages. These theoretical results help
prescribe the fundamental principle for the choice of sub-
strates to grow 2D materials. Moreover, our work also delivers

some valuable insights into the epitaxy of multielemental 2D
materials or epitaxy using insulator substrates.
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