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Black phosphorene (BlackP) is a promising two-dimensional material for next-generation nanoelectronics
with a thickness-dependent bandgap and high carrier mobility. Yet to date, epitaxial growth of BlackP on a
proper substrate remains a daunting challenge, which in turn prevents its mass production for device applications.
Here we propose that BlackP-like group IV-VI substrates can be ideal candidates to promote epitaxial growth
of BlackP. We first show, using first-principles approaches, that BlackP is energetically and thermodynamically
stable on SnSe(001) as a representative substrate, which can be attributed to the isovalency nature and inherent
structural similarity between the two. In contrast, as a close isomer of BlackP, blue phosphorene is thermo-
dynamically unstable on SnSe(001). Next, we show that two phosphorus adatoms not only can readily form
a dimer via P-P attraction, but such dimers also can diffuse isotropically and much faster than P monomers,
both aspects highly desirable for initial growth and mass production of BlackP. Furthermore, BlackP grown
on such semiconducting substrates can be directly exploited as a platform for novel optoelectronic devices,
as demonstrated using the BlackP/SnSe heterobilayer that possesses a type-1I band alignment and favors the

formation of indirect excitons with desirable functionalities.

DOLI: 10.1103/PhysRevB.104.235415

I. INTRODUCTION

Since the mechanical exfoliation of graphene from graphite
[1], much research effort has been devoted to two-dimensional
(2D) materials, exploring their exotic properties and poten-
tial technological applications [2—4]. Beyond graphene, the
discoveries of other 2D systems, such as silicene [5], phos-
phorene [6,7], borophene [8,9], stanene [10], bismuthene [11],
tellurene [12], hexagonal boron nitride (2-BN) [13], and tran-
sition metal dichalcogenides (TMDs) [14,15], have greatly
expanded the 2D materials family. Each family member in-
vokes different synthesis methods pertaining to its unique
chemical properties and morphological structures. As we go
from initial materials discoveries to potential device appli-
cations, the success of each of the enchanted 2D materials
depends on the development of efficient and scalable meth-
ods for fabricating large-area and high-quality crystalline
samples. In this regard, epitaxial growth on proper sub-
strates has been widely explored, as representatively demon-
strated for graphene [16-19], A-BN [20,21], and other 2D
systems [22-25].

Among the rising stars of the 2D materials family, black
phosphorene (BlackP) has attracted much limelight since
its exfoliation from its bulk form, owing to its thickness-
dependent bandgap and high carrier mobility [26,27]. In
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addition to BlackP, blue phosphorene (BlueP) has also been
predicted to be an energetically comparable isomer with
unique properties of its own [28], and several substrates have
been explored to promote its epitaxial growth [29-31], in-
cluding the prediction and experimental observation of an
intriguing half-layer-by-half-layer growth mode [30,31]. To
date, extensive efforts have been made on epitaxial growth of
BlackP both theoretically [32,33] and experimentally [34-36]
as well, but with only limited success. Of particular note
was the recent experimental demonstration of epitaxial growth
of BlackP on an elegantly functionalized Si/SiO, substrate
invoking complex precursors and surface chemical reactions
[36] and growth of few-layer BlackP on mica promoted
by BlackP fragments from a bulk black phosphorus source
[37]. To fully exploit the application potentials of BlackP,
major advances are still critically needed, ideally involving
much simpler precursors and more straightforward kinetic
pathways. Such advances are likely to be enabled by the iden-
tification of more fertile substrates with optimal interfacial
couplings.

In this paper, we propose a straightforward yet concep-
tually intuitive approach to fabricating BlackP via epitaxial
growth, as promoted by BlackP-like group IV-VI substrates
that possess both structural and chemical affinities [38,39].
We first show, using first-principles approaches, that BlackP
is energetically and thermodynamically stable on SnSe(001)
as a representative substrate. In contrast, BlueP is thermody-
namically unstable on SnSe(001), due to distinct structural
dissimilarity. The vital role of structural similarity as revealed
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here is transformative, and is broadly applicable in van der
Waals (vdW) epitaxy that possesses strong lateral bonding
but weak vertical/interlayer coupling. Next, we study the
corresponding atomistic growth mechanisms and reveal that
two phosphorus adatoms not only can readily form a dimer
on SnSe(001) via effective P-P attraction, but such dimers
also can diffuse isotropically and much faster than the P
monomer counterparts, both aspects highly desirable for ini-
tial growth and eventual mass production of BlackP [40,41].
Furthermore, a BlackP overlayer grown on such semicon-
ducting substrates can be directly exploited as a platform
for novel optoelectronic devices, as demonstrated using the
BlackP/SnSe heterobilayer, which possesses a type-II band
alignment and favors the formation of indirect excitons with
desirable properties.

The paper is organized as follows. In Sec. II, we briefly
describe the model systems and details of the computational
methods. In Sec. III, we first introduce the design princi-
ple and selection of proper substrates, and then show that
the BlackP-like SnSe can be an ideal candidate substrate
to promote the epitaxial growth of BlackP based on the
first-principles calculations surrounding the energetics, ther-
modynamic stabilities, and atomistic growth mechanisms at
the initial stages. Afterwards, we reveal a type-II band align-
ment of the resulting BlackP/SnSe heterostructures, with
novel catalytic and optoelectronic properties. In the last part of
this section, we briefly discuss the physically realistic growth
aspects of the present study. Finally, we conclude in Sec. IV.

II. COMPUTATIONAL METHODS

The density functional theory (DFT) calculations were
performed using the projector-augmented wave method [42]
implemented in the Vienna ab initio simulation package
(vAsP) [43], with the Perdew-Burke-Ernzerhof (PBE) ex-
change and correlation functional [44]. The kinetic energy
cutoff of the plane-wave basis was chosen to be 400 eV, and
the Brillouin zone (BZ) was sampled by Monkhorst-Pack k&
mesh with a density of 277 x 0.02/A. To account for the vdW
interactions between P adatoms/layer and the group IV-VI
substrates, the semiempirical dispersion-corrected DFT-D3
method [45] by Grimme was employed. The convergences of
force for geometry optimization and total energy for electron
wave function self-consistency were set to be 0.02 eV/A
and 1073 eV, respectively. To obtain more reliable electronic
bandgaps, the HSE06 hybrid functional [46] was used.

To mimic a semi-infinite solid, a four-layer slab model for
the group IV-VI substrates was used with the bottom layer
fixed at their bulk positions during the structural optimization,
and a vacuum of more than 15 A was added along the direction
perpendicular to the surface. The lattice constants of bulk
SnSe were obtained by fully relaxing with variable unit cell
volumes. The a and b lattices (surface lattices) of the con-
structed supercells for BlackP/SnSe, BlueP/SnSe, and all the
adsorption systems adopt the values of the SnSe bulk because
the lattice of the substrate cannot be noticeably changed by
the overlayer or adatoms during a realistic growth process. In
addition, we have examined a (4 x 4) SnSe(001) surface and
did not observe a surface reconstruction during relaxation. To
make the demanding computation affordable, the SnSe(001)

TABLE 1. Optimized structural properties of the BlackP and
group IV-VI binary compounds, including in-plane lattice constants
(a, D), lattice anisotropy (b/a), and lattice mismatches defined
by 81 = |asheet - asubl/asub and 82 = |bsheet - bsub'/bsuba where Agheet»
Dgheets Asup, and by, are the supercell parameters of the BlackP and
group IV-VI substrates, respectively.

System a(A) b(A) b/a 81 (%) 8, (%)
BlackP 3.30 4.59 1.39 - -
GeS 3.66 4.44 1.21 9.83 3.37
GeSe 3.86 4.52 1.17 14.50 1.54
SnS 3.99 441 1.10 3.38 4.08
SnSe 4.17 453 1.08 1.07 1.32

surface was modeled using a (3 x 3) surface supercell to in-
vestigate the diffusion behaviors of P adatoms, with the aid
of the climbing-image Nudged Elastic Band (cNEB) method
[47], and the structural convergence criterion was similar to
those used in the above-mentioned structural optimization.

The ab initio molecular dynamics (AIMD) simulations
were performed to verify the thermodynamic stability. The
canonical NVT (N, number of particles; V, volume; T, temper-
ature) ensemble was adopted by using the algorithm of Nosé
thermostat [48], with the time step of 2 fs. During the AIMD
simulations, the bottom two layers of the SnSe(001) surface
were fixed at their bulk positions.

III. RESULTS AND DISCUSSIONS

A. Design principle and selection of proper substrates
for epitaxial growth of BlackP

The central design principle in our searching for fertile sub-
strates to promote epitaxial growth of BlackP is the structural
similarity and equivalence in valence electrons (isovalency).
The enabling power of the former is elegantly encoded in
the nature of vdW epitaxy, where the intralayer coupling is
strong, while the interfacial binding is rather weak, allow-
ing the structural similarity between the growing layer and
substrate to play a more decisive role in selecting the pre-
ferred growth mode. Empowered with this design principle,
we choose group IV-VI binary compounds (i.e., GeS, GeSe,
SnS, and SnSe) as candidate substrates, possessing equivalent
valence electrons per formula unit (namely, “4+6=5+15") and
usually adopting an orthorhombic layered structure similar to
black phosphorus [38,39]. In spite of the elemental difference,
both the BlackP overlayer and IV-VI substrates possess dis-
tinct ridges along one of the crystalline directions [Figs. 1(a)
and 1(b)], again a favorable aspect when epitaxial growth is
concerned. Generally, their ridge structures exhibit a larger
lattice parameter along the armchair direction (b axis) than
that along the zigzag direction (a axis). As shown in Table I,
the lattice constants of the group IV-VI substrates along the b
axis are reasonably comparable to the value of BlackP, while
those along the a axis exhibit significant increments from GeS
to SnSe. These results indicate that, even on GeS, a (1 x 1)
overlayer of BlackP would still experience a very large lattice
mismatch (§) of ~10% in one direction, which is energetically
too costly [49]. On the other hand, the lattice anisotropy
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FIG. 1. Top (upper panel) and side (lower panel) views of the atomic structures of a (a) BlackP, (b) group IV-VI monolayer, and (c) BlueP,
with the corresponding unit cells indicated by the dashed rectangles. (d) Five high-symmetry adsorption sites on SnSe(001). Side (left panel)
and top (right panel) views of the most stable configurations of (e) BlackP and (f) BlueP on SnSe(001), with the minimal matching supercells

indicated by the dashed rectangles.

(b/a) follows BlackP > GeS > GeSe > SnS > SnSe. This
observation, plus the fact that the interlayer coupling between
the BlackP overlayer and substrate is expected to be rather
weak [32], inspires us to consider superstructures that can
minimize § along both directions, as detailed next.

In searching for minimized 8, we have considered (1 x 1)
overlayers of BlackP on GeS(001) and GeSe(001), as well
as (5 x 4) superstructures of BlackP on (4 x 4) surfaces of
SnS(001) and SnSe(001), with the results shown in Table 1.
Among the candidate systems, BlackP/SnSe(001) exhibits the
lowest § of 1.07% and 1.32% along the zigzag and armchair
directions, respectively. In comparison, for BlueP with the
lattice constants of a = 3.27 A and b = 5.67 A [Fig. 1(c)] [50],
BlueP/SnSe(001) also has the lowest 6 of 4.55% and 6.12%
along the zigzag and armchair directions, respectively, given
by the matching relationship of (4 x 3) BlueP and (3 x 4)
SnSe(001). Based on these considerations, in the remaining
paper we concentrate on SnSe(001) with the lowest mis-
matches for both isomers as the representative substrate to
promote epitaxial growth.

B. Energetics and stability of BlackP/BlueP on SnSe(001)

To find the energetically stable structures of BlackP
and BlueP on SnSe(001), different initial configurations are
considered, containing one P atom placed at one of the high-
symmetry sites, defined on top of an Sn atom (T, site), an
Se atom (T} site), a bridge site between Sn and Se (B site),
and two hollow sites of Sn-Se rings (H; site and H, site)
[Fig. 1(d)]. After structural optimization, the configuration
associated with the H; site stays as the most stable structure,
as shown in Figs. 1(e) and 1(f), with the T}, T,, and B con-
figurations converting into this structure. The configuration

associated with the H, site is a metastable one. To quan-
tify the stability of both monolayers on SnSe(001), we have
calculated the binding energies per P atom, defined by Ey =
(Egw + N x E; — E\)/N. Here Eyy,, E|, and E; represent the
total energies of the substrate, one P atom in freestanding
BlackP or BlueP, and the combined system, respectively, and
N is the total number of P atoms within the supercell. The
calculated binding energies are 0.10 and 0.06 eV per P atom
for BlackP/SnSe(001) and BlueP/SnSe(001), respectively,
displaying the same relative stability trend as in the free-
standing form. Here it is also worthwhile to emphasize that,
even though both BlackP and BlueP are energetically stable
at zero temperature, the interfacial binding energies are in the
weak regime using the criterion of an earlier study [32]. The
difference in the interfacial interactions of the two systems
can be manifested by different thermodynamic stabilities, as
shown next.

In realistic experiments, such monolayers must be synthe-
sized at finite temperatures, where thermal perturbations are
bound to induce structural defects and potentially compromise
the geometrical integrity of the overlayers. To examine the
thermal stability of BlackP and BlueP on SnSe(001), we have
performed AIMD simulations at 300 K, well below the ther-
mal degradation temperature (~400°C) for few-layer BlackP
[32,51]. In these simulations, we doubled the supercell sizes
shown in Figs. 1(e) and 1(f) along both the b and a axes to
allow the systems to reconstruct freely at the given tempera-
ture. The results are contrasted in Fig. 2, showing that, after
5 ps, the BlackP monolayer retains the structure intact, while
BlueP fails to maintain the ordered structure against thermal
perturbations. Accordingly, the total energy fluctuation for
BlackP is stabilized beyond a transient period [Fig. 2(c)], con-
firming its high thermal stability; in contrast, the total energy
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FIG. 2. Contrasting thermodynamic stabilities of (a) BlackP and
(b) BlueP on SnSe (001) after 5-ps AIMD simulations at 300 K. The
corresponding energy evolutions are contrasted in (c) and (d).

for BlueP is decreasing significantly, signifying its thermal
instability. Based on these analyses, we confirm that BlackP
monolayer with energetic and thermodynamic stabilities is
highly probable to be readily synthesized on the BlackP-like
SnSe(001) substrate, while BlueP on this substrate would be
unstable at least at room temperature. Furthermore, given the
close energetic stabilities of BlackP and BlueP, their structural
transition can be induced under ambient conditions by other
physical knobs such as the pressure, as demonstrated in few-
layer BlackP and BlueP [52] or in the corresponding bulk
phases [53].

C. Atomistic mechanism in the initial growth stages of BlackP
on SnSe(001)

To reveal potential nucleation behaviors of P atoms on
SnSe(001), we investigate the adsorption of P monomers,
dimerization of two P monomers, as well as their mobilities
[40]. For the adsorption of one P atom, similar to the mono-
layer case, the H;-site adsorption configuration is found to
be most stable and the H;-site configuration is metastable.
The corresponding adsorption energy E,gs on the H; site is
—3.64 eV’ calculated by Eads = EPmono+sub - EPmono — Lsub»
where Epmono-t+sub> EPmono, and Egyp, are the total energies of
the whole system, an isolated P atom in gas phase, and
the SnSe(001) substrate respectively. When two P atoms are
placed on the surface, they prefer to form a dimer with a
P-P distance of 1.94 A rather than stay apart (see Fig. S1
in the Supplemental Material [54]). The dimer adsorption
energy is defined as E,4s = Epdim+sub — Epdim — Esub, Where
Epgim+sub and Epgim are the total energies of the combined
system and an isolated P dimer in the gas phase, respectively.
The resulting E,4 is —0.62 eV, ensuring the stability of a
P dimer on the substrate. It is noted that, even though the
energy gain upon adsorption is only 0.62 eV, the P dimers
should stay on the substrate during supersaturation of dimers
in the gas phase. As expected, the formation of a P dimer
is attributable to the isovalency nature of the overlayer and
substrate. The P-P attraction on SnSe(001) as revealed here
is distinctly different from the repulsive interactions on sev-
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FIG. 3. (a) Side views of the initial state (IS, left panel) and final
state (FS, right panel) for a P dimer desorption process on SnSe(001).
The minimal distance d between the dimer and substrate is 2.99 and
10.07 A, respectively. (b) Energy Profile of the desorption process.
(c) Schematic representation of the diffusion pathway of a P adatom
from the surface to subsurface on SnSe(001), and the corresponding
energy profile is given in (d). TS represents the transition state.

eral other substrates studied previously, including Cu(111),
Au(111), and GaN(001) [30,55]. Such an attractive behavior
of the P adatoms is clearly advantageous to the islanding
and subsequent growth of phosphorene overlayers. Further-
more, we have calculated the desorption energy barrier of a
P dimer from the substrate to the gas phase to be 0.65 eV
[see Figs. 3(a) and 3(b)]. Here, the most stable adsorption
configuration is taken as the initial state, and an optimized
adsorption configuration with the minimal distance d between
the P dimer and substrate being 10.07 A serves as the fi-
nal state in carrying out the cNEB calculations. In addition,
we have estimated the dissociation energy of a P dimer on
the substrate to be —2.01 eV, which is defined as Egiso =
Epdim+sub — 2 X Epmono+sub + Esup- Such a large dissociation
energy further confirms the stability of the P ad-dimers.
Beyond adsorption, the mobility of monomers and dimers
is another vital kinetic aspect in epitaxial growth, especially
with regard to fabricating large-area and homogeneous
samples. To this end, we explore different possible diffusion
pathways for migration of both P monomers and dimers
on SnSe(001). For a P monomer moving between two
neighboring H; sites, the structural asymmetry of the
substrate results in two distinct diffusion pathways, one along
the armchair direction (H; — A;), and the other along the
zigzag direction (H; — Z;), as shown in Fig. 4(a), with
the corresponding diffusion barriers of 0.61 and 0.91 eV
[Fig. 4(b)]. We have also calculated the diffusion barrier
of a P monomer between the neighboring H; and H; sites,
showing a much larger value than the above two. For P-P
dimers as shown in Figs. 4(c) and 4(d), the diffusion barriers
are significantly reduced to 0.43 and 0.41 eV along the zigzag
and armchair directions, respectively, yielding a high reaction
rate of 1.91 x 10 s~! at 300 K. The reaction rate is estimated
by the Arrhenius equation of A exp[—E,/(KgT )], where E,
is the diffusion barrier, Kg the Boltzmann constant, 7' the
temperature, and the prefactor A is ~10'3 s~!. Crucially, the
dimer diffusion barriers are substantially lower than the dimer
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FIG. 4. (a) Diffusion pathways of a P monomer on SnSe(001),
and the corresponding energy profiles along the armchair and zigzag
directions are presented in (b). (c) and (d) Same as (a) and (b), but for
the case of an adsorbed P-P dimer. The solid and dotted black balls
represent the initial and final positions of the P adatom or dimer,
respectively.

desorption barrier (0.65 eV), ensuring sufficient mobilities of
the P dimers on the substrate at proper growth temperatures at
which the dimers do not desorb effectively from the substrate
at the supersaturation conditions. A more subtle aspect is that
the diffusions of P-P dimers are essentially isotropic over the
entire surface, which is hugely beneficial for fabricating large-
area and homogeneous samples [40]. The underlying reason
of a stable and fast diffusing dimer on SnSe(001) is inherently
rooted in the relative binding strengths of P-P and P-substrates
[56]. Here we note that such dimer feeding behaviors have
also been proposed in the initial growth stages of graphene on
Cu substrates [41], resulting in the growth of large-area and
high-quality samples as observed [16,57]. From a fundamen-
tal aspect, future definitive experimental validations of such
dimer dominant growth modes in either graphene or phos-
phorene epitaxy on proper substrates would further enrich our
understanding of atomistic mechanisms in nonequilibrium
growth [40,58].

To examine the tendency of the P adatoms diving into the
subsurface, we further investigate the adsorption energetics
and selective diffusion barriers of a P monomer and a P-P
dimer in the subsurface of SnSe. We find that both the P
monomer and dimer on the subsurface are less stable than that
on the surface, by 0.44 and 0.71 eV /P atom, respectively. The
diffusion barrier of a P adatom from the surface to subsurface
is 0.94 eV [Figs. 3(c) and 3(d)]. Though this barrier is com-
parable to that on the surface, the reverse process of a P atom
returning from the subsurface to surface has a much lower
barrier of 0.50 eV, leading to the high preference of the P
atoms to the surface. Based on these calculations, we conclude
that the P atoms highly prefer to stay on the surface rather
than diving into the subsurface. Overall, we infer that the P
adatoms can readily form P-P dimers, and once formed such
dimers can even much more rapidly diffuse and join growing
phosphorene islands on SnSe(001), leading to the formation
of larger islands that prefer to adopt the energetically favor-
able and thermodynamically stable BlackP.
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FIG. 5. (a) Band structure and density of states (DOS) of a
BlackP/SnSe heterobilayer, calculated using the HSE06 method.
(b) Schematic representation of the corresponding type-II band
alignment. Here, an electron and a hole within an indirect exciton
are separated by a built-in interlayer field. (c) Band structure and
(d) DOS of a BlackP monolayer on a SnSe(001) surface modeled
by a four-layer slab with the bottom layer fixed at its bulk position,
obtained within the PBE scheme.

D. Type-II band alignment and indirect excitons in BlackP
on SnSe(001)

The anticipated success in the synthesis of BlackP on the
semiconducting SnSe substrate will not only overcome the
standing challenge of its epitaxial growth, but also offer a
physically realistic material platform to explore its emergent
properties and potential applications, even without the need
to transfer. Here, by taking the BlackP/SnSe heterobilayer
as an example, we highlight two aspects to illustrate the
expected significance of such heterostructures in the fast-
growing field of 2D materials physics, namely, the type-1I
electronic band alignment, and the indirect excitons. We first
calculate the electronic structures of BlackP and SnSe mono-
layers, as presented in Fig. S2 in the Supplemental Material
[54]. The band structures indicate that the BlackP mono-
layer possesses a direct bandgap of 1.52 eV at the I point,
while the SnSe monolayer exhibits an indirect bandgap of
1.61 eV. The BlackP/SnSe heterobilayer is further calculated
to exhibit an indirect band gap of 1.09 eV, with the valence
band maximum (VBM) dominated by the SnSe layer and
conduction band minimum (CBM) mainly contributed by the
BlackP layer, as shown in [Fig. 5(a)]. Such features char-
acterize the BlackP and SnSe monolayers to form a type-II
band alignment through the vdW interactions [59,60]. In-
deed, our calculations reveal that the CBM and VBM of
the BlackP monolayer are, respectively, lower in energy than
that of the SnSe monolayer, with the valence and conduction
band offsets of the heterobilayer being AEvgy = 0.21eV
and AEcgm = 0.29eV [Fig. 5(b)]. These band edges are the
relevant states upon optical excitation, and the lowest-energy
electron-hole pairs are thus spatially separated in the BlackP
and SnSe layers, forming indirect excitons [60—-65]. Our de-
tailed calculations also show that such a distinct feature is
preserved even when the SnSe layer is further increased to

235415-5



MUZAFFAR, WANG, ZHANG, CUI, AND ZHANG

PHYSICAL REVIEW B 104, 235415 (2021)

the multilayer regime [Figs. 5(c) and 5(d)]. Here we note that
quantitatively reliable determinations of the binding energies
of such excitons defined in the heterostructures are technically
demanding, especially within the state-of-the-art GW -Bethe-
Salpeter equation (GW -BSE) approach [66—69], but their very
existence and indirect nature are unquestionable.

Given the spatially separated or indirect nature of the exci-
tons in such heterostructures, various superior functionalities
can be envisioned, as such excitons will have longer life-
time and higher mobility. One is from the individual exciton
level, namely, the heterostructures may have desirable pho-
tocatalytic performance in energy conversion processes such
as photolysis [70]. The other is from the collective level,
namely, such indirect excitons beyond the widely studied
TMD heterostructures can serve as new and advantageous
materials for realizing exciton condensation [71,72]. In par-
ticular, when compared with the TMD heterostructures, the
present heterobilayer consists of elemental BlackP monolayer
as one constituent layer, which has higher carrier mobility.
Furthermore, SnSe is a well-known ferroelectric 2D material
[73,74], offering an extra degree of freedom in the tunability.

E. Growth perspective/prospectives

Here, we briefly discuss the physically realistic growth
aspects of the present study. First, the enabling power of isova-
lency and isostructure as a new design principle as introduced
here was already partially supported by the recent experimen-
tal growth of BlackP-like antimonene on the SnSe substrate by
molecular beam epitaxy [75]. Even though the importance of
the isostructural aspect was not explicitly recognized or em-
phasized, the preference of the antimonene in the BlackP-like
phase (¢-antimonene) to the BlueP-like phase (3-antimonene)
can now be attributed to the promotion of the BlackP-like
SnSe substrate. In contrast, many other substrates have been
shown to prefer the growth of S-antimonene [76—-80]. Stimu-
lated by the central idea of this work, an experimental effort
has further demonstrated the enabling power of structural
similarity in vdW epitaxy by successfully growing various
binary group-V alloys in the BlackP-like phase with tunable
electronic properties [81]. Secondly, besides the proper choice
of a substrate, another crucial factor in growth of BlackP is
the source of phosphorus. A typical phosphorus source will
supply vaporous P4 molecules at relatively low temperatures,
and such P4 molecules start to dissociate to P, above 800°C

[29], which is comparable to the melting temperature of the
SnSe substrate (at 861°C). To avoid damaging the substrate,
proper phosphorus sources such as InP [31] can be used, or
alternatively a valve phosphorus cracker can be applied to
generate P, molecules, which are also predicted here to be the
main feeding species during the growth of BlackP on SnSe.
We expect such efforts will not only lead to realization of
the epitaxial growth of BlackP, but will also offer unprece-
dented insights into the underlying atomistic growth kinetics
involved [40,58].

IV. CONCLUSIONS

In conclusion, following the intuitive structural similar-
ity consideration and isovalency rule, we have identified a
BlackP-like IV-VI substrate, namely, SnSe(001), as an ideal
candidate to promote epitaxial growth of BlackP. Our com-
parative studies have shown that BlackP is energetically and
thermodynamically stable on SnSe(001); in contrast, the en-
ergetically degenerate isomer of BlueP on SnSe(001) would
be unstable against thermodynamic disturbance. Furthermore,
we have revealed that two phosphorus adatoms not only can
readily form a dimer on SnSe(001), but such dimers also can
diffuse isotropically and much faster than the P monomer
counterparts, both aspects highly desirable for further growth
and eventual mass production of BlackP. Moreover, the re-
sulting heterostructures have been shown to exhibit a type-II
band alignment, offering physically realistic platforms for
realization of indirect excitons that in turn can be exploited
for various emergent properties and superior functionalities.
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