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The two-dimensional honeycomb lattice is an important system for investigating exotic quantum physics.
Boron, the neighboring element of carbon, may form a flat monolayer honeycomb lattice, namely the
honeycomb-borophene (4-B), on the surface of specific materials. In this work, we evaluate the potential of
eight fcc metal materials, including fcc Ge, Nb, Ta, Ag, Ti, W, Al, and Mo, as the possible substrate for epitaxial
h-B growth through the first-principles calculations. We find that Al(111) is one of the good candidates, while
other fec(111) surfaces of Nb, Ta, Ti, W, and Mo are also very likely to serve as viable substrates to support the
h-B growth, since their film-substrate binding energies are even larger than that on Al(111). It has been identified
that there is a strong charge accumulation effect between /4-B and the metal substrate to stabilize the plane /-B.
Combining the analysis from the thermodynamical and the electronic aspects, it is likely that the fcc phase of
the Ta and W, other than Al, can serve as the best substrates for #-B growth, owing to their large adhesive energy
(E,,) and strong charge-transferring effect between /-B and substrate. However, it is nearly impossible to obtain

a freestanding /-B for the same reason.
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I. INTRODUCTION

Honeycomb lattice serves as a feasible model system to
study massless Dirac fermions. Some of the exotic quan-
tum states, such as the quantum Hall effect [1,2], quantum
spin Hall effect [3—7], and quantum anomalous Hall effect
[8,9] can be obtained within the honeycomb lattice when
the electron hopping parameters or spin-orbit coupling are
purposedly tuned within a certain region. If the in-plane o
bond of a honeycomb lattice, stabilized by strong electron-
phonon interactions, is pinned to the Fermi level, the residual
electron-phonon interactions can be strong enough to yield
superconductivity [10,11]. Despite the rich physics in the
honeycomb lattice, the likelihood to experimentally obtain the
planar honeycomb lattice in solids is low, let alone a mono-
layer of honeycomb lattice on the surface of materials. Hence,
the quantum physics research somewhat hinges on whether
the planar honeycomb lattices can be made experimentally.

Graphene is the only flat and freestanding honeycomb
lattice that can be synthesized experimentally [12] by far.
Researchers have endeavored to extend this category of ma-
terials to other noncarbon elements such as boron [13-15],
silicon [16-18], germanium [19], and phosphorus to search
for graphenelike lattices. Boron is an adjacent element of
carbon and has one electron less than carbon; as such, the
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honeycomb boron layer is likely to exist on the surface if
the system is electronically doped at a high doping level to
allow the formation of the m bond. In fact, for the same
reason, the honeycomb boron layers can be found in the bulk
MgB, [10]. The low-dimensional boron allotropes, such as
fullerenes [20,21] and boron nanotubes [22], have been found
to share the same structure with carbon systems. However,
from the thermodynamic point of view, the two-dimensional
(2D) boron sheet (BS) has a rich family of low-dimensional
allotropes such as Pmmn-Bg-sheet [15], o sheet [13], B, sheet
[23], and y-Byg sheet [24], all competing with the formation
of honeycomb-borophene (4-B). Therefore, it is a challenge
to synthesize /-B in the real world.

Efforts have been made to gauge the synthesizability of the
h-B. For example, Liu et al. [25] recommended that the 2D
BS can be synthesized on metal substrates or metal boride.
Liu et al. [26] explored the stability and growth mechanism of
various BSs on Cu(111) substrates, and found that hexagonal
holes can easily occur at the edge of the triangular boron
cluster. Zhang et al. [27] studied monolayer boron adsorbed
on substrates such as Mg and Al, and found that #-B is more
energetically favorable than triangular boron sheets (-BSs) or
mixed hexagonal-triangular boron sheets (h¢-BSs). In 2018,
Li et al. [28] successfully synthesized the planar #-B by
molecular-beam epitaxy (MBE) when employing Al(111) as
the substrate, which is a milestone in the field of 4-B synthesis.

As shown from this chain of research efforts on the synthe-
sis of h-B, it indicates that finding a proper substrate that can
accommodate the h4-B growth is critical. Therefore, several
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FIG. 1. The h-B and lattice mismatch of the metals. (a) Freestanding flat 4-B and the (111) surface of ideal fcc metal. The red arrows
indicate the B-B bond lengths and the intermetal distance of the ideal metal. (b) Lattice mismatch within 4%, where the number next to the
chemical symbol is the corresponding lattice constant. The label “B” represents an ideal metal with a 0% lattice mismatch.

relevant questions are raised: (1) Are there good substrates,
other than Al, that can host the #-B growth? (2) How does the
substrate affect the growth of the 4-B thermodynamically and
electronically? (3) How strong or weak is the substrate-film
binding? Is the s-B exfoliable? To answer these questions, we
carried out the theoretical research focusing on investigating
viable substrates that can enable the growth of A-B besides
Al Eight candidate substrates, mostly the face-centered cubic
(fcc) metal phases, were evaluated via ab initio calculations.
The result showed that 4-B tends to chemically bind onto the
metal substrate to ensure the formation of planar 4-B, and the
larger the adhesive energy, the more likely the planar #-B to
exist. We predict that the fcc phase of the Ta and W can serve
as the best substrates for 4-B growth, which is better than Al.
Their larger adhesive energy can make #-B more stable but
their strong charge-transferring effect between s-B and sub-
strate makes it nearly impossible to obtain freestanding 4-B.

II. CALCULATION DETAILS

The first-principles calculations, which are based on
density-functional theory (DFT) as implemented in the Vi-
enna Ab initio Simulation Package (VASP), were employed
throughout this work to model the material systems [29].
The Perdew-Burke-Ernzerhof [30] flavor of pseudopotential
is selected to describe the exchange and correlation functions
of the system within the generalized gradient approxima-
tion framework. The pseudopotentials are generated using
the projector-augmented wave [31] method as provided along
with the VASP code. The energy cutoff for plane-wave basis
sets was set to be a fixed value of 450 eV for all calculations.
We first relax the fcc phase of the metals (Ge, Nb, Ta, Ag,

Ti, W, Al, and Mo) to 1x107® eV for energy convergence
and 0.01 eV/A for force convergence. To simulate the film
on metal substrates, the previously optimized fcc bulk phase
with eight-layers metal atoms was expanded to a 3x3 super-
cell. The vacuum thickness is always larger than 15 A for
all the slab calculations. We choose the (111) facet for the
metal substrate termination as the (111) is the most stable
surface for fcc metal and the hexagonal arrangement of atoms
matches well with the honeycomb lattices. For the surface
calculations, we fixed the bottom six layers of the substrate
to mimic the thick substrate in the real world. The DFT-D3
treatment [32,33] is used to take the van der Waals interaction
between the substrate and the film into account. The struc-
tural relaxation of energy and force convergence criteria are
1x107% eV and 0.05 eV/A, respectively. The k-point mesh
of 5x5x1 is employed for the integral over the Brillouin
zone. Meanwhile, the dipole correction [34] is incorporated
to eliminate the effects of the artificial electric field. For all
the calculations, spin polarized is considered when the volume
magnetic susceptibility of metal is greater than 1x 10~*. In the
molecular-dynamics calculations, we released all the substrate
atoms and performed simulations at 300 K under the canonical
(NVT) ensemble.

III. RESULTS AND DISCUSSION

The h-B (space group P6/mmm, No. 191) has threefold
symmetry; hence, one of the most suitable metal substrates
that can accommodate the 4-B growth should be the (111)
surface of fcc metal. To get a stable 4-B, the best-case scenario
is that the /-B is epitaxially grown on a metal substrate with
a perfectly matched lattice to minimize the strain energy. The
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FIG. 2. Schematic structures, charge densities, geometric information, and E,,. (a), (b) Top and side views of 4-B and charge densities at
the top sites and hollow sites of substrate Al. (c) The flatness of the 4-B at the hollow and top sites, as a function of the distance between the
h-B and the metal substrate. (d) The E,; of h-B grown at the top and hollow sites of the eight substrates. The E,; of the h-B grown at the

hollow sites of Al was used as a comparative benchmark for stability.

B-B bond length of the monolayer freestanding flat 4-B is
1.686 A from our calculation, which implies the lattice con-
stant that fits well the 4-B is 4.133 A for the conventional cell
of fcc metals [Fig. 1(a)].

The B-B bond is, in most cases, stiffer than metal bonds.
Therefore, a strain greater than 4% would rapidly increase the
strain energy of the #-B and the system would be thermody-
namically unstable. Filter all the possible elementary metals
(within 40 candidates), 8 of which include Ge, Nb, Ta, Ag, Ti,
W, Al, and Mo in the fcc phase fall out as the viable candidate
substrates that can match the #-B geometrically [lattice mis-
match <4%, Fig. 1(b)]. It is worth noting that, among the eight
candidates, Ag and Al are stable in the fcc phase, and they
have been experimentally evaluated in previous studies. As
mentioned above, Al is by far the only substrate that capable
of hosting the #-B via MBE synthesis [28]. Ag, although the
lattice mismatch is small, yields the BSs (like y-B,g) sheet
instead of A-B [35]. Other candidate substrates, i.e., Ge, Nb,
Ta, Ti, W, and Mo, are not fcc metals, but their fcc metastable
phases may exist as thin films and hence are worth assessing.

DFT calculations are performed to get an idea on whether
the /-B can grow on the metal substrates. It is possible that B
atoms can stay on either top or hollow sites on fcc (111) sur-
faces; hence, both the sites are evaluated for all 8 substrates,
totaling 16 cases. While the #-B may grow on both the top and
hollow sites on fcc metal, they are not necessarily flat on these
substrates. Figure 2(a) shows that the A-B is fairly planar at the
hollow sites of the Al; however, it is buckling at the top sites of
the Al with a concomitant inhomogeneous charge distribution

[Fig. 2(b)].

As shown in Fig. 2(c), the flatness of /-B, defined as the
maximum variance of the boron atom position along the ¢
axis, is shown as a function of the film-substrate distance,
which represents the binding strength between film and sub-
strate to some extent. It is obvious that the film-substrate
distance for the hollow sites is smaller than that of the top
sites as the B atom stays in the “valley.” The hollow sites tend
to create better flatness for 4-B growth, and the roughness of
h-B at the hollow sites (0.004—-0.047 A) is at least one order of
magnitude smaller than that at the top sites (0.033-1.069 A).
Therefore, the top sites might not be a good choice for grow-
ing flat #-B comparing to the hollow sites.

The film-substrate spacing at the hollow sites is 1.65, 1.63,
1.60, 1.99, 1.50, 1.65, 1.51, and 1.65 A for Ge, Nb, Ta, Ag, Ti,
W, Al, and Mo, respectively. The layer spacing of 1.54 A given
by Zhu et al. [36], for h-B growth on Al, is almost identical to
ours. The layer spacing is correlated with structural stability
and the exfoliation difficulty to a certain degree. The i#-B on
Al, although synthesizable, the small film-substrate spacing
evidences a strong binding effect, suggesting it is unlikely
to exfoliate the film from the surface. Overall, the value of
film-substrate from the calculation exhibits that the /#-B tends
to chemically, rather than physically, bind onto the metal
substrate, and the strong chemical bonding leads to flat 4-B.
Hence, it is unlikely to have a freestanding /#-B in a 2D planar
geometry; at least the chemistry or electronic structure of 4-B
prevents it from happening [13,22,37].

The adhesive energy, which is the energy
cost to peel the film off from the substrate, is
[Ewd = (Esubtrate + Efiim — Etotal)/N]. The larger the adhesive
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FIG. 3. The variation of charge density along the ¢ direction and charge transfer. (a) The variation of charge density along the ¢ axis. The
ticks of the ¢ axis are expressed in direct coordinates. The light blue (orange) region corresponds to the increase (decrease) in charge density.
(b) The charge transfer obtained by integrating the charge difference curve obtained for (a) along the ¢ axis ranges from the vacuum to the
peak of the charge difference between the film and the substrate, as a function of the first ionization energy of metals, shown as a negative
correlation. (c) The Bader charge analysis. The red (light blue) dots represent the average (individual) number of electrons gained by boron

atoms.

energy, the more stable the film is, and vice versa. Figure 2(d)
demonstrates that, for all metals, the hollow sites are
energetically preferred comparing to top sites. Generally
speaking, the E,; of the hollow sites is 0.65 ~2.17 eV
per site, larger than that of the top sites, and differences
[AE,; = E y(hollow) — E 4(top)] are 0.22, 0.27, 0.37, 0.08,
0.42, 0.16, 0.26, and 0.20 eV per site for Ge, Nb, Ta, Ag,
Ti, W, Al, and Mo, respectively. For Ag substrate, the E,;
of the hollow sites is 0.08 eV per site higher than that of the
top sites, suggesting that the #-B may also be grown at the
top sites mediated by thermal energy, strain, or other types
of perturbation. Since the hollow sites are more stable for all
metal substrates, the adhesive energy denotes the adhesive
energy of the hollow sites throughout the paper, otherwise
stated.

Our result presents that the E,; are 0.85, 2.00, 2.17, 0.65,
1.93, 2.06, 1.13, and 1.97 eV per site for Ge, Nb, Ta, Ag,
Ti, W, Al, and Mo, respectively. Previously, the #-B has been
experimentally synthesized on Al substrate by Li et al. [28].
The E,; on Al substrate from our DFT calculation is in good
agreement with the results from Zhang et al. [27] (1.10 eV
per site), but larger than the values reported by Zhu et al.
[36] as they overlooked the van der Waals interaction in their
calculations. One would assume that the larger the E 4, the
more stable the h-B is. Hence, the Nb, Ta, Ti, W, and Mo
substrates in the fcc phase may serve as a better substrate
than Al to support the #-B growth as the E,; are 2.00, 2.17,
1.93, 2.06, and 1.97 eV per site for Nb, Ta, Ti, W, and Mo,
respectively. The E,; of Ag, which is 0.65 eV per site, is
consistent with Zhang et al. (0.63 eV per site) [27], too small

to stabilize the h-B; hence, the Ag substrate does not work
experimentally towards fabricating /-B.

The ground-state electron configuration of boron is
[He]2s?2p', one electron less than the carbon atom. If an extra
electron is added to the 4-B to form a 7t bond, the boron should
behave just like the carbon; hence, the #-B becomes thermo-
dynamically stable. From the DFT calculation, we can extract
the charge-transfer effect between the substrate and film as
the charge-transfer effect is a good indicator for searching for
a viable substrate.

Figure 3(a) gives the variation of charge density along the ¢
axis when attaching s-B onto the substrate. As the h-B grows
on the substrate, the charge transfer occurs mainly within
the film and the surface metal layer of the substrate, and the
charge mainly accumulates toward the interlayer between the
two. The Nb, Ta, Ti, W, and Mo substrate in the fcc phase
can supply sufficient change transfer, comparable to the Al
substrate, to electronically dope and stabilize the 4-B. On the
Ag and Ge substrate, the charge transfer from the metal to
h-B is small, implying the weak and unstable film-substrate
coupling. It can be concluded from the data that the amount
of charge transfer is proportional to the adhesive energy.

To quantitatively evaluate the charge-transfer effect,
the charge difference curve is integrated for the h-B along
the ¢ axis ranging from the vacuum to the peak of the charge
difference between the film and substrate [Fig. 3(b)]. The
integration of the charge-transferring curve shows the number
of electrons that were transferred from the metal substrate to
the #-B. We found that the charge-transfer effect is linearly
correlated with the first ionization energy of the metal. The
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FIG. 4. Schematic structures of two other types of BSs and their E,; on Ta, W, and Al substrates. (a) The 7-BS and hz-BS from top
to bottom, respectively. (b) The E,; of three types of BSs grown on Ta, W, and Al substrates. The #-B on fcc Al, Ta, and W substrates
thermodynamically outcompetes other phases of BSs as the E,; of r-BS/substrate and hz-BS/substrate are smaller. The E,,; difference between
h-B and ¢-BS also confirms that Ta and W are superior to Al for #-B growth.

first ionization energy, as the name implies, is the energy
required for an elemental atom to lose its first outermost elec-
tron. The higher the first ionization energy, the more difficult
it is for an atom to lose one electron. The linear trend in
the figure corresponds to just this negative correlation. Al,
which has the smallest first ionization energy, is likely to
lose the most electrons; whereas the W and Ta, on the other
side of the chart, prefer to offer less excessive charge as they
have larger first ionization energy. We also found that /4-B
gains on average ~1.02 electrons per atom when contacted
with Al substrate according to the Bader charge analysis [38]
[Fig. 3(c)], in line with the 1.05 electrons per atom obtained
by Zhu et al. [36]. We infer that the first ionization energy
can be utilized as useful guidance to estimate the charge
transfer.

Considering the adhesive energy, charge transfer, and other
metrics, it implies that Ta and W are the two most likely
substrates. We carried out first-principles molecular-dynamics
calculations at 300 K for #-B on Ta and W (see Fig. S1 in the
Supplemental Material [39]), respectively. The results show
that the #-B retains its structure under 300 K; hence these
structures are dynamically stable at room temperature.

The growth of A-B may compete with a couple of BS
allotropes, such as the 7-BS and hz-BS as shown in Fig. 4(a).
Based on our calculation, it has been confirmed that the /#-B on
fcc Al, Ta, and W substrates thermodynamically outcompetes
other phases of BSs (i.e., #-BS and hz-BS) by 1.08, 0.89, and
0.53 eV per site, respectively [Fig. 4(b)].

The most stable phase of the eight metals (e.g., Ta and
W) in nature is either body-centered cubic (bcc) or hexag-
onal close packed (hcp). So, can their fcc phases be made?
Existing literature (Table I) hints that they all can have the
fcc phase under certain circumstances. Denbigh and Marcus
[40] grew fcc films of Mo and Ta on carbon, silicon oxide,
and magnesium oxide by evaporation or vapor-phase epitaxy
(VPE). Chopra et al. [41] achieved the growth of the fcc
films of Ta, Mo, and W on rocksalt by vacuum sputtering.
Marcus and Quigley [42] also observed fcc films of Ta by

electron-beam evaporation. In recent years, Shiri et al. [43]
obtained thin films of fcc Ta successfully by deposition on
silicon using magnetron sputtering (MS). The lattice parame-
ters of Ta films given by them are 4.40 A [40], 4.39 A [41],
4.42 A [42], and 4.51 A [43], respectively, with an offset of
nearly 0.1 A.

Regarding the thin-film growth for the fcc Ti, the presence
of the fcc Ti was observed by Shechtman et al. [44] through
deposition on glass substrates employing electron beam guns
in a cryopumped vacuum chamber. Saleh et al. [45,46] sub-
sequently grew thin films of fcc Ti by epitaxial growth with
Al as the substrate. Chakraborty et al. [47], Arshi et al. [48],
and Fazio et al. [49] grow Ti fcc films on silicon by direct
current magnetron sputtering (DCMS)/electron beam/vacuum
arc discharge, indicating that silicon is a good substrate for
growing fcc metals, respectively. Their measured lattice con-
stants for fcc Ti are 4.42 A [44], 4.22 A [45], 4.20 A [46],
4.16 A [47], 4.05 A [48], and 4.20 A [49], with offsets of
roughly 0.1 A, except for a few cases. Sasaki et al. [50]
prepared Nb films with fcc phase on ultrasonically vibrated
substrates using halide chemical vapor deposition (HCVD).
Kacim et al. [51] prepared fcc Mo films with impurities on
sintered polycrystalline MgO by deposition. The correspond-
ing lattice parameters are summarized in Table I. Among
these lattice constants obtained from experiments, only the
lattice constant of Ta is slightly different from the one used
in the calculations. In this respect, we performed the same
calculations using the experimental lattice constant 4.40 A for
the fcc phase of Ta and obtained the same conclusion as those
using the ideal lattice parameters.

Hence, we predict that the /#-B can be fabricated on several
other metal substrates other than Al. The trick is to first make
the metal film into the fcc phase. The metastable substrate
of Nb, Ta, Ti, W, and Mo, in the fcc phase, can bind #-B
tightly even better than the Al by 1.04 eV per site. Stability-
wise, there is an interplay between the substrate and the film,
and slight shaking on the stability on the substrate side can
lead to improved stabilization on the film side. The & bands
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TABLE I. Some research works about fcc film growth for the metals Nb, Ta, Ti, W, and Mo.

Metal Eyn (eV) ao (A) Possible substrate Method Reference
Nb 0.342 3.96 Ultrasound-vibrating substrates HCVD [50]
4.23 Silicon DCMS [52]
Ta 0.246 4.40 Carbon, SiO,, MgO Evaporation/VPE [40]
4.39 Rocksalt Vacuum sputtering [41]
4.42 MgO Evaporation [42]
4.51 Silicon Magnetron sputtering [43]
Ti 0.063 4.42 Glass Electron beam [44]
4.22 Al Epitaxial growth [45]
4.20 Al Epitaxial growth [46]
4.16 Silicon DCMS [47]
4.05 Silicon/SiO, Electron beam [48]
4.20 Silicon Vacuum arc discharge [49]
w 0.480 4.15 Glass, rocksalt, mica Sputtering [53]
4.13 Rocksalt Vacuum sputtering [41]
Mo 0.428 4.19 Rocksalt Vacuum sputtering [41]
4.18 MgO Evaporation/sputtering [51]

Eny: energy above hull, the energy of decomposition of one material into the set of most stable materials at this chemical composition, in eV
per atom. 0 eV per atom means this material is the most stable. ay: lattice parameter.

of h-B are strongly hybridized with substrates and the band
structure is deformed in these cases (see Fig. S2 [39]). Thus,
it is expected that the #-B on those substrates have different
transport properties from freestanding ones.

IV. CONCLUSION

In summary, via ab initio calculations, we studied the struc-
ture, energy, and electronic stability of the 4-B growth on fcc
Ge, Nb, Ta, Ag, Ti, W, Al, and Mo(111). Flatness, interlayer
coupling distance, and adhesive energy have been evaluated
for the A-B. It is evident that hollow sites are superior to top
sites for the accommodation of 4-B. Moreover, with fcc Nb,
Ta, Ti, W, and Mo as substrates, a better structural characteri-
zation than Al is obtained, namely, the #-B on these substrates
could be flatter with a larger layer spacing and adhesive energy
(at least 0.80 eV per atom) stronger than on Al. Following
the analysis of charge-transfer effects, we found not only a
more robust interlayer coupling strength than Al for Nb, Ta,
Ti, W, and Mo, but also the negative correlation between the
number of electrons gained and the first ionization energy of
the substrate after integrating the charge-transfer curves. Also,

the agreement of Bader charge analysis with the literature
justifies our results, for example, for Al, ~1.02 electron/site.
Among them, Ta is an optimal choice, followed by W. Their
larger adhesive energy keeps #-B more stable and almost no
charge transfer is required. Although the most stable phase of
these metals in nature is either bcc or hep, these metals are
metastable and have been experimentally prepared in the fcc
phase. We conclude that a variety of metal thin films can be
used as optimal substrates for the growth of 4-B growth with
additional advantages of being easier to grow pure h-B that is
more stable and flatter. If the #-B can be made on Ta, and W,
a worthwhile direction is to study the superconductivity with
the h-B. As it is exposed on the surface, it provides an extra
dimension for people to engineer/measure its properties.
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