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The Transition Metal Surface Passivated Edges of Hexagonal
Boron Nitride (h-BN) and the Mechanism of h-BN’s Chemical
Vapor Deposition (CVD) Growth

Ruigi Zhao,** Feifei Li,® Zhirong Liu,° Zhongfan Liu,® and Feng Ding,"*

Edge structure and stability are crucial in determining both the morphology and the growth behaviours of hexagonal
boron nitride (h-BN) domains in chemical vapour deposition (CVD) growth under the near thermal equilibrium condition.
In this study, various edges of h-BN on three typical transition metal surfaces used for h-BN’s CVD growth, Cu(111), Ni(111)
and Rh(111), are explored with density functional theory calculations. Different from that in vacuum, our study presents
that the formation of non-hexagonal rings, such as pentagon, heptagon or their pairs, are energetically not preferred and
both zigzag (ZZ) edges are more stable than the armchair (AC) edge on all the explored catalyst surfaces under the typical
condition of h-BN’s CVD growth, which explains the broad experimental observation of triangular h-BN domains. More
importantly, our results indicate that, instead of pristine ZZ edge terminated with nitrogen atoms (ZZN), the triangular BN
domains observed in experiments are likely to be enclosed with ZZ Klein edges having dangling atoms, ZZB + N or ZZN + B.
Composed with binary composition. By applying the theory of Wulff construction, we predicted that the equilibrium shape
of a BN domain could be a hexagon enclosed with nitrogen-rich AC edges, triangles enclosed with two different types of ZZ
Klein edges or a hexagon enclosed with boron-rich AC edges if the growth is under N-rich, neutral or B-rich environment,
respectively. This study presents how the edges and equilibrium shapes of h-BN domains can be controlled during the CVD

synthesis and provides a guideline for further exploring the growth behaviours and improving the quality of CVD-prepared

h-BN

1. Introduction

The absence of a gap in graphene hinders its applications in
many fields. For this reason, 2D semiconductors have recently
emerged for their possible use in optoelectronics“. Among
them, hexagonal boron nitride (h-BN) has attracted
considerable attention. Besides its intrinsic high bandgap, h-BN
can also introduce a gap in graphene and retain the high
carrier mobility by forming intralayer hybrid structures with
carbon atoms*® or being used as atomic flat substrate™®*?. A
primary prerequisite of applications is to synthesize high
quality h-BN in large scale. To this end, transition metal
catalysed chemical vapor deposition (CVD) growth with
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films.

borazine (N3BsHe)'>** and ammonia borane (NH;-BH3)'**® as

BN precursors is a promising approach. Single-layer h-BN has
been synthesized on various transition metal surfaces, such as
cu(111),” Ni(111),"® 1r(111),"® Pt(111),>°** Rh(111),??
Ru(0001)26'29 and so on. However, the as-produced h-BN films
usually suffer from many defects, such as voids and linear
grain boundaries.”® Therefore, understanding the mechanisms
that govern the behaviour of h-BN growth on the transition
metal surfaces at atomistic level is very important for further
improving the quality of CVD synthesized h-BN samples.

The structures and stabilities of various edges are crucially
important in determining the optimal shapes and the growth
behaviours of 2D materials. Our previous study on the
stabilities of free-standing h-BN edges in vacuum has shown
that both the self-reconstructions and the chemical potential
difference between B and N can greatly influence the edge
structures and the stabilities.> Previously, it was reported that
the transition metal passivation also contributes greatly to the
structures and stabilities of the edges and can further
influence the growth behaviours of CVD-grown graphene.31’32
Similarly to the synthesis of graphene, various transition metal
substrates are used as catalysts in the synthesis of h-BN.
However, the role of metal substrates in the growth of h-BN,
such as the influence on the edge structures and the growth
kinetics, remains unexplored until now. Here, we studied the
edge reconstructions and stabilities of h-BN on the (111)
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surface of three typical transition metals for h-BN CVD growth,
Cu, Ni and Rh. Our study shows that the edge stabilities of h-
BN are distinctly different from that in vacuum due to the
strong interaction between the metal surface and the edge
atoms of h-BN domains. Two types of ZZ Klein edgesgg’34 with
dangling atoms, namely ZZB + N and ZZN + B, are the most
stable ones on all metal substrates considered. Besides, the
stabilities of the edges, the equilibrium shapes of h-BN
domains as a function of chemical potential difference in
vacuum, with H-termination and on the three metal surfaces,
are presented and compared with experimental observations.
We further showed that the growth behaviours of an h-BN
domain could be controlled by selecting catalyst surfaces or
tuning the experimental conditions. This work reveals the vital
roles of transition metals in the synthesis of high quality CVD-
grown h-BN.

2. Computational details

In this work, spin-polarized density functional theory (DFT)
calculations were performed to study the reconstructions and

stabilities of metal surface passivated various edges of h-BN

crystal. The projector-augmented-wave (PAW)
pseudopotentials‘r”36 was used for the core-electron
interactions and Perdew-Burke-Ernzerhof (PBE) type
generalized gradient approximation (GGA) was adopted for

. . 37,38 . .
exchange-correlation functional as implemented in the

Vienna Ab initio Simulation Package (VASP). The comparison
with the resulted calculated by the Van der Waals (VDW)
functional proved that the PBE calculation is reliable because
the formation energy of the h-BN are mainly contributed by
the chemical binding between the edge atom and the catalyst
surface. And similar standard DFT schemes were used to solve

problems like this.332

The kinetic energy cutoff for the plane
wave basis was set as 400 eV and the energy convergence
criterion of 10™® eV was adopted in all calculations. The
distances between both edges of BN nanoribbon (BNNR) and
two BNNRs in neighbouring unit cells were set to be greater

than 10 A to ensure their interaction is negligible.

(a)

(b)

(c) (d)

Fig. 1 Top and side views of relaxed models used to calculate the formation energies of different h-BN edges on transition metal surfaces:
triangular h-BN flakes enclosed with pristine zigzag edges terminated with N atoms (namely ZZN) (a) and B atoms (namely ZZB) (b), (c) BNNR
constructed with pristine ZZB edge (left) and reconstructed ZZN edge, ZZN57 (right), (d) BNNR constructed with pristine armchair (AC) edges. The
boron and nitrogen atoms are shown in pink and blue (the atoms on the edges are highlighted in red and yellow), respectively. The metal atoms
are shown from green to light green according to their depth from top to bottom. The red dashed rectangular boxes represent repeated unit

cells adopted in DFT calculations.

Similar to graphene nanoribbons (GNRs), the edges of h-BN
can be classified into zigzag (ZZ), armchair (AC) and chiral ones
except that the zigzag edges can be further classified into ZZN
(Fig. 1a) and ZZB (Fig. 1b) due to its binary composition.3°'39
The nomenclature of other reconstructed edges is in
consistent with that used in our previous work.>® The edge
stabilities are measured by their formation energies, y.4°
Metal-supported N- and B-terminated triangular h-BN flakes
(see Fig. 1a and b) were used to calculate y of pristine ZZN and
ZZB edges and only —point was considered in the DFT
calculations due to the large unit cell size. BNNR models were
used to calculate y of reconstructed ZZ (Fig. 1c) and
AC (Fig. 1d) and the

pristine/reconstructed edges

2| J. Name., 2012, 00, 1-3

Monkhorst-Pack®*! grid sampling with different meshes was
used to carry out the reciprocal space integrations. A three
layered slab with the bottom layer fixed was used to mimic the
bulk metals. Representative relaxed models seen from top and
lateral are shown in Fig. 1. Here, Cu(111), Ni(111) and Rh(111)
were selected because of their extensive applications in CVD
growth of h-BN*3171823 409 potential possibilities in obtaining
high quality h-BN*%. For Cu and Ni, the metal lattice is
compressed or expanded to match that of h-BN due to the
very small lattice mismatch [1.7% for Cu(111) and -0.84% for
Ni(111)].43 As reported in previous work, the current scheme is
31,43,44 Rh, both expansion of h-BN

compression of Rh are implemented in order to reach a

reliable. For and

This journal is © The Royal Society of Chemistry 20xx
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compromise in lattice matching between BN and Rh(111) due
to the relative significant lattice mismatch (6.7%).13 For BN on
Cu(111) and Ni(111), a supercell of 34.82 x 5.02 x 20 A® (8.71 x
25.13 x 20 A3) with a k-point mesh of 1 x 7 x 1 (5 x 1 x 1) was
used to calculate y of (pristine and
reconstructed AC) edges. For h-BN on Rh(111), a supercell of
36.02 x 5. 20 x 20 A (9.00 x 26.00 x 20 A*) was used in all of
the calculations. Nine (six) rows of zigzag (armchair) BNNRs
with the middle three (two) rows fixed with a height of 3 A to
mimic infinite h-BN were put on metal surface.

reconstructed Z7Z

There are three high symmetric sites on metal surfaces for B
or N atoms, which produces six different structures of h-BN on
a metal surface. The six configurations were studied carefully
(see Part 1 and Fig. S1 in the electronic supplementary
information, ESI) and the one with B adopting hcp position and
N taking the top site was proved most stable and therefore
was used in our simulations.

For pristine ZZN and ZZB, the formation energy of the edge
is defined as:

_ Egnm—npvpgn—nnun—pg—Em _ o A

Yzzn = 3L =VYzzn — 3 (1)
_ Egnm—npnupyn—npig—MUn—En _ _ 0o Iy

Yzzp = 3L =Yzzpt+ 3, (2)

For pristine AC edge, yac can be defined as:

Yac = EBN,M—WZB:MBN—EM ) (3)
For reconstructed ZZ/AC edges, take ZZN57 as an example,

Yzzns7 iS obtained by:

Yzzns7 = —EBN’M_niNMBN_EM (4)
In Egs. (1)-(4), Esn_m and Ey, are the calculated energies of BN

flakes/BNNRs on metal surface and the metal substrate,

—YzzB,

respectively; ngy is the number of BN pairs, ugy is the energy of
a BN pair in freestanding h-BN sheet, ny (ng) is the number of
extra N(B) atoms in the triangular BN flakes, L is the length of
the BN edge in the unit of nanometer, and the factor 2 or 3
accounts for the number of identical edges in each model
considered, 2 for the BNNR models and 3 for the triangular
domain models.

For the regular edges with orientation angles of - 30° (ZZN),
0° (AC) and 30° (zZZB), the formation energies can be directly
calculated by using the models shown in Fig. 1 and Eqgs. (1)-(4).
For other edges composed with both AC and ZZ sites, their
formation energies can be obtained by using the following
analytical expression proposed by Liu et al. 40,45

y(X) = lyolcos(x + O), (5-1)
where
[Yol = ZJ(YACZ + Yzzx? — V3YacYzzx), (5-2)
Yzzx = Yzzs, C = arctanm’f{;:y"‘* ,for 0°<y <30°, (5-3)
or
Yzzx = Yzn, € = —arctan 22tz , for-30°<y<0°  (5-4)

This journal is © The Royal Society of Chemistry 20xx

Composed with binary composition, the edge stabilities can
be further tuned by varying the chemical potential difference
between B and N. Assuming that

Hen = Mg T+ L,
the chemical potentials of B and N can be written as:
s = 0.5y + Ay, (7-1)
Hn = 0.5y — Dy, (7-2)
where Ay is the chemical potential difference and is defined as

(6)

Ay = (g - u,\,)/2.30'40 The edge formation energies, y%ZN and
Y%zs in Egs. (1) and (2) are obtained in case with Au = 0. For
edges with additional B/N atoms, N*Au, where N is the
number of additional atoms per unit length must be
considered in the definition of the edge formation energy.
More details about the energy expressions as functions of Au

can be found in Table S1.

3. Results and discussion

Figure 1 shows the top and side views of the relaxed
configurations of some typical atomic models used in our
simulations. From the side views we can see that the edge
atoms, especially the B atoms, tend to move towards the
metal surface, indicating a strong binding between the edge
atoms and underlying metal surface. In this study, we have
explored twelve carefully designed edges. Their relaxed
configurations are shown in Fig. 2.

In order to achieve an overall understanding on the effect of
metal passivation, we plot the formation energies (Au = 0) of
some stable edges on metal surfaces in Fig. 3(a). For a
comparison, the formation energies of the pristine edges and
hydrogen terminated ones are also shown. More results
including the formation energies and the relationship between
the edge energies and the chemical potential difference
between B and N, are summarized in Table S1.

From Fig. 3(a) we can see that, among the pristine edges,
the AC edge is the most stable one followed by the ZZB + N
and ZZN57 edges. While, if the edges are terminated with H
atoms, the pristine ZZN edge becomes the most stable one
followed with the ZZB + N and AC. Differently, once the edges
are passivated by a metal surface, the Klein ZZ edge, ZZB + N
becomes the most stable one on all of the three explored
catalysts. Compared with the pristine edge, the formation
energies of the ZZB + N edge is significantly lowered by 5.14
eV/nm (52%), 6.58 eV/nm (67%), and 7.56 eV/nm (77%) on
Cu(111), Ni(111), and Rh(111) surfaces, respectively. Although
the stabilities of the other two edges, ZZN and AC, highly
depend on underlying metal surfaces( for example, the
Cu(111) passivated ZZN edge is more stable than the AC edge,
while they are nearly equal if passivated by Ni(111) and
Rh(111)), they are also much lower than the pristine ones. In
all cases, the formation energy of a metal surface passivated
edge is always significantly lower than that of corresponding
pristine one. And a similar reduction in formation energies for
other types of edges can be found as well (see Table S1). In a

J. Name., 2013, 00, 1-3 | 3
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word, all the edge stabilities of h-BN can be remarkably
improved by the passivation of underlying metal surfaces.
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Fig. 2 Some of the low energy optimized edge structures of h-BN on the Ni(111) surface (same colour code has been used in Fig. 1).

(a) 12

Y (eV/nm)

(c)
ZZB+N "

ZZN

AC

6.84 eV/nm 4.49 eV/nm 3.09eV/nm

On Cu(111) On Ni(111) On Rh(111)
Fig. 3 (a) Formation energies (y) of the edges of free-standing h-BN (both bare and H-terminated ones are included) and h-BN on the (111)
surfaces of Cu, Ni and Rh, respectively. (b) Formation energies (y) of ZZB + N, ZZN, and AC edges of h-BN on (111) surfaces of corresponding
metals. (c) Charge difference distributions between BNNRs and underlying metals (only the parts with ZZB + N, ZZN and AC edges are shown here,
the isosurface is 0.006 /A%, the edge energies are also listed), in which red and green zones indicate gain and loss of charge, respectively. The

formation energies are obtained with Au = 0. The lines in (a) serve as guides to the eye.

The extraordinary stability of pristine bare AC edge of h-BN  effect of metal surface passivation on the stabilities of various
is attributed to the formation of triple bonds between the h-BN edges, we calculated the difference charge distributions
outermost edge atoms.*® To achieve a deep insight into the between BNNRs and underlying metal surfaces. The results of

4| J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx
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the ZZB + N, ZZN and AC edges on three metal surfaces are
shown in Fig. 3c. From Fig. 3c we can see that all edges bend
towards the metal surfaces and an obvious charge transfer

occurs between the edge atoms and underlying metal surfaces.

Take the edge ZZB + N as an example, for h-BN on Rh(111), the
charge transfer occurs not only on the edge atoms but also on
the bulk atoms of h-BN, which leads to a flat edge on the
Rh(111) surface and an effective edge passivation. While, for
h-BN on Cu(111) and Ni(111), the charge transfer is highly
localized between the edge atoms and underlying metals,
which leads to a highly curved edge towards the metal surface.
Because of the higher activity of Ni than Cu, the edge
formation energy of h-BN on Ni(111) surface is significantly
lower than that on Cu(111) surface, which is similar as that of
graphene on Ni(111) and Cu(111).31’32 Similar stability
variations can be found in the edges of ZZN and AC. Compared
with Cu(111) and Ni(111), the edges passivated by the Rh(111)
surface have even lower formation energy, which indicates
that the activities of the three catalyst surfaces follows the
order of Cu(111) < Ni(111) < Rh(111). Besides the stabilization,

induce the
formation of local magnetism on the metal surface atoms (as
indicated by the magnetism variation shown in Table S2),
which may be interesting and deserves more detailed study.

We ignored the elemental chemical potential difference
between B and N, i.e. Au = 0, in above discussion. While,
experimentally, due to the binary composition of h-BN, Au
depends on the experimental conditions and can be easily
tuned by varying temperature and/or partial pressure of boron
and nitrogen. To include the effect of experimental
environment, we plotted the formation energies of each type
of edges and the lowest ones as functions of Au in Fig. 4. From
Fig. 4, we can see that:

(i)  The pristine ZZN appears as the most stable one only in
a narrow range of Au for h-BN on Cu(111) surface while
disappears on Ni(111) and Rh(111);
On all explored catalyst surfaces, ZZB + N or ZZN + B is
the most stable one in a large range of Ay, especially in
the vicinity of Au = 0.

the charge transfer/redistribution may also

(i)
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Fig. 4 Formation energies, y and the lowest y of edges as functions of the chemical potential difference (Ap) between B and N for h-BN on
Cu(111) (a-d), Ni(111) (e-h) and Rh(111) (i-l), respectively. The edges represented by different types of lines are also listed.

It should be noted that the most used precursors for h-BN
CVD synthesis are borazine (N3Bs;Hg) and ammonia borane
(NH3—-BHj3). This indicates that the supplies of B and N are at
very similar amount and therefore Ap can be determined
accordingly. To further verify this, we consider the cases with B
and N are supplied from the bulk and atomic phases. The
energies of molecular N, (-8.30 eV/atom) and a-boron*® (-6.67
eV/atom) are used as bulk references and the energies of
atomic N (-3.11 eV/atom) and B (-0.27 eV/atom) are used as
references of atomic phases. Therefore, the values of Au fall in
the range of

0.815eV<Au<142eyv, (8)

This journal is © The Royal Society of Chemistry 20xx

Near the chemical range indicated by Eq. (8), we can see that
ZZB + N is the most stable edge on Cu(111) and Ni(111) while
on Rh(111), ZZN + B appears the stable one (see Fig. 4d, h and
1). Besides that, ZZN is another candidate in a narrow range of
chemical potential difference on Cu(111) surface.

The results discussed above are energies for edges at
specific orientations and with high symmetries, i.e. AC, ZZ. It is
impractical to obtain the formation energies of the low
symmetric edges from direct DFT calculation because of the
very large unit cell size, so we use the analytical expression in
Eq. (5)30'40 to obtain the formation energies of those tilted
edges. The polar plots of formation energies (including h-BN
on Culll, Ni1l1l and Rh111) versus the orientation angles are

J. Name., 2013, 00, 1-3 | §
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shown in Fig. S2. With the polar plots, we can easily construct
the equilibrium shapes of h-BN domains by applying the
Wulff’s theorem.”’ The dashed lines in Fig. S2 shows the
equilibrium shapes of h-BN domains on corresponding metal
surfaces at different Au. From Fig. S2, we can see that the
shapes can be tuned by designing appropriate experimental
conditions, such as selecting appropriate metals or tuning the
ratio of B to N. Here, to show the important influence of H-
termination and metal substrates on the equilibrium shapes
clearly, we show the shape evolutions of h-BN domains as
functions of Au in Fig. 5. From Fig. 5, we can see that when Au

TR AT, eleSeset

falls in the range of [0.815 eV, 1.42 eV](corresponds to the
dark shaded area), the equilibrium shapes of pristine h-BN and
the H-terminated ones are hexagonal and triangular enclosed
with bare AC and H-terminated ZZN, respectively. Differently,
in that specific range, the h-BN domains on all of the three
metal surfaces are triangles---on Cu(111) and Ni(111), the
triangles are enclosed with ZZB + N edges, while enclosed with
ZZN + B edges on Rh(111), indicating the possibility of tuning
edge types by designing metal catalysts.

R

ZZN ZZN+B Z2ZB ZZB+N AC-Ns AC+B AC-Bs
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@
&
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| | I ]
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Fig. 5 The equilibrium shapes and edge structures of various h-BN domains: (b) the pristine ones, (c) the hydrogen-terminated ones and (d-f) the
metal surface passivated ones, versus the chemical potential difference, Au. The edges represented by different lines are shown in (a) and the
dark shaded and shaded area corresponds to the range of Au indicated by Egs. (8) and (9).

While, in real experiments, it is not difficult to change Au by
1 or 2 eV by varying growth conditions, such as by changing
the partial pressures of BH; or NH;. Thus a more practical
range of Au in real experiments is:
-leV<Au<3eV. (9)
In that range, the equilibrium shapes of h-BN domains on
metal surfaces may undergo a change from ZZB + N edged
triangle to a ZZN + B or ZZN edged triangle and the hexagonal
h-BN domains enclosed with two different types of ZZ edges
may also be observed (the shaded area in Fig. 5). It is worthy of
pointing out that ZZB + N/ZZN + B is the stable one in a quite
wide range of Au. This indicates that, instead of pristine ZZN,
the experimentally observed triangular BN domains are very

6 | J. Name., 2012, 00, 1-3

possible to be enclosed by the ZZB + N or the ZZN + B edges as
observed experimentally.28
It is very interesting to address that the growth behaviour
of h-BN on catalyst surface must be very different from that of
pristine h-BN, where the AC edge is the most stable one or
graphene, where the ZZ edge are proved to be the most stable
! Both the dominating edges, ZZN + B and ZZB + N are
terminated with a dangling atom on each unit cell as observed
experimentally. The edge structures certainly will also change
the growth kinetics of h-BN as well. The growth kinetics of h-
BN domains terminated with ZZN + B/ZZB + N and ZZB/ZZN are
shown in Fig. 6. For the ZZN or ZZB edge (Fig. 6f-j), forming a
complete new ZZ atomic chain requires two independent
steps—(i) the formation of a hexagon by adding three atoms,

This journal is © The Royal Society of Chemistry 20xx
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2N + 1B/1N + 2B and (ii) the repeatable addition of a BN unit
to form new hexagons on both shoulders of the 1D nucleus.
Differently, each step of the growth of ZZB + N/ZZN + B (Fig.
6a-e) requires the addition of a BN unit only. Such a process
should be able to greatly lower the energy required to initiate
a 1D nucleus on the ZZB + N/ZZN + B edge and greatly increase
the growth rate of h-BN. Besides, it should be noted that the
BN edges with dangling atoms have been broadly observed
experimentally.28

As discussed above, the most possible edges observed in
experiments are ZZB + N or ZZN + B. The edge stabilities of h-
BN on metals provide very useful information in controlling the
CVD growth of h-BN:

(a) (b)
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i) The metal catalysts can greatly improve the stabilities
of h-BN edges and thus should be able to lower the
nucleation barrier of BN on catalyst surface as well;

ii)  The stable edge, no matter ZZB + N or ZZN + B, contains

no non-hexagon rings. This makes the self-healing of

topological defects during the addition of B or N atoms
to the edges unnecessary and ensures the high quality
of the CVD synthesized h-BN.

The relative stabilities of the edges can be controlled by

designing experimental schemes carefully, such as

selecting appropriate metal surface as catalysts,
experimental temperatures and partial pressure of B or

N in feedstock. This will also lead to the shape control

of h-BN domains.
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Fig. 6 The growth kinetics of the ZZN + B and ZZB + N edges in comparison with that of original ZZB and ZZN edges. Top panels (a-e) present the
growth of another atomic chain on the ZZN + B (the lower one) edge and the ZZB + N edge (the upper one), where addition of a BN unit is
required for each repeatable step of growth. Bottom panels (f-j) present the growth of ZZN (the lower one) and ZZB (the upper one) edges,
where the formation of a complete hexagon by addition of 2B + 1N or 1B +2N is required to initiate the growth and the subsequent addition of a

BN unit is required for each repeatable step of growth.

4. Conclusions

In summary, we have studied the structures and stabilities
of various h-BN edges on metal surfaces with density
functional theory calculations. And the behaviours of h-BN
domains’ CVD growth are revealed as well. Our results present
that the metal surface passivation can remarkably lower the
formation energies of the h-BN edges and change the types of
stable edges. Furthermore, by varying the chemical potential
difference between B and N, the near equilibrium domain
shapes can be tuned from hexagonal to triangular enclosed
with different types of edges. Besides, in agreement with
experimental observations, our study also showed that the
observed triangular BN flakes are mostly enclosed with ZZB + N
or ZZN + B edges, which remarkably reduces the growth
kinetics and efficiently prevents the formation of topological
defects during CVD growth process. Overall, this study leads to
a deep understanding on the metal surface passivation and
growth mechanism of CVD-prepared h-BN.
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