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Abstract
There is a lack of knowledge on the fundamental growth mechanisms governing the characteristics
of 2D materials synthesized by the chemical vapor deposition (CVD) technique and their
correlation with experimentally controllable parameters, which hindered their wafer-scale
synthesis. Here, we pursued an analytical and computational approach to access the system states
that are not experimentally viable to address these critical needs. We developed a multiscale
computational framework correlating the macroscale heat and mass flow with the mesoscale
morphology of the as-grown 2D materials by solving the coupled system of heat/mass transfer and
phase-field equations. We used hexagonal boron nitride (h-BN) as our model material and
investigated the effect of substrate enclosure on its growth kinetics and final morphology. We
revealed a lower concentration with a more uniform distribution on the substrate in an
enclosed-growth than open-growth. It leads to a more uniform size distribution of the h-BN
islands, consistent with existing experimental investigations.

1. Introduction

Atomically thin hexagonal boron nitride (h-BN) has a
wide bandgap (∼5.95 eV) [1], high thermal conduct-
ivity [2], good mechanical strength [3], and chem-
ical stability [4]. It has several potential applications
[5–7], including dielectric layers, heat exchangers,
substrates in flexible electronics [8] and energy stor-
age devices [9], and oxidation-resistant coatings of
metals [4]. A vital precondition to realize these func-
tionalities and applications is the controllable and
scalable synthesis of h-BN. Specifically, its size, mor-
phology, and number of layers should be carefully
controlled [10].

Chemical vapor deposition (CVD)-based tech-
niques are the most promising for synthesizing
wafer-scale high-quality 2D materials, such as h-BN,
graphene, and transition metal dichalcogenides
(TMDs). This interest is due to the versatility and the
vast space of control parameters of CVD growth. The
effects of growth conditions on the morphology of

CVD-grown h-BN have been experimentally invest-
igated, including the type of precursor [11–13], sub-
strate [11, 14–17], growth temperature [16, 18, 19],
precursor sublimation temperature [18, 20–22], car-
rier gas type [23], pressure [24], flow rate [18], and
growth time. These studies have shown that the h-
BN island size, shape, orientation, number of layers,
and growth kinetics are directly related to the macro-
scopic control variables. Large-area growth of high-
quality h-BN has been reported [3, 25, 26]. However,
synthesis by design and transferability of the growth
parameters from one system to another is still a chal-
lenge because of the extended design space and the h-
BN morphology’s sensitivity to the subtle changes in
growth conditions. Furthermore, it is extremely chal-
lenging to fully understand the underlying growth
mechanisms of h-BN via pure experimentation due
to the complicated interactions among the physical
and chemical processes.

Theoretical calculations and computer simula-
tions at different length and temporal scales have
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been used to explain the experimentally observed
growth morphologies of h-BN. These tools, ran-
ging from atomistic-scale first-principles calculations
and molecular dynamics (MD) simulations to meso-
scale kinetic Monte Carlo and phase-field approaches
to macroscopic heat transfer and fluid dynamics,
could shed light on the mechanisms governing the
growth of 2D materials and guide the experimental
growth [27–29]. An extensive review of these meth-
ods is presented in [30]. Density functional theory
(DFT) has been applied to calculate the anisotropic
edge energies of h-BN under different atmospheres
(B-rich, N-rich, and exposure to H2) [31–35], energy
change for h-BN islands with different orientations
on the substrate [36], and formation energy of h-BN
clusters on Cu substrate [37], which could predict
the equilibrium shape, orientation, and early-stage
geometry of h-BN nano-islands. MD simulations,
including both ab initio MD [38] and reactive MD
[39–41] techniques, have been applied to investig-
ate the nucleation mechanisms and nanoscale island
morphologies of h-BN and similar 2D materials dur-
ing CVD. Phase-field simulations [42–45] have been
performed to explain the experimentally observed
h-BN morphologies in terms of the competition
between deposition and edge diffusion [16, 46]. How-
ever, most of these existing studies focus on one or a
few aspects of CVD growth, and no attempts exist to
correlate the h-BN growth morphology with macro-
scopic CVD parameters.

Recently, multiscale and multiphysics approaches
were developed for the CVD growth of 2D mater-
ials [43, 47]. These methods capture the governing
growth mechanisms at the respective length/time
scale, semi-quantitatively reproduce the experiment-
ally observed growth morphology, and directly relate
the growth morphology with CVD parameters.
Such an approach can potentially be an alternative
to the costly and time-consuming trial-and-error
experimentations.

Here, we developed a multiscale model for the
CVD growth of h-BN. The macroscopic growth
chamber model predicts the precursor concentration
distribution on the substrate, which is then passed
to the mesoscale phase-field model and combined
with existing DFT-calculated edge energies to predict
the morphology of h-BN. The effect of an enclosure
and its geometry on the size, morphology, distribu-
tion, and growth kinetics of h-BN islands is investig-
ated and compared qualitatively with existing experi-
mental results.

2. The multiscale model formulation

The proposedmultiscale model integrates themacro-
scale model of heat and mass transfer and the meso-
scale phase-field model of the growth. We apply the
model to the low-pressure CVD growth of h-BN on a

Cu (111) substrate at 1050 ◦C, using ammonia bor-
ane (AB) as the precursor following the process elab-
orated in [10]. We used this model to systematically
investigate the effect of encapsulationwith copper foil
on the growth morphology.

2.1. Macroscale model of the growth chamber
The current macroscale multiphysics model predicts
the spatial distribution of precursor concentration,
carrier gas velocity, pressure, and temperature within
the CVD growth chamber by coupling the mass flow
(Navier–Stokes), heat transfer (conduction and con-
vection), and flow-assistedmass transport [28, 29, 43]
equations, respectively, i.e.

ρ
∂ v

∂t
+ ρ(v ·∇)v=∇·

[
−pI+µ

(
∇v+(∇v)T

)]
+ Fb, (1)

ρCp
∂T

∂t
+ ρCpv ·∇T=∇· (k∇T)+Q (2)

∂c

∂t
+ v ·∇c=∇· (D∇c)+R. (3)

We assume incompressible flow, so ρ∇· v= 0.
Here, ρ is the density, v is the velocity field, p is the
pressure, µ is the dynamic viscosity, I is the identity
matrix, Fb is the body force, cp is the heat capacity
at constant pressure, T is temperature, k is thermal
conductivity, Q is the heat source, c is the precursor
concentration,D is the diffusion coefficient in the gas
phase, and R is the source term (e.g. reaction).

These coupled equations are applied to the fur-
nace chamber for h-BN growth. The chamber is a
tube with a diameter of 4 cm and a length of 107 cm,
where the mixture of AB precursor and carrier gas
argon enters it from amixing chamber via a valvewith
a 1.5 cmdiameter. The substrate has a length of 1.8 cm
and a height of 1 mm, located at the center of the
furnace. We developed a 2D model to keep the com-
putational costs tractable. Themodel configuration is
presented in figure 1(a). The parameter values for the
growth of h-BN are listed in table 1, and the bound-
ary conditions are listed in table 2. We have normal-
ized the precursor concentration with its value at
the source for our simulations. The absolute value of
the precursor concentration in the experiments is in
the order of a few µg cc−1. Temperature distribution
over the furnace walls is measured from experiments
and shown in figure 1(b). Temperature-dependent
physical quantities are shown in figure S1 of supple-
mentary materials (available online at stacks.iop.org/
2DM/8/035033/mmedia). The governing equations
equations (1)–(3) are solved using the finite ele-
ment method and implemented in COMSOL
Multiphysics.
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Figure 1. Furnace configuration and temperature distribution. (a) Geometry and configuration of the macroscale model for the
growth chamber. The enlarged figure on the left shows the valve; the enlarged figure on the right shows the substrate and
enclosure. (b) Temperature distribution over the wall of the growth chamber. The origin of the coordinate system is located at the
entrance of the chamber.

Table 1. Parameters of the macroscale model of heat and mass
transport in the furnace.

Parameters Description Values [units]

pi Initial chamber
pressure

0.1[Torr]

po Outlet pressure 0.1[Torr]
Vpre Precursor inlet 1 [cc min−1]
Apre Precursor inlet

area
7.0686 [cm2]

VAr Argon inlet 12 [cc min−1]
AAr Argon inlet area 7.0686 [cm2]
ρ Carrier gas dens-

ity
See figure S1

Cp Carrier gas heat
capacity

See figure S1

k Carrier gas
thermal con-
ductivity

See figure S1

µ Carrier gas
dynamic viscosity

See figure S1

γ Carrier gas spe-
cific heat ratio

1.66

The solution to the coupled system of equations
(1)–(3) provides information on the distribution and
temporal variation of precursor concentration, tem-
perature, pressure, and flow rates within the furnace.
We pass the calculated precursor concentration dis-
tribution to the phase-fieldmodel to calculate the dis-
tribution and morphology of the h-BN. Specifically,
the concentration of precursors in the gas phase in
the vicinity of the substrate—i.e. the value of pre-
cursor concertation on the boundary of the volume
representing the gas phase—is used as the input of the
phase-fieldmodel.Weneglect the change in precursor

Table 2. Boundary conditions for the heat and mass transfer
equations (1)–(3).

Navier–Stokes
No-slip on walls v= 0
Normal inflow velocity v=−V0·n
Zero outlet pressure −pI+µ

(
∇v+(∇v)T

)
−

2
3µ(∇· v) I= 0

Heat transfer
Inlet −n · (−k∇T) = 0
Outflow −n · (−k∇T) = 0
On furnace wall See figure 1(b)
Flow assisted diffusion
No flux at furnace walls -n·Ni = 0
Concentration @ source Constant c0
Outflow −n ·Di∇ci
Inflow c= 0

Here Ni =−Di∇ci + vci is the flow-assisted diffusion flux.

concentration in the gas phase due to the deposition
and growth of h-BN on the substrate.

The proposed model only takes into account the
flow-assisted diffusion of the precursors and neg-
lects the chemical reactions and breakdown of spe-
cies. Implementation of these reactions requires a
comprehensive knowledge of the gas phase reac-
tion kinetics, which requires atomistic simulations
such as nudged elastic band calculations [31, 32],
ab initioMD simulations [38], and reactive MD sim-
ulations [39, 40]. We expect that implementing the
gas-phase reactions will reduce the predicted fluid
temperature, as reactions act as the heat sink. We also
defined the edge energies as functions of precursor
concentrations, which can be defined as functions
of a specific reaction product in the reactive flow
model.
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2.2. Mesoscale phase-field model
2.2.1. Model description
The mesoscale phase-field model simulates the
growth morphology of h-BN on a substrate. The
model is based on the Burton–Cabrera–Frank theory
[48] and extended from existing phase-field models
[42–44]. We made the following simplifying assump-
tions: (a) the detailed chemical reactions to form
h-BN are neglected, and the growth process is sim-
plified as the deposition of solid-state h-BN from
supersaturated h-BN gas; (b) the effect of chemical
potential difference on edge energies is neglected due
to the fixed (1:1) B:N ratio of the precursor and the
precursor is neither B-rich nor N-rich; (c) multilayer
h-BN growth is neglected; (d) the effect of elasti-
city and plasticity of the system originated from the
island/substrate misfit strain is neglected due to the
weak van der Waals interaction between Cu and h-
BN, the relatively small mismatch between Cu (111)
and h-BN, and the high computation cost for consid-
ering elasticity/plasticity on the whole substrate; and
(e) the temperature is assumed uniform on the sub-
strate as shown by the relatively flat temperature dis-
tribution in figure 1(b) neat the substrate (29–31 cm).
Thus, the growth process can be described using two
sets of continuously varying phase-field variables:
the order parameter ϕ to distinguish the substrate
(ϕ = −1) and the h-BN island (ϕ = 1), and the
reduced saturation field u to describe concentration
distribution. u is related to the precursor concentra-
tion c by u= (c−ceq)/ceq, where ceq is the equilibrium
concentration at a given temperature and pressure.
Consider a system containing several orientations of
h-BN, the total free energy F of the system can be
formulated as

F =

ˆ

V

∈

[
f(ϕi)−λug(ϕi)

+
1

2

∑
i

W(θi)
2
(∇ϕi)

2

]
dV, (4)

where each subscript i represents one specific lat-
tice orientation of the h-BN island with respect to
the substrate; ∈ is an energy scale, λ is the coupling
coefficient between ϕ and u; f(ϕi) =

∑
i

(
ϕ2i − 1

)2
+

α
∑
i̸=j

(ϕi + 1)
2(
ϕj + 1

)2
is a double-well-type func-

tion with α being a positive constant to avoid
the coexistence of two different island orienta-
tions at the same location; g(ϕi) =

ϕ5i
5 − 2ϕ3i

3 +ϕi is
an interpolation function; W(θi) =W0a(θi) is the
orientation-dependent interface thickness where θi =

arctan
(

∂yϕi

∂xϕi

)
is the local surface orientation angle

and a(θi) is the anisotropy function.
The governing kinetic equations include the

Allen–Cahn equations for ϕi and diffusion equation
for u,

1

L(θi) ∈
∂ϕi

∂t
=− 1

∈
δF
δϕi

=−f ′ (ϕi)+λug ′ (ϕi)

+∇·
[
W(θi)

2∇ϕi

]
−∇ ·

[
W(θi) ·W ′ (θi)

∂θi
∂ (∇ϕi)

]
,

(5)

∂u

∂t
=∇· [D(ϕi)∇u] +

1− h({ϕi})
2

F− 1

2

∑
i

∂ϕi

∂t
.

(6)
Here, L(θi) is an orientation-dependent inter-

face kinetic coefficient, D(ϕi) is a symmetric dif-
fusion matrix, containing the substrate diffusivity
contribution Ds and edge diffusivity contribution

De:D(ϕi) =
1−h({ϕi})

2 Ds+
[
1− h({ϕi})2

]
De, where

h({ϕi}) =−1+
∑
i
(1+ϕi) is another interpolation

function. In principle, Ds and De are all matrices; for

example, Ds =

(
Dsxx Dsxy
Dsxy Dsyy

)
. The expression ∇·

[D(ϕi)∇u] can also be written as∇j

[
Djk (ϕi)∇ku

]
in

Einstein notation, where j, k = x, y. The components
Ds

xx, D
s
xy and Ds

yy of the diffusivity matrix are differ-
ent depending on the crystal symmetry of the sub-
strate surface. F is the deposition rate of the adatoms.
F can be connected to precursor breakdown reaction
parameters evaluated from reactive MD simulations.
Note that the function 1−h({ϕi})

2 guarantees that Ds

and F vanish inside the islands, while
[
1− h({ϕi})2

]
guarantees that De only contributes to the edges. The
governing phase-field equations are solved using the
finite difference method and our in-house Fortran
code that is parallelized using the message passing
interface (MPI) standard.

To account for the nucleation of h-BN islands, an
explicit nucleation algorithm [49] based on classical
nucleation theory and Poisson seeding is introduced.
The nucleation rate I at any given time and position
can be calculated as

I= I0 exp

(
−βhet∆G∗

kBT

)
, (7)

where I0 is a prefactor related to atom jump frequency
and available nucleation sites, ∆G∗ is the activation
energy for nucleation, kB is the Boltzmann constant
and βhet is a parameter characterizing the level of het-
erogeneous nucleation. Given the total free energy
function in equation (4) and assuming the nucleation
of a circular island, the critical nucleus size r∗ and
nucleation barrier∆G∗ can be calculated by

r∗ =− 4
√
2W0

3λu [g(−1)− g(1)]
(8a)

∆G∗ =− 32π ∈W2
0

9λu [g(−1)− g(1)]
. (8b)
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Nucleation can only happen if the precursor is super-
saturated (i.e. u>0). The nucleation probabilityP can
then be calculated as

P= 1− exp(−I ·∆t) . (9)

At each grid point, P is calculated and compared
with a random number; if the random number is
smaller than P, a nucleus with the critical radius r∗

is introduced. It should be noted that r∗ decreases
with the increase of u, which may be smaller than the
interface width W0. However, by properly adjusting
βhet, nucleation can take place at proper saturation
levels with r∗ larger than W0. Of course, this treat-
ment may ignore the island nucleation and growth
process at nanoscales. Still, it also greatly reduces
the computation cost for simulating island nucle-
ation, growth, and coarsening behaviors on the whole
substrate. A more accurate treatment may be devel-
oping a multiscale simulation approach for nucle-
ation and growth of islands at different length scales
and then combine these simulations. This approach
should start from phase-field simulations at nano-
scales for selected small regions on the substrate. Then
gradually increase the simulation size when the island
size increases in the simulation region until the sim-
ulation size scale becomes large enough to capture
the growth behavior on the whole substrate. We will
develop such a multiscale scheme in the near future.

2.2.2. Parameterization
The phase-field model’s key parameters that determ-
ine the morphology and growth kinetics of the h-BN
islands can be classified into two categories, i.e. ther-
modynamic and kinetic parameters. According to 1D
analytical solutions of the phase-fieldmodel, the ther-
modynamic parameter ∈ and orientation-dependent
interface thickness W(θi) are related to the aniso-

tropic edge energy γ (θi) via
4
√
2
3 ∈W(θi) = γ (θi).

Meanwhile, γ (θi), a critical parameter for the h-BN
island shape, can be obtained from DFT calculations.
γ (θi) for arbitrary orientations is typically expressed
as [34]

γ (θi) = 2
√
γ2AC+ γ2ZZ−x −

√
3γACγZZ−x cos

×
(
θi + sgn(θi) · arctan

(√
3− 2γZZ−x

γAC

))
,

(10)

where γAC is the edge energy of the armchair (AC)
edge (located at 0◦, ±60◦, ±120◦, ±180◦), γZZ−x

is the zigzag (ZZ) edge energy with x (x = B, N)
terminations. The ZZ-B edges are located at 30◦,
150◦, and −90◦, while the ZZ-N edges are located
at 90◦, −30◦, and −150◦. However, equation (10)
is not a smooth function of θi. To avoid miss-
ing orientations in phase-field simulations, we

use a(θi) = a0
{
1+ a1

√
f0+ cos2

[
3
2

(
θi − θ0i +

π
2

)]
+

Table 3. Parameters used in phase-field simulations.

Parameters Description Values [units]

∈ Energy scale 1.021× 10−4
[J m−2]

λ Coupling
coefficient

15.96

ceq Equilibrium
precursor
concentration

10−9 [mol m−3]

W0 Interface
thickness

5 [µm]

α Constant in
f(ϕi)

10.0

a0, a1, a2, f 0 Fitting
coefficients
in a(θi)

1.0, 0.2047,−0.343,
0.001

aL0, aL1, aL2, f L0 Fitting
coefficients
in aL (θi)

−2.6912,
−0.968 901,
−0.968 876, 0.001

De/Ds Ratio between
edge and
substrate
diffusivities

10

∆t∗ Time step size 0.01
L0 Prefactor of

interface kinetic
coefficient

3.92× 104
[m2 J−1 s−1]

F Deposition rate 10−4 [s−1]
I0 Prefactor of

nucleation rate
1 [m−3 s−1]

βhet Heterogeneous
nucleation
factor

5× 10−5

θ0i Initial island
orientations

0, π
12 ,−

π
12 ,

π
6 ,−

π
6 ,

π
4

a2
√

f0+ sin
2
[
3
2

(
θi − θ0i +

π
2

)]}
, where f 0= 0.001 is

a small regularization value (0.001 for this study), θ0i
is the initial island orientation, while the coefficients
a0, a1, and a2 are fitted from existing DFT calcula-

tions [31–34] so that at θ0i = 0,
4
√
2
3 ∈W(0) = γAC,

4
√
2
3 ∈W

(
π
2

)
= γZZ - N and 4

√
2
3 ∈W

(
π
6

)
= γZZ−B.

These coefficients are listed in table 3. In addition,
the grain boundary (GB) energy between islands
with different orientations can affect the coarsen-
ing rate, which, in the current model, is controlled by
the parameter α in the expression of f(ϕi). In reality,
this GB energy should be a function of the misorient-
ation angle between adjacent islands, as described by
the Read–Shockley equation. In the current study, we
consider high angle GBs with misorientation angles
higher than 15◦ (see the difference between different
θ0i values in table 3), whose GB energy is typically
independent of misorientation angles. Therefore, we
only consider a constant α value in the simulation.
More accurate consideration of theGB energies, espe-
cially those between islands with lower misorienta-
tion angles, would rely on atomistic simulations.

The kinetic parameters in the phase-field model
include the diffusion coefficients, the interface’s

5
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Figure 2. Precursor concentration distribution on the substrate for different opening sizes. (a) Diffusivity 103 cm2 s−1.
(b) Diffusivity 104 cm2 s−1. (c) Diffusivity 105 cm2 s−1. The zero position is on the edge of the substrate located in the flow
upstream.

kinetic coefficient L(θi), and deposition rate, as listed
in table 3. Specifically, L(θi) can be expressed in a
similar way to that of W(θi), i.e. L(θi) = L0aL (θi) =

L0aL0
{
1+ aL1

√
fL0+ cos2

[
3
2

(
θi − θ0i +

π
2

)]
+

aL2
√

fL0+ sin
2
[
3
2

(
θi − θ0i +

π
2

)]}
, where fL0 = 0.001

is a small regularization value while aL0, aL1, and aL2
are fitting coefficients. Neglecting the diffusion of B
and N monomers and BN dimers, the kinetic coeffi-
cient L(θi) is proportional to the interface velocity,
and the coefficients L0, L1, and L2 can be obtained
from the DFT-predicted interface velocities of prin-
cipal h-BN edges [34]. It should be noted that in
real cases, both the diffusivity and edge mobility
can determine the h-BN edge velocities, which the
current phase-field model could well address. The
diffusivity values determine the time scale of the cur-
rent simulation. We convert the simulation time step
size ∆t∗ (in reduced unit) to real-time interval ∆t
via ∆t=W2

0∆t∗/Ds. This conversion will become
more quantitative once an accurate estimation of the
substrate diffusivity Ds is reported. In addition, we
assume the edge diffusivityDe is 10 times higher than
Ds due to the higher concentration of defects at edges.

3. Results and discussions

3.1. Precursor distribution in the growth chamber
Improvement in the growth quality of both graphene
[50] and h-BN [10, 51] has been reported by encap-
sulating the substrate, where larger and more uni-
form 2D nano-islands formed. Here, we investigate
the effect of precursor diffusivity and encapsulation
and its openings’ size on the precursor concen-
tration distribution over the substrate. Our results
revealed that the precursor concentration over the
substrate reduces and becomes more uniform for
a fixed diffusivity as the opening size reduces, see
figure 2. Furthermore, increasing the diffusivity of
precursor, e.g. by reducing the growth chamber pres-
sure while fixing the opening size, leads to higher
and more uniform precursor concentrations. For the
same diffusivity, the precursor concentration distri-
butions follow a similar pattern for different opening
sizes. The substrate’s left boundary, which is located

upstream, typically has the highest precursor concen-
tration. However, the position of the lowest precursor
concentration moves from the center of the substrate
to the right boundary with the increase of the diffus-
ivity. This is due to the dominance of flow-assisted
diffusion upstream due to higher velocity, while in
the downstream, pure diffusion is the driving force
for penetration of precursor into the encapsulated
volume. The average value of concentration increases
by increasing the diffusivity of the precursor and the
size of the opening. The on-coming velocity of the BN
precursor to the substrate is not only higher in the
case of an open substrate, but it is also nonuniform
and varies drastically normal to the substrate.

3.2. Growthmorphology and kinetics
3.2.1. Growth morphology of a single island
The growth morphology and kinetics of h-BN are
governed by several factors, including adatom depos-
ition and desorption, substrate and edge diffusivit-
ies, the precursor saturation, and the anisotropies in
edge energy, diffusivity, and mobility. These effects
are included in the current phase-field model, pre-
dicting the growth morphology of h-BN using the
CVD technique. To validate the model, we first sim-
ulated the growth of an initially circular h-BN nuc-
leus under given, uniform initial saturation and zero
deposition rate, with the anisotropic edge energies
and mobilities took from existing DFT calculations
and without nucleation of additional h-BN islands
in the system. Although several sets of h-BN edge
energies are reported, we use the data by Zhang et al
[34] considering the effect of Cu (111) substrates
and the activation energies of principal edges. Under
∆µ= 0, several different combinations of anisotrop-
ies are considered for h-BN growth on Cu (111): (a)
only edge energy anisotropy; (b) only edge mobil-
ity anisotropy; and (c) both edge energy and mobil-
ity anisotropies. With only the edge energy aniso-
tropy, the shape of the island will gradually change
from circular to equilaterally triangular with roun-
ded convex corners (figure 3(d)), with the long edge
being the ZZ-N edge, which is consistent with the
prediction from Wulff constructions shown by the
red line in figure 3(a). With only the edge mobility
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Figure 3. Theoretical predictions of h-BN island shapes on Cu (111) and corresponding phase-field simulations. (a)
Orientation-dependent edge energies and Wulff constructions, the corresponding phase-field simulation result is shown in (d);
(b) orientation-dependent edge mobilities and kinetic Wulff constructions, the corresponding phase-field simulation result is
shown in (e); (c) both edge energy and mobility anisotropies, the corresponding phase-field simulation result is shown in (f).

anisotropy, the shape of the island is mainly triangu-
lar (figure 3(e)) since the mobility of the ZZ-N edges
is significantly lower than others, which is also con-
sistent with the kinetic Wulff construction shown in
figure 3(b).With both anisotropies present, the island
will grow into an equilateral triangle with sharper
corners (figure 3(f)), which is consistent with exper-
imental observations [10], confirming that the trian-
gular h-BN islands under intermediate B:N ratio is
the outcome of the interplay between edge energy and
mobility anisotropies. Note that due to the symmetry
of the Cu (111) surface, the diffusivities are isotropic
with DSxx = DSyy,D

S
xy = 0 as shown in figures 3(c)–(f).

To see the effect of anisotropic diffusivities on h-
BN island morphologies, please see the virtual para-
metric studies included in table S1 of supplementary
materials.

3.2.2. Growth on the whole substrate
Validating our model for single island growth, we
further apply the phase-field model to predict the
h-BN nucleation and growth on the whole substrate,
assuming the substrate is a Cu single crystal with
(111) surface. The whole substrate is discretized into
3600 grid points in both x- and y-directions with a
grid spacing of ∆x = 5 µm. The concentration dis-
tributions are taken from the large-scale model of the
growth chamber. Specifically, the data for the highest
diffusivity value of 105 cm2 s−1 with different opening
sizes are used (figure 2(c)). Note that since the calcu-
lated precursor concentration distributions are in 1D,
they are fitted into analytical expressions as a func-
tion of position and are applied to the x-direction of
the substrate in the phase-field simulation, while the
distributions along the y-direction are assumed uni-
form. The deposition rates are assumed uniform for
all simulations.

The simulated island area fraction (i.e. the cov-
erage of the substrate) evolutions on substrates with
different opening sizes are shown in figure 4(a) for
growth at 1050 ◦C for up to 18 h, which show sim-
ilar growth behaviors and can be divided into three
regimes for all the cases investigated: (I) an initial
incubation regime for nucleation ranging from 0.15 h
for the fully open substrate to 4 h for 10 µm opening,
(II) a fast nucleation-dominated regime character-
ized by the rapid increase in area fraction within 2 h,
and finally (III) a growth and coarsening dominated
regime characterized by the gradual increase of area
fraction until full coverage. The overall growth kinet-
ics are analyzed based on the Johnson–Mehl–Avrami–
Kolmogorov (JMAK) equation, i.e. f = 1−exp(−ktn);
by linear fitting of ln(-ln(1 f )) vs ln t where f is
the area fraction, k is a prefactor and t is time,
the fitted slope is the growth index n, as shown
in figure 4(b). We identified prominent differences
for each growth regime, closely related to the ini-
tial precursor concentration distribution. In regime
(I), the nucleation incubation time increases with
the increase of the opening size; the fully open sub-
strate requires the shortest incubation time due to
the highest precursor concentration near the left
boundary of the substrate (see the magenta curve in
figure 2(c)). In regime (II), the slope of the area frac-
tion curve increases with the decrease of the opening
size, as quantified in figure 4(b). This phenomenon
can be attributed to the fact that the precursor con-
centration becomes more uniform with the decrease
of the opening size (see figure 2(c)), causing the
precursor concentration on the whole substrate to
reach the critical concentration for nucleation almost
simultaneously.

On the contrary, on substrates with a large pre-
cursor concentration gradient (e.g. the fully open
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Figure 4. Substrate coverage evolution as a function time for different opening sizes. (a) Area fraction vs time showing different
growth regimes. (b) JMAK analysis of the overall growth kinetics for these different opening sizes. The numbers near the fitted
lines are the fitted slopes (i.e. growth indices). (c) Growth time for different island coverages as a function of opening size.

substrate), the nucleation takes place progressively
from left to right following the concentration gradi-
ent, which is much slower. In regime (III), as shown
in figure 4(b), the slopes of the area fraction curves
are almost identical with a growth index of about 1.0,
indicating a diffusion-controlled 2D growth under
site-saturated conditions with island coarsening and
soft-impingement. The transition from regime (II)
to regime (III) is smoother for larger opening sizes
due to the large precursor concentration gradient
and the progressive nucleation: growth and coarsen-
ing already occur in nucleated regions before the
nucleation extends throughout the substrate. Unfor-
tunately, such detailed growth kinetics analysis has
not become experimentally available to make a fair
comparison with our current predictions due to
the low image resolutions taken from experiments,
limited image sizes compared to the size of the
whole substrate, and the limited number of meas-
urements of substrate coverage at different growth
times. Nevertheless, the current study can provide
semi-quantitative guidance for the experimental con-
trol of the opening size and corresponding growth
time to obtain different substrate coverages, as shown
in figure 4(c).

To further describe the simulated growth beha-
viors, we collect the growth morphologies (i.e. 2D
distribution of order parameters on the substrate)
during the simulation and show these morphologies
at representative growth stages for the five open-
ing sizes investigated in figure 4. Figure 5 shows the
simulated h-BN morphology distribution on all the
five substrates with an overall island area fraction of
10%, which corresponds to different growth times
within the same growth regime (II). As shown in
the morphology plots in figures 5(a)–(e) and quan-
tified by the area fraction vs. x-coordinate plot in
figure 5(f), the nucleated tiny h-BN islands distrib-
ute throughout the substrate for the opening size
of 10 µm, with slightly more islands distributed on
the left-hand side of the substrate due to the pre-
cursor concentration difference (see the black line in
figure 2(c)); with the increase of the substrate open-
ing size, the h-BN islands show an increasing trend to

preferentially nucleate at the left-hand side of the sub-
strates where the precursor concentration is high, due
to the increase in a precursor concentration gradient.
For example, for the 200 µm opening (figure 5(d))
and fully open (figure 5(e)) cases, almost no nucle-
ation can be observed on the right half of the sub-
strates. Meanwhile, as quantified in table 4 through
statistical analysis, both the average values and stand-
ard deviations of the h-BN islands increase with the
increase of the opening size of the substrate, indic-
ating the h-BN island distribution is more uniform
when the opening size is small. In addition, as shown
by the inset figures in figure 5, most of the h-BN
islands are triangular due to the interplay between
edge energy and edge mobility anisotropies. A few
trapezoids and bowtie-shaped island pairs are also
observed due to competitions among adjacent islands
with different orientations. These morphologies
are also consistent with experimental observations
[23, 52].

Similar behaviors of h-BN island distributions
can be observed for the overall island area fraction
of 20%, as shown in figure 6. The 20% overall area
fraction is close to the transition point from growth
regime (II) to (III) for substrate opening sizes of
10 µmand 20 µm, as shown in figure 4(a); the corres-
ponding h-BN morphologies in figures 6(a) and (b)
and the inserted figures show uniform distributions
throughout the substrate, with almost equal area frac-
tions in each of the 36 equal-sized sub-regions along
the x-axis, as shown in figure 6(f). In comparison, for
50 µm and 200 µm openings and the fully open sub-
strate, the nucleation-dominated growth regime (II)
has not finished at 20%overall area fraction, resulting
in much fewer h-BN islands near the right boundary
of the substrate.

When the overall area fraction reaches 40%, all
five cases have entered the growth regime (III). As
shown in figure 7, triangular h-BN islands with lar-
ger sizes distribute throughout the substrates, and
the island distributions are similar for all five cases.
The overall average island sizes and standard devi-
ations are also very close, as listed in table 4. How-
ever, since the initial precursor concentrations are
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Figure 5. Simulated h-BN island morphology distribution for the overall area fraction of 10%. (a) 10 µm opening at
t = 208W2

0∆t∗/Ds h; (b) 20 µm opening at t = 184W2
0∆t∗/Ds h; (c) 50 µm opening at t = 164W2

0∆t∗/Ds h; (d) 200 µm
opening at t = 148W2

0∆t∗/Ds h; (e) fully open substrate at t = 125W2
0∆t∗/Ds h; (f) area fraction distributions along the x-axis.

The substrate is divided into 36 equal-sized regions along the x-axis in this analysis. The different colors in (a)–(e) represent
different island orientations. The insert figures in (a)–(e) show 5× enlarged island morphologies at three different substrate
positions marked by the small square with white boundaries, respectively.

Table 4. Statistical analysis for the average values and standard deviations (in parentheses) of h-BN island sizes shown in figures 5–8.

Opening sizes 10% coverage 20% coverage 40% coverage t = 600W2
0∆t∗/Ds hrs

10 µm 53.0 (35.1) 82.3 (39.3) 178.0 (69.5) 258.0 (107.2)
20 µm 60.5 (37.3) 77.4 (39.8) 176.1 (68.0) 267.0 (112.6)
50 µm 66.3 (40.0) 74.7 (43.9) 170.5 (69.5) 278.0 (120.4)
200 µm 71.0 (42.4) 81.4 (48.7) 169.0 (69.0) 280.9 (125.8)
Fully open 72.9 (43.6) 90.5 (51.7) 167.7 (69.7) 292.4 (132.1)

higher at the substrate’s left boundary, especially for
substrates with larger openings, islands first nucle-
ated near the left boundary would have more time
to undergo growth and coalescence, leading to higher
volume fractions near the left boundary. This trend
becomes more evident with the increase of the open-
ing size, as shown in figure 7(f). Also, as shown by the
enlarged insert figures in figures 7(a)–(e), the island
sizes all become larger, and the island corners become
more rounded than those in figures 5 and 6. This
is due to the decrease in local supersaturation and
growth driving force as the area fraction increases,
leading to a decreasing trend of the role of anisotropic
edge mobility in island morphology.

As the growth proceeds within a growth regime
(III), the average island sizes increase, and the total
number of islands decreases. This trend is manifes-
ted in figure 8 after the growth of 600W2

0∆t∗/D s hrs
for all five cases when the overall h-BN area frac-
tions are higher than 70%.As quantified in figure 8(f),
table 4, and figure 9(a), with the increase in open-
ing size, the h-BN island distribution becomes less

uniform, which, based on the discussions above,
has been attributed to the magnitudes and distri-
butions of precursor concentrations. As shown by
the insert figures in figure 8, island sizes signific-
antly increase while the island numbers and inter-
island spacings would decrease. Adjacent islands will
impinge and compete so that larger islands sur-
vive while the smaller islands will shrink and dis-
appear; adjacent islands with the same orientation
are easier to merge to form larger islands with com-
plicated geometries since no interfacial energy exists
between them. In the future, we will formulate a
more accurate, misorientation-dependent expression
for the parameter a using atomistic simulations, tak-
ing into account the effect of different GB types on
island coalescence and coarsening.

Further growth of the islands will lead to more
significant coarsening and coalescence and a fur-
ther reduction in island numbers. It should be noted
thatwhen islandswith different orientations impinge,
another possible mechanism for coarsening is that
their orientation may rotate and evolve to achieve the
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Figure 6. Simulated h-BN island morphology distribution for the overall area fraction of 20%. (a) 10 µm opening at
t = 225W2

0∆t∗/Ds h; (b) 20 µm opening at t = 196W2
0∆t∗/Ds h; (c) 50 µm opening at t = 184W2

0∆t∗/Ds h; (d) 200 µm
opening at t = 176W2

0∆t∗/Ds h; (e) fully open substrate at t = 156W2
0∆t∗/Ds h; (f) area fraction distributions along the x-axis.

The substrate is divided into 36 equal-sized regions along the x-axis in this analysis. The different colors in (a)–(e) represent
different island orientations. The insert figures in (a)–(e) show 5× enlarged island morphologies at three different substrate
positions marked by the small square with white boundaries, respectively.

Figure 7. Simulated h-BN island morphology distribution for the overall area fraction of 40%. (a) 10 µm opening at
t = 373W2

0∆t∗/Ds h; (b) 20 µm opening at t = 347W2
0∆t∗/Ds h; (c) 50 µm opening at t = 313W2

0∆t∗/Ds h; (d) 200 µm
opening at t = 296W2

0∆t∗/Ds h; (e) fully open substrate at t = 268W2
0∆t∗/Ds h; (f) area fraction distributions along the x-axis.

The substrate is divided into 36 equal-sized regions along the x-axis in this analysis. The different colors in (a)–(e) represent
different island orientations. The insert figures in (a)–(e) show 5× enlarged island morphologies at three different substrate
positions marked by the small square with white boundaries, respectively.

same orientations. However, we have not considered
this mechanism in the current study since there is no
direct experimental evidence for thismechanism dur-
ing h-BN growth.Meanwhile, our current phase-field

model uses different order parameters to represent
different but fixed island orientations without fur-
ther evolution. The Kobayashi–Warren–Cartermodel
is suitable to deal with this problem since this model

10



2D Mater. 8 (2021) 035033 Y Ji et al

Figure 8. Simulated h-BN island morphology distribution at t = 600W2
0∆t∗/Ds h. (a) 10 µm opening; (b) 20 µm opening;

(c) 50 µm opening; (d) 200 µm opening; (e) fully open substrate; (f) area fraction distributions along the x-axis. The substrate is
divided into 36 equal-sized regions along the x-axis in this analysis. The different colors in (a)–(e) represent different island
orientations. The insert figures in (a)–(e) show 5× enlarged island morphologies at three different positions of the substrate
marked by the small square with white boundaries, respectively.

Figure 9. Simulated h-BN island size distribution for all the substrate opening sizes. (a) Island size distributions at
t = 600W2

0∆t∗/Dsh. (b) Largest island size as a function of opening size of the substrate at different substrate coverages and
growth times.

introduces the grain orientation as an order para-
meter to evolve in different islands.Wewant to imple-
ment this model in the future once the rotation of
impinged grains is experimentally observed and the
related kinetic parameters become available.

Finally, we quantify the largest h-BN island size
forms with different opening sizes for various sub-
strate coverages and growth times, as shown in
figure 9(b). The largest island size increases with the
growth time (or substrate coverage) for a given sub-
strate opening size. Under a given growth time (or
substrate coverage), the largest island size increases
with the increase of substrate opening size, especially
when the growth time (or substrate coverage) is high.

This trend is consistent with the island growth kinet-
ics already discussed since the early growth stages (low
growth time and coverage) are dominated by nucle-
ation, while prominent growth and coarsening take
place at later stages. The fully open substrate typically
has the largest single domain size compared to other
opening sizes under the same coverage or growth
time, which can be attributed to the higher precursor
concentration near the substrate’s left boundary and
the higher precursor concentration gradient. This
precursor concentration distribution would facilit-
ate the nucleation, growth and coarsening of h-BN
islands at the left boundary of the fully open substrate,
leading to larger domain sizes there.
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3.2.3. Discussions
The simulations on the full substrate in section 3.2.2
show the prominent effect of substrate opening sizes
on the resulting h-BN island distributions. This effect
is caused by the magnitudes and gradient of the ini-
tial precursor concentration, which further affects the
nucleation and growth kinetics of h-BN islands. Our
results indicate that a smaller opening size leads to
more uniform initial precursor concentration dis-
tributions on the substrate. Subsequently, it leads
to simultaneous nucleation of h-BN islands with
identical critical sizes throughout the substrate. How-
ever, in the fully open substrate, the h-BN islands
sequentially nucleate downstream with a relatively
more extended period (see regime (II) of figure 4).
Although the standard deviation of h-BN island size
increases with time (see table 4) for all cases due to
the coarsening and coalescence of islands, the vari-
ation of island sizes on substrates with smaller open-
ing sizes is still as good as that on the fully open
substrate. At t = 600W2

0∆t∗/Ds hrs with more than
70% coverage, the island size distribution shows a
similar shape for all the cases, yet the distribution’s
width slightly decreases with the decrease of opening
size (figure 9(a)). It can also be envisioned that the
differences in h-BN island distributions for different
substrate opening sizes can become more significant
if the growth rate (edge mobility and diffusivity) is
much higher. In contrast, the nucleation and depos-
ition rates become lower. In that case, the larger h-BN
island may have already grown near the left bound-
ary of the fully open substrate before nucleation takes
place near the right boundary of the substrate; in the
meantime, fewer nuclei will be introduced during the
CVD process to give each other sufficient space to
grow larger before impingement.

Due to the lack of accurate diffusivity data, we
could not make a quantitative conversion from the
phase-field simulation time to real growth time. On
the other hand, given the typical CVD growth time
between 0.5 and 3 h and assuming ∼50% coverage
can be achieved within this growth time range, we
can estimate the possible range of substrate diffusiv-
ity using the equation∆t=W2

0∆t∗/Ds, the paramet-
ers in table 3 and the data in figure 4(a). This value
range of Ds is estimated to be 5 × 10−11 m2 s−1 to
3 × 10−10 m2 s−1 at the growth temperature, which
can be checked once the Ds value is available from
either experimental measurements or theoretical
calculations.

Our results capture the same trend as reported
experimentally [10], although we could not quantit-
atively compare the island size distribution and island
growth kinetics due to lack of experimental data. The
discrepancy lies in the h-BN island size: the islands
show larger, more uniform sizes on the substrate
with closure from experimental observations [10].
We showed that the h-BN islands have a smaller size
on covered substrates, which could be due to the

longer nucleation incubation time. The current study
does not explicitly consider the defect distributions
on the substrate, which could serve as heterogen-
eous nucleation sites. Furthermore, a comprehens-
ive experimental measurement of island size distribu-
tions across the substrate at different growth times is
required.

The current simulations neglect the orientation
preference of the h-BN nuclei, which is experiment-
ally confirmed for h-BN growth on Cu (111) [22].
However, for h-BN growth onCu (100) andCu (110),
orientation selection has been reported due to the
different lattice arrangement and matching between
h-BN and Cu substrates [36]. Moreover, the sub-
strate used in most existing experimental studies is
polycrystalline. The growth morphology of h-BN on
other lattice planes of Cu and Cu polycrystals can be
predicted using the same model framework but will
be left for our future studies once the edge energies
and mobilities of h-BN on other crystal planes of Cu
become available.

4. Conclusions

We developed a multiscale framework for modeling
the growth of 2D materials using CVD-based tech-
niques. We investigated the effect of encapsulation
and closure size on nucleation and growth kinet-
ics, morphology, size, and distributions of atomic-
ally thin h-BN on Cu (111) substrates during CVD.
Our results revealed lower and more uniform pre-
cursor concentrations on the substrate for smaller
opening sizes, which lead to more uniform h-BN
islands. These predictions agree with existing exper-
imental investigations. Moreover, the current study
also provides the following detailed explanations of
the growth behaviors of the h-BN islands.

(a) The overall growth kinetics on the substrate can
be divided into three regimes dominated by dif-
ferent factors. Regime (I) is an incubation stage
for smaller opening size (10 µm and 20 µm) and
a nucleation-dominant stage for larger opening
size (50 µm and 200 µm). Regime (II) is dom-
inated by progressive nucleation until the nuclei
distribute throughout the substrate. Regime (III)
is dominated by growth and coarsening, while
the nucleation is suppressed.

(b) The initial saturation level and precursor con-
centration gradient are the two critical factors
determining the island size andmorphology dis-
tributions by controlling the nucleation rate and
nucleation number density and the time needed
to complete the nucleation process throughout
the substrate.

The current study also confirms that our
developed multiscale computation approach can be a
useful tool to investigate the effect of CVDparameters
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on the growth morphology of 2D materials in gen-
eral, which could be used to guide the experimental
synthesis of 2D materials with desired size, shape
and quality by optimizing the CVD parameters and
designing CVD chambers. For example, energetic
and kinetic parameters for phase-field simulations
are available, the developed multiscale approach can-
not only be applied to investigate and elucidate the
growth morphologies and island orientation selec-
tion behaviors of 2D h-BN and TMDs (e.g. MoS2
[53], WSe2 [54, 55], PdSe2 [56]) on various single-
crystal/polycrystalline substrates, but also be applied
to assist the design of more complicated growth
chambers during metal-organic CVD of TMDs [57],
e.g. introducing rotating substrates to obtain more
uniform island growth.
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