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ABSTRACT: Wafer-scale monolayer two-dimensional (2D) materials have been realized by epitaxial chemical vapor deposition
(CVD) in recent years. To scale up the synthesis of 2D materials, a systematic analysis of how the growth dynamics depend on the
growth parameters is essential to unravel its mechanisms. However, the studies of CVD-grown 2D materials mostly adopted the
control variate method and considered each parameter as an independent variable, which is not comprehensive for 2D materials
growth optimization. Herein, we synthesized a representative 2D material, monolayer hexagonal boron nitride (hBN), on single-
crystalline Cu (111) by epitaxial chemical vapor deposition and varied the growth parameters to regulate the hBN domain sizes.
Furthermore, we explored the correlation between two growth parameters and provided the growth windows for large flake sizes by
the Gaussian process. This new analysis approach based on machine learning provides a more comprehensive understanding of the
growth mechanism for 2D materials.
KEYWORDS: hexagonal boron nitride, chemical vapor deposition, growth parameter, machine learning, Gaussian process

Monolayer hexagonal boron nitride (hBN), a member of
the two-dimensional (2D) material’s family, is the

thinnest insulator, exhibiting a bandgap of ∼6 eV.1 Owing to
its atomic thickness as well as chemical and thermal stability,
monolayer hBN has been extensively investigated for diverse
applications, from membrane to catalyst.2−5 Among the
different synthesis approaches, chemical vapor deposition
(CVD) is the most extensively used method for synthesizing
large-area and high-quality monolayer hBN. To improve hBN
crystallinity, researchers have focused on preparing single-
crystalline metal substrates to grow single-crystalline mono-
layer hBN.6−10 Although wafer-scale single-crystal monolayer
hBN has been synthesized via this method, the study of the
CVD growth dynamics of monolayer hBN, especially its
dependence on the growth parameters, remains elusive. One of
the reasons is the high adsorption energy of the B−N pair in
hBN on the metal surface, leading to a high nucleation density
and small grain sizes, making it difficult to keep track of the

growth trend of hBN.11,12 Therefore, the control of the
nucleation density and the flake size of monolayer hBN is
paramount to elucidate its growth mechanism for a given set of
growth parameters.
The synthesis optimization of hBN is a multivariational

problem involving several growth parameters such as the
growth temperature, the type of substrate, precursor, carrier
gas, etc. Each growth parameter not only affects the quality and
properties of hBN, such as its morphology, growth rate, flake
size, and thickness,13−15 but also has synergies, leading to a
black-box scenario. For example, the growth temperature can
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change the decomposition rate and the concentration of
precursors as well as the desorption and diffusion of precursor
species on metal substrates during the growth process.16 In this
context, a systematic understanding of the effect of these
parameters on the hBN growth is crucial for a clear explanation
of the growth mechanism and the synthesis of the desired
outcome, including the quality and reproducibility of
monolayer hBN growth. However, most studies have focused
on the individual effects of the growth parameters for hBN
synthesis due to the limited resources for analyzing the
experimental data. Furthermore, the complex correlations
between the parameters make it difficult to use traditional
computation approaches based on atomic modeling simu-
lations, such as density functional theory (DFT) and molecular
dynamics (MD).11,17 In the past decade, machine learning
(ML) techniques have become a popular tool to unravel
hidden patterns (black-box function) from nonlinear data sets
using an approximate or surrogate model while requiring lower
computational costs. For example, Gaussian processes (GP)
are an efficient surrogate model for black-box functions
because of their flexibility and ability to estimate uncertain-
ties.18 This nonlinear and nonparametric regression tool
considers the covariance matrix between experimental input
values via kernel function in GP and then interpolates the
unknown data points scattered in multidimensional input
space to predict mean and variance functions in the black-box
function.
In this work, we synthesize monolayer hBN on single-

crystalline Cu (111) substrates via low-pressure CVD. The
nucleation density and flake size of hBN are controlled by the
concentration and flow rate of the precursor, borazine, during
the growth process. Furthermore, we systematically investigate
the growth effects from single parameters to two parameters by
the GP, allowing us to explore the correlation between the
growth parameters. The result shows that borazine is the most
sensitive parameter in our experiments by quantifying the
correlated strength. Also, the growth temperature shows a
strong correlation with hydrogen and borazine flow rates due
to chemical reactions. This approach not only reveals the
effects of various growth parameters and their correlations for
the hBN synthesis but should also open new insights for the

systematic understanding of the growth mechanism of related
2D materials.
Figure 1 shows the simple flowchart of this work, which

includes three steps. The first step is the synthesis of
monolayer hBN on single-crystalline Cu (111). Because the
catalytic activity of Cu is dominated by its grain orientation, we
converted commercial polycrystalline Cu into single-crystalline
Cu (111) via a contact-free annealing process (Supporting
Information, Figure S1 and Experimental Section).7 Then, the
single-crystalline Cu (111) foils are used as the growth
substrates, providing a smooth and grain boundary-free surface
for high-quality monolayer hBN growth. The Cu (111) foils
are placed between an alumina and a sapphire plate, forming a
sandwich structure to reduce the nucleation density of hBN
and Cu evaporation (Figures 2a and S2). To prepare the
precursor for the hBN growth, we diluted liquid borazine
(B3H6N3) in argon gas in a home-built precursor chamber
(Figure 2a). Afterward, we flowed the diluted borazine
precursor, which was controlled using a mass flow controller
(MFC). The second step is to unravel the individual effect of
the CVD parameters on the hBN growth. We tuned only one
growth parameter in a given synthesis, such as the growth
temperature, the flow rate of the hydrogen gas, or the flow rate
of borazine. Afterward, we measured the lateral flake size and
nucleation density of hBN crystals on single-crystalline Cu
(111) using an optical microscope. Based on these results, we
analyzed the effects of individual parameters on the hBN
growth. The last step is to understand the correlation between
two parameters via an ML approach. In this process, GP is a
surrogate model that builds the predicted black-box function,
consisting of the mean and covariance functions through a
stochastic process from past experimental input values. This
considers the covariance matrix between input values via the
kernel function in the GP model. Therefore, we focus on the
GP that shows the covariance between input variables from a
multidimensional perspective. Equation 1 shows the Mateŕn52
kernel as a kernel function in GP.18
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Figure 1. Schematic diagram of the analysis process. Step 1: monolayer hBN growth on single-crystalline Cu (111). Cu (111) was prepared via the
converting process from polycrystalline Cu foil, and the nucleation density of hBN is influenced by borazine concentration. Step 2: individual effect
of CVD parameters for hBN growth. CVD parameters such as the growth temperature, the flow rate of the carrier gas, and the concentration of the
precursor were tuned individually during the growth process to observe the variation of lateral flake size and nucleation density of hBN. Step 3:
understanding of the correlation between CVD parameters via Gaussian process regression. The Mateŕn kernel (eq 1) is used as a kernel function
in the Gaussian process.
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where xi and xj are input points. d is the distance between two
points (xi and xj), and l is a length scale parameter. The
Mateŕn52 kernel is a stationary kernel that only depends on
the distance of two data points and computes the similarity
between two input points.
Figure 2b displays an optical image of monolayer hBN flakes

grown on single-crystalline Cu (111) foil by low-pressure
CVD. The hBN flakes exhibit triangular shapes with sizes up to
21.5 μm and well-aligned orientations, indicating their epitaxial
growth on single-crystalline Cu (111) (Figure S1). Figure 2a
shows schematics of the experimental setup of our CVD
system for the hBN growth. Borazine was filled into the
bubbler system and was stored at 0 °C by a cooler, which
prevented its self-decomposition to polyborazylene.19 Argon

gas was used as a carrier gas to deliver borazine into the
synthesis chamber. Compared to ammonia borane, which is
another popular precursor for hBN growth, borazine exhibits a
lower evaporation temperature and higher catalytic activity on
metal substrates, leading to smaller flake sizes and higher
nucleation densities. Therefore, we adopted a three-step
process to dilute the concentration of borazine. The first
step is a mixture process with pure argon gas in borazine. The
argon flow rate was precisely controlled by the first MFC, and
the mixture source was collected in a storage tank located
between the bubbler and the quartz tube. The second step is
the control process of the flow rate. The mixture source was
precisely controlled by the second MFC within a maximum
flow rate of 0.5 sccm and flowed to the quartz tube. The final

Figure 2. Monolayer hBN growth on Cu (111). (a) Schematic of the experimental setup of the CVD system for the hBN growth. (b) Triangle-
shaped flakes of monolayer hBN grown on Cu (111). (c) High-resolution STEM image of hBN. Boron and nitrogen atoms are noted by the
superposition of the ball (magenta ball: B; blue ball: N), and the intensity profile is plotted as a solid brown line. The atomic defect in the center of
the image was induced by beam damage during the measurement. (d) Raman spectrum of transferred hBN on a SiO2 substrate. The E2g peak
corresponding to the in-plane vibration of hBN is observed at the position of 1368.8 cm−1, which ensures monolayer characteristics in the range
from 1368 to 1370 cm−1. (e) High-resolution XPS B 1s and N 1s peaks of an as-grown hBN on Cu (111).
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step is to use a sandwich structure as a surface treatment of the
substrate, in which a sapphire plate covers the Cu foil on the
alumina plate. The gap between the Cu foil and the sapphire
plate is controlled by spacers with an optimized gap height of
300 μm. The sandwich structure helps to obtain a smooth Cu
surface due to the suppression of Cu evaporation and the
increase of lateral diffusion of Cu atoms, as shown in Figure
S2.20,21 Therefore, the excess of hBN nucleation sites, such as
defects and protrusions on the Cu surface, can be significantly
reduced.
Figure 2c shows a high-resolution scanning transmission

electron microscopy (STEM) image of the atomic lattice
structure of hBN monolayers. Scanning electron microscopy
(SEM) and atomic force microscopy (AFM) analysis (Figure
S3) confirm the cleanliness of the surface and the thickness of
the hBN. The AFM line profile indicates a thickness of 0.31
nm, as expected for monolayer hBN. This result is consistent
with the Raman spectrum in Figure 2d.22 As the growth time
increases, the hBN flakes increase in size and merge into a
continuous film, as shown in Figure S4. To confirm the atomic
elements of hBN, we performed X-ray photoelectron spec-
troscopy (XPS). Figure 2e shows the B 1s and N 1s core-level
peaks at 190.3 and 397.8 eV, respectively, obtained from an as-
grown hBN film on Cu (111). The stoichiometry of B and N
atoms is 1:1.09. These features indicate the good quality of the
synthesized monolayer hBN.
Figure 3a shows the plot of the nucleation density as a linear

function of the substrate temperature. The linear fitting shows

an Arrhenius activation energy of 3.63 eV, indicating a higher
energy barrier for the hBN molecules to adsorb on the copper
surface compared with previous studies.12,23 This has been
attributed to the smoothness and catalytic properties of single-
crystalline Cu compared to polycrystalline Cu, which exhibits a
rough surface and higher surface energy (which correspond to
lower energy barrier for the hBN molecules to absorb).6,8 To
understand the growth mechanism of hBN, we investigate the
individual effects of various CVD parameters. Figure 3b shows
the plot of the domain size as a function of the growth
temperature in the range of 990 to 1045 °C. The domain size
was obtained by choosing ten flakes with the largest sizes and
calculating the average in each optical image (Figure S6).
Under a fixed growth time of 20 min, the hBN flakes with
triangular shape are mostly aligned on the Cu (111) (Figure
S5b−e). At the growth temperature of 980 °C, hBN crystals
form a continuous film with high nucleation density and small
flake sizes in the whole area. The flake sizes of hBN slightly
increases from 10.2 μm at 990 °C to 13.16 μm at 1030 °C with
the same growth time. In that temperature range, the
dissociation of the borazine adsorbed on the Cu surface is
accelerated, leading to more B and N atoms or intermediate
products such as polyborazylene. The mean free path of B and
N atom diffusion increases as the growth temperature increases
within this range.13,24 However, the flake size of hBN decreases
when the growth temperature increases above 1030 °C. There
could be multiple reasons contributing to this observation,
such as an increased dissolution of B atoms into the bulk of

Figure 3. Individual effects of the CVD parameters on the hBN growth. (a) Arrhenius plot of the nucleation density of monolayer hBN at different
growth temperatures. The nucleation densities of hBN monolayers at different temperatures are calculated from the optical microscopic images in
Figure S5 and labeled as blue dots. The slope of the red line corresponds to the nucleation activation energy of 3.63 eV. (b−d) Plots of the lateral
domain size of hBN as a function of the (b) growth temperature at a fixed borazine flow rate of 0.085 sccm and hydrogen flow rate of 40 sccm, (c)
the hydrogen flow rate at a fixed growth temperature of 1030 °C and borazine flow rate of 0.085 sccm, and (d) the borazine flow rate at a fixed
growth temperature of 1030 °C and hydrogen flow rate of 40 sccm (the melting point of Cu (111) foil in our system is 1047 °C).
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Cu, increased desorption of N atoms compared to their lateral
diffusion on the Cu surface, or even the increased desorption
of the borazine precursor itself at higher temperatures.24

Figure 3c shows the plot of the hBN domain sizes with
different flow rates of hydrogen gas in the range 1 to 100 sccm
(Figure S5f−j). The flake size significantly increases with
increasing the hydrogen flow rate to 40 sccm and then
gradually decreases with higher hydrogen flow rates. Hydrogen
plays important roles in hBN synthesis, such as being the
carrier gas of hBN, diluting the precursor, cocatalyzing the
dissociation of the precursor, and etching as-grown hBN
during the growth process.2,14,25 With a flow rate of hydrogen
below 40 sccm, the hydrogen radical dissociates from hydrogen
molecules on the Cu surface at a high temperature, facilitating
the dehydrogenation process of the borazine and leading to an
increased growth rate and domain size of the hBN flakes.2,26 At
higher flow rates of hydrogen, the concentration of borazine is
diluted by hydrogen, leading to slower hBN growth due to the
insufficient borazine supply.25 In addition, hydrogen can result
in etching as-grown hBN on Cu (111) via the reverse
reaction.14 Therefore, the hBN flakes with high hydrogen flow
rates show irregular shapes, as shown in Figure S5j. Figure 3d
shows the effect of borazine flow rate during hBN growth on
Cu (111). The flake size of hBN increases to 20 μm as the flow

rate of borazine increases to 0.1 sccm and then decreases when
the flow rate increases above 0.11 sccm (Figure S5k−p). At the
flow rate of 0.115 sccm, hBN flakes are merged into a
continuous film due to the increased nucleation density. We
attribute the phenomenon observed in Figure 3d to the change
from lack to the excess of active precursors for the hBN
growth.
Figure 4a shows a three-dimensional contour plot of the

experimental data obtained using different CVD parameters
(as discussed above), where the coded color indicates the
domain size of the hBN. As can be seen from the purple color
points in Figure 4a, the hBN flakes exhibit larger domain sizes
under high growth temperatures and high borazine flow rates.
Hence, we set the intersection point to be the temperature of
1030 °C, the borazine flow rate of 0.085 sccm, and the
hydrogen flow rate of 40 sccm. By fixing one parameter of the
intersection point, we explore the three recipe spaces to further
understand the correlation between the different growth
parameters. Before carrying out the data analysis, we applied
the Mateŕn52 kernel (eq 1) as the covariance function in the
GP model (details in the Supporting Information). Figure S8
displays the standard deviations of the GP model where the
dark blue dots are the experimentally observed data points.
Figure 4b−d shows the contour maps of the mean of the

Figure 4. Gaussian process maps for CVD-grown monolayer hBN. (a) 3D scatter plot of CVD-grown monolayer hBN with different recipe
conditions. (b−d) Contour plots of Gaussian process regression on two-parameter space: (b) borazine flow rate vs hydrogen flow rate, (c)
hydrogen flow rate vs growth temperature, and (d) borazine flow rate vs growth temperature. The coded color indicates the expected domain size
of hBN. The arrows and widths of the orange lines represent the directions and the strength of the gradients, respectively. The solid green lines
represent the precursor effects while the dashed green lines indicate the temperature effects.
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calculated posterior distributions, with the color profiles
indicating the predicted domain size. To quantitatively
evaluate the correlations between the two parameters, we
measured the gradients of the contour maps and performed the
stream plots in Figure 4b−d. The arrow of the streamlines in
Figure 4b−d represents the steepest direction of the gradients,
and the width of the streamlines indicates the steepness of the
gradient. By tracking the gentlest slopes which indicates the
most balanced dynamic chemical reaction for maintaining a
similar domain size of hBN, we drew two types of lines to show
the correlations among the parameters. The solid green lines
represent the precursor effects while the dashed green lines
indicate the temperature effects. In Figure 4b, the solid line
shows a positive slope (Figure S9) toward the optimal point,
indicating that high flow rates of borazine are used for higher
flow rates of hydrogen, which is because hydrogen helps to
increase the domain size of hBN crystals by etching amorphous
hBN clusters. In Figure 4c, the dashed line indicates lower flow
rates of hydrogen are used at higher temperatures, which is due
to the increase of hydrogen dissociation at higher temper-
atures. On the other hand, the solid line in Figure 4c represents
that the hydrogen flow rate dominates the growth results in a
small temperature range of about 1030−1040 °C. Similarly, the
dashed line in Figure 4d shows a positive slope, indicating a
higher borazine flow rate is used at the higher temperature
range. This temperature effect is due to the higher desorption
rate of borazine on Cu surfaces at a higher temperature. Once
again, within the temperature range between 1030 and 1040
°C, the flow rate of borazine dominates the growth results. To
quantitatively compare the strength of the correlations
between two parameters, we measured the widths and heights
for hBN domain size above 12 μm (D12) in each contour plot
(Figure S10). As illustrated in Figure S10b, throughout the
entirety of the D12 region, hydrogen exhibits a tunability range
of 55 resolution units, while temperature displays a tunability
confined to 19 resolution units. Thus, the sensitivity of
temperature is notably higher than hydrogen. Based on the
system specifications and on our prior knowledge, we
discretized the parameter ranges of D12 into parameter
sensitivities by dividing the resolution of parameters. The
resolutions of the parameters in our experiments are 1 °C for
temperature, 1 sccm for hydrogen, and 0.005 sccm for
borazine. Therefore, the sensitivities of the parameters are
calculated as shown in Figure S10, indicating that the
sensitivity of the borazine is higher than the sensitivities of
temperature and hydrogen in our experiments. Through this
methodology, we can quantitatively evaluate the sensitivities of
the parameters for the hBN growth. Finally, to validate our ML
approach, we compared the contour maps with and without
the optimal point in Figure S11. In Figure S11a, the contour
map predicts the largest hBN domain around 1033 °C and the
borazine flow of 0.109 sccm. After we added the newly
observed point to the database, the new contour map (Figure
S11c,e with a higher-resolution color scale) shows the largest
hBN domain at 1033 °C and the borazine flow rate of 0.104
sccm. Because the distance between the predicted point from
Figure S11e and the newly observed point in Figure S11d is
less than the parameter resolution, the predicted point is
considered the optimal point. As can be seen, the predicted
point in Figure S11a is well matched with the optimal point in
Figure S11c. Therefore, we can confirm that the Gaussian
process is validated. The methodology making use of the
Gaussian distribution can help us understand the mutual

effects of two CVD parameters, allowing for a comprehensive
understanding of the growth mechanisms of CVD-grown hBN
compared to the typical growth mechanism investigation using
a single parameter. Our approach allows us to understand the
nonlinear effects with multiple parameters and evaluate their
importance.
In this work, we grew monolayer hBN on single-crystalline

Cu (111) substrates by LPCVD. Monolayer hBN flakes were
well aligned due to epitaxial growth on single-crystalline Cu
(111), and their nucleation density and flake size were
controlled by reducing the borazine concentration through the
three-step process. In order to understand the growth
dynamics of hBN on Cu (111), we varied individual growth
parameters, such as the growth temperature, the flow rate of
hydrogen gas, and the flow rate of borazine separately, and
observed the corresponding trend of flake size and nucleation
density. The activation energy of 3.63 eV was obtained for
hBN nucleation on Cu (111). Furthermore, we adopted a ML
model to systematically analyze these collected data, which
provided the correlation between multigrowth parameters and
determined the growth window on domain size through the
Gaussian process. The growth temperature had a strong
correlation with borazine and hydrogen while borazine is the
most sensitive parameter for growing large hBN domains. This
new multidimensional approach for growth parameters based
on ML will open a comprehensive understanding of the growth
dynamics of various materials.
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