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with a size close to 1 mm are rare.[9,10] 
Although wafer-scale single crystals have 
been reported through the coalescence of 
identically aligned h-BN domains,[11] on  
twin-free single-crystal Rh (111) thin 
films,[12] and on low-symmetry Cu (110)  
vicinal surface,[13] it is noted that dis-
crete h-BN domains or flakes over 1 mm 
have not been reported, and the under-
standing of the growth dynamics remains 
elusive. Controllable synthesis of large-size 
single-crystal h-BN is highly desirable but 
challenging. A great deal of h-BN syn-
thesis is carried out on various transition 
metal substrates, such as Cu,[1,2,14] Co,[15,16] 
Ni,[17,18] and Fe,[19–21] thanks to their catalytic 
activities favorable for the nucleation and 
growth of high-quality h-BN. Nevertheless, 
rational engineering of catalytic effects of a 
given transition metal substrate by alloying 
or incorporating dissimilar species has 
been rarely studied for the h-BN growth 
in order to enhance the control of layer 
number, nucleation density, and domain 
size; the only available efforts to date are 
Si-doping or N-doping of Fe substrates,[19,21] 

oxygen passivation of Cu substrates,[22] and carbon incorporation 
of Co/Ni substrates.[10]

While majority of the h-BN synthesis effort have been per-
formed using chemical vapor deposition (CVD), molecular 
beam epitaxy (MBE) is versatile in terms of its ability to pre-
cisely control solid, gas, and plasma sources and tune the 
growth parameters. MBE has already been used to grow 2D 
h-BN and h-BN/graphene heterostructures.[10,23–29] In this 
work, we report the synthesis of millimeter-size single-crystal 
h-BN domains through an interstitial carbon assisted approach 
in an MBE system. While the interstitial carbon assisted growth 
of h-BN has been proposed in our recent effort,[10] leading to 
a large single-crystal h-BN flake of 600–700  µm, it is essen-
tial to achieve even larger single-crystal h-BN flakes with edge 
lengths on the order of millimeters or even continuous wafer-
scale single-crystal 2D films. In addition, the growth thermo-
dynamics and kinetics in terms of temperature-dependent 
growth and substrate surface engineering have not been com-
prehensively studied; numerical simulations are necessary to 
further elucidate the effect of the carbon incorporation on the 
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1. Introduction

Within the 2D material family, hexagonal boron nitride (h-BN) 
plays a critical role as the 2D dielectric and wide bandgap semicon-
ductor.[1–4] In recent years, there have been many reports on large-
area single-crystal graphene and transition metal dichalcogenides 
(TMDs) well over a few millimeter to centimeter[5,6] as well as a 
variety of industrially scalable approaches.[7,8] In comparison, the 
development of the 2D h-BN is relatively immature. The domain 
size is mostly less than 100 µm. Reports on h-BN domains 
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tuning of the catalytic activities of transition metal substrates 
for complete controlled growth of large 2D h-BN single crystals. 
Here, we designed Ni substrates with carburization process  
through pretreatment of secondary recrystallized Ni with acety-
lene prior to the actual growth of h-BN. The growth dynamics 
were studied by tuning different growth parameters including 
substrate temperature, and B and N source ratio. From the 
perspective of activation energy through density functional 
theory (DFT) calculations, we rationalized the role of intersti-
tial carbon incorporation in enhancing the catalytic activities 
of the transition metals. Through the control of the growth 
parameters, a single-crystal h-BN monolayer domain with  
a size as large as 1.4  mm in edge length was achieved.  
Furthermore, a high-quality continuous single-layer h-BN 
with a high breakdown electric field of 9.75 MV cm−1 was 
demonstrated.

2. Results and Discussion

We adopt a simple MBE growth procedure as illustrated in 
Figure 1a, in which Ni substrate undergoes three growth steps 
including hydrogen annealing, substrate carburization, and 
h-BN growth (Experimental Section). The hydrogen annealing 
temperature is controlled at 950  °C, which is slightly higher 
than the growth temperature (890–950 °C), in order to enhance 
the recrystallization of Ni. Figure 1b–h summarizes morphology 
results of Ni substrates after 1 h hydrogen annealing at 950 °C. 
The grains in as-received Ni foils have been deformed by cold 
rolling, and, as a result, additional dislocations are formed, and 
the grain boundary surface area is increased. Upon annealing, 
recrystallization and grain growth occur in order to reduce 
the internal energy. In general, there are two different types 

of grain growth, which are normal grain growth (NGG) and 
abnormal grain growth (AGG).[30] NGG usually stops when  
the average grain size is comparable with the substrate thick-
ness, and the grain size is uniformly distributed. AGG is also 
known as secondary recrystallization, in which only a small 
population of the grains which are favored will grow in con-
sumption of another population which is not favored, due to 
the surface and interface energy anisotropy, resulting in the 
formation of considerably large grains.[30] Figure  1c shows a 
scanning electron microscope (SEM) image of a typical Ni sub-
strate with AGG grains (denoted as AGG Ni) after 1 h hydrogen 
annealing at 950 °C . The majority of the substrate consists of 
only a few grains with a size of a few millimeters. The inset 
image was taken at the edge of the sample where the boundary 
between AGG grains and NGG grains is identified. The AGG 
growth direction is indicated by the white arrows. In contrast, 
typical NGG Ni with the same annealing condition has small 
grains with an average size of ≈100 µm, which is comparable 
to the foil thickness. Electron backscatter diffraction (EBSD) 
mapping reveals that the dominant texture is (100) for both 
AGG and NGG Ni (Figure  1e,f), which is also confirmed by 
X-ray diffraction (XRD) as seen in Figure  1g,h, respectively. 
This is because (100) grains have lower strain energy density 
compared to grains with other surface planes in the elastic 
region.[31] The narrow peak in XRD in Figure 1g reveals good 
single crystallinity for the AGG substrate compared to wider 
peak in Figure  1h for NGG Ni. Even though majority of the 
substrates used in this work have gone through AGG, a small 
portion of them shows only NGG. Statistics of 100 samples 
grown at 890–950 °C after 1 h annealing at 950 °C shows that 
AGG occurance is 76%, while NGG occurs in the remaining 
24%. We attribute this to the variation in strain and stress level 
during the cold working process in the as-received Ni foils. In 
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Figure 1.  Characterization of Ni substrate after annealing. a) Schematic of a typical growth procedure. b) Statistics of 100 AGG and NGG samples 
with annealing temperature at 950 °C and growth temperature from 890 to 950 °C. c,d) SEM images, e,f) EBSD mapping, and g,h) XRD spectra of 
postannealed AGG and NGG Ni substrates, respectively. Inset in (c) shows an SEM image at the edge of the sample where boundary between AGG 
and NGG can be clearly seen. The white arrows indicate the migration directions of the abnormal grain.
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general, secondary recrystallization is a cheap and easy way to 
produce single-crystal metal. Different methods such as cyclic 
heat treatment and impurity incorporation have been reported 
to enhance the AGG.[32,33] The engineering of postprocessing 
procedure in order to produce AGG is beyond the scope of this 
work. Here, we focus on the study of h-BN growth on AGG Ni 
(100) substrates.

The next crucial step for enabling the formation and growth 
of h-BN including large single-crystal flakes and high-quality 
continuous films is the incorporation of carbon in these 
Ni (100) substrates. Table  1 summarizes four typical h-BN 
samples (Samples I–IV), and all these samples underwent 
a carburization process by introducing a 0.5 sccm acetylene 
flux for 300  s at 910  °C. Figure 2a shows an SEM image of a 
reference sample grown with the same growth condition as 
Sample II except that there was no substrate carburization step. 
As seen from the image, the sample shows typical AGG Ni 
grains and texture without any h-BN on the substrate. Figure 2b 
shows the statistical summary of 58 samples regarding the 

effect of substrate carburization on the h-BN growth on AGG 
Ni (100) at different temperature. Without carburization, 
the growth of h-BN was not successful, as indicated by the 
red markers at zero carburization time in the figure. With 
carburization, there is a temperature window for successful 
h-BN growth as indicated by blue dashed lines in the figure. 
In addition, the growth temperature window opens up wider 
as the carburization time increases. As the growth temperature 
is lower than ≈875 °C, only some sparse white features, which 
are not h-BN, were deposited on the substrates, as shown in 
Figure S1 (Supporting Information). This region lies in kineti-
cally controlled region due to low-temperature effect[34,35] and is 
labeled as reaction-limited region. As the growth temperature is 
higher than ≈960–980 °C indicated by the right blue dashed line 
in the figure, no h-BN could be grown due to high desorption 
of B and N atoms. It should be noted that the amount of carbon 
dissolved in the Ni substrates during the carburization process 
here is low, thus they will not precipitate to be incorporated into 
h-BN film or form graphene during the sample cooling period. 
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Table 1.  Summary of growth conditions of the typical samples.

Step Parameters Sample I Sample II Sample III Sample IV

Hydrogen annealing Substrate Ni (AGG) Ni (AGG) Ni (NGG) Ni (AGG)

Substrate temperature [°C] 950 950 950 950

Hydrogen gas flow [sccm] 10 10 10 10

Duration [min] 60 60 60 60

Carburization Acetylene gas flow [sccm] 0.5 0.5 0.5 0.5

Duration [s] 300 300 300 300

Substrate temperature [°C] 910 910 910 910

h-BN growth Substrate temperature [°C] 910 910 910 910

Boron cell temperature [°C] 1150 1120 1120 1130

Ammonia gas flow [sccm] 5 10 10 10

Nitrogen gas flow [sccm] 10 0 0 0

Nitrogen ECR current [mA] 60 – – –

Duration [h] 8 8 8 8

Figure 2.  a) SEM image of a reference sample grown with the same growth condition as Sample II except the substrate carburization step. b) Summary 
of 58 samples grown at different carburization time and substrate temperature. Green marks label successful h-BN growth, and red marks label 
unsuccessful h-BN growth. The h-BN growth duration for green-marked samples is between 3 and 8 h, while the growth of red-marked samples lasted 
more than 6 h. The blue dashed lines are guide of eyes to identify the h-BN growth window. The circles indicate where the reference sample in (a) and 
Samples I–IV described in Table 1 are located.
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Detailed experimental proof can be found elsewhere.[10,29] The 
rationale of the carburization effect on the growth of h-BN can 
be further clarified as we continue to discuss the experiment 
and simulation details.

Figure  3 gives an overview of h-BN growth under typical 
conditions (Samples I–IV). Sample I was grown using a mixture 
of nitrogen plasma and ammonia (NH3) as the nitrogen source 
(refered as mixed nitrogen source). Sample I serves as the base-
line sample as similar growth condition was reported in the 
previous work.[10] Nitrogen plasma can provide N radicals. On 
the other hand, NH3 can be efficiently decomposed to absorbed 
N atoms on hot Ni surface, for example, at a temperature of 
430 K, a decomposition efficiency of 23% was attained.[36] While 
the mixture of nitrogen plasma and ammonia gas can poten-
tially provide more N sources, the chemistry of the formation 

of h-BN can be more complicated compared with sole nitrogen 
sources. Here, pure NH3 gas was adopted as the N source in the 
growth of Samples II–IV. Figure 3a–c shows SEM and dark-field 
optical microscope (DF-OM) images of Sample I. Complemen-
tary to SEM imaging, DF-OM imaging is also a nondestructive 
method to effectively visualize 2D material on metal.[37] DF-OM 
imaging relying on scattered light can pick up the uneveness 
on a surface easily. As seen from Figure 3a–c, h-BN flakes over 
0.5  mm were achieved. Figure  3d–f shows SEM and DF-OM 
images of Sample II. H-BN flakes with a size over 1 mm were 
achieved with lower nucleation density compared to Sample I. 
Sample III was grown under the same condition with Sample 
II. However, Ni substrate in Sample II underwent AGG, thus it 
can be treated as single-crystal substrate, while only NGG was 
observed in Sample III. In comparison to Sample II, both flake 
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Figure 3.  Overview of mm-sized single-crystal h-BN flakes and continuous h-BN monolayer. Large-area SEM, small-area SEM, DF-OM images of single-
crystal h-BN flakes grown with a–c) a mixture of 10 sccm N2 plasma and 5 sccm NH3 on AGG Ni (Sample I), d–f) 10 sccm NH3 on AGG Ni (Sample 
II), and g–i) 10 sccm NH3 on NGG Ni (Sample III). j) SEM image of the center area, and k,l) SEM and DF-OM images of the edge area, respectively, 
of a continuous h-BN monolayer sample grown on AGG Ni with 10 sccm NH3 and B2O3 effusion cell temperature at 1130 °C (Sample IV). Detailed 
growth conditions of these samples are summarized in the Table 1.
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size and uniformity were compromised (Figure  3g–i). h-BN 
adlayers (white features) can be occasionally observed across 
the sample. As discussed above, even though both AGG and 
NGG Ni substrates are uniform in texture with (100) as the 
dominant texture, more grain boundaries on NGG substrate act 
as additional preferential nucleation sites for h-BN. Increased 
roughness also hinders the surface diffusion of adatoms which 
limits the domain size. Growth condition was further con-
trolled by increasing B source flux. As the B cell temperature 
increases to 1130  °C, continuous h-BN film (Sample IV) was 
achieved on AGG Ni as seen in Figure 3j–l. Figure 3j shows an 
SEM image of the center of the sample where continuous h-BN 
film is observed. Figure 3k,l show an SEM image and a DF-OM 
image of the edge area of the sample, respectively. By com-
paring the SEM and DF-OM imaging at the same area, a flake 
with a size close to 2 mm can be identified using the contrast 
in DF-OM (Figure  3l). The grain boundary is revealed under 

DF-OM because the thermal induced corrugation depends on 
the alignment between h-BN and the metal substrate.[38]

X-ray photoemission spectroscopy (XPS) was performed on 
as-grown Sample II to further confirm the existence and stoi-
chiometry of h-BN. The binding energies of B 1s and N 1s are 
shown to be at 190.0 and 397.5 eV, respectively (Figure 4a), with 
a stoichiometry ratio of unity. The sample was further trans-
ferred onto a variety of substrates for further characterizations. 
Figure  4b shows a UV–vis absorption spectrum performed 
after the sample was transferred onto a sapphire substrate. 
A strong peak at 203  nm with a sharp absorption edge can 
be observed, corresponding to a bandgap of 6.02  eV for h-BN 
extracted from the Tauc equation for a direct bandgap (inset in 
Figure 4b).[39] Figure 4c shows an OM image of the h-BN flakes 
transferred onto a SiO2/Si substrate. Raman spectroscopy was 
further performed on the transferred sample. An E2g phonon 
mode at 1371 cm−1 can be found in the Raman spectrum with 
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Figure 4.  Characterization of typical single h-BN flake (Sample II). a) XPS B 1s and N 1s spectra. b) UV–vis absorption spectrum of a transferred 
h-BN sample on sapphire. Inset is (Aε)1/2 versus ε curve. c) Optical microscope image of h-BN flakes transferred onto SiO2 substrate. d) Raman 
spectrum of h-BN film transferred onto SiO2/Si substrate. The spectrum was background corrected by subtracting the background signal from SiO2/
Si substrate. e) Raman mapping of an h-BN flake near the edge. The arrow indicates the grain boundaries where a typical overlapping grain boundary 
can be found. Higher intensity of Raman signal is due to larger thickness. f) AFM image of h-BN flake transferred onto SiO2/Si substrate. The inset 
shows the scan profile across the white arrow. The thickness is measured as ≈0.5 nm. g) SEM image of one such flake of Sample II transferred onto 
a copper grid coated with holey carbon film with the inset displaying a TEM image at the edge of the flake. h) SAED patterns at six different locations 
across the h-BN flake in (g) indicated by 1–6.
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a full width at half maximum (FWHM) of 17.8 cm−1, corre-
sponding to monolayer h-BN[40] (Figure 4d). Large-area Raman 
mapping at the edge of a domain is presented in Figure  4e. 
The uniform contrast indicates good quality. It is worth noting 
that multilayer regions of finite width (≈5 µm) are often found 
at the grain boundaries. Similar phenomenon was reported 
and discussed elsewhere.[10] Figure  4f shows an atomic force 
microscopy (AFM) image of the transferred h-BN. A step height 
at the flake edge was measured as 0.5 nm, which is consistent 
with the monolayer h-BN thickness on SiO2.[40] An AFM scan 
was also performed on the as-grown sample and the result is 
shown in Figure S2 (Supporting Information). The root-mean-
square (RMS) roughness of the film is 3.67 nm while the RMS 
roughness of the AGG Ni substrate is ≈1.04 nm. The increased 
roughness is due to further reconstruction of the Ni surface 
during the growth of the h-BN film, which conforms onto the 
area.[38]

Transmission electron microscopy (TEM) analysis was con-
ducted to confirm the single-crystal nature of the mm-sized 
h-BN domains. Figure 4g shows an SEM image of a mm-sized 
h-BN flake in Sample II which was transferred onto a mesh-200 
Cu grid covered by holey carbon film. The h-BN flake outlined 
by blue dashed lines can be clearly seen, despite the residue 
introduced during the transfer process. SEM and OM images 

of the same flake on the as-grown sample area are also shown 
in the upper left and upper right insets, respectively. It is worth 
noting that the OM image was taken after oxidization in air in 
order to enhance the contrast. Selective area electron diffraction 
(SAED) patterns at six different spots were collected across the 
flakes as marked by the blue circles and labeled with numbers 
1–6. The corresponding SAED patterns are shown in Figure 4h. 
The identical sixfold symmetric diffraction spots confirm the 
single crystallinity of the mm-sized domain and high quality. 
The monolayer layer nature is further confirmed by the TEM 
edge analysis (bottom left inset in Figure 4g).

Growth temperature plays an important role in the growth 
dynamics. Figure  5a–e shows SEM images of samples grown 
from 890 to 950 °C. All other growth conditions are the same 
including AGG Ni (100) substrate, 0.5 sccm acetlyne carburi-
zation for 5  min, amonnia source of 10 sccm, and boron cell 
at 1120  °C. Figure  5f shows a plot of the coverage, domain 
density, and maximum domain size as a function of the growth 
temperature. SEM images of typical h-BN domains obtained 
under different growth temperature are shown in Figure 5g. As 
seen from the SEM images, the domain shape changes from 
a concave triangle with dendritic edge to slightly convex tri-
angle with straight edge as the substrate temperature increases. 
Similar results were achieved for the h-BN growth with mixed 
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Figure 5.  Substrate temperature control of large-size single-crystal h-BN flakes. a–e) SEM images of h-BN samples grown at 890, 910, 930, 940, and 
950 °C, respectively. f) Plot of coverage, domain density, and maximum domain size as a function of temperature. g) Zoom-in SEM images showing 
typical h-BN flakes grown with different substrate temperature at 890, 910, 940, and 950 °C, respectively.
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nitrogen source as seen in Figure S3 (Supporting Information). 
In general, the growth of 2D material can be described by three 
sequential steps, that is, source atoms adsorption, adatoms 
hopping and diffusion across adsorption sites on substrate sur-
face, and adatoms bonding and attachment to active sites of 
an existing domain edge. Each step has an associated energy 
barrier to overcome. Besides, the adatoms desorption and edge 
atoms detachment also happen at the same time. Adatom diffu-
sion and attachment/detachment can directly affect the growth 
of a domain edge, and, therefore, can be typical limiting fac-
tors. In a diffusion-limited growth scenario, where the diffu-
sion of adatoms is relatively slow with a high diffusion barrier, 
or the attachment is relatively effective, the 2D domain usually 
shows a concave shape with dendritic edges due to the varia-
tion in local concentration gradient of adatoms.[41] When the 
attachment energy barrier is increased and/or the diffusion 
barrier is decreased, the growth is then shifted to attachment/
detachment limited growth. The domain shape often exhibits 
an equilibrium shape with straight edges according to the Wulf 
construction. The present temperature-dependent domain 
shape evolution results indicate the gradual transition from dif-
fusion-limited growth mode to attachment/detachment-limited 
growth mode.

As seen from Figure 5f, the maximum domain size evolves 
with the growth temperature and the largest domain was 
achieved around 930 °C to be 1.4 mm (indicated in Figure 5c), 
which happens at the transition region between diffusion- and 
attachment/detachment-limited regions. This can be explained 
by the highest atomic efficiency. Further increase of the tem-
perature leads to increased detachment/dissociation of the 
edge atoms, which limits the increase of the domain size. High 
desorption rate of B/N atoms also limits the supply of feedstock 
for edge attachment and limits the growth rate. The domain 
density remains in a low and similar level, and almost inde-
pendent of temperature within a span of 60 °C (Figure 5f).

Precursor type and flux also have direct influence on the 
growth dynamics. Different N sources including pure N2 
plasma, pure NH3, and their mixture contribute differently to 
the morphology of h-BN samples. Some results are shown in 
Figures 3 and 5 and Figure S3 (Supporting Information), and 
a comprehensive study of this aspect is reported elsewhere.[42] 
Likewise, the B flux is critical to the coverage of h-BN as well 
due to high desorption rate of B.[11,43] Therefore, changing B2O3 
cell temperature will change the B flux, and, in turn, change the 
coverage and morphology of h-BN. As seen from Figure 3, the 
morphology changes from discrete h-BN flakes (Sample  II) to 
continuous uniform h-BN monolayer film (Sample IV) after 
the B2O3 cell temperature increases from 1120 to 1130  °C. 
As the B2O3 cell temperature keeps increasing from 1130 to 
1170  °C, besides the formation of continuous uniform h-BN 
monolayers, adlayers start to form and increase in density 
(Figure  S4, Supporting Information). It has been reported 
that the hydrogen terminated graphene edge can facilitate the 
intercalation growth of graphene multilayers due to the weak 
edge-substrate coupling.[44] Because of the same intercalation 
mechanism, these adlayers are local h-BN multilayers rather 
than boron clusters or other forms of boron nitrides. Details 
about the formation and nature of these adlayers are reported 
elsewhere.[42]

In order to study the quality of the as-grown continuous 
uniform h-BN monolayer, Ni(metal contact)/h-BN/Ni(foil) two-
terminal devices with a metal contact size of 50 × 50 µm2 based 
on Sample IV were fabricated (Experimental Section). Figure 6 
shows I–V characteristics of 25 devices, and the bottom right 
inset shows the distribution of corresponding breakdown volt-
ages (VBD). As seen from Figure  6, the devices operate under 
direct tunneling process at lower voltages and undergo typical 
soft breakdown as the bias increases to a certain voltage; the 
peak VBD is determined to be 0.65  V from a Gaussian fit. 
Assuming the interaction between the top/bottom Ni con-
tacts with the middle single-layer h-BN is through Van der 
Waals forces, the Van der Waals distance between the top and 
bottom Ni contacts is ≈0.667 nm. Thus, the estimated average 
breakdown electric field is 9.75 MV cm−1, which is slightly 
higher than the previous reported value of a three-layer h-BN 
film on Co and is comparable with that of exfoliated h-BN,[45] 
suggesting high quality of the single-layer h-BN film.

To reveal the epitaxial relationship between h-BN flakes and 
Ni (100) substrate, SEM imaging and EBSD analysis were com-
bined to characterize the samples. Figure  S6a,b (Supporting 
Information) shows SEM images of typical flakes at different 
locations of an h-BN sample. As seen from these images, most 
h-BN domains have one edge aligned along either [011] or [011] 
directions. This is similar to the observation that h-BN flakes 
have two equivalent alignments on Cu (100) surface, being 
along two diagonal directions [011] and [011], due to the four-
fold symmetry of Cu (100).[46] In addition, the domains usu-
ally consist of one straight edge and two concave edges. This 
is reminiscent of the four-lobed graphene flakes grown on Cu 
(100).[47] We believe the anisotropic diffusion is also respon-
sible for this phenomenon, as the concave edge is typical for 
diffusion-limited growth. Figure S6c (Supporting Information) 
shows a schematic of the formation of the asymmetric h-BN 
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Figure  6.  Electrical property of h-BN monolayer (Sample IV). Current–
voltage characteristics of 25 Ni/h-BN/Ni capacitor devices. The upper 
and lower insets show the schematic of the device and the corresponding 
statistics of breakdown voltage (VBD) and breakdown electric field (EBD), 
respectively.
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domains. The fast and slow diffusion directions are indicated 
by green and yellow arrows, respectively. With the given align-
ment configuration of Ni (100) substrate, the h-BN domains 
have one edge aligned with the [011] family direction. This 
straight edge is also perpendicular to a fast diffusion direction. 
On the other hand, the other two edges as two growth fronts 
are facing the slow diffusion direction. As a result, these edges 
are more prone to the depletion of local adatoms supply and fall 
into diffusion-limited region.

Finally, we briefly discuss the results from the thermody-
namics point of view. As a matter of fact, the focal point of ena-
bling the growth of large-area single-crystal h-BN here is the 
incorporation of carbon interstitials into secondary recrystalized 

Ni (100). Our earlier effort of the growth of h-BN on carburized 
Co (111) substrates has already indicated the enhanced adsorp-
tion and diffusion of B and N atoms on Co (111).[11] Since both 
Ni and Co are transition metals, this suggests that carbon incor-
poration into these substrates changes the catalytic effect of 
these metals. From the perspective of crystal growth, stronger 
catalytic effect is equivalent to smaller nucleation activation 
energy. The nucleation activation energy Ea is expressed as[48,49]

a ads diff attE E E E= + + 	 (1)

namely, it is related to the adsorption energy Eads, diffusion 
activation energy Ediff, and nucleation barrier or energy barrier of 

Adv. Mater. Interfaces 2019, 1901198

Figure 7.  Theoretical calculation of adsorption and diffusion energies of B and N atoms on Ni (100). a) A summary of adsorption energies of B and 
N on Ni (100) with and without an embedded interstitial carbon. b–d) Reaction path from an NEB calculation showing the diffusion activation energy 
from one adsorption site to another. b) Top view of a Ni (100) surface with a B or N atom adsorbed on it. Two diffusion paths are indicated with white 
arrows. Minimum energy path along path 1 and path 2 for (c) a B and (d) an N atom diffusing from one hollow site to the neighboring hollow site of 
Ni (100) surface without (black curve) or with (red curve) interstitial carbon atom.
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attachment for the capture of a surface adatom by a supercritical 
nucleus Eatt. As seen from Equation (1), at a given temperature 
and source flux, the increase of adsorption, diffusion, and 
attachment, namely, smaller adsorption energy (Eads), diffu-
sion energy (Ediff), and attachment energy (Eatt) can promote the 
nucleation of h-BN. Since the attachment energy is an energy 
barrier for a B or N atom to overcome to attach covalently to an 
existing nuclei on the substrate, the attachment energies will be 
the same for a given transition metal with or without intersti-
tials if the change of the lattice parameters of a metal substrate 
is assumed to be negligible after the incorporation of small and 
moderate amount of interstitials. Therefore, an understanding 
of the change of adsorption energy and diffusion energy before 
and after the incorporation of carbon interstitial can help under-
stand the h-BN nucleation and growth on Ni here.

The adsorption energies of B and N atoms on Ni are 
calculated using the following expression

ads B/N on surface B/N surfaceE E E E= − − 	 (2)

where EB/N on surface is the total energy of a B or N atom on 
the surface of a supercell. EB/N is the chemical potential of 
the adsorbed B or N atom, and Esurface is the total energy of the 
isolated supercell. Detailed methodology of the DFT simulation 
of adsorption energy is in the Experimental Section. Figure 7a 
shows a summary of adsorption energies of B and N atoms 
onto top, hollow, and bridge sites of Ni (100) with and without 
embedded carbon interstitials. As seen from Figure  7a, the 
adsorption energies of B and N atoms decrease on Ni (100) 
after the incorporation of carbon interstitials. As a result, the 
activation energy reduces for carburized Ni (100).

To study the carbon interstitial effect on diffusion activation 
energy (Ediff) of B and N atoms, simulations using the climbing 
image nudged elastic band (CI-NEB) method were carried out 
(Experimental Section). For Ni (100) substrate (Figure  7b), 
Figure 7c,d shows the diffusion energies for both B and N atoms 
along two directions from one hollow site to another, denoted 
as path 1 and path 2 in Figure  7b. The diffusion barriers for 
both B and N along path 2 are larger than that along path 1 
with or without carbon in the substrate, which confirms the 
hypothesis of the fast and slow diffusion directions to be path 
1 and path 2, respectively. After the incorporation of carbon, 
the diffusion energies for B and N along path 2 are further 
increased while that along path 1 are almost unchanged and 
decreased, respectively. This suggests that although the nuclea-
tion may still take the slow diffusion path 2, it dominantly takes 
the fast diffusion path (path 1). Overall, the unchanged B and 
reduced N diffusion energies along path 1 and reduced B and 
N adsorption energies contribute to the reduction of nucleation 
activation energy, in turn, the nucleation and growth of h-BN 
become more efficient, leading to larger single-crystal h-BN 
flakes and eventually continuous high-quality monolayer films 
on carburized Ni (100). Finally, it should be noted that the cal-
culated values of absorption and diffusion energies may not be 
absolute to represent real thermodynamic situation precisely 
due to relative simplification in the above simulations, such as 
using small supercell, considering individual atoms rather than 
group of atoms and their interactions, etc. However, the change 
of these values can reasonably explain different nucleation and 
growth of h-BN on Ni (100) with and without carburization.

3. Conclusion

In conclusion, we demonstrated controllable synthesis of mil-
limeter-size single-crystal h-BN domains through an intersti-
tial carbon assisted approach. Interstitial C atoms in Ni (100) 
substrates promote B and N adsorption and push the growth 
into fast diffusion regions, which essentially reduces nucleation 
activation energy. With proper preparation of high-quality sub-
strates, which yields large Ni (100) grains, single-crystal h-BN 
monolayer domains over 1  mm were routinely obtained and 
a large single-crystal h-BN domain of 1.4  mm was achieved. 
Continuous large-area single-layer h-BN film with a high break-
down electric field of 9.75 MV cm−1 was also demonstrated. 
The growth dynamics were studied by tuning different growth 
parameters including substrate temperature, and B and N 
source fluxes. The epitaxial relationship between h-BN and sub-
strate was studied with the assistance of EBSD mapping. The 
in-depth experimental analysis combined with the support of 
DFT simulations paves the way towards full understanding 
of the growth mechanism of 2D h-BN on transition metal 
substrates. The experimental demonstration of millimeter-sized 
large single-crystal h-BN domains and continuous large-area 
single-layer h-BN films represents a further step toward prac-
tical applications of these 2D materials.

4. Experimental Section
Substrate Preparation: Ni foils with a thickness of 0.1 mm and a purity 

of 99.995% from Alfa Aesar were polished on a SBT 920 Lapping and 
Polishing workstation and cut into 1  cm × 1  cm pieces as substrates. 
These pieces were degreased and deoxidized with acetone, IPA, and 
diluted hydrochloric acid (10%), rinsed in deionized (DI) water, blown 
dry and finally loaded into an MBE chamber.

Hydrogen Annealing and Carburization: A re-designed Perkin-Elmer 
MBE system with a background pressure of ≈10−9  Torr was used for 
the sample growth. The substrate was heated to 950  °C and annealed 
at this temperature under a 10 sccm flow of hydrogen gas for 60 min to 
enhance the recrystallization of Ni. Then, the substrate temperature was 
adjusted to the growth temperature. 0.5 sccm C2H2 gas was introduced 
into chamber with a pressure of 5 × 10−5 Torr to enrich Ni with carbon 
prior to h-BN growth. H-BN growth step started after the carburization 
process.

h-BN Growth: A Knudsen effusion cell filled with B2O3 powder (Alfa 
Aesar, 99.999% purity) was used as boron (B) source. Nitrogen plasma 
(Airgas, 99.9999% purity) generated by an electron cyclotron resonance 
(ECR) system and high-purity ammonia (American Gas Group, 99.9995% 
purity) were used as nitrogen (N) sources. The h-BN growth was 
conducted by simultaneous introduction of B and N sources onto the Ni 
substrate at 890–950 °C. B cell temperature was maintained at constant 
temperature throughout the growth. NH3 gas was controlled at a 
constant flow rate by a mass flow controller (MFC) and introduced to the 
chamber through a shut-off valve. Nitrogen plasma as an alternative N 
source is generated from an ECR plasma source with a power of 228 W. 
The growth pressure was on the order of 10−4 Torr. After the growth, the 
samples were cooled to room temperature at a rate of 10 °C min−1.

Transferring of h-BN Samples: The Ni substrates were etched by FeCl3/
HCl solution after spin-coating PMMA (495 A4) on as-grown samples. 
The PMMA/h-BN stack was then transferred into 10% HCl, 5% HCl, 
and DI water successively to rinse out the residual etchant. The floating 
h-BN film was taken out by a desired substrate and left to dry for at 
least 12 h. After that, a few drops of PMMA were deposited again on the 
transferred film and soaked for another 2 h. The additional PMMA was 
used to soften the previous PMMA layer and enhance the attachment 
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of h-BN on the substrate. PMMA was removed by dipping the sample 
into acetone bath. Finally, the sample was annealed at 400 °C inside a 
CVD furnace for 3 h in Ar/O2 flow of 300 sccm to remove any remaining 
organic residue.

Characterizations: SEM images were acquired using an FEI NNS450 
system in secondary electron (SE) imaging mode with a beam voltage 
of 10  kV. Raman characterizations were performed using a HORIBA 
LabRam system equipped with a 60 mW, 532 nm green laser. XPS 
characterization was conducted using a Kratos AXIS ULTRA XPS 
system equipped with an Al Kα monochromatic X-ray source and 
a 165 mm mean radius electron energy hemispherical analyzer. 
The fitting of XPS data was performed using CasaXPS software. 
As-measured XPS data were first calibrated by using Ni 2p3/2 peak 
at 852.6  eV (Lorentzian Asymmetric line shape). B 1s and N 1s 
peaks were convoluted with Gaussian/Lorentzian line shape after 
background-corrected by Shirley type background. AFM images were 
obtained using a Veeco D5000 AFM system. TEM images and SAED 
patterns were acquired using a FEI Tecnai12 system. TEM sample 
was prepared by picking a transferred h-BN film using a 200-mesh Cu 
grid covered with holey carbon film with orthogonal array of 1.2 µm 
diameter holes.

Device Fabrication and Electrical Measurement: Ni(contact)/
h-BN/Ni(foil) two-terminal devices were fabricated by a standard 
photolithography and lift-off process. A Ni layer of 100  nm was 
patterned as top square contacts with an edge length of 50  µm 
on the surface of as-grown h-BN film. Reactive ion etching (RIE) 
was performed with a 50 sccm SF6 plasma, under a power of 50 W, 
and for 15 s to etch the h-BN film between devices, which ensured 
isolation of different devices on the same substrate. Current–voltage 
(I–V) characteristics were obtained by an Agilent 4155C semiconductor 
parameter analyzer equipped with probing tips having a diameter of 
about 5 µm (Signatone, SE-TL).

DFT Calculations: First-principles DFT calculations used the 
projector augmented wave method and the Perdew–Burke–Ernzerhof 
(PBE) type generalized gradient approximation[50,51] as implemented 
in the software package VASP.[52] Spin polarization was included 
self-consistently in all calculations. For the unit cell calculations, a 
Monkhorst–Pack scheme was adopted to integrate over the Brillouin 
zone with a k-mesh of 9  ×  9  ×  1. A plane-wave basis cutoff of 550  eV 
was used. All structures were optimized until the largest force on the 
atoms was less than 0.01  eV  Å−1. The adsorption energies of B and 
N atoms on the (100) surface of Ni were modeled. A single B or N atom 
was placed on specific sites of the surface of a supercell consisting of 
four atomic layers of Ni atoms. The supercell size in the XY-plane for 
(100) surface is 4 × 4. The integration over the Brillouin zone for the 
surfaces was done with a converged k-mesh of 3 × 3 × 1. These sites 
include the top,  twofold  bridge, and fourfold hollow site of Ni (100), 
on which the adsorption of B or N  atoms would enable an epitaxial 
relationship between h-BN and the substrates. A vacuum gap of 15 Å 
was introduced to avoid interactions between the periodically repeated 
surfaces. To simulate the diffusion activation energies, the CI-NEB 
method was adopted.[53] The spring force between adjacent images was 
set to 5.0  eV  Å−1. The migration energies, namely, diffusion activation 
energies were obtained for the different adsorbates between the different 
sites of the (100) surface of Ni. The initial and final positions of the 
adsorbed atoms were set at two hollow sites of Ni (100). Eight images 
were considered to calculate the activation energies between the initial 
and final states. For calculation of adsorption and diffusion energies for 
B and N on carbon-incorporated Ni, one interstitial carbon occupying 
the octahedral site in a supercell of Ni (100), which is 1.58 Å below the 
surface, was assumed.
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