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As a member of the 2D family of materials, h-BN is an intrinsic insulator and could be employed as a dielectric or insulating
inter-layer in ultra-thin devices. Monolayer h-BN can be synthesized on Rh (111) surfaces using borazine as a precursor. Using
in-situ variable-temperature scanning tunneling microscopy (STM), we directly observed the formation of h-BN in real-time. By
analyzing the deposition under variable substrate temperatures and the filling rate of the h-BN overlayer vacant hollows during
growth, we studied the growth kinetics of how the borazine molecules construct the h-BN overlayer grown on the Rh surface.
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1 Introduction

In recent years, research into two-dimensional (2D) materi-
als, including graphene, phosphorene, transition metal di-
chalcogenides, etc., has become a rapidly developing field
[1,2]. Devices based on the vertically-stacked heterostructure
of 2D materials show great advantages for many potential
applications, such as high-performance and ultra-scaled
transistors, flexible electronics, and highly effective photo
voltaic devices [3-7]. As a member of the 2D family of
materials, h-BN possesses a rather large band gap of ~6 eV,
which gives it an insulating nature, therefore, it could be used
in ultraviolet photoelectric devices [8-11]. Being free of

dangling bonds and with a chemically inert surface, h-BN
exhibits a dielectric breakdown strength of the same order of
magnitude as conventional SiO2 oxides [12,13], but induces
much fewer or even free defects in the supported materials
while acting as a substrate. For this reason, 2D layers on h-
BN can exhibit ultra-higher electronic mobility than those on
SiO2 or other substrates [14-16]. Moreover, while consisting
into a stacked heterostructure with other 2D materials, h-BN
can further engineer the physical properties of the supporting
layers, e.g., the h-BN substrate can induce a finite band gap
in the supported graphene [17,18], and the light-matter in-
teraction is enhanced in the graphene/h-BN van der Waals
heterostructures [19]. Due to these advantages, h-BN is be-
coming one of most important candidates as ideal substrate,
dielectric gating layer and insulating interlayer in the con-
cepts of ultra-thin devices based on 2D materials, thus at-
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tracts more and more research interest [20-23].
Many researchers have reported that h-BN can be grown

on transition metal surfaces by introducing borazine
(HBNH)3 or ammonia borane (NH3-BH3) as a precursor
[21,24-28]. Using a borazine precursor, a monolayer h-BN
film can be synthesized on the Rh (111) surface at a growth
temperature around 1000 K under ultra-high vacuum (UHV)
environment [24]. Due to the lattice mismatch, the grown h-
BN forms a corrugated structure, called a nanomesh [29]. In
this study, using in-situ scanning tunneling microscopy
(STM) with temperatures varied from room-temperature up
to 1300 K, we directly observed the detailed growth proce-
dure of a h-BN nanomesh formed on Rh (111), and in-
vestigated the kinetics of how borazine moves on the Rh
(111) surface and finally forms the h-BN overlayer.

2 Methods

The experiments were carried out under UHVenvironment at
base pressure of 1.5×10−11 mbar (1 mbar=100 Pa). A K-type
thermocouple was spot-welded directly onto the Rh single
crystal for monitoring the sample temperature. Clean Rh
(111) surface was obtained by cycles of Ar+ ion sputtering,
followed by flash annealing to 1300 K, and post-exposure to
2×10−7-3×10−7 mbar of O2 for 1-2 h with a substrate tem-
perature of 700-800 K. The last step proved necessary to
remove the carbon contamination that segregated out of the
bulk to the surface. Residual oxygen was removed from the
Rh surface by flashing the sample to 1000 K. High-purity
borazine, (HBNH)3, was gratefully obtained from the group
of Prof. Hermann Sachdev at the University of Saarland in
Germany. This was introduced into the UHV chamber via a
dosing nozzle, which stored the borazine at a reduced tem-
perature, by means of a Peltier cooler, and allowed it to warm
up for deposition purposes. The growth dynamics of the h-
BN overlayer were characterized using in-situ variable-
temperature STM with thermal compensation, which al-
lowed fast scanning and imaging over a wide temperature
range and during substantial temperature changes.

3 Results and discussion

To form a hexagonal boron nitride lattice, borazine molecule
need to be dehydrogenized by breaking the B-H and N-H
bonds, and the resulting (-B-N-)3 hexagon rings should be
compacted into the h-BN lattice [24,28,30]. Thus, we ex-
posed a Rh (111) substrate in borazine environment at dif-
ferent temperatures to investigate the role of substrate
temperature. First, we kept the substrate at 627 K, then in-
troduced borazine gas into the UHV chamber at a pressure of
3.2×10−9 mbar. Figure 1(a) shows an STM image of the Rh

(111) surface after the deposition of borazine for 12 min.
While the terraces on the Rh (111) surface exhibited a low
density of nuclei, the step-edges were saturated with fractal-
like islands without the characteristic corrugation of the h-
BN nanomesh, indicating that they had not formed the h-BN
structure yet. Then, we increased the sample temperature and
simultaneously monitored the deposition using in-situ STM.
Whereas at 762 K the islands still retained their fractal
shapes, at 806 K they became compact and also occurred on
the terraces (Figure 1(b)). These islands displayed a variety
of orientations. The preferred orientation was one aligned
with the h-BN lattice, and therefore the moiré pattern also
aligned with the Rh (111) substrate.
On this h-BN seeded surface, with different orientations,

further h-BN overlayer was formed by exposing the surface
to borazine with pressures ranging from 1.2×10−9 to
1.2×10−8 mbar and at an increased substrate temperature of
865 K. Figure 1(c) and (d) show the same area before and
after this extra deposition, respectively. They show that most
of the additional h-BN closely followed the orientations of
the “seed” islands (blue lines in Figure 1(d)). At every

Figure 1 (Color online) (a) STM image of Rh (111) at 627 K, after ex-
posure at that temperature to 3×10−9 mbar borazine for 12 min. The Rh
steps are saturated by small fractal-like islands. (b) STM image after the
substrate temperature increased to 806 K. The h-BN islands appear com-
pact and the nanomesh superstructures can be observed within. The islands
did not occur primarily at Rh substrate steps. (c) After a further temperature
increase to 865 K, the islands become more compact. (d) The same area as
in panel (c), after an additional borazine exposure at pressures ranging from
2×10−9 to 1.2×10−8 mbar for 78 min, while the temperature of the sample
was kept at 865 K. The surface was fully covered by a h-BN overlay
showing a variety of orientations. The blue lines indicate the contours of
the initial islands in panel (c). Most of the growth followed the orientations
of these initial islands. The black arrow indicates a new domain that formed
during growth. Within the circles, the defects present in panel (c) have been
removed. Vbias = 2.9, 2.8, −1.0, and −1.0 V for panels (a)-(d), respectively, It
= 0.05 nA.
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location where two domains met, a domain boundary line or
a defect line was formed. However, some exceptions were
observed. For example, the domain indicated by the black
arrow in Figure 1(d) was newly formed at the connection
between two differently-oriented domains, suggesting that in
spite of the extra domain boundary length, a new domain can
lower the total energy. In other words, the mismatch between
these orientations was unfavorable. Further evidence was
present in the initial islands. For example, the defect marked
by a circle in Figure 1(c) is no longer present in Figure 1(d).
However, when different domains encountered one another,
the removal of defects occurred far less frequently than the
formation of defect lines. As a result, the completed h-BN
overlayer contained a significant density of defects. Thus, a
higher substrate temperature (typically ~1000 K) is required
to remove defects during growth.
In Figure 1, we see that the borazine molecule has not

directly absorb onto the Rh (111) surface at the high tem-
perature of ~627 K, but formed only a few nuclei on the
terraces or step-edges. Between 762 and 806 K, the depos-
iting borazine started to decompose. Therefore, to form a h-
BN overlayer, a substrate temperature of 865 K or higher
must be required during growth.
To further investigate how the borazine deposited on Rh

surface and formed the h-BN overlayer, we observed the
growth procedure of h-BN on Rh in real-time, with a sub-
strate temperature of 978 K. Figure 2(a) and (b) show the in-
situ STM images captured during and after a fully covered h-
BN overlayer growth. It is obvious that a higher substrate
temperature leads to fewer defects in the h-BN overlayer.
The growth rate is expressed by the filling rate of the vacant
hollows, namely the uncovered Rh surface, in Figure 2(c).
Unlike traditional molecular beam epitaxial grown films,
here we found that growth rate was not proportional to de-
position time and below we suggest a simple model to ex-
plain the filling rate of the vacant hollows.
First, we assumed that the chemical potential and density

of B and N atoms inside a vacant hollow are uniform, this
holds true as long as the geometry of the hollow is not too
complex to influence the diffusion of the surface species.
Then, we assumed that only those borazine molecules that
land on the bare metal surface can stick, decompose, and
contribute to the formation of h-BN, due to the nature of the
chemically inert surface of h-BN and the absence of a second
layer on the h-BN overlayer. Thus, the time dependence of
the total area of a vacant hollow can be calculated to satisfy
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where, A is the area of the vacant hollow; P is the impinging
borazine pressure; t is deposition time; λ represents the ef-
fective number of B and N atoms from borazine that con-
tribute to the h-BN overlayer per impinging borazine

molecule; D represents the areal density of B and N atoms in
the h-BN overlayer. The impingement rate of borazine I can
be expressed in terms of borazine gas pressure P, gas tem-
perature T, and mass of a borazine molecule m, using stan-
dard kinetic gas theory. The part that remains unchanged
during the deposition is combined in the constant α. Based on
this differential equation, we expect exponential decay of the
uncovered area as follows:

A
A P tln = . (2)

0

Before testing this prediction experimentally, first we ca-
librated the relationship between the measured borazine
pressure and the impinging flux of borazine molecules by
exposing a fresh Rh surface to a low dose of 2.1×10−7 mbar
of borazine at room temperature. We assumed that this
temperature was low enough to inhibit the decomposition
and desorption of the deposited molecules, and we assumed
the resulting coverage to be low enough to avoid reflection of
borazine molecules that impinged on other borazine mole-
cules. From the coverage of adsorbed borazine molecules
visible in the STM image, we obtained α=2.1
×10−5 mbar−1 s−1, and an impingement rate on Rh (111)
equivalent to 0.65 monolayers of h-BN per 10−6 mbar s of
borazine exposure, where one monolayer is defined as a

Figure 2 (Color online) STM images (170 nm×170 nm) at the beginning
(a) and end (b) of the filling of a vacant hollow in the h-BN overlayer on Rh
(111), with a substrate temperature of 978 K and borazine pressure of
3.2×10−9 mbar. (c) Time dependence of the area of the vacant hollow,
relative to the area in panel (a). The slopes of the three linear fits to the
initial, intermediate, and end stages of the process are −3.1×10−3,
−0.79×10−3, and 5.1×103 s−1 respectively, corresponding to λ-values of 4.6,
1.2, and 7.6 in eq. (2). As argued in the text, the values exceeding 3 indicate
that a significant supply of B and N atoms originate from the lower Rh
terrace, to which the vacant hollow is connected.
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completely filled h-BN overlayer. Armed with this calibra-
tion, the λ-factor in eq. (1) can be accurately calculated.
Now we discuss the analysis of the filling rate of four

vacant hollows shown in Figures 2-4. The data in the first
two figures were extracted from the experiment at a substrate
temperature of 978 K, while the data in Figure 4 was mea-
sured at a lower temperature of 865 K. Each of the figures
shows the first and last images of the episodes that were
analyzed, and the growth rate in each figure is a semi-loga-
rithmic plot of the relative area of vacant hollows versus
deposition time. The two plots in Figure 4 are for the two
vacant hollows in the field of view. The prediction of eq. (2)
should result in straight lines in these plots with a negative
slope, from which the value of λ can be determined directly.
Even though we can fit straight lines to the four semi-loga-
rithmic area-versus-time plots, three of the curves deviate
noticeably from linear behavior and become steeper toward
the ends.
The λ-values obtained from the straight-line fits to the data

in Figures 2(c) and 3(c) are higher than 3 (number of B-N
pairs in one borazine molecule), namely 4.6 and 7.6 for the
initial and end stages, respectively, in Figure 2(c), and 5.7 for
the entire fit in Figure 3(c). We attribute these high values to
the fact that these two vacant hollows were both connected to
a part of the bare Rh surface that was either one atomic layer
higher or lower, and that this area was not counted as part of
the vacant hollows. We initially assumed that the diffusion of

B and N atoms across the steps between the Rh terraces
would be strongly suppressed, but the high λ-values indicate
that both vacant hollows were filled with a significant supply
of B and N atoms from the adjacent Rh terraces.
The two vacant hollows in Figure 4 are fully enclosed by

the h-BN overlayer, so there were no additional sources of B
and N atoms available. If we fit straight lines to the area plot
for these two hollows, we indeed find λ-values below 3,
namely 1.2 for the upper hollow and 1.0 for the lower one. As
already mentioned, both plot curves downward dramatically
at the end stages. The slopes of the ends of both curves
correspond to λ-values of 3.0, indicating that only during the
end stages, when the vacant hollows are close to being

Figure 4 (Color online) STM images (100 nm×100 nm) at the beginning
(a) and end (b) of the filling of two vacant hollows in the h-BN overlayer
on Rh (111), with a substrate temperature of 865 K and borazine pressure of
1.0×10−8 mbar. In plots (c) and (d), the black circles are the time-dependent
areas measured directly from the images of the upper and lower vacant
islands, relative to their starting sizes in image (a). The linear fits for the
full ranges in (c) and (d) have slopes of −2.25×10−3 and −2.64×10−3 s−1,
corresponding to λ-values of 1.0 and 1.2 in eq. (2). The slopes of the final
sections of these two curves both correspond to λ=3, showing that all
borazine impinging on the enclosed Rh is consumed in the final stages. The
blue lines in (c) and (d) are the areas numerically calculated using eq. (4)
with finite capture zone widths of w = 0.8 and 0.1 nm respectively.

Figure 3 (Color online) STM images (100 nm×100 nm) at the beginning
(a) and end (b) of the filling of a vacant hollow in the h-BN overlayer on Rh
(111), with a substrate temperature of 978 K and borazine pressure of
1.5×10−9 mbar. (c) Time dependence of the area of the vacant hollow,
relative to the area in panel (a). The slope of the linear fit of −1.8×10−3 s−1

corresponds to a λ-value of 5.7 in eq. (2). As argued in the text, this value,
being higher than 3, indicates that a significant supply of B and N atoms
originates from the higher Rh terrace on the right, to which the vacant
hollow is connected.
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completely filled, do all the B and N atoms from the borazine
molecules impinging on the remaining bare Rh ‘enclaves’
get fully incorporated into the h-BN overlayer. The fact that
the two curves start with much more modest slopes shows
that in larger vacant hollows, a significant fraction of the
supplied borazine molecules (or B and N atoms) is desorbed
from the Rh surface rather than incorporated into the h-BN
overlayer. The corresponding finite residence time of the
diffusing surface species (adsorbed borazine or B and N
adatoms) implies that it can only reach the edge of the vacant
hollow over a finite distance. In other words, there is a finite
effective capture zone inside the contour of each vacant
hollow. Borazine impinging within this zone is fully in-
corporated at the edges and contributes to the filling of the
vacant hollow, whereas borazine that impinges on Rh but
closer to the center, i.e., outside the capture zone, is destined
to desorb. This scenario naturally explains the curvature of
the measured area plots and suggests that we should modify
the expected growth law according to:

A
t wLPd

d = 3 , (3)

where, L is the length of the inner contour of the vacant
hollow and w is the width of the capture zone, which is
determined by the diffusion coefficient and residence time
and should therefore depend on the substrate temperature.
From this we obtain:
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We can check the validity of eq. (4) by integrating it nu-
merically. The only free fitting parameter is the width w of
the capture zone. The results for the upper and lower vacant
hollows in Figure 4 are shown by blue lines in Figure 4(c)
and (d) and the best-fit values of w are 0.8 and 1 nm, re-
spectively. For both vacant hollows, this simple model pro-
vides an excellent description of the way they fill as a
function of deposition time. The fact that the best-fit values
of the capture zone widths are nearly identical provides extra
confidence that eq. (3) meaningfully describes the growth
process. The capture zone width is surprisingly small, which
shows that at 865 K, most of the borazine impinging on the
Rh surface already desorbs within a small number of diffu-
sion steps.
The conclusion that the capture zone has a width in the

order of 1 nm at 865 K seems to be in conflict with the fit in
Figure 3(c), in which the value of λ corresponds to a large
capture zone, larger than that of the enclosed Rh terrace and
even including the part of the Rh surface on another adjacent
terrace. A possible explanation could be that the higher
substrate temperature at which the experiment shown in
Figure 3 was performed makes decomposition of borazine to
be possible at bare Rh, while at 865 K a h-BN edge or Rh
step may be needed for the decomposition of borazine.

Therefore, the B and N supply at 978 K would be much
higher.

4 Conclusion

In conclusion, the role of the substrate in the desorption and
decomposition of the borazine molecule was investigated.
From the formation of a compact h-BN overlayer, we de-
termined that the decomposition temperature of borazine on
the Rh (111) surface is between 762 and 806 K. Borazine
only decomposes on the Rh surface, while molecules landing
on h-BN do not contribute to the growth of the overlayer.
From the study of filling rates of h-BN vacant hollows during
growth, we learned that with a substrate temperature of
865 K the effective capture zone for borazine molecules is
1 nm or less around the h-BN edge. At 978 K, the capture
zone is much wider, and the B and N atoms can diffuse to
higher or lower Rh terraces. This implies that at 865 K a h-
BN edge or Rh terrace step may be needed for the decom-
position of borazine, while at 978 K borazine decomposes on
the Rh terraces.
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