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T
he successful isolation of free-
standing two-dimensional (2D) cry-
stals1 has opened up avenues for

producing 2D membranes of a variety of
materials and for creating new engineered
materials with unique functional proper-
ties by assembling heterostructures that
consist of stacks of atomically thin mem-
branes. So far, most attention has focused
on graphene, a 2D sheet of sp2-bonded
carbon atoms, which has shown a range of
interesting electronic,2,3 mechanical,4 and
chemical5 properties. Synthesis methods
for graphene with quality approaching that
required for large-scale applications have
recently been developed.6�10 To access
other 2D materials and ultimately realize
the vision of “materials on demand” by
stacking of graphene and other atomically
thin membranes, scalable synthesis meth-
ods need to be developed for other sys-
tems, such as hexagonal boron nitride
(h-BN), molybdenum disulfide (MoS2), nio-
bium diselenide (NbSe2), etc.
Among the known 2D materials, h-BN;

an electrical insulator isostructural with
graphene;has attracted particular interest
due to the recognition that heterostructures
of graphene with h-BN could provide en-
hanced functionality. Graphene devices
supported on h-BN films, for instance, have
shown very high carrier mobilities ap-
proaching those of suspended graphene.11

Calculations have predicted spin-polarized
transport near in-plane graphene/h-BN
junctions,12 and finally, seamlessly attached
bands of h-BN may enable a more stable
passivation of the edges of graphene nano-
structures than the hydrogen passivation
invoked in theoretical models.13 The emer-
ging applications of h-BN in combination
with graphene call for methods for produ-
cing high-quality h-BN films, whose devel-
opment in turn requires an understanding
of fundamental BN growth mechanisms.

“Nanomesh” structures of h-BN on different
transition metal surfaces, including Rh-
(111)14 and Ru(0001),15 have been pre-
pared by chemical vapor deposition (CVD)
using borazine (HBNH)3 for applications as
ordered templates for the adsorption of
molecules14,16 and metal nanoparticles.15,17

While a nanomesh results from varying local
registries between a metal substrate and
the h-BN film in a commensurate or incom-
mensurate superstructure (i.e., a moir�e), a
similar CVD process could be used to pro-
duce high-quality free-standing h-BN mem-
branes if the growth is carried out on a
sacrificial metal substrate that can subse-
quently be etched away, analogous to the
procedure used to isolate graphene from
metal films or foils.6,7,10,18 Following a gen-
eral approach of this type, large-area few-
layer h-BN membranes with thickness be-
tween two and five atomic layers have been
synthesized recently by ammonia�borane
CVD on Cu foils.19

Here, we use real-time low-energy elec-
tron microscopy (LEEM) during CVD growth
to study key aspects of the synthesis of
high-quality h-BN monolayers on transition
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ABSTRACT The growth of large-area hexagonal boron nitride (h-BN) monolayers on catalytic

metal substrates is a topic of scientific and technological interest. We have used real-time

microscopy during the growth process to study h-BN chemical vapor deposition (CVD) from

borazine on Ru(0001) single crystals and thin films. At low borazine pressures, individual h-BN

domains nucleate sparsely, grow to macroscopic dimensions, and coalescence to form a closed

monolayer film. A quantitative analysis shows borazine adsorption and dissociation predomi-

nantly on Ru, with the h-BN covered areas being at least 100 times less reactive. We establish

strong effects of hydrogen added to the CVD precursor gas in controlling the in-plane expansion

and morphology of the growing h-BN domains. High-temperature exposure of h-BN/Ru to pure

hydrogen causes the controlled edge detachment of B and N and can be used as a clean etching

process for h-BN on metals.
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metal substrates. Our results show that at low precur-
sor pressures (i.e., small B and N supersaturation)
individual h-BN domains nucleate sparsely and can
grow to large sizes of at least tens of micrometers, thus
minimizing the number of defects associated with
domain boundaries in coalesced monolayer films cov-
ering the entire substrate area (∼1 cm2 in our case). A
quantitative analysis shows that the growth proceeds
predominantly via adsorption on the exposed metal
surface and hence self-terminates at one atomic layer
thickness. Finally, we elucidate the role of growth
modifiers, such as mixtures of the BN precursor gas
with other gases, in manipulating the growth process
to achieve well-ordered and large h-BN domains with
controllable shape. In combination with other in situ

and ex situ characterization, our real-time surface
microscopy study shows that CVD growth on transition
metal substrates is a viablemethod for producing high-
quality h-BN monolayers and provides insight into
factors by which the growth process can be controlled.
Figure 1 shows still images extracted from a LEEM

movie of h-BN growth during the exposure of Ru(0001)
to borazine at 780 �C, following the initial h-BN nuclea-
tion in amixture of borazine and H2, which is discussed
in more detail below. Low borazine pressures (10�8

Torr or below) lead to a very sparse nucleation of h-BN
domains, spaced tens of micrometers apart, similar to
the nucleation of graphene on Ru(0001) at low carbon
supersaturation.8 Considering the density of surface
steps on the metal substrate, visible as faint dark lines
in the exposed Ru areas (e.g., in Figure 1a), we find that
the h-BN domains readily grow to sizes exceeding the
step spacing by at least 2 orders of magnitude. Large
h-BN domains grow across Ru steps continuously and
without secondary nucleation events; that is, h-BN

shows the same carpet-like edge flow across substrate
steps found previously for graphene on different metal
substrates (e.g., Ru(0001),8 Ir(111),20 Pt(111)21). This
finding is in contrast to earlier conclusions, based on
scanning tunnelingmicroscopy (STM) ondisorderedh-BN
layers on Ru(0001), that h-BN cannot flow continuously
across steps on Ru(0001).15 Within our image resolution,
we do not observe any motion of the Ru step edges; that
is, the h-BN growth is not accompanied by significant
changes in the surface morphology of the substrate.
Continued exposure to borazine leads to the growth

and ultimately coalescence of the large h-BN domains.
Given the lattice mismatch between h-BN and Ru-
(0001), and the resulting formation of amoir�e structure
in which 13 � 13 h-BN units are matched to 12 � 12
surface unit cells of Ru with rotationally aligned BN and
Ru surface meshes (see below), any two h-BN domains
will likely exhibit a random in-plane shift and could
form a line defect upon coalescence.22 The only way of
minimizing such defects is by maximizing the spacing
and, hence, the final size of the individual domains.
The successful growth of macroscopic domains, as
shown in Figure 1, demonstrates that low precursor
pressures make this feasible for h-BN on transition
metals. The generality of this finding is underscored
by a recent STM study, which suggested that in h-BN
CVD from borazine on a different transition metal,
Rh(111), low precursor pressures are required to
achieve high-quality h-BN films with minimal density
of domain boundaries.22

The time-dependent 2D growth rate of h-BN, deter-
mined from real-time microscopy, can be used to
analyze important growth characteristics and provide
a foundation for optimizing this approach to syn-
thesizing h-BN monolayers. Figure 2 shows the time

Figure 1. Macroscopic h-BN domains on Ru(0001) obtained by CVD growth from borazine. (a�f) LEEM images at different
growth stages to the full coalescence of the h-BN monolayer. Temperature = 780 �C; borazine pressure = 1.3 � 10�8 Torr;
elapsed time = (a) 0, (b) 300 s, (c) 600 s, (d) 900 s, (e) 1200 s, (f) 1350 s. (f) Complete coalescence is achieved. Dashed lines
mark the final domain boundaries, traced from (e).
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evolution of the h-BN coverage within a fixed field of
view at constant borazine pressure. The area covered
by h-BN increases sublinearly with time; that is, the
growth rate is progressively reduced as the h-BN
coverage increases. CVD growth processes involve four
distinct steps: (i) the adsorption of molecules of a
precursor gas on the surface with sticking coefficient
S; (ii) the decomposition of the precursor and forma-
tion of mobile surface species; (iii) diffusion of these
species; and (iv) nucleation and/or incorporation into
the growing film, here h-BN. As the surface becomes
progressively covered by h-BN, there will be two
complementary surface regions;bare Ru metal and
Ru covered by h-BN;that may contribute to different
degrees to the continued h-BN growth via steps i�iii.
Given the expected large difference in reactivity

between Ru and the relatively inert h-BN surface, the
most likely reason for the observed slowing of the
h-BN growth is a progressive reduction in the area of
active Ru, where borazine can adsorb and decompose
efficiently.23 To corroborate this scenario, we have
fitted the experimental growth curve to a model
assuming different dissociative sticking coefficients
of Ru and of h-BN domains, quantified by the ratio
SBN/SRu. The rate of change of the h-BN covered area,
A, in a fixed field of view (area AFOV) due to the supply
of B and N atoms from Ru and h-BN is given by

dA

dt
¼ CRu(AFOV � A)þ CBNA (1)

where CRu,BN are growth constants proportional to the
borazine sticking coefficients on Ru and h-BN, respec-
tively. Solving eq 1 results in

A(t) ¼ AFOV
CRu

CRu � CBN
� [1 � e�(CRu � CBN)t] (2)

The best fit to the experimentally determined h-BN
growth, A(t), is obtained by assuming that the h-BN

domains are completely inert, that is, do not contribute
to the formation of mobile N- and B-containing surface
species, whereas borazine adsorbed and decomposed
on free Ru provides a constant amount of these
species per unit area and time. Plots of eq 2 for
different ratios of the growth constants, CBN/CRu,
shown as solid lines in Figure 2, allow us to establish
an upper bound CBN/CRu < 0.01. From this analysis, we
conclude that h-BN growth from borazine on Ru-
(0001) proceeds by a 2D CVD process, in which the
precursor adsorbs and dissociates predominantly on
areas of exposed metal. Conversely, the already h-BN
covered areas do not contribute any measurable
amounts of B and N to the further growth. This can
have different reasons: borazine could adsorb and
dissociate, but the mass transport of the adsorbed
species to the growing h-BN edge could be hindered
by high diffusion or edge-crossing barriers. Also, the
binding energy for borazine at our high growth
temperatures could be too weak, so that any ad-
sorbed precursor molecules rapidly desorb back into
the gas phase. The finding in our work, as well as
previous studies, that STM on h-BN films after cooling
to room temperature does not show any adsorbed
borazine or dissociated fragments provides strong
support for the latter scenario, that is, the weak
binding (i.e., small sticking coefficient Sh-BN) of bor-
azine molecules on h-BN at the growth temperature.
The growing h-BN film essentially constitutes an inert
blanket that masks a progressively larger fraction of
the surface during growth, and the h-BN thickness will
therefore self-terminate at one atomic layer, at least
for sufficiently small precursor pressures.24 This self-
termination of the h-BN growth from borazine ap-
pears to be a general phenomenon for different
transition metal surfaces, and similar conclusions
have been reached for h-BN growth on Pt(111)23

and Ni(111).25 Knowledge of the active phase for
borazine adsorption and decomposition can be used
to predict important aspects of the growth process. As
an example, our results show that the borazine partial
pressure needs to be increased exponentially with
time to achieve a constant h-BN growth rate.
To evaluate the structure and morphology of h-BN

monolayers with macroscopic domain sizes on Ru-
(0001), we have performed STM and low-energy elec-
tron diffraction (LEED), as shown in Figure 3. Large-
scale STM images show continuous h-BN domains with
a “nanomesh”moir�e structure,26 similar to that of h-BN/
Rh(111),14 confirming single atomic layer thickness. In
contrast to previous results for h-BN/Ru(0001), which
showed considerable disorder, the films achieved here
appear structurally perfect and show a very low defect
density. LEED confirms the hexagonal structure of the
h-BN monolayer and has been used to analyze the
moir�e structure between h-BN (surface lattice constant =
2.50 Å) and Ru(0001) (2.71 Å). We find a coincidence

Figure 2. Analysis of h-BN growth rate during CVD growth
from borazine. Time-dependent h-BN coverage at constant
borazine pressure, determined from the LEEM movie in
Figure 1. Dots: experimental data. Lines: modeling of the
data, assuming different ratios CBN/CRu of the borazine
growth coefficient on h-BN covered and exposed parts of
the Ru substrate. The best fit to the data is achieved for CBN/
CRu = 0, i.e., assuming completely inert h-BN.
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structure with 13� 13 h-BN unit cellsmatched to 12�
12 units of Ru (residual misfit strain <0.1%), in agree-
ment with previous results.15,23 Importantly, diffrac-
tion data obtained across our entire samples show
perfect rotational alignment of the Æ1010æ in-plane
directions of the h-BN layer and Ru substrate, which is
consistent with a strong interaction between h-BN
and Ru27 and implies a uniform h-BN lattice orienta-
tion and the absence of finite-angle domain bound-
aries over large sample areas.
CVD growth is frequently performed in mixtures of

the active growth precursor with an additional “carrier”
or “forming” gas. Reactive gases such as H2 are used in
an attempt to achieve highly reducing conditions and
suppress the formation of surface oxides on metal
substrates. In recent CVD growth of h-BN on Cu, for
instance, Ar/H2wasmixedwith the growth precursor.19

We used in situ observations to explore the micro-
scopic effects of hydrogen on the h-BN growth.
Numerous experiments on the formation of h-BN on
Ru have shown that the h-BN CVD growth from
borazine is surprisingly sensitive to small changes in
the gas composition, as illustrated in Figure 4. The
growth of h-BN on Ru(0001) from undiluted, high-
purity borazine typically proceeds highly anisotropi-
cally (Figure 4a�c) and is strongly influenced by the
atomic step structure of themetal substrate. The h-BN
edge flow in the direction parallel to surface steps is
substantially faster than the growth across steps,
indicative of a hindered step-crossing by the h-BN
domains. Figure 4c illustrates that the domain expan-
sion is nearly suppressed both in the uphill and
downhill directions but proceeds at high rate along
the steps, thus producing a high-density of anisotro-
pic, wire-like h-BN domains closely following Ru

surface steps. Figure 4d�f shows a similar growth
experiment in the same sample area but with con-
current exposure to borazine and H2 (ratio 1:10).
Compared to the growth in borazine alone, the h-BN
nucleation density is reduced, the individual domains
grow more slowly, and they assume compact shapes
with nearly isotropic edge flow rate irrespective of the
underlying Ru step structure.
Given that the dissociation of borazine to B and N

liberates 6 H atoms per (HBNH)3 molecule, the distinct
modification of h-BN growth by H2, making available a
mere 20 additional H atoms per borazine unit (at a ratio
of 1:10) is quite striking. Several possible factors could

Figure 3. Characterization of h-BN on Ru(0001). (a) UHV STM overview scan of a h-BN film on a Ru(0001) thin film, grown
epitaxially on sapphire (0001). The image shows amoir�e pattern (nanomesh)with very lowdefect density. (b) Zoomed-in view
of the moir�e across a Ru surface step. (c) LEED (E = 40 eV) showing multiple diffraction orders of the h-BN/Ru(0001) moir�e
structure. (d) LEED I(V) data (25 eV < E < 400 eV) along the red line in (c).

Figure 4. Effect of growth modifiers (here H2) on h-BN CVD
on Ru(0001). (a,b) LEEM images showing the h-BN mor-
phology during growth from borazine [p = 7 � 10�9 Torr].
(c) Time evolution of a single h-BN domain: fast growth
along the Ru(0001) step direction; slow growth across
substrate steps. Time increment: 5 s. Darker shades of gray
correspond to earlier times. (d,e) LEEM images showing the
h-BN morphology during growth in a mixture of borazine
and H2 (1:10; ptot = 7 � 10�8 Torr). (f) Time evolution of a
single h-BN domain: compact domain shape; nearly isotro-
pic growth along and across substrate steps. Time incre-
ment: 5 s. Darker shades of gray correspond to earlier times.
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contribute to the change in growth behavior with the
addition of H2. The reduction of residual surface oxy-
gen decorating the Ru step edges or a modification of
the electronic structure of the Ru surface steps by
hydrogen adsorption could facilitate the carpet-like
flow of h-BN domains across steps. In particular, the
step-crossing of the h-BN domains in the uphill direc-
tion, not observed in the growth from pure borazine
(Figure 4a), appears significantly enhanced in the
presence of additional H2 (Figure 4b). While in the
growth from borazine alone, the Ru steps completely
suppress h-BN edge flow in the uphill direction, the
addition of H2 leads to nearly identical step-crossing
rates in the uphill and downhill directions. Another
possibility is a hydrogen-induced modification of the
diffusion of the mobile surface species, changing the
relative diffusion rates of dissociated borazine fragments
on the terraces, along Ru steps, and across steps. Predo-
minant diffusion along steps could explain the highly
anisotropic growth frompure borazine (Figure 4a), leading
to ratios of the rate R|| of expansion along the Ru step
directions to the rate R^ perpendicular to the steps
exceeding 25. With the addition of H2, the h-BN edge flow
becomesnearly isotropic (Figure4b),with ratioR )/R^≈1.5.
Two particular characteristics, the reduced h-BN

nucleation density and the overall slower h-BN
growth in the mixed atmosphere, suggest additional,
more complex effects of H2, possibly a slowing of the
edge incorporation or even a direct attack of the h-BN
edge by H atoms generated by H2 dissociation on the
transition metal surface. To further explore this pos-
sibility, we have performed real-time microscopy
experiments on the interaction of atomic H with
metal-supported 2D h-BN domains. To maximize the
rates of any hydrogen-induced effects, we employed
the direct exposure to atomic H generated by a
cracker source. Control experiments using exposure
to molecular hydrogen showed the same qualitative
behavior, albeit at reduced rate. Figure 5 illustrates
the response of compact h-BN domains with sizes of
several square micrometers on Ru(0001) to atomic H
exposure at 700 �C. No modifications are detectable
on the metal surface; the h-BN domains, however,
shrink continuously by reverse edge flow and ulti-
mately disappear completely. We note that the same
domains were stable over long times when held at
this temperature in ultrahigh vacuum (UHV) but ex-
perienced similar (but slower) etching during expo-
sure to H2. We conclude that atomic H, either dosed
directly or generated by dissociation of H2 on Ru-
(0001), can etch h-BN edges.
From the LEEM movie of Figure 5, we have mea-

sured the time-dependent area of individual h-BN do-
mains, A(t), during etching by atomic H (Figure 5e). The
elementary steps involved in the H etching process are
the H-assisted detachment of B and N from the h-BN
edge, followed by either a direct desorption of the

hydrated BHx and NHx (and possibly mixed BNHx)
species from the edge or a sequence of surface diffu-
sion away from the h-BN edge and desorption from the
Ru surface. The microscopic steps as well as the overall
driving force;a difference in chemical potential be-
tween the initial and final states;are closely analo-
gous to those in the well-studied phenomenon of
Ostwald ripening on single-crystal surfaces,28 the pri-
mary difference being the nature of the final state
(surface bound in ripening; desorbed in the gas phase
in etching). Hence, we can use the framework of sur-
face Ostwald ripening28 and of ripening processes
assisted by adsorbates29 to identify the likely rate-
limiting step of theH-induced etching of h-BNdomains
on Ru(0001). The signature for different rate-limiting
steps lies in the time dependence of the h-BN domain
area, A(t). When an ample supply of atomic H is
assumed, given in our direct dosing experiments, a
power-law dependence A(t) ∼ (t0 � t)2/3, with t0
denoting the time of disappearance of the domain,
would indicate a diffusion-limited h-BN domain decay;
for A(t) ∼ (t0 � t), on the other hand, the detachment
from the domain edge is the rate-limiting process. Our
observations clearly show A(t) ∼ (t0 � t) (Figure 5e),
that is, detachment-limited kinetics of the H etching
process. Since the h-BN domains are stable in UHV at
the same temperature, we conclude that H promotes
the edge detachment of both B and N, likely via BHx

and NHx intermediates that can desorb at high
temperature.30,31 While hydrogen exposure can serve
as a potent growth modifier during h-BN CVD on
metals (Figure 4), H-induced edge detachment pro-
cesses can be used for etching h-BN films (Figure 5),
that is, as an alternative to the known oxygen etching
of h-BN,32 with the advantage of not involving O that
binds very strongly onmost transitionmetal surfaces.33

Our real-timemicroscopy experiments on a specific
model system;h-BN monolayers on Ru(0001);
provide evidence for the feasibility of synthesizing

Figure 5. Etching of h-BN domains by hydrogen exposure.
(a�d) LEEM images showing the h-BN morphology during
exposure toatomicH [p(H2) =1.5� 10�7Torr; elapsedtime= (a)
0, (b) 240 s, (c) 350 s, (d) 380 s]. (e) Measured area of a single
h-BN domain during exposure to borazine [growth (green);
p = 10�8 Torr] and atomic H [decay (red); p(H2) = 1.5� 10�7

Torr].
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large monocrystalline h-BN domains on transition
metal templates. CVD growth on Ru(0001) at tem-
peratures near 800 �C and at low borazine pressures
produces sparse arrays of h-BN nuclei, which grow to
macroscopic dimensions and coalesce to a closed film
of very high crystal quality covering the entire sample
surface. Experiments on the use of a simple growth
modifier, additional H2 mixed with the borazine pre-
cursor, provide evidence that the B and N incorpora-
tion at the h-BN edge can be tuned to control the
growth and achieve h-BN domains with different
morphology. Exposure to hydrogen alone, finally, is
found to reverse the growth process and etch macro-
scopic h-BN domains. Observed on both Ru(0001)
single crystals and epitaxial Ru(0001) thin films on
sapphire, these growth and processing mechanisms

pave the way for the fabrication of free-standing h-BN
membranes by growth on sacrificial Ru templates.10 It
should be possible to achieve similar domain sizes
and control over h-BN CVD growth, as well as hydro-
gen-induced growth modifications and h-BN etch-
ing, on a wide range of other metals with catalytic
properties similar to Ru, including for instance Ni
thin films6,18 and Cu foils.7 Comparison of low-pres-
sure borazine CVD with other synthesis concepts,
such as a three-step process involving sequential
deposition of B and N demonstrated recently on
Rh(111) thin films,34 will be necessary to identify;
for example by real-time surface microscopy as used
here;the optimal approach for producing high-
quality h-BN monolayers with the largest possible
domain size.

METHODS
We have used real-time microscopy during the growth and

processing of h-BN on Ru(0001) single crystals and epitaxial
Ru(0001) thin films on sapphire substrates. Ru single-crystal
surfaces were prepared by the standard method, involving
several cycles of oxygen adsorption and flashing to temperatures
above 1500 �C. Epitaxial Ru thin films were grown by magnetron
sputtering on c-axis oriented sapphire substrates, as described
previously.10 Theh-BNgrowthwasperformed in ultrahigh vacuum
(UHV) by exposure of the metal surface to high-purity borazine at
high temperatures. Additional H2 gas (research purity, 99.999%)
was dosed in some of the experiments to establish the resulting
effects on the growth process. H-induced modifications to as-
grownh-BNmonolayers onRuwereprobedby crackingH2using a
high-efficiency atomic-H doser. In describing these experiments,
we state the pressure of background H2 in the chamber during H
exposure. Bright-field low-energy electronmicroscopy (LEEM) and
Hg lamp excited photoelectron microscopy (PEEM) in an Elmitec
LEEM V field-emission microscope were employed to observe
h-BN growth and processing in real time. Sample temperatures
were measured using a W�Re thermocouple spot-welded onto
themetal sample support. The structure and ordering of the CVD-
grown h-BN films were characterized by selected-area low-energy
electron diffraction (micro-LEED) in the LEEM instrument and by
room temperature scanning tunneling microscopy (STM) in a
separate UHV systemwith in situ growth capability. The h-BN films
imaged by STM were synthesized using processes identical to
those in our real-time LEEM investigation.
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