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T
wo-dimensional (2D) atomic crystals1

have received a great deal of atten-
tion in the last years, owing to their

distinct properties that could be exploited
in a variety of applications, including elec-
tronics, optoelectronics, spintronics, chemi-
cal sensors, catalysis, energy storage, etc.2

Within the family of 2D layered materials,
hexagonal boron nitride (h-BN),3,4 a single
sheet of alternating boron and nitrogen
atoms arranged in a sp2-honeycomb lattice,
occupies a special position, being an insu-
lator5 isostructural to graphene.6,7 The use of
h-BN as a dielectric substrate for graphene
transistors has been shown to significantly
improve the carrier mobility in graphene.8

Moreover, the possibility of combining h-BN
and graphene to build up more complex
heterostructures,9 shows promise for replac-
ing silicon in future electronics.10

The potential application of h-BN in elec-
tronic devices demands scalable methods
for producing large-area high-quality layers.
Chemical vapor deposition (CVD) has been
successfully employed to synthesize single
h-BN layers on a number of different metal

substrates by using borazine (B3N3H6) as
a precursor.11�15 A strategy to improve the
quality of the h-BN film is to apply low pre-
cursor pressure combinedwithhigh substrate
temperature,16 or to simultaneously expose
themetal surface toborazineandhydrogen.17

Nevertheless, it is challenging to obtain large
single crystalline domains because of the
formation of rotated phases that give rise to
grain boundaries and other 1D defects.18 For
instance, the nucleation of rotational domains
has been reported for systems characterized
by a weak interfacial bonding, like Pd(111),19

Cu(111),20 and Ag(111).21 Moreover, the for-
mation of misoriented domains has been
observed also in the case of substrates with
strongly chemisorbed h-BNmonolayers, such
as Ni(111)22 and Rh(111).16 The origin of the
rotational domains has been traced back
to factors like commensurability, symmetry,
interactionwith the substrate, and also chem-
istry of the precursor.19,23,24 To date, however,
the relative abundance of these structures is
far from being controlled. Hence, much effort
is still needed in order to achieve the highest
quality for h-BN films on metal surfaces.
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ABSTRACT We investigate the structure of epitaxially grown hexagonal boron

nitride (h-BN) on Ir(111) by chemical vapor deposition of borazine. Using

photoelectron diffraction spectroscopy, we unambiguously show that a single-

domain h-BN monolayer can be synthesized by a cyclic dose of high-purity borazine

onto the metal substrate at room temperature followed by annealing at T = 1270 K,

this method giving rise to a diffraction pattern with 3-fold symmetry. In contrast,

high-temperature borazine deposition (T = 1070 K) results in a h-BN monolayer

formed by domains with opposite orientation and characterized by a 6-fold

symmetric diffraction pattern. We identify the thermal energy and the binding

energy difference between fcc and hcp seeds as key parameters in controlling the alignment of the growing h-BN clusters during the first stage of the growth,

and we further propose structural models for the h-BN monolayer on the Ir(111) surface.
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Here we demonstrate a CVD method for producing
a h-BN monolayer with single orientation on Ir(111)
by properly controlling the growth conditions. We
adopted two different strategies to grow h-BN using
borazine as a precursor and subsequently character-
ized the resulting layers by means of X-ray photo-
electron spectroscopy (XPS), X-ray photoelectron dif-
fraction (XPD), and low energy electron diffraction
(LEED). We find that, while the ordinary high-tempera-
ture borazine deposition gives rise to a h-BN mono-
layer formed by domains with opposite orientation, a
h-BN monolayer with single orientation can be synthe-
sized by dosing borazine at room temperature and
subsequently annealing the sample. Spot profile anal-
ysis (SPA)-LEED measurements show that the average
domain size is larger than 900 Å. Our results provide
new insight into the strategies for producing h-BN
monolayers with single orientation.

RESULTS AND DISCUSSION

Two different procedures have been followed to
grow h-BN on Ir(111). The first method consisted of
exposing the Ir surface at T = 1070 K to p = 5 � 10�8

mbar of borazine, up to a total exposure of about 102 L
(1 L = 1 Torr 3 s) (high temperature growth (HTG)).25

The second approach, instead, consisted of repeated
cycles of borazine dosing at room temperature at
p≈1� 10�8mbar until saturationof the surface, followed
by annealing to T = 1270 K, with 4 K s�1 heating rate
(temperature-programmed growth (TPG)). The TPG
method is commonly used to grow high-quality gra-
phene single-layers on Ir(111) by ethylene exposure.26

Both approaches ensure the growth of an extended
single-layer h-BN that does not leave bare Ir regions
(see Supporting Information). The completeness of the
h-BN layer was proved bymeasuring the B 1s, N 1s, and
Ir 4f7/2 spectra, which did not change over the sample
surface or by prolonging the growth time. It is note-
worthy that thismethod detects variations of the B and
N coverages as low as 1%.
Figure 1a,b shows the LEED patterns from the h-BN

layers synthesized as described above. The images
prove the growth of the h-BN layers for both ap-
proaches (see also zoom-in in the insets). Indeed, the
observed patterns are in line with the previously
reported 13 � 13/12� 12 superstructure:14 the princi-
pal substrate spots are surrounded by sharp noninte-
ger moiré satellites, indicating the formation of long-
range ordered h-BN. The absence of additional diffrac-
tion features that are rotated with respect to the first-
order iridium-induced spots indicates that, for both
synthesis conditions, the h-BN unit cell is aligned
parallel to the lattice of the substrate. However, a
comparison of the LEED intensities reveals a major
difference for the two growth procedures. While the
iridium-induced spots always show the expected
3-fold symmetry, the pattern from the h-BN layer

grown with the HTG method (Figure 1a) exhibits
moiré-spots with 6-fold symmetry, as shown by the
red intensity distribution plot in Figure 1c. On the
other hand, for the TPG procedure, also the BN-related
spots are 3-fold symmetric (blue curve in Figure 1c).
Notably, this behavior has not been observed so far.
Indeed, the LEED patterns reported in literature for
lattice-mismatched h-BN/transition metal interfaces
always show moiré intensities with 6-fold sym-
metry.13,19,27,28 Only for the lattice-matched Cu surface
has a 3-fold symmetric pattern been measured, but in
this case it is not possible to disentangle the contribu-
tions from the substrate and the h-BN layer because of
the overlap of the corresponding LEED spots.29

To gain further insight into the structural properties
of the h-BN/Ir(111) interface, XPS and XPD techniques
were employed to characterize the chemical composi-
tion and structure of the system. Figure 2a and
Figure 2b show the B 1s and N 1s core level spectra
for the h-BN layer prepared according to the HTG
procedure. No significant differences were found in
the photoemission spectra for the two preparations. As
already pointed out in previous works,14,25,30 the two-
components structure in the B 1s and N 1s core levels
reflects different strengths of the BN�Ir interaction: a
main peak due to h-BN regions weakly interacting with
the iridium surface (B0 and N0), and a minor contribu-
tion from h-BN regions strongly interacting with the
substrate (B1 and N1).
The lower part of Figure 2 depicts selected B 1s

and N 1s XPD patterns for the two preparations
(colored sectors), together with their multiple scatter-
ing simulations (gray regions), for two different photon
energies, corresponding to photoelectron kinetic
energies (Ek) of 115 and 315 eV. The simulations
have been performed with the program package
for Electron Diffraction in Atomic Cluster (EDAC)31

Figure 1. LEED patterns meaured at 83 eV for h-BN synthe-
sized according to (a) HTG and (b) TPG procedures. Insets:
zoom-in of the principal spots measured at 55 eV. (c) The
6- and 3-fold symmetry of the patterns is clearly shown by
the line profile analysis along the colored rings containing
the BN spots in (a) and (b), red and blue lines, respectively.
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for a free-standing, flat h-BN layer. No symmetry was
imposed to the experimental data.
Let us consider the XPD patterns corresponding to

the HTG preparation. Both B 1s and N 1s data exhibit
similar diffraction features, with intensity maxima that
are clearly visible close to grazing emission angles
(Figure 2c,e,g,i). These patterns are 6-fold symmetric,
consistently with the presence of two antiparallel h-BN
domains. To better understand this point, the geome-
try of the h-BN layer on the Ir substrate is depicted
in Figure 3, showing the two possible orientations for a
13 � 13/12 � 12 superstructure keeping the same
azimuthal alignment as that of the underlying (111)
surface, in accordance with the LEED findings. The
domains are rotated by 180� relative to each other.
Indeed, the boron and nitrogen atoms positions are
inverted in the corresponding unit cells. If both struc-
tures grow on the surface with the same probability
and distribution, then we expect the resulting diffrac-
tion pattern to be 6-fold symmetric, as those obtained
by the first growth procedure. In sharp contrast with
these findings, the second preparation gives rise to
3-fold symmetric diffraction patterns (Figure 2d,f,h,j),
indicating the prevalence of only one h-BN orientation.
A close comparison of the B 1s and N 1s XPD patterns

shows not only their 180� misorientation, related to
the nonequivalent positions of boron and nitrogen
atoms in the unit cell, but also appreciable differences
in the diffraction features due to different scatterers in
the same structural configuration (see also Figure 4a,b).
These results clearly indicate that the synthesis
conditions affect the orientation of the h-BN layer.
Our interpretation is further supported by the very
good agreement with the simulated photoemission
intensities, which have been performed considering
both h-BN domains depicted in Figure 3 (HTG), or just
one of these (TPG).
So far, the emergence and coexistence of multiple

h-BN domains has been reported on several metal
surfaces. As previously mentioned, domains without
preferential orientation develop on weakly interac-
ting substrates such as Pd,19 Cu,20 and Ag.21 For
the strongly bonded h-BN/Rh(111) interface, instead,
the symmetry of the domains is the same as that of the
substrate, although 180� misoriented islands have
been observed.16 Previous experimental findings30

and theoretical predictions32 suggest that the chemical
interactionofh-BNon Ir(111) is slightlyweaker compared
to that on Rh(111), where the monolayer is strongly
chemisorbed. For the commensurate h-BN/Ni(111)

Figure 2. B 1s (a) andN 1s (b) core level spectra togetherwith the spectral contributions resulting frompeak-fit analysis. (c�j)
Stereographic projection of the integrated photoemission intensitymodulation I(θ, φ) as a function of emission angle for B 1s
(left) and N 1s (right) core level. The colored sector is the experimental data, while the gray region is the calculation for a flat,
free-standing h-BN layer.
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interface, the formation of two antiparallel domains
has been reported, corresponding to a unit cell with
N on top of nickel and B on fcc (Ntop,Bfcc) or hcp
(Ntop,Bhcp) sites.

22,33 It has been suggested that small
amounts of carbon contamination may control the
ratio between these domains.22

The absence of carbon or other impurities was
carefully checked by XPS (detection limit of 1% of a
monolayer), thus we can safely rule out the possibility
proposed in ref 22. What is therefore the factor that
sets limits on the formation of both domains for the
TPG growth? A plausible scenario is that nuclei with a

Figure 3. Possible 13 � 13/12 � 12 h-BN/Ir(111) configurations. The insets on the left show the adsorption configuration of
the bonding regions (see text for details).

Figure 4. XPD patterns for B 1s (a) and N 1s (b) core levels (Ek = 315 eV), and Ir 4f7/2 from surface (d) and bulk (e) atoms
(Ek = 120 eV). The geometric structures used to simulate these patterns are shown in (c) and (f) for the h-BN layer and the
Ir(111) substrate, respectively. The simulations of the Ir patterns have been performed for the clean surface.
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well-defined alignment are already established at
the first stages of the growth, and that these seeds
expand while keeping their initial orientation. Theoret-
ical calculations show that for the commensurate
h-BN/Ni(111) interface the bonding configurations
are (Ntop,Bhcp) and (Ntop,Bfcc), the latter being energe-
tically favored.34 The situation is only slightly different
for lattice-mismatched interfaces, where periodic repeti-
tions of different coordination sites give rise to a moiré
pattern. Nonetheless, the (Ntop,Bfcc) configuration is
predicted to be stable also for these systems, meaning
that the regions where the h-BN sheet is closer to the
substrate develop around this configuration.35,36 Theo-
retical calculations based on local-density approxima-
tion, where a 1 � 1 commensurate geometry has been
applied, predict aweaker strength of the binding energy
of h-BN on Ni compared to that on Ru(0001) whose
bonding, instead, is comparable to that of Rh(111) and Ir
(111).32 Moreover, the difference between the binding
energy of h-BN/Ni(111) andh-BN/Ru(0001) is even larger
when taking into account the lattice mismatch of the

latter interface.37 Accordingly, it is plausible to assume
the (Ntop,Bfcc) to be a bonding configuration also for the
initial stages of h-BN growth on the Ir(111) surface.
On the basis of these considerations, we thus pro-

pose the following mechanism for h-BN growth on Ir
with the TPG approach. When the surface is exposed to
borazine at room temperature and then annealed, the
nucleation starts in the lowest energy configuration:
the small BN islands adopt a single orientation relative
to the substrate, which very likely corresponds to a
fcc domain. Notably, in a previous work on the h-BN/
Ir(111) interface,14 we already pointed out that bora-
zine dehydrogenation is observed above 250 K. This
could therefore indicate that boron and nitrogen
atoms are potentially able to couple and interact with
the Ir surface atoms already at room temperature. As
the growth proceeds, the fcc nucleation seeds expand
forming larger BN clusters which keep the initial
orientation. This can be explained as due to the energy
difference between the fcc and hcp configurations, in
analogy to the growth of h-BN on Ru(0001).37 Indeed,

Figure 5. (a) SPA-LEED image of the singly oriented h-BN monolayer measured at kinetic energy of 86 eV, together with a
zoomof the zero-order diffraction spot. (b) Spot profile analysis along the [10] direction. The inset displays the best fit analysis
of the (1,0) h-BN diffraction spot.
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in this case the adsorption energy difference per B
atom of the BN clusters with increasing number of
rings keeps constant, with the fcc clusters being more
stable. Therefore, as the width of the BN nucleation
seeds increases, the energy difference between fcc and
hcp gets higher, thus allowing the growth of a single
domain with the same fcc configuration of the initial
seeds. For the synthesis performed directly at high
temperature, on the other hand, the thermal energy is
sufficient to exceed the energy difference between the
fcc and hcp adsorption configuration of the BN seeds
during the initial stages of the CVD process. As a result,
both nucleation seeds form, and two antiparallel h-BN
domains develop. Interestingly, the STMmeasurements
on the h-BN/Ru(0001) nanomesh37 show a parallel
alignment of growing fcc islands within the same Ru
terrace when the growth is performed at 700 K, while
hcp domains appear when borazine is dosed at tem-
peratures higher than 950 K.
We compared the experimental XPD patterns with

simulations corresponding todifferentpercentages of the
fcc domain and computed the respective R-factors. We
applied this quantitative analysis to the diffraction pat-
terns obtained with HTG and TPG procedures and found
out that the fccpercentage is 50%and100%, respectively,
with an uncertainty of about 5% in both cases.
To provide a compelling evidence that the single

domain structure obtained by the second preparation
has a fcc orientation, we extended the XPD measure-
ments to the Ir 4f7/2 core level. Indeed, by exploiting
the 3-fold symmetry of the substrate and by compar-
ison with the simulated intensities, these data allow a
determination of the h-BN layer orientation with re-
spect to the Ir(111) surface. The measured Ir 4f7/2
spectrum of clean Ir(111) (not shown here) displays
the characteristic two components assigned to surface
and bulk atoms.38 Figure 4 shows the diffraction
patterns for the B 1s (a) and N 1s (b) core levels
(same patterns displayed in Figure 2h,j), and for the Ir
4f7/2 core level from the surface (d) and bulk (e) atoms

measured on the clean substrate, that is, before the
growth of the h-BN monolayer. The azimuthal orienta-
tion of the simulations is aligned to the geometric
structure shown in Figure 4c and f for h-BN and Ir(111)
lattices, respectively. Accordingly, this finding proves
that the arrangement of the h-BN layer corresponds to
the fcc configuration shown in Figure 3a.
To measure the average domain size of the singly

oriented h-BN layer, we performed SPA-LEED high
resolution k-space measurements of the diffraction
spots. Figure 5a shows the two-dimensional SPA-LEED
pattern at a kinetic energy of 86 eV, while the spot
profile along the [10] direction is presented in
Figure 5b. The inset in Figure 5b shows a detail on
the (1,0) h-BN spot together with the best fit analysis
obtained using a Voigt function. The Gaussian width
is 0.03 Å�1, while the Lorentzian full width at half-
maximum (fwhm) is below0.008 Å�1, corresponding to
an average fcc domain size larger than 900 Å, which is
comparable to the expected width of the Ir terraces.

CONCLUSIONS

Our results prove that an extended h-BN monolayer
with a single orientation can be grown on Ir(111) by
using proper synthesis conditions. Two different prep-
arations have been employed to grow h-BN from
borazine precursor: (i) dose at 1070 K and (ii) cyclic
depositions at room temperature followed by anneal-
ing at 1270 K. While the symmetry of the resulting
layers is always the same as that of the Ir(111) substrate,
180�misoriented h-BN domains are formed by the first
method, corresponding to fcc and hcp configurations.
The second preparation, instead, gives rise only to the
fcc phase. This behavior is related to a different inter-
play between the thermal energy and the binding
energy difference between fcc and hcp seeds during
the first stages of h-BN growth. This approach could be
further exploited on other transition metal surfaces in
order to control the orientation of the resulting h-BN
films.

METHODS
The experiments (excluding the SPA-LEED measurements,

see below) were performed at the SuperESCA beamline of
the Elettra synchrotron radiation facility in Trieste (Italy). The
experimental chamber is equipped with a Phoibos hemi-
spherical electron energy analyzer (150 mm mean radius),
implemented with a delay line detector developed in-house.
The base pressure in the ultrahigh vacuum chamber is better
than p = 1 � 10�10 mbar.
The Ir substrate was prepared by repeated cycles of Arþ

sputtering, oxygen treatment between 600 and 1000 K, and
flash annealing to 1470 K. The sample quality was checked with
XPS from C 1s and Ir 4f7/2, and the surface order was verified
bymeans of LEED, which exhibited a sharp and low background
1 � 1 pattern. The h-BN layers were grown by thermal decom-
position of borazine on the iridium surface. Borazine was
synthesized following the procedure described by Wideman
et al.,39 and stored below 250 K at all times to avoid its

degradation. Prior to every deposition, borazine was regularly
purified by repeated freeze�thaw cycles.
The B 1s and N 1s core level spectra were measured using

photon energies of 284 and 500 eV, respectively, with an overall
energy resolution ranging from 40 to 100 meV. The surface
normal, the incident beam direction, and the electron emission
direction are all in the same horizontal plane, with the angle
between the photon beam and the analyzer fixed at 70�. The
core level spectra were decomposed using a Doniach-�Sunji�c
line shape40 convoluted with a Gaussian. The background was
assumed to be linear. All the binding energies presented in this
work are referenced to the Fermi level, measured in the same
experimental conditions.
XPD measurements were performed with photon energies

corresponding to electron kinetic energies of 115, 120, and
315 eV. At each of these energies 1140 spectra were measured,
corresponding to different polar (θ) and azimuthal (φ) angles
settings. Each XPD pattern wasmeasured over a wide azimuthal
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sector, ranging from 120� to 140�, from normal (θ = 0�) to
grazing emission (θ = 80�). The reported modulation functions
were obtained for each polar emission angle θ from the peak
intensity I(θ, φ) as (I(θ, φ)� I0(θ))/I0(θ), where I0(θ) is the average
intensity for each azimuthal scan.
SPA-LEED was performed at the Surface Science Laboratory

of Elettra Sincrotrone Trieste using a commercial Omicron SPA-
LEED with a transfer width better than 1000 Å.41 The instrument
was used both to acquire high-quality two-dimensional reci-
procal space maps at a fixed energy and to measure one-
dimensional high-resolution profiles along specific reciprocal
space directions. Reciprocal space lengths in the SPA-LEED
scans are given in units of Å�1 and were calibrated using the
known lattice parameter of Ir(111).14 Line profile diffraction
spots for a corrugated surface can be modeled using a Voigt-
type line shape.42 The Gaussian contribution accounts for the
instrumental broadening, that is, the finite coherence length of
the primary electron beam, and for the corrugation of the h-BN
layer over the Ir(111) surface,27 in analogy with previous LEEM
and μ-LEED measurements on graphene showing that an
increased layer corrugation results in a broadening of the
diffraction spots.42 The Lorentzian component stems from
fluctuations in the short-range order, and its width is propor-
tional to the correlation length of the surface.
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