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ABSTRACT: The production of high-quality two-dimensional
(2D) materials is essential for the ultimate performance of single
layers and their hybrids. Hexagonal boron nitride (h-BN) is
foreseen to become the key 2D hybrid and packaging material
since it is insulating, impermeable, flat, transparent, and
chemically inert, though it is difficult to attain in ultimate quality.
Here, a scheme is reported for producing single layer h-BN that
shows higher quality in view of mosaicity and strain variations
than material from chemical vapor deposition (CVD). We delaminate CVD h-BN from Rh(111) and transfer it to a clean metal
surface. The twisting angle between BN and the second substrate yields metastable moire ́ structures. Annealing above 1000 K
leads to 2D distillation, i.e., catalyst-assisted BN sublimation from the edges of the transferred layer and subsequent
condensation into superior quality h-BN. This provides a way for 2D material production remote from CVD instrumentation.
KEYWORDS: h-BN, 2D materials transfer, moire,́ heterogeneous catalysis, 2D distillation

INTRODUCTION

The paradigm “two-dimensional (2D) materials”1 is expected
to enable opportunities for devices with ultimately thin
membranes,2 mechanical detectors,3 inks,4 and specifically for
electronics beyond silicon technology.5,6 These materials can
be assembled at room temperature, layer by layer, which allows
us to produce nonequilibrium hybrid structures. For instance,
the twisting of two stacked graphene layers leads to 2D
superconductivity that is related to the moire ́ interference
between the two 2D lattices.7

Before harvesting the benefits of materials, their fabrication
and handling have to be mastered. This is a big challenge for
2D materials since they mostly consist of surfaces that are
known to be prone to imperfections like contaminations and
defects. The related reactivity of 2D materials calls for a
packaging material that is protective, impermeable, thin, flat,
transparent, and nonreactive. Hexagonal boron nitride (h-BN)
has all these properties and is the prime candidate to become
the key 2D packaging and hybrid material.8 Currently, the
main approach for scalable production is chemical vapor
deposition (CVD) of precursors that contain boron and
nitrogen9−14 and segregation-assisted growth15,16 on substrates
acting as catalysts or bulk reservoirs of B and N.17 Although
CVD does not allow the preparation of single orientation h-BN
on all substrates, transfer of single-orientation h-BN does, with
the added feature of nonequilibrium moire ́ formation with
arbitrary lattice orientation. However, transfer is another

challenge, since it is, if successful, often accompanied by
compromises to the material quality.18,19

In view of these problems and opportunities, we transferred
CVD-grown single layer boron nitride back onto a crystalline
catalyst. The introduction of a twist angle enables moire ́
interference between the second substrate and the h-BN layer.
Annealing of such structures reveals the temperature window,
within which this moire ́ structure is efficiently cleaned and
stable. At higher temperatures this metastable moire ́ undergoes
a phase transformation where boron nitride sublimates from
the edge of the transferred BN into a dilute adsorbate phase
and a recondensation into a lattice aligned higher quality h-BN.
Because the sublimation and recondensation processes are well
confined to the substrate surface, we label it ”2D distillation”.
This is a way to produce h-BN from transferred material with
holes and contaminations and remote from CVD equipment.
All these products and processes can be directly monitored in
real time with low energy electron microscopy (LEEM).
Single orientation h-BN monolayers on rhodium, also called

“nanomesh”,10,20 are fabricated in a CVD process on single
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crystalline Rh(111) at a 4-in. wafer scale.21 As on Ru(0001),22

the interaction of BN with the substrate is relatively strong and
aligned h-BN can be grown while, e.g., no pronounced
azimuthal lock-in was observed for Pd(111).23

RESULTS AND DISCUSSION

Figure 1A depicts the procedure of the experiments. After
CVD growth, a h-BN monolayer was transferred (named t-
BN) on arbitrary substrates.18,19 Here, we investigate the
transfer of h-BN onto Rh(111). X-ray photoelectron spectros-
copy (XPS) data in Figure S1 of the Supporting Information
(SI) confirms successful transfer of h-BN layer. Notably the
lattices of t-BN and the Rh substrate are not aligned, as is the
case for the h-BN nanomesh. Annealing to 750 K cleans the
surface, which induces the formation of moire ́ structures (m-
BN) that can be resolved with scanning tunneling microscopy
(STM). The m-BN is metastable, and annealing to higher
temperatures leads to a more stable phase (d-BN): the process
that we call “2D distillation”. The process is robust and was
observed for all m-BN moire ́ structures with twist angles
between 4 and 25° that were investigated. Figure 1B shows a
STM image of a CVD-grown h-BN nanomesh on Rh(111).10

Prior to the imaging, 2 nm voids have been created with the
“can-opener” effect24,25 in order to have the fingerprint of the
original BN layer after transfer.18 Figure 1C displays a
representative STM image of m-BN with such 2 nm voids.
Clearly, a hexagonal superlattice is distinguished. Compared to
the nanomesh in Figure 1B, the moire ́ lattice constant is 25%
smaller, and the unit cell displays a 0.1 nm protrusion and not
a depression (more data can be found in Figure S2 of the SI).
Applying the theory for a periodic overlayer moire ́ pattern,26
the superlattice constant of 2.4 nm indicates that this
transferred t-BN flake was rotated by α = 4° with respect to
the Rh lattice. Figure 1D shows a region of the surface after
further annealing to above 1000 K. The formation of a
superstructure with a lattice constant of 3.2 nm, which is
within the error bar of the h-BN nanomesh, is observed.
Furthermore, the 2 nm voids as seen in Figure 1B,C
disappeared.

For the study of macro- and mesoscopic properties of
transferred BN at the millimeter scale, other methods than
STM have to be employed. While low energy electron
diffraction (LEED) maps the macroscopic crystallinity, ultra-
violet photoelectron spectroscopy (UPS) provides details on
the electronic structures. An m-BN sample with a lattice
rotation angle α = 19° and a transfer rate of 95% is compared
with a nanomesh (α = 0°) in Figure 2. The moire ́ is formed
after transfer and annealing to 750 K. The angle α between the
[11̅0] direction of the substrate and the [10] direction of the
adsorbate is determined from the LEED patterns in Figure
2A,B. Normal emission angle-resolved photoemission spec-
troscopy (ARPES) displays a σ band splitting Δα′β′ of 0.6 eV
for this m-BN and an upshift Δαα′ of the σα bands by 0.27 eV
to 4.27 eV binding energy. This upshift is in line with the h-BN
physisorption picture,9 which indicates for the present case
that the work function of the α = 19° moire ́ is 0.2 eV higher
than that of the h-BN nanomesh. The σα and σβ band-positions
are measures for the electrostatic potential variations in the
boron nitride supercell, and it can be seen that this splitting
decreases by about a factor of 2 from the nanomesh to the α =
19° moire.́ The fact that the supercell lattice constant decreases
by a factor of 4.24 implies even larger lateral electric fields than
in the h-BN nanomesh.27 The interpretation of the photo-
emission results is supported by density functional theory
(DFT) with the calculation of 19 h-BN units rotated by an
angle of 23.4° on top of a (4 × 4) Rh unit cell. It predicts that
the bonding of the rotated h-BN layer with the substrate is
about 20% weaker than the aligned 169 on 144 R0° h-BN/
Rh(111) nanomesh (see S4.1 in the SI).28

The properties of 2D materials strongly depend on their
lattice: strain fluctuations and lattice rotation angle distribu-
tions at the micrometer scale are decisive. For the case of
graphene lattice, strain may be measured with Raman
spectroscopy.29,30 If it comes to a noninvasive method that
captures the lattice rotation and the related moire ́ angles on
the mesoscopic scale, LEEM gives direct insight.31−36 LEEM
identifies different phases in bright field images, where the
specular electron reflectivity is measured, while the local crystal
lattice orientation and straining can be inferred from μ-LEED

Figure 1. Transfer and annealing of h-BN on Rh(111). (A) Concept: After growth and delamination, the h-BN monolayer is transferred on a
Rh(111) substrate, where t-BN forms. Annealing of t-BN leads to visible moire ́ structures (m-BN), and at higher temperature m-BN distills
into d-BN; i.e., nanomesh reforms; (B-D) Room temperature STM (80 × 80 nm2) images of pristine h-BN nanomesh with 2 nm voids on
Rh(111) (B), m-BN with voids on Rh(111) after transfer and annealing to 750 K (C), and distilled m-BN without voids on Rh(111) (d-BN)
after transferred and annealing above 1000 K (D). U = −1.20 V, I = 0.50 nA.
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diffraction patterns measured on 250 nm length scale.36

Furthermore, LEEM can be performed at high temperatures,
which allows us to directly observe phase transformations from
t-BN into d-BN in real space and time.
Figure 3 shows LEEM data from a single layer h-BN with 2

nm voids that was transferred on a Rh(111) thin film substrate
and annealed to different temperatures. Figure 3A discerns t-
BN and m-BN phases within the field-of-view of 23 μm at 1130
K. The transformation reaction starts at catalytic particle sites
(condensation seed, see S5.2 and Figure S7 in the SI). The
zoom-in area (yellow dashed circle in Figure 3A,F) in Figure
3B−E document the 2D distillation process of m-BN to d-BN
and show that the reaction proceeds with speeds in the order
of 10 nm/s without the presence of BN precursor molecules in
the gas phase and with less than 50% loss of BN (see the
LEEM movie and analysis details in S5.1 of the SI). Since
boron binds more strongly to Rh(111) than nitrogen does (see
section 4.2 of the SI), a supply of nitrogen from the gas phase
could decrease the loss of BN due to N desorption during
distillation. This is also a hint that the observed ( ×2 3 2 3
)R30° superstructure on the bare rhodium near d-BN (see
Figure S8 in the SI) is a boron-induced reconstruction. The
distillation occurred on a tens of micron length scale at
numerous independent locations on the sample, limited by the
annealing time. In Figure 3F, the d-BN structure dominates,
where straight segments at the edges of the d-BN patches

reveal the crystallographic orientation of the d-BN. Further-
more, d-BN exhibits two intensities in Figure 3F that identify
BN/substrate twinning domains. The structural natures of the
different crystalline phases are distinguished by the μ-LEED
patterns in Figure 3G−J obtained from 250 nm diameter areas.
The rotated t-BN layer shows Rh and rotated BN integer
diffraction spots only. In the m-BN phase, the diffraction spots
of the moire ́ lattice are visible and from the lower
photoelectron yield of m-BN we infer a lower work function
of t-BN (for details, see section S5.2 in the SI). Finally, the
diffraction pattern of d-BN is reminiscent of h-BN/Rh(111)
nanomesh with a commensurate 13 × 13 on 12 × 12
superstructure. The variation of the elastically scattered
intensity along the surface normal versus incident electron
energy in I(V) spectra gives rise to the energy dependence of
bright field LEEM image contrast and also distinguishes
various phases. The I(V) spectra of t1-BN and t2-BN in Figure

Figure 2. Structural and electronic properties of h-BN/Rh(111)
and m-BN/Rh(111). (A, B) LEED patterns (E = 70 eV) of pristine
h-BN nanomesh (A), and transferred h-BN on Rh(111) after
annealing to 750 K (m-BN) (B). The reciprocal lattice vectors of
Rh(111), h-BN, and the superstructures are indicated. The angle α
between the substrate k⃗Rh (red) and h-BN ⟨10⟩ diffraction spots
k⃗BN (blue) is 19°. k⃗BN−k⃗Rh is the reciprocal moire ́ lattice vector k⃗m
(orange). (C) UPS (He Iα) spectra of pristine h-BN nanomesh
(black) and m-BN (red) in (B). The work function increase of m-
BN/Rh(111) is reflected in the σ band shift Δαα′. The σ-band
splitting Δαβ is smaller in m-BN.

Figure 3. Low electron energy microscopy (LEEM) images,
patterns and spectra. (A−F) LEEM bright-field image sequence
of the transformation from t-BN to m-BN, and 2D distillation to d-
BN upon annealing (see LEEM video in the SI). The yellow circle
in C−E is a marker at the same location on the sample to guide the
viewers for how the d-BN evolves: (A) 1130 K, t = 0; (B) 1135 K, t
= 11 min; (C) 1180 K, t = 19 min; (D) 1180 K, t = 28 min; (E)
1210 K, t = 38 min; (F) 1210 K, t = 47 min. (B−E) Zoom-ins of
the area indicated by the yellow dashed-circles in (A) and (F). The
imaging energies are 12 eV in (A)−(D) and 15 eV in (E) and (F).
The μ-LEED patterns of (G) t2-BN, (H) t1-BN, (I) m-BN, and (J)
d-BN were recorded at room temperature after annealing to 1100
K (G−I) and 1210 K (J). t2-BN, t1-BN, and Rh spots are
highlighted by white solid-line and dashed-line circles in (G) and
(H). (K, L) LEEM I(V) spectra of different phases are measured
after recording the corresponding μ-LEED patterns. (K) t1-BN
(black), t2-BN (blue), and m-BN (red). (L) d-BN twin domains of
d1 (magenta) and d2 (green).
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3A are displayed in Figure 3K and show similar characteristics,
while m-BN is distinctly different. The similarity of the I(V)
spectra for t1-BN and t2-BN indicate that they have the same
structure, but the higher intensity of t2-BN means that it is
cleaner. This cleaning process precedes the 2D distillation (see
the video in the SI). Figure 3L displays the I(V) spectra for
two different BN domains d1-BN and d2-BN in Figure 3F.
The in situ LEEM observations directly reveal the 2D

distillation process, i.e., the sublimation of BN onto the
Rh(111) surface, the diffusion of these precursors, and
condensation into a more stable material: d-BN. The
residence-times of B and N on the surface are sufficiently
long for this process to take place. Free h-BN fragments
continue to be generated at the receding m-BN edge and
diffuse toward the d-BN phase in response to the free energy
difference between the m-BN and d-BN edges, respectively.
This picture should be generally valid and applicable to the
distillation growth of other 2D materials on Rh and other
catalytic material surfaces used for CVD growth and transfer.

The m-BN → d-BN phase transformation is initiated at
sparsely distributed defect sites (Figure S7). These defects are
believed to be Rh particles bound to the underside of the
transferred h-BN that were detached from the growth substrate
during the transfer process. The areal density of the particles is
in the order of 10−4 μm−2. These point defects trigger the 2D
distillation at low temperature, which is favorable for
minimizing the loss of BN from the surface19 and explain
the circular shape of the phase transformation region. The
choice of the catalyst surface plays an important role, as there
is no evidence for 2D distillation in control experiments with h-
BN on a SiO2 surface (Figure S3).
In order to establish differences in the quality of h-BN

nanomesh, m-BN and d-BN, lattice constants, lattice rotation
angles, and mosaicities were determined quantitatively in
submicron (250 nm) areas with high accuracy using μ-LEED.
These characteristics are particularly relevant for the electronic
performance of 2D materials. Figure 4 shows 6 × 6 μm2

scanning μ-LEED images of a h-BN nanomesh, m-BN and d-

Figure 4. BN lattice properties from scanning μ-LEED at room temperature. (A−C) h-BN nanomesh grown on Rh(111) and annealed to
1210 K. (D−F) m-BN after annealing to 1100 K. (G−I) d-BN distilled from m-BN up to 1210 K. (A, D, G) LEEM bright field images. Color-
coded (B, E, H) lattice rotation angles, α, and (C, F, I) lattice constants. (J−L) Characteristics of h-BN (black), m-BN (blue), and d-BN
(red). (J) Spatial autocorrelation of lattice rotation angles. (K) Histogram of the lattice rotation angles. The average m-BN rotation angle of
24.3° is subtracted. (L) Histogram of the lattice constants.

ACS Nano www.acsnano.org Article

https://dx.doi.org/10.1021/acsnano.0c08616
ACS Nano XXXX, XXX, XXX−XXX

D

http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c08616/suppl_file/nn0c08616_si_002.mp4
http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c08616/suppl_file/nn0c08616_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c08616/suppl_file/nn0c08616_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c08616?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c08616?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c08616?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c08616?fig=fig4&ref=pdf
www.acsnano.org?ref=pdf
https://dx.doi.org/10.1021/acsnano.0c08616?ref=pdf


BN. As for d-BN, h-BN may display in different domains as
well, which explains the bright field contrast in Figure 4A,
while such contrast is absent in the shown m-BN patch. The
BN lattice rotation angles α and lattice constants a have been
determined from more than 1000 different μ-LEED patterns
recorded in the scan areas. The BN lattice constants of d-BN
have the smallest scatter of 0.1%, while for m-BN it is about a
factor of 2 larger. The average BN lattice rotation angle of m-
BN is 24.3°, while h-BN and d-BN appear aligned to the Rh
substrate. The mosaic spread or standard deviation of these
angles is the smallest for d-BN. This is also reflected in the
prefactors of the lateral autocorrelation of the rotation angles
and we find the best correlation length λα of 560 nm for h-BN
nanomesh, while it is 280 nm for d-BN and 150 nm for m-BN
(see detailed analysis in S5.5 in the SI).

CONCLUSIONS
In summary, 2D distillation signifies gas-phase and precip-
itation induced growth as a way to synthesize 2D materials on
surfaces. We investigated hexagonal boron nitride that is
transferred back onto a rhodium substrate. Annealing of an
arbitrarily oriented transferred single layer cleans the BN layer
and leads to moire ́ interference with the substrate. Further
annealing treatments lead to formation of d-BN by sublimation
and recondensation with distinctly superior quality compared
with the initially grown h-BN. Our results provide a method for
fabricating high-quality h-BN monolayers without CVD setup.
2D distillation promises a synthesis route for any 2D material
on catalytic substrates.

MATERIALS AND METHODS
CVD, Delamination, XPS, UPS, LEED, STM, and Raman

Experiments. The h-BN monolayers are prepared with an ultrahigh
vacuum (UHV) CVD method on 4-in. single-crystalline Rh(111) thin
film wafers with a base pressure of 1 × 10−10 mbar.37 For the 2 nm
void generation with the “can-opener” effect, a Specs IQP 10/35
Penning-type ion source run at lowest acceleration potential was
used.24 The electrochemical delamination procedure of h-BN
monolayer is described in detail in refs 18 and 19. XPS and UPS
measurements were carried out in a VGESCALAB 220 system.38 The
STM experiments were performed in a variable-temperature scanning
tunneling microscope (Omicron, VT-STM).39

LEEM Experiments. LEEM imaging and I(V) spectra measure-
ments, conventional and scanning μ-LEED and PEEM were carried
out in a noncommercial LEEM instrument.36,40−42 PEEM measure-
ments were performed using illumination from a mercury discharge
lamp. Temperature was measured using an optical pyrometer with an
emissivity setting of 0.1.
DFT Simulations. DFT simulations have been performed with the

CP2K code43 using the PBE-rVV10 density functional.44−46 The
ground-state calculations have been carried out under the Gaussian
plane wave method and the molecular orbitals of the valence electrons
are expanded into a combination of Gaussian and plane waves,
whereas the core electrons are treated using Goedecker−Teter−
Hutter pseudopotentials.47 For the Gaussian basis set expansion, the
valence orbitals have been expanded into molecularly optimized
DZVP basis sets for all elements except Rh, where orbitals were
expanded using a molecularly optimized SZVP basis.48
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