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Borophene, a theoretically proposed two-dimensional boron allotrope’-, has
attracted much attention*® as a candidate material platform for high-speed,
transparent, and flexible electronics®?®. It has been recently synthesized, on
Ag(111) substrates'®'!, and studied by tunneling and electron spectros-
copy'?. However, the exact crystal structure is still controversial, the nano-
meter size single-crystal domains produced so far are too small for device
fabrication, and the structural tunability via substrate-dependent epitaxy is
yet to be proven. We report on synthesis of borophene monitored in situ by
low-energy electron microscopy, diffraction and scanning tunneling micros-
copy and modeled by ab initio theory. We resolve the crystal structure and
phase diagram of borophene on Ag(111) but find that the domains remain
nanoscale for all growth conditions. However, by growing borophene on
Cu(111) surfaces, we obtain large single-crystal domains, up to 100 pm? in
size. The crystal structure is a novel triangular network with n =1/5 concen-
tration of hexagonal vacancies. Our experimental data together with first
principles calculations indicate charge-transfer coupling to substrate with-
out significant covalent bonding. Our work sets the stage for fabricating
borophene-based devices and substantiates the idea of borophene as a
model for artificial 2D materials development.

Metallic sheets of atomically thin borophene are expected to enable new functionalities of
two-dimensional (2D) materials and open applications in flexible electronics and near-vis-
ible plasmonics™!'®. The polymorphism of borophene also opens up concrete paths for en-
gineering structural and electronic properties of anisotropic 2D metallic sheets!>”7 by
choosing different substrates or growth conditions. Atomic boron planes isostructural to
graphene already stand out by providing a high critical superconducting temperature (7. =
40 K) in MgB», making the prospect of discovering other boron-based 2D superconducting
compounds promising'4.

Using Ag(111) substrates and molecular beam epitaxy, a pioneering work demonstrated
successful synthesis of atomically thin 2D boron layers organized in islands tens of na-
nometers in size!'%!!, Indications for persisting Dirac fermions are present in photoemission



data!>!> of this boron sheet and their existence is supported by theoretical calculations in
several polymorphs!4. To the extent that simple tight binding approximations provide a
good parametrization for ab initio band structure calculations in borophene, it is notable
that within nearest-neighbor interaction the degeneracy at graphene K points and the pres-
ence of associated Dirac cones are preserved for an arbitrary distribution of ‘impurity’ at-
oms filling the hexagonal centers of any type of super-cell of a honeycomb lattice. This
remains true in higher order hopping for several of the theoretically stable sheets of boro-
phene with the concomitant appearance of flat or weakly dispersive bands arising from
localized orbitals of the center atoms. This peculiarity of the honeycomb lattice is interest-
ing because flat bands can engender strange, non-Fermi-Liquid metals, and perhaps open
a path to room-temperature superconductivity'¢. In order to realize this potential, it is press-
ing to explore synthesis of borophene on other substrates and study the ensuing crystal
structures.

Notwithstanding the promises for unique electronic and mechanical properties, the lateral
extent of borophene domains produced so far makes them amenable to study by only few
techniques and is far below the limits required for device fabrication. This is an impediment
for gaining access to key properties, such as resistivity, Hall effect, magnetoresistance, etc.,
because micron-sized single-crystal flakes are needed for such measurements. Here, we
solve this challenge by growing borophene on a different substrate (copper), producing
single-crystal domains 10-100 um? in size. Elemental borophene may now be used as a
material platform to make devices and study fundamental physics.

The interest in borophene encounters substantial theoretical and experimental challenges.
The prediction and targeted synthesis of borophene is a delicate affair because of the ex-
istence of many states with energies very close to the overall minimum'-"-8, Furthermore,
it has been predicted that the already rich phase space for 2D borophene sheets in vacuum
can be easily modified by the interaction with the substrate of choice!?. 2D phases are found
to be stabilized by the existence of boron vacancies in a triangular lattice but theory predicts
a disconnect between the stable patterns of vacancies in free-standing and metal-supported
borophene!3. This is important for the transfer of sheets from metallic to device-compatible
substrates.

In this work we utilize the capabilities of Low Energy Electron Microscopy (LEEM) for
simultaneous real-time monitoring of dynamics of borophene nucleation and growth as
well as k-space structural characterization by Low Energy Electron Diffraction (LEED)!”-
20 A setup employing a customized electron-beam evaporation source along with other
sample preparation capabilities (see Methods) enables precise control of deposition rates,
which is essential for producing crystalline 2D sheets. In order to determine the structure
of borophene on Cu(111) we performed high-resolution scanning tunneling microscopy
(STM) measurements®! using functionalized tips*>2* in conjunction with ab initio density
functional theory (DFT) calculations®*2S.

We first studied the growth and stability of borophene on Ag(111) surfaces in detail. Pre-
vious work used STM data in combination with DFT to infer the crystal structure!®!!. For
a given 2D borophene sheet, the parameter n is defined! as the ratio of vacant hexagon-



center sites to the number of triangular lattice sites in a unit cell (UC). An ‘empty’ honey-
comb (graphene-like) lattice has n = 1/3, and a putative all-boron triangular lattice has n =
0. For borophene on Ag(111), two structures denoted P12 and 3 have been proposed, cor-
responding to | = 1/6 and 1 = 1/5, respectively. We have synthesized borophene layers on
Ag(111) at various substrate temperatures (Fig. 1). Both 12 and 3 phases were indeed
identified by LEED, and we confirm that the former is favored at lower growth tempera-
tures, 550 K < T < 600 K. Nevertheless, weak diffraction peaks corresponding to the 3
phase are also present, indicating phase coexistence in this temperature range. Growth at
an elevated temperature, 650 K < T < 720 K, renders only the y3 phase (Fig. 1c). Further
increasing the substrate temperature generates additional orientations for y3 domains, ro-
tated by 30°, as well as a re-entrance of the 1> phase, also with domains rotated by 30°
(see Fig.1d and Supplementary Figs. S1 and S2). In-situ post-growth temperature ramps in
the 550-850 K and 750-910 K ranges (Fig. 1e,f) both show that the %3 phase is more stable
than the P12 counterpart.

Figs. 1b and 1c show bright-field LEEM and LEED images of borophene on Ag(111). The
size of single-crystal domains is only in the range of tens of nm. The domains do not coa-
lesce and the average size does not change even at complete monolayer (ML) coverage.
These results are further confirmed by atomic force microscopy (AFM) (Fig. S3). The
higher nucleating density on Ag surfaces along with a tendency for boron clustering could
be a limiting factor for the average domain size. Indeed, continuing deposition beyond one
full ML coverage leads to a reduction of crystallinity (dark areas in Fig. 1d). The bright
areas in the same panel correspond to regions where nano-sized B12-30°, %3-30° and y3
domains are found to coexist and, occasionally, even overlap with each other spatially
(dark-field images in Supplementary Fig. S4).

In order to produce larger domains, we have explored candidate substrates less inert than
Ag, i.e., potentially able to promote growth of larger domains, but not so reactive as to
form metal boride compounds. Our data support the notion that Cu substrates achieve this
balance. Fig. 2 illustrates nucleation and growth of a large area ML film of borophene on
a single-crystal Cu(111) substrate, at T = 770 K and at the rate of 0.05 ML/min (see the
supplementary movie “B-Cu(111) Film Growth”). The growth on lower terraces of Cu step
edges is anisotropic and proceeds at a rate that is about five times faster along the step edge
than in the perpendicular direction (Supplementary Fig. S5). Nucleation on upper terraces
follows subsequently and displays more isotropic growth kinetics. Growth of single crys-
tals ensues once the density of nucleation sites reaches a saturation value observed to be
around 0.75/um?. Ambient AFM data (Fig. 2b-d) corroborate the growth of one-atom-thick
borophene islands.

LEED and dark-field LEEM images in Fig. 3 show that the borophene sheets are composed
of large single-crystal domains. The domain length along the terrace directions can exceed
10 um. Domain widths in the perpendicular direction can be limited by the terrace width,
typically 1-3 um and determined by the angle of surface miscut with respect to the Cu(111)
plane. Nevertheless, boundaries of borophene domains do not always follow the Cu ter-
races, and it is common to find borophene flakes that cross many steps edges (Supplemen-
tary Fig. S6). In spite of the large number of Bragg peaks in the LEED data, we observe



that many of them ‘light up’ the same domain structure. We elucidate this domain structure
by performing pLEED. Fig. 3 and Fig. S6 demonstrate that the entire ML is made out of
six domain types. They are obtained by 120° rotations of two types of UCs with different
chiralities (Fig. 31), and correspond to a single structural phase. The UC of our structure is
21.84 A x 15.96 A in size, larger than those corresponding to Bi2 and y3 sheets, and is
rotated by a small angle (£ 5.8°) with respect to the [100] direction of the Cu(111) surface
(Fig. 3h). While domain sizes are generally correlated with substrate step edges, large in-
dividual Cu terraces also allow faceted islands growth (Supplementary Fig. S7 and Sup-
plementary Movie “B-Cul 11 Faceted Islands”). Important and delicate questions involving
possible boride formation, B-Cu solubility or the role of evaporation and sub-surface dis-
solution are also elegantly solved using LEEM capabilities: we are able to induce subsur-
face dissolution and resurfacing of crystalline borophene sheets by thermal cycling the
Cu(111) substrate covered by a full ML of borophene (see Supplementary Fig. S8 and
Supplementary Movie “B-Cu(111) Miscibility”).

To decipher the internal structure of the UC, we performed STM measurements and ab
initio density functional theory (DFT) calculations. Fig. 3j and Figs. 4a,b show large area
topographic STM images of a borophene domain on Cu terraces. The Fourier transform of
the topographic signal is in very good agreement with LEED results indicating that the
same borophene structure is preserved at T = 5 K. STM tip functionalization with carbon
monoxide molecules?!?? dramatically improves the spatial resolution compared to what is
typically achieved with bare metallic tips (Supplementary Fig. S10). Such ultra-resolved
STM data allow us to propose an array of potential planar borophene sheets whose stabil-
ities are subsequently found by DFT calculations and relaxations?*?°, Fig. 4e-g summarizes
this procedure and display our proposed structure of borophene on Cu(111) substrates,
which is also the one with the largest binding energy of all the sheets investigated. The
good agreement between the experimental (Fig. 4¢) and DFT simulated structure using
tunneling states with p, character?® for the functionalized STM tip (Fig. 4f) supports this
assignment (see Supplementary Information Sections 3 and 4). The proposed structure has
a boron vacancy density of n = 1/5 (the same as the 3 structure).

Our ab initio calculations reveal a rather flat sheet of relaxed borophene with a z-corruga-
tion of only 0.43 A, consistent with prior theoretically investigated structures on Cu(111)
with smaller UCs'3?7. The average boron-boron bond length is 1.72 A, with a spread < 0.2
A, which indicates that the sheet on Cu(111) is under anisotropic, 4% on the average,
tensile strain compared to the corresponding structure relaxed in vacuum. More details on
other borophene structures we investigated can be found in Section 4 of the Supplementary
Information. We investigated the film-substrate interaction, a relevant parameter for pro-
spective sheet transfer and device fabrication (Fig. 5). The calculations show that our boro-
phene structure in Fig. 4 is electron doped via charge transfer with no significant covalent
bonding. The value of n = 1/5 can be understood if one takes into account that the self-
doping mechanism>-8 in conjunction with the electron transfer from Cu to B is expected to
increase 1 above 1 = 1/9 (maximum stability for isolated sheets). Our experimental find-
ings are generally in agreement with the predicted behavior of 2D boron on Cu(111) sur-
faces!327 and confirm the predictive power and capabilities of ab initio calculations for



guiding future choices of material substrates for structural and electronic engineering of
2D sheets of borophene.

Data on both Cu and Ag substrates indicate that the formation of atomically thin 2D boron
sheets is a self-limiting process; this is advantageous for synthesis of heterostructures based
on atomically thin layers. Indeed, beyond 1 ML coverage, the growth rate on Cu and Ag
decreases dramatically, even if the boron flux is substantially increased. Next, our study
illustrates several other differences brought about by the material choice for the substrate.
Growth dynamics, the influence of incoming atomic flux or substrate temperature on the
structure, film adhesion and rippling!®!12%3 are shown to be very different on the two
substrates. This is crucial from the device fabrication perspective, because synthesis of
large-size domains is required for engineering heterostructures. Our results underscore the
importance of borophene-substrate interactions and the choice of substrate materials. Sim-
ultaneous real- and k-space mapping is shown to be very useful for controlled synthesis
and characterization of new 2D phases, and in conjunction with several elemental sources
can also be used to visualize heterostructure growth.
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Figure captions

Figure 1 | Structure of borophene grown on Ag(111) surfaces. a, The top, real-space
image, shows the terraced surface of the pristine Ag substrate revealed by LEEM phase
contrast. The corresponding LEED pattern is shown at the bottom. b, LEEM image of
surface morphology (top) for 1 ML coverage and the corresponding LEED pattern (bottom)
showing that borophene growth at T = 570 K yields primarily the B12 structure (blue rec-
tangles) with a weak contribution from y3 domains (green triangle). ¢, LEEM and LEED
images as in panel b for borophene growth at T = 720 K which yields only the y3 structure.
The diffraction pattern (green triangle in the bottom panel) shows that the ys UC corre-
sponds to a 3x3 reconstruction of the Ag(111) surface. d, LEEM and LEED images for
borophene growth at T = 750 K which generates both 12 and y3 structures. Two additional
UC orientations rotated by 30° with respect to LEED images in panels b and c appear at
this temperature. The rotated structures, denoted by B12-R30 and x3-R30, are shown as
yellow rectangles and purple triangles, respectively. e. Temperature-dependent intensity
of the diffraction peaks across the white shaded line profile at the bottom of panel b. The
data show the evolution of borophene structures during heating from T = 570 K to 840 K.
f, Temperature-dependent diffraction peak intensities along the white lines in the bottom
of panel d. The data show the evolution with heating from T = 760 K to 910 K.

Figure 2 | Growth dynamics of borophene on Cu(111) surface. a, Sequence of bright-
field LEEM images at T = 770 K reveal that borophene islands prefer to nucleate from the
down-step edge of Cu terraces (i.e. the direction marked by the arrow in the first, t = Os,
panel) and that growth proceeds faster along the step-edge direction: ~97 A/s compared
to ~ 20 A/s for the perpendicular direction (see also Supplementary Fig. S5). Snapshots
taken at 75s and 228s illustrate that at this stage of growth borophene flakes display sharp
edges along low-index directions of the substrate, as shown by the white arrows (see also
Supplementary Movie “B-Cu111 Triangular Islands”). These two panels along with the
snapshot at 468s also show that down-step nucleation is followed by borophene growth
across the upper step edge. In contrast to the down-step growth, up-step growth gener-
ates arc-shaped islands, indicating more isotropic growth kinetics, see the white arrow in
the 468s panel. A continuous monolayer (ML) emerges reproducing faithfully the Cu(111)
terrace structure. The growth rate was ~ 0.05 ML/min (see also Supplementary Movie “B-
Cu111 Film Growth”). b, Topographic Atomic Force Microscopy (AFM) image around 0.1
ML coverage. The surface RMS is 0.24 A on Cu(111) terraces and 0.43 A on borophene
islands (green arrows), respectively. c, Line profile (corresponding to the black line in
panel b showing a 2.8 A tall atomic step of the Cu substrate. d, Line profile corresponding
to the blue line in panel b showing that the thickness of the borophene sheet in ambient
conditions is around 3.0 A. e, Ex-situ X-ray Photoemission (XPS) spectra from a
B/Cu(111) sample. The data indicate that after one hour exposure to air about 80% of
borophene has been oxidized, see also Supplementary Fig. S9.

Figure 3 | Domain structure of borophene on Cu(111) revealed by selected area
diffraction. a, Bright-field LEEM image for borophene on Cu(111) at about 0.4 ML surface
coverage. Borophene appears in yellow color. b-d, Selected area LEED patterns taken
from single-crystal domains of borophene using an electron beam focused to 1.5 um. The
three different LEED patterns orientations correspond to three domain orientations which



can be connected by the 120° rotations. The large white rhombus corresponds to the
Cu(111) substrate unit cell (UC) while smaller yellow rhomboid defines the borophene UC.
e-g, Selected-area LEED patterns for the three remaining domains which are mirror-sym-
metric with respect to those depicted in panels b-d. The reciprocal UC of borophene is
shown in green. The six domains in panels b-g share the same structure and exhaust the
observed domain orientation variety for borophene on Cu(111). h, The two mirror sym-
metric UCs of borophene correspond to a (V73xV39) R+5.8° superstructure on Cu(111).
Yellow and green rhomboids are the real-space correspondents of the reciprocal UCs
shown in b—d and e-g, respectively. i, combined dark-field images of a multi-domain flake
of borophene. The color coding from panels b-g is carried through in panel i. j. A large
area Scanning Tunneling Microscope (STM) image at about 0.5 ML borophene coverage.
The boundary of a single domain (dark blue) is marked by a green dashed line. Other
areas in this panel correspond to terraces of uncovered Cu(111). The inset shows a Fou-
rier Transform of the STM signal from the area marked by white rectangle inside the boro-
phene domain. The reciprocal space information obtained in this way is in agreement with
electron diffraction data.

Figure 4 | The structure of borophene on Cu(111) as revealed by STM data and DFT
simulations. a, Large area STM topographic image of a borophene-Cu step edge (set-
point parameters: Is = 10 pA and V, = +100mV). Color coding: borophene appears in yel-
low (higher z values) and is identified by the UC motif, displayed as a small blue rhomboid;
Cu appears in dark blue (lower z values). The top drawing illustrates this layering se-
quence. b, Same as panel a but for a different z-stacking: here the scanning captures a
borophene domain which most likely nucleated from a down step edge of a Cu terrace,
see discussion in Fig. 2. ¢, d, show profiles across the blue and red lines in panels a and
b, respectively. The height difference between borophene and the top Cu layer is 1.4 A in
panel a and -0.6 A in panel b, indicating a reduced density of states (DOS) in borophene
with respect to Cu. e, Ultra-high resolution STM data of borophene (setpoint parameters:
Is =50 pA and V, = +20mV). The rhomboid corresponds to the borophene UC and the red
dashed lines are guides along the zig-zag pattern characteristic of all STM data, see Sup-
plementary Fig. S10. f, DFT simulated constant tunneling current iso-surface of the pro-
posed borophene structure assuming a p, tunneling state for the tip (Ref. 26). g, Pictorial
view of the borophene structure with B atoms and bonds shown in green. The red dashed
lines continue the basic zig-zag motif from panel e through the DFT simulations (panel f)
and the proposed balls-and-sticks structure (panel g).

Figure 5 | Charge-transfer interaction between borophene and Cu(111) surface. a,
Electronic DOS for the relaxed borophene sheet on Cu (green solid curve), for the same
structure relaxed in vacuum (‘free’ borophene — green dotted curve) and for Cu (pink
curve). Shaded area corresponds to the occupied states for the undoped free borophene.
DFT calculations show that relaxed B/Cu(111) is electron doped by 0.23 e/B atom. The
vertical dashed marks the Fermi level (Ef) in B/Cu(111) as well as that of the isolated
borophene if it were electron doped by 0.23 e/atom (this doping amount shifts Er of the
isolated borophene by 1.18 eV). The high similarity between the green curves indicates
that the interaction between borophene and Cu is of a charge-transfer type with a minor
degree of covalence. b, Iso-surface plot of charge redistribution between Cu planes (pink
atoms) and relaxed borophene (green atoms) along the (100) direction of the underlying
honeycomb lattice. Electron depletion is shown in purple and accumulation in yellow: elec-
trons move from Cu d,2 into B p; - like orbitals; this real-space image further confirms the



charge-transfer scenario and the lack of significant covalent bonding between borophene
and Cu.

Methods

A. Low Energy Electron Microscopy of borophene growth on Cu(111) and Ag(111)
surfaces. Growth of borophene on single crystal Cu(111) and Ag(111) substrates were
performed in an ultrahigh-vacuum LEEM system (Elmitec LEEM-III) augmented with
molecular beam epitaxy (MBE) capability. The base pressure is 2x107'° Torr. Real-
time monitoring of in-situ growth and of the atomic deposition rate were essential for
achieving synthesis of high-quality single crystals and precise control of coverage.
Single-crystal Cu(111) and Ag(111) (roughness < 10 nm, orientation accuracy < 0.1°,
Princeton Scientific Co.) were cleaned by repeated cycles of argon ion sputtering and
post-annealing at 870 K and 770 K respectively, until a clean and broad terraced struc-
ture, with corresponding bright and sharp LEED pattern, was observed. Boron was
evaporated by an electron-beam evaporator with a power around 30W, focused onto a
pure boron rod (purity 99.9999% from ESPI) with a diameter of 3 mm. Clean single-
crystal Cu(111) and Ag(111) surfaces were kept at elevated temperature, while the
LEEM images or LEED patterns were taken during or after the borophene growth pro-
cess. Post-annealing of the different borophene structures on Ag(111) was performed
in the same system, while the LEED patterns were recorded concurrently. For boro-
phene grown at 570 K, post annealing from 570 K to 840 K was carried out with the
temperature ramp-rate around 2.7 K/min while for borophene grown at 760 K, post
annealing from 760 K to 910 K was carried out with the temperature ramp-rate around
3.4 K/min. In both cases the LEED images were recorded with a 5s per frame integra-
tion time.

B. X-ray Photoemission (XPS) and Atomic Force Microscopy (AFM) measurements.
The XPS spectra were taken ex-situ using the monochromatic 1486.7 eV Al Ko X-ray
source with a resolution of 0.47 eV. The energy was calibrated using the Cu 2p*?
(932.67 eV) and Au 4f7? (84.00 eV) peaks on a clean copper plate and a gold foil. The
instrument used is PHI VersaProbe II Scanning XPS Microprobe. The XPS peak fitting
was done with CasaXPS software using a mixture of Gaussian (30%) and Lorentzian
(70%) functions. AFM measurements were carried out in the tapping mode at ambient
conditions using a Cypher S AFM from Asylum Research, and silicon tips with 10 nm
apex radii.

C. Scanning Tunneling Microscopy (STM) data. These measurements were acquired
with a customized Createc scanning tunneling and non-contact atomic force microscope
(NC-AFM/STM) system operating in ultra-high vacuum and at a nominal temperature of
T = 5K. The Pt/Ir tip was mounted on a qPlus sensor, Ref. 21, operating at 32 kHz was
used for detection of NC-AFM signals. Pt/Ir tips were prepared by in-situ field emission
on clean Au or Cu single crystal surfaces. In-situ Boron deposition on sputtered/annealed
Cu(111) surfaces at T ~ 600° C was done in a preparation chamber equipped with a LN
cooled manipulator and a LEED system. Enhanced spatial resolution was achieved by
metal tip functionalization, which was realized by in-situ dosing of carbon-monoxide
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(CO) molecules and subsequent vertical manipulation. The measurements were per-
formed using an open-source GXSM SPM control system (P. Zahl, T. Wagner "GXSM -
Smart & Customizable SPM Control" Imaging & Microscopy (GIT), Jan. 26, 2015.
http://gxsm.sourceforge.net/).

D. Ab initio calculations. Ab initio density functional theory calculations were performed
using the Quantum ESPRESSO package (Ref. 24), using pseudopotentials generated with the
Perdew—Zunger local density approximation to the exchange-correlation functional. A
plane-wave basis set with an energy cutoff of 476 eV was used. For relaxations, the Bril-
louin zone was sampled at the I" point, and for DOS calculations a 9x9x1 Monkhorst—Pack
grid was used. Boron atoms were relaxed until forces were less than 2.5 x 107 eV/A. For
calculations on a copper surface, the borophene sheet was relaxed on a two-layer slab of
copper at its experimental bulk lattice parameter. STM calculations were performed using
the Tersoff-Hamann formalism, with p-type orbitals described using the derivative rule of
Chen (Refs. 25, 26).

Data availability

All data generated and analyzed during this study are included in this published article and
associated Supplementary Information.
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