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Borophene, a crystalline monolayer boron sheet, is a new two-dimensional (2D)
quantum material, predicted to feature tunable structure, intriguing physics and to
find applications in flexible electronics, energy storage and catalysis. Nanoscale
borophene flakes have been synthesized on noble-metal surfaces, but for device
fabrication, one needs large single-crystal domains. We report the synthesis of
borophene on a square lattice Cu(100) surface and show that incommensurate co-
ordinations could reduce the borophene-substrate interactions and alter the boro-
phene structures in interesting ways. Micrometer-scale single-crystal domains can
form as isolated faceted islands or merge together to achieve full monolayer cov-
erage. We have discovered a new crystal structure of borophene, with ten boron
atoms and two hexagonal vacancies in the unit cell. First-principle calculations in-
dicate that charge transfer rather than covalent bonding binds 2D boron to the cop-
per surface, and confirm its integrity and uniformity The electronic band structure
features multiple anisotropic tilted Dirac cones, heralding emergent quantum fer-
mions.

The electronic band structure of graphene features isotropic gapless Dirac cones that host
massless-fermion quasiparticles’2. This has triggered an intense search for new quantum
2D materials to realize other exotic quasiparticles, such as the analogs of massless Dirac,
Majorana, and Weyl fermions. Honeycomb-lattice 2D sheets have been synthesized of
various group-IV elements: silicene®*, germanene®®, and stanene’8. They were shown
to feature exotic properties absent in their 3D counterparts, promising new applications.

Borophene can be realized by periodically adding extra boron atoms at the centers of
hexagons in a honeycomb-like boron lattice, or equivalently, as a triangular boron lattice
with some sites vacant. By choosing different vacancy patterns, borophene with different
in-plane structures can be envisaged. Many of these structures are predicted to have
similar energies, giving rise to intrinsic polymorphism®*''. This suggests that by choosing



the substrate and the synthesis recipe, one can engineer various borophene atomic struc-
tures, thus tailoring the electronic properties. Of particular interest is the potential for 2D
superconductivity, given the small atomic mass of boron in conjunction with the predicted
strong electron-phonon coupling''3. Experimentally, MgB> — a stack of 2D honeycomb
boron sheets separated by magnesium atoms — is indeed a superconducting compound
with a relatively high critical temperature (7. = 40 K). Borophene has also been predicted
to support massless Dirac fermions'#'6 and to find applications in flexible electronics?’,
energy storage'® and sensors’®.

Unlike carbon, boron by itself does not form layered structures in nature — the 3D boron
structure is more stable than any of the conjectured 2D boron polymorphs?%2'. However,
it was predicted that 2D boron sheets may be epitaxially stabilized on appropriate sub-
strates that have low boron solubility and do not form borides??, e.g. gold, silver and cop-
per.

Following these suggestions, borophene was successfully synthesized on Ag(111) sur-
faces, with the island size on the scale of tens of nanometers?24. Two borophene struc-
tures were identified, the 72 phase with vacancy fraction n = 1/6 (the ratio of vacant to
total number of sites in the triangular boron lattice), and the y3 phase with n = 1/5, respec-
tively. Dirac-cone dispersion was predicted from theory' and observed experimentally by
angle-resolved photoemission spectroscopy (ARPES)'S:'6. Anticipating borophene inte-
gration in nanoelectronics, self-assembly of line defects?® and borophene-based hetero-
structures?®?” has been pioneered. However, nanoscale flakes of borophene on Ag(111)
surfaces are too small for transport measurements. This motivated us to undertake syn-
thesis of borophene on the ‘stickier’ Cu(111) surfaces?®2°. In this way, the lateral extent
of borophene islands was increased by two orders of magnitude; single-crystal domains
up to 100 um?2-sized were reproducibly obtained. In the pioneering work 232428 (111) sub-
strates were initially chosen because these surfaces have the same symmetry as that of
the boron lattice; however, the emerging borophene sheets contain vacancies that are
ordered in patterns that often display lower symmetry. This, in turn, gives rise to the for-
mation of domains and domain boundaries, which are typically unwanted since they could
affect the materials’ transport properties and degrade the device’s performance. In prin-
ciple, substrates with lower symmetry could favor energetically and select one over the
other of domain orientations, thus suppressing the formation of domain boundaries. More-
over, by creating incommensurate coordination between borophene and the substrate,
borophene-substrate interactions could be reduced. This is somewhat analogous to the
venerated case of twisted bilayer graphene and twisted bilayers of other quantum 2D
materials. These have been found to display moiré patterns, flat bands, strongly-corre-
lated electron properties including Mott insulator state, electronic nematicity, emergent
magnetism and superconductivity, and much more. In the present paper, we have chosen
the Cu(100) substrate, because it has a flat surface with a square lattice that could in-
commensurately modulate the adsorbed hexagonal boron lattice and alter the vacancy
patterns in interesting ways. The Cu(100) substrate thus appeared to be a promising can-
didate to examine the influence of the substrate symmetry on the resulting borophene
structure, clarify the corresponding structure-property relations, and search for novel
emergent physics. The challenge was to find the proper balance between the two compet-
ing requirements — we wish the substrate-borophene interaction to be weak enough to
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sustain incommensurate structures of interest, yet strong enough to stabilize borophene
by sufficient charge transfer needed to alleviate the electron deficiency.

In this work, we utilized molecular beam epitaxy (MBE) synthesis enlightened by moni-
toring of the growing film surface using LEEM and LEED in real time. We have developed
a process to fabricate large-scale, single-crystalline borophene sheets on Cu(100) sur-
face. By controlling boron deposition coverage, we can choose to synthesize isolated
faceted micrometer-size borophene islands on large substrate terraces or to achieve full
monolayer covering the whole surface. Using micro-LEED and dark-field LEEM tech-
niques, we have demenstrated the occurrence of four rotational borophene domains and
imaged their distribution. We have used in-situ X-ray photoemission spectroscopy to dis-
cern the chemical signatures of copper and boron before and after borophene growth.
Combining LEED, high-resolution STM measurements with CO-functionalized tips3®3",
and ab initio density functional theory (DFT) calculations®?, we have deciphered the
atomic structure of borophene on the Cu(100) surface. We have found that this new boro-
phene phase has a small (roughly 5 x 6 A2) rectangular unit cell that contains ten boron
atoms and two hexagonal vacancies. DFT calculations show four different Dirac cones in
its electronic band structures. Some of these cones are anisotropic and tilted, indicating
the possibility to host type-Il Dirac and Weyl fermions.

Results and Discussion

Full monolayer growth and chemical character. Borophene was synthesized by
slowly depositing boron atoms onto a hot Cu(100) surface, with the growing process il-
lustrated by a sequence of bright-field LEEM images in Figs. 1a-1h. The initial nucleation
of borophene islands happens at the down-step edges of the Cu(100) terraces, as high-
lighted by the green arrows in Fig. 1b. The nuclei density is around 1.25 um2. As more

boron is deposited, borophene islands start to grow, first along the step edges, and then
covering a single terrace without nucleation of new islands (Figs.1c and 1d). Subse-
quently, borophene islands keep growing continuously across multiple terraces (Figs.1e
and 1f), eventually reaching up to several micrometers in size. Finally, all borophene is-
lands merge together, forming a continuous monolayer film covering the entire surface,
as shown in Figs. 1g and 1h. We have found that at T = 753 K (up to 873K), borophene
growth on Cu(100) surface is self-limiting; once the full monolayer is deposited, subse-
quent boron atoms depostion doesn’t lead to a second borophene layer.

X-ray photoemission spectroscopy data, with the focus on copper 3p and boron 1s core
levels, were taken before and after borophene growth, and was shown in Fig. 1i-k. In Fig.
1i, upper panel, the two peaks at binding energies of E =75.1 eV and E = 77.3 eV corre-
spond to the 3p®2 and 3p'? orbitals, respectively, of the pristine copper substrate. After
borophene growth (Fig. 1i, lower panel), no new peaks appear, attesting that there is no
chemical reaction between the copper substrate and the deposited boron atoms. Fig. 1j
shows the evolution in time of the X-ray photoemission spectra taken in situ simultane-
ously with the borophene growth. One can see a continuously rising sharp boron 1s core
level at binding energy of E = 186.6 eV. As seen in Fig. 1k (upper panel), once the full
monolayer borophene coverage has been reached, this sharp boron 1s core level re-
mains unchanged while additional boron is supplied at T = 753 K. However, when the



sample was cooled down to the room temperature and extra boron was deposited, a new
peak appeared at a slightly higher binding energy, E = 187.2 eV (the red peak in Fig. 1k,
lower panel). This new peak originates from boron clusters or 3D bulk boron. (Analo-
gously, the sp?® orbital in 3D carbon produces a peak at a slightly higher binding energy
than the sp? orbital in graphene®.)

Different crystaline orientaions and faceted islands growth. LEED patterns and dark-
field LEEM images (in Fig. 2) show that the borophene sheet on Cu(100) consists of
single-crystal domains with different orientations. By choosing different LEED spots (indi-
cated by different colors in Fig. 2b) and taking respective dark-field LEEM images, we
establish that there are four different borophene domain orientations (highlighted by dif-
ferent colors in Figs 2a, 2c, 2d and 2e). The shapes of borophene flakes largely conform
to the contours of the copper terraces. The long axis of a single-crystal flake is typically
oriented along a step edge in the substrate and reaches up to 5-10 ym. The width of the
domains is typically 1-3 um, perpendicular to the step edges, and for the most part limited
by the width of substrate terraces.

In Fig. 2b, we show a LEED pattern composed by superposing four patterns taken with
the electron energies of E=2.5eV, 6 eV, 10.5 eV and 25 eV, respectively (Supplementary
Fig. S1). In this way, we can display simultaneously the diffraction spots from the relatively
small borophene unit cells (colored dashed lines) and from some large-length-scale su-
per-modulations (yellow arrows near the center). The overall composite LEED pattern is
rich and complicated because of the presence of four rotational domains. The rhomboidal
reciprocal lattices for different domains are highlighted by different colors. The unit cell
size is roughly 5 A x 6 A in real space, with the angle of ~83° between the two neighboring
edges. By rotating 90° or mirror-flipping the unit cells, one can generate the four epitaxially
inequivalent rhomboidal lattices, as observed.

On broad terraces, micrometer-sized faceted borophene islands can be grown, as seen
in dark-field LEEM images (Fig. 2f and Supplementary Fig. S2). Borophene islands with
the same orientation exhibit parallel straight edges (highlighted by the white and black
arrows). In contrast to the triangular borophene flakes on Cu(111), the facets of the single-
crystal islands of borophene on Cu(100) are not oriented along the high-symmetry direc-
tions of the substrate. A detailed analysis shows that these facets mainly follow the zig-
zag edges of borophene flakes (Supplementary Fig. S6 & S7), which indicates that here
the B-B rather than the B-Cu interactions are playing the dominant role in determining the
island shapes.

We have also investigated the stability of this new borophene phase against heating and
oxidization which is critical for prospective borophene applications. We have established
that borophene dissolves (accompanied with partial evaporation) when the temperature
exceeds 873 K, and that boron atoms resurface forming borophene again once the sam-
ple is cooled back down (Supplementary Fig. S3 and Supplementary Video 2). This boro-
phene phase was also found to remain stable for more than 1 hours under 10°¢ Torr
partial pressure of oxygen (Supplementary Fig. S4). All of this strongly suggest that this
new borophene structure is the thermodynamic ground state and not kinetically trapped.



Linear stripes and rectangle unit cell. To decipher the atomic structure of this new
borophene sheet, we have performed STM measurements and DFT calculations. Fig. 3a
shows the large-area STM topography of borophene islands on three broad terraces on
the Cu(100) surface. In Fig. 3b, we show the line profile measured along the green line in
Fig. 3a. The height of the borophene edges A and C is the same, 1.1 A, while the height
of the copper step edge B is 2.0 A. This indicates that this boron sheet is an atomic mon-
olayer, and its density of states (DOS) is lower than that of the Cu(100) surface. In Fig.
3c, we show an enlarged STM image of the white rectangle area in Fig. 3a. On borophene
islands, some linear stripes (highlighted in red and blue) with different orientations be-
come visible.

A high-resolution STM image of the area of junction between two borophene mono-do-
mains is shown in Fig. 3d. Between the linear stripes (blue and red arrows), isolated yel-
low dots are arranged in a rectangular lattice, with repeat periods of about 5.3 A and 6.0
A. Notably, when these rectangular unit cells cross the stripes, they undergo a dislocation
(highlighted by the green and pink dashed lines). Fig. 3e shows the Fast Fourier Trans-
form (FFT) of the high-resolution STM image of a single borophene domain. It coincides
with the LEED pattern (Fig. 3f) taken on a single borophene flake, confirming that the two
are capturing the same structure. The effect of the periodic striped modulations and the
lattice dislocations in STM topography is to generate a small distortion in the basic boro-
phene reciprocal lattice: the basic borophene reciprocal lattice (the green rectangle in Fig.
3f) is shifted by a small wave vector (the yellow arrows in Fig. 3f). In this way, we can
reproduce well the final deformed rhomboid reciprocal lattice in the FFT and LEED pat-
terns. (More details are provided in supplementary Fig. S5.) Meanwhile, these striped
features could engender intrinsic anisotropy, and endowing this system an ideal platform
to explore orientation-dependent transport properties.

With higher spatial resolution, we were able to capture more details of the rectangular
unit cell and striped features in the STM topography (see Fig. 4a). The borophene sheet
appears as a continuous film with isolated dark spots (“holes”) arranged in a rectangular
lattice. In the regular regions away from the white stripes, we typically see that each unit
cell contains one dark spot at the corner (the dashed blue rectangle). In the striped areas,
a second dark spot appears inside the unit cell, which coincides with the one at the corner
of the neighboring unit cell (the dashed black rectangle) that belongs to the regular area
on the other side. In this way, this new borophene phase, with a rectangular unit cell that
contains one vacancy at the corner and another one inside, can continuously cross the
striped area.

Atomic structures. In Fig. 4b, we present the atomistic structural model of a new boro-
phene phase — (13, that accounts well for all of our data. It has ten boron atoms and two
vacancies, i.e. the vacancy ratio is n = 1/6. Utilizing DFT calculations, we explored all
possible borophene models hosting two boron vacancies in the unit cell of the shape and
size close to what is seen in the experiment. As a free-standing sheet, this 13 structure
is the most stable among such sheets. The optimized unit cell size is 5.04 A x 5.82 A, as
highlighted by the black rectangle. On Cu(100), this unit cell can take four inequivalent
orientations; hence, simultaneous nucleation of borophene islands at different locations
on the substrate should lead to the formation of domains and domain walls.



A simulated STM image using B+13 borophene mono-domains as the building blocks on
the Cu(100) surface is displayed in Fig. 4c. This image is fully consistent with both the
real-space STM topography (Fig. 4a) and the atomic model (Fig. 4d). It captures well both
the occurrence of single holes in the regular regions and double holes in the striped tran-
sition areas. Notably, the dark spots in the STM topography are located halfway between
two nearest boron vacancies, as highlighted by the yellow circles. In our ab initio calcula-
tions and STM simulations for borophene on Cu(100), we have used the large unit cells
defined by the super-modulation, highlighted by the pink rhomboids in Fig. 4 (the details
are shown in Supplementary Fig. S6). The meaning and the role of the small unit cell are
that it is the most stable “local” building block of borophene on the Cu(100) surface. How-
ever, it does not fit perfectly on the Cu(100) surface, so some distortion is necessary. But
because this small unit cell is so stable, rather than distorting locally, some big-scale in-
commensurate modulations are formed to further lower the total energy. In Fig. 4e, we
show a model of continuous and nondestructive dislocation around the striped area, as
highlighted by the blue, red, and black rectangles.

Our DFT calculations about borophene on Cu(100) indicate that it is rather flat, with z-
axis fluctuations of only 0.31 A, smaller than in borophene on the Cu(111) surface?.
Compared to the free-standing B3 sheet, borophene on the Cu(100) surface is under
substantial anisotropic tension, ~5% on average, with an average boron-boron bond
length of 1.74 A. (More details are provided in the Supplementary Fig. S6.)

Charge tranfer and electronic band structures. For the possibility of borophene lift-off,
transfer and subsequent device fabrication, it is important to have information on boro-
phene-substrate interactions. Rather than Cu-B covalent bonds formation, we have found
that 813 borophene undergoes considerable electron doping, 0.21 electrons per boron
atom coming mainly from the copper 4s orbitals and going to the boron p; orbital. Com-
pared with borophene on Cu(111), the lesser electron doping and the flatter shape of
borophene on Cu(100) indicate that in the latter case the B-Cu interaction is weaker, thus
promising easier exfoliation (see supplementary Table S1). In Fig. 5b, we show the elec-
tron density of states (DOS) of the free-standing borophene (the dotted green line), boro-
phene on Cu(100) surface (the solid green line), and the pristine copper substrate (the
red line), respectively. As seen in Fig. 5b, the charge transfer from copper substrate to
borophene lifts the Fermi level (Er) upwards by about 1.57 eV while essentially preserving
the DOS of the free-standing borophene. We have reinforced this conclusion by plotting
the surfaces of constant electron density and studying electron redistribution between the
Cu planes (the pink atoms) and the relaxed borophene (the green atoms). As shown in
Fig. 5c, electrons are depleted (purple color) mainly from 4s-like Cu orbitals and accumu-
lated (yellow) in the p:-like B orbitals, without any obvious signature of covalent Cu-B
bonding.

Electronic band structure of the free-standing 13 borophene, along several high-sym-
metry directions is revealed by DFT calculation in Fig. 5a. The electronic bands from p;
and (px, py) orbitals are highlighted by blue and red colors, respectively. The electronic
band structure (Fig. 5a) features three Dirac cones (marked by the dashed red circles),
where the upper and the lower bands touch at a single point. Given their locations in the
Brillouin zone, we refer to them as Dirac cones I'X, XM, and I'Y, respectively. Dirac cone
I'X (Fig. 5d) mainly originates from the honeycomb (graphene-like) boron lattice. Dirac
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cone I'Y (Fig. 5f), which primarily stems from the zig-zag chains of boron atoms, is both
anisotropic and titled. Near such an exotic point, massless type-Il Dirac/Weyl fermions
could emerge, giving rise to some exotic physics34?’. Dirac cone XM (Fig. 5e) largely
derives from armchair-shaped chains of boron atoms and is also highly anisotropic. If
these Dirac cones could be accessed by doping and without altering the band structure
qualitatively, this could open exciting new fields of study. Additional calculations that take
into account the stripe modulation have shown that the Dirac cones I'X and I'Y are pre-
served but shift a little bit in the energy-momentum space, and the Dirac cone XM evolves
into a Dirac nodal lines, which makes this new borophene material more interesting. More
details are given in Supplementary Figures S8-S10.

Conclusions

The synthesis of micrometer-sized single-crystal flakes of 813 borophene monolayers in
this work, together with former borophene works, showcase an avenue to engineer in-
plane borophene structure by the choice of substrate and its facets. Real-time monitoring
of the film topography, diffraction patterns, and chemical composition is shown to be an
efficient strategy to pioneer novel high-quality 2D boron sheets and attain comprehensive
insights. B13 borophene single crystals offer a new platform to explore anisotropic mass-
less Dirac or Weyl fermions and simulate exotic black-hole related physics®¢-3”. We hope
that this work will stimulate further experiments on the (13 borophene, such as tuning of
the chemical potential, photoemission and transport measurements, and study of various
potentially exotic quasiparticles.
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Figure Legends/Captions

Fig. 1 | Growth dynamics of borophene on the Cu(100) surface. The sequence of
bright-field LEEM images, recorded at T = 753 K, a, Before boron despostion, with the
downstep orentiaion shown by the white arrow. b, After boron deposition for 1 min, where
borophene islands start to nucleate from the down-step edges of Cu terraces (highlighted
by the green arrows). The growth rate was ~0.013 ML min-'. The growth proceeds initially
along the step-edge direction in ¢ for { = 3 min, and then covers the whole terrace in d for
t = 7 min. Further deposition of born atoms for t = 18 min e, t = 35 min f, and t = 59 min
g, enable the growth across the step edges. (The yellow and white triangles in different
panels mark two reference points on the surface.) h, A continuous monolayer forms and
covers most of the Cu(100) surface. (Supplementary Video 1). i, In-situ XPS of copper,
taken before and after borophene growth. The peak at energy E = 75.1 eV corresponds
to copper Cu 3p®?, and the E = 77.3 eV peak to Cu 3p'’? orbitals, respectively. j, Contin-
uous XPS data showing that a sharp single new boron 1s peak related to borophene
emerges during boron deposition. k, The top panel: XPS of boron 1s core level, after
borophene growth at T = 753 K, showing the borophene-related peak at E = 186.6 eV.
The bottom panel: XPS data of the same sample after more boron was deposited at the
room temperature, showing a new peak at E = 187.2 eV due to formation of 3D boron
clusters.

Fig. 2 | Single-crystal domains of borophene unveiled by dark-field LEEM images.
a, A dark-field LEEM image of borophene taken from the non-specular Bragg spot marked
by the green circle in panel b. The green color highlights the domains contributing to this
specific LEED spot. b, Superposition of the four borophene/Cu(100) LEED patterns taken
at the energy of 2.5 eV, 6 eV, 10.5 eV, and 25 eV. The four dashed red circles in the
corner highlight the first-order diffraction spots of the Cu(100) substrate itself. The LEED
reflections corresponding to different borophene domains are highlighted by differently-
colored dashed lines. ¢, d, and e, Dark-field LEEM images show the distribution of differ-
ent borophene domains taken from the non-specular Bragg reflection spots marked by
blue, pink, and yellow color, respectively. f, Micrometer-sized, faceted single-crystal



borophene islands on a wide Cu(100) terrace. Different orientations are indicated by dif-
ferent colors, and the faceted island edges are highlighted by the white and black arrows.
The labels inside select islands specify the angles (counterclockwise) from Cu(011) di-
rection (the yellow arrow) to the direction of the faceted island edge.

Fig. 3 | The topography of borophene islands revealed by STM. a, A large scale STM
image shows borophene islands grown on the surface of a single-crystal Cu(100) sub-
strate. b, The cross-section height profile (measured along the green line in the panel a)
of islands of borophene on Cu(100). ¢, The enlarged STM image shows the two boro-
phene islands located within the white rectangle in panel a. Some straight stripes with
different orientations (highlighted by the red and blue arrows) appear in these two islands.
d, A high-resolution STM image shows the junction area where two borophene domains
meet. The blue and red arrows indicate the direction of the stripes. Some dots, highlighted
by the white and black rectangles, arranged in a rectangular lattice appear between the
stripes. The pink and green dashed lines indicate the dislocation of the rectangular unit
cells across the stripes. The scanning parameters for STM images are: the bias voltage
Vi = + 400 mV, the tunneling current It = 30 pA for (a); Vo = + 400 mV, It = 3 0 pA for (c);
Vb =+ 500 mV, It =200 pA for (d). e, The Fast Fourier Transform (FFT) pattern of a high-
resolution STM image of a single-crystal borophene island on Cu(100) surface. f, ALEED
pattern obtained from a single borophene domain. The dashed red lines indicate the re-
ciprocal unit cells. The green rectangle indicates the reciprocal lattice of the real-space
unit cells (the black and white rectangles in d). The yellow arrow highligts the divation
between the green (ideal) and red (real) reciprocal lattice and it orginiates from the su-
perstructure(stripe) modulation in real space.

Fig. 4 | The atomic structure of 13 borophene as revealed by STM measurements
and ab-initio DFT calculations. a, Continous transition from experimental STM topog-
raphy, simulated STM image to atomic models. The top panel: An ultrahigh-resolution
STM image of the borophene surface topography. (The scanning parameters: Is = 50 pA
and V, =+ 200 mV). The small blue and black rectangles correspond to the basic small
unit cells. The middle panel: The DFT-simulated, constant-tunneling-current iso-surface
of the proposed B13 borophene structure on Cu(100). The big pink rhomboid indicates the
large cell of the super-modulation. The bottom panel: A larger-scale atomistic model that
captures the observed superstructure of borophene on Cu(100) surface. The red dots
highlight the origin of the dark holes in the atomic model. b, A pictorial representation of
the basic structure of 813 borophene, with boron atoms and bonds shown in green. The
unit cell (brown rectange) contains 10 boron atoms and two vacant sites (black hexagon)
compared to the ideal triangular lattice (black romboid). ¢, A schematic of 813 borophene
lattice (highlighted by the blue and black rectangles) cross over the stripe locations (high-
lighted by the light red belt). The reds spots highligt the locations for the balck hole in
experiment.

Fig. 5 | The electron bands of 813 borophene on Cu(100) surface. a, The electronic
band structure of the free-standing B13borophene, inferred by ab-initio DFT calculations,



along some high-symmetry directions, as indicated in the inset (the red dots correspond
to the reciprocal lattice). The orbital character is indicated by color: red for px and py, and
blue for p.. Dirac cones are highlighted by the red dashed circles. b, Electronic DOS for
Cu (the red line), the free borophene relaxed in vacuum (the dotted green line) and for
the relaxed borophene sheet on Cu(100) substrate (the solid green line). The shaded
area corresponds to the occupied states in the undoped free borophene. The relaxed
borophene on Cu(100) is doped by 0.21 electrons per boron atom. The vertical dashed
line marks the Fermi level (EF) in borophene on Cu(100), as well as the Fermi level in
isolated borophene if it were doped by 0.21 electrons per atom. (This doping would shift
EF of the isolated borophene upwards by 1.57 eV.) The great similarity between the two
green curves indicates that the interaction between borophene and Cu is mainly of the
charge-transfer type. ¢, The constant-density-surface plot of the charge redistribution be-
tween Cu planes (the pink atoms) and relaxed borophene (the green atoms). Electron
depletion is shown in purple and accumulation in yellow. Electrons mainly (~ 2/3) move
from the Cu orbitals with 4s-like character into p.-like B orbitals. The out-of-plane d orbit-
als account for most of the rest electron loss and modulate the shape of the electron
depletion around each Cu atom. This real-space image reinforces the charge-transfer
scenario and the absence of covalent bonding between Cu and B. d-f, The 3D contours
of three Dirac cones, located on T'X, XM, and T'Y lines, in free standing B3 borophene,
as determined by the first-principle DFT calculations.
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Methods
MBE synthesis of borophene on Cu(100) surfaces monitored by LEEM

To synthesize borophene on single-crystal Cu(100) substrates, we have used MBE cou-
pled to an Elmitec LEEM-IIl system. The base pressure was 2 x 10~'° torr. Real-time mon-
itoring of film growth and accurate control of the atomic deposition rate were essential for
the successful synthesis of high-quality single-crystal borophene, with precise control of
the coverage. Single-crystal Cu substrates (Princeton Scientific Co.) were polished with
the exposed surface parallel (to the accuracy better than 0.1°) to the (100) crystallo-
graphic plane. The surface roughness of the substrate as-acquired was less than 10 nm.
We have cleaned it by repeated cycles of argon-ion sputtering and post-annealing at T =
923 K, until clean and broad terraces were observed by LEEM and LEED. By additional
post-annealing for ~1 hour at T = 1153 K, monitored by LEEM, we further improved the
copper surface which then showed atomically smooth and micrometer-wide terraces, sep-
arated by one-atom tall steps. This is essential for the growth of large and faceted single-
crystal borophene islands.

Boron was deposited using an electron-beam evaporator with the power of ~30 W, fo-
cused onto a pure boron rod (purity > 99.9999%, ESPI) with the diameter of ~3 mm. Clean
single-crystal Cu(100) surfaces were kept at elevated temperatures during boron deposi-
tion. LEEM images and LEED patterns were taken before, during, and after the growth of
borophene. All LEEM bright-field and dark-field images were processed using the stand-
ard basic contrast enhancement and artificial color-coding operations within the software
Imaged. Given the small size of figures in the published journal pages, this should help
the reader to distinguish the substrate and borophene with different orientations.

In situ X-ray photoemission measurements

The X-ray photoemission (XPS) electron microscopy (XPEEM) experiments were per-
formed at the XPEEM end-station of the Electron Spectro-Microscopy beamline (21-1D-
2) at the National Synchrotron Light Source Il. The sample was illuminated by a focused
monochromatic soft X-ray beam with 300 eV photon energy, while selected-area aperture
with the diameter of ~5 um was used to obtain XPS spectra from the areas of interest.
The XPS peak fitting was done by CasaXPS software using a mixture of Gaussian (30%)
and Lorentzian (70%) functions.

Low-temperature STM measurements

We used a customized Createc STM and non-contact atomic force microscope (NC-AFM)
system operating under ultrahigh vacuum and at temperature of T = 5 K. The Pt/Ir tip
was mounted on a gPlus sensor® operated at 32 kHz and used for the detection of the
NC-AFM signals. Pt/Ir tips were prepared by in-situ field emission on clean Au or Cu
single-crystal surfaces. Boron deposition on sputtered/annealed Cu(100) surfaces was
done at T = 753 K in a preparation chamber equipped with an LN2-cooled manipulator
and a LEED system. Enhanced spatial resolution was achieved by metal-tip functionali-
zation, which was realized by in-situ dosing of carbon monoxide molecules, and
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subsequent vertical manipulation. The measurements were performed using an open-
source GXSM SPM control system3®-#' (http://gxsm.sourceforge.net/). All STM images
were processed using the standard basic flatten, smooth, or corrugation reverse opera-
tions within Gwyddion software. The experimental STM data, the STM simulation data,
and the atomic model were ‘stitched’ together in order to facilitate the comparison, using
the standard basic masking operation within the Photoshop software.

Ab initio calculations

Ab initio DFT calculations were performed using the Quantum Espresso package®? with
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 Brillouin zone was sampled at the ' point, and a Monk-
horst—Pack grid with a spacing of 0.1 A-' between points was used for DOS calculations.
Boron atom positions were relaxed until the forces were less than 2.5 x 103 eV A~'. For
the calculations on a copper surface, the borophene sheet was relaxed on a three-layer
slab of copper, assuming its experimental bulk lattice parameter. STM calculations were
performed using the Tersoff-Hamann formalism, with the s-type or p-type orbitals de-
scribed using the derivative rule of Chen*?43, The 2D Gaussian filtering of the calculated
STM image with a standard deviation o = 1.0 A was performed to simulate the resolution
comparable to that in the experimental STM image.

Data availability

Supplementary Information is available for this paper. The data that support the findings
of this study are available from the corresponding author upon request.
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