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Since the first realization of borophene on Ag(111), two-dimensional (2D) boron nanomaterials have attracted
substantial interest because of their polymorphic diversity and potential for hosting solid-state quantum phe-
nomena. Here, we use atomic-resolution scanning tunneling microscopy (STM) and field-emission resonance
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(FER) spectroscopy to elucidate the structure and properties of atomically thin boron phases grown on Cu(111).
Specifically, FER spectroscopy reveals charge transfer and electronic states that strongly differ from the decoupled
borophene phases observed on silver, suggesting that the deposition of boron on copper results in strong cova-
lent bonding characteristic of a 2D copper boride. This conclusion is reinforced by detailed STM characterization
of line defects that are consistent with density functional theory calculations for atomically thin CugB4. This evi-
dence for 2D copper boride is likely to motivate future synthetic efforts aimed at expanding the relatively unex-

plored family of atomically thin metal boride materials.

INTRODUCTION

The pioneering realization of borophene polymorphs on silver (1, 2)
demonstrated the feasibility of growing boron nanomaterials in
two-dimensional (2D) forms, inspiring additional efforts to achieve
borophene synthesis on other substrates including Al (3), Au (4), Ir
(5-7), Cu (8-11), and Ru (12). A key element in stabilizing boro-
phene is charge transfer with the substrate (13), where metals can
act as a charge reservoir to compensate for the fact that elemental
boron materials struggle to satisfy the octet rule. While many efforts
to diversify the set of growth substrates have resulted in distinct bo-
rophene phases, another possibility is that boron will covalently
bond with the underlying metal [which is the reason Cu was not
favored as a substrate in the first theory (14) of borophene synthesis]
to form atomically thin metal borides. Distinguishing between bo-
rophene and 2D metal borides is often challenging, necessitating the
utilization of multiple atomic-resolution structural and spectro-
scopic characterization methods.

Of particular interest is the product of atomically thin boron de-
position on Cu(111), where different interpretations of the observed
structure have been reported including single-layer borophene (7-
9), bilayer borophene (11), and 2D copper boride (15-18). Beyond
the well-known superconductor MgB, (19, 20), crystalline metal
borides with layered structures are rare, which implies that 2D met-
al borides (MBenes) are relatively unexplored compared to other 2D
materials, despite theoretical predictions that they should have su-
perlative electronic, magnetic, and mechanical properties (21, 22).
Therefore, it is of high interest to show strong evidence for the syn-
thetic realization of 2D copper boride to motivate future efforts
aimed at expanding the relatively unexplored family of atomically
thin metal boride materials.
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Here, we use atomic-resolution scanning tunneling microscopy
(STM) and field-emission resonance (FER) spectroscopy to charac-
terize the structure and properties of 2D boron phases grown on
Cu(111). FER spectroscopy reveals charge transfer and electronic
states that are consistent with strong covalent bonding between boron
and copper that is characteristic of a 2D copper boride. Moreover,
STM characterization of line defects agrees with density functional
theory (DFT) calculations for atomically thin CugB4 as opposed to a
distinct borophene adlayer. In this manner, this work not only clari-
fies the structure of atomically thin boron deposited on Cu(111) but
also provides a methodology for differentiating borophene from
atomically thin borides on other metal substrates.

RESULTS

FER spectroscopy of atomically thin boron on Cu(111)
Atomically thin boron phases on Cu(111) single crystals are
achieved by electron-beam deposition from a high-purity boron
rod onto an atomically clean Cu(111) surface maintained at a sub-
strate temperature of ~550°C in ultrahigh vacuum (UHV). Figure
1A shows a representative STM image of the Cu(111) surface after
atomically thin boron deposition, in which a spatial derivative
along the horizontal direction is taken to enhance imaging con-
trast. A highly ordered 2D sheet is observed with a morphology
consistent with earlier reports as mentioned above. The height
profile extracted from a zoomed-in area (fig. S1) compares the
thickness of the 2D sheet with a pristine copper step height, confirm-
ing submonolayer coverage. With a sharper tip, an atomic-resolution
STM image is obtained. As seen in Fig. 1B, the topography has a
zigzag superstructure with ~90° turns. The higher local density of
states (LDOS) due to the compressed atomic spacing at the turning
points and additional longer-range order induced by the underneath
copper layer lead to the observed brightness variations at these
corners. Because of convolution between electronic and physical
structures, the STM image alone is insufficient to identify the
identity of this zigzag phase. Consequently, we will refer to the
as-grown structure as B/Cu.
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Fig. 1. Boron deposition on Cu(111) surface and FER measurements. (A) Derivative STM topography (Vpias = 100 mV and lsetpoint = 100 pA) of the as-grown B/Cu struc-
ture on a Cu(111) substrate. (B) Atomic-resolution STM image (Vpias = 30 mV and /setpoint = 100 pA) of the B/Cu structure. (C) STM topography (Vpias = 100 mV and
Isetpoint = 300 pA) of a domain boundary between B/Cu and pristine Cu(111). (D) Constant-current d/ / aV map at Vpias = 4.5 V extracted from FER spectroscopic mapping
taken in the same area as (C). (E) A series of FER spectra across the boundary [black arrows in (C) and (D)]. The black and gray dashed lines trace the evolution of the n =1
and n = 2 FER peaks, respectively. a.u., arbitrary units. (F) The averaged FER spectrum on a 1 nm-by-1 nm area of Cu(111). The measured work function (WF) is 4.82 eV.
(G) FER spectra of B/Cu at different tip-sample distances, where the bias voltage is fixed at 100 mV and the setpoint currents vary from 100 to 900 pA. Each spectrum is
averaged over the same 1 nm-by-1 nm square on a B/Cu region. The measured WF is 4.45 eV.

Since a well-defined boundary exists between pristine Cu(111)
and the B/Cu domain, characterization of the electronic properties
with spatially resolved spectroscopic measurements in this area is
desirable, as it can ensure that information is extracted under the
same tip condition. In particular, we use FER spectroscopy to ex-
tract spatially resolved electronic properties. FER spectroscopy is
realized using the constant-current mode of scanning tunneling
spectroscopy (STS), where both 0I/0V and 0z/0V signals provide
a series of clear resonance peaks. Since its early demonstrations
(23, 24), FER spectroscopy has proven to be a highly reliable and
insightful method for the study of local work function (LWF) varia-
tions of engineered metal surfaces (25-29). In our case, we per-
formed FER spectroscopic mapping (see movie S1 for the full video)
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over the field of view in Fig. 1C where a 0I/dV spectrum up to 10.0 V
is registered on each point of a grid map using a lock-in amplifier. A
slice of the map taken at 4.5 V is shown in Fig. 1D that highlights the
FER intensity difference between the Cu(111) and B/Cu regions.
These systematic distinctions can be further observed from a series
of spectra (Fig. 1E) extracted along the black arrow in Fig. 1 (C and
D), where the black and gray lines trace the evolution of the first-
and second-order Rydberg peaks, respectively. The peaks that cor-
respond to the image potential states exhibit an unambiguous shift
to lower energies from the pure Cu(111) area to the B/Cu area. Since
image potential states are positively correlated with the LWF (30),
the FER spectra enable a direct visualization of LWF shifts. A quan-
titative extraction of the LWF can be achieved by fitting to the
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following equation based on resonant tunneling in the Fowler-
Nordheim regime (31)

2/3
eVn =¢+ 3nheF n2/3
24/2m

where V, is the energy of the peak of order n and the effective electric
field (F) is approximated as a constant. The LWF (¢) is then extracted
by fitting the n > 2 peaks with respect to n?/*, This fitting results in
locally averaged work functions of ¢, ~4.82 V and ¢y, ~4.45 V. The
Cu(111) LWF is in agreement with previous literature (32), thus
validating the tip condition. The smaller LWF of B/Cu compared to
Cu(111) is consistent with the peak position shifts in Fig. 1E. It is,
however, contrary to the cases of most distinct borophene phases on
metal surfaces, in which the charge transfer from the metal substrate
to the borophene layer results in a surface dipole with an increased
LWFEF (29, 33). Therefore, the FER measurements and LWF results
suggest that the observed adlayer is not likely to be borophene but
rather a surface metal boride.

Another notable feature in the FER spectra is the presence of ad-
ditional peaks below 4.0 V that only exist in the B/Cu region. In the
FER spectrum of the pristine Cu(111) region (Fig. 1F), the n=1
peak is found at ~4.5 V with no additional features other than reso-
nance peaks, which is consistent with previous studies on the
Cu(111) surface (24, 26). To reveal the nature of the low-energy
peaks in the B/Cu FER spectra, we performed a measurement as a
function of tip-sample distance by varying the tunneling junction

(Y

A

resistance at a fixed point. As shown in Fig. 1G, the higher-order
FER peaks shift when the setpoint current changes (setpoint bias
voltage held fixed at 100 mV), which is expected for resonance states
(29). On the other hand, the peak positions near 1.96 and 3.35 V are
almost constant, suggesting that these electronic states are providing
additional information about the B/Cu region beyond LWE. In prin-
ciple, constant-height dI / dV measurements should also be able to
resolve these electronic states as demonstrated in fig. S2. However,
the overall high LDOS makes it difficult to precisely extract the
constant-height dI /dV peaks. Therefore, FER spectroscopy is the
superior approach in this context. The nearly invariant low-energy
FER spectral features for B/Cu are similar to copper nitride films
with varied stoichiometries (34-36). In addition, constant-current
0I/0V measurements at negative energies for B/Cu (fig. S3) exhibit
similar peaks compared to Cu;N (36). These spectral similarities be-
tween B/Cu and covalently bonded copper nitrides suggest that the
B/Cu region is likely a covalently bonded copper boride.

DFT calculations and simulations

To investigate the B/Cu system from a theoretical perspective, we
performed DFT calculations and simulations on multiple plausible
B/Cu structures including a distinct single-layer borophene phase
and a covalently bonded CugBi4 copper boride phase. In particular,
v1/6 borophene (B;,) and CugBy4 copper boride on Cu(111) are
shown in Fig. 2 (A and B), respectively. The v;/s borophene layer has
a rectangular unit cell, whereas the CugB,4 consists of a superlattice
(a ~2.18 nm and b ~ 1.60 nm) depicted by a red rhomboid in Fig.
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Fig. 2. DFT calculations of borophene and copper boride on Cu(111). (A) Top and side view of v,5 borophene on top of Cu(111). The red rectangle depicts the unit cell
of vy6 borophene. (B) Top and side view of CugB;4 copper boride on top of Cu(111). The red rhomboid depicts a superlattice in which the corner B atoms sit atop the
second-layer Cu atoms. (C and D) Calculated charge redistribution of the corresponding structures in (A) and (B), respectively. (E and F) Simulated STM images of vy
borophene and CugB4 copper boride, respectively. (G) Experimental STM topography (cropped from Fig. 1B) overlapped with the CugBi4 structural model.
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2B, in which the corner boron atoms sit atop the second-layer cop-
per atoms. From the side view of CugB,4, it can be seen that the B
atoms are imbedded in the first-layer Cu atoms and inhomogeneous
strain exists because of the lattice mismatch. Figure 2 (C and D)
depict the DFT-calculated charge redistributions in these two sce-
narios. Clear differences in charge transfer are apparent between vy/6
borophene and CugB,4, with the CugB, 4 case resulting in a decreased
LWEF that is consistent with the aforementioned experimental ob-
servation. Simulated STM images of v/ borophene and CugB4 are
also provided in Fig. 2 (E and F), respectively. The simulated STM
image of CugB 4 shows a periodic zigzag pattern that closely matches
the experimental STM image. Figure 2G further highlights the
agreement between experiment and theory for CugB;4 by overlap-
ping the atomically resolved experimental STM image (reproduced
from Fig. 1B) with the DFT-calculated CugB,4 structure. We note
that previous literature (16-18) has also suggested the CugB 4 struc-
ture, although the ambiguity resulting from the convolution of
physical and electronic structure in STM imaging has led to a lack of
consensus on this structure, thus necessitating further evidence to
firmly establish the structure of B/Cu.

Line defects for atomically thin boron on Cu(111)

Previous reports for atomically thin boron deposition on copper
have focused on the pristine regions of the 2D layers without explic-
itly addressing defect structures, despite the value of defect structures
in identifying the atomic structure of surface adlayers (37, 38). Con-
sequently, we located line defects in B/Cu and characterized their
topographic and electronic properties at the atomic scale. Figure 3A
shows two parallel line defects on a B/Cu terrace. A high-resolution

STM topographic image (inset) of the white dashed box reveals the
atomic-scale structure of the line defect, where the ~90° turns take
place at the ends of longer atomically straight chains compared to the
shorter atomically straight chains in the undefective regions. Figure
3B provides another STM image across the double line defects taken
with a sharper STM tip, where the atomic chains appear as valley-
bridge intermixing patterns due to the participation of different elec-
tronic states in the tunneling junction. These observations do not
resemble previously reported line defects for borophene (35) and are
likely the result of the mismatch with the subsurface copper or the
local disorder of the B/Cu layer.

To further assess the electronic properties of the line defects in B/
Cu, Fig. 3C shows a constant-current 0I/0V map at 3.3 V (see movie
S2 for the full video). A prominent observation is the emergence of
the clear rhomboid lattice (marked in red) in the undefective re-
gions. The lattice constants (a ~ 2.14 nm and b ~ 1.57 nm) match the
DFT-calculated CugB 14 superlattice discussed above. The 0I/0V maps
at other energies show different patterns but with similar periodici-
ties (fig. S4). In contrast, the line defects exhibit distinct 0I/0V in-
tensities and features, which is more clearly shown in Fig. 3D, where
the 0I/0V spectra of five representative locations (colored circles in
Fig. 3C) are plotted together for direct comparison. The distinct
characteristics of the line defects include the peaks near 1.96 V (4.15 V)
shifting to higher (lower) energy and the disappearance of the peak
near 3.3 V that was present in the undefective regions. For better
visualization, two series of 0I/ 0V spectra (from 1.0 to 5.0 V) along the
black and gray arrows are shown in Fig. 3 (E and F), respectively. In
these spectra, the overall antiphase relationships are evident. Spe-
cifically, when the peak near 3.3 V is stronger, the intensities of

Fig. 3. FER mapping on B/Cu with line defects. (A) Derivative STM topography (Vbias = 500 mV and lsetpoint = 100 pA) of a B/Cu region with line defects. Inset shows the
high-resolution image of the white dashed square. (B) STM image of the B/Cu area where the FER mapping is taken. (C) The d//dV map at Vpias = 3.3 V extracted from the
FER mapping. Apparent rhomboid superlattices can be resolved with lattice constants a ~ 2.14 nm and b ~ 1.57 nm. (D) Five typical FER spectra averaged over the colored
circles in (C). The spectra are offset vertically for clarity. (E and F) FER spectra (1.0 to 5.0 V) extracted along the black and gray arrows in (C), respectively.
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the 1.96- and 4.15-V peaks are correspondingly lower. The electronic
characteristics of the line defects are especially clear in Fig. 3F, where
the stronger intensities of the 1.96- and 4.15-V peaks dwarf the peak
near 3.3 V.

Energy maps and correlations of electronic states

In addition to the peak intensities, the peak positions also contain
important information about the electronic states. With a precise
spatial registration, the energy positions of these peaks on each point
can be extracted from the spectroscopic mapping. Figure 4 (A to C)
shows the energy maps of those observed peaks below 5.0 V. The line
defects appear as long stripes in the 1.96- and 4.15-V peak maps,
while the kink positions in the spectra are selected for the extraction
of the 3.35-V peak map due to the absence of obvious intensity peaks.
Moreover, by applying the fitting with Eq. 1, the LWF of each point
can also be extracted to construct the LWF map, as shown in Fig.

Fig. 4. FER energy maps and cross-correlations. (A to C) Peak maps near 1.96,
3.35, and 4.15 V, respectively. Gaussian fittings are used to extract the peak posi-
tions. (D) LWF map extracted from a fitting of Stark-shifted image potential states
(peaks after n = 2). (E) From left to right: Structural model, experimental STM to-
pography, and simulated STM image of a B/Cu line defect. Black rectangles indicate
the unit cell used in DFT calculations.
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4D. An overall lower LWF is again observed from the line defects,
suggesting different charge transfer characteristics for the longer
atomically straight chains. Spatial modulations with lattice resolution
are present in all of these maps, which further confirm the correla-
tions of the observed peaks (with detailed cross-correlation analysis
shown in fig. S5), indicating the likely competition between different
electronic states.

As discussed above, the peak near 3.3 V almost disappears at the
line defects. The absence of these peaks on defects can be expected
when the LDOS of the boron p, orbitals shifts to higher energies (to
merge with the n = 1image potential state) due to a larger amount of
charge transfer from copper, which also qualitatively agrees with the
LWE results. The effects of atomic orbitals on the correlations of
peaks in constant-current spectra have been discussed in previous
reports (34-36). Specifically, the antiphase relationships of similar
peaks in CusN films were attributed to the half-unit cell shift be-
tween different N atoms (36). Because of the similar spectral behav-
ior for CusN and B/Cu, it is likely that the peak near 3.3 V for B/Cu
can be attributed to the boron p, orbital state while the 1.96-V peak
is related to an interface state. DFT calculations (fig. S6) of the pro-
jected density of states confirm these assignments. The anticorrela-
tions between the low-energy peaks and the higher-energy image
potential state can then be expected accordingly, where differences
in the charge distributions of different boron orbitals due to local
changes in the chemical environment near defects determine the ap-
pearance of corresponding spectral features.

The different topographic and spectral characteristics in the line
defect regions suggest a distinct assembly of boron and copper at-
oms in the atomically straight chains. On the basis of the STM im-
ages, we constructed a 2D structure including long atomically
straight chains and adjacent shorter atomically straight chains with
~90° turns to model the line defect. The left panel of Fig. 4E shows
the structural model with a unit cell outlined with a black rectangle.
The middle and right panels are the high-resolution experimental
STM image and simulated STM image, respectively. The overall
agreement between experiment and theory demonstrates that the
proposed structure captures the characteristics of the line defects.
Minor deviations between experiment and theory can be attributed
to the large lattice mismatch with the underlying Cu substrate,
which implies an additional longer-range perturbation in the ex-
perimental results that is not captured in the smaller unit cell as-
sumed in computationally feasible DFT calculations. Moreover, the
Cu;;Byg stoichiometry in the line defect unit cell suggests a higher
concentration of copper compared to pristine CugB;4, which also
aligns with the charge transfer mechanism that underlies the disap-
pearance of the peaks near 3.3 V. For the 1.96-V peak, the shifts in
the LDOS of the boron p,, orbital compete with the electron occupa-
tions in the p, and p, orbitals, thus also altering the interface states.
These observed changes in the electronic states of the line defects
reinforce the stability of the CugB;4 phase and may prove to be use-
ful in applications that rely on electronic structure features far away
from the Fermi level such as catalysis (39), valleytronics (40), and
neuromorphic memristive devices (41).

DISCUSSION

In conclusion, we have used UHYV electron-beam deposition of boron
on Cu(111) single crystals to achieve highly ordered 2D B/Cu sheets.
Using spatially resolved FER spectroscopic mapping, electronic states
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and LWF variations are identified at the atomic scale. The smaller
LWE of B/Cu compared to pristine Cu(111) deviates from the typical
behavior of a distinct borophene layer on metallic substrates. In addi-
tion, the emergence of multiple low-energy FER peaks suggests
strong bonding between boron and copper atoms as expected for a
2D copper boride phase. Comparison of these observations with DFT
calculations strongly suggests that the 2D copper boride phase is
CugBi4. Further corroborating evidence is obtained by closely analyz-
ing the physical and electronic structure of line defects for B/Cu. In
particular, the line defects are inconsistent with previous observa-
tions for distinct borophene layers on metal substrates and are instead
attributed to local copper-rich regions in CugBy4, as confirmed by
DFT-simulated STM images. Overall, this atomically resolved meth-
odology provides strong evidence for the experimental realization of
2D copper boride. The emerging family of 2D metal borides is show-
ing strong potential in a variety of applications, including water split-
ting (42), batteries (43), and electroreduction (44). The 2D copper
boride reported here shows electronic features far from the Fermi
level that can potentially be exploited in these applications in addition
to atomic-scale LWF modulations that underlie electronic band
structure modifications such as bandgap renormalization (45). In this
manner, this work can guide synthetic efforts aimed at identifying
and characterizing the electronic structure of other 2D metal borides,
thus accelerating research for a relatively underexplored family of 2D
materials.

MATERIALS AND METHODS

Sample growth

The Cu(111) single crystal was cleaned by repeated Ar* sputtering
(1kV, 5.0 X 107 mbar) and annealing (~550°C) in a UHV chamber
(base pressure < 2.0 X 107 mbar). Boron deposition was then per-
formed by electron-beam evaporation of a pure boron rod (ESPI
metals, 99.9999% purity) on the heated substrate (~550°C). The ac-
celerating voltage for the evaporator (FOCUS EFM3) was 1800 V,
and the filament current was 1.62 A. With a ~5-min boron deposi-
tion under a flux of ~9.2 nA, a 60 to 70% coverage of B/Cu domains
was obtained on the Cu(111) surface.

STM/STS measurements

All STM/STS measurements were performed with a Scienta Omi-
cron LT STM at ~4 K. The PtIr tip was conditioned by repeated
scanning and tip conditioning on the clean Cu(111) surface. The
feedback loop was engaged during FER measurements and disen-
gaged for 0I/0V measurements, where both cases were recorded
with a SR850 lock-in amplifier with 5-mV bias modulation and
820-Hz frequency. The mapping was conducted only when repeated
topographic scans in the interested field of view confirmed that
sample drift was negligible. Gaussian fittings were used to extract
the peak positions, and LWF was extracted by fitting the image po-
tential states with respect to n?/ Cross-correlation analyses were
conducted by the scipy.signal.correlate2d package.

DFT calculations

Structural optimizations and charge distribution calculations were
performed by the Vienna Ab initio Simulation Package (46), adopting
generalized gradient approximation with the Perdew-Burke-Ernzerhof
(47) exchange-correlation functional in the framework of the projec-
tor augmented wave method (48). The kinetic energy cutoff was set at
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520 eV. The positions of atoms were relaxed until the force of reach
atom reached 0.01 eV/A. The k-mesh was set as 9 by 5 by 1 for vy
borophene and 3 by 3 by 1 for CugB4 copper boride. A vacuum layer
of 15 A was chosen perpendicular to slab surfaces to avoid interactions
from the periodic boundary conditions.
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