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Materials and Methods

Materials

Growth and in situ experiments were conducted in a commercial ultrahigh vacuum (UHV)
system (base pressure ~10"" mBar) equipped with a preparation chamber, low-energy electron
diffraction (LEED), Auger electron spectroscopy (AES), and scanning tunneling microscopy
(STM). Borophene was grown on single crystal Ag(111) substrates (Mateck, 99.999%), which
were cleaned via repeated cycles of Ar sputtering followed by annealing at 550 °C. During
growth, samples were heated to ~450 °C to ~700 °C by a button heater while boron was
deposited from an electron beam evaporator (Focus Gmbh.) with a boron rod source (ESPI
metals, 99.9999%). The deposition rate was maintained between 0.01 to 0.1 ML/min., using dual
power sources to deliver 1.8-2.3 kV accelerating voltage and 1.5-1.9 A filament current. Using
this setup, we obtain ~50 W incident power on a ~3 mm diameter boron rod. The flux was
monitored using a faraday cup and periodic calibration on a clean Ag(111) crystal at room
temperature. The boron rod was degased for > 6 hours at ~50 W heating power, until the
chamber pressure was < 5.0 x 10™'” mBar during operation. However, depositions at pressures up
to ~2 x 10” mBar showed no significant alteration in structure or morphology. The silicon
capping layer for ex-situ analysis was deposited from an electron beam evaporator, using a solid
silicon rod source (ESPI metals, 99.9999%) using 800 V accelerating voltage and ~1.8 A
filament current to achieve ~15 W power incident on a ~1.5 mm rod. Degasing occurred at ~15
W for several hours, until the pressure was < 5.0 x 10" mBar. The silicon was deposited on a
cold sample, immediately following retrieval from the microscope at ~40 K.

In situ characterization

STM measurements were conducted in an Omicron Nanotechnology VT-SPM at either 55
K or 300 K. All images presented are at 55 K, unless otherwise noted. STM measurements were
acquired in constant current mode, using electrochemically etched W tips degassed in situ. In
order to reduce apparent noise in some STM images, a Gaussian filter was applied with radii of
2-3 pixels (i.e., much smaller than the features of interest). Simultaneous dI/dV mapping during
scanning and STS spectra were acquired using the lock-in technique (10 kHz modulation, 30 mV
amplitude). LEED and in situ AES employed a 4-grid detector (Omicron SpectralLEED), and
AES was acquired with incident beam energy of 1.5 keV and a lock-in modulation of 2.0 V
peak-to-peak. AES spectra were charge-corrected to the position of the elastic primary peak at
1500 eV.

Ex situ characterization

Scanning electron microscopy (SEM) and focused ion beam (FIB) milling were performed
in a FEI Helios system. FIB samples were milled with a Ga" ion beam. TEM samples were
prepared by FIB and stored under inert atmosphere. Aberration-corrected scanning transmission
electron microscopy (AC-STEM) imaging and electron energy loss spectroscopy (EELS) were
performed using a JEOL ARM 200F microscope equipped with a Gatan GIF 863 Tridiem
spectrometer system operating at 200 kV. Care was taken to minimize the electron beam
exposure to the sample, in order to reduce electron beam-induced modification of the Ag(111)
substrate(3/, 32). High-angle annular dark field (HAADF) and annular bright field (ABF)
images were sequentially acquired to provide complementary information concerning the sample




composition. The Gatan spectrometer was set to an energy dispersion of 0.5 eV/channel, in order
to obtain the best energy resolution at the zero-loss peak. EELS spectra were acquired using the
scanning mode to obtain a line profile spectra set to at the same energy as the zero-loss peak,
with a 2.0 mm aperture and a 10 ms pixel time per 1.0 nm of the sample to increase the signal
obtained from the boron (188 eV) at the interface. The DeConvEELS (33) software package was
applied to rectify the EELS spectra by deconvolution with a zero-loss spectrum (thereby acting
as a software monochromator). Ambient AFM measurements were performed on a Bruker
Multimode system in Peakforce mode using silicon tips with a nominal <10 nm radius of
curvature. XPS measurements were acquired in a Thermo Scientific ESCALAB 250Xi, using an
electron flood gun for charge compensation. All XPS data were resolved with ~0.1 eV resolution
employing a monochromated Al Ka X-ray source at ~1486.7 eV (~400 um spot size). General
core level spectra were the average of 5 scans with a 100-350 ms dwell time, using a pass energy
of 15 eV. For angle-resolved XPS (AR-XPS), the sample stage was tilted with respect to the x-
ray source and photoelectron detector, while single spectra were taken at each angle. AR-XPS
core level spectra data as presented were taken with pass energies of 50 eV, and the results
confirmed with 15 eV pass energy spectra. When using charge compensation, all core levels
were charge corrected to adventitious carbon at ~284.8 eV. All subpeaks were fitted with singlets
for s photoelectrons, using the software suite Avantage (Thermo Scientific).

Computational methods

Ab initio structure predictions were performed using the USPEX code with surface
prediction module(23, 24). The Ag(111) substrate was constructed by rectangular and hexagonal
lattices, respectively. The lattice vectors are a=5.004 A and b=2.889 A for rectangular lattice and
a=b=5.778 A for hexagonal lattices. The structure searches were conducted with 6, 8, 10, 12, 14
and 16 atoms per unit cell for the hexagonal substrate; and 6, 7, 8, 10, 12, 14, 16 atoms per cell
for the rectangular lattice, respectively. The thickness of the surface layer of two-dimensional
(2D) boron and the vacuum were set to 3 A and 10 A during the searching, but allowed to change
for postprocessing. To investigate the likelihood of alloy formation, a structure search was
performed with the rectangular lattice by varying the number of Ag and B atoms between values
of up to 8 and 16 atoms. The chemical potential for Ag and B are -2.82 eV/atom and -6.68
eV/atom, respectively. The structural relaxations used the all-electron-projector-augmented wave
method (34) as implemented in the Vienna ab initio simulation package (VASP) (35, 36). The
exchange-correlation energy was treated within the generalized gradient approximation (GGA),
using the functional of Perdew, Burke, and Ernzerhof (37). The cutoff energy of 450 eV and the
uniform I'-centered k-points grids with resolution of 21t x 0.04 A™ were used. Phonon dispersion
curves and the simulated scanning tunneling microscopy (STM) images were computed with the
PHONOPY package and Hive code (38, 39).

We calculated the change of energy in the strain range (between -2% and 2% with an
increment of 0.5%) to determine the mechanical properties of the 2D boron sheet. For a 2D
sheet, using the standard Voigt notation (40), the elastic strain energy per unit area can be
expressed as
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Where C;, Cx,, Ci2, and Cg are components of the elastic modulus tensor, corresponding to the
second partial derivative of strain energy with respect to strain. The elastic constants can be
derived by fitting the energy curves associated with uniaxial and equibiaxial strains (4/). When



we applied this method for penta-graphene, we obtained calculated C;; and C,, as 288 GPa*nm
and -32 GPa-nm, which are in good agreement with the reported values (265 and -18 GPa* nm).
For the 2D boron sheet, the corresponding C;;, Ca, Cj2, and Ceg are 398, 170, -7, and 94 GPa-
nm, respectively (from fitting to fig. S7E). The in-plane Young's modulus and Poisson's ratio can
be derived from the elastic constants by (42)
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Therefore, the Young's modulus and Poisson's ratio are 398 GPa- nm, -0.04 in the x

direction (i.e., parallel to the a vector), and 170 GPa-nm, -0.02 in the y direction (i.e., parallel to
the b vector). Most strikingly, the in-plane Young’s modulus in the x direction is comparable to
or even exceeding that of graphene (340 GPa-nm) (27). Moreover, the 2D boron sheet has a
negative Ci, leading to be the first 2D boron structure with negative Poisson’s ratio due to the
special buckled atomic configuration, similar to those recently reported in a single-layer black
phosphorus (43) and penta-graphene (41).

AC-STEM images were simulated with the JEMS software package (44), using parameters
matching the experimental conditions. An amorphous silicon capping layer (generated using a-Si
Generator(45)) was added to the predicted structure in order to better model the contrast of the
sample.



Supplementary Text

Auger electron spectroscopy

Auger Electron Spectroscopy (AES) in situ verified the cleanliness of the surface before
deposition, and the chemical identity of the samples following STM measurements. Auger
transitions respond to changes in the local chemical environment due to shifts in both the valence
and core level energies (46, 47). The formation of compounds generally results in shifts of at
least several eV. Low atomic number elements like boron are especially susceptible to these
shifts.

Representative AES spectra obtained on clean Ag(111), Ag(111) with borophene, and
Ag(111) with a thicker (~4-6 ML) amorphous boron film are presented in Fig. SIA. In the clean
Ag(111) spectrum, we see the characteristic Ag MNN spectrum (47), with sharp peaks at 351
and 356 eV and broad secondary peaks at 263 and 303 eV. Boron deposition does not noticeably
modify the silver peaks, indicating there was no substantial chemical modification to the
surface(46) (i.e., alloying or compound formation). Following the deposition of 1 ML at a
substrate temperature of 550 °C (red curve), the boron KLL peak is clearly observed at the
expected 180 eV. Comparison with relatively thick, amorphous boron (deposited at room
temperature) shows no extra peaks or peak shifts, which confirms that the measured boron KLLL
peak position corresponds to unreacted, pure boron (46).

We observed no additional peaks due to contaminants or oxygen (~500 eV, see Fig. S1B)
(47) and we verified the absence of carbon through the ratio of the silver 266 eV and 304 eV
peaks (48) (typical measured value of 0.42 before and after boron deposition). The presence of
even slight carbon contamination would significantly distort the Ag peaks in dN/dE spectra.
Furthermore, the peak shape does not change following deposition, suggesting that no carbon
contamination is introduced by the boron source.

Low energy electron diffraction

Spatially averaged atomic structural data is obtained through in situ low-energy electron
diffraction (LEED). In LEED, the magnitude of the reciprocal space scattering vector ¢ is given
by
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where Gy represents the real-space translation vector of the surface and / and & represent the
indices of the diffraction spot. The sampled region of reciprocal space is inversely proportional
to the electron de Broglie wavelength; therefore, higher electron energy images larger reciprocal
lattice vectors (i.e., smaller real space distances).

Reciprocal space structural data are also obtained by performing a fast Fourier transform
(FFT) on STM images. Fig S3A and S3B show sequentially acquired topography images of the
Ag(111) surface and a nearby region of striped/rectangular phase. Fig. S3C shows the
superposition of FFTs on Fig. S3A and S3B, where the spots related to the Ag(111) and boron
structures are highlighted in red and blue, respectively. The borophene reciprocal lattices vectors
are indicated. For comparison, FFTs on the calculated structure model (Fig. 2A, 2B) are given in



Fig. S3D. This calculated pattern corresponds very well to the experimentally acquired FFT,
showing the same relationships between the Ag(111) and borophene spots. Additional spots
related to the atomic structure of the borophene are indicated in this model.

These FFT patterns matched the data acquired through LEED, as in Fig. S3E, which
showed apparent six-fold symmetry for the borophene sheets. The strong diffraction spots circled
in red are related to the Ag(111) 1x1 surface, whereas the blue spots are related to the structure
of the borophene. The apparent six-fold symmetry of these additional spots results from the three
possible orientation of the boron sheets (observed in STM). The additional spots are related to
the Moiré pattern and buckling of the boron sheets. Lower energy LEED (68.5 eV, Fig. S3F)
shows these spots more clearly. The spots highlighted in orange are due to the a* periodicity, or
the formation of the striped domains. Similarly, the spots circled in purple are related to the
buckling along the b* direction. In the case of the rectangular lattice, these correspond to a 1x3
reconstruction of the relaxed freestanding structure or rectangular 2x(¥3/2)R30° with respect to
the substrate. The spots circled in blue correspond to the short-range, rhombohedral Moiré
pattern in the homogeneous phase, which results in a V3xV3R30° symmetry relative to the
substrate. Many of the lower g-space magnitude (i.e., larger real-space distance) spots are
somewhat less well defined, consistent with the variable periodicities of buckling in the stripe
phase. We determine the buckling reconstruction parameters for the most ordered stripe patterns
in the STM discussion below. Deposition at a slower rate (Fig. S3G) results in a more ordered
LEED pattern and elimination of the 3xV3R30° spots due to increased conversion of the
homogeneous phase to the striped phase.

Structure and morphology of the homogeneous phase

Several grains of the homogeneous phase are shown in Fig. 1D,E. Homogeneous phase
islands typically exhibit truncated triangle or truncated oval (i.e., “bullet-like”) shapes. No
homogeneous phase islands were observed for growth at 700 °C, suggesting that high
temperature and/or slow deposition enable the kinetically limited phase transformation from the
homogeneous phase to the striped phase to proceed. Although the homogeneous phase islands
often appear featureless at the large scale, they exhibit multiple scales of Moir¢ pattern, including
a ~0.9 nm rhombohedral pattern, and one-dimensional Moiré patterns with ~8 nm periodicity, as
in Fig. S4A,B. The 1D Moiré pattern correlates to variations in the degree of lateral distortion of
the chain features in the atomic-scale structure (fig. S4B). Concurrent with this chain structure,
bias dependent imaging reveals additional structure connecting adjacent chains (Fig. S4C),
which implies that the buckled atomic chain structure typically observed likely only captures the
structure of the highest protruding features. We frequently observe 1D line defects, as in Fig.
S4A-D. These defects sometimes appear as anti-phase boundaries in terms of the inter-chain
lateral distortions (i.e., the direction of the lateral distortions is opposite), which may result in
strain relief or serve to nucleate the proposed phase transition from homogeneous to striped
phase.

Striped phase structure and morphology

Uniaxial stripe structures are common in 2D material heteroepitaxy (22, 49), resulting from
dissimilar symmetries, strain relaxation, and inhomogeneous substrate interactions. Growth at
700 °C results in striped phase islands with a ~8 nm rhombohedral Moir¢ pattern (Fig. S5A).
However, there are always regions with the rectangular lattice within striped phase domains,




which appear as the dark regions in Fig. SSA. The Moiré pattern continues over these rectangular
lattice regions, but is distorted translationally (shown by the jog in periodicity marked with a
blue line) and rotationally (marked by the misalignment of the white lines). The atomic scale
structure within the Moir¢ striped regions is shown in Fig. S5B. In addition to the bucking of
adjacent stripe features relative to their neighbors, we observe additional displacement (i.e.,
depressions) induced by the large-scale Moiré. Similar buckling is associated with the
superposition of domains with dissimilar symmetry (50). The FFT inset demonstrates the
emergence of spots that correspond to those highlighted in orange and purple in Fig. S3F.

The rhombohedral Moiré pattern can be reproduced (Fig. S5C) by superimposing a
borophene lattice (blue spheres) upon the Ag(111) surface (green spheres), assuming no tilt from
the theoretically calculated orientation and a 4% in-plane compressive strain along the a
direction. The insets show magnified regions of the Moiré pattern. In the apparent crest (lighter
regions, shown in lower inset), we see alignment between the B atoms and the hollow sites,
whereas the valleys in the Moiré pattern (darker regions, shown in upper inset) show alignment
with the Ag atoms. This suggests that the adsorption side of the boron atoms drives the
corrugation of the striped phase. In BN growth on various transition metal substrates, boron is
known to preferentially adsorb in the hollow sites of the hexagonal surface (20, 51), which is
consistent with this analysis.

At a growth temperature of 550 °C (Fig. S5D), we observed regions of Moiré striped phase
coincident with less regularly striped domains, rotated by 120°. Despite this incongruity in stripe
pattern and the rotation, the domain boundary remains relatively featureless. The congruity
between these phases at the atomic scale becomes apparent in Fig. SSE. Regions of the
rectangular lattice coincide smoothly with the striped structure (indicated by white arrow). The
rectangular and Moir¢ striped regions appear to bond readily with one another (indicated by
green arrow), revealing connected features with three-fold symmetry at the interface. Nearby,
several unit cells of the rectangular lattice are observed to flow smoothly into the Moir¢ striped
phase. The structure of the striped phase regions near large gaps between the domains (indicated
by blue arrow) suggests that the striped phase consists of a more highly buckled lattice.
Comparison with the overlaid structure models on the rectangular lattice region (upper left) and
the striped phase region (lower right) shows that ~5% strain along the a direction provides
coincidence with the striped phase lattice, consistent with the Moiré pattern simulated in fig.
S5C. Comparison between the overlaid structure model and the striped phase allow us to define a
transformation matrix

a | |1 |«
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where the subscripts i and 7 denote the initial and reconstructed lattice vectors, respectively.

Certain features in STM provide further evidence for conversion from the homogeneous
phase to the striped phase. Figure S5F shows a region in which a grain of striped phase is divided
into multiple domains. The smaller domain exhibits an overall shape consistent with that
typically found in the homogeneous phase. Additionally, the shape of the striped phase domains



often closely resembles those of the homogeneous phase (Figs. 1F,G), but is more compact in
size.

Scanning transmission electron microscopy/electron energy loss spectroscopy

The HAADF operation mode works well for materials with different Z number because the
intensity dependence on atomic number is close to Z*(52). In Figure S10A, a HAADF-STEM
image shows atomic positions of silver. However, light elements such as boron, carbon or
oxygen are not detectable by HAADF imaging. In the JEOL ARM200F microscope bright field
(BF) images can be collected at the same time as the HAADF images are recorded. The BF
detector in the microscope has been configured so that it can register light atoms (extremely
weak scattering) using the circular beam stopper in the center of the optical axis (29). Under
these conditions, annular bright field (ABF) and HAADF images can be recorded at the same
time as well. ABF imaging has proven to be an effective mean of visualization for lighter atoms
(29), such as boron as shown in Figure S10b.

A STEM-EELS analysis is used to probe the boron signal, the line scan is shown in Figure
S11A. An intensity profile extracted from the EELS spectrum at the B K edge (~188 eV) is
correlated with the HAADF image intensity profile of the same scanned region. During the
acquisition, the spectrum of the B K edge intensity is recorded simultaneously with the HAADF
signal. The significant increase in the B K edge intensity profile observed at the interface
between silver/boron/silicon is shown in Figure S11B (red curve, boron deconvolution shown in
purple curve). Additional peaks between 100 and 150 eV are associated with silicon and silicon
oxide (53), and match those in the capping layer (blue curve).

X-ray photoelectron spectroscopy

Survey spectra on silicon-capped samples (Fig. S13A) show peaks for Ag, B, Si, O, and
adventitious C (which is always present following ambient exposure). Cross-sectional STEM
shows an average Si capping layer thickness of 2-4 nm, comparable to the escape depth for
photoelectrons in XPS. This allows us to probe the chemistry of the Ag substrate, boron film,
and Si capping layer simultaneously.

Because pure boron slowly oxidizes under ambient conditions (54), borophene samples
capped with silicon were compared with ambient-exposed borophene to determine the oxidation
state of the material as deposited, shown in Fig. 3D. The silicon capped sample exhibits one
principal feature after 2 days, consistent with successful protection of the underlying borophene.
This main peak displays an asymmetric shape composed of two components at 188.2 and 188.8
eV. These are consistent with B-B bonding in pure boron species (54-56) under two slightly
different chemical environments (such as boron atoms interacting directly with the substrate
versus those buckled upwards). When directly exposed to ambient (i.e., no cap), we observe
peaks at 187.9, 188.3, and 192.1 eV. This broadening of the principal boron peaks, as well as a
partial shift towards lower binding energies, is typical of boron oxidation, as is the peak at 192.4
eV, which likely corresponds to a sub-stoichiometric oxide (54). Following 3 weeks of ambient
exposure, the capped sample exhibits similar peaks at 187.5, 189, and 192.4 eV. The silicon
capping layer was fully oxidized, as shown by the Si 2p peak doublet at ~103 eV associated with
oxide formation on amorphous films (Fig. S13B) (56). C 1s core level spectra (fig. S13C)
showed only adventitious C, indicating that the substrate and B source are not contaminated with



C (which would otherwise result in additional peaks for B-C bonds). We observed no splitting of
the Ag 3d peaks (fig. S13D), which would indicate B-Ag compound formation.

Additional angle-resolved XPS data are presented in Fig. S13E, showing the peak
component height versus angle. These data revealed the same trends observed in Fig. 3E, thus
supporting our proposed structure model.
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Fig. S1. Auger electron spectroscopy analysis and discussion

(A) AES spectra of clean Ag(111), borophene (~1 ML) grown at 550 °C, and a thicker (~4 ML)
amorphous boron film. (B) AES spectrum of borophene film with extended range, demonstrating
the absence of impurity peaks.



——Ag(111)
0.8

SN,
0.7 "

0.6

di/dV (a.u.)

0.5+

0.4

0.3

T T T T T T T
06 04 02 0.0 0.2 0.4 0.6
Bias (V)

Fig. S2. Formation of borophene nanoribbons

STM topography images of low-flux (~0.02 ML/min), low-coverage deposition at 550 °C
showing (A) large scale region with several nanoribbons at step edges (blue arrows) and within
terraces (blue arrow). (Vsample= 1.0 V, I =200 pA) (B) Magnified image demonstrating the
internal striped structure of the nanoribbons. (Vsample= 0.2 V, I; = 500 pA) (C) Atomic scale
structure of the nanoribbons, demonstrating their structural correspondence with the extended 2D
stripe phase sheets. (Vsample=-0.1 V, Iy = 5 nA). (D) STS point spectra obtained on the
rectangular lattice phase regions of the striped boron nanoribbons, demonstrating their metallic
characteristics.
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Fig. S3. Structure analysis and low energy electron diffraction of borophene

Sequentially acquired STM topography of (A) Ag(111) lattice (Vsample =25 mV, Iy = 1.0 nA) and
(B) borophene (Vsample= 50 mV, I; = 2.0 nA). (C) Superimposed fast Fourier transformations
(FFTs) of (A) and (B). (D) FFT of low-energy monolayer structure model given in Fig. 2 (shown
inset). This FFT is not scaled to (C), comparison is made relative to the Ag(111) spots (circled in
red). (E,F,G) LEED patterns acquired at (E) 120 eV, (F) 68.5 eV, and (G) 68.5 eV. (E) and (F)
were acquired sequentially on the same 550°C growth, whereas (G) was acquired on a lower
deposition rate growth at 700 °C.
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Fig. S4. Detailed structure and morphology of the homogeneous phase

STM topography images of (A) Atomically resolved homogeneous phase demonstrating chain
morphology, line defect, and Moir¢ structure (Vsampie = 0.1 V, Iy = 500 pA). (B) Atomically
resolved image of typical chain structure. The short-range Moiré pattern is highlighted with a
white thombus (Vsampie=0.1 V, Iy = 3.0 nA). (C,D) Atomically resolved images of (C) typical
chain structure (Vsample= 0.1 V, [ = 1.0 nA) and (D) magnified region (from green square)
demonstrating bias-dependent changes in contrast which reveal structural relationships between
the chains (Vsample = -20 mV, 7 = 1.0 nA).



Fig. S5. Detailed structure and morphology of striped phase

(A) STM topographic image of the interior of a borophene sheet grown at 700 °C, demonstrating
rhombohedral Moiré pattern and regions of non-buckled rectangular lattice (Vsample=1.2 V, [y =
500 pA). (B) Atomic resolution image of a borophene striped sheet. Upper inset: FFT of (B).
Lower inset: high resolution image (both images at Viampie=0.1 V, I; = 500 pA). (C) Moiré
pattern generated from the superposition of a strained borophene lattice (4% compressive along
the a direction) on the Ag(111) plane. The insets show magnified views of the Moiré trough and
crest, detailing the different adsorption sides in each. (D) Images of 550 °C growth, detailing the
interfacial relationship between a striped phase domain with periodic buckling, and a striped
phase domain with nearly complete stripe coverage (Vsampie= 0.2 V, I; = 3.0 nA). Purple arrows
denote rectangular lattice regions, the blue arrow denotes a non-Moiré striped phase, and the
green arrow denotes a Moiré striped phase. (E) Atomic resolution image detailing the limited
structural coherency and common structural motifs between the rectangular and striped phases
(Vsample= 0.1 V, I; = 3.0 nA). (F) Atomically resolved image of striped phase region generated by
the coalescence of multiple islands. The smaller striped domain exhibits a “bullet-like” shape
characteristics of the homogeneous phase (Vsampie = 0.1 V, Iy = 1.0 nA).



Fig. S6. Computational studies of alloying or boride formation

Sample structure model for boron-rich alloy (i.e., matching the experimental conditions),

showing the restructuring of the near-surface silver region and segregation of the boron to the
surface.
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Fig. S7. Computational monolayer structures

(A,B,C) top, front, and side views of the atomic structure of a free-standing borophene sheet.
Structural relaxation results in decreased corrugation along the a direction, which results in a
decreased unit cell size. The resulting lattice parameters are a = 0.1617 nm (corresponding to
~1/3 the lattice parameter in Fig. 2A,B) and b = 0.2865 nm. (D) Phonon dispersion of
freestanding borophene sheet. The small imaginary frequencies near the I" point are consistent
with instability against long-wavelength transversal waves(57). This instability can be fixed by
defects, such as ripples or grain boundaries, which do not allow these waves by limiting the size
of boron sheets. (E) Calculated strain vs. energy for freestanding borophene sheet. (F) Structure
model corresponding to a metastable borophene sheet, slightly distorted with respect to the most

stable structure (Fig. 2A). (G) Simulated (Vsample= 0.1 V, [; = 3.0 nA) and (H) experimental
(Vsample= 0.1 V, I = 3.0 nA) STM topography images.
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Fig. S8. Computational bilayer structures

(A,B,C) Top, side, and frontal views of bilayer borophene structure. Structural relaxation of the
freestanding sheet results in lattice parameters of a = 0.490 nm and b = 0.288 nm. (D) Calculated
electronic band structure for freestanding, bilayer borophene and (E) associated electronic
density of states, both of which show metallic characteristics. (F) Calculated phonon dispersion
for the bilayer structure. The small region of imaginary frequencies near the gamma point is
interpreted as in Fig. S7.



Fig. S9. Cross-sectional AC-STEM sample prep

SEM images acquired during focused ion beam (FIB) milling of a cross-sectional sample for
STEM. Once a suitably flat region is selected, a protective platinum cap/handle is deposited in
situ (A). The region surrounding the sample is then milled out using the Ga" ion beam (B).
Immediately prior to severing the last connection of the sample to the substrate, the sample is
welded to the tungsten probe via platinum deposition. Once the sample is separated from the
substrate, it is transferred via the tungsten probe to the sample post of a semi-circular copper
grid. The sample is welded to the post with platinum deposition, separated from the tungsten
probe, and successively thinned to < 30 nm by the ion beam (C).



Fig. S10. Additional AC-STEM data

AC-STEM images acquired on an atomically stepped surface region with (A) HAADF and (B)
ABF detectors. The purple arrows are located at the same relative positions between images, and
indicate the presence of light elemental planar features, which we identify as borophene.
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Fig. S11. STEM EELS

(A) AC-STEM survey image, with the location of the EELS line profile indicated. (B) Plot of
EELS spectra from the regions indicated in (A). The interface spectrum (red) shows that a strong
boron peak (188 eV)(535) is localized to the area near the interface, as confirmed by the
deconvoluted boron peak (purple) (33). These spectra show that the boron is confined to the
interface between the Ag(111) substrate and the Si capping layer.
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Fig. S12. Additional ex situ characterization of borophene

(A) SEM image of the borophene sheets after ambient exposure. The island features observed in
STM persist and demonstrate significant contrast. The small dark features are attributed to boron
nanoparticles, and may appear larger than in STM due to charging effects. (B) Ambient peak-
force mode AFM image of borophene sheets. Based on the island morphologies, we identify
striped phase (red arrow) and homogeneous phase islands (blue arrow). (C) AFM line profiles
extracted from (B), showing heights of ~0.38 nm for the striped phase island (red arrow) and
~0.44 nm for the homogeneous phase (blue arrow). These step heights may deviate from
theoretical predictions due to tip-sample interactions and the partial oxidation of the sheets, but
are essentially consistent with both theoretical predictions and STEM observations.
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Fig. S13. Additional XPS analysis

(A) XPS survey spectrum, demonstrating the presence of Ag, B, Si, C, and O. (B) Si 2p core
level data, demonstrating the presence of the almost fully oxidized amorphous silicon (~103 eV)
capping layer adjacent to the Ag 4s peak. (C) C 1s core level spectrum, demonstrating the
absence of any peaks besides adventitious carbon. (D) Ag 3d core level spectra, showing the
silver peaks are unaltered by the B and Si cap deposition. (E) Angle-resolved XPS data showing
normalized component peak heights for the species present.
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