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Borophenes made easy
Marc G. Cuxart1*, Knud Seufert1, Valeria Chesnyak1, Wajahat A. Waqas1, Anton Robert2,
Marie-Laure Bocquet2, Georg S. Duesberg3, Hermann Sachdev3*, Willi Auwärter1*
To date, the scalable synthesis of elemental two-dimensional materials beyond graphene still remains elusive. Here,
we introduce a versatile chemical vapor deposition (CVD) method to grow borophenes, as well as borophene
heterostructures, by selectively using diborane originating from traceable byproducts of borazine. Specifically,
metallic borophene polymorphs were successfully synthesized on Ir(111) and Cu(111) single-crystal substrates
and conjointly with insulating hexagonal boron nitride (hBN) to form atomically precise lateral borophene-hBN
interfaces or vertical van der Waals heterostructures. Thereby, borophene is protected from immediate oxidation
by a single hBN overlayer. The ability to synthesize high-quality borophenes with large single-crystalline domains
in the micrometer scale by a straight-forward CVD approach opens up opportunities for the study of their fundamental properties and for device incorporation.

In recent years, the synthesis of two-dimensional (2D) materials
with no naturally occurring layered analogs has opened a new path
for property engineering based on the choice of constituent elements
and the design of in-plane atomic structures. Among the different
synthetic 2D materials, elemental layers stabilized by strong covalent bonds are of particular interest (1, 2). As a prominent member
of this family, borophene offers intriguing anisotropic electronic
and mechanical properties (3–5). Preceded by early predictions of
flat boron clusters (6), theoretical studies have shown that borophene
can be stable in different polymorphs (7) as consequence of the
multicenter bonding configuration of boron that leads to multiple
hexagonal-based structures with variable density and periodic distribution of single-boron vacancies (8). The predesign and selection
of such polymorphs is thus expected to yield control on properties
and emerging functionalities (9–11). Such predictions have spurred
experimental efforts to synthesize stable 2D polymorphs of boron,
referred to as borophenes.
The synthesis of atomically thin borophenes was achieved by
Mannix et al. (12) and Feng et al. (13) in 2015 by depositing boron
from high-purity solid sources onto the (111) surface of an Ag
single-crystal in ultrahigh vacuum (UHV) conditions, i.e., following
a physical vapor deposition (PVD) method. This procedure was subsequently applied on other surfaces like Ag(110), Ag(100) (14, 15),
Cu(111) (16), Au(111) (17), and Ir(111) (18). Nevertheless, the quality
of the produced samples constitutes a bottleneck for nonlocal measurements, essential for the exploration of the unique properties
predicted in the highly dynamic field of theoretical endeavors. The
difficulty to achieve 2D elemental boron films with large single-
crystalline domains of high perfection (with a low content of grain
boundaries and defects) by PVD results from the high melting point
and high reactivity of elemental boron, impeding the formation of single
uniform growth species by thermal evaporation procedures. Compared
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to mere PVD techniques, single-source CVD precursor routes offer
considerable advantages for the production of 2D materials, like
scalability and a controlled dosage of gaseous growth species with a
defined molecular stoichiometry in a wide pressure regime (19, 20).
However, previous attempts using CVD yielded amorphous boron
structures, nanotubes, multilayers, and thick layers, including 3D boron
structures (21–23). In addition, high-temperature decomposition of
hBN gave access to boron monolayers (24–26). Overall, the lack of a
suitable boron precursor that prompts 2D nucleation and growth has
been the major impediment to produce atomically thin borophenes.
Derived from previous experience regarding the use of borazine
(B3N3H6) for hBN synthesis (27, 28), we were able to identify diborane (B2H6) in commercial borazine. Here, we selectively used diborane as a molecular precursor for the CVD growth of high-quality
atomically thin borophene layers and developed an easy and controllable CVD route for (i) extended layers of borophenes on distinct
supports and (ii) unprecedented vertical and lateral heterostructures combining borophene with hBN (see Fig. 1). The hBN cover is
shown to prevent degradation of borophene when exposed to oxygen at room temperature. hBN encapsulation of sensitive 2D materials (such as metal dichalcogenides, phosphorene, and magic angle
graphene bilayers), mostly realized by transfer techniques to date,
can protect the material’s properties and ease device implementation (29–31). However, no such passivation of borophene was reported so far, posing challenges for many applications as borophene
rapidly oxidizes in air (32). An hBN protection of borophene, demonstrated by the presented CVD approach, might thus complement
recent achievements, yielding ambient-stable borophane by hydrogenation of PVD-grown borophene (32), and open pathways to exploit borophene properties in van der Waals heterostructures and
devices (33).
RESULTS AND DISCUSSION

In the presented CVD method, diborane is dosed onto a preheated,
atomically clean, and flat surface under UHV conditions, as schematically illustrated in Fig. 1A, after being selectively filtered from
borazine by applying a freeze-thaw cycle with a liquid nitrogen-cold trap
in the precursor dosing system. The mass spectrum depicted in Fig. 1I
resulting after the cold trap activation shows a signal ranging from
23 to 27 atomic mass unit (amu) attributed to 10B and 11B isotopes
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of diborane (and borane BH3 at 14 amu) and vanishing intensity of
masses above 29 amu. In contrast, the mass spectrum of the nonfiltered
gas (cold trap deactivated) presents different sets of peaks resulting
from the borazine precursor (34). Since amine borane (H3B-NH3) is
one of the major intermediates in borazine syntheses, inseparable
byproducts derived from this precursor [e.g. µ-aminodiborane
(B2H5NH2), polymer aminoboranes (NH2-BH2)2 and borane adducts
of (oligomer and polymer) amine boranes and aminoboranes [H3B(NH2-BH2)n-NH3] can act upon decomposition as an ubiquitous
source for diborane (35, 36), together with precursor degradation by mandatory handling issues. Traces of -aminodiborane
are detectable by 11B-nuclear magnetic resonance spectroscopy
in the commercial borazine (see fig. S1). These aspects, together
with trace signals in the range of 95 amu found in the used borazine
in comparison to those found for a borane-tetrahydrofuran adduct (fig. S2), hint to a weak interaction and adduct formation of
borane with neat borazine as per eq. S5 in the Supplementary Materials. Therefore, the presence and continuous reformation of
diborane with time is readily explained by an ongoing decay of inherent or acquired trace impurities in the commercial borazine
precursor, which is also widely used for hBN monolayer synthesis. See fig. S2 for a simple time evolution of diborane in our borazine dosing system.
Cuxart et al., Sci. Adv. 7, eabk1490 (2021)
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The resulting material grown after dosing diborane as described
above on Ir(111) (kept at 1233 K) was in situ characterized by low-
temperature scanning tunneling microscopy (STM) and x-ray photo
electron spectroscopy (XPS). The STM image in Fig. 1B shows a
single-crystalline domain of an overlayer with stripy appearance,
presenting a “wavy” pattern that is resolved in the high-resolution
STM image in Fig. 1C (highlighted in red). This structure can be
described by the unit cell depicted in red, with lattice vectors ∣a∣ =
16.2 ± 1.0 Å and ∣b∣ = 5.4 ± 1.0 Å, forming an angle of  = 60∘.
Three equivalent rotational single-crystalline domains with large
lateral extensions of at least hundreds of nanometers were observed,
each of them having the stripes aligned along the ⟨11 ̄  0 ⟩ high-
symmetry directions of the underlying surface (figs. S3 and S4). The
same structure on Ir(111) was recently identified as a 6-like borophene polymorph (with a number of boron vacancies per number
of atomic sites of  = 1/6) (18). The wavy appearance emerges as consequence of the threefold commensurate 6 × 2 stacking with Ir(111).
In the reported case, borophene was synthesized by evaporation of
elemental boron from a solid source onto the substrate, i.e., by using
a PVD method yielding domains of smaller size and higher density
of domain boundaries than those obtained here by CVD (18).
In the present study, the Ir(111) surface was found to be fully
covered by the borophene layer after dosage of 1.8 Langmuir (L), yet
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Fig. 1. CVD growth of borophene and borophene-hBN heterostructures on Ir(111). (A) Schematic of diborane dosage on the preheated Ir(111) surface to obtain
borophene. (B) STM image of a single-crystalline borophene domain grown by CVD on Ir(111) (Vbias = 0.1 V). (C) Detailed structure of borophene whose unit cell is depicted
in red (Vbias = 2.0 V). (D) Schematic of sequential borazine and diborane dosage to obtain borophene-hBN lateral heterostructures. (E) High-resolution STM image of the
lateral heterostructure formed by borophene and hBN (Vbias = 1.2 V). Red lines highlight 6 borophene’s wavy appearance, and green solid and dashed rhomboids highlight the unit cell and hexagonal moiré pattern of hBN, respectively. (F) XPS boron and nitrogen 1s core levels measured on borophene. (G) Schematic of the vertical
heterostructure, with hBN covering borophene, grown by sequential dosing. (H) Atomically resolved image of the hBN lattice covering the borophene in the vertical
heterostructure. (Vbias = 0.10 V; subtle 3D rendering was applied for better visualization). (I) Mass spectra of diborane and borazine gas used to grow borophene and hBN,
respectively, measured at partial pressure of 3 × 10−7 mbar.
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the irregular lateral interfaces formed by borophene and graphene
(43), highlighting the influence of epitaxy and growth temperature.
The formation of a straight and atomically sharp 1D interface is
supported by an atomic-scale description of the bonding configuration based on density functional theory (DFT; see fig. S15). It suggests an hBN-borophene 11 × 5 lateral commensurability, in which
10 over 11 interfacial boron atoms form covalent B─B bonds with
borophene, while the topographic appearance of both 2D materials
is not strongly distorted. This is observed experimentally as shown
in the atomically resolved STM image in Fig. 2A and fig. S10 (highlighting the interfacial atomic registry).
The electronic transition from borophene to hBN occurs within
a distance of ∼5 Å, with no apparent interface states, as evidenced
by the series of scanning tunneling spectra (STS) recorded across
the lateral heterojunction in Fig. 2D and fig. S9. The low-energy
electronic structure of borophene is characterized by spectral features
near the Fermi level EF, whose intensities vary laterally, matching
the periodicity of the stripe-like topography. The borophene-related
density of states extends to the very interface with hBN. The spectroscopical features are clearly visualized in the differential conductance (dI/dV) spectrum in Fig. 2B, where a minimum intensity
around 0.7 V is observed. While the line shape compares reasonably
well with those measured for borophenes 3 and 12 on Ag(111)
(12) and 3 like on Cu(111), the position of the minimum is observed at higher voltage (see also fig. S9). The linear I(V) spectra
(Fig. 2C) confirms the characteristic metallic behavior of borophene
also for this polymorph.
At the other side of the interface, hBN presents an electronic
structure with lower density of states at EF (Fig. 2, B and D), which
is spatially modulated along the moiré pattern as a consequence of
the registry-dependent hybridization of N with Ir atoms (46). In
Fig. 2C, the crossing between dI/dV spectra corresponding to hBN
“valley” and “rim” regions is consistent with the STM contrast inversion observed at different bias voltages in Fig. 2 (E and F); likewise, the electronic contribution of the hBN and borophene
represented by the dI/dV curves accounts for the contrast inversion
between both 2D layers. The LEED analysis presented in fig. S13
confirms that diborane dosing is essential to achieve the planar
heterostructure, i.e., under the applied conditions, borazine dosing
alone cannot explain the resulting heterostructures.
As a second example of a borophene-hBN heterostructure achieved
by the presented CVD method, hBN-covered borophene was synthesized by sequentially dosing 1.8 L of diborane and 4.5 L of
borazine onto Ir(111) kept at 1223 K (Fig. 1, G and H). Both doses
correspond to those required to grow a full monolayer of borophene
and hBN on Ir(111), respectively. The atomically resolved STM image of the resulting sample in Fig. 3A shows the hBN honeycomb
structure, with a measured lattice constant of 2.49 Å, slightly modulated along the characteristic parallel stripes of this borophene
polymorph presented in Fig. 1B. As expected for a large gap insulator like hBN, the atomic lattice can only be imaged under certain tip
and scanning conditions, otherwise only the stripy appearance of
borophene is observed (see fig. S11), i.e., the hBN cover appears
“transparent” for STM (47). The orientation of the hBN on borophene
is not unique but consists on a manifold of misalignments around
borophene’s wavy direction (Figs. 1H and 3A and fig. S11), in
contrast to the situation for hBN on Ir(111) (see Fig. 1E and fig. S6),
indicating a weak interaction between hBN and borophene. This
is confirmed by LEED data (inset of Fig. 3A), in which the hBN
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further growth processes performed at higher diborane doses yielded
the same complete coverage. This demonstrates the substantial decrease of the growth kinetics after the completion of the first atomic
layer and strongly suggests that the molecular precursor undergoes
dehydrogenation reactions assisted by the catalytic surface, yielding
intermediate boron species that form large single-crystalline domains.
Boron subsurface diffusion and segregation mechanisms may not
generally be excluded but are not expected to dominate the growth
at the applied conditions due to the kinetic differences between on
surface film formation and bulk diffusion mechanisms (16, 26, 37).
Low-energy electron diffraction (LEED) imaging reveals successful
borophene formation at temperatures as low as 1073 K (fig. S5).
XPS characterization of the borophene polymorph grown by
CVD is presented in Fig. 1F, confirming the presence of boron and
absence of nitrogen. The B 1s core-level signal consists of a single
peak that can be well-described by the sum of two Voigt-like functions (B5 and B4) steaming from the two different coordination
numbers of B within the borophene layer (38). These are centered at
binding energies of 188.9 and 188.2 eV, up-shifted with respect to
other borophenes on Ag(111) (13, 38) and Cu(111) (39). The shift is
consistent with a reduced adsorption distance on Ir(111) [2.1 Å (18)]
compared to Ag(111) [2.4 Å (13)] and Cu(111) [2.3 Å (40)] and
points toward a stronger borophene-substrate interaction for Ir(111),
reminiscent of the trend observed for other 2D materials (41). On
the other hand, the lack of a N 1s signal evidences the absence of
hBN domains and corroborates the selective growth of borophene.
Thereupon, we address the combined growth of borophene and
single-layer hBN (referred to as hBN), the latter being a multifunctional, insulating 2D material (42). Borophene has been only combined with graphene (43) and with a molecular assembly formed by
perylene-3,4,9,10-tetracarboxylic dianhydride (44) to date, although
well-defined lateral or vertically stacked heterostructures offer a huge
potential for nanodevices (33, 45).
As a first example, borophene-hBN lateral heterostructures were
synthesized on Ir(111). Taking advantage that diborane and borazine
coexist in the same compound, and they can be selectively dosed by
activating and deactivating the cold trap, 0.1 L of borazine was
dosed onto Ir(111) kept at 1233 K in the first step, followed by 1.8 L
of diborane in the second step (as shown schematically in Fig. 1D).
The dose of borazine corresponds to submonolayer growth of hBN,
therefore allowing enough free catalytic surface for borophene formation, in contrast to higher doses leading to a full layer of hBN
(figs. S6 and S7). The resulting 2D layer reveals coexisting domains
of borophene and hBN that fully cover the Ir(111) surface, hence
forming lateral heterostructures, as shown in Fig. 1E and fig. S8.
Borophene domains feature the three orientations and the stripy
appearance with wavy motifs discussed above (Fig. 1C), while also
hBN domains preserve the characteristic appearance reported earlier
for pristine hBN/Ir(111) (24). The latter represents a single 12-on-11
moiré superstructure with a periodicity of 2.89 nm (depicted by a
green dashed rhombus in Fig. 1E) (24). hBN zigzag-terminated edges
(and the corresponding hBN symmetry axis) are oriented in parallel
to the borophene stripes, both aligned to one of the three high-
symmetry axis of Ir(111). In addition, borophene edges parallel to the
stripes are energetically preferred, as indicated by their prevalence in borophene islands (18) and interfaces to hBN. This promotes the formation of straight heterojunctions oriented in three
equivalent directions with fixed lateral stacking. These straight segments extend over tens of nanometers (fig. S8), in stark contrast to
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Fig. 3. hBN on borophene: vertical heterostructure on Ir(111). (A) Atomically resolved STM image of an hBN domain, featuring its honeycomb structure, on 6
borophene, showing its stripy appearance on Ir(111) (hBN unit cell in green, Vbias = 1.0 V). Subtle 3D rendering has been applied for better visualization. Inset: LEED pattern
acquired at 79 eV (simulated diffraction pattern of hBN in green and borophene in red). (B) Boron and (C) nitrogen 1s XP spectra. The fitted components of hBN and
borophene spectral contributions are displayed in green and red, respectively. (D) B 1s peak measured at different photoelectron emission angles  = 0°, 45°, 55°, 60°, 65°,
and 70° (lines from dark to light blue). (E) Angular dependence of the relative intensity of borophene B 1s components and Beer-Lambert law fit in black describing
the attenuation effect by the hBN overlayer. (F) Series of B 1s spectra measured on hBN-covered borophene after incremental O2 exposure intervals reveals no sign of
oxidation in contrast to an uncovered borophene sample that shows emergence of oxidized boron (G). Intensity maps at the background are constructed with the
presented spectra.

diffraction pattern consists on a ring-like structure with local intensity maxima around the main symmetry axis of the Ir(111) diffraction pattern and around rotational angles of 30∘, a consequence of
the presence of hBN rotational domains (see fig. S13). This is in
stark contrast to the substrate-locked orientation of hBN domains
on Ir(111) (see fig. S13 for extended LEED characterization and discussion). In addition, weak diffraction spots corresponding to the
borophene 2 × 6 superstructure, attenuated by the hBN cover, are
Cuxart et al., Sci. Adv. 7, eabk1490 (2021)
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observed. The DFT-optimized structure of the vertical interface reveals a planar hBN overlayer and shows no modification of the constituent’s electronic properties (fig. S16).
The XPS B 1s spectrum of the vertical heterostructure (Fig. 3B)
shows a highly asymmetric peak shape that can be deconvoluted in
four contributions emerging from B constituting borophene (B4
and B5) and hBN (B0 and B1). Peak fitting was performed by using
the borophene components presented in Fig. 1 and reproducing a
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Fig. 2. Borophene-hBN lateral interface on Ir(111). (A) High-resolution STM image of the atomically sharp heterointerface formed by borophene and hBN (Vbias = − 0.5 V).
Subtle 3D rendering was applied for better visualization. The interfacial registry is highlighted by the red and green lines. (B) dI/dV spectra taken on borophene and hBN
rim and valley regions, together with (C) simultaneously acquired I(V) curves (stabilization conditions: Vbias = 1.5 V, It = 0.25 nA, lock-in modulation voltage V = 50 mV). The
borophene spectra represent an average over the unit cell. (D) dI/dV intensity map constructed from the series of dI/dV spectra measured along the blue line marked on
the STM image (Vbias = 2.0 V) showing a sharp electronic transition. Spectra stabilized at Vbias = 1.5 V and It = 0.4 nA, lock-in modulation voltage V = 50 mV. STM images
measured at (E) Vbias = 2.7 and (F) Vbias = − 0.8 V, showing a bias-dependent contrast inversion between borophene and hBN.
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Fig. 4. CVD growth of borophene on Cu(111). (A) STM image of a single-crystalline
3-like borophene domain (Vbias = 1.3 V). Top right inset shows a fast Fourier transform of the image. The scan area is highlighted in the bottom left inset (tunneling
current channel, Vbias = 1.3 V). (B and C) High-resolution STM images of the same
borophene domain recorded at Vbias = 0.5 and −3.0 V, respectively. Black vectors
indicate the unit cell.

Our findings demonstrate the feasibility of a CVD route to
borophene polymorphs using diborane as boron source. Dosing
different CVD precursors from one supply container using the
presented technique allows the selective deposition of borophene
(from diborane) or hBN sheets (from borazine) or combined lateral/
vertical heterostructures of borophene and hBN. It also stresses
the relevance of high purity precursors for the selective deposition
of single phases. The anisotropic morphology of borophene domains furthermore enables atomically precise alignment and contacting of other components like it is shown for hBN. This versatile
method can be used on different substrates and opens pathways for
the in situ growth of heterostructures involving low-dimensional
materials with complementary properties and for the protection of
5 of 7
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two-component structure that models the corrugation-dependent
hBN-substrate interaction (41). The largely dominant intensity of
the hBN low-energy component B0 over B1 (ratio 10:1), characteristic of weakly interacting hBN layers with low degree of corrugation,
is consistent with the rotational domains and flat hBN observed by
LEED and STM. The N 1s spectrum in Fig. 3C was accordingly
modeled by two components N0 over N1 with the same intensity
ratio of 10:1. Fit parameters are summarized in table S1. To verify
the vertical order of borophene and hBN, XPS measurements at different photoelectron emission angles () were conducted (Fig. 3D).
The intensity of the borophene B 1s components (normalized by
those of hBN) observed in Fig. 3E decreases as  increases. This is
attributed to the attenuation effect of the hBN cover, as the intensity
drop is well described by the Beer-Lambert law (Fig. 3E), and the
same effect is not observed in the case of the lateral heterostructure
(see fig. S12).
Since oxidation of borophene appears as a major issue limiting
its stability when exposed to air, the protective capping effect that
inert hBN could confer to borophene was assessed. Two series of B
1s XP spectra measured on hBN-covered and noncovered borophene,
respectively, upon exposure to incremental doses of molecular oxygen (O2) at room temperature are plotted in Fig. 3 (F and G). For
bare borophene, a broad component emerges attributed to boron
oxides (28) around 192 to 194 eV, at expenses of the main peak that
goes in hand with an increase of O 1s (see fig. S14). In contrast, the
B 1s peak of the covered borophene in Fig. 3F remains completely
unchanged, evidencing that hBN acts as a protective layer against
O2 oxidation of borophene in the studied dose range.
Last, we considered the growth of borophene on Cu(111) as a
weaker interacting support, to assess the applicability of the CVD
method to a wider range of metal substrates. Cu is particularly interesting in view of applications, as a readily accessible material whose
typically low interactions with supported 2D materials makes it suitable for different transfer processes to technologically relevant substrates and for scalable fabrication (48–50). Similar to the CVD
procedure described above for the case of Ir(111), 18 L of diborane
was dosed onto a Cu(111) single-crystal kept at 773 K. The resulting
material was characterized by STM, revealing the presence of
single-crystalline domains (Fig. 4A). Even at a low coverage (around
40%, as shown in the inset in Fig. 4A), the domains extend over
hundreds of nanometers, which, together with the low density of
nucleation sites, suggests that much larger domains can be
achieved (39). Detailed inspection of the domains by high-resolution
STM imaging allows the characterization of their in-plane periodic
structure. Albeit presenting distinct appearances at positive and negative bias voltages (Fig. 4, B and C, respectively), the structure can be
described by a unit cell with ∣a∣ = 15.57 ± 1.0 Å and ∣b∣ = 21.5 ± 1.0
Å, forming an angle of  = 73∘, consistent with the fast Fourier
transform shown in the top right inset in Fig. 4A. It leads to the
formation of mirror-symmetric domains aligned with the ⟨11̄0⟩
high-symmetry directions of Cu(111) (see fig. S17). Structure and
STM appearance are in agreement with the 3-like borophene
polymorph (defined by  = 1/5) on Cu(111) reported by Wu et al.
(16, 39) in that case prepared by a PVD method and complemented
by postannealing cycles. Thus, deliberately choosing Cu(111)
and Ir(111), we have demonstrated that the same structures can
be obtained by a different approach, therefore verifying that this
CVD method can deliver boron for the generation of borophenes
and heterostructures with hBN.
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borophene from oxidation. The use of diborane, (substituted) boranes, and molecular boron precursors, in general, has the potential
to become the long sought-after route toward polymorph-selective
and scalable methods for high-quality layers of borophenes, their
heteroatom-substituted derivatives, or even for boron- or boridebased materials. This will open a vast variety of approaches to study
fundamental aspects of these synthetic 2D materials and finally bring
their incorporation in technologically relevant applications into
reach. Note added: During evaluation of this manuscript, a study
reporting another approach to borophene synthesis on Ir(111) was
published (51).
MATERIALS AND METHODS

Sample characterization
STM and STS data were acquired by a CreaTec STM operating at
6 K and P < 2 × 10−10 mbar. STM images were taken at constant
current mode and processed using the WSxM software (52). dI/dV
spectra were acquired in constant height mode at f = 961 Hz and at the
peak-to-peak modulation voltage stated in figure captions. XPS
data were taken by a SPECS PHOIBOS 100 hemispherical electron
analyzer using the Al K line as x-ray source (1253.6 eV) and energy
referenced to EF, calibrated using the energy position of the Ag 3d5/2
peak measured on a clean Ag(111) single-crystal as a reference.
Measurements were performed at room temperature and P = 1 ×
10−9 mbar. Fits to the experimental data were performed using the
XPST macro for IGOR (M. Schmid, Philipps University Marburg),
using Voigt-like functions (Gauss-Lorentzian ratio of 0.1). The CreaTec STM and SPECS XPS apparatus are mounted in different UHV
chambers. Samples were transferred between the CreaTec STM and
SPECS XPS setups using a Ferrovac VSN40S UHV suitcase (P = 1 ×
10−9 mbar). Mass spectra were measured by a Residual Gas Analyzer 300 from Stanford Research Systems. Further information about
precursors characterization and computational methods can be
found in the supplementary materials.
SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abk1490
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