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ABSTRACT

Research on amorphous carbon monolayers (ACMs) has accelerated in recent years, driven by their intriguing structural and
electronic properties and the vast potential for applications. To date, ACMs have been mainly synthesized by chemical vapor
deposition methods. Here, we present an alternative bottom-up synthesis approach and demonstrate the formation of a
B3N;-substituted amorphous carbon monolayer (BsNs;-ACM), thus introducing multiple dopant heteroatoms. In particular,
we follow an ultrahigh-vacuum-based on-surface synthesis strategy by using a tailored B;N;-functionalized precursor to achieve
uniform, large-area B;N3;-ACMs. The characterization of the on-surface reaction products via low-temperature scanning tunnel-
ing microscopy and noncontact atomic force microscopy provides insight into their structure at the atomic scale. The covalent
monolayers, formed upon thermal activation of the precursors at high coverage, were transferred onto Si/SiO, and a transmission
electron microscope grid. Atomically-resolved electron microscope imaging combined with Raman spectroscopy confirmed the
freestanding, amorphous monolayer structure of the material, incorporating nanocrystallites in disordered areas. X-ray photo-
electron spectroscopy proved the presence of B and N in the 2D material after the transfer. Our on-surface synthesis protocol,
combined with the demonstrated transfer abilities, showcases the potential for producing tailored heteroatom-doped amorphous
materials using custom-designed molecular precursors and integrating such complex 2D architectures into devices.

1 | Introduction physical properties include excellent thermal stability, high

Amorphous carbon monolayers (ACMs) were recently realized breaking strength, and intrinsic toughening [1, 4, 5]. The elec-

as 2D glass-like materials that comprise different, randomly
arranged hexagonal and nonhexagonal carbon rings, promoting  tuned by controlling the degree of disorder [2, 6-8], often yield-
a variety of bond lengths and bond angles [1-3]. Their remarkable ing insulating behavior [1].

trical conductivity and the local electronic structure can be
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To date, ACMs have been synthesized primarily by conventional
[2, 5, 9] and laser-assisted chemical vapor deposition (CVD),
resulting in uniform layers at a large scale [1]. Alternatively,
2D amorphous carbon was achieved by conversion of graphene
via electron irradiation in a transmission electron microscope
(TEM) [10]. As intermediates on the amorphization trajectory
[11] from perfectly crystalline graphene to ACMs, homogeneous
defective graphene films [12] and nanocrystalline graphene [13]
were reported, produced by a one-step CVD method with topo-
logical precursors and an irradiative and thermal treatment of
self-assembled monolayers, respectively. Furthermore, several
studies achieved ultrathin amorphous carbon films and mem-
branes by solution-based deposition and annealing of carbon
scaffolds, including carbon dots, polycyclic aromatic hydrocar-
bons, and fullerenes [14-16]. Such disordered carbon films,
including defects and amorphous patches, and ACMs in partic-
ular, are promising for a broad range of applications, including
magnetic recording devices, flexible electronics, sensors, active
layers, dielectric layers, diffusion barriers, and nanomembranes
[1, 14-18]. In this respect, amorphous monolayer materials incor-
porating elements beyond carbon open new perspectives.
Hereby, boron (B) and nitrogen (N) attract considerable interest,
complementing carbon (C) [19]. Theoretical work on N-doped
monolayer amorphous carbon has shown that heteroatom incor-
poration can strongly reshape the electronic density of states and
optical response while largely preserving the in-plane stiffness of
the amorphous network [20]. N-doped ACMs have recently been
realized by CVD [9] and solution-based synthesis [3]. BN incor-
poration is predicted to enhance the thermoelectric properties
and increase the Seebeck coefficient in graphene-like carbon
sheets [21, 22]. Furthermore, CVD-based amorphous boron
nitride (BN) and amorphous BNC films were reported to be
highly promising as dielectric materials [23, 24]. For example,
amorphous BN was proven to exhibit an ultralow dielectric
constant, serving as an interconnect isolation material for
high-performance electronics [25].

CVD-like synthesis approaches in ultrahigh vacuum (UHV) have
also been widely applied to achieve graphenic hybrid hexagonal
BNC monolayers on metallic supports [26-31]. For example,
temperature-induced graphenization of hexaphenyl- [32] and
hexamethyl-borazine [31] was reported on Pt(111) and Ir(111),
respectively. The high temperatures usually involved in the
decomposition of the precursors and graphenoid formation might
induce dopant and atom loss, often limiting structural order. As an
alternative bottom-up approach, the on-surface synthesis strategy
can provide atomic-scale control in B- and N-doped carbon nano-
structures [33-35]. So far, a variety of B3;N;-substituted nanogra-
phenes have been achieved and characterized on metallic surfaces
[36-41] and a B;Ns-containing single-layer 2D covalent porous
network was synthesized on Ag(111) [42]. Only recently, a random
covalent B;Ns-substituted carbon network was achieved on
Ag(111) by some of the authors of this study, employing a haloge-
nated functionalized borazine precursor [43] and an B;N;-doped
thin amorphous carbon film was synthesized by photopolymeriza-
tion and annealing of a solution-deposited thiol-terminated bora-
zine on a Cu foil [44]. The latter study also indicated the potential
of applying transfer protocols for applications of BNC materials.
Indeed, for on-surface synthesized pure carbon nanomaterials,
such as graphene nanoribbons [45-48] and nanoporous graphene
[49-51], distinct transfer methodologies have been developed and

successfully demonstrated for device integration and further char-
acterization on selected target substrates.

Overall, the results summarized above indicate that topology
(disorder) and chemistry (heteroatom content) are two largely
independent design parameters in 2D amorphous materials.
Herein, we report the fabrication of B;N;-doped ACM (B;Ni-
ACM) and thus extend the design space by combining a
disordered carbon network with a controlled density of B;N3, fol-
lowing a nanoarchitectonics approach [52]. We apply surface-
assisted dehydrogenative coupling on metal substrates, using a
novel functionalized borazine precursor [53]: B,B’,B”-tri
(pyren-2-yl)-N,N’,N”-triphenyl borazine (in short referred to
as pyrene-B;N3). This precursor not only provides a B;Nj; core,
but was designed containing pyrenyl moieties. These nanogra-
phene building blocks increase the precursor’s molecular weight,
carbon content, and stability, reducing desorption during ther-
mal treatment and improving the formation of carbon-rich
layers. We first provide insight into the temperature-induced
cyclodehydrogenation reaction of pyrene-B;N; on Au(111) and
show the atomic structure of the resulting individual, planarized
molecules by bond-resolved atomic force microscopy (AFM).
Random, intermolecular C—C coupling of these intermediates
at high surface coverage and elevated temperature yields
densely-packed covalent networks on Au(111) and Cu(111) films,
as shown by low-temperature scanning tunneling microscopy
(LT-STM). Subsequently, the material was transferred onto
Si/SiO,. High-resolution TEM (HR-TEM) reveals a freestanding,
extended, covalently bonded monolayer. As shown by atomic-
resolution images, this monolayer is formed by nanocrystalline
domains, embedded in a random carbon network, composed
of 5-, 6-, 7-, and 8-membered rings. Raman spectroscopy analy-
sis on Si/SiO, confirms the presence of amorphous carbon areas
and nanocrystalline domains. The presence of B and N was
proven by X-ray photoelectron spectroscopy (XPS). Our results
thus demonstrate the bottom-up surface-assisted synthesis and
successful transfer of intact and uniform B;N;-ACMs at the mil-
limeter scale.

2 | Results and Discussion

Figure 1a—c schematically show the on-surface reaction sequence,
from the BN-substituted precursor (Figure 1a), via planarized
intermediates (Figure 1b), to the covalently coupled amorphous
networks (Figure 1c). Corresponding scanning probe micros-
copy data of the relevant structures on Au(111) are shown in
Figure 1d-g. The unreacted molecules deposited onto the
substrate, kept at room temperature, feature a nonplanar con-
figuration and typically self-assemble into tetramers. Monomers
and dimers are also observed, as shown in Figure le. Molecular
models of the precursor were overlaid on the images, e.g., confirm-
ing the tetramer-nature of the square-type agglomerates (see
Figure 1e). The comparison reveals that the dim protrusions on
the monomer and at the periphery of the structures can be
assigned to the tilted phenyl rings adjacent to the B;Nj; core, while
the bright central protrusion of tetramers can be assigned to four
pyrene units, tilted out of the surface plane, stabilizing the assem-
bly. Lateral manipulation by the STM tip was used to disassemble
the agglomerates, demonstrating that tetramers are formed from
four intact precursors (see Figure S1). Annealing the substrate at
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FIGURE 1 | On-surface reactions, selected intermediates, and products of pyrene-B;N3 on Au(111). (a-c) Reaction scheme showing the chemical
structures of the unreacted precursor (a), the cyclodehydrogenated intermediates (b), and the final intermolecularly coupled network (c), respectively.
The numbers in (a) mark specific carbon positions on the phenyl and pyrene moieties that can engage in bond formation. Red lines (in b,c) highlight
newly formed bonds. Curved arrows illustrate the pyrene reorientation upon pentagon formation. Note that (c) only represents a schematic sketch, with
the precise bonding structure elusive to the experimental characterization. (d) Bond-resolved noncontact (NC) AFM images of cyclodehydrogenated
molecules, corresponding to the structural models shown above in (b). STM images of (e) the unreacted molecules (I: 48 pA, V: 1V), (f) cyclodehy-
drogenated molecules (I: 70 pA, V: 0.5V), and (g) covalent network (I: 43 pA, V: 1V). (h) Scheme highlighting a regular structure emerging from

equilateral triangles (left) in comparison to an “amorphous” structure constituted by different, coexisting (asymmetric) triangular units (right).

380°C induces cyclodehydrogenation, leading to planar species by
fusion of the phenyl and pyrene groups. These species were iden-
tified by bond-resolved AFM imaging, using a CO-functionalized
tip [54]. In addition to the six-membered rings surrounding the
B3N; cores, five-membered rings are formed next to the phenyl
rings. Specifically, additional C—C bonds occur between 3 and/
or 5 positions of the phenyl and 4 and/or 12 positions of the pyr-
ene. Depending on the location of the newly formed C—C bonds
constituting the pentagons and the concomitant slight reorienta-
tion of the pyrenes (see curved arrows in Figure 1b), we label these
intermediates as either “windmill” or “asymmetric triangle”. The
“windmill” structure occurs in two chiralities (the left panels in
Figure 1b,d reflect the “clockwise” chirality). The three terminal
C in the pyrene moieties form a symmetric triangle, in contrast to
the asymmetric triangle (right panels in Figure 1b,d). An STM
image of the cyclodehydrogenated molecules is shown in
Figure 1f. Further annealing at 435°C induces dehydrogenative
intermolecular coupling yielding randomly fused oligomers in
case of low coverage. In the case of high coverage, aiming for a
B;N;-ACM, planarized monomers and oligomers start to merge,
forming a rather dense covalent network (Figure 1g). The disorder
in the network is induced by the nonselective coupling and
the structural diversity of the coexisting reaction intermediates.
The different edge structures (see Figure 1b,d) and alignments

contribute to the amorphous character (vide infra). Figure 1h sche-
matically contrasts such an amorphous morphology with a regular
one. Even in the network structure, the STM data reveal triangle-
like subunits, i.e., building blocks reflecting the planarized inter-
mediates (Figure 1g). This assignment also reveals that the central
structure including the B;N; cores can be preserved in the covalent
film, in line with recent findings for the on-surface synthesis of a
random covalent B;N;-substituted carbon network from a haloge-
nated borazine precursor [43].

In order to synthesize a B;N3-ACM for subsequent transfer onto
Si/SiO, supports, we extended the same dehydrogenative inter-
molecular coupling strategy to Cu(111)/Al,0; substrates. These
substrates are composed of a thin copper film with a (111) ter-
mination on a sapphire substrate [55]. Figure 2a,b show sample
preparations with precursor deposition for 20 and 30 min, respec-
tively. Both samples were annealed at around 400°C to induce
intermolecular coupling. To preserve the chemical structure of
the molecules, particularly keeping the B;N3 units intact, we
avoided annealing to higher temperatures. For the sample result-
ing from the shorter deposition time, (Figure 2a), small areas
exposing the bare substrate are still discernible within the cova-
lent network. A close-up STM image from the same sample
shows the randomly-fused oligomeric networks extending over
two substrate terraces (Figure 2c). A line profile, as indicated
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FIGURE 2 | B3;N3-ACM on Cu(111)/Al,0;. STM images of the samples with (a) 20 min (I: 100 pA, V: 1V) and (b) 30 min of precursor deposition
(I: 100 pA, V: =1 V). (c) Close-up STM image taken from the lower-coverage sample, highlighting the covalent network. (I: 100 pA, V: 0.4 V). (d) Line
profile taken along the black line in (c) showing the height modulation of the covalent network with reference to the substrate.

in the STM image, is presented in Figure 2d. It reveals an apparent
height of the covalent network of around 1.5 A with respect to the
substrate surface, exhibiting a structural corrugation of roughly
0.5 A. STM images representing longer (30 min, Figure 2b) and
shorter deposition times (5 and 20 min, Figure S2) demonstrate
a surface coverage tunable with deposition time. Specifically, the
long deposition time is used to obtain a dense-packed covalent
layer, with a nominal molecular coverage exceeding one mono-
layer (ML). In the respective STM images, molecules and molecular
clusters on the dense first layer appear as bright protrusions
(Figure 2b). A large-scale STM image of the same sample as well
as ambient AFM images of another >1 ML coverage sample are
shown in Figure S3. These images illustrate continuity and homo-
geneity of the covalent monolayer on a large scale, yet highlight a
triangular contrast derived from the steps and terraces of Cu(111)/
Al,O;. The detailed composition of the covalent networks and
monolayers depends on the purity of the deposited precursor mate-
rial, with additional pyrene contributions being possible. Figure 1
represents a sample without an excess of pyrene moieties, whereas
Figure S4 shows STM data of a sample with higher pyrene content.

After STM and AFM characterization on Cu(111)/Al,0s, the
B;sN3;-ACMs were transferred onto Si/SiO, supports as described
in the Experimental Section and in Figure S5. After transfer,
which included etching of the Cu thin film, a comprehensive
characterization was performed by optical microscopy, AFM,
XPS, and Raman spectroscopy. One of the samples was trans-
ferred onto a TEM grid.

Figure 3a shows a large-scale HR-TEM image of a freestanding,
B;3N;-ACM, suspended on a TEM grid. It reveals an extended
sheet-like structure with voids with dimensions of a few
nanometers. Such voids were not observed before transfer
(e.g. Figure 2) and we thus attribute them to the loss of small
domains (that were not covalently connected to the main,
extended monolayer structure) during transfer. The diffracto-
gram pattern given in the inset shows concentric diffuse halos,
verifying the material’s amorphous nature on this length scale.
Figure 3b shows a detailed view of the area marked by the red rect-
angle in Figure 3a. The image confirms the flat, monolayer char-
acter of the material and clearly reveals nanocrystalline domains
with hexagonal order, reaching sizes of around 1.5-2 nm and often
featuring triangle-like shapes, reminiscent of the planarized mono-
mer units shown in Figure 1b,d. Indeed, the periodicity within
the domains is about 0.26 nm, consistent with the value
expected for graphene [56]. Irregular areas are observed con-
necting the nanocrystalline domains, as expected for the non-
selective coupling mechanism and imperfectly fused monomers
(cf., Figure 1c). Additional large-scale TEM images, together
with atomic-scale contrast in selected areas, are presented in
Figure S6.

To investigate the atomic structure, aberration-corrected scanning
TEM (STEM) imaging and electron energy loss spectroscopy
(EELS) were performed. Figure S7 shows atomic-resolution annu-
lar dark-field (ADF) STEM images of an amorphous area, clearly
revealing disordered carbon ring structures (5-, 6-, 7-, and
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FIGURE 3 | (a) HR-TEM image obtained from one of the B;N;-ACM samples, freestanding on a TEM grid. Inset: Diffractogram of the image.
(b) Enlarged image taken from the area indicated with a red rectangle in (a). Scale bar: 1nm. (c) Representative optical microscopy image of
B;N3-ACM on Si/SiO,. Additional images are displayed in Figure S8. (d) AFM image of a folded B;N3-ACM (image size: 8 x 8 pm?) and (e) the cor-
responding height profiles. XPS (f) C 1s, (g) N 1s, and (h) B 1s core level spectra measured from B;N3;-ACM on Si/SiO,.

8-membered rings). Within the amorphous carbon network, var-
iations in atomic column intensities suggest the incorporation of
heteroatoms into the lattice. EELS spectra acquired from the same
region exhibit notable features near the N-K edge, indicating the
presence of nitrogen. In contrast, the B-K edge signal is less dis-
tinct, likely due to the instrumental detection limit. Consequently,
for the identification of B and N in the B;N3-ACM, we will further
rely on XPS (vide infra). Importantly, the high-resolution electron
microscopy data demonstrate the chemical stability of BsN3;-ACM
after storage under atmospheric conditions for 6-8 months.

The optical microscopy images of B;N3;-ACM on Si/SiO, show
wrinkles and foldings, which are attributed to the transfer pro-
cess, as well as extended areas with uniform contrast (Figure 3c).
Additional optical microscopy images of different samples trans-
ferred onto Si/SiO, are provided in Figure S8. All samples possess
similar homogeneity and uniformity, and no other topological
features related to the intrinsic features of the monolayers are
observed. Figure 3d shows an AFM image of B;N;-ACM with
a folded edge on bare Si/SiO,. This AFM image was taken after
the sample exposure to the ambient environment, and therefore
presents some contamination (white spots), attributed to dust
particles. The line profiles reveal an apparent thickness of
the monolayer of approximately 2 nm (Figure 3e). This value
is in agreement with the value reported for a transferred nano-
porous graphene film [50], but exceeds the height measured on
the Cu(111)/Al,05 substrate before transfer. We attribute this

difference to the presence of poly(methyl methacrylate) (PMMA)
residues, as it was shown that these residues contribute to the thick-
ness of the layers significantly, due to resistance to removal [57, 58].
More AFM and scanning electron microscopy (SEM) images are
presented in Figure S9.

XPS was performed on the B;N3;-ACM film after transfer onto
Si/SiO, substrates. As expected from the B;N3;-ACM composition,
C, B, and N signals are clearly observed. C 1s spectra (Figure 3f)
are dominated by a main component at 284.7 eV assigned to C=C
bonds (fit highlighted in red). Additional contributions at 283.1
and 286.4 eV are attributed to C—B (fit highlighted in blue) and
C—N (fit highlighted in green), respectively, with minor higher-
binding-energy components associated with carbonyl and car-
boxyl/ester groups. With the XPS measurements taken after
prolonged air exposure of the sample, adventitious carbon is
expected to contribute as well [59]. The N 1s signal, see
Figure 3g, can be described by two broad components: a main
peak at 399.9 eV corresponding to N atoms bonded to B and/or
C in the doped carbon matrix and a higher-binding-energy con-
tribution at 402.3eV assigned to oxidized nitrogen species
(N—O/N—C(0)). The B 1s region, see Figure 3h, exhibits three com-
ponents. The one at 191.4 eV is consistent with B—N/B—N—C envi-
ronments, 189.8 eV corresponds to B—C bonds, and 193.4 eV is
attributed to oxidized boron species. A survey spectrum and a
quantitative analysis with reference to literature are presented
and discussed in the Supporting Information (Figure S10,
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FIGURE4 | (a)Raman spectra of B;N3;-ACM, obtained by using a green and a red laser with wavelengths of 532 and 633 nm, respectively. (b) Optical
microscopy image of an area with a folding feature and the 20 x 20 pm grid map. (c,d) Raman intensity maps of the D and G modes, respectively.
(e,f) Raman maps illustrating the shift of the D and G modes, respectively. The Ip/I; intensity ratio, excluding the bare SiO, region, is

1.07 % 0.02, reflecting homogeneity (variation of 1.9%). Further Raman data from additional B;N5-ACM samples are shown in Figures S11 and S12.

Tables S1-S4), revealing a considerable contribution from the
substrate (Si 13.3 and O 44.8 at.%). The combined signal from
C, B, and N accounts for 40.3 at.% of the total composition and
consists of 39 at.% C, 0.8 at.% N, and 0.5 at.% B, corresponding to
approximately 2 at.% N and 1 at.% B relative to C. These values
deviate from the ratios expected for an intrinsic BsN3;-ACM
(compare Figure 1; C:B:N 22:1:1) as PMMA, used for transfer,
considerably contributes to the C signal. Nonetheless, within
the experimental accuracy, the XPS data are consistent with
the expected 1:1 stoichiometry of B and N in B3N and confirm
the incorporation of both B and N into the C framework, with
doping levels in the low atomic-percent range.

As shown in the characteristic Raman spectrum (Figure 4a) rep-
resenting a randomly selected position, B;N5;-ACM has broad and
prominent D (defect-induced) and G bands, located at 1357 and
1594 cm™%, respectively, measured with 633 nm (red laser). With
the excitation wavelength being 532 nm (green laser), we observe
the peaks being shifted to 1375cm™ for the D band and
1600 cm™" for the G band due to the use of different excitation
wavelengths [60, 61]. The line shapes and intensities of these
bands are in close agreement with monolayer amorphous carbon
[1,2, 5,13, 14, 18]. Note that in Bs;N3-ACM the G’ (2D) band does
not appear as the sharp and intense peak characteristic of defect-
free graphene. Instead, a very broad and weak feature is observed
around 2800 cm ™!, which is consistent with the presence of nano-
crystalline graphene-like domains embedded in an amorphous
carbon matrix [5, 13, 18]. To demonstrate the spatial uniformity
of the monolayers, Raman mapping was performed on a 20 X 20
point grid by using a red laser with 633 nm wavelength on a
400 pm? area including a torn and folded flake and bare SiO,
(see Figure 4b). Intensity maps for the D and G modes show a

rather homogeneous distribution over the single layer, while
on the folded flake (bilayer) a higher signal intensity was detected
(Figure 4c,d). On bare SiO,, no signal was detected as expected.
Figure 4e,f show Raman shift maps for the D and G modes,
respectively, measured in the same area. The D and G modes
are averaged at 1344 £15 and 1589 =12cm™, respectively.
Both modes exhibit relatively low standard deviations, even with
bare SiO, included. No significant deviation in Raman shift was
observed on the folded flake. Further Raman maps obtained from
different samples can be found in Figures S11 and S12. Thermal
Raman measurements were performed to investigate the thermo-
stability of the material. Starting from room temperature, spectra
were acquired at 350, 400, and 500K (see Figure S13). During
cooling, a measurement was repeated at 400 K. In all spectra,
the line shapes and intensities of the D and G peaks were main-
tained, implying that the material did not degrade.

3 | Conclusion

In this work, we have presented the synthesis of a B;N;-ACM by
a versatile bottom-up approach that uses a functionalized bora-
zine precursor on various metal surfaces. Our extensive multime-
thod characterization after transfer onto Si/SiO, and a TEM grid
has proven the stable monolayer nature of this new 2D material.
At the nanoscale, amorphous regions coexist with crystalline
domains, while optical microscopy analysis shows uniformity
and homogeneity of the B;N;-substituted sheet on macroscopic
length scales. Our UHV-based on-surface synthesis protocol thus
showcases the feasibility of producing tailored, heteroatom-
doped 2D materials by leveraging the precise design of molecular
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precursors. In particular, our findings suggest that the B;N; den-
sity and the extension of the nanographene domains embedded
in amorphous carbon can be engineered. Furthermore, we dem-
onstrate the successful transfer of such a complex architecture
from a metallic substrate to distinct target supports, enabling
future use in devices for further characterization and applica-
tions. The robustness, transferability, and B;N;-tunable nature
of B3;N;-ACMs render them highly promising materials for ultra-
thin dielectric and diffusion-barrier layers in 2D heterostructures,
thermoelectrics, as well as for mechanically stable nanomem-
branes and interfacial layers in electronic and sensing devices.

4 | Experimental Section
4.1 | Molecular Synthesis and Design

The synthesis procedure of pyrene-B;N; is described in the
Supporting Information (see Figures S15-S19).

4.2 | Sample Preparation

Preparation of a thin film of Cu(111) on a commercially available
C-plane (0001) sapphire (Al,03) was as follows: Sputtering of Cu
films was done in the Trikon Sigma 200 sputtering tool by pre-
heating the sapphire substrate at 80°C and subsequent sputtering
of a 2pum-thick copper layer. Subsequently, the wafers were
cooled down naturally and annealed in a separate tool at
1000°C in a 107® mbar H,/Ar 1:2gas mixture [62, 63]. The
Cu(111)/Al,05 wafer was cut with a VT07-SD320-VC100-75 disco
blade in the final sample shape with dimensions of 6 x 8 mm?.
The Au(111) single crystal and Cu(111)/Al,0; were cleaned in
UHV systems by repeated cycles of argon ion (Ar*) sputtering.
We annealed the substrate at 950°C and 10~* mbar of pressure
in a mixture of H,/Ar at 1:2 ratio. The pyrene-B;N; precursor was
sublimated at 350°C from quartz crucibles onto clean substrates,
kept at room temperature.

4.3 | STM Characterization

STM measurements were performed in two different UHV sys-
tems. Data for on-surface reaction products on Au(111) were
acquired using a Createc LT-STM operating at ~7 K with a cham-
ber base pressure of 5 x 107'° mbar. Experiments using Cu(111)/
Al,O5 substrates were conducted in a chamber equipped with a
Joule-Thomson STM (JT-STM, Specs) with a base pressure of
6 10" mbar operating at ~5 K. Sample preparations were done
in situ in both chambers.

4.4 | NC-AFM Imaging

For NC-AFM measurements, a Createc STM/AFM instrument
equipped with a qplus sensor was used at 5K, in a UHV chamber
with a base pressure of around 1x107*° mbar. The tip was
CO-functionalized allowing for bond resolution. Imaging was
done at constant height (z feedback off) by applying 0 bias volt-
age and recording the frequency shift (oscillation amplitude:
60 pm, resonance frequency: 30 kHz). The STM/AFM images
were processed using the WSxM software [64].

4.5 | Ambient AFM Imaging

AFM images were acquired on a Bruker Dimension FastScan AFM
operated in tapping mode (ScanAsyst mode) using ScanAsyst-Air
tips. The scan size was set to 30 pm? with an aspect ratio of 1 and a
scan rate of approximately 0.99 Hz. The images were collected with
512lines per scan. A PeakForce amplitude of 150nm and a
PeakForce frequency of 2kHz were used, with a lift height of
~61 nm and a setpoint force of ~#140 pN to minimize sample dam-
age. The cantilever had a nominal spring constant of 0.25 N/m.
Images were processed and analyzed using Gwyddion software.

4.6 | Transfer onto Si/SiO,

Before each transfer, the Si/SiO, with 90 nm of oxide thickness,
was pretreated with O, plasma etching at 400 W of radio fre-
quency (RF) power for 240 s. We performed a polymer-assisted
transfer using PMMA, and chemical etching with commercially
available iron chloride copper etchant was done subsequently. To
avoid the PMMA remaining attached to the edges of the sapphire
after the copper has been etched, Kapton tape is applied. A more
detailed process diagram is illustrated in Figure S5.

4.7 | TEM, EELS Characterization

For the high-magnification TEM imaging and EELS measure-
ments, we utilized a JEM-ARM200F at 80 kV acceleration voltage.
Transfer of the monolayer was performed onto QUANTFOIL R
1.2/1.3 grid : Cu 200. The transfer onto the TEM grids was performed
by using PMMA-assisted transfer with electrochemical delamina-
tion. The residues were cleaned by CO, at the critical point.

4.8 | Raman Spectroscopy Characterization

For Raman maps, spectra in the range of 500-3200 cm™" were col-
lected with an 800 mm focal length spectrograph (LabRAM HR,
Horiba Scientific), and 600 grooves/cm blazed grating. A He-Ne
laser (Thorlabs, polarized 500:1) with a wavelength of 632.817 nm
was used; the laser power was ~2mW and the focus spot about
1 pm, objective 100x, numerical aperture (NA)=0.95. Each spec-
trum was the average of 2 scans collected at 20 s. The spectra were
treated using the LabSpec 6 spectroscopy suit, version 6.5.2.11. Other
sets of Raman spectra were taken using a home-built system with a
532 nm laser (green laser), with the grating at 600 grooves/mm and a
CCD detector model iDus 420. All spectra were referenced to the Si

peak at 520cm™".

4.9 | XPS Measurements

XPS experiments were performed on a SSX-100/206 photoelec-
tron spectrometer (Surface Science Instruments, USA) equipped
with a monochromatized microfocused Al X-ray source (powered
at 10kV and 20 mA), a 30° solid angle acceptance lens, a hemi-
spherical analyzer, and a channel plate detector. The samples
were pressed into clean stainless steel troughs of 6 mm diameter
and placed on a ceramic carousel. The samples were degassed
inside the sample introduction chamber overnight and trans-
ferred to the analysis chamber, where the pressure was around
10™® mbar. The angle between the surface normal and the axis of
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the analyzer lens was 55°. The pass energy was set at 50 eV.
Under these conditions, the full width at half maximum
(FWHM) of the Au 4f;/, peak of a clean gold standard sample
was around 1.1 eV. Charging effects were stabilized using a flood
gun set at 8 eV and a fine-meshed Ni grid placed 1 mm above the
sample surface. Peak decomposition was performed with
CasaXPS processing software (Casa Software Ltd,
Teignmouth, UK). The C 1s spectrum was decomposed with
the least-squares fitting routine provided by the software with
a Gaussian/Lorentzian (85/15) product function and after sub-
tracting a nonlinear Shirley baseline.

4.10 | SEM Imaging

SEM images were taken on a Hitachi Regulus 8230 microscope.
The acceleration voltage was set at 1kV.

4.11 | Electrical Characterization

To perform the current-voltage (I-V) and resistance measure-
ments, we utilized the Cascade Summit 12 000 probe station in
two or four probes mode. Measurements were performed at room
temperature by using high-resolution source measure units
(HRSMU).

4.12 | Statistical Analysis

Raman spectra were preprocessed by cosmic ray removal, baseline
correction, and normalized to the Si peak at 520 cm™ before peak
fitting and quantitative analysis. For Raman maps, each map con-
sisted of a 20 x 20 grid (n =400 spectra per map). Peak positions
and intensities of the D and G bands were obtained from fitting
using a pseudo-Voigt function. Raman data are reported and cou-
pled with mean +standard deviation (SD). For each map, the
average values and SD were calculated over all valid pixels. For
temperature-dependent Raman measurements, at least three
spectra were collected at different positions per temperature
(n =3 accumulations for each temperature point). The present
work focuses on descriptive statistics; no formal hypothesis
testing (e.g., t-tests, ANOVA) or p-value based inference was
applied. Raman spectra and peak fitting were processed using
LabSpec 6 (Horiba Scientific) and/or OriginPro (OriginLab).
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