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Abstract

We investigate the electronic and vibrational properties of bottom-up synthesized
aligned armchair graphene nanoribbons of N = 7 carbon atoms width periodically
doped by substitutional boron atoms (B-7TAGNRs). Using angle-resolved photoemis-
sion spectroscopy (ARPES) and density functional theory (DFT) calculations, we find
that the dopant-derived valence and conduction band states are notably hybridized
with electronic states of Au substrate and spread in energy. The interaction with the
substrate leaves the bands with pure carbon character rather unperturbed. This results
in an identical effective mass of ~ 0.2 myq for the next highest valence band compared to
pristine TAGNRs. We probe the phonons of B-TAGNRs in situ by Raman spectroscopy
and reveal the existence of characteristic splittings and red-shifts of Raman modes due
to the presence of substitutional boron atoms. Comparing the Raman spectra for three
visible lasers (red, green and blue) we find that interaction with gold suppresses the
Raman signal from B-7TAGNRs and the energy of a green laser (2.33 eV) is closer to
the resonant Ego transition. The hybridized electronic structure of the B-TAGNR/Au
interface is expected to improve electrical characteristics of contacts between graphene
nanoribbon and Au. The Raman fingerprint allows easy identification of B-TAGNRs,
that is particularly useful for device fabrication.

KEYWORDS: graphene nanoribbons, boron doping, electronic structure, ARPES,

Raman, substrate interaction

Doping a semiconductor by foreign atoms of a different valency is a means to shift the

chemical potential and to engineer the carrier concentration providing the basis for modern
electronic devices. Semiconducting graphene nanoribbons (GNRs) have a great potential
for nanoelectronics and optics, since their structure can be engineered with atomic preci-
sion by bottom-up synthesis from molecular precursors and their electronic band structure
can be tuned in a wide range.'™™ Recently, the incorporation of boron atoms, acting as
p-type dopants, into the lattice of armchair graphene nanoribbons of N=7 carbon atoms

width (TAGNRs) has been demonstrated.®* The pairs of boron atoms in the synthesized B-
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7TAGNRs are periodically embedded in the carbon backbones at defined positions, forming a
superstructure along the ribbon axis. The atomically precise control of the dopant positions
in the crystal structure of GNRs is an exceptional case. For example, the sublattice specific
incorporation of boron in epitaxial graphene has been demonstrated,™ but it by far lacks per-
fection that can be achieved by bottom-up nanotechnology. Indeed, if dopant atoms occupy
random positions of the graphene lattice, the perturbations in periodic potential contribute
to the momentum scattering of charge carriers limiting the electron mobility.™ However,
if heteroatoms are periodically incorporated in the crystal, translational symmetry is pre-
served and hence the momentum is conserved.*#14 This clearly should improve transport
characteristics of B-doped GNRs, which are very interesting for technological applications as
gas sensors, solar cell components or electrocatalysts. 4 Heterojunctions of pristine and
B-doped 7TAGNRs attract attention in the context of electronic transport.*? It has also been
predicted theoretically, that B-doped and pristine TAGNRs belong to the different topolog-
ical classes. Because of this, pristine and doped segments fused together exhibit localized
junction states with tunable magnetic coupling.” Therefore, it is mandatory for the field to
unambiguously determine the energy band structure of B-doped GNRs.

Intuitively, one expects that the incorporation of boron atoms (having one electron less
than the carbon host) results in hole doping. The periodicity of boron is expected to lead
to the formation of valence and conduction bands with significant boron contribution to the
density of states and a weak dispersion. Such bands were predicted in B-TAGNRs by ab initio
calculations.®” However, there is no clear observation of these bands by scanning tunneling
spectroscopy (STS). Indeed, the STS measurements of B-doped TAGNRs on Au(111) sur-
prisingly reveal the same value of quasiparticle band gap as for the pristine system — 2.4 eV.?
Theory based on GW approximation (which include screening of the electron-electron in-
teraction by a metal substrate) predicts the energy separation between the dopant-derived
bands in B-7TAGNRs of only 0.8 eV,® which is much less than the value measured by STS.”

The discrepancy may be due to the fact that in realistic systems, B-TAGNR electronic band



structure is affected by the substrate. This influence has not been studied in Refs. 8]J9. More-
over, there are no measurements of the electron energy dispersion relation of B-TAGNRs.
To shed light on these questions we synthesized aligned B-TAGNRs on a stepped Au(788)
crystal with (111) terraces (see Methods section) to measure the energy band dispersion of
B-7TAGNR using angle-resolved photoemission spectroscopy (ARPES).

18521 an important task is to identify

For further progress in creation of GNR-based devices
the type and orientation of GNRs on both growth metallic and on insulating substrates. In
this respect, the most promising fingerprinting method is Raman spectroscopy, which has
been applied to characterize GNRs of numerous types. 022727 Until now, however, it is not
clear how periodic boron doping affects the Raman spectra of GNRs. Yet is is clear that
atomically precise functionalization with heteroatoms and edge groups is an effective route to
tune the electronic and vibrational properties of GNRs.#%2840 The present work addresses
this issue by a detailed experimental investigation of B-TAGNRs using in situ ultra-high
vacuum (UHV) Raman spectroscopy to unravel the changes in vibrational properties of
TAGNRs induced by the periodically incorporated B atoms. We also compare the Raman
spectra of pristine and B-doped TAGNRs with different laser energies to explore the optical
resonance transitions. Our studies are supported by X-ray photoelectron and absorption

spectroscopies as well as by density functional theory (DFT) calculations of the electronic

and vibrational properties.

Results and Discussion

Stoichiometry and corrugation

Aligned B-TAGNRs were synthesized on vicinal Au(788) crystal with narrow (111) ter-
races using a similar recipe previously applied for synthesis on Au(111)% (see Methods sec-
tion). The alignment is needed for ARPES and polarized Raman measurements, discussed

in the following sections. The chemical state, composition and the structure of synthesized



B-TAGNRs were probed by X-ray photoelectron spectroscopy (XPS) and near-edge X-ray
absorption fine structure (NEXAFS) spectroscopy. Figure 1 (a) illustrates different chemical
environments of carbon atoms present in B-TAGNRs. There are C atoms surrounded by
three other C atoms (denoted as C}) or having only two C neighbours and either H or B as a
third neighbour (Cy and Cj, respectively). Figure 1 (b) depicts XPS spectra of B-TAGNRs
in the regions of C 1s and B 1s core-levels. The C; component’s energy is 284.05 eV, which
is ~ 0.15 eV smaller than for pristine TAGNRs.*! The C5 component appears at 283.90 eV
and the C'5 component at 283.00 eV. A peak similar to the C3 low energy component was
also observed in the B-doped epitaxial graphene.*? From the components areas we obtain
an intact B/C ratio of 1/20 that is expected on the basis of the structure. The B 1s peak
consists of one component at 186.8 eV. When B-doped GNRs are affected by air, they are
rapidly oxidized and the B 1s peak splits into two components (see Fig. S1 in supplemen-
tary information). The high chemical reactivity of the boron sites is consistent with previous
studies of boron doped graphene sensors*® and is highly relevant for the substrate interaction

effects as we will show later.
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Figure 1: (a) Unit cell of hydrogen-terminated B-7TAGNR containing C atoms surrounded
by three other C atoms (C}), C atoms next to an H atom (C3) and next to a B atom (Cj).
The lattice parameter of pristine TAGNRs is marked as azagygr. (b) XPS spectra of the C
ls and the B 1s core levels of B-TAGNRs/Au(788). The C 1s spectrum consists of three
components (C7 — C3) which correspond to the different chemical environment of C atoms.
(c) Comparison of the C K-edge NEXAFS spectra of pristine and B-doped 7TAGNRs on
Au(788) at different angles between the light polarization vector and the sample surface.



Let us now look at the C K-edge NEXAFS spectra which are related to the transitions
from the C 1s core levels to unoccupied 7* and ¢* states. According to the selection rules for
X-ray absorption, the 7* (¢*) resonance should be suppressed (enhanced) when the incident
light is polarized along the flat sheet of sp? bonded carbon and enhanced (suppressed) when
the light has out-of-plane polarization. Comparing the spectra of pristine and B-doped
7TAGNRs in Figure 1 (c), one can find that in B-TAGNRs for normal incidence of linearly
polarized radiation (0°) the 7* resonance has a higher intensity and the o* resonance has
a lower intensity with respect to the TAGNRs. Based on the angular dependence of the
matrix element, this behavior suggests that, unlike to the pristine system, B-7TAGNRs have
out-of-plane corrugations on the Au substrate. This observation confirms that one of the
reasons of a frequency shift detected in atomic force microscopy experiments when the tip
was placed upon a borylated segments® is the corrugation of B-TAGNRs on Au(111).

Interestingly, in B-TAGNRs a new contribution to the 7* resonance is rising below 284 eV
with increasing angle and becoming most pronounced for grazing incidence (70°). This
low energy shoulder is associated with the C3 atoms having lowest binding energy. Its
disappearance at 0° suggests that the out-of-plane structural distortion is mainly related to
the C; and (5 atoms. This may be if the B atoms are pulling the nearest neighbour carbons
towards the Au surface forcing the rest nanoribbon structure to buckle. The interaction of
B sites with the substrate should affect the electronic band structure of B-TAGNRs.

Electronic band structure

We have recently demonstrated that ARPES mapping of the full two-dimensional (2D)
momentum space is needed to visualize and unambiguously determine all valence bands of
GNRs.** In the following we apply this approach to reveal the electronic energy band struc-
ture of B-TAGNRs. Here we consider the 2D in-plane momentum of emitted photoelectrons
regarding the ribbons’ alignment direction, that is parallel (k) and perpendicular (k) to
the ribbon axis. The parallel component (k) represents the electron momentum inside the

ribbon.
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Figure 2: (a) ARPES scan of B-TAGNRs/Au(788) along k| at k; = 0. The red and orange
arrows in the panel (a) indicate the parabolic VB-1 and the low energy flat band of B-
7TAGNRs, respectively. (b) Calculated photoemission intensity of the carbon m-states of
freestanding B-TAGNR for £, = 0 A™". The blue, red and orange arrows indicate the flat
VB, parabolic VB-1 and low energy flat band, respectively. (c, d) Similar as for (a, b) but

at ki = —0.4 A™'. The insets in the upper right corner of the panels (a) and (c) indicate
the scan paths (white dashed vertical lines) relative to the BZ of graphene (red hexagon).
The white curve in panel (c) indicates the fit of EDCs for VB-1. (e) ARPES map at binding
energy of 1.05 eV and (f) the corresponding DFT-calculated map. The red dashed line
denotes the BZ edge of 2D graphene and the yellow dashed line denotes BZ edge of Au(111).
Regions of high photoemission intensity coming from the parabolic band are indicated by
red arrows in panel (e). (g, h) Similar as for (e, f) but at binding energy of 1.7 eV. The
photoemission intensity coming from the flat band is indicated by the orange arrow in panel
(g). The blue vertical dashed lines in (f) and (h) indicate the direction of the ARPES cuts
shown in (a, ¢). The experimental ARPES maps represent the second derivatives of the
intensity by energy to enhance the contrast.




Figure 2 (a) shows an ARPES scan of B-TAGNRs/Au(788) accumulated along kj at
constant k; = 0 A™'. The scan path relative to the 2D graphene Brillouin zone (BZ) is
shown as an inset in the upper right corner of the figure. This scan reveals two nanoribbon-
derived electronic states: a flat band at 1.71 eV (marked by an orange arrow in Fig. 2
(a)) and a faint parabolic band (marked by a red arrow), which is the second valence band
(VB-1) of B-TAGNRs, as we will see later. Here and in the following we count the first and
the second valence bands in the order of their increasing energy offset from the Fermi level
and label them as VB and VB-1, respectively. Figure 2 (b) shows the corresponding DFT
calculations carried out for freestanding B-TAGNRs (see Methods section). Here the energy
is taken as zero (Fermi level) in the center of the band gap. The thickness of the bands in
Figure 2 (b) reflects the simulated photoemission intensity at k; = 0 A™". These intensity
simulations are similar to what has been done by us for 7-AGNRs, where we constructed a
dipole matrix element for the transition between the initial and the plane wave final states.*%
For the initial states of B-TAGNRs we use the DFT-derived wave functions (see Methods
sections for details). From the calculations we obtain that those bands of B-TAGNRs that
have sufficiently large photoemission intensity are centered at approximately the edge of
graphene BZ (k) = 1.47 A_l). Assuming no bond-length change, the unit cell of B-TAGNRs
is equal to 3 times the size of the unit cell of TAGNRs (Fig. 1 (a)). Thus the measured
bands belong to the fourth 1D BZ of B-TAGNRs. Particularly, as seen in Figure 2 (b),
two weakly dispersing (flat) bands should be observed at k; = 0 AT according to the
calculations. The highest one (VB) is marked by a blue arrow and the low-energy flat band
by an orange arrow. Importantly, the second valence band (VB-1) with parabolic dispersion
indicated by the red arrow is predicted to have much weaker ARPES intensity at this k.
Comparing the experiment to the calculations (Fig. 2 (a) and (b)), we find agreement for
the energetically lower flat band and the low-intensity parabolic band. ARPES does not
reveal the theoretically predicted VB close to the Fermi energy, marked by a blue arrow in

Figure 2 (b). Previous STS measurements of B-TAGNRs on Au(111) also did not identify



this band.® The fact that this dopant-derived band is not detectable in experiments is a
hint towards its hybridization with the electronic states of Au substrate. We will treat this
effect in detail in the following section.

Let us now perform a similar analysis as the one displayed in Figures 2 (a) and (b) for
a different value of k, in order to change the intensity of bands. Figure 2 (c) depicts an
ARPES scan at k, = —0.4 A™". The change in k; results in the parabolic band becoming
more intense while the flat band becomes weaker. Again, the higher (lower) ARPES intensity
of the parabolic (flat) band for k;, = —0.4 Alis nicely reproduced by our ARPES intensity
calculations as can be seen in Figure 2 (d). This allows us to perform a detailed analysis of
the band parameters. Fit of the ARPES maxima along the energy dispersion curves (EDCs)
is indicated by the white curve in Figure 2 (c¢). We extract the energy of the parabolic band
maximum at 0.82 eV and the effective carrier mass of m* ~ 0.2 m, (here m, is the free
electron mass). Note, that the position of this band is very close to the energy of valence
band edge at 0.8 eV, measured by STS for B-TAGNRs on Au(111).”

The distribution of photoemission intensity of GNRs in the 2D k-space is determined
by the electron wave function of the particular band.“®** Therefore the full 2D ARPES
maps are required to unambiguously assign the experimentally observed valence bands to
the calculated band structure. Figure 2 (e) depicts a slice of the ARPES map of the B-
TAGNR/Au(788) system at the constant binding energy of 1.05 eV. The red arrows point
out the positions in k-space where the parabolic band VB-1 crosses the equi-energy contour.
The corresponding DFT calculated map (for freestanding B-7TAGNRs) is shown in Figure 2
(f), and it can be seen that the agreement is very good. Two vertical dashed lines of a blue
color in Figure 2 (f) correspond to values of k; = 0 and k;, = —04 A_l, which we used
for the ARPES measurements shown in Figure 2 (a, c¢). Figure 2 (g) depicts experimental
constant energy maps of ARPES intensity at 1.7 eV. At this energy, the weakly-dispersing
band, indicated by the orange arrow in Figure 2 (g), has a maximum intensity. Similarly,

the agreement to the calculated ARPES intensity, shown in Figure 2 (h), is good. Thus the



combination of ARPES experiment and simulations allows for assignment of 1D bands of
B-7TAGNRs and confirms high structural quality of aligned B-TAGNRs.

Let us now compare the valence band structures of B-TAGNR and 7TAGNRs. Using
ARPES maps for aligned 7-AGNRs on Au(788) we have recently determined that the VB
maximum is located at 0.87 eV and has an effective electron mass of m* ~ 0.4 m,, while the
VB-1 edge position is 0.93 eV and an effective mass of VB-1 is ~ 0.2 m,.** Thus the second
energy bands (VB-1) for pristine and B-doped systems have equal electron effective masses.
Moreover, their energy positions are close to each other. In B-doped 7TAGNRs on Au the
VB-1 is shifted by 110 meV towards the Fermi level compared to the pristine ribbons.

Substrate effect

To better understand the interaction with the substrate, we performed DFT calculations
of the realistic B-TAGNRs/Au(111) system. To fit the periodic boundary conditions for
both the ribbon and the substrate, we consider two unit cells of B-TAGNRs. The relaxed
geometry is shown in Figure 3 (a). Our analysis of the charge density difference upon
the adsorption of B-TAGNR on Au(111), shown in supplementary information (Fig. S4),
reveals charge accumulation between the B and Au atoms, that indicates the formation
of local, weak chemical bond. This leads to the attraction of B atoms towards the Au
substrate and corrugation of the ribbon structure, which explains the angular dependence
of the NEXAFS intensity shown earlier. Let us now compare the calculated electronic
structures of freestanding and Au-supported B-TAGNRs, which are shown in Figure 3 (b, c).
Note that the large super cell of B-TAGNRs/Au(111) result in the twice smaller (folded) BZ.
For the freestanding system we also consider the folded band structure. The blue, red and
the orange arrows in Figure 3 (b) indicate VB, VB-1 and low lying flat band, respectively.
These bands were discussed in the previous section. The green arrow shows the conduction
band (CB). The contributions of B and C orbitals to the m-states are denoted by the red
and black circles, respectively. When B-TAGNRs are adsorbed on Au(111), hybridization of

the VB states (blue arrow in Fig. 3 (c)) with Au states affects the dispersion of this band.
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A part is almost degenerate with the parabolic VB-1 up to wavevector of about half the
folded BZ length. At larger wavevectors, the band is smeared out over the band gap energy
range. This situation renders VB undetectable in ARPES measurements and probably also
in STS.? The states located closely to the Fermi level are depicted by a green arrow in Figure
3 (c) and originate from the flat CB of freestanding B-TAGNRs above the chemical potential
(see Fig. 3 (b)). It is challenging to visualize these states in ARPES experiment due to the
energy spreading of the CB and strong momentum dependence of the photoemission matrix
element for GNRs as discussed before. Nevertheless, the ARPES scan at &k, corresponding
to the maximum intensity of the CB states reveals an extra ARPES intensity close to the
Fermi level (see supplementary information, Fig. S5). This intensity may be attributed
to the partially occupied CB, as predicted in the calculations. In this case, the naturally

semiconducting B-7TAGNRs acquire metallic properties upon adsorption on Au(111) surface.
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Figure 3: (a) The top and side views of the relaxed structure of large unit cell of B-TAGNRs
on Au(111) obtained by DFT. Electronic band structure of (b) freestanding B-7TAGNRs and
(c) B-TAGNRs on Au(111) in folded BZ (due to the twice larger unit cell). The contributions
of B and C m-bands are marked by the black and red circles, respectively. The circle size is
proportional to the orbital weights, normalized per amount of atoms in the unit cell. The
contribution of B states is 2 times reduced for clarity. The green, blue, red and orange arrows
indicate the CB, VB, VB-1 and the low energy flat band, correspondingly.

Let us discuss the impact of the current findings on the fabrication of contacts between
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metals and GNRs. Bottom-up synthesized GNRs exhibit Fermi level pinning on Au substrate
(that is an asymmetric alignment of CB and VB with a reduced band gap).*® This effect is
typical for metal/organic semiconductor interfaces and junctions, where due to the interface
dipole formation a potential barrier for the charge carriers appears.“®**% Indeed, performance
of GNR-based devices suffers from the Schottky barrier.**%! Hybridization of electronic
states between the metal contact and the 2D material is known to be important for achieving
low contact resistance.” In B-TAGNRs on gold the VB and CB states becomes energetically
extended inside the band gap due to the hybridization, thus eliminating the barrier for
electron and hole injection into the nanoribbon. If the B-doped GNR is placed on a lateral
Au/insulator/Au interface, so that the central length of the ribbon lies on an insulator
and the edges of the ribbon are in contact with gold, then this GNR-based device would
simultaneously exhibit low-resistance Ohmic contacts to Au and a field effect with high
on/off ratio due to the band gap of the ribbon sitting on the insulating substrate.

Our results on the energy band dispersion and orbital character of B-TAGNRs could
also be relevant for understanding of the recent STS data on borylated segments inside
7TAGNRs.Y These experiments revealed high electron transmission for the VB-1 states and
no transmission for the the frontier VB states of TAGNR at the junction. Besides the
wavefuncion symmetry arguments,*® high transparency of the junction may be also related
to the fact that the VB—1 in B-TAGNRs has identical effective mass and is close in energy
when compared to those of TAGNRs. The scattering associated to electron transport through
the VB of TAGNRs may be due to the strong hybridization of this band with the Au states
in B-doped system.

It is important to mention that the hybridization effect should depend on the substrate
material used for on-surface synthesis of B-doped GNRs. Besides gold, bottom-up fabrication

T5TI52

of GNRs could be performed on other noble metal surfaces, for example, silver or

cooper.?? Y The bonding of B atom embedded in sp? carbon lattice with cooper is also

5758

strong, while with silver substrate the attraction of B sites may be weaker since B-Ag

12



chemical interaction is weaker than B-Au and B-Cu.”” Thus, we assume that by substrate
choice it may be possible to tune interaction of B-doped GNRs with the substrate surface.
The realization of unperturbed flat CB and VB, as well as the localized spin centers at
the B-TAGNRs/TAGNRs interface,™” would require freestanding or weakly interacting B-
7TAGNRs. This might be realized by decoupling of B-TAGNRs from Au, e.g. by intercalation
of semiconductors underneath the nanoribbons.%"

Ultra-high vacuum Raman spectroscopy

Organoboron compounds are notoriously known for being sensitive to oxidation.®! Indeed,
we observed oxidation of synthesized B-TAGNRs after air exposure by XPS and Raman
spectroscopy (supplementary information, Fig. S1). Therefore, Raman measurements in
ambient conditions are inherently unreliable. We have thus employed the UHV Raman

20402 wwhich allows for in situ synthesis and Raman measurements keeping the

technique,
sample always in UHV conditions. Figure 4 (a) shows a comparison of the Raman spectra of
B-7TAGNRs and pristine TAGNRs on Au(111). The spectra at the bottom of Figure 4 (a) are
obtained for aligned B-TAGNRs on Au(788) with laser polarization along and perpendicular
to the alignment direction (that is along the Au(111) terraces). The observed anisotropy
of the Raman response of aligned GNRs is a consequence of the optical selection rules and
the depolarization effect.”” The most intense feature in the presented spectra is the G-like
mode (in analogy with the G mode of graphene) arising from the C-C bonds vibrations
along the ribbon axis. Another important characteristic of the Raman spectra of GNRs
is the width-dependent radial-breathing-like mode (RBLM). One can see that the spectral
feature of aligned B-TAGNRs on Au(788) closely resemble those for non-aligned ribbons on
Au(111). Small differences (for example, the maximum of the G-like peak in aligned ribbons
is up-shifted by ~ 5 cm™!) may be related to the inter-ribbon interaction which was also
observed in the Raman spectra of densely aligned pristine TAGNRs.*!' Let us consider the

pristine and B-doped ribbons on Au(111). We can immediately see that the Raman spectrum

of B-TAGNRs has more peaks compared to the pristine TAGNRs. This is a consequence of
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three times larger unit cell for B-TAGNRs resulting in three times the number of phonon

branches, many of which have a nonzero Raman tensor.

@ | @ 355 cm’” RBLM 393 cm’”
RBLM . G-like
7AGNRs : ] /
| ‘4?1601 - |
! % B-TAGNRS R . ‘

300 350 400 450

> _1399 7AGNRs/Au(111)
(2] ?
c e =
2 :
c i : .
i 1541 cm” G-like 1561 cm”
s {1571
¥ ( :
i B-TAGNRs/Au(111) :
367 ‘386 936
1548
B-7AGNRs/Au(788) :”
LN —
T T T T T I T
200 400 600 800 1000 1200 1400 1600 1800
Rama shift (cm™) @B eC -H

Figure 4: (a) Raman spectra of B-TAGNRs on Au(788) and on Au(111) measured using
532 nm laser inside a UHV chamber. The spectrum of pristine TAGNRs/Au(111) normal-
ized to the intensity of the G-like band is shown at the top for comparison. Aligned B-
7TAGNRs/Au(788) were measured with two laser polarizations: along (/) and perpendicular
(I,) to the Au(111) terraces. The inset shows a zoom-in of the region with RBLM modes for
7TAGNRs and B-TAGNRs. The vertical dashed lines indicate positions of RBLM and G-like
Raman modes in 7TAGNRs and B-TAGNRs on Au(111). (b) The calculated eigenvectors of
the RBLM and G-like phonon modes appearing in B-7TAGNRs.

Interestingly, the periodic incorporation of pairs of B atoms in TAGNRs leads to a split-
ting of the prominent RBLM and G-like bands into two components. For the RBLM mode,
shown in the inset of Figure 4 (a), we observe a splitting of the peak at 399 cm™' in 7TAG-
NRs into peaks at 367 cm™! and 386 cm™' in B-7TAGNRs. Similarly, for the G-like peak (at
1601 cm™! for 7TAGNRs) we also observe a shift of the phonon energy to 1543 cm™! and an
additional component at higher energies (1571 cm™!). Let us now discuss the origin of this
peculiar shifts and splitting. In freestanding sp2-hybridized carbon lattice substitutional B
atoms act as electron acceptors and cause p-type doping. This in turn should lead to the

stiffening of the phonon modes, as it was observed for hole doped semiconducting carbon

nanotubes.% As we uniquely showed by ARPES and DFT, the B-TAGNRs on Au are not
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freestanding and the p-doping effect can be ruled out. Moreover our Raman data actually
exhibit opposite behavior — softening of the phonons in B-doped nanoribbons.

The larger C-B bond length as compared to the C-C bond®*®® and resulting lattice
strain was assigned to be a reason for the phonon softening in B-doped graphene.®® This
effect should be relevant for B-TAGNRs too. Moreover, our DFT results (like the previous
calculations”) revealed that the relaxed structure of B-doped 7TAGNR has a larger lattice
constant (by 1.2%) than one of the pristine nanoribbon, i.e. the C-C bond length increases
when B atoms are embedded in the backbone of TAGNR. Indeed, each B atom (having three
valence electrons) substitutionally incorporated in sp? carbon lattice depletes the bonding
C m-states by one electron. This leads to the weakening of C—C bonds in B-TAGNRs and
the increased spacing between carbon atoms with respect to the pristine system. A phonon
softening effect is also well known for graphene, where the lattice expansion may be induced
by strain®” or by electron doping due to the filling of anti-bonding m-states.®® In addition,
increased lattice constant can be realized from our ARPES maps (Fig. 2 (e, g)), where the
reflexes from parabolic and flat bands are not centered at the edge of the graphene BZ due
to the expanded unit cell.

The calculations support the experimental observations. Figure 4 (b) shows the eigen-
vectors for RBLM and G-like phonon modes in B-TAGNRs. It can be seen that the boron
atoms break vibrational degeneracy for atomic displacements in constituent sub-units with
and without boron. These two sub-units are the anthracene unit containing only carbon
and hydrogen (that is a unit cell of TAGNRs) and the diboroanthracene with two borons.
If the atomic displacements have large amplitude in the anthracene unit, they have a low
amplitude in the diboroanthracene unit and vice versa. Let us now look to the frequencies
of the vibrational modes for RBLM and G-like phonons in these two structural units. The
calculated frequencies for the split RBLM and G-like peaks in B-TAGNRs are also depicted
in Figure 4 (b). For the RBLM we get 355 cm™! and 393 cm™! and for the G-like peak we

find 1541 cm™! and 1561 cm™!. Both theoretical results are in reasonable agreement to the
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experimentally observed Raman frequencies, suggesting that the lattice expansion due to
the substitutional incorporation of B atoms is an important contribution. The observed fre-
quency splitting is linked to the vibrations in anthracene and diboroanthracene units which
have different force constants. The small difference between the experimental and calcu-
lated positions of the G-like and RBLM modes may be related to the corrugation of the
ribbon structure and charge redistribution in B-7TAGNRs on Au(111). In the supplementary
information we show further eigenvectors of Raman active modes for B-TAGNRs.

The spectra in Fig. 4 (a) are normalized to the intensity of the G-like peak, whereas the
intensity of TAGNRs on Au(111) being normalized to the laser power and the accumulation
time is ~ 50 times larger than for B-TAGNRs. To see how the intensity and the spectral
shape depend on the laser energy, we performed Raman characterization of both pristine
and B-doped systems with the red (633 nm) and the blue (442 nm) lasers. The Raman
spectra of pristine and B-doped TAGNR were accumulated in UHV system right after the
synthesis. Since the laser light is transmitted in UHV chamber through the air,*' when the
Raman signal of GNRs is weak we could also observe a sharp oxygen peak at 1555 cm~!. The
corresponding data shown in Figure 5 demonstrate that compared to the G-like mode, the
intensity of the D-like peak in 7-AGNRs is approximately the same with 442 nm laser and
about twice larger with 633 nm laser. It is different from graphene, where the intensity ratio
of D to G peaks (IP /I¢) is inversely proportional to the fourth power of excitation energy. ™
In contrast to graphene, 1D band structure of GNRs leads to the strongly resonant optical
transitions between Van Hove singularities in valence and conduction bands, for example,
E1; and Egy transitions, from VB to CB and from VB-1 to CB+1, correspondingly. ™" Here
CB+1 is defined by analogy with VB-1 as the second conduction band, counting from the
Fermi level. When the excitation energy is off-resonance, the Raman spectroscopy of GNRs
is mode-selective, that is some modes may be suppressed, as it was observed for RBLM mode
in 9-AGNRs.” Moreover, in graphene and carbon nanotubes the D mode originates from a

disorder-induced double resonance scattering process. As a result, its frequency strongly
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depends on the excitation energy.™™ The D-like mode in armchair GNRs can be explained

t.™ Indeed, we

as a first order Raman scattering process, which do not require any defec
observe that the position of the D-like peak for both TAGNRs (at 1342 cm™!) and B-7TAGNRs
(at 1226 cm™') is independent on the laser energy. We also should mention that a small
(compared to graphene) dependence of the D-like mode position on the excitation energy was
observed in atomically precise cove-shaped GNRs synthesized by solution-based processing,
and was assigned to the disorder-induced scattering due to the edge functionalization or
defects.**

The theory predicts that the optical excitation of the RBLM-like mode for AGNRs have
sharp maxima at E;; and Eg interband direct transition energies.™ Interestingly, we can
detect the RBLM-mode of TAGNRs within a wide visible light range (Fig. 5 a), although
the energy of the red laser (1.96 eV) is slightly lower then the optical band gap of ~ 2.1 eV
and the energy of the blue laser (2.81 eV) is higher than the Eqy transitions of ~ 2.3 eV for
7AGNRs on Au.™ The RBLM-mode of B-TAGNRs on Au(111) is also visible with the red
laser, while for the blue one its intensity is too weak to observe (Fig. 5 b). As can be seen
from Table 1, the Raman intensity of the G-like mode for both TAGNRs and B-TAGNRs is
maximal with the green laser (2.33 eV). For pristine system the strong Raman signal with the
green laser is known and attributed to the resonant E,, transition.™® We assume that for
B-7TAGNR the green laser should be also close to the Eqy transition. Indeed, for B-TAGNRs
on Au(111) the calculations predicts ~ 2.4 eV separations between VB-1 and CB+1,% which
also fits to the STS data (revealed a gap of 2.4 eV).” The VB-1 and CB+1 states are of a
carbon character and, as we demonstrated by ARPES (for VB-1), are not strongly affected
by the interaction with gold substrate. Note that due to the metallization of B-TAGNRs on
Au, the excitonic effects should be smaller than for pristine TAGNRs™ due to the increased
screening of many-body interactions, and, consequently, the optical transition energies for
B-7TAGNRs should be close to the quasi-particle ones. From Table 1 one can see that for

B-doped system the G-like mode intensity is much lower, compared to pristine nanoribbons.
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For the green laser, this may be in part because of better matching of photon energy to the

interband transition in 7TAGNRs.2%™ On the other hand, since for B-TAGNRs the signal

is weaker than for TAGNRs with all three lasers, we suggest that this is associated with a

strong interaction with the Au substrate as well. Suppression of the Raman signal is also

relevant for graphene, when its m-band is strongly hybridized with the substrate electronic

states.™
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Figure 5: Raman spectra of (a) TAGNRs and (b) B-TAGNRs on Au(111) measured using
633 nm and 442 nm lasers inside a UHV chamber. The intensity is normalized to the laser
power and accumulation time. Besides the GNR-related modes one can see the oxygen peak
at 1555 cm™!, due to the passage of the laser through the air before reaching the UHV
system. The peak related to the G-like vibrations of diboroanthracene unit in B-7TAGNRs

(633 nm laser) is labeled as G-like’.

Conclusions

We have performed a comprehensive characterization of the electronic and vibrational prop-

erties of atomically precise B-doped GNRs. The substitution of a pair of carbon atoms

18



Table 1: Experimental Raman intensities (peak values) of G-like mode normalized to the
laser power and accumulation time for TAGNRs (IGMGNRS) and B-TAGNRs (IG B—TAGNRs)
on Au(111), as well as their ratios. For B-TAGNRs we take the intensity of the G mode
vibrations for anthracene unit.

Laser line 197 acNRs 195 74GNRs 194N Rs /1€ B-7AGN RS
633 nm/1.96 eV 248 24 10.3

532 nm/2.33 eV 14288 278 51.4

442 nm/2.81 eV 53 9 5.9

along the backbone of TAGNR by boron leads to profound changes in the ARPES and Ra-
man spectra. It is found that B atoms mediate hybridization of B-TAGNR and Au electronic
states leading to charge redistribution and periodic corrugation of the ribbon structure. We
also found that the VB-1 of TAGNRs does not change its effective mass and only weakly
changes energy if boron substitution is performed. Finally we have overcome the limita-
tions of traditional Raman spectroscopy in air which is unsuitable for the investigation of
B-doped GNRs and found that embedded B atoms substantially modify the Raman spectra
of TAGNR. Particularly, we observe the appearance of new characteristic phonon modes, the
splitting and the shift of RBLM and G-like modes. Comparing the Raman spectra of pristine
and B-doped TAGNRs we find that both systems have the resonant transition with green
(532 nm) laser. Significant suppression of the Raman signal in B-TAGNRs relative to the
pristine system for three laser lines (red, green and blue) is attributed to the hybridization
of the ribbon and substrate electronic states. The absence of dispersion of the D-like mode
with the excitation energy in pristine and B-doped TAGNRs confirms that the origin of the

D-like mode is a single resonance Raman scattering process.

Methods

Synthesis
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A monolayer of 9,10-bis(10-bromoanthracen-9-y1)-9,10-dihydro-9,10-diboraanthracene was
evaporated onto a clean Au(788) surface from a Knudsen cell. The thickness of deposited
organics was calibrated by quartz microbalance and XPS measurements. Hereafter the sam-
ple was annealed in order to induce polymerization of the precursor molecules (at 200 °C
for 30 min) and dehydrogenation (at 360 °C for 15 min) in order to form B-TAGNRs.®** Tt
is known that the vicinal crystal Au(788) provides directional assembly of TAGNRs along
the narrow (~ 3.8 nm) terraces with (111) surface.**" Here we used the same approach to
align B-TAGNRs. The alignment was probed by polarized Raman spectroscopy.

XPS and NEXAFS

The presented XPS and NEXAFS data were obtained at the German-Russian beamline
(RGBL) of the HZB BESSY II synchrotron radiation facility (Berlin, Germany). NEXAFS
data were obtained in total electron yield (TEY) mode with energy resolution of 50 meV close
to the C K-edge. Preliminary NEXAFS experiments were also performed at the HE-SGM
beamline at HZB BESSY II. XPS spectra were measured with photon energy of 330 eV and
pass energy of 5 eV in the normal emission geometry. Samples were synthesized in the UHV
Raman system and transferred to the synchrotron in UHV suitcase. XPS data indicated no
trace of oxygen as confirmed by the absence of an O 1s peak in the scan with 700 eV photon
energy. All XPS spectra were calibrated using the Au 4f;/5 core level at binding energy
84.0 eV.

ARPES

ARPES measurements shown in this work were carried out on samples of B-TAGNRs/Au(788)
synthesized in situ at the UE112-PGM2 beamline of HZB BESSY II with the 12-ARPES
endstation. Preliminary ARPES data taken on samples transferred in a UHV suitcase were
obtained at the ANTARES beamline of SOLEIL synchrotron® and at the 105 beamline of Di-
amond synchrotron.® The presented ARPES spectra were measured using a Scienta R8000
analyzer with a vertical slit, a photon energy of 45 eV and horizontally polarized light. The

measurements are performed at room temperature. The (111) terraces of Au(788) crystal,
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which determine the direction of B-TAGNR axis, were aligned along the vertical slit of the
analyzer. We then modified the photoemission matrix element by rotating the polar angle
of the manipulator corresponding to changes in k.44

UHV Raman

UHV Raman measurements were performed in the back-scattering geometry using com-
mercial Raman systems (Renishaw) integrated in a homebuilt optical chamber, where the
exciting and Raman scattered light were coupled into the vacuum using a long-working dis-
tance microscope objective with an NA of ~0.4. The analysis chamber of the UHV Raman
is attached to another chamber where the B-TAGNRs on Au(111) and Au(788) were syn-
thesized. Raman spectra were calibrated using the Si peak at 520.5 cm™! as well as the O,
peak at 1555 cm~!. The latter appears because the laser passes the air before it enters the
UHYV system. Polarized Raman measurements were also performed in situ.

Photoemission intensity simulation

The photoemission intensity was calculated using the dipole approximation for matrix
element and the plane wave as a final state.*® Density-functional-theory (DFT) band
structure calculations for the intensity simulation were carried out using the FPLO-14.00-
48 (improved version of the previous FPLO code by Koepernik and Eschrig®’), utilizing
the generalized gradient approximation (GGA) to the exchange-correlation potential. The
ribbons were assumed freestanding and hydrogen-terminated. A k-point grid of 1 x 4 x
1 was used to sample the BZ. Atomic positions were relaxed until the forces on each atom
were less than 1072 eV /A.

Band structure calculations of B-7TAGNRs on Au(111)

The B-TAGNR/Au(111) system was modeled by a slab consisting of five Au atomic layers
with a (4x9) in-plane surface unit cell and a vacuum region of at least 18 A. The ab initio
results for the system have been obtained with the help of the DFT by employing the GGA
for the pseudopotentials generated with the projector augmented wave method (PAW )& as

implemented in the VASP code.®>®” For the structural relaxations of the B-doped TAGNR

21



and the first Au surface layer, the BZ was sampled by the I'-point with a threshold value for
the calculated forces of 10 meV /A obtained for a cutoff energy of 500 eV. More details about
the electronic structure and the bonding mechanism of B-TAGNR on Au(111) are shown in
supplementary information.

Raman calculations

Theoretical calculations were performed with the Quantum-Espresso code®® using pseudo
potentials and plane wave expansion with energy cutoff up to 70 Ry and the Local Density
Approximation (LDA) for the exchange correlation potential. The B-TAGNR was simulated
using a supercell containing 40 C atoms and 2 B atoms, with more than 10 A of vacuum along
the non-periodic directions. The carbons dangling bonds have been saturated with H atoms
ensuring the dynamical stability of the structure.®? Integration of the charge density was
performed using an uniform 411 Monkhorst and Pack grid with fixed occupations. Phonon
frequencies were obtained within the linear response theory®® at the I" point of the BZ. Non-

0

resonant Raman intensities were calculated using the Placzek approximation™ as a function

of the polarization of the incident and scattered radiation.
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