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Abstract

Few-layer graphene on -SiC(001) functionalized with phenazine dye Neutral Red by means of diazonium chemistry has been
studied using X-ray photoelectron spectroscopy, near-edge X-ray absorption fine structure, photoemission electron microscopy,
scanning tunneling microscopy, and density functional theory calculations. The experimental data reveal the formation of a com-
posite phenazine dye/graphene structure with a large energy gap. The molecules in this structure can be oriented both parallel
and perpendicular to the graphene surface. According to scanning tunneling spectroscopy and theoretical calculations, the density
of electron states in different surface areas depends on the local short-range order and the molecules’ environment. On the other
hand, the photoemission spectroscopy study shows that the bottom layers of the few-layer graphene remain intact, which inher-
ently makes the synthesized layered composite a low-dimensional metal/semiconductor heterostructure. In addition, photoemission

electron microscopy imaging shows a high homogeneity of the dye-modified graphene on a micrometer scale.

Keywords: graphene, functionalization, organic dye, Neutral Red, XPS, NEXAFS, STM

1. Introduction

Graphene, a two-dimensional crystal consisting of carbon
atoms arranged in a hexagonal lattice, has attracted special at-
tention due to its appealing properties [1, 2, 3, 4, 5]. For exam-
ple, graphene obtained by mechanical exfoliation of highly ori-
ented pyrolytic graphite demonstrates ballistic electronic trans-
port at sub-micrometer distances and outstanding carrier mo-
bility [6]. Transport investigations revealed that electrons in
graphene exhibit properties of massless Dirac fermions [7]; fur-
thermore, anomalous quantum Hall effect [8, 9] and Josephson
effect [10] were observed experimentally. However, some of
the unique graphene properties may impede technological ap-
plications. As an example, the absence of a bandgap compli-
cates the creation of graphene-based logic elements in electron-
ics [11, 12], while optical transparency imposes limits on the
responsivity of graphene-based photodetectors and solar cells
[13, 14]. Covalent functionalization of graphene is a promis-
ing approach to overcome such limitations. Binding of var-
ious functional groups to the basal plane leads to disruption
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of the ideal sp? bound graphene structure by incorporation of
sp’ hybridized carbon atoms with tetrahedral bond orientation,
which leads to a significant change in the transport properties of
graphene. A number of studies have demonstrated the forma-
tion of a band energy gap as a result of the covalent modification
[15, 16, 17].

In this study, we carry out the covalent functionalization of
few-layer graphene grown on cubic-SiC/Si(001) wafers by the
Neutral Red phenazine dye using the diazonium chemistry ap-
proach [18, 19, 20]. We employ this functionalization approach
because of its simplicity, high degree of functionalization, and
relatively short reaction time. The dye is widely utilized in
a large number of biological [21, 22, 23, 24, 25] and non-
biological [26, 27, 28, 29, 30] applications such as virulence
markers, DNA intercalation, intracellular pH indicators, viabil-
ity assay, photosensitizers, fiber-optic chemical sensors, photo-
galvanics and solar cells. In our experiments, the Neutral Red
dye has been used for the synthesis of its diazonium salt via di-
azotization reaction (Fig. 1a). The aqueous solution of the salt
has been placed on the graphene surface in the form of a droplet
with simultaneous illumination by intense white light. It results
in photoexcitation of graphene valence electrons and reduction
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of diazonium cations, which leads to formation of active radi-
cals capable of covalent binding to the carbon atoms from the
graphene layer accompanied by change of their hybridization
from sp? to sp* (Fig. 1b).

() g, . e
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Figure 1: Principle scheme of (a) the diazotization reaction and (b) graphene
functionalization.

It was previously shown by scanning tunneling mi-
croscopy (STM) [31] that the phenazine dye molecules on
graphene/SiC(001) can form a locally ordered structure with
molecules oriented almost perpendicular to the graphene sur-
face and arranged in the rectangular lattice. Scanning tun-
neling spectroscopy (STS) revealed a bandgap opening in this
phenazine dye/graphene structure [31]. In this study, we use
X-ray photoelectron spectroscopy (XPS), ultraviolet photo-
electron spectroscopy (UPS), ultraviolet photoemission elec-
tron microscopy (UV-PEEM), near-edge X-ray absorption fine
structure (NEXAFS), and STM/STS to obtain detailed informa-
tion about the atomic and electronic structure of the composite
phenazine dye/graphene/SiC(001) system. XPS and UPS stud-
ies demonstrate that functionalization impacts only the top layer
of the few-layer graphene, while the bottom layers remain intact
and exhibit metallic properties. Detailed NEXAFS and STM
studies reveal a coexistence of different locally ordered struc-
tures with phenazine derivatives both lying down and standing
up on the graphene/SiC(001) surface. Density functional the-
ory (DFT) calculations show that these structures strongly in-
fluence the overall electronic properties of the system, leading
to the experimental observation of a bandgap exceeding 2 eV
in some surface areas and depending on the orientations and
deformations of the molecules. STS and UV-PEEM investiga-
tions suggest that the multilayer graphene-dye composite pos-
sesses functionalities that might be attractive for optoelectronic
applications [32, 33, 34], taking into account the possibility of
wafer-scale quasi-free standing few-layer graphene growth on
B-SiC(001) and facile formation of a two-dimensional semi-
conducting organic layer on its surface as a result of chemical
modification.

2. Material and methods

Few-layer graphene was epitaxially grown on $-SiC(001) us-
ing series of annealing cycles with increasing temperature up to
1550 K under ultrahigh vacuum conditions as described in the
previous works [35, 36, 37, 38, 39, 40]. The lateral size of the
graphene films is comparable to the dimensions of the initial
silicon carbide sample [35, 36]. For the chemical modifica-
tion, the graphene sample was treated ex situ by the solution
of diazonium salt of the Neutral Red dye under illumination
by intense white light [31, 41]. Thereafter, the specimen was
washed by the flow of pure ethanol to remove all products of
the reaction along with unreacted components with a further
10 minute sonication in the same solvent. Later on, the sam-
ple of dye-modified graphene was transferred to UHV where it
was annealed at a temperature of about 200 °C to remove the
remaining physisorbed molecules.

The XPS, UPS and NEXAFS measurements were performed
at Russian-German dipole beamline of BESSY II electron stor-
age ring operated by Helmholtz-Zentrum Berlin fiir Materialien
und Energie [42, 43]. All preliminary studies and development
of sample preparation procedures were carried out at the P04
beamline [44] of the PETRA III synchrotron radiation facil-
ity, Argus endstation [45]. This dipole-based beamline pro-
vides a moderate photon flux distributed continuously over a
wide photon energy range from 30 to 1500 eV which is suitable
for radiation-sensitive materials such as organic composites.
Experimental station equipped with PHOIBOS 150 electron-
energy analyzer (SPECS GmbH) was employed for the XPS
experiments. The measurements have been conducted at room
temperature in constant analyzer energy mode with a pass en-
ergy of 20 eV. The pressure in the analytical chamber was al-
ways below 5-107'° mbar. Deconvolution of the XPS spectra
has been done using the Casa XPS software (version 2.3.16 PR
1.5). Experimental core level spectra have been fitted by syn-
thetic lineshape composed of the sum of asymmetric Doniach-
Sunjic profile [46] for graphene component, which is justified
by its metallic nature and symmetric Gaussian-Lorentzian prod-
uct profile for other components. Shirley-type background pro-
file was employed to take into account the contribution of in-
elastically scattered electrons [47]. All XPS spectra were cali-
brated in reference to the Au 4f;/, signal [48] (binding energy
of 84 eV), which has been acquired after every change of beam-
line monochromator settings.

The NEXAFS spectra were acquired in a total electron yield
(TEY) mode, i.e. drain current from the sample was measured
during scanning of the photon energy of X-ray radiation. Be-
fore analysis, the spectra were normalized to the post-edge in-
tensity where no resonances are presented: at 320 eV for C
K-edge and at 415 eV for N K-edge.

The PEEM measurements were conducted using an Omi-
cron FOCUS IS-PEEM microscope equipped with an imaging
energy filter at the Russian-German Laboratory of BESSY II,
Berlin. A Hg discharge lamp was used as an excitation source
(4.9 eV photon energy).

The atomic structure of the SiC(001) surface during graphene
synthesis was controlled in situ in a RIBER LAS-3000 spec-



trometer equipped with a room temperature (RT) scanning tun-
neling microscope GPI-300. The atomic and electronic struc-
ture of the graphene, ex-situ functionalized with phenazine dye
Neutral Red molecules, has been studied at 77 K using low tem-
perature STM produced by Createc. Chemically etched [001]-
and [111]-oriented single-crystalline tungsten tips sharpened in
UHV by electron beam heating and ion sputtering [49, 50] were
used for high-resolution STM/STS experiments.
First-principles electronic structure simulations were per-
formed using fully relativistic plane-wave self-consistent field
(PWscf) DFT code from the Quantum ESPRESSO software
distribution [51]. Ultrasoft pseudopotentials [52] were used
and the correlation and electron exchange energies were con-
sidered within the local density approximation (LDA) with the
Perdew—Zunger parametrisation [53]. The plane-wave energy
cut-off is 1600 eV. The cell dimensions and atomic positions
were allowed to fully relax using a per atom force threshold of
1073 eV/A and a total energy threshold of 10~ eV [54]. The
phenazine dye molecule of 64 atoms was placed above a fixed
position single graphene layer, comprised of 48 atoms, and al-
lowed to relax towards the surface. The side and top views
of the relaxed structure are presented in Figure 6(c,d). The
molecule is placed in the unit cell such that the infinite repeti-
tion of the unit cell results in tightly packed rows of molecules,
with a small space of 8 A separating each row. A k-space sam-
pling density of 12x12x1 k points was used. The out-of-plane
vacuum is 15 A in size. The XCrySDen package was used for
visualising the relaxed model [55]. The density of states of the
molecule is calculated using Lowdin population analysis [56].

3. Results and discussion

3.1. XPS and UPS analysis

For fine chemical analysis of the graphene/SiC/Si(001) func-
tionalized by the Neutral Red phenazine dye, high-resolution
C 1sand N 1s spectra were decomposed onto individual compo-
nents corresponding to different chemical bonds using the mul-
tipeak fitting procedure. Figure 2(b) shows the XPS N 1s spec-
trum of graphene/SiC(001) chemically modified by the Neutral
Red dye. The appearance of the N 1s signal in the XPS spec-
tra after the functionalization directly indicates the presence of
the phenazine dye on the sample, even after sonication and an-
nealing in ultra-high vacuum (UHV) at temperatures close to
200°C. This fact proves that chemical bonds of phenazine dye
molecules with graphene overlayer are strong enough to keep
them on the surface even after intense treatment. The decom-
position of the spectrum shows the presence of two main com-
ponents that correlate well with the chemical structure of the
dye. The more pronounced peak at 398.62 eV corresponds to
pyridine [57, 58], having two o-bonds and one -bond with car-
bon atoms. Its twice higher intensity is related to the presence
of two nitrogen atoms of such kind in the central ring of the
molecule. The second lower-intensity peak (400.56 eV) can be
attributed to the single tertiary amine [59, 60] at the outer side
of the molecule, bound by three o-bonds with carbon atoms.
The other two minor peaks denoted by dark blue and dark red

colors are assigned to shake-up satellites. Each separated by
3.4 eV from the main peak they correspond to and exhibit a
similar ratio close to 1:2. Such interpretation corroborates with
the multipeak fitting analysis applied to C 1s core-level spectra,
discussed below. In addition, the absence of a peak in the vicin-
ity of 399.5 + 0.3 eV, corresponding to primary amines [61, 62]
(-NH; groups), indicates that there are no unreacted Neutral
Red dye molecules on the surface. They either were ultimately
converted to diazonium salt or removed from the surface dur-
ing sonication and further heating in UHV. Furthermore, there
is no evidence of diazonium cations that could provide features
at binding energies higher than 402 eV [63, 64]. Therefore, we
can conclude that all undesirable products of the reaction and
pristine reactants were removed from the graphene/SiC/Si(001)
surface after the functionalization and cleaning.

The result of the fitting for the C 1s XPS spectrum is pre-
sented in Figure 2(a). The dark grey component corresponds to
the bulk SiC contribution which is traditionally used as a ref-
erence signal for graphene grown on cubic-SiC(001). In con-
trast to hexagonal SiC, it has no additional buffer layer com-
ponent and reveals only one peak in the XPS spectrum at a
well-known position (approx. 283 eV). The photon energy of
700 eV was intentionally utilized for the spectra acquisition to
obtain a substantial reference signal from bulk SiC what allows
more reliable multipeak analysis. The asymmetric red compo-
nent with a binding energy of 284.43 eV corresponds to the
graphene m-conjugated system. Additionally, there is a contri-
bution of sp>-hybridized carbon atoms from the dye molecules
to this peak. The distance between surface graphene and bulk
SiC peaks is in good agreement with our previous investiga-
tions [35, 45, 36]. The other two peaks with binding ener-
gies of 285.24 and 285.92 eV [yellow and blue components in
Fig. 2(a,c)] are related to the chemically modified graphene.
The yellow component corresponds to the signal from sp? hy-
bridized carbon atoms [61, 65]. This component initially origi-
nates from the dye molecule, but also emerges in the graphene
layer after attachment of the Neutral Red to the graphene basal
plane, since the formation of a new sigma bond requires a
change of hybridization of the carbon atoms from sp? to sp’.
This disruption of the ideal sp>-bound graphene structure leads
to the bandgap opening, as has been shown in the previous stud-
ies [15, 16, 17, 31]. The blue curve corresponds to the signal
from sp? hybridized carbon atoms covalently bound to nitrogen
[61, 62]. The features denoted by dark red and dark blue col-
ors and observed at higher binding energies can be explained
by several shake-up satellites that arise due to the electron en-
ergy loss related to the excitation of the valence band electrons
of the chemically modified graphene. The energy shifts of the
satellites from the main peaks in C 1s and N 1s spectra are
also equal to 3.4 eV, which adds weight to this assumption.
Finally, the green peak around 291 eV binding energy can be
assigned to shake-up satellite typical of graphene. It emerges
as a result of energy loss of electrons from the main graphene
peak for graphene valence electrons transitioning to 7*-states
[65, 66]. This can serve as an additional sign of pristine metal-
lic graphene presence in the composite system.

Apart from the shake-up satellite, a strong signal from sp’
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Figure 2: High-resolution (a) C 1s and (b) N 1s core-level photoemission spectra of few-layer graphene sample epitaxially grown on cubic-SiC/Si(001) chemically
modified by Neutral Red dye derivatives recorded using 700 eV photon energy. (c) High-resolution C 1s spectrum of the same sample recorded using 400 eV photon
energy for surface sensitivity increase. (d) High-resolution UPS valence band spectra of the sample before (Graphene) and after (Gr/NR) functionalization recorded

using 110 eV photon energy.

electron states demonstrates that the sp>-bound structure of the
top graphene layer is only partially disrupted by the functional-
ization. Besides, we can suggest that subsurface graphene lay-
ers are not substantially modified. This suggestion is supported
by a comparison of C 1s XPS spectra acquired at different pho-
ton energies [Fig. 2(a,c)]. An increase in the kinetic energy of
the electrons extracted from the core-level by 300 eV (an in-
crease in the photon energy from 400 eV to 700 eV) leads to
a substantial increase in the bulk sensitivity of the XPS spec-
tra, caused by an increase of the inelastic mean free path of
photoelectrons by a factor of two [67]. Enhancement of the
signal associated with graphene and SiC substrate in conjunc-
tion with suppression of the component associated with dye-
modified graphene prove that the bottom layers of the few-
layer graphene grown on 8-SiC(001) indeed remain intact. On
the other hand, we can observe an increase in the intensity of
the dye-specific peaks (blue and yellow curves) relative to the
graphene peak (red curve) by 32 % in surface-sensitive mode
(400 eV photon energy). This proves a layered structure of
the phenazine dye/graphene structure where Neutral Red dye
derivatives are aggregated on the surface while non-modified
graphene lies beneath them.

Another sign of the presence of non-modified graphene lay-
ers in the system can be obtained via comparison of graphene
UPS spectra before and after functionalization recorded at
110 eV photon energy, representing occupied valence states
[Fig. 2(d)]. One can see that valence states of the SiC sub-
strate in the region of 5-9 eV are no longer visible after the
functionalization because the inelastic mean free path of photo-
electrons becomes insufficient for observing the substrate signal
after adding an extra layer consisting of dye molecules on top
of the few-layer graphene on cubic-SiC(001) sample. However,
one can observe a prominent signal in the energy region close
to the Fermi level both before and after chemical modifica-
tion. Therefore, we can conclude that underlying non-modified
graphene layers continue to exhibit metallic properties. Other-
wise, a bandgap would be observed.

3.2. NEXAFS studies

For a better understanding of the atomic and electronic struc-
ture of the graphene-dye nanocomposite, we investigated its
unoccupied electronic states with NEXAFS technique. More-
over, linear polarization of the light gives us a possibility to
determine the preferential orientation of the phenazine deriva-



tives on the millimeter-size graphene/SiC(001) samples using
the absorption anisotropy. Change of the relative intensity of
the peaks, corresponding to excitations from core levels to 7*
or o molecular orbitals during the sample rotation relative to
the electric field vector of the probing light, provides valuable
information about the spatial orientation of molecules. Accord-
ing to the dipole selection rules, the probability of photon ab-
sorption depends on the angle between the electric field vector
and the orientation of the molecular orbital. [68, 69] In terms
of our study, that means that maximal 7* resonance can be ob-
served for planar m conjugated system when the electric field
vector is oriented perpendicular to the molecular plane while
maximal o* signal should be observed when the electric field
vector is oriented parallel to it.

Figure 3(a) shows the C K-edge NEXAFS spectra of
graphene functionalized by the Neutral Red dye measured at
four different photon beam incidence angles. One can see
three *-resonances in the photon energy range of 285-291 eV
[70, 71, 72]. The first resonance (~ 285.9 eV) corresponds
to carbon-carbon bonds and predominantly originates from the
graphene sp? bound system. However, two benzene-type rings
of the dye also contribute to this signal which must be taken
into account during analysis of the absorption anisotropy. The
next resonance (~ 287 eV) corresponds to the carbon-nitrogen
bonds in the molecules. This peak in the NEXAFS spectra can
be utilized as a marker for determination of molecular orien-
tation. The third peak in the 285-291 eV photon energy range
can be attributed to the carbon-nitrogen 2x*-resonance. In the
region of photon energies above 291 eV, o*-resonances are ob-
served. The intermixing of o*-resonances from all layers of the
complex nanocomposite (silicon carbide, graphene, and organic
molecules) leads to the resulting plateau-like bump, which can
serve as a reference signal for the 7*-resonances measured at
different photon incidence angles.

In the normal incidence geometry (indicated as 0° in Fig. 3),
the electric field vector is parallel to the surface. In this case,
the signal from the n*-resonance of graphene should be negli-
gible [35]. Previous local STM studies of graphene grown on
B-SiC(001) modified by the Neutral Red dye through a diazo-
nium chemistry approach revealed that dye molecules may form
a composite structure with short-range order. The molecules in
this structure are oriented almost perpendicular to the graphene
surface and arranged in a rectangular lattice [31]. The NEX-
AFS spectrum measured in the normal incidence geometry
shows a strong carbon-nitrogen n*-resonance that can be at-
tributed to standing up dye molecules. However, changing
the photon beam incidence angle closer to grazing incidence
does not lead to diminishing this resonance. Moreover, the 7*-
resonance slightly grows with increasing incidence angle. This
can be explained by the presence of planar dye aggregates on
the graphene surface, along with standing up dye molecules.
These aggregates must be strongly bound to the graphene sur-
face; otherwise, they would not stand the stiff treatment that
was employed during the sample preparation.

To confirm the trends of the C K-edge NEXAFS spectra,
nitrogen K-edge X-ray absorption has been studied. The ab-
sorption anisotropy of the N K-edge NEXAFS spectra recorded
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Figure 3: The (a) carbon and (b) nitrogen NEXAFS spectra of dye-modified
graphene recorded along with variation relative to the sample surface plane of
the electric field vector incidence angle of linearly polarized X-ray radiation.
The angle a determines the orientation of the X-ray beam relative to the normal
of the sample. The angle of 0° corresponds to the case when the electric field
vector is parallel to the sample surface; the angle of 90° means that the electric
field vector is perpendicular to it.

at the same four X-ray incidence angles is presented in Fig-
ure 3(b). One can distinguish three m*-resonances in the
photon energy range of 398-405 eV, which closely resemble
the experimental and theoretical NEXAFS spectra of pyridine
[73, 74, 75]. The resonances at 398.6 eV, 400.2 eV, and
401.6 eV can be assigned to transitions to 17, 27*, and en-
ergetically close 37" and o*(C-H) orbitals, respectively. The
resonances are related to the middle phenazine ring containing
two sp?-hybridized nitrogen atoms, serving as a conjunction be-
tween two benzol rings. The absorption spectra, shown in Fig-
ure 3(b), demonstrate that the change of X-ray incidence angle
from normal to grazing incidence leads to substantial growth of
m*-resonances. Therefore, we can conclude that the m-orbitals
of the dye derivatives predominantly tend to align with the sam-
ple normal, i.e., the molecular plane is more likely to be parallel
to the surface, which is in contrast with the model of stand-
ing up molecules [31]. Nevertheless, even at the normal in-
cidence of X-rays, the first 7*-resonance at 398.6 eV remains
noticeable, which does not exclude the presence of standing
up molecules on the graphene surface. Summarizing the ab-
sorption anisotropy experiments, both N and C K-edge NEX-
AFS spectra suggest a complex morphology of the Neutral
Red/graphene composite structure with molecules both stand-



Figure 4: STM images of graphene/SiC(001) before (a-d) and after (e,f) functionalization by Neutral Red dye molecules. The images (c) and (f) were obtained after
dZ/dX differentiations of the topography images shown in panels (b) and (e), respectively.

ing up and lying down on the graphene surface.

3.3. STMYSTS studies

Detailed STM studies conducted in different surface areas
of the functionalized graphene/SiC(001) sample showed that
the dye molecules can form different structures with molecules
oriented both parallel and perpendicular to the surface. Prior
to functionalization, STM studies of the graphene/SiC(001)
sample revealed typical nanodomain structure with rotated
graphene lattices [37, 38, 39, 40] and boundaries preferentially
oriented along the <110> directions of the SiC crystal lattice
[Fig. 4(a-c)]. Inside the domains, high-resolution STM im-
ages revealed randomly distorted honeycomb lattice typical of
few-layer graphene grown on the cubic-SiC/Si(001) substrates
[Fig. 4(d)].

STM images of graphene after the chemical modifica-
tion [Fig. 4(e) and 4(f)] show a more complicated structure
with increased roughness [Fig. 4(e)]. According to high-
resolution STM data, the composite structures with both stand-
ing and lying molecules can be found on the functionalized
graphene/SiC(001) sample. Figures 4(e) and 4(f) show the sur-
face area where most of the molecules are lying down. From
the STM data we can suggest that lying molecules preferen-
tially form dimer structures, as schematically shown in Figures
5(e) and 5(f). The phenazine dye molecules in these structures
are not ideally parallel to the graphene surface in agreement

with slightly increased surface roughness after functionaliza-
tion [Fig. 4(e)].

Figure 5(e) shows the surface area with coexisting standing
molecules (top left corner) and lying dimers (bottom part of
the image). A higher resolution image of the surface area with
standing up molecules is shown in Figure 5(b). Note that stand-
ing molecules in this case form an oblique cell with unit vectors
of approximately 3.5 and 4.5 A [Fig. 5(c,d)] rather than rectan-
gular cell reported in earlier studies [31]. Both these structures
with different short-range order for standing molecules can be
observed on the functionalized graphene/SiC(001) sample in
different surface areas.

STS experiments conducted in various surface regions
showed a substantial difference in the electronic structure of
the composites with standing and lying molecules. As revealed
our previous STS and DFT studies, the phenazine dye/graphene
structure with standing up molecules demonstrates an energy
gap of about 0.8 eV [31]. STS experiments performed in the
surface areas with phenazine derivatives oriented preferentially
parallel to the surface revealed an increase in the energy gap,
which could exceed 2.0 eV. Figure 6(a) shows three dI/dV spec-
tra measured in different surface areas containing the phenazine
dye dimers oriented parallel to the surface. The experimen-
tal STS spectra demonstrate that energy gap varies along the
surface and exceeds 0.8 eV substantially in all surface areas
with the phenazine dye derivatives, which are preferentially ly-



Figure 5: 1.5x1.5 nm? STM images of graphene/SiC(001) before (a) and after (b) functionalization. The image in panel (b) shows the surface areas with short-range
order where molecules are oriented perpendicular to the surface. Such kind of nanostructure is formed according to the pathway represented in Figure 1(b). A
schematic representation of standing molecules having the short-range order is presented in (c). Two methyl groups on the side of the phenazine dye derivative
are highlighted by red in (c) because presumably, the current of electrons from their occupied states leads to the observation of the bright protrusions in (b). Panel
(d) shows an overlay of the oblique unit cells from (b) on the graphene lattice. A mismatch of the molecular and graphene cells leads to an in-plane shift of the
molecular cells. Panel (f) shows a schematic representation of lying Neutral Red dimers observed in (e).

ing down. Although the fine structure of the tunneling spectra
varies from one surface area to another, the position of the va-
lence band maximum is approximately the same in all exper-
imental spectra [Fig. 6(a)]. At the same time, the position of
the conduction band minimum shifts by several hundred meV,
indicating local modifications of the electronic structure of the
phenazine dye/graphene composite.

3.4. DFT calculations

For explanation of the experimental STS and photoemission
data and understanding the structural and electronic proper-
ties of the phenazine dye derivatives on graphene/SiC/Si(001)
wafers, fully-relaxed DFT calculations were employed. The
calculated density of electron states (DOS) for the molecules
lying on the graphene surface is shown in Figure 6(b) (black
curve). The model of the phenazine dye/graphene structure
used in the calculations is presented in Figure 6(c,d) (side and
top views). The DFT calculations show that the fully relaxed
molecule on the graphene surface has a bandgap of approxi-
mately 0.74 eV, diverging from the experimental STS and UPS
data demonstrating substantially larger energy gap for the com-
posite structures with molecules lying down on the graphene
surface [e.g., see STS spectra in Fig. 4(a)]. This DFT calcula-
tion considered the molecule in the unit cell to be attached to
an ideal flat graphene surface, without taking into account the

complexity of the molecules’ environment. According to the
STM data [Fig. 5(e,f)], one may anticipate both local deforma-
tions of the molecules because of the roughness of the pristine
nanostructured graphene and conjunction molecules to one an-
other.

In order to simulate the phenazine dye derivatives in a higher
density environment, further calculations were conducted. The
relaxed molecule was compressed in both the in-plane direc-
tions by 5%, 10%, and 15%, and the resulting electronic struc-
ture of these calculations was investigated. The DOS of the
compressed molecules are presented in Figure 6(b) alongside
that of the fully relaxed molecule. The fundamental bandgap is
calculated to be 0.95 eV for 5%, 1.17 eV for 10% and 1.36 eV
for 15%, respectively. It should be noted that the bandgap of the
phenazine dye dimer is increasing with increasing compression
of the molecule [76]. The calculated DOS of the compressed
molecules demonstrate almost unchanged position of the va-
lence band maximum and gradual shift of the conduction band
minimum, which is in qualitative agreement with the results
of the STS experiments [Fig. 6(a)]. This observation suggests
that compressed molecules behave like a p-type semiconductor
[77].

This theoretical compressive study on the molecule demon-
strates how mechanical compression can modify the electronic
properties of the phenazine derivatives. The results of the cal-
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Figure 6: (a) STS spectra measured in different surface areas above phenazine dye derivatives oriented parallel to the surface (indicated A, B, and C in Fig. 4(e)). (b)
Calculated DOS of the lying molecule as function of the molecule compression along x and y directions. (c) and (d) relaxed structure of the phenazine dye dimer

on top of the graphene with side and top views, respectively.

culations can explain the obtained experimental variation of
the bandgap in the composite phenazine dye/graphene structure
with molecules parallel to the surface.

3.5. PEEM imaging

Figures 7(a,b) present UV-PEEM images of graphene grown
on B-SiC(001) before and after chemical modification by the
Neutral Red dye derivatives. Slight intensity variations on mi-
crometer scale for pristine graphene sample [Fig. 7(a)] are justi-
fied by the presence of two types of antiphase domains (APDs)
on SiC(001) substrate [36]. The domains are typical of (-
SiC(001) grown by chemical vapor deposition on silicon wafers
[37, 38]. The crystal structure of the domains is rotated by
90° relative to one another. The APD boundaries can exhibit
a slight variation of the work function, which can be observed
in UV-PEEM images. Investigation of the dye-modified sam-
ple [Fig. 7(b)] shows homogeneity even on a larger scale, de-
spite heterogeneity observed by STM and STS measurements
expressed in observation of two types of nanostructures on the
surface with variable bandgap. However, the heterogeneity en-
countered on the nanometer scale is averaged on the micrometer
scale, which leads to the overall homogeneity of the electronic
properties. Another important observation from the UV-PEEM
data is the absence of non-modified graphene regions. Accord-
ing to XPS measurements, one can observe silicon carbide sub-
strate signal in C 1s core-level spectrum recorded at 700 eV
photon energy [Fig. 2(a)]. Taking into account the inelastic
mean free path of photoelectrons in this case (~ 2 nm), we
can conclude that the introduced dye-containing layer is thin-
ner than 2 nm. Even though, there are no surface regions not
covered by the phenazine derivatives after the multistep sample

cleaning procedure. Figure 7(c) displays a comparison of sec-
ondary electron spectra taken from graphene before and after
the chemical modification. The kinetic energy position of the
onset of the secondary electron signal allows determining the
sample work function. One can see that chemical modification
of graphene on 5-SiC(001) leads to a noticeable work function
increase from approximately 4 eV to 4.3 eV, indicating elec-
tronic properties modification as a result of functionalization.

4. Conclusions

A method of functionalization of graphene synthesized on §-
SiC/Si(001) wafers based on the chemistry of diazonium com-
pounds has been discussed. The advantages of this method
are its simplicity, the high degree of functionalization, and
the relatively short reaction time. Neutral Red dye/graphene
composite has shown high stability verified by XPS measure-
ments after sonication and annealing in ultra-high vacuum con-
ditions. STM and NEXAFS studies have demonstrated that
dye molecules can form different locally ordered structures
with molecules oriented almost parallel or perpendicular to the
surface. In the latter case the molecules are standing up on
the graphene surface and exhibit a short-range order with ei-
ther rectangular or oblique unit cell. In the former case, the
dye molecules form planar dimer structures bound with the
graphene/SiC(001) sample. UV-PEEM imaging proves the ho-
mogeneity of the system on a large scale. STS measurements
and secondary electron cutoff revealed a modification of the
electronic structure during the functionalization, which results
in the emergence of a bandgap in the density of states of the
phenazine dye/graphene system in some cases exceeding 2 eV
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Figure 7: UV-PEEM images of graphene grown on 8-SiC(001) before (a) and after chemical modification by the Neutral Red organic dye using the diazonium
chemistry approach. (c) Secondary electron cutoff, which represents the work function change as a result of the chemical modification of graphene/SiC(001).

and a change of the work function. According to the DFT calcu-
lations, the local variations of the bandgap in the functionalized
graphene may be related to deformations of the molecules in
the composite structure. Besides, XPS and UPS analysis shows
that the bottom layers of the few-layer graphene remain intact,
which inherently makes the synthesized layered composite a
low-dimensional metal/semiconductor heterostructure.
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