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Abstract

Semiconducting graphene is pivotal in the advancement of nanoelectronics due to its
unique electronic properties. In this context, silicon carbide (SiC) surfaces have been
proposed as ideal supports. Our study aims to evaluate the suitability of SiC coated
with graphene for technological application, employing many-body perturbation theory
to investigate the electronic structure and optical properties of graphene-covered 4H-
SiC surfaces. Our analysis reveals that pristine 4H-SiC surfaces with dangling bonds
exhibit a reduced transport gap and enhanced optically active states within the visible
spectrum when compared to bulk 4H-SiC. The strong interfacial interactions resulting
from the adsorption of a single graphene layer significantly alter graphene’s dispersion,
yielding a semiconducting interface with modified optoelectronic properties. While

the addition of a second layer restores the Dirac dispersion, the two polar faces of the



underlying 4H-SiC can induce either metallic n-type doping or behavior similar to free-
standing graphene at the interface. Furthermore, We also investigate the adsorption
of a molecular electron acceptor on SiC coated with one and two graphene layers. Our
findings reveal notable renormalization of the molecular energy levels upon adsorption,
leading to the formation of distinct new optically excited states. Additionally, we ob-
serve an upward shift in the Fermi level, suggesting partial surface charge transfer and
effective p-type doping. The tunable doping characteristics and optical profiles across
various energy ranges highlight the potential of graphene-covered 4H-SiC surfaces as

versatile materials for a wide range of technological applications.

Introduction

Polytypes of SiC (silicon carbide) have garnered significant attention from the scientific
community due to their unique properties and versatility. Among various intrinsic appli-
cations,! SiC surfaces have been proposed as ideal substrates for the growth of graphene
layers (GLs).% '3 Notably, the formation of GLs on different SiC polytype surfaces is highly

dependent on the underlying crystal structure.®!? For instance, the epitaxial GLs on hexag-

14,15 16,17

onal polar,” ' nonpolar, and cubic surfaces exhibit notably different characteristics,

caused by surface charge transfer.®*7 1! Consequently, various configurations of GL/SiC
interfaces have been proposed for vast numbers of technological applications.% 113

In this work, we focus on the hexagonal 4H-SiC surface with two polar faces: the C-
terminated (0001) and the Si-terminated (0001). These surfaces are commonly used in the
fabrication of semiconductor devices and multi-layer heterostructures.” ' The growth of
epitaxial GLs on these substrates begins with the formation of a buffer layer (BL), which
is covalently bonded to the substrate and lacks the semi-metallic dispersion of freestanding
graphene.®"%18:19 Nonetheless, subsequent GLs retain the pristine graphene features, though

with different work functions, resulting in a metallic interface with n-type doped character-

istics on the Si-terminated face and properties closer to freestanding graphene, including



a semi-metallic zero-gap band structure, on the C-terminated face. In parallel with these
experimental observations, standard density functional theory (DFT) has been widely used
to identify the corresponding electron energy spectra and the nature of the interactions at
the interface: strong interactions for the BL/SiC interface and weak van der Waals (vdW)
interactions for the subsequent GLs. %1220

Considering the potential applications of graphene-covered SiC surfaces in optoelectron-
ics, accurate descriptions of their electronic structure and optical absorption spectra are still
relatively rare, with most studies focusing on bulk and clean surfaces of SiC polytypes.2! 24
Here, we employ many-body perturbation theory to thoroughly investigate the optoelec-
tronic features of both polar faces of 4H-SiC, with and without GLs. Given the complex
orbital-dependent properties of hexagonal SiC crystals,?? it has been demonstrated that GW

% are crucial for achieving accurate quasiparticle results, thanks to the dynami-

corrections
cal electronic correlation effects accounted for in the method.?¢ Reliable optical absorption
spectra can be obtained by applying quasiparticle corrections and incorporating bound exci-
tonic effects in the electron-hole (e-h) coupling. To achieve the latter, we integrate our GIW
results with the solution of the Bethe-Salpeter equation (BSE).?® This approach provides
precise estimations of both charged and neutral excitations, required for the quantitative
description of quasiparticle and absorption spectra, often showing excellent agreement with
experimental results.2123:2426:27 We also employ DFT and its time-dependent extension using
the hybrid Heyd-Scuseria-Ernzerhof (HSE) functional, which incorporates screened Coulomb
interactions and a fraction of exact exchange for short-range interactions.?® Although the
HSE functional provides a more accurate description of the electronic bandgap than purely
(semi-)local functionals, it may suffer from deficiencies in describing long-range e-h interac-
tions, thereby limiting its ability to characterize bound excitons accurately.? 3! Despite this
limitation, the HSE functional can still produce reasonable continuum spectra.®
Charge-transfer driven by molecular adsorption on free-standing graphene has been widely

recognized as a promising method for compensating excess negative charges in epitaxial



monolayers. 133233 Likewise, molecular adsorption on the GL/SiC interfaces could poten-
tially modify the electronic structure, offering valuable insights into the rearrangement of
the electron density and possible interfacial charge transfer. Building on recent studies, 324
we investigate the adsorption of the electron-accepting molecule F6TCNNQ (2,2/—perﬂu0ro—
naphthalene-2,6-diylidene dimalononitrile, also known as F6-TNAP?3*) on GL/SiC interfaces.
Our focus is on the SiC(0001) underlying surface, for which the formation of high-quality
GLs with larger domain sizes and significantly improved charge carrier mobility has been
observed. "12* As we demonstrate, a suitable bandgap size upon adsorption of the BL, and
pristine-like (neutral) characteristic of the ensuing GLs, make the C-terminated substrate an
excellent candidate to fine-tune the optoelectronic properties of GL/SiC interfaces through
the adsorption of molecules whose substrate-dependent energy levels can introduce trap or
recombination centers within the substrate.

This article begins with a brief review of the computational methods, followed by a
comprehensive analysis of the quasiparticle and absorption spectra of the two polar faces of
the clean 4H-SiC surface. Next, we evaluate the impact of adsorbing one and two GLs onto
the 4H-SiC surfaces, highlighting key features in the band structures arising from interfacial
interactions, charge transfer, and doping effects. Additionally, we illustrate how surface
states and interface interactions modulate the optical properties. Finally, we discuss the
adsorption of the F6TCNNQ molecule on the GL/SiC interfaces, demonstrating a significant
renormalization of the adsorbate energy levels driven by the surface-induced screening. This
renormalization leads to distinct optically excited states associated with the hybridization of
molecular and substrate states, as well as p-type doping. The tunable p- or n-type doping
characteristics of graphene-covered SiC surfaces make them highly versatile for advanced

applications in optoelectronics and interface engineering.



Computational Details

Our primary substrate is hexagonal 4H-SiC, modeled using the experimental lattice con-
stants as outlined in our previous study.?* Experimentally, GLs grown on C-terminated
4H-SiC exhibit a complex periodicity of v/3 x v/3R30° (abbreviated as v/3R),* %35 while on
the Si-terminated face, the larger 64/3 x 61/3R30° reconstruction covered by a 13x13 GL has
been observed.*'? Although this latter configuration provides stress-free alignment at the Si-
terminated interface, the large number of atoms in the primitive cell makes computational
studies costly, even at the mean-field level.?0 To facilitate higher-level theoretical studies
while keeping computations tractable, we employed the same v/3R reconstruction commen-
surated with four graphene unit cells for both polar faces of the 4H-SiC surface, along with a
vacuum interval of 14 A, as shown in Supporting Information (SI) Figure S1. This simplified
interface model, implying an elongation in the atop GL, is widely regarded as a practical
approximation with no significant modification in the electronic structure compared to that
of freestanding graphene. 12

To investigate the adsorption of the F6TCNNQ acceptor, we focus on the C-terminated
4H-SiC covered by GL(s). Given the size of the FETCNNQ molecule, our adsorption energy
studies indicate that a 3x3 primitive cell of the V3R reconstruction is necessary to minimize
interactions among periodic images of the adsorbate. Moreover, we previously demonstrated
that the electronic structure exhibits only minor changes as the number of SiC bilayers
varies.?* Specifically, our detailed analysis at the DFT-HSE level, as shown in SI Figure S2,
confirms minimal variations in bandgap and near-Fermi band structures for models with
three and five SiC bilayers. Therefore, a 3x3 three-SiC-bilayer supercell model was used to
mitigate the computational cost of molecular adsorption. It is worth noting that the Dirac
cone of freestanding graphene appears at the I'-point when their primitive cell is 3N x 3N
(N is an integer).37:38
The geometry optimization of all studied systems was carried out using spin-polarized

DFT-HSE, as implemented in the VASP code.?® We applied projector augmented wave po-



tentials along with the Grimme-D3 correction® for vdW interactions. A plane wave cutoff
energy of 400 eV and a I'-centered 8x8x1 k-point grid were used, ensuring total energy
convergence and interatomic forces were below 10~° eV and 0.005 eV /A, respectively. For
substrates with the F6TCNNQ adsorbate, the HSE equilibrium geometry was obtained us-
ing single T-point sampling and a force convergence criterion of 0.01 eV /A, while the actual
HSE calculations were performed using a 2x2x1 k-point grid. All HSE band structures were
explicitly computed along a specified k-path given by Ref.4!

To compute the GW quasiparticle corrections, we used the perturbative one-shot GyW)
approach.?® This involved constructing non-interacting Green’s functions (Gy) based on
mean-field Perdew-Burke-Ernzerhof (PBE) and HSE solutions, with the dynamical screened
interaction (Wj) obtained at the random phase approximation (RPA) level. For pristine and
GL-covered surfaces, GoW, calculations were conducted using VASP with an 8 x 8 x 1 mesh
sampling and a total of 1240 bands, provided a convergence of 0.1 eV in the direct bandgaps.
The electronic band structures along the specified k-path were obtained by interpolating the
initial quasiparticle energies using localized Wannier functions.*? Optical absorption and ex-
citonic properties were subsequently calculated by solving the BSE within the Tamm-Dancoff
approximation (TDA),?¢ considering 12 bands on either side of the Fermi level. The same
number of e-h states were used for solving the Casida equation®® to obtain time-dependent
DFT-HSE (TDHSE) spectra.

The GW calculations for the surface involving FETCNNQ were performed using the
BERKELEYGW package,*3 with DFT-PBE input provided by QUANTUM ESPRESSO. % Norm-
conserving pseudo-potentials with a kinetic energy cutoff of 120 Ry were applied. The
frequency dependence of the dielectric function was modeled using the plasmon-pole ap-
proximation,?® with a 2 x 2 x 1 sampling grid and a cutoff energy of 14 Ry. A total of
3000 bands were included, covering approximately 30 eV above the Fermi energy. The BSE-
TDA spectrum was calculated using 14 occupied and 18 empty bands, with the BSE kernel

interpolated to a finer Brillouin zone sampling of 8 x 8 x 1.



The quasiparticle and optical properties of isolated F6TCNNQ were calculated using the
all-electron MOLGW code?® with a cc-pVQ( basis set. Given the lower computational cost in
the gas phase, quasiparticle energies at the GoW, level were computed using both semi-local
and hybrid starting points. Additionally, the eigenvalue-only self-consistent GW (evGW)
scheme was employed, with iterative corrections to the energies until the gap converged
to within 0.01 eV. Note that the quasiparticle energies of the lowest unoccupied molecular
orbital (LUMO) and highest occupied molecular orbital (HOMO) of an isolated molecule
can be directly linked to the negative electron affinity (EA) and ionization energy (IE),
respectively. 2546 Optical absorption spectra, averaged over the three Cartesian components,

were obtained by diagonalizing the BSE-TDA solutions.

Results & Discussion

Pristine 4H-SiC Surfaces

We begin our study by investigating the clean surfaces. The reconstructed 4H-SiC(0001)
surface, as illustrated in Figure 1la, was modeled with five SiC bilayers whose topmost layer
consists of three C atoms, whereas the down-most Si atoms on the opposite side are H-
passivated. HSE-relaxed geometry indicates that the unpaired C atoms in the topmost layer
have a bond angle of 114° with the adjacent Si atoms, which is approximately 4% larger than
the corresponding angles among Si-C-Si atoms in the lower layers. This increase results in a
vertical distance of 0.42 A (2.35 A) between the topmost C layer and the lower Si (C) layer,
which is 0.15 A less than the distance in other layers. The other polar face, 4H-SiC(0001),
was similarly modeled with five bilayers, with three unpaired Si atoms in the topmost layer
and H-saturated carbon atoms in the opposite face. Equilibrium HSE geometry for this
model reveals minor changes of approximately 1% in topmost C-Si-C bond angles, resulting
in an almost negligible variation in the interlayer distances.

The three dangling bonds on the C-terminated face impose three singly occupied states



subsequent GL. The green hexagon outlines the v/3R primitive cell. Red and black balls
represent Si and C atoms. The black and silver sticks illustrate the BL. and the subsequent
GL, respectively.

(with a dominant role of p, states) in the band structures, as depicted in Figure 2a by using
three levels of theory. Compared to bulk 4H-SiC, which has an indirect gap of 3.29 eV
and a direct gap of 4.56 eV (6.16 eV) at the M-point (I-point),** the presence of these in-
gap states leads to notable changes in the electronic structure of the 4H-SiC(0001) surface.
The three theoretical approaches indicate the presence of a spin-down direct gap at the I'-
point, with values listed in Table 1. As previously suggested,?! the semiconducting ground
state points toward the occurrence of a Mott-Hubbard transition associated with a splitting
corresponding to the on-site Coulomb repulsion energy. Our results similarly reveal a sizable
splitting among the dangling-bond-induced states; while the HSE and GoW,QPBE methods
suggest a mean splitting of 1.7 eV, the GoW,@QHSE approach predicts a 0.5 eV larger value.
Moreover, the dispersion of these in-gap states at the HSE level shows an increase of 0.5
eV (0.2 eV) for the occupied (empty) bands compared to those of the PBE. By applying
the quasiparticle correction, this dispersion has been slightly increased, particularly for the
empty states, for which appropriately accounting for the correlation energies is crucial.

For the reconstructed 4H-SiC(0001) surface, the optical absorption spectra are shown in
Figure 2b. Compared to bulk 4H-SiC, which exhibits an absorption onset in the ultraviolet
(UV) region,?224 the C-terminated surface displays a pronounced red-shift and a broadened
absorption spectrum that extends into the visible energy range. From a theoretical perspec-
tive, it is noteworthy that the optical structures predicted by TDHSE and BSE-G,W,@QHSE

are in close agreement. The BSE-G(W,@QHSE calculations predict an absorption onset at
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Figure 2: (a) The electronic band structures of 4H-SiC(0001) obtained using three theoretical
approaches. Spin majority and minority are represented in red and blue, respectively, with
the VBM set to zero energy. (b) The corresponding optical absorption spectra, broadened
using a Gaussian factor of 0.08 eV. The e-h eigenvalues involved in the excitations at the
first two peaks are depicted by green and black circles, with magnified radii for clarity,
representing the absolute value of the coupling coefficients.

1.39 eV, corresponding to a substantial exciton binding energy (e,) of 880 meV, followed
by prominent peaks at 1.7, 2.2, 2.8, and 3.2 eV within the visible range. In comparison,
TDHSE calculations estimate a slightly blue-shifted optical onset at 1.59 eV, reflecting a
much smaller ¢, of 30 meV, with strong transitions at 1.8, 2.2, 2.6, and 3.1 eV. Both meth-
ods reveal qualitatively similar characteristics for these transitions. Specifically, for the two
lowest-energy peaks, the e-h contributions with the largest coupling coefficients, illustrated
by the circles in Figure 2a, predominantly reside in the spin-down channel and correspond
to transitions from hole states at the bulk-like SiC valence edge to unoccupied in-gap sur-
face states. The BSE-GyWy@QPBE spectrum, while qualitatively similar to those obtained
using TDHSE and BSE-G W QHSE, exhibits a significant red-shift, with the first two peaks
appearing in the near-infrared (NIR) region. Despite this shift, the e-h contributions re-
main consistent with those identified in the other two approaches. Therefore, it implies that
this red-shift arises directly from differences in quasiparticle bandgaps and points to the
well-known starting-point dependency within the one-shot GW approach. 4

Figure 3 presents the electronic structure and optical characteristics of the Si-terminated
4H-SiC(0001) surface, derived from the same three theoretical levels. The band structures

indicate three singly occupied states resulting from the dangling bonds of the top Si atoms,
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Figure 3: (a) The electronic band structures and (b) the optical absorption spectrum of
4H-SiC(0001) obtained using three different methods.

exhibiting a slightly larger splitting than seen in the C-terminated surface in Figure 2a. Fur-
thermore, the occupied surface states in the Si-terminated surface demonstrate a separation
of 0.5-0.7 eV from the bulk states, aligning with the photo-electron measurements.!? This
can be linked to the delocalization of Si dangling bonds and their higher energy compared to
C atoms, which results in an upward shift of the Fermi energy and a reduced work function
(see Table 1). Consequently, the band structures across the three theoretical levels indicate
that the 4H-SiC(0001) surface possesses larger direct gaps than its C-face counterpart (see
direct band gaps in Table 1). This difference contributes to a blue-shifted optical spectrum
of 4H-SiC(0001), illustrated in Figure 3b. The e-h states related to the greenish onset and
the first peak within the visible spectrum derive contributions from the band edges in both
spin channels. The magnified green and black circles in the band structures highlight these

contributions.

Graphene adlayer on the 4H-SiC surfaces

The most energetically stable stacking order of GL/4H-SiC(0001) is illustrated in Figure 1b.
At the interface, two carbon atoms of the surface are covalently bonded to the overlying GL,
while the third atom, referred to as the C-deficient atom (Cp), is positioned below the hollow
site of the graphene ring and remains with a dangling bond. The HSE geometry optimization

indicates a bond length of 1.62 A among bonded carbon atoms at the interface, in excellent
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Table 1: Work functions (®) and direct bandgap energies at the I" and M points, calculated
for the majority (minority) spin channel using various theoretical approaches. The ® values
were obtained at the DFT-HSE level. All values are in eV.
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agreement with experimental measurements,® while the Cp atom relaxes outward. This
results in a corrugation of 0.4 A on either side of the interface, with a mean separation of
2.4 A between the GL and the substrate. The stacking of the GL on the Si-terminated face
follows a similar pattern: at the interface, the Si atom beneath the graphene hollow site,
known as the lonely Si (Sip), includes one unpaired electron per unit cell, while the other
two Si atoms form direct bonds with graphene atoms, with a bond length of 2 A, which is
6% longer than the corresponding bonds in the lower layers. Consequently, the equilibrium
geometry shows a corrugation of 0.3 A at the interface. The formation of covalent bonds at
both C- and Si-terminated interfaces, combined with the distorted geometry, suppresses key
features of free-standing graphene and causes the graphene adlayer to behave as a BL. 71224

Figure 4a shows the electronic band structure of 4H-SiC(0001) covered by the BL obtained
with three different methods. Notably, the presence of a singly occupied state, induced by
the p, state of the Cp atom, along with BL bands at the edges (see thicker lines in the
HSE band structure), maintains the insulating phase of the substrate. Despite variations
in bandgaps across different theoretical approaches, as listed in Table 1, we confirmed that
the spatial distributions of the associated orbitals are comparable. For the Cp-induced
state, moreover, all band structures reveal a strongly localized characteristic with a small

dispersion of 0.1 eV and a mean splitting of 2, 2.5, and 2.9 eV at the GoW,QPBE, HSE,
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Figure 4: (a) The electronic structure and (b) optical properties of the BL/4H-SiC(0001).
In the HSE band structures, the contribution of the BL is highlighted with thicker lines.
For the three optical absorption spectra, the e-h contributions involved in the excitations
at the first and second peaks are represented by green and black circles, respectively, with
magnified radii for clarity.

and GoW,QHSE levels, respectively. Compared to the clean surface in Figure 2, the smaller
band dispersion of the Cp-induced state can be attributed to the passivation effect imposed
by the BL, which reduces the influence of the SiC substrate on the unbound atom, resulting
in stronger localization of the state.

The optical absorption spectrum of the BL/4H-SiC(0001) is shown in Figure 4b. All
computed spectra exhibit a clear trace in the visible energy window. TDHSE and BSE-
GoWy@QHSE are in close agreement, suggesting two peaks at about 2.9 and 3.4 eV. Examining
the involved e-h states, we found that these two excitations mainly stem from transitions
between the spin-down valence bands and the unoccupied Cp state, as visualized by green
and black circles on the band structures. The 3.4-eV transition additionally features some
excitations with holes at the occupied Cp state. We should also note that the onset in
TDHSE and BSE-G W,@HSE spectra falls at 2.7 eV, showing the same origins as the 2.9 eV
excitation but with holes confined in the I'-point valence band maximum (VBM). The BSE-
GoWy@PBE spectrum, on the other hand, qualitatively aligns with the two other spectra,
with a systematic red-shift of 0.5 eV, linked mostly to gap differences, and shows the typical
starting-point dependence of the GyW, approximation.?26:46

Now we focus on the electronic structure of the Si-terminated 4H-SiC surface covered

12
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Figure 5: The electronic structure and optical properties of BL/4H-SiC(0001).

by a BL. Like previous calculations,? DFT-PBE calculations for this system predict a half-
metallic ground state, with the upward-shifted Fermi level pinned by the Sij, state near
the conduction band edge (see SI Figure S3). However, calculations using the hybrid HSE
functional in Figure ba reveal a semiconducting ground state with Siy, states being well-
separated on either side of the bandgap (see bandgap values in Table 1). The discrepancy
between the PBE and HSE predictions can be attributed to the limitations of the semilocal
PBE functional, known to underestimate electronic correlations and misrepresent exchange
interactions, particularly in systems with strong electronic localization or correlation effects.
Thus, we place greater confidence in the HSE-derived semiconducting ground state, followed
by the GoWj quasiparticle corrections that further refine the energy levels and validate the
gap characteristics.

Due to the delocalization of the Si surface states, as discussed for the corresponding clean
surface, the dangling-bond-induced states exhibit greater dispersion with smaller splitting
compared to the Cp state in Figure 4. This indeed indicates strong interactions at the
interface between the Si-terminated face and the BL, leading to the charge transfer associated
with an upward shift of the Fermi level, conferring n-type characteristics to the BL. Although
the BL lacks the characteristic Dirac cone, a comparison of the bulk states in the band
structures of the two polar faces in Figures 4 and 5 clearly shows the shift in Fermi energy
(and the consequent impact on the work function) on the Si-terminated face compared to

the C-terminated face. Furthermore, Bader charge analysis indicates that the BL on the
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Si-terminated face gains an excess charge of 1.21 electrons, primarily accumulated on the
atoms bonded to the two Si atoms at the interface, while the BL on the C-terminated face
remains nearly neutral.

The optical absorption spectra are depicted in panel b of Figure 5. Similar to previous
cases, there is a remarkable agreement between the TDHSE and BSE-G,W,@QHSE spectra.
Despite the differences in bandgap values estimated by HSE and GoW,@HSE, this consis-
tency indicates the significant ¢, of 0.6 eV in the BSE solution. Consequently, the theoretical
optical absorption spectrum of BL/4H-SiC(0001) spans a broad range, with a strong infrared
onset at approximately 0.4 eV (3100 nm) and additional peaks at 0.76 and 1 eV. The e-h
coupling coefficients of these excited states, represented by circles in the corresponding band
structure, indicate transitions from the singly occupied Sip, state to the conduction band
edge within the spin-majority channel. Importantly, the bulk-like hole states contribute
dominantly to the absorption spectra at around 2.86 eV, closely resembling the absorption

profile of the pristine surface.

BL/4H-SiC coated with an additional graphene layer

The adsorption of an additional GL in the Bernal configuration (the stacking pattern of
graphite) is found to be the most energetically favorable arrangement.®%!2 Analyzing the
HSE equilibrium geometry for both polar faces reveals that adding a second GL leads to
negligible changes in the underlying structure. This is indeed consistent with the nearly
planar structure of the second GL, which maintains a mean distance of 3.32 A and 3.46 A from
the BL on Si- and C-terminated 4H-SiC, respectively. For comparison, the experimental
value for the graphite interlayer distance (at room temperature) is determined to be 3.4
A (3.6 A).33 As a result of the weak vdW bonding between the GL and the BL/4H-SiC,
the characteristic graphene dispersion is expected to be preserved.

The HSE band structure of GL/BL/4H-SiC(0001) in Figure 6a confirms the appearance

of the Cp states on either side of the Fermi level alongside the graphene-like dispersion.
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Figure 6: The HSE band structure of the (a) C-terminated and (b) Si-terminated faces of the
V3R 4H-SiC covered by two GLs. Thicker lines highlight the contribution of the topmost
GL.

Similar to freestanding graphene, the C, orbitals in the topmost GL evolve into delocalized
m — w* states at the band edges, resulting in the Dirac crossing-point and semi-metallic
characteristics. It is also worth noting that the GW corrections applied on top of PBE
and HSE yield a similar zero-gap band structure, as shown in SI Figure S4, with a more
pronounced dispersive nature and slight variations in the Cp energies.

The adsorption of the subsequent GL on the BL/4H-SiC(0001), as shown in Figure 6b,
also exhibits a graphene-like dispersion intersected by Siy, states. However, HSE calculations
reveal a downward shift in the Fermi energy by 0.6 eV, indicating a pronounced n-type
characteristic in the topmost GL. This result is consistent with recent UV-excited ARPES
measurements, '3 which point to intrinsic n-type doping, with the Fermi energy positioned
approximately 0.42 eV above the Dirac point. Applying Bader charge analysis, we found
that the topmost GL accumulates an extra charge of 0.32 electrons, primarily on atoms
positioned directly above the BL atoms. Compared to similar analysis for the BL/SiC
system, this excess negative charge on the GL is donated from both the underlying BL and

the Sii, atoms.
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Adsorption of the F6TCNNQ on the graphene layer(s)/SiC inter-

face

The adsorption of the FETCNNQ acceptor was studied on 3x3 three-SiC-bilayer supercells
covered by one and two GLs. For both substrates, the most stable adsorption site is achieved
when the benzenoid rings of FETCNNQ are positioned directly above the C—C bond of the
lower GL, as detailed in SI Figure S5. In this configuration, the minimum distance between
periodic images of the adsorbates exceeds 4 A. In the HSE-optimized models, the adsorbate
adopts an almost planar structure with slightly anchored cyano and fluorine ligands, main-
taining an average separation of 3.3 A from the lower GL/BL. This distance, comparable

to the interlayer spacing in graphite, suggests similar weak vdW interactions between the

substrate and the F6TCNNQ molecule.
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Figure 7: Quasiparticle energies obtained by G¢W,@QPBE and the corresponding optical
absorption lines for the freestanding F6TCNNQ molecule. Occupied and unoccupied states
are indicated by red and green vertical bars, respectively, and the spatial distributions of the
HOMO and LUMO orbitals are illustrated. The experimental absorption spectrum, shown
by the black solid curve, is adapted from Ref.3*

Extracting the geometry of the F6TCNNQ molecule from the equilibrium models; we
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have computed the quasiparticle and adsorption spectra for the freestanding adsorbate, as
shown in Figure 7. The GoW,@PBE quasiparticle spectrum indicates a gap of 3.93 eV (IE =
8.48 eV and EA = 4.55 eV) and the corresponding BSE-estimated absorption shows a strong
excitation at 2.37 eV (e,=1.56) attributed to the dominant HOMO-to-LUMO transition. The
latter agrees well with the given UV-visible spectrum3! (solution absorbance in CH,Cly),
particularly for the first peak at 2.58 eV (481 nm). In SI Figure S6, we also gathered the

quasiparticle and optical spectra obtained using hybrid starting points, as well as those

obtained through the evGW scheme, which perfectly align with the available experimental

data.
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Figure 8: (a) Spin-polarized band structures and (b) the corresponding optical absorption
spectra of FETCNNQ on BL/4H-SiC (0001). Projected bands onto the F6TCNNQ states
are illustrated by green lines. (c¢) The spatial distribution of excitons corresponding to
excitations at 0.7 eV and 2.15 eV in the BSE spectrum.

For FETCNNQ on BL/4H-SiC(0001), we computed the electronic structure and optical
properties using two approaches, as illustrated in Figure 8. The HSE results reveal that
the splitting and band dispersion of the localized Cp states are similar to those of the clean
substrate, shown in Figure 4. By projecting the molecular states, we identified the localized
LUMO of the adsorbate at 0.45 eV above the VBM, while the HOMO hybridizes with
multiple states of BL/SiC, positioned approximately 1 eV below the VBM (see green lines in
the band structure). Consequently, the HSE results indicate that the HOMO-LUMO gap of

F6TCNNQ on the substrate is approximately 1.45 eV, which is close to that of the isolated
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molecule (see the HSE-DOS of the molecule in SI Figure S5). This surface-independent
gap underscores the inability of the HSE functional to account for image charge effects and
substrate-induced screening, which can significantly influence adsorbate energy levels.*” To
capture these effects, we performed GyWy@QPBE calculations, as performing GoW,@QHSE for
such a large system is computationally prohibitive. The quasiparticle correction preserves a
qualitatively similar electronic structure, with the splitting between Cp, states being smaller
than that obtained from HSE, yet still consistent with the results shown in Figures 2—
4. However, upon inspecting the adsorbate’s frontier orbitals in the quasiparticle band
structure (Figure 8a), we find that the LUMO is located at 1.4 eV, while the HOMO is
positioned at —1.1 eV. As a result, the quasiparticle HOMO-LUMO gap of the F6TCNNQ
molecule adsorbed on BL/4H-SiC(0001) is 2.5 eV, significantly reduced compared to the
quasiparticle HOMO-LUMO gap of the isolated molecule in Figure 7, which is 3.93 eV at
the same level of theory. This substantial renormalization of the adsorbate gap highlights
the critical role of substrate-induced screening effects, which are effectively captured by the
GW approach. 244748

Compared to the absorption spectra of BL/4H-SiC(0001) shown in Figure 4, molecu-
lar adsorption on this surface introduces a new optical profile, as illustrated in Figure 8b.
TDHSE reveals distinct excited states ranging from 1.3 to 1.7 eV (NIR region), with the
involved e-h states indicating intermolecular transitions between the hybridized HOMO and
the LUMO of the adsorbate. The GyWy-RPA (without e-h interactions) provides a qualita-
tively similar optical structure within the visible energy range, although with a noticeable
blue shift (see SI Figure S8). This indeed confirms that the quality of near-edge orbitals,
especially those influenced by the adsorbate, is comparable in both the PBE and HSE solu-
tions.

Applying quasiparticle corrections and incorporating bound excitonic effects, the GoWj-
BSE spectrum displays well-separated excitations at lower energies, with a main peak at

0.75 eV, showing a localized characteristic of the adsorbate LUMO when examining the
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corresponding exciton wavefunctions (see Figure 8c). Considering the quasiparticle adsorbate
gap of 2.5 eV, therefore, the strong €, associated with this excitation suggests typical Frenkel-
like intermolecular characteristics. Additionally, the BSE spectrum reveals three distinct
peaks at 2.15, 2.65, and 3.45 eV. Given the similarity between these excitations and those
on the clean BL/4H-SiC surface (see Figure 4), the enhanced intensities can be attributed
to the contribution of the LUMO of the adsorbate. For example, the spatial distribution of
the 2.15-eV exciton in Figure 8c highlights the combined contributions of the Cp electron
states and the LUMO of the adsorbate.

Finally, we examine the qualitative effects of F6TCNNQ adsorption on the 4H-SiC(0001)
surface coated with two GLs. Given the metallic nature of this system at the mean-field
level, an accurate quasiparticle description using semi-local PBE and hybrid HSE functionals
would typically require a GW approach with at least partial self-consistency. However, due
to the prohibitive computational demands of applying GW methods beyond the one-shot
approach to such a large system, we limit our analysis to the DFT-HSE results. Nonetheless,
the DFT-HSE approach, which incorporates a portion of the exact exchange, can model
long-range interactions and hybridization in interfaces with complex vdW characteristics,
offering a better representation of charge transfer compared to standard DFT, which tends
to overestimate the degree of hybridization between the molecular orbitals and the substrate
states (see DFT-PBE results in SI Figure S9).

The HSE band structure of the FETCNNQ/GL/BL/SiC system is shown in Figure 9.
While the graphene-like bands on either side of the Fermi energy intersect the Cp states with
the same energy splitting as observed on the clean surface (see Figure 6), the projected states
of the adsorbate similarly show surface-independent energy discretization. Upon F6TCNNQ
adsorption, the most prominent feature is a 0.25 eV upward shift in the 7 — 7#* bands of
the topmost GL, accompanied by a small splitting pinned by the LUMO of the adsorbate.
This shift of the Dirac point above the Fermi level indicates p-type hybridization and partial

charge transfer from the substrate to the adsorbate. The hybridization between the topmost
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Figure 9: (a) The HSE band structure of F6TCNNQ on GL/BL/4H-SiC (0001), with pro-
jected molecular states illustrated by green lines. The Fermi energy is set to zero. The
isosurfaces of the HSE orbitals for (b) the adsorbate HOMO, (c) the graphene-m band, and
(d) the adsorbate LUMO.

GL and the adsorbate is further illustrated by the spatial distribution of the GL, state and
the LUMO of the adsorbate, as shown in Figures 9c-d. Bader charge analysis supports this,
revealing a partial charge transfer of 0.37 electrons from the substrate to the F6TCNNQ.
Similar findings have been reported for FATCN(Q adsorbed on freestanding graphene, where
partial charge transfer and a partially filled adsorbate LUMO results in an interface dipole,

increasing the system’s work function.20:3849

Conclusion

We performed GW plus Bethe-Salpeter equation calculations for the two polar faces of 4H-
SiC, coated with one and two graphene layers. For pristine surfaces, our results indicate
that the semiconducting nature of the bulk is retained, albeit with a reduced fundamental
gap, resulting in absorption spectra within the visible range. The adsorption of the first
graphene layer, forming covalent bonds with the SiC substrate, induces a significant change
in the electronic structure, with band gaps ranging from 1 eV on the Si-terminated face to

2.2 ¢V on the C-terminated face. This variation is attributed to differences in work function
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and stronger interfacial interactions on the Si-terminated face, leading to a broader optical
absorption spectrum with an onset in the mid-infrared region. The adsorption of a second
graphene layer restores the characteristic graphene dispersion. However, a downward shift
in the Fermi level on the Si-terminated face indicates n-type doping, whereas the graphene
layer adsorbed on the C-terminated face remains neutral, with the Fermi energy aligned at
the Dirac point, exhibiting a semi-metallic nature.

For the C-terminated 4H-SiC coated with graphene layers, we also investigated the ad-
sorption of the electron-accepting F6TCNNQ molecule. Our results show that the renormal-
ized LUMO of the adsorbate, positioned within the bandgap of the substrate, leads to the
emergence of new optically excited states. These excitations, well-separated from the surface
states, offer desirable wavelength selectivity for optoelectronic applications. Additionally,
molecular adsorption on SiC(0001) coated with two graphene layers clearly demonstrates
p-type doping at the interface, resulting from partial charge transfer from the substrate to
the adsorbate.

From a theoretical perspective, our findings on the optical properties of SiC and Gr/SiC
systems show close agreement between the TDHSE and BSE-GW@HSE results. For molec-
ular adsorption, however, employing a GW scheme is crucial for accurately capturing the
effects of surface screening on the energy levels of the adsorbate.

In conclusion, our comprehensive theoretical study highlights the potential of graphene/SiC
interfaces for effectively modulating optoelectronic properties. Additionally, the fine-tuned
p- and n-type doping mechanisms at these interfaces offer precise control for various tech-

nological applications.
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