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Bias voltage induced n- to p-type transition in epitaxial bilayer graphene on SiC
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We show by extensive first-principles calculations that an n- to p-type transition in epitaxial bilayer graphene
can be induced by applying bias voltage on C-terminated SiC substrate, but cannot occur on Si-terminated SiC.
Bias voltage can cause enough charge transfer between top and bottom graphene layers on C-terminated SiC
to shift the Dirac level below or above the Fermi level. On both C- and Si-terminated SiC, change in interlayer
spacing of the epitaxial bilayer graphene produces charge redistribution that leads to large increase in the
energy gap, but cannot raise the Dirac level efficiently. The surface terminated condition or properties of
substrate are of essential importance in possible gate tuning electronic behavior of epitaxial graphene on it.
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Graphene systems attract considerable scientific interest
for their intriguing properties.!™ Both free-standing single-
layer and bilayer graphene have zero-gap, and the m-orbitals
orthogonal to the graphene planes are responsible for their
characteristic electronic properties. A controllable energy gap
in bilayer graphene can be opened up by a bias electric
field,>” and the field-induced gap can be effectively modu-
lated by adjusting interlayer spacing.'© When epitaxially
grown on a substrate, as in most device applications,
graphene systems exhibit new behaviors due to the interac-
tions with substrate. The first or bottom graphene sheet
bonds strongly with substrate via hybridization of its 7 or-
bitals with the dangling bond states from substrate surface
atoms, which is believed to render it electronically
inactive.>!'~13 The intrinsic properties of graphene are recov-
ered by the second graphene sheet.

Unlike its free-standing counterpart, the top layer of epi-
taxial bilayer graphene in most cases is n-type doped by
charge transfer which is generally thought to come from sub-
strate, while weak interlayer interaction with the bottom
layer can open a small gap at the Dirac point of the top
layer.>!11214 For the application of epitaxial graphene, it is
important to realize a controllable adjustment on its proper-
ties. A recent experiment shows that epitaxial bilayer
graphene on SiC exhibits an n-type and p-type transition
under a top-gated bias, but the underlying mechanism re-
mains unclear.'® Other experiment and theoretical works re-
port that interlayer conductance of epitaxial bilayer graphene
system and interlayer friction of graphene sheets can be
tuned by compressing interlayer distance of graphene
layers.'>!” Electric and mechanical methods become an ef-
fective and feasible way to modify graphene system proper-
ties. However, the physical mechanism for the n- to p-type
transition of graphene layers on substrates and its robust to
mechanical deformation is a crucial prerequisite and open
challenge for viable applications.

In this study, we show by density functional theory (DFT)
calculations that the field-driven n- to p-type transition in
epitaxial bilayer graphene can be realized at the top graphene
sheet on C-terminated SiC (C-SiC), but no such transition
occurs on Si-terminated SiC (Si-SiC). In contrast, reducing
the interlayer spacing between the top graphene and its bot-
tom layer via nanomechanical compression cannot effec-
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tively change the doping state on the top graphene, but sig-
nificantly changes the Fermi level of the top graphene sheet
and leads to considerable increase in the energy gap on both
C-SiC and Si-SiC. We find that charge transfer and redistri-
bution induced by electric field or nanomechanical tuning
display strong dependence on the interface with the substrate
and occur between the top and bottom graphene layers,
which are the main driving force for changes in the elec-
tronic structure of the top graphene sheet.

We have chosen a 6-layer V3 X \3R30° 6H-SiC (0001) or

(0001) cell as the substrate, with its top terminated by Si or
C atoms and its bottom terminated by hydrogen atoms. A
(2X2) bilayer graphene cell with AB stacking sits on top of
the substrate. The computations were performed using the
VASP code with the ultrasoft pseudopotential and local den-
sity approximation (LDA) for the exchange-correlation
potential.'®2% An energy cutoff of 400 eV and special k
points sampled on a 7X7X 1 Monkhorst-Pack mesh?! are
used to ensure an energy convergence of less than 1 meV/
atom. In the periodic supercell, there is a vacuum region
larger than 1.6 nm in the direction perpendicular to the
graphene planes to avoid any self-interaction of the slabs.
External electric field E,, is modeled by adding a sawtooth-
like potential along the direction perpendicular to the
graphene planes.”? For each case, the whole system is re-
laxed by the conjugate-gradient algorithm until the force on
each atom is less than 0.1 eV/nm.

Our fully relaxed structure shows that the first (or bottom)
layer of bilayer graphene bonds strongly with SiC substrate
and behaves as a buffer layer, consistent with previous
reports.!"12 The equilibrium interlayer distances between the
top graphene and the bottom layer on Si- and C-SiC are 0.33
and 0.34 nm, respectively. The mismatch between bilayer
graphene and SiC substrate lattice leads to an 8% stretch of
the graphene cell. The in-plane deformation in the second
carbon layer is artificial. Our calculations show that the ex-
pansion of the top graphene cell would not result in any
qualitative changes. The lattice mismatch induced structural
expansion imposes only minor influence on the behaviors of
the 7 bands. Recent experiment shows that the C-face
graphene is found in turbostratic phase.” Our model cannot
describe this case but the discussion about the effects of elec-
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FIG. 1. (Color online) Band structures of bilayer graphene on
(a) Si- and (b) C-terminated SiC substrates in the presence of elec-
tric fields. The top graphene energy bands are highlighted by dark
lines. The Fermi level is set to zero.

tric field and interlayer compression should remain valid.

Figure 1 shows the calculated energy band structures of
bilayer graphene of the top graphene layer in the presence of
electric fields. On Si-SiC, the Fermi level of the top graphene
in the absence of an electric field locates at 0.33 eV above
the conical point (the Dirac level), resulting in an n-type
doping in the graphene. The energy band structures shown in
Fig. 1 coincide with previous theoretical results of the same
graphene cell on SiC.''!2 The calculated results show that
electric field only has a slight influence on the energy band
of the top graphene on Si-SiC. In contrast, the Fermi level of
the top graphene on C-SiC is significantly shifted by electric
field. The top graphene on C-SiC in the absence of an elec-
tric field is approximately neutral [see Fig. 1(b)]. When an
electric field of 2 V/nm is applied, the Fermi level of the top
graphene locates at 0.26 eV above the Dirac level, indicating
an n-type transition; however, at =2 V/nm the Dirac level
moves above the Fermi level to 0.14 eV so that the top
graphene becomes p type.

To obtain a better understanding about the effects of elec-
tric field, the projected density of states (pDOS) of the top
and bottom layers are given in Figs. 2(a) and 2(b), respec-
tively. On Si-SiC, both pDOS of the top and bottom
graphene are slightly affected by electric field. On the con-
trary, an obvious shift in the Fermi level of the top graphene
on C-SiC can be seen in the pDOS shown in Fig. 2(a), but
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FIG. 2. (Color online) Projected density of states (pDOS) of (a)
the top graphene and (b) the bottom graphene layer on SiC (in unit
of states/atom). The Fermi level is set to zero.
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FIG. 3. (Color online) The variations of (a) the Dirac level Ej,
and (b) energy gap AE of the top graphene on SiC in the presence
of electric fields. The Fermi level is set to zero. The average elec-
trostatic potential difference between biased and unbiased bilayer
graphene along the electric field direction, under (c) 2 V/nm and (d)
-2 V/nm. To clarify the electrostatic potential change on the bi-
layer graphene, only a part of the supercell along the z direction is
shown.

not happens at the bottom layer. These results demonstrate
that the electron doping to the top graphene is more sensitive
to external electric field on C-SiC. Figures 1 and 2 show that
applied electric field just shifts the Fermi level without alter-
ing the energy band structures of the top graphene, suggest-
ing that a rigid-band model would provide a good descrip-
tion.

The results in Figs. 3(a) and 3(b) show the systematic
trends in the variations of the Dirac level Ej and band gap of
the top graphene at different electric fields. On C-SiC, the
change of electric field from -2 V/nm to 2 V/nm has a
remarkable influence on the Dirac level that decreases from
0.14 to —0.26 eV, indicating a p- to n-type transition. This is
in sharp contrast to the situation on Si-SiC where the change
in Dirac level is slight and the graphene remains in n-type
doping. The results also show that the effect of external elec-
tric field on the energy gap of the graphene on both Si- and
C-SiC substrates is very week, less than 0.01 eV.

Figures 3(c) and 3(d) plot the average electrostatic poten-
tial difference between biased and unbiased bilayer graphene
along the electric field direction. For 2 V/nm on Si-SiC, the
average electrostatic potentials of the top and bottom layers
are decreased by the electric field. For C-SiC, the positive
electric field decreases the electrostatic potential on the top
layer as well, but slightly changes that on the bottom layer,
as shown in Fig. 3(c). When an electric field of =2 V/nm is
applied, the electrostatic potentials further drop at the top
and bottom layers on Si-SiC. In contrast, the electrostatic
potential of the top graphene on C-SiC is increased, but the
potential on the bottom graphene is still slightly affected
[Fig. 3(d)]. It can be seen from these results that the effects
of electric field on the epitaxial bilayer graphene strongly
depend on the SiC surface termination condition and the in-
terface formed at the bottom graphene layer. The biased top
graphene on C-SiC displays a stronger screen effect on its
bottom layer than that on Si-SiC.
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FIG. 4. (Color online) Contour plots of 2D projection of charge
density change onto (100) plane in the presence of electric fields.
(a) On Si-terminated SiC substrate, (b) C-terminated SiC substrate.
The purple atoms in (a) and (b) denote the Si atoms, and the gray
atoms denote the C atoms. Contour lines are represented in solid
lines for positive values and in broken lines for negative ones, and
the largest positive and negative values of the contour lines [in units
of e/(A)?] are shown in each panel. The contour step is set to 1/10
of the range in each case.

Figure 4 shows the contour plots of the charge density
difference Ap®™'=pot— pib bt~ Paraps Where pig; is the total
charge density in the presence of the vertical electric field,
PN sputt is the charge density of isolated substrate and bottom
layer, and p;;p is the charge density of isolated top graphene.
As different covalent bonds formed between the bottom layer
and substrate surface atoms,'"!? the electron doping state on
the top graphene layer on Si-SiC is quite different from that
on C-SiC. In the absence of an electric field, there is a lot of
accumulated charges in the top graphene on Si-SiC, while
charge depletion is concentrated near the bottom layer, as
shown in Fig. 4(a). It shows that the charge accumulation for
the n doping of the top graphene on Si-SiC comes from the
bottom layer, rather than from the substrate. On C-SiC, the
charge depletion and accumulation are both localized on the
top graphene [Fig. 4(b)] so that the graphene remains ap-
proximately neutral. The charge distribution gives a clearer
explanation to the n-type doping and neutral state observed
for the top graphene on Si and C-terminated SiC.

A bias electric field of =2 V/nm applied on Si-SiC drives
an overall charge transfer between the top and bottom layer
[Fig. 4(a)]; but the top graphene layer remains its n-doping
character (see Fig. 1). The resulting change in charge distri-
bution leads to a slight modification on the Dirac level and a
decrease on the electrostatic potential of top graphene [Fig.
3(d)]. For C-SiC under the —2 V/nm bias field, much more
pronounced charge transfer from the top graphene to the in-
terior space near the bottom layer occurs, which increases the
electrostatic potential [Fig. 3(d)] and causes a transition to
p-type doping. Reversing the bias field to 2 V/nm leads to
additional charge transfer (compared to the unbiased case)
from the bottom layer to top graphene on Si-SiC. Interest-
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FIG. 5. (Color online) (a) Band structures of the bilayer
graphene compressed to an interlayer distance of 0.24 nm on SiC,
and the free-standing bilayer graphene with an interlayer distance of
0.24 nm. The top graphene energy bands on SiC are highlighted by
dark lines. (b) Projected density of states (pDOS) of the top
graphene on SiC and the free-standing bilayer graphene with an
interlayer distance of 0.24 nm. (c) Corresponding pDOS of the bot-
tom graphene layer on SiC (in unit of states/atom). The variations
of (d) the Dirac level Ep, and (e) energy gap AE of the top graphene
on SiC with interlayer distance. The Fermi level is set to zero.

ingly, the charge transfer is confined between the bottom and
top graphene layers with little participation from the sub-
strate. This screen effect of the bottom layer limits the charge
supply, resulting in only minor changes in the behavior of the
top graphene. Meanwhile, C-SiC under 2 V/nm bias field
behaves differently in that the majority of charge redistribu-
tion occurs near the top graphene layer. There is, however, a
small amount of charge transfer from the substrate, rendering
the top graphene in n-type doping. On biased C-SiC, the
charge change on the bottom layer is relatively small and
rare as shown by Fig. 4(b), indicating the small influence
from the electric field. This also gives an explanation to the
results in Figs. 3(c) and 3(d) that the electrostatic potential
on the bottom layer is slightly changed by external electric
field on C-SiC. The different responses of top graphene to
bias field on C-SiC and Si-SiC are rooted in the differences
of the covalent and dangling bonds at the interface formed
between the bottom graphene layer and the substrate.!’:!?
Overall, the field-induced charge transfer, which is vital to
the electronic structure modification, mainly occurs between
the top graphene and its bottom layer.

We now turn to mechanical tuning of the bilayer graphene
on SiC. Figure 5(a) shows the band structures of the bilayer
graphene with a compressed interlayer distance of d
=0.24 nm between the top layer and its bottom layer. For
comparison, the band structure of the free-standing bilayer
graphene of d=0.24 nm is also shown in Fig. 5(a). Both on
Si- and C-SiC, the energy bands of the top graphene are
obviously deformed, and an energy gap is opened up by the
stronger interlayer interaction. The compressed free-standing
bilayer graphene shows a cone split around the Fermi level,
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FIG. 6. (Color online) Contour plots of 2D projection of charge density difference onto (100) plane with compression of interlayer
distance. (a) (b) On Si-SiC, (c) (d) C-SiC. The notations are the same as in Fig. 4.

but it is still metallic. The corresponding pDOS of the top
and bottom graphene are shown in Figs. 5(b) and 5(c). After
compressed, the calculated pDOS of the bilayer graphene are
significantly altered from its initial state (Fig. 2). Comparing
Figs. 5(b) and 5(c), it suggests substantial changes of the 7
bands and interlayer bonding between top and bottom
graphene. On the other hand, the interaction between epitax-
ial top and bottom graphene layers is quite different from the
isolated bilayer graphene because of bonding states of bot-
tom layer with the substrate.

Figure 5(d) plots the variations of the Dirac level Ej, of
the top graphene with compressed interlayer distance d. On
C-SiC, Ep remains insensitive to d down to 0.24 nm. On
Si-SiC, Ej decreases until the interlayer distance reduces
0.28 nm, and then increases with further compressing d.
Meanwhile, the energy gaps of the top graphene on both Si-
and C-SiC increase monotonically with reducing interlayer
distance, as shown in Fig. 5(e). The doping states on the top
graphene are not effectively influenced on both Si- and
C-SiC, although compressing interlayer distance signifi-
cantly changes the band structure and energy gap of the top
graphene in both cases.

We present in Fig. 6 the charge density difference Ap in
response to compression of the interlayer distance. Here
Ap=pio= Psub+butt— Pgraps Prot 18 the total charge density of the
system, pgpebure 1S the charge density of isolated substrate
and bottom layer, and py,, is the charge density of isolated
top graphene at the corresponding position. When interlayer
distance decreases to 0.28 nm [Figs. 6(a) and 6(c)], the
charge accumulation becomes more localized and intense at
the A site of the top graphene on SiC substrate, and no ac-
cumulated charge is observed at the B site. The symmetry at
the A and B sites is thus broken by the charge redistribution
and this leads to the opening of an energy gap. The gap
increases with further compression of the interlayer distance
to 0.24 nm [Figs. 6(b) and 6(d)], signaling the stronger effect
of the symmetry breaking. At the interlayer distance of 0.24
nm, the charge accumulation at the top graphene on Si-SiC is
more concentrated, as shown in Fig. 6(b). On the contrary,
the distribution of accumulated charge on C-SiC is similar to
that at 0.28 nm [Fig. 6(d)]. This explains the increase in the
Dirac level on Si-SiC [Fig. 5(d)] for interlayer distance be-
low 0.28 nm. Similar to effects induced by electric field,
mechanical tuning induced charge accumulation and deple-
tion mainly occur between the top graphene and its bottom
layer.

To further understand the interface effect on the symmetry
at the A and B sites, Fig. 7 shows contour plots of two-
dimension (2D) profile (001) of charge density difference at
the top graphene. For Si-SiC with an equilibrium interlayer
distance, the charge distribution at the A site is slightly dif-
ferent from that at the B site [Fig. 7(a)]. This leads to the
cone splitting and a small energy gap opened up. The sym-
metry at the A and B sites is almost not affected for the
equilibrium top graphene on C-SiC [Fig. 7(c)] so that the
cone splitting is much smaller as shown by Fig. 3(b). When
the interlayer distance is compressed to 0.24 nm, the sym-
metry is obviously broken at the A and B sites on both Si-
and C-SiC [Fig. 7(b) and 7(d)]. The bottom graphene layer
imposes a stronger influence on the charge distribution of the
top graphene.

In summary, we demonstrate by DFT calculations that the
interface formed between the bottom layer of epitaxial bi-
layer graphene on SiC and the substrate surface condition
play a key role in tuning the properties of the top graphene
that is subjected to bias electric fields or interlayer spacing
compression. The n- to p-type transition can only occur on
carbon terminated SiC under bias voltage. Nanomechanical
compression cannot efficiently change the doping state of top
graphene. Charge redistribution and transfer between the top
and bottom layers are identified as the driving mechanism for
the field induced transition of doping state and the gap varia-
tion tuned by interlayer spacing compression. Our results

O pr0.03s

FIG. 7. (Color online) Contour plots of 2D profile (001) of
charge density difference at the top graphene. (a) (b) On the Si-SiC
with an interlayer distance of 0.33 and 0.24 nm, (c) (d) on the
C-SiC with an interlayer distance of 0.34 and 0.24 nm. Other nota-
tions are the same as in Fig. 4.
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provide insights for fundamental understanding of epitaxial
graphene under electric field and mechanical tuning and, in
particular, suggest a mechanism for gate-bias induced n- to
p-type transition that has been observed in recent experi-
ments.
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