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Environmental effects on layer-dependent dynamics of Dirac
fermions in quasicrystalline bilayer graphene
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The carrier dynamics in various types of epitaxial graphene layers on SiC substrates was investigated by
means of time- and angle-resolved photoemission spectroscopy (TARPES). Layer-dependent electron doping
was observed in the Dirac bands of quasicrystalline bilayer graphene after optical pumping, leading to generation
of transient voltage between the upper and lower layers. The amount of photoinduced carrier transport depends
on the distance from the substrate. A comparison of the TARPES results of single-layer graphene between flat
and stepped SiC substrates experimentally indicates that a source of the doping carriers likely originates from
interface step states. The dynamic model is described based on the electronic structure, calculated using density
functional theory.
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I. INTRODUCTION

The dynamical behavior of carriers in graphene has at-
tracted academic interest to investigate the temporal evolution
of massless Dirac fermions and also to fulfill technical
needs in the development of the next-generation optoelec-
tronic devices [1–7]. A comprehensive understanding has
been pursued by direct observations of the electronic states
by time- and angle-resolved photoemission spectroscopy
(TARPES) [8–14]. Using optical pulses, photoexcited car-
riers in graphene layers were traced in real time, and the
dynamics was described by various elementary processes,
such as electron-phonon coupling and supercollision [8–14].
Recently, twisted bilayer graphene was synthesized and
showed intriguing properties [15–19], i.e., superconductiv-
ity at a twisted angle of 1.1◦ and quasicrystallinity at 30◦.
This novel material has opened the new research field of
“twistronics” [20]. TARPES measurements on epitaxial qua-
sicrystalline bilayer graphene (QCBG) discovered transient
voltage between the two layers that was not expected theoreti-
cally [21]. The experimental reasoning has indicated possible
contributions from the substrate, but the detailed scenario has
remained unknown.

Figure 1(a) shows schematic drawings of epitaxial
graphene on a Si-face SiC substrate. The crystal surface is
covered with a buffer layer, and a graphene layer is located on
it with a distance of d1 = 3.3 Å [22,23]. As shown in Fig. 1(b),
QCBG is also prepared on a buffer layer with d2 = 3.35 Å

*Present address: Institute of Industrial Science, The University of
Tokyo, Tokyo 153-8505, Japan.

for the lower graphene layer and with d3 = 6.81 Å for the
upper one [18], as determined by positron diffraction exper-
iments [24,25]. In both cases, the layers are electronically n
type with the Fermi level (μeq) located at the energy μ above
the Dirac point (DP). Compared with a freestanding layer of
nondoped graphene, the epitaxial graphene layer is compli-
cated with various external factors, i.e., interface, substrate,
and doping. Thus it is required to investigate the environmen-
tal effect to reveal the dynamics of Dirac fermions in reality.

In the present research, we performed TARPES measure-
ments on various systems of single-layer and bilayer graphene
on Si-face SiC substrates to extensively study the carrier dy-
namics. In QCBG, we observed the temporal evolution of
photoexcited carriers in Dirac cones that were asymmetric be-
tween the upper and lower layers and quantitatively described
by the transient doping from the interface. Experimental com-
parisons of TARPES results between the graphene layers on
a flat SiC substrate and the graphene layers on a stepped one
indicate that the doped carriers in epitaxial graphene likely
originate from Si and/or C step states at the interface. This as-
signment is theoretically supported by the interface electronic
structures, calculated by density functional theory (DFT).

II. EXPERIMENT

Single-layer graphene and bilayer graphene are epitaxially
grown on a SiC crystal surface by heat treatments [26–32].
Preparations of QCBG were described elsewhere [17]. In
brief, a hexagonal boron nitride (h-BN) layer is initially grown
on SiC substrate at 1050 ◦C in borazine gas, and it is replaced
with a graphene layer by subsequent heating at 1600 ◦C. Fur-
ther annealing drives growth of the lower graphene layer that
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FIG. 1. Top and side views of structure models of (a) single-layer
graphene and (b) QCBG on a SiC(0001) substrate. Small gray, red,
and blue circles denote C atoms in different layers, while d1, d2,
and d3 denote the interlayer distance between the buffer layer and
graphene layers. (c) Electronic structure of the Dirac cone in n-type
graphene. The Dirac point and equilibrium chemical potential are
denoted as DP and μeq, respectively. The red “μ” denotes the energy
level between the Dirac point and the equilibrium chemical potential.

has a 30◦-rotated orientation from the upper graphene layer,
consequently forming QCBG on a buffer layer, as shown in
Fig. 1(b). Single-layer graphene on a stepped SiC surface is
synthesized by heat treatments of the vicinal 6H-SiC(0001)
crystal (4◦ off toward [1120]) in the N2 atmosphere. The
detailed procedure is described elsewhere [33].

All the graphene samples, after being introduced in
the ultrahigh-vacuum chamber, were cleaned by annealing
at 400 ◦C. The quality and crystallinity were confirmed
by patterns of low-energy electron diffraction and valence
band spectra of photoemission spectroscopy. Static spec-
tra of angle-resolved photoemission spectroscopy (ARPES)
were taken by a helium discharge lamp (hυ = 21.2 eV).
TARPES measurements were made by the pump-probe
method [34]. Using a high-harmonic-generation system based
on a femtosecond-pulse Ti:sapphire laser, a beam at hυ =
1.55 eV was used as a pump, while the one at hυ = 21.7 eV
was adopted as a probe. The total time resolution was 70 fs
during the experiment.

III. RESULTS AND DISCUSSION

A. Quasicrystalline bilayer graphene

The electronic structure of a graphene layer is composed
of Dirac cones at the K and K ′ points in the Brillouin zone. In
QCBG, the upper and lower layers are rotated 30◦ from each
other, and they individually keep the Dirac bands at equilib-
rium, as shown in Fig. 2. The samples are n type, and the
chemical potential μ is referred from the DP. By controlling
the 1600 ◦C annealing time for 30 or 20 min, we could prepare
two types of samples: those with equivalent and inequivalent
μ values between the upper layer Dirac cone (ULD) and
the lower layer Dirac cone (LLD), respectively. Figures 2(a)
and 2(b) show the equivalent case, μ = 0.33 eV in both the
ULD and LLD, while Figs. 2(c) and 2(d) correspond to the
inequivalent one, μ = 0.23 eV for the ULD and μ = 0.31 eV
for the LLD. The energy positions of the Dirac points were
determined by crossings of the linear dispersion curves of

FIG. 2. Photoemission band diagrams of (a) and (c) the upper
layer Dirac cones (ULDs) and (b) and (d) the lower layer Dirac
cones (LLDs) for two types of QCBG samples: those with (a) and
(b) equivalent and (c) and (d) inequivalent μ values between ULD
and LLD. The data were taken under the equilibrium condition by a
He discharge lamp. Red dashed lines denote the DP positions, while
red arrows indicate the amount of μ. A unit of momentum, �k, is
given in the figure.

the Dirac bands. The upper layer of the inequivalent QCBG
sample has a smaller μ value than the other layers. This is
likely due to remanent acceptor-type defects on the layer that
can be removed by long annealing time. A comparison of
these two samples should provide an effect of layer-dependent
values of μ.

Figure 3 presents temporal variations of the band dia-
grams of the QCBG sample with equivalent μeq values.
One can find the photoinduced population (depopulation)
of carriers in the unoccupied (occupied) Dirac bands and
the following relaxation [21]. It is of note that the results
of the ULD appear clearer than those of the LLD due to
the photoemission probing depth. To extract the time de-
pendence of the physical quantities, the band diagrams are
integrated over the momentum range to obtain energy dis-
tribution curves (EDCs) at each delay time [10,21]. The
collection is given in Fig. 4, showing the apparent time
dependence. Each EDC is curve fitted with the Fermi-
Dirac distribution function to extract the electron temperature
T and chemical-potential shift �μ [10,21]. In brief, the

FIG. 3. A series of nonequilibrium band diagrams of the QCBG
sample with equivalent μeq values, taken at various delay times �t ,
for the (a) ULD and (b) LLD. The data are expressed as the difference
between the TARPES spectra before and after optical pumping. Red
and blue points represent increased and decreased photoemission
intensity, respectively.
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FIG. 4. Energy distribution curve (EDC) in the (a) ULD and
(b) LLD in QCBG. Dashed curves are fitting curves using the Fermi-
Dirac distribution function.

fitting process was conducted by a polynomial function,
C1 ∗ {C2 + C3(E − μ) + f (E − μ, T ) � g(E )}, where f (E −
μ, T ) = 1+C4(E−μ)

1+exp(− E−μ

kBT )
is the Fermi-Dirac distribution function

and g(E ) = 1√
(2π )σ

exp(− E2

2σ 2 ) is the Gaussian function that
contains the instrumental resolution σ . After determining the
parameters, Ci’s and σ , from spectra of the samples before
the optical pumping, TARPES spectra were robustly curve
fitted by two parameters, T and μ. The temporal changes in
the parameters are plotted in Figs. 5(a) and 5(b). The electron
temperature increases by the optical pumping and decays with
delay time. The �μ values appear opposite between the ULD
and LLD: positive in the LLD and negative in the ULD. These
results are consistent with a previous paper that reported data
of a QCBG sample with inequivalent μ values between the
ULD and LLD [21]. The experimental findings indicate that
the photoinduced ultrafast carrier dynamics in QCBG does not
depend on the initial status of μ.

Using experimental values of the electron temperature and
the chemical shift, one can derive the temporal variation of
the carrier density, �n, by combining the density of states
(DOS) of the graphene Dirac bands with the Fermi-Dirac
function [21]. Figure 5(c) plots the experimental value of �nel

at each delay time, decaying with time after the pumping.
As listed in Table I, the decay time constants were similar
between the electronic temperature and �nel . To unveil the de-
tailed mechanism, we adopted the following rate equation that
is associated with the intra- and interlayer dynamics of pho-
toexcited carriers [21]:

dnUL
el

dt
= −nUL

el

τUL
+ γ1

(
nLL

el − nUL
el

) + G1e
− t2

Tp2 ,

dnLL
el

dt
= −nLL

el

τLL
− γ1

(
nLL

el − nUL
el

)

FIG. 5. Time dependence of (a) electronic temperature,
(b) chemical-potential shift �μ, and (c) electron density variation
�nel in the ULD and LLD of QCBG. The ULD and LLD are
represented in red and blue, respectively. In (c), experimental results
are shown as symbols, whereas calculation results found by solving
rate equations are shown as curves. Sim, simulated.

− γ2
(
nLL

el − nSub
el

) + G2e
− t2

Tp2 ,

nLL
el + nUL

el + nSub
el = const,

where nUL
el (nLL

el ) and τUL (τLL) are the electron density and
decay time in the graphene upper layer (lower layer), respec-
tively. nSub

el is the electron density in the SiC substrate or
interface. We imposed conservation of the number of carriers
during the dynamical change with time. G1 (G2) is a coef-
ficient of the pump-induced net density flux from the SiC
substrate or interface to the upper layer (from the substrate
or interface to the lower layer). The Gi parameter is phe-
nomenological and contains various elementary processes to
realize transient doping in the epitaxial graphene layer. The
quantity γ1 (γ2) is a rate constant of carrier transfer from
the lower layer to the upper layer (from the lower layer to
the SiC substrate or interface). Tp is a pulse width (70 fs
in the full width at half maximum) of the optical pumping.
As shown in Fig. 5(c), the numerical simulation reproduced
the experimental result successfully with the values of the
parameters listed in Tables I and II. One can find that the two
types of samples resulted in γ1 > γ2, indicating that the carrier
transport between graphite layers (UL and LL) is faster than
that between the graphene and the SiC substrate.

In Table I, values of �μ for a graphene layer are given for
comparison. The experimental �μ is recalled from Ref. [10],
and expected values are calculated based on the linear density
of states of the Dirac bands [10]. With increasing electron
temperature, �μ becomes negative [10]. Since the Dirac
cones are preserved in the QCBG samples, one expects �μ <

0. Unexpectedly, �μ values are both negative and positive,
depending on the layers in the QCBG. This result indicates
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TABLE I. Relationships of parameters in single-layer graphene and quasicrystalline bilayer graphene (QCBG). The decay time constant
of temperature, τ , was obtained by an exponential fit. The equivalent- and inequivalent-μ samples are labeled by “(1)” and “(2),” respectively.

Quasicrystalline bilayer graphene

Parameter Single-layer graphene [10] Upper(1) Upper(2) Lower(1) Lower(2)

μeq, referred from the Dirac point 0.39 0.33 0.23 0.33 0.31
Experimental �μ (maximum temperature) −30 meV −15 meV −10 meV +25 meV +30 meV

(1000 K) (948 K) (1200 K) (914 K) (1200 K)
Expected �μ (maximum temperature) −30 meV −34 meV −68 meV −31 meV −56 meV

(1000 K) (948 K) (1200 K) (914 K) (1200 K)
Decay time constant of temperature (τ ) 0.380 ps 0.425 ps 0.133 ps 0.258 ps 0.141 ps
Decay time constant of �n (τUL or τLL) 0.203 ps 0.156 ps 0.158 ps 0.140 ps

that the transient voltage is generated between two graphene
layers and it appears in the QCBG samples of the equivalent-μ
case and also the inequivalent-μ one [21]. Increase in the
chemical potential most likely indicates carrier transfer to
the graphene layers from the substrate or interface. Positive
Gi (i = 1, 2) values are consistent with the existence of such
transient charge transfer in both types of the QCBG sample.
Moreover, one can find G2 > G1, indicating that it is larger
in the LL than in the UL with the ratio G1/G2 ≈ 0.4–0.6. To
deepen our understanding of the interlayer carrier transport,
we adopted the carrier transport model that is associated with
an exponential decay by distance, as typically used in the tun-
neling or ballistic regime [35]. The model indicates that the Gi

value is proportional to the exponential function, exp(−2κdi ),
where di is the distance to the graphene layer and κ is the
decay length of an electronic state that donates carriers to
graphene. The model provides that G1/G2 = exp{−2κ (d3 −
d2)}, and insertion of the di value in Fig. 1 results in a κ

value of ∼0.074–0.13 Å−1. The inverse, κ−1 ≈ 7.6–14 Å,
roughly estimates a size of the wave function that can donate
the transient carriers to the graphene overlayers. From the
structure models in Fig. 1, the electronic states are reasonably
assigned to those located at the height of the buffer and the
topmost SiC layers at the interface. Under the Bardeen trans-
fer Hamiltonian model [35], the carrier transport occurs since
a tail of the interface wave function extends to the graphene
layers.

B. Nontwisted bilayer graphene

To examine the existence of the carrier transfer to the
bilayer graphene from the interface, we prepared a sample
of the n-type nontwisted bilayer graphene (NTBG), shown in
Figs. 6(a) and 6(b), and conducted the TARPES measurement.

Total-reflection high-energy positron diffraction (TRHEPD)
research revealed that the distance to the lower layer is d ′

2 =
3.33 Å, while the distance to the upper layer is d ′

3 = 6.62 Å,
taking similar values to those of QCBG [18]. Thus NTBG is
expected to have carrier doping to the graphene layers from
the interface. Figures 6(c) and 6(d) show the time dependence
of the electronic temperature and chemical-potential shift �μ.
The results are consistent with a previous report [21]. Since
the DOS of NTBG is constant with energy, the transient
chemical potential essentially remains constant. By taking a
close look, one can find the positive �μ value by the optical
pumping, indicating the possible existence of carrier doping
in graphene from the interface or substrate.

C. Single-layer graphene on a stepped substrate

Between the layers of graphene and the SiC, there is a
buffer carbon layer that terminates the SiC surface, as illus-
trated in Figs. 1 and 6, but Si dangling bonds (DBs) partially
remain at the interface [36]. The area density of Si DBs at
the interface corresponds to the order of 1015 cm−2, whereas
the DOS in single-layer graphene is only on the order of
∼1012–1013 cm−2 near the Dirac point [21]. Thus one might
arrive at the conclusion that the electron density from Si DB
is large enough to induce the carrier injection from the SiC
substrate to the graphene layers and to make the positive
chemical shift after the optical pumping. However, the result
of the single-layer graphene was negative as reported previ-
ously [10] and listed in Table I. Thus it is necessary to seek a
different origin at the interface.

To make comparisons, we prepared the epitaxial graphene
on a stepped substrate (4◦-off vicinal crystal) and performed
the TARPES measurement. The graphene layer is n type, and
the Dirac point is energetically located at μ = 0.4 eV, which

TABLE II. Optimized parameters in the rate equations of quasicrystalline bilayer graphene (QCBG) samples with different chemical-
potential levels between the UL and the LL. The equivalent- and inequivalent-μ samples are labeled by “(1)” and “(2),” respectively.

Parameter QCBG(1) QCBG(2)

γ1 1.6 ± 0.1 ps−1 1.5 ± 0.1 ps−1

γ2 1.0 ± 0.1 ps−1 0.5 ± 0.1 ps−1

G1 (2.4 ± 0.1) × 1013 cm−2 ps−1 (5 ± 0.1) × 1013 cm−2 ps−1

G2 (6 ± 0.1) × 1013 cm−2 ps−1 (8 ± 0.1) × 1013 cm−2 ps−1
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FIG. 6. TARPES results in nontwisted bilayer graphene
(NTBG). (a) Side views of structure models of NTBG on a
SiC(0001) substrate. (b) Equilibrium angle-resolved photoemission
spectra for NTBG at the K point. (c) and (d) Time dependence of
electronic temperature and chemical-potential shift �μ.

is close to those of epitaxial graphene and the QCBG on a
flat substrate (as shown in Fig. 8). Thus the system is suitable
to explore the substrate effect. The single-layer graphene is
located on a wide-terrace area of the buffer layer and also on a
step region, as illustrated in Fig. 7(a). Orientations along and
perpendicular to the step are expressed in the figure and con-
firmed by low-energy electron diffraction (LEED) observation
[Fig. 7(b)].

Figure 8 shows the equilibrium and nonequilibrium pho-
toemission band diagrams at the K and K ′ points. One
can confirm the electronic structure and trace the tempo-
ral variations clearly. Following the same procedures of
the data analysis [10,21], the electron temperature and the
chemical-potential shifts are derived experimentally as plotted
in Figs. 9(a) and 9(b), respectively. In contrast to the case of
single-layer graphene on a flat SiC surface [10], �μ is positive
on single-layer graphene on the stepped substrate.

FIG. 7. (a) Cross-section structure model of graphene on a
stepped SiC substrate, where blue circles are Si atoms and brown
circles are carbon atoms. (b) The LEED pattern of graphene on a
stepped substrate. Graphene spots are expressed as g1 and g2, while
red arrows show the reciprocal lattice primitive vectors. SiC spots
and vectors are shown in yellow.

FIG. 8. (a) Equilibrium angle-resolved photoemission spectra in
K and K′ of graphene on a stepped substrate. (b) The difference spec-
tra in K and K ′ of graphene on a stepped substrate by TARPES. Red
and blue points represent increasing and decreasing photoemission
electron intensity, respectively.

To make the further quantitative analysis, we modified the
rate equation, as follows, to match with the system.

dnG
el

dt
=−nG

el

τG
− γ

(
nG

el − nSub
el

)+ Ge
− t2

Tp2 , nG
el + nSub

el = const,

where nG
el is the electron density with electron lifetime τG.

The experimental �nel curve in Fig. 9(c) is reproduced by the
parameters listed in Table III.

The temporal parameters confirmed the existence of the
transient carrier doping to the graphene layer, and the source
is likely the same as in the QCBG case due to the similar

FIG. 9. Time dependence of (a) electronic temperature,
(b) chemical-potential shift �μ, and (c) electron density variation
�nel , at the K and K ′ points of graphene on a stepped substrate.
K and K ′ are represented as solid and dashed curves, respectively.
Experimental results are shown as symbols, whereas calculation
results found by solving rate equations are shown as curves.
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TABLE III. Temporal parameters for single-layer graphene on the stepped SiC substrate.

Single-layer graphene on stepped substrate

Parameter K K ′

μeq, referred from the Dirac point 0.40 eV 0.40 eV
Experimental �μ (maximum temperature) +15 meV +15 meV

(1100 K) (1026 K)
Expected �μ (maximum temperature) −38 meV −33 meV

(1100 K) (1026 K)
γ 4.0 ± 0.3 ps−1 2.0 ± 0.3 ps−1

G (9.3 ± 0.1) × 1013 cm−2 ps−1 (7.0 ± 0.1) × 1013 cm−2 ps−1

values between G and G2. Since the carrier doping in the
single-layer graphene was observed on a vicinal substrate,
the origin is seemingly related to the step region, shown in
Fig. 7(a). Focusing on the atomic structure at the step edges,
there are silicon and carbon atoms that are not terminated with
the buffer layer. Thus it is inferred that the sources of the
photoexcited carrier, doped to graphene layers, are electrons
in such Si or C step-edge states at the interface.

To unveil the experimental facts that the transient doping is
related to step states at the interface, Fig. 10(c) shows an en-
ergy diagram of the graphene/SiC interface based on the DFT
calculation [36]. In the figure, photoexcitation by the optical
pulse (hυ = 1.55 eV) is indicated by the arrows. The elec-
tronic structure around the Fermi level (μeq) is located within
the SiC bulk band gap, and it is composed of the graphene
Dirac bands and the interface Si dangling bonds (DBs). Since
a band of the Si DB is unoccupied or located above μeq, the
carrier source for the photoexcitation is only possible with
the graphene Dirac bands in the ideal epitaxial system. This
indicates the necessity of the extrinsic factor and that the
atomic steps are inevitable defects at the interface. In the

FIG. 10. (a) and (b) Schematic drawings of terraces and steps on
the (a) flat and (b) stepped SiC surfaces. (c) Calculated band diagram
of the epitaxial graphene layer on the SiC substrate [36]. (d) Density
of states (DOS) of various atomic steps on the SiC surface [37–41].
A possible energy range of electronic states that can become sources
of the optical doping is indicated by the shaded region.

actual interface, steps are distributed with a different interval
or density depending on the crystal cut. On the actual flat SiC
surface, the step interval is 1–2 μm, while it is 20 nm on the
present vicinal surface (4◦ off-miscut), as shown in Figs. 10(a)
and 10(b), respectively. While the accurate structure of the SiC
steps has been controversial, there are systematic theoretical
works that have calculated the possible electronic states at the
step edges with Si and/or C atoms [37–41].

Figure 10(d) summarizes the DOS of various step edges
at the SiC surface [37]. One can find that the step states are
distributed in the SiC bulk band gap and have large DOS
at the energy of 1–1.5 eV. This result apparently indicates a
role of the carrier source of the optical doping. It is naturally
inferred that electrons at the steps are transiently transferred
to the epitaxial graphene and diffuse in the layer. Considering
the carrier velocity of graphene, 106 m/s, the diffusion length
can be estimated to be several tens of nanometers during
the pumping time of the present pulse width. This length is
long enough to instantly cover the epitaxial graphene with the
transient electrons on the terrace of the vicinal SiC substrate
[Fig. 10(b)]. This is consistent with the temporal behavior of
�μ in Fig. 9. On the other hand, it requires a longer time for
diffusion on the wide terrace [Fig. 10(a)], and this dynamic
restriction can be experimentally confirmed in Fig. 5. The
results show a longer duration of the positive �μ values in the
LLD than the Dirac cone on the stepped substrate (Fig. 9). In
addition, there is a delayed �μ minimum in the ULD that can
be explained by a balance between the negative shift caused
by an intrinsic effect of the Dirac fermions and the positive
shift caused by the external doping or diffusion of the step
electrons. When the terrace is so large that the intralayer re-
laxation proceeds much earlier than the carrier diffusion over
the terrace, one can observe the negative �μ shift expected for
the Dirac fermions. This naturally explains previous TARPES
results of an epitaxial graphene layer on SiC [10].

These results comprehensively unveil roles of the substrate
during the ultrafast carrier dynamics in epitaxial graphene.
Electrons in the interface states, i.e., step edges, in the SiC
bulk band gap can ballistically transfer to the graphene layer.
The amount of transient carrier doping can be described by the
spectral overlap of the wave-function tails that depends on the
layer distance. In addition, the dynamics in subpicoseconds is
governed by the subsequent carrier diffusion in the layer. The
phenomenological parameter, Gi, in the rate equation is thus
determined by the consequence of these stochastic processes.
A combination of these elemental events likely induces the
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dynamical phenomena of Dirac fermions, expected from free-
standing graphene, or those specific to epitaxial graphene.

The present TARPES experiment revealed the existence of
transient carrier doping from the interface. The results indicate
that the epitaxial graphene layers are electronically sensitive
to the environment, especially substrates or interfaces. This
is mainly because the DOS of graphene in the meV region,
∼1011–1013 cm−2, is much smaller than the atomic density
at the interface, 1015 cm−2. Therefore even defects at the
interface can be critical in transient electronic changes in the
overlayer. The SiC atomic step dealt with in this paper has an
atomic density of ∼1012–1014 cm−2, depending on the terrace
size, which can be large enough to be a source of the carrier
doping to the epitaxial graphene. This discussion provides
an important aspect to understand the TARPES data, and it
is also one of the possible explanations toward a complete
understanding of the whole picture of carrier dynamics in
graphene.

IV. CONCLUSION

TARPES measurements were conducted on various types
of epitaxial graphene on SiC substrates to investigate the
carrier dynamics. In QCBG, layer-dependent electron doping

was observed in the Dirac bands, generating transient voltage
between the upper and lower layers. The phenomena were also
found in single-layer graphene on a stepped SiC substrate and
in nontwisted bilayer graphene. Based on the dynamical rate
equation, the doping carriers likely originated from interface
SiC states of the step edges. A comparison with the theoretical
calculation unveils the dynamics role of the substrate that is
responsible for the interface carrier transport and the subse-
quent diffusion in the overlayer. The present work opens a way
to regulate carrier dynamics in graphene using these environ-
mental effects to develop the next-generation optoelectronics.
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