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Abstract

Controlling doping is key to optimizing graphene for high-speed electronic and optoelectronic
devices. However, its impact on non-equilibrium carrier lifetimes remains debated. Here, we
systematically tune the doping level of quasi-freestanding epitaxial graphene on SiC(0001) via
potassium deposition and probe its ultrafast carrier dynamics directly in the band structure using
time- and angle-resolved photoemission spectroscopy. We find that increased doping lowers both
the peak electronic temperature and the cooling rate of Dirac carriers, which we attribute to higher
electronic heat capacity and reduced phonon emission phase space. Comparing quasi-freestanding
graphene with graphene on a carbon buffer layer reveals faster relaxation in the latter, likely due to
additional electronic states or phonon modes being available for heat dissipation. These findings
offer new insights for optimizing graphene in electronic and photonic technologies.

1. Introduction

Doping plays a key role in controlling charge carri-
ers in modern electronic devices. As the demand for
faster device operation and higher clock rates con-
tinues to grow, understanding the effects of dop-
ing on non-equilibrium carrier dynamics becomes
increasingly important. Its ultrahigh carrier mobility
allowing for ballistic transport at room temperature
[1, 2] together with its high thermal conductivity
[3], mechanical flexibility [4] and broadband fre-
quency response [5] make graphene an ideal material
for future high-speed electronic and optoelectronic
devices. However, the impact of doping on the non-
equilibrium carrier dynamics of graphene remains a
topic of debate in the literature. Some studies [6, 7]
report that higher doping levels lead to faster relaxa-
tion, while others [8] suggest that carrier decay times
are independent of doping. This highlights the need
for further experimental and theoretical investiga-
tions to fully understand and control graphene’s car-
rier dynamics.

© 2025 The Author(s). Published by IOP Publishing Ltd

Here, we systematically tune the doping level of
quasi-freestanding epitaxial graphene on SiC(0001)
[9] via potassium deposition and directly probe the
non-equilibrium carrier dynamics within the band
structure using time- and angle-resolved photoemis-
sion spectroscopy (trARPES). Our results reveal that
both the peak electronic temperature of the Dirac car-
riers and their cooling rate decrease with increasing
doping. We attribute these trends to the rise in elec-
tronic heat capacity with doping and the combined
influence of the density of states at the Fermi level and
electronic temperature on the scattering phase space
available for phonon emission.

Furthermore, we compare the non-equilibrium
carrier dynamics of quasi-freestanding graphene [9]
with the one of graphene resting on a carbon buffer
layer [10]. We find that carrier relaxation in graphene
on a carbon buffer layer is consistently faster than in
quasi-freestanding graphene across all doping levels
studied. This suggests that a previous interpretation
based solely on differences in scattering phase space
[6] is too simplistic. Instead, we propose that the
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observed differences between these two graphene sys-
tems may be linked to additional channels for carrier
relaxation through electronic states and/or phonon
modes of the carbon buffer layer. Our study thus
sheds light on the question how doping and differ-
ent substrates influence carrier dynamics in graphene,
leading to improved strategies for optimizing the
performance of graphene in various electronic and
photonic applications.

2. Methods

Sample preparation and characterization: N-doped,
single-side polished 6 H-SiC(0001) substrates were
purchased from SiCrystal. The substrates were
cleaned with acetone and IPA in an ultrasonic bath
and a subsequent HF treatment. Next, the substrates
were H-etched at 1200 °C in molecular hydro-
gen for 5-10 min to remove polishing scratches
[11] and graphitized in Ar atmosphere [10] in an
Aixtron high temperature BM cold-wall reactor.
Graphitization at 1200 °C resulted in the formation
of a carbon-rich buffer layer with (6V3 x 6Y3)R30°
reconstruction. Further graphitization at 1300 °C-
1350 °C for 5-10 min resulted in the formation of
a graphene monolayer on top of the carbon-rich
buffer layer (G/C-SiC). After growth, the G/C-SiC
samples were characterized using secondary electron
microscopy, atomic force microscopy and Raman
scattering.

Alternatively, quasi-freestanding monolayer
graphene (G/H-SiC) was grown on on-axis ori-
ented Si-face n-type SiC with an epi-ready chemo-
mechanical polish purchased from Cree, which was
thoroughly degreased. Next, a carbon-rich buffer
layer with (6V3 x 6\3)R30° periodicity was formed
via polymer-assisted sublimation growth [12], which
included deposition of an ultrathin layer of AZ5214E
photoresist by spin coating, followed by three sub-
sequent annealing steps at 900 °C for 30 min in
vacuum and at 1200 °C (1400 °C) for 12 min (6 min)
in 1000 mbar of Ar, using a custom built induction
furnace [13]. G/H-SiC was then obtained by inter-
calation of hydrogen [9] which was performed by
annealing the sample in 860 mbar ultra-pure hydro-
gen at 550 °C for 90 min [14]. The G/H-SiC samples
were characterized using x-ray photoemission spec-
troscopy both before and after H-intercalation.

All samples were transported to the trARPES
chamber in air. After reinsertion into ultrahigh
vacuum the samples were cleaned via annealing at
600 °C for 5 min and characterized with ARPES using
He I radiation.

Potassium was then deposited from a commercial
SAES getter source [15-20]. K atoms adsorb on the
surface of graphene at H lattice sites without disturb-
ing graphene’s sp? network and donate (part of) their
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4 s electron to graphene [21-24]. At higher coverages,
K atoms intercalate between the graphene layer and
the SiC substrate, where they form an ordered (2 x 2)
structure resulting in a strongly n-doped Dirac cone
with Ep ~ —1.3 eV [25, 26]. After each K depos-
ition, the samples were characterized with ARPES to
determine the doping level.

trARPES:The setup is based on a Ti:Sa ampli-
fier with a repetition rate of 1 kHz, a pulse energy
of 7 mJ, and a pulse duration of 35 fs (Astrella,
Coherent). The samples were photoexcited with a
pump photon energy of 1.55 eV and a pump flu-
ence of 0.9 mJ cm~2. To generate extreme ultraviolet
(XUV) probe pulses, the output of the Ti:Sa amplifier
was frequency doubled and focused onto an Argon
gas jet for high harmonics generation. A single har-
monic at 21.7 eV was then selected with a grating
monochromator. ARPES spectra were recorded with
a hemispherical analyzer (Phoibos 100, Specs). The
energy and temporal resolution of the experiments
was ~200 meV and ~250 fs, respectively.

3. Results

Figure 1(a) shows ARPES spectra of the
different graphene samples taken with a non-
monochromatized He lamp at the K point along
the I'K direction of the hexagonal Brillouin zone.
Orange lines are tight-binding fits of the electronic
dispersion. Note that due to many-body interac-
tions a linear extrapolation of the valence band
does not pass through the conduction band [15]
which is why we include an artificial band gap in
figures 1(a4) and (a5). The position of the Dirac point
is assumed to be in the center of this artificial gap.
The Dirac point of pristine G/H-SiC (figure 1(al))
is found to be Ep =~ 100 meV above the Fermi level
consistent with literature [9]. Upon potassium depos-
ition (figures 1(a2)—(a4)) the Dirac cone is found
to move to lower energies. The maximum doping
level for G/H-SiC considered in the present study
is Ep &~ —300 meV in figure 1(a4). Here, a second
Dirac cone (light red in figure 1(a4) starts to emerge,
likely indicating the onset of potassium intercalation
[25]. The doping level of pristine G/C-SiC with the
Dirac point Ep ~ —370 meV below the Fermi level
(figure 1(a5)) is in good agreement with literature
[10, 15]. From the measured Fermi momenta kg
we can directly extract the carrier concentration
inside the Dirac cone n = k?; /m. We obtain carrier
concentrations of n ~ 7-10'' cm™? (figure 1(al)),
n &~ 310" cm™? (figure 1(a2)), n ~ 110" cm—?
(figure 1(a3)), n ~ 6:10'> cm™? (upper Dirac cone in
figures 1(a4) and (n) ~ 9-10'2 cm™? (figure 1(a5)).
Assuming a charge transfer of 0.7 electrons per K
atom [21], we can then estimate the corresponding K
coverage.
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Figure 1. Equilibrium and time-resolved ARPES data of graphene for different doping levels. Row a: equilibrium ARPES images
at the K point along the I'K direction of pristine G/H-SiC (al), G/H-SiC + K (a2)-(a4) and G/C-SiC (a5) taken with a helium
lamp. Orange lines represent the tight binding band structure of graphene. Faint red lines in a4 indicate the formation of strongly
n-doped domains [25]. Row b: trARPES snapshots for negative pump-probe delays before the arrival of the pump pulse. Row c:
pump-induced changes of the photoemission current 140 fs after photoexcitation at a pump photon energy of Aitwpump = 1.55 eV
with a pump fluence of 0.9 mJ cm 2. Gain and loss of photoemitted electrons are shown in red and blue, respectively. Colored

boxes in c1 indicate the areas of integration for pump-probe traces shown in figure 3(a).

Figure 1(b) shows corresponding ARPES spectra
measured with femtosecond XUV pulses at negat-
ive pump-probe delay before the arrival of the pump
pulse. Here, only one of the two branches of the
Dirac cone is visible due to photoemission matrix ele-
ment effects for our p-polarized probe pulses [27].
The pump-induced changes of the photocurrent with
respect to negative pump-probe delays are shown in
figure 1(c) for a pump-probe delay of ~140 fs. Red
and blue indicate gain and loss of photoelectrons,
respectively. All spectra show a gain above the Fermi
level and a corresponding loss below the Fermi level
indicating a redistribution of the carriers by the pump
pulse.

To analyze this pump-probe signal in detail we
start by integrating the spectra in figure 1(b) over the
full momentum axis (figures 1(b1)—(b3) and (b5))
and over the momentum range indicated by the blue-
shaded area in figure 1(b4), respectively. The reduced
integration range indicated in figure 1(b4) was cru-
cial for isolating the non-equilibrium carrier pop-
ulation of the upper Dirac cone with Ep ~ —300

meV highlighted in orange in figure 1(a4). The res-
ulting energy distributions curves (see figure 2(a)
for G/H-SiC) are fitted with a Fermi—Dirac distri-
bution convolved with a Gaussian accounting for
the finite energy resolution. The fit also considers
the density of states of graphene in the momentum
range defined by the width of the analyzer slit. These
fits directly yield the transient electronic temperat-
ure of the carriers inside the Dirac cone displayed
in figure 2(b) for different doping levels as indic-
ated in the figure. The temporal evolution of the elec-
tronic temperature is fitted with a single exponen-
tial decay (continuous lines in figure 2(b)). Note that
hot carrier dynamics in graphene typically follow a
double exponential decay with decay times of about
hundred femtoseconds and some picoseconds due to
optical and acoustic phonon emission, respectively
[28-32]. In the present study, however, the tem-
poral resolution was insufficient to properly resolve
these distinct timescales. The peak electronic tem-
perature is found to decrease with increasing doping
level |Ep | (figure 2(c)). Further, figure 2(d) shows that
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Figure 2. Influence of doping level on transient electronic distribution. (a) Exemplary energy-distribution curves for different
pump-probe delay times obtained by integrating the photocurrent in figure 1(b1) over the entire momentum axis. Thick lines are
Fermi-Dirac fits. (b) Transient electronic temperature for different doping levels together with single-exponential fits. (c) Peak
electronic temperature for different doping levels corresponding to different energies of the Dirac point |[Ep|. (d) Decay time of
the transient electronic temperature for different doping levels. Thick grey lines in (c) and (d) are guides to the eye.

the exponential cooling time for the Dirac electrons
increases with increasing doping level for potassium
doped G/H-SiC. The cooling time for G/C-SiC is
found to be 530 + 140 fs, ~ 620 fs lower than the
cooling time extrapolated for K-doped G/H-SiC with
a similar doping level.

Further information about carrier cooling via
optical phonon emission can be obtained by ana-
lyzing the energy dependence of the population life-
times of the carriers inside the Dirac cone [33, 34].
To gain access to this information, we integrate the
counts over the areas marked by the colored boxes
in figure 1(cl) yielding the pump-probe traces in
figure 3(a). Note that these boxes trace the dispersion
of the Dirac cone, which again allows us to exclude the
signal from the strongly-doped Dirac cone in column
4 of figure 1. Single-exponential fits (continuous lines
in figure 3(a)) then provide the energy-resolved pop-
ulation lifetimes shown in figure 3(b). For all samples
the decay times are found to increase when approach-
ing the Fermi level consistent with literature [6, 33—
35]. For K-doped G/H-SiC, within the experimental
error bars, the energy-resolved lifetimes are found to
be independent of the doping level. This merely indic-
ates that the signal-to-noise ratio of the pump-probe
traces in figure 3(a) is too low to reveal the influence of
doping on the non-equilibrium carrier dynamics that
is clearly evident from figures 2(c) and (d). Further,

the decay times for G/C-SiC are found to be a factor
of ~2 lower compared to K-doped G/H-SiC.

In summary, we find that (1) the peak electronic
temperature decreases with increasing doping level,
(2) for K-doped G/H-SiC the exponential cooling
time of the electrons increases with increasing doping
level, and (3) carrier relaxation in G/C-SiC is faster
than in K-doped G/H-SiC for all doping levels invest-
igated in the present study.

4. Discussion

(1) Our findings are in good agreement with previ-
ous trARPES data [6] that reported peak electronic
temperatures of ~3300 K and ~2000 K for G/H-
SiC and G/C-SiC, respectively, for a pump fluence of
1.4 mJ cm-2. According to standard text books [36]
the electronic heat capacity can be approximated by
C. = D(Ey) T. kg*m?/3, where D(Ey) is the electronic
density of states at the Fermi level. In graphene, D(E)
o |E| and C. increases linearly with Er. Hence, the
peak electronic temperature is expected to decrease
with increasing carrier concentration as observed in
figure 2(c). Note that, in order to make quantitative
predictions for the peak electronic temperature for
different doping levels, much more complex theor-
ies need to be applied that consider absorption sat-
uration due to Pauli blocking as well as an ultrafast
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Figure 3. Energy-resolved population dynamics for dif-
ferent doping levels. (a) Exemplary pump-probe traces
obtained by integrating the photocurrent over the areas
marked by the colored boxes in figure 1 (c1). Solid lines are
single-exponential fits. (b) Energy dependent decay times,
7(E). Blue and grey shaded areas are guides to the eye and
differentiate between graphene on H- and C-terminated
substrates. The color of the data points is the same as in
figures 2(c) and (d).

redistribution of photoexcited electron-hole pairs on
timescales comparable to typical pump and probe
pulse durations.

(2) The time scale for carrier cooling is determ-
ined by the phase space available for phonon emis-
sion that depends on the electronic density of states
within an energy interval of £ kgT. around the
Fermi level (see sketch in figure 4). While doping
increases the density of states at the Fermi level, it
also reduces the peak electronic temperature. We find
that the cooling rate 1/7 decreases with increasing
doping level (figure 3(b)). This indicates that the
influence of the increased density of states is over-
compensated by the decreased electronic temperat-
ure leading to an overall reduction of scattering phase
space. Our observation contradicts previous res-
ults from optical-pump terahertz-probe spectroscopy
that show shorter relaxation times for higher doping
levels [7]. Although we cannot explain this difference,
we would like to point out that the trARPES studies
in the present manuscript provide direct access to the
transient electronic temperature, while in [7] the elec-
tronic temperature was obtained from phenomeno-
logical fits of the Drude scattering rate that itself was
obtained by extracting the Drude conductivity from
the experimentally measured differential transmis-
sion. On the other hand, our data in figure 3(b) can be
reconciled with other optical-pump terahertz-probe
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Figure 4. Sketch of scattering phase space for two different
doping levels. Increased doping comes along with reduced
peak electronic temperatures, such that it is not a priori
clear if the phase space for phonon emission increases or
decreases with increasing carrier concentration.

spectroscopy results that report decay times of ~2 ps
independent of doping level within the £ 10 meV
energy window around the Fermi level probed by
terahertz spectroscopy [8].

(3) Also here, our observation of faster car-
rier relaxation for G/C-SiC compared to G/H-SiC
(figures 2(d) and 3(b)) is in good agreement with
previous trARPES results from [6]. The results in
[6] were attributed to the scattering phase space for
phonon emission that was believed to be bigger for
G/C-SiC than for G/H-SiC due to their differences
in doping level. According to [6], we would expect
similar cooling times for G/C-SiC and K-doped G/H-
SiC provided that the Fermi levels are similar. Our
results in figures 2(d) and 3(b)), however, show that
carrier cooling in G/C-SiC is always faster than in
G/H-SiC independent of the doping level of G/H-
SiC. This indicates that the previous interpretation
[6] was too simple. Instead, we tentatively attribute
the increased cooling rate for G/C-SiC to the availab-
ility of additional electronic states and phonon modes
for carrier relaxation provided by the 6V3 carbon
buffer layer. Alternatively, it is also conceivable that
an increased defect density of G/C-SiC increases the
coupling between hot electrons and acoustic phon-
ons of the graphene layer itself [37, 38]. In principle,
each phonon mode should leave its fingerprints in
the energy-dependent population lifetimes plotted in
figure 3(b). However, both the finite energy resolu-
tion and the limited signal-to-noise ratio of our data
do not allow us to distinguish the contribution of
different phonon modes.

5. Summary and outlook

We investigated the carrier dynamics of potassium-
doped quasi-freestanding epitaxial graphene on
SiC(0001) with time- and angle-resolved photoemis-
sion spectroscopy. We find that both the peak elec-
tronic temperature and the cooling rate of the Dirac
carriers decrease with increasing doping level. We
interpret these observations in terms of an increased
electronic heat capacity and a reduced phase space
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for phonon emission. We also explored the role of
different substrates and found that carrier relaxation
is consistently faster in G/C-SiC than in potassium-
doped G/H-SIiC, challenging prior interpretations
based solely on doping differences. This suggests that
additional electronic and phononic modes from the
carbon buffer layer may play a role in the enhanced
cooling of G/C-SiC. These insights advance our
understanding of how doping and substrate inter-
actions influence carrier dynamics in graphene and
offer strategies for optimizing its performance in elec-
tronic and optoelectronic applications.
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