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Graphene, a two-dimensional carbon crystal with a gas of massless Dirac fermions, has promise
as a material that is useful in photonic and optoelectronic devices. A comprehensive understanding
of carrier cooling in photo-excited graphene is necessary for their applications, however, as com-
peting cooling processes, electron—phonon scattering, and supercollisions, complicates the problem.
Specifically, in energy harvesting, supercollision promotes further carrier cooling and, therefore,
leads to lower efficiency, placing doubt on the feasibility of device applications. Here we present
evidence of suppressed supercollisions in trilayer graphene on a SiC(0001) substrate by directly
observing photo-excited carriers and numerically analyzing a phenomenological two-temperature
model. Knowing that supercollisions restrict the capabilities of graphene-based devices, our results
provide a breakthrough for improving their performance.

PACS numbers: 81.05.ue, 78.67.Wj, 78.47.jh, 79.60.-i

I. INTRODUCTION

Because of its broadband absorption, high carrier mo-
bility, and ultrafast optical response, graphene attracts
the attention of many researchers as a promising mate-
rial for next-generation optoelectronic devices. Nowa-
days, many graphene-based optoelectronic devices are
test-manufactured and demonstrated to have a certain
practical capability.'  However, contrary to this fact, the
most elementary phenomenon, i.e., dynamics of photo-
excited carriers in graphene, is not exactly understood.
Therefore, uncovering the carrier dynamics in graphene is
essential not only for designing graphene-based optoelec-
tronic devices but also for improving their performance.

Spectroscopic experiments combined with pump-probe
techniques, such as time- and angle-resolved photoemis-
sion spectroscopy (trARPES),!%16 transient transmis-
sivity (reflectivity) measurements,'” 22 and time-resolved
photoluminescence spectroscopy,?® 2% have been applied
to understand the carrier dynamics in graphene. Accord-
ing to previous research, photo-excited hot carriers lose
a large part of their energy via electron-optical phonon
scattering within the first several hundred femtoseconds
and gradually return to their equilibrium state through
electron—acoustic phonon scattering or optical phonon—
acoustic phonon decay within 1 to 100 ps.!”'® However,
although almost all reports agreed with the above sce-
nario; there is no consistency among the decay times re-
ported, implying the existence of extra cooling pathways.

Recently, Song et al. predicted a new energy dissipa-
tion channel in graphene via disorder-mediated electron—
acoustic phonon scatterings, so-called “supercollisions”
(SCs).26 A SC takes place through a three-body collision

involving an electron, a defect, and an acoustic phonon.
Generally, scattering by an acoustic phonon can trans-
fer much lower energy compared with that by an opti-
cal phonon because conservation of momentum for lin-
ear dispersion bands restricts the available phase space
for scattering and, therefore, acoustic phonon scattering
becomes an inefficient cooling channel. However, addi-
tional exchanges with disorders enable acoustic phonons
to use a much wider phase space, enabling a larger dis-
sipation of energy from the photo-excited carriers. Thus
SC becomes an effective cooling pathway. Indeed, SCs
have been observed as the dominant cooling channel in
a variety of graphene samples, such as suspended?’ and
substrate-supported!:2% 39 graphene. As a consequence
of these complicated interplays between carriers, opti-
cal phonons, acoustic phonons and defects, photo-excited
carrier dynamics in graphene has not as yet been clari-
fied.

In our study, we performed trARPES on graphene
grown on a SiC(0001) C-terminated surface for which
the intrinsic carrier mobility exceeded 100,000 cm? V!
s~! and experimentally verified suppression of SC cooling
processes because of its extremely high carrier mobility.
In consequence, we were able to access the intrinsic re-
laxation process of photo-excited carriers in graphene via
electron—optical phonon scattering and optical phonon to
acoustic phonon decay processes.

II. EXPETIMENT

The experiments were performed on epitaxial trilayer
graphene grown on a SiC(0001) substrate. A semi-



insulating 6H-SiC(0001) was annealed at 1320 °C for
10 minutes under an Ar atmosphere (1 bar) resulting in
epitaxial growth of the trilayer graphene forming on the
SiC(0001) substrate. After being transferred to an ultra-
high vacuum chamber through the air, the sample was
cleaned by annealing at 500 °C to remove surface con-
tamination. Low-electron-energy diffraction (LEED) was
then used to verify the crystallinity of the cleaned surface.
The number of layers, the level of doping (Fr ~ Ep),
and the stacking structure of the graphene sample were
determined from an analysis of ARPES spectra obtained
using a He I source (see Supplemental Material®!). The
intrinsic carrier mobility of the sample is assumed to be
100,000 cm? V™! s=1. This value was extracted from
transport experiments of a top-gated graphene field-effect
transistor,3? the graphene sample for which was grown by
the same procedures.

The trARPES experiments were performed at a high
harmonic generation (HHG) beamline (Institute for Solid
State Physics, The University of Tokyo).3® The laser sys-
tem comprises a 1-kHz Ti:Sapphire laser operating at a
wavelength of 800 nm and pulse width of 70 fs. The
HHG laser pulses are generated by irradiating the sec-
ond harmonic laser pulses in Ar gas and the 9th har-
monics with hv = 27.9 eV were selected by a pair of
multilayer mirrors. A series of trARPES spectra were
taken with a commercial hemispherical analyzer with a
two-dimensional imaging detector (Scienta R4000). Re-
garding the time-resolved experiments, the 27.9-eV HHG
laser pulses were used as light probes and the fundamen-
tal laser (hv = 1.55 eV, 360 — 1650 uJ/cm?) was used
as a pump beam. The temporal and energy resolutions
were 80 fs and 250 meV, respectively. The delay time
of zero (tg) was defined as a peak intensity of pumping
pulse (assumed to be of Gaussian form). Measurements
were performed at 20 K and room temperature.

IIT. RESULTS AND DISCUSSION

Figure la—f present a series of trARPES spectra taken
at delay times t=—1.0 ps, 0 fs, 100 fs, 200 fs, 400 fs,
and 1.0 ps, respectively. The graphene sample was ex-
cited by 1.55 eV laser (660 pJ/cm?) and the spectra were
measured at room temperature. Note that, before irra-
diation, only the lower Dirac cone is visible (Fig. la).
Subsequently, after irradiation, the upper Dirac cone ap-
pears at the originally unoccupied region.

To highlight pump-induced spectral changes, the spec-
trum at the equilibrium state (Fig. 1a) is subtracted from
the non-equilibrium data (Fig. 1b-f); the differences are
displayed in Fig. 1g-k where the scaled red/blue dots in-
dicate the increase/decrease of photoemission intensities
compared with that for the equilibrium state.

Figure 2b—e show a comparison of the transient
electronic temperatures measured under several pump-
ing fluences; (b) 1650 pJ/cm?, (c) 1100 pJ/cm?, (d)
850 pJ/cm?, and (e) 360 puJ/cm?. The initial temper-

ature was set at 20 K. The electronic temperatures at
each delay time were extracted from the angle-integrated
energy distribution curves by fitting these curves with
the function,'?:34

I(E,t) = /D(E’)f(E’,Tc)G(E — FE',o)dF/, (1)

where I(E,t) is the photoemission intensities at delay
time ¢, D(E') the density of state (DOS) of graphene,
G(FE — E',0) the Gaussian of width o as determined
by the experimental energy resolution and f(E’,T,) the
Fermi-Dirac function at electron temperature T,. In Fig-
ure 2b-e, colored solid dots represent the results of fit-
tings obtained using Eq. 1 (see Supplemental Material3!).
From these fitted results, one can clearly see two distinc-
tive decay regimes in all fluence data: fast (70 fs < ¢ <
800 fs) and slow (¢ > 800 fs). To understand the under-
lying relaxation processes, we investigated energetic in-
terchanges between the electronic and phononic systems
as well as energy dissipation via SCs.

The optical-phonon modes that contribute to electron-
phonon scattering in graphene are the doubly degenerate
intravalley Es, modes at the zone center (I' point) and
the intervalley A7 mode at the zone corners (K or K’
point), whereas all other phonon modes at the I' and K
points contribute negligibly.3>3¢ The corresponding os-
cillation energies for intravalley Es, and intervalley A}
modes are 196 meV and 160 meV, respectively. Regard-
ing electron—optical-phonon scatterings, the carrier re-
combination (optical-phonon emission) rates (R) and the
carrier generation (optical-phonon absorption) rates (G)
are given by the following expressions (in units cm=2?s1)
as proposed by Rana et al.,3%

9/at\* 1 >
R=-|=| ————~ dE | E || E — hw
2 <6b) TTpwpn it v / [ El ph |

— 0o

Xf(EvTe)(l - f(E - hwpthe))(l + nph)v (2)

9/ot\* 1 >
G=-\5w| ——= dE | E || E+ hw
2 (31)) prphﬁ‘lv% /_OO | || + hwpn |

Xf(E,Te)(1 — f(E+ hwpthe))nph' (3)

Here, vp = 1 x 105 m/s is the Fermi velocity, p = 7.6
x 1077 kg/m? the density. wpp is the angular frequency
for intravalley (196 meV/h) and intervalley (160 meV/h)
optical-phonon modes and npy, is the phonon popula-
tion, which follows the Bose—Einstein distribution at the
phononic temperature Tp,. 0t/0b is related to the change
in electronic energy with respect to bond length displace-
ment, where ¢t and b describe the transfer integral and
the distance between nearest carbon atoms, respectively.
Note that for the values of R and G, the only difference
between intravalley and intervalley scattering is the small
difference in phonon energies (196 meV for I phonon and
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FIG. 1: Temporal evolution of ARPES images taken near the K point. (a—f) Series of trARPES spectra taken at specified
delay times. The graphene sample was excited by a 1.55-eV pumping laser at 660 uJ/cmz. All spectra were measured along
the T — K — M direction of the two-dimensional Brillouin zone and taken at room temperature. (g—k) Difference spectra at
the corresponding delay times given in (b-k) obtained by subtracting (a) from each spectrum; the scale red/blue dots indicate
increase/decrease from the photoemission intensities at the equilibrium state.

160 meV for K phonon) that gives negligible difference
in R and G. Therefore, for simplicity, we consider only
I" phonon mode as a representative for electron—optical-
phonon scatterings.

Besides electron—optical-phonon scattering, carrier dy-
namics can also be affected by SC cooling events. The
energy loss rate of SCs, Jsc, depends on the electrical
transport properties, such as mean free path, electric con-
ductivity, and carrier mobility.2% The expression for Jgc
takes the form

., D s 3 eV

jSC ~ 8.8 x 10" x I(TC — Tac) {m}, (4)

where D ~ 10 — 30 eV2%3740 is the deformation
potential, p the intrinsic carrier mobility (with units
em?V~'s~1), T,. the acoustic phonon temperature,
which is assumed to be unchanged from the equilibrium
state!! (see Supplemental Material®! for details of the
derivation of Eq. 4).

Taking these factors into account, we built a com-
prehensive relaxation model for photo-excited carriers
in graphene based on phenomenological two-temperature

models;17:21,22
ch _ Gpump _ RNCtthh _ jSC (5)
dt Ce Ce Ce’
dnpn RNet npp —ndy

a -~ M 7 (6)

Figure 2a schematically summarizes the energy interac-
tions (transferred energy per unit area and unit time)
among above coupled rate equations. Here RNt denotes
the total balance between the recombination rate and the
generation rate, i.e., the net recombination rate, given by
RNet = R — G. M denotes the number of phonon modes
that are included in the available phase space for the
carrier—phonon scattering. Its magnitude is determined
by the energy of the pumping laser Epump expressed as'?
2 X [(Epump/2)/hvr)?/47. Gpump represents the energy
injected into the sample during laser irradiation and is
assumed to be of Gaussian form with a full-width at
half-maximum of 70 fs. C, is the specific heat of the elec-
tronic system assumed to be proportional to the square of
the electronic temperature;*! hence, C, = oT;? where «
equals 8.14 x 10717 J K™2 ¢cm~2 for undoped graphene.
ng is the initial phonon population at 20 K. 7 dictates
the anharmonic decay process of the optical phonon to
the acoustic phonon.*? Here Gpump, M, 0t/0b, and T are
the fitting parameters for these rate equations.

Setting 1 = 100,000 cm?V~'s~! and D = 30 eV,
Fig. 2b—e present the fitted results for 7, and T}y, for each
pumping fluence. Applied fitting parameters except for
Gpump are almost identical for all fluence data, confirm-
ing that the equations 5-6 are valid for describing the
carrier dynamics in graphene including its dependence
on the pumping fluence (see Supplemental Material®!
for details of fittings). It is of note that fitted value
for 9t/0b (71 eV nm~! per one optical phonon mode)
agrees reasonably well with the theoretically calculated
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FIG. 2: Temporal variation of the electronic temperatures and the results of the rate equation fittings. (a) Diagrams of the
energy interactions between the electronic and phononic systems in graphene based on the rate equations 5-6. (b—e) Comparison
of the electronic temperature relaxations under several excitation conditions. Electronic temperatures extracted from Eq. 1 at
all delay times are shown in colored solid dots with fitting error bars of + 100 K. The simulated curves for the transient T,
and Tpp, at each fluence data were obtained by solving the rate Eqs. 5-6, under the carrier mobility p = 100,000 cm?/Vs and
deformation potential D = 30 eV. (f~h) Influence of the SC process on the cooling of the photo-excited carriers in high-mobility
graphene within the deformation potential range of 10-30 eV.

value of 9t/0b = 68 eV nm~! for the Fy, mode.*®> The
phonon population npy, is converted to a phononic tem-
perature T, by inverting the equation for npy, specifi-
cally, Ton = Awpn/kpIn[(1 4+ npn)/npn]. Note that the
temporal evolution of these temperatures are convolu-
tions with a Gaussian function of width 80 fs (correspond-
ing to the temporal resolution).

Taking Fig. 2b as an example, Fig. 2f-h presents
term-by-term comparisons of calculation results for
dT,/dt (right-hand side of Eq. 5); specifically, the
heating/cooling rates using the pumping laser, optical
phonons and SCs are separately displayed. Comparing
the cooling power via SCs (integral of the blue area) with
the total cooling power (sum of integral of the yellow and
blue areas), SCs contribute with carrier cooling ratio of
about 0.1, 0.5, and 1.1 % for deformation potential values
of D = 10, 20, and 30 eV, respectively, in the measured
decay regime (70 fs < t < 6 ps). That is, SCs have a neg-
ligible influence in decreasing the electronic temperature

in extremely high-mobility graphene.

This is reasonable in terms of mean free path [ and
scattering time 7s. Assuming [ of the present C-face
graphene is > 200 nm, which is the previously reported
value of highly oriented pyrolytic graphite (HOPG) with
mobility = 50,000 cm?V ~'s~1,* we obtain 7, > 200 fs
using the relation [ = vp7s. This time scale is compa-
rable with the fast decay time seen in Fig. 2; that is,
SC is expected to happen several times in the fast decay
regime. However, for a Si-face graphene, whose mean
free path is estimated at 4 nm,'! a much shorter scat-
tering time (75 = 4 fs) results in a large energy dissipa-
tion via hundreds of SC events. Therefore, as reported
in the previous study by Johannsen et al., the observed
transient electronic temperature in the Si-face graphene
could not be fitted without including the SC term in their
rate equations.'! It is worth noting that resent trARPES
study by Stange et al.*> showed that on the carrier cool-
ing in HOPG, not SCs but optical phonon decays de-
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FIG. 3: Simulated rates of intraband- and interband—intravalley scattering as a function of £ — Er. (a) Schematic curve for
the hot electron distribution has three characteristic energy regimes: electrons at energies below Awpn = 196 meV step over the
conduction band to valence band via optical-phonon emission (labeled (ii) interband) whereas others are scattered within the
same band ((i, iii) intraband). (b—f) The energetic distributions of the number of electrons that participate in optical-phonon
emission (red) and absorption (blue) per unit time (ps) and unit area (cm?) are obtained from the integrand of Eqs. (2) and
(3), respectively, as a function of E — Er. (g) Transient energy distribution of emitted photoelectrons excited by a 1.55-eV
pumping laser at 1650 uJ/cm?. (h) Temporal variation of the photoemission intensities (colored circles) collected every 0.2
eV step from -0.2 eV to 1.2 eV, for example, dashed boxes in (g). Colored lines indicate the fitting curves. (i) Photoemission
decay rates, i.e., temporal differentiations of (h) at specified delay times are displayed as a function of £ — Er. (j, k) Simulated
electronic temperatures 7T, and carrier densities ne for several pump conditions are displayed in the long time domain. The
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scribe the energy relaxation, closely related to the above
scenario and our findings.

From the above discussions, we can now simplify the
problem: considering only electron—optical-phonon and
optical-phonon—acoustic-phonon scatterings is sufficient
for describing the present carrier dynamics. Hence, we in-
vestigated further details of the electron—optical-phonon
scattering by evaluating the integrands of R and G as a
function of £ — Eg. Figure 3b-f present the simulated
emission (absorption) rate of the intravalley Es, optical-
phonon modes at each energy level (value of D is set to
30 eV). Regarding optical-phonon emission, three initial
electron energy regimes are seen in Fig. 3a: (i) E — Ep >
196 meV (intraband scattering), (ii) 196 meV > E— Ey >
0 meV (interband scattering), and (iii) 0 meV > E — Ep
(intraband scattering).

By comparing the number of electrons emitted from
each energy regime, we are able to model hot-electron
relaxation and to explain what is the cause of the relax-
ation bottleneck after ¢ = 800 fs. At the initial decay
regime (70 fs < ¢ < 800 fs), the number of emitted optical
phonons (integral of red shaded area) overcomes that of
absorbed optical phonons (integral of blue shaded area)
(Fig. 3b,c), indicating that the optical-phonon system
gains energy from the electronic system, thereby result-
ing in a rapid rise (fall) in the phononic (electronic) tem-
perature (see Fig. 2b). However, after ¢ = 800 fs, the
optical-phonon emission and absorption almost equalizes
(Fig. 3d-f). Because the net optical phonon emissions
decreases, energy transfer between these systems is re-
strained. For this reason, the relaxation of the electronic
temperature is strongly suppressed after t = 800 fs. This
is also obvious from Fig. 2b-e where the electronic and
phononic temperatures almost equalize at ¢ = 800 fs.
Note that this kind of bottleneck were reported in previ-
ous studies!17:18:21:22 and the time scale (~800 fs) agree
well with these reports.

For comparison with the simulated results, Fig. 3g—i
show the experimental results of the energy-resolved de-
cay rate for hot electrons excited at the pumping fluence
of 1650 puJ/cm? (corresponding to Fig. 2b). In Fig. 3h,
transient photoelectron intensities, I(t), are separately
collected from specified energy window; 0.2 eV-step (close
to the I' and K optical phonon energies) from -0.2 eV to
1.2 eV as illustrated by dashed boxes in Fig. 3g. By
evaluating intensity decay rate, dI(t)/dt, we can obtain
the energy distribution of the hot electron decay rates as
diplayed in Fig. 3i where the decay weight moves from
intraband (¢ = 70 fs) to interband (¢ = 5000 fs) scattering
regime, showing similar trend to the simulated electron—
optical phonon scattering rates (Fig. 3b-f).

Moreover, we note that when the electron distribution
approaches the Dirac point, the cooling of the electronic
system may be further reduced through bottlenecks aris-
ing from the zero DOS at the Dirac point.?>6 Specifi-
cally, an electron in an initial energy state well above the
Dirac point (here we assume Ep = Ey) can easily relax to
a lower energy state whereas one initially near the Dirac
point cannot because the DOS of the final state in the

latter case is much smaller than that in the former case.
Therefore, the relaxation of the electronic temperature is
significantly restricted when the electron distribution for
the Dirac point is approached (for example, see Fig. 3f).
Figure 3j and k show the simulated results of the elec-
tronic temperatures T, and carrier densities n. for the
pumping fluence of 360 — 1650 pJ/cm? in the long time
domain (-1 ps ~ 100 ps). The results after 6 ps are simu-
lated using fitting parameters obtained from Figs. 2b—e.
As seen in the inset of Fig. 3j, Te has still not relaxed to
the initial temperature of 20 K even until 100 ps. This
is because a cooling of T, further stagnates around 5 —
10 ps where the bottleneck effect of the Dirac point may
become effective. Indeed, from this point, the electron
distribution accumulates near the Dirac point and the
interband optical-phonon emission dominates the scat-
tering channel (Fig. 3f). The long time-domain measure-
ment show good agreement with Fig. 3k (see Supplemen-
tal Material!).

IV. SUMMARY

In summary, we performed trARPES on C-face epi-
taxial graphene on a SiC(0001) substrate. The observed
transient electronic temperature consists of fast (70 fs <
t < 800 fs) and slow (¢ > 800 fs) decay regimes and these
features are successfully reproduced by a phenomenolog-
ical model based on coupled rate equations. Simulations
of the time-dependent phonon emission/absorption rate
show that slow decay originates from the suppression of
energy exchanges between carriers and optical phonons
on reaching thermal equilibrium, and also from the sup-
pression of zero carrier DOS near the Dirac point. The
influence of SCs on carrier cooling in graphene is assessed.
By comparing its effect with competing cooling processes
such as optical-phonon scattering, we proved that for
high-mobility (p ~ 100,000 cm?® V~* s~') graphene, SCs
had little effect on carrier cooling. This indicates that
during operations on high-mobility graphene-based de-
vices, energy from light harvesting can be used without
added energy losses caused by SCs. As a first demon-
stration of showing the suppression of SC carrier cooling
in graphene, our results provide clear guidelines not only
for designing next-generation optoelectronic devices but
also for improving their performance.
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