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G
raphene has unique conduction and
valence bandswith linear dispersion
that contact each other at the K and

K0 points of the Brillouin zone. Owing to its
linear dispersion bands, graphene shows
extremely intriguing electronic and optical
properties.1�5 Carrier relaxation in such lin-
ear dispersion bands has attracted signifi-
cant attention. Recent experiments6�23 and
theoretical studies24�27 have shown that
photoexcitation between the linear disper-
sion bands initially creates nonequilibrium
carriers, which experience ultrafast therma-
lization via carrier�carrier and carrier�
phonon scattering followed by cooling with
emission of phonons. The key to the appli-
cation of graphene materials to available
optoelectronic devices such as photoemit-
ters and photosensors is a fundamental
understanding of the ultrafast dynamics of
carrier relaxation in graphene at low photo-
excitation densities in ambient environments.
Transient absorption (pump�probe) mea-

surements in the visible region for solution-
phase chemically exfoliated graphene (probe
energy, 1.57 eV),10 for stacked graphene films

(∼1.9�3.3 eV),18 and formonolayer exfoliated
graphene (∼1.3�1.8 eV)22 have shown that
ultrafast cooling of the carrier system takes
place with emission of optical phonons. A
similar cooling mechanism was observed
using time-resolved luminescence mea-
surements in the visible�near-ultraviolet
region (1.7�3.5 eV) for monolayer exfo-
liated graphene.15 On the other hand, the
importance of the interaction of carriers
with acoustic phonons for carrier cooling
was pointed out by several groups. Pump�
probe measurements in the infrared region
(∼0.5�0.8 eV) for multilayer epitaxial gra-
phene showed that cooling of the carrier
system occurs initially via optical phonons
and later via acoustic phonons.19 In optical-
pump terahertz-probe (∼4 meV) measure-
ments for epitaxial graphene samples with
14 and 30 layers, cooling due to interactions
of carriers with both optical and acoustic
phonons was observed.21 Theoretically, it is
shown that acoustic phonons play a dominant
role in carrier cooling at carrier temperatures
below ∼200�300 K, while optical phonon
emission dominates the cooling process at
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ABSTRACT We investigate the dynamical properties of photoexcited carriers in a

single monolayer of graphene at room temperature in air using femtosecond time-

resolved luminescence spectroscopy. The luminescence kinetics are observed in the

near-infrared region of 0.7�1.4 eV and analyzed based on the two-temperature

model describing the cooling of thermalized carriers via the carrier�optical phonon

interaction. The observed luminescence in the range 0.7�0.9 eV is well reproduced

by the model. In the range 1.0�1.4 eV, however, the luminescence, which decays in∼300 fs, cannot be reproduced by this model. These results indicate

that the carrier system is not completely thermalized in∼300 fs. We also show the importance of the carrier-doping effect induced by the substrate and

surrounding environment in the carrier cooling dynamics and the predominance of optical phonons over acoustic phonons in the carrier�phonon

interactions even at a temperature of ∼400 K.

KEYWORDS: monolayer graphene . photocarrier relaxation . carrier cooling dynamics . carrier�phonon interaction .
photoluminescence . femtosecond time-resolved luminescence spectroscopy
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temperatures above this range.28,29 Therefore, in order
to understand the carrier cooling process, it is impor-
tant to experimentally investigate carrier dynamics
at carrier temperatures around several hundreds of
Kelvin. For this purpose, we need to observe the optical
response in the near-infrared region, where dynamics
of low-energy carriers are directly involved. However,
only a few studies in this regard have been reported,
and in one specific study the transient absorption data
measured at 1.88 μm were analyzed by the acoustic
phonon cooling process.19

Recently, a carrier doping effect in graphene pre-
pared on substrates has attracted attention; carrier
doping is of great importance for applications in elec-
tronic and optical devices. Depending on the substrate
material and surrounding environment (gases and
chemicals), such graphene samples exhibit either an
n-doped7,30,31 or p-doped characteristic.31�34 As opti-
cal transitions in graphene are governed by electron-
and hole-distribution functions, a change in the Fermi
energy by carrier doping is crucial for optical proper-
ties. Thoughmany time-resolvedmeasurements of the
optical transition have been carried out for graphene
formed on different substrates, carrier doping from the
substratematerial has not been givenmuch considera-
tion thus far.7,17,19,21,23,35

In this paper, we report the carrier dynamics in
single-monolayer graphene on an SiO2 substrate at
room temperature in air investigated by means of
femtosecond time-resolved luminescence spectros-
copy. The luminescence kinetics in the infrared region
of 0.7�1.4 eV show an increase in the decay time with
decreasing photon energy, suggesting cooling of the
photoexcited carriers. The luminescence kinetics are
analyzed based on the two-temperature model of
thermalized carriers, taking into account the carrier�
phonon interaction and the Fermi energy shift by
carrier doping from the substrate. The observed lumi-
nescence in the range 0.7�0.9 eV is well reproduced
by the model, while the luminescence that decays in
300 fs in the range 1.0�1.4 eV cannot be reproduced
by this model. These results indicate that the carrier
system is not completely thermalized at the early stages
at times shorter than ∼300 fs. Our analysis showed that
the carrier cooling dynamics is governed by carrier�
optical phonon interactions, and therefore acoustic
phonons are irrelevant to carrier cooling at a tempera-
ture of ∼400 K. We also find the importance of the
carrier-doping effect on the carrier cooling dynamics;
the carrier doping suppresses a rise in carrier temperature
by optical excitations due to the larger heat capacity of
carriers.

RESULTS AND DISCUSSION

The graphene used in this study was epitaxially
grown on Cu(111)/sapphire by chemical vapor deposition

(CVD)36�38 and then transferred onto an SiO2 (quartz)
substrate. The obtained graphene had dimensions
of ∼20 mm � 20 mm. Raman scattering measure-
ments were carried out for characterizing the gra-
phene samples. Figure 1a shows the typical Raman
spectrum of the graphene in this study at room tem-
perature in air. Three bands are observed at ∼1320,
∼1590, and∼2640 cm�1, which are assigned to the D,
G, and 2D bands, respectively.39 The G and D bands are
associated with the zone-center (Γ point) longitudinal
and zone-boundary (K point) transverse optical pho-
nons, respectively; the D band is activated in the first-
order Raman process by the presence of defects. The
2D band is due to second-order Raman scattering of
the K-point transverse optical phonons. The spectral
weight of the D band is small in the observed Raman
spectra, indicating that the graphene is free of a large
number of defects and its crystalline quality is high.
The number of stacked graphene layers can be

determined from the peak intensity ratio of the 2D
band to the G band (I2D/IG):

40,41 I2D/IG ≈ 2�5 and 1 for
monolayer and bilayer graphene, respectively. Since
the observed Raman spectra in Figure 1a show that
I2D/IG ≈ 3.5, the graphene used in this study is identi-
fied to be monolayer graphene. This identification is
supported by the sharp spectral shape of the 2D band
compared with that for multilayer graphene.40,41

The peak position of the G band is sensitive to the
charge carrier density, i.e., the Fermi energy shift ΔEF,
in graphene. Raman scattering measurements for
monolayer graphene with an applied electric field
show the linear dependence of the G-band frequency
on the electric-field-effect-modulated Fermi energy.42

Figure 1. (a) Typical Raman spectrum for the monolayer
graphene sample at room temperature in air. (b) Raman
spectra measured at six different points separated from
each other by∼2 mm around the center of the sample. The
baselines are shifted for display clarity. The black solid lines
represent the results of curve fitting with a Lorentz function
and a linear background component, and the peak position
of the Lorentz function in the respective curves is indicated
in the figure.
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The substrate-mediated strain in graphene also gives
rise to a peak shift of the G band depending on the
substrate material.43�48 The relationship between the
G-band frequency and the Fermi energywasmeasured
for the monolayer graphene on an SiO2/Si substrate in
ref 42. Since the monolayer graphene in our sample is
transferred on an SiO2 substrate, the strain-induced
shift in this study is thought to be equivalent to that in
the monolayer graphene in ref 42.49 The Raman spec-
trum measured for the fresh graphene sample trans-
ferred onto an SiO2 substrate showed the G-band peak
at 1583 cm�1, which is the same value as that observed
for |ΔEF| < 0.04 eV in ref 42 (for details, see the
Supporting Information). Therefore, we estimate ΔEF
in our graphene sample by referring to ref 42.
Figure 1b shows the Raman spectra measured at six

different points separated from each other by ∼2 mm
around the center of the graphene sample in the
G-band region. The black lines represent the results
of curve fitting with a Lorentz function and linear
background component, and the peak positions of
the Lorentz functions in respective curves are indicated
in the figure, the average of which is 1590 cm�1. The
estimatedΔEF is 0.225 eV.

42 Since graphene on an SiO2

substrate in air is known to be p-doped from the
oxygen and moisture in air,33 our graphene is most
probably p-type. Therefore, ΔEF is determined to be
�0.225 eV, corresponding to a hole density of 3.8 �
1016 m�2. It should be noted here that the analysis and

discussion in this study are independent of whether
the doped carriers are holes or electrons because of
symmetrical energy band structures of electrons and
holes in graphene.
The luminescence kinetics in graphene at room

temperature in air were measured using femtosecond
time-resolved luminescence spectroscopy based on the
frequency up-conversion technique50,51 by employing
amode-lockedTi:sapphire laser (82MHz,800nm,and100fs).
The excitation density at 800 nmwas 3.8� 10�2 J m�2

per pulse. Since the transmission at 800nm is 97.7%,52�55

the absorbed pulse energy and photon number are
estimated to be 8.7 � 10�4 J m�2 and 3.5 � 1015 m�2,
respectively. Thus, the number of photoexcited electron�
holepairs is 3.5� 1015m�2, anorder ofmagnitude smaller
than the number of the doped holes.
Figure 2 shows the observed luminescence kinetics

in the photon energy range of 0.7�1.4 eV. For display
clarity, the baselines are shifted and the intensities are
normalized at the maxima. The luminescence kinetics
show longer decay behavior as the photon energy
decreases. Above 1.2 eV, the luminescence kinetics
show ultrafast decay similar to the instrument re-
sponse function (cross-correlation trace of the laser
pulse; the width of the trace is 140 fs, as shown in the
top panel of Figure 2). At 1.0 and 1.1 eV, decay behavior
is observed, and the intensity becomes approximately
zero in ∼300 fs. Below 0.9 eV, the luminescence kinetics
show longer decay; the luminescence decay lasts over
300 fs. Although the decay behavior is not exponential
decay, we obtain time constants as a measure of decay
timeby approximately fitting themeasured decay curves
to a double-exponential function; the fast and slow time
constants are 60 and 360 fs for 0.9 eV, 60 and 530 fs for
0.8 eV, and 90 fs and 1.1 ps for 0.7 eV, respectively. The
photon-energy-dependent decay behavior reflects the
cooling dynamics of photoexcited carriers, which is
qualitatively explained in Figure 3. Figure 3 shows
schematics of the time evolution of the Fermi�Dirac
distribution functions of an electron (fe) and hole (fh)
weighted by the density of states D (D(E) = (2|E|/π)/
(pvF)

2 with the Fermi velocity vF of 1.1� 106 m s�1 (refs
56 and 57), and the origin of energy is set at the Dirac

Figure 2. Luminescence kinetics in monolayer graphene in
the photon energy range 0.7�1.4 eV at room temperature
in air. For clarity of display, the baselines are shifted and the
intensities are normalized at themaxima. The circle symbols
represent experimental data, and the red solid and blue
dashed curves are the results of calculationsbasedona two-
temperature model with and without a Fermi energy shift,
respectively. The top curve represents the cross-correla-
tional trace between the gate pulse and excitation pulse,
which gives the instrument response function. This curve
has a Gaussian shape with a full width at half-maximum of
140 fs (black solid line).

Figure 3. Schematics of time evolution of the distribution
functions of an electron (fe) and hole (fh) weighted by the
density of states (D). (a) Under pulse excitation. (b) After
thermalization of carriers. (c) During cooling to room tem-
perature. (d) On the way to thermalization. Thermalization
of the carrier distributions is not fully achieved, i.e., non-
thermal carriers remain.
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point). The laser pulse excites electrons and holes in
the linear dispersion bands (Figure 3a). Due to carrier�
carrier scattering, thermalization within the carrier
system is achieved (Figure 3b). During the therma-
lization, carrier cooling may partially occur by ultrafast
carrier�phonon scattering, if the carrier�phonon inter-
action is sufficiently strong.22,27Coolingof the thermalized
carriers occurs with emission of phonons via carrier�
phonon interactions (Figure 3c). Consequently, the
value of the weighted distribution function fe,hD at a
high energy decreases faster than at a low energy. As
the luminescence intensity at photon energy pω is
proportional to the product of fe(pω/2)D(pω/2) and
fh(pω/2)D(�pω/2) (details will be described later), the
luminescence at high photon energy decays faster
than that at low photon energy.
In order to quantitatively discuss the carrier dynamics,

we analyze the observed luminescence kinetics using
model calculations. We assume that the carrier system
is instantaneously thermalized by the ultrafast carrier�
carrier scattering, and the carrier temperature is de-
fined at any time. First, the luminescence intensity at
the photon energy pω for the radiative recombination
of free electron�hole pairs is given by Fermi's golden
rule:

fe(pω=2,μe, Te) D(pω=2) fh(pω=2,μh, Th) D( �pω=2)(pω)3 ð1Þ
Here, the electron temperature Te is equal to the hole
temperature Th and the chemical potential |μe| = |μh|,
since we assume ultrafast scattering between elec-
trons and holes. Consequently, fh(pω/2,μh,Th) = 1 �
fe(�pω/2,μe,Te). In eq 1, (pω)

3 expresses the probability
of spontaneous emission, which is proportional to the
cube of the photon energy. As the electron tempera-
ture varies with time, the luminescence intensity is a
function of time.
The time evolution of the electron temperature is

calculated in the following way. We consider the two-
temperature model58,59 taking into account the carrier�
phonon interactions. Energy relaxation processes in
graphene due to surface polar phononmode of the sub-
strate as well as intrinsic optical and acoustic phonons
have been discussed for electronic transport60,61 and
photoexcited carrier cooling.9,13,62 The studies on car-
rier cooling in the femtosecond time region showed
that the dominant contribution to cooling is the cou-
pling to optical and acoustic phonons in graphene. In
1�4-layer and 10-layer CVD-grown graphene trans-
ferred onto SiO2 substrates, the rise and decay kinetics
of differential transmission spectra show similar behav-
ior and are independent of the number of layers.63

This result indicates that the surface polar phonon
mode plays a less important role in the initial process
of hot electron cooling under ultrafast laser excitations
in the transferred graphene. Similar results have been
reported for monolayer graphene on SiO2 and mica

substrates,15 and monolayer and multilayer graphene
on SiC and glass substrates.64 Hence, we take intrinsic
phonons in graphene that couple to carriers.
Since optical phonons strongly couple to carriers,65�67

the carrier�optical phonon interaction is taken into ac-
count in the presentmodel. Referring to the paper by Lui
et al.,15 the time evolution of the electron (Te) and optical
phonon (Tp) temperatures is described by the following
rate equations:

[Ce(Te)þ Ch(Te)]
dTe
dt

¼ I � Γ(Te, Tp) ð2Þ

Cp(Tp)
dTp
dt

¼ Γ(Te, Tp) � Cp(Tp)
Tp � T0

τp
ð3Þ

Here, Ce, Ch, and Cp are the specific heats of electrons,
holes, and optical phonons, respectively. Due to the
symmetrical energy band structures of electrons and
holes, Ce ≈ Ch. Ce is calculated from the expression for
electron energy near the Fermi energy.19 Cp is calcu-
lated by assuming the optical phonons to be Einstein

Figure 4. (a) Time evolutions of electron and optical-pho-
non temperatures calculated using the two-temperature
model. The solid and dashed curves represent the electron
and optical-phonon temperatures, respectively. (b) Time
evolution of the Fermi�Dirac distribution function calcu-
lated using the two-temperature model: From top to bot-
tom, the distribution functions at 50, 100, 150, 200, and
400 fs, and the bottom curve (black) represents the dis-
tribution function before the pulse excitation. (c) Time
evolution of the luminescence spectrum. The solid curves
represent the luminescence spectra calculated using the
two-temperature model. From top to bottom, plotted
curves represent the spectra at 50, 100, 150, 200, and
400 fs. The symbols represent experimental data: 50 fs
(O), 100 fs (0), 150 fs (4), 200 fs (3), and 400 fs (]). The
experimental error of the luminescence intensity is 10% at
each photon energy. (d) Time evolutions of the electron,
optical-phonon, and acoustic-phonon temperatures calcu-
latedusing the three-temperaturemodel. The solid, dashed,
and dotted curves represent the electron, optical-phonon,
and acoustic-phonon temperatures, respectively.
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phonons. In the calculation, the filling fraction of the
optical phonons in the Brillouin zone is estimated by
fitting Cp to the derivative of the empirical relationship
between the optical phonon temperature and the
energy density of the graphene layer.68,69 I is the laser
pulse trace, which has a Gaussian shape with a full
width at half-maximum of 100 fs and an area with
absorbed pulse energy of 8.7 � 10�4 J m�2. Γ(Te,Tp) is
the rate of carrier�phonon scattering, resulting in
energy flow between the carrier and phonon systems.
Assuming the optical phonons to be the Einstein
phonons, the rates of emission and absorption of
phonons are calculated with the coupling constant of
5 � 10�4 eV2 m2 s�1.15 Cooling of the optical-phonon
system occurs with emission of low-energy phonons in
both the graphene and the substrate. As the specific
heat of acoustic phonons is high, secondary-phonon
systems are considered as a heat bath in this model.
The cooling term of the optical-phonon system is
expressed by the last term in eq 3. T0 is the room
temperature (300 K), and τp is the lifetime of optical
phonons, estimated to be 1.2 ps by time-resolved
Raman scattering measurements.71

The time evolutions of Te and Tp are obtained by
numerically solving eqs 2 and 3, as shown in Figure 4a.
Before the laser pulse excitation, Te and Tp are fixed to
be constant at room temperature. At�0.1 ps, the tail of
the laser pulse penetrates into the graphene sample.
Up to 0 ps, the laser pulse propagates in the sample
with its instantaneous intensity increasing and heats
the carrier system at the temperature of Te. Following
Te, the phonon temperature Tp increases according to
Γ(Te,Tp). The maximum value of Te is 420 K, which is an
order of magnitude lower than reported in early work
on luminescence measurements.15 The discrepancy
between the obtained maximum temperatures can
be attributed to two causes: The excitation pulse
energy in our experiments is an order of magnitude
lower, and the pulse duration is about an order of
magnitude longer than in the previous experiments.
After 0 ps, the peak of the laser pulse trace passes
through the sample, and its instantaneous intensity
decreases. As the inflow energy from the laser pulse to
the carrier system falls below the outflow energy to the
optical-phonon system, Te decreases and Tp increases
toward Te, showing saturation behavior. After ca.

0.1 ps, both Te and Tp have the same value. Then, the
decrease in Te slows because the carriers couple to
the hot optical phonons, whose temperature slowly
decreases to room temperature T0 (300 K) with a time
constant τp of 1.2 ps.
Using the time evolution of Te in Figure 4a, we

calculate the time evolution of fe. Here, μe is set at
ΔEF =�0.225 eV, because Te increases to only 420 K at
maximum and is much lower than |ΔEF| = 0.225 eV
(∼2600 K) due to hole doping. Figure 4b shows the

calculated result for fe. The bottom curve represents fe
before the pulse excitation, i.e., fe at 300 K. After the
pulse excitation, at 50 fs (the top curve), a hot distribu-
tion is achieved with the rise in Te. As time proceeds, at
100, 150, 200, and 400 fs (from top to bottom), fe
gradually returns to the distribution before the pulse
excitation due to the reduction in Te.
We can now calculate the time evolution of the

luminescence spectrum using eq 1 and the calculated
distribution function fe. Figure 4c shows the calculated
time evolution of the luminescence spectrum. The
plotted curves from top to bottom represent the
spectra at 50, 100, 150, 200, and 400 fs, and the symbols
represent experimental data. The calculated results fit
the experimental data in the photon energy range
0.7�0.9 eV. In this range, the luminescence kinetics in
Figure 2 are also reproduced well by the calculated
curves (solid curves): (1) The fast decay reflecting the
cooling of Te until Tp becomes equal to Te at ∼0.1 ps
and (2) the subsequent long decay reflecting the
bottleneck of the hot phonons, which cool with a
time constant of 1.2 ps. While good agreement be-
tween the calculations and experiments is obtained in
the range 0.7�0.9 eV, a weak luminescence tail is
observed in the photon energy range 1.0�1.4 eV in
the experiments. This high-energy luminescence can-
not be reproduced by the calculations with any set of
parameters, for example, a smaller coupling constant
of the carrier�phonon interaction. Consequently, the
model analysis based on the assumption that the
photoexcited carriers are instantaneously thermalized
is not adequate for explanation of the carrier cooling
dynamics, and the existence of nonthermal carriers in
the high-energy region is suggested. Since the lumi-
nescence intensities at 1.0 and 1.1 eV last for ∼300 fs,
as shown in Figure 2, thermalization of the carrier
system is not completed by ∼300 fs. A possible origin
of the lasting nonthermal carriers is carriers excited
in the energy region above the linear dispersion rela-
tion. Since two-photon absorption should not occur
under our excitation density according to the early
studies,15,16 the high-energy carriers are excited by
scattering between photoexcited carriers assisted
by phonons for energy-momentum conservation. The
energy of scattered carriers, e.g., 0.75� 2 = 1.5 eV (optical
transition energy 1.5� 2=3.0 eV), lies in the regionof the
nonlinear dispersion relation approaching the saddle
point (M point).27 Although the scattering rate might
be low, once the carriers are excited in the nonlinear
dispersion region, their relaxation is relatively slow, and
thus the nonthermal carriers remain for several hundreds
of femtoseconds.
Here, we discuss the difference in spectral shape

between our study and the early studies. In the ex-
foliated monolayer graphene15,16 the luminescence
spectra were observed in the energy range above
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∼1.7 eV when the samples were excited at 1.5 eV with
shorter andmore intense pulses than those of our case.
The observed spectra show a monotonous decrease
with increasing photon energy, and spectral tails are
observed even in the near-ultraviolet region; the lumi-
nescence intensity at 3.0 eV is ∼7% of the intensity at
1.7 eV.15 This spectral behavior can be explained in
terms of the thermal radiation.15 The dependence of
total radiant fluence on the absorbed fluence F for
F > 0.2 J m�2 is well reproduced by the calculation
based on the two-temperature model. However, for
F < 0.2 J m�2, the experimental value is larger than the
calculated one, and the discrepancy increases with
decreasing absorbed fluence, suggesting the existence
of another luminescence component. In our study, the
graphene sample was excited at 1.55 eV with the weak
laser pulse (∼8.7� 10�4 J m�2), and the luminescence
was observed in the spectral range 0.7�1.4 eV. As
shown in Figure 4c, the spectral shape observed in
our study is much sharper than those in the early
studies; the luminescence intensity at 0.9 eV is only
∼1% of that at 0.7 eV. The sharp spectral width is due
to the low maximum temperature of carriers, leading
to a narrow width of the Fermi distribution function.
A striking difference from the spectral shape observed
in the early studies is the existence of the luminescence
tail above 1.0 eV, which suggests the lasting nonther-
mal carriers. At the low absorbed fluence, the intensity
of the nonthermal carrier component relative to that of
the thermal radiation becomes high. This is the reason
that the nonthermal carrier component is observed in
our study. In ref 15, this component may be seen as a
deviation from the calculation when the absorbed
fluence is lower than ∼0.2 J m�2.
Next, we discuss the importance of the Fermi energy

shift due to carrier doping for the luminescence kinetics.
The luminescence kinetics were calculated using the
two-temperature model under the condition of no
carrier doping, i.e., ΔEF = 0, and the results are
shown by the dashed lines in Figure 2. The calculated

luminescence kinetics decay fast, even in the range
0.7�0.9 eV, and the experimental data cannot be
reproduced. However, if we magnify the calculated
curves for ΔEF = 0 by 100 times, the results (dashed
lines) correspond well to those for ΔEF = �0.225 eV
(solid lines) after ∼200 fs. Such dynamical behavior
originates from the time evolution of Te. The time
evolution of Te, shown in Figure 5, is calculated using
the two-temperaturemodel forΔEF = 0. Te increases up
to ∼530 K just after the time origin and quickly
decreases to∼400 K in 200 fs. After 200 fs, the decrease
of Te exhibits the same behavior as that observed in
doped graphene (Figure 4a); the slow decrease is due
to the coupling of carriers to the hot optical phonons.
Themaximumvalue of Te∼530 K is higher than∼420 K
in our experiments, because the heat capacity of elec-
trons in undoped graphene is smaller because of the
lower density of states around the Dirac point. Due to
the higher maximum value of Te, the luminescence
intensity around the time origin is higher. Since
the values of Te in both calculations are the same after
200 fs, the luminescence kinetics show the same
behavior. Consequently, our experiments and model
calculations clearly show that the carrier doping effect
should be considered in the optical responses in
graphene, which has electron heat capacity sensitive
to carrier doping due to the linear dispersion bands
contacting each other at the Dirac point.
Finally, the contribution of acoustic phonons to the

carrier cooling is discussed. We performed the calcula-
tion based on the three-temperature model, taking
into account the interaction between carriers and
acoustic phonons as well as optical phonons. Follow-
ing ref 29, the coupling of carriers to acoustic phonons
with linear energy dispersion is considered. In the
carrier-doped graphene, wherein μe is higher than Te
(highly doped limit), the differential of Te caused by the
carrier-acoustic phonon coupling is written in the form
γd(Te � Ta)/Te.

29 Here, γd = 0.133D2n3/2 meV ns�1,
where D is the deformation potential measured in
units of eV, n is the carrier density measured in terms
of 1012 cm�2, and Ta is the acoustic phonon tempera-
ture. Thus, we add this coupling term in eq 2. Using
the values of D = 20 eV (ref 29), n = 3.8 (as determined
by the G-band frequency in the Raman spectra in
Figure 1b), and the estimated specific heat of acoustic
phonons is obtained by the polynomial fit to the
first principle calculation70 in the low-temperature
region, Te, Tp, and Ta are calculated and plotted in
Figure 4d. The obtained time evolution of Te is almost
the same as that obtained using the two-temperature
model without taking into account the carrier�
acoustic phonon coupling. Therefore, carrier cooling
by the coupling to the acoustic phonons is negligible,
and the coupling to the optical phonons is predominant
in the carrier cooling even at the electron temperature
of ∼400 K.

Figure 5. Time evolutions of electron and optical-phonon
temperatures calculated using the two-temperature model
without the Fermi energy shift (undoped graphene). The
solid and dashed curves represent the electron and optical-
phonon temperatures, respectively.
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CONCLUSION

Weexperimentally investigated thecarrier dynamics in
single-monolayer graphene on an SiO2 substrate at room
temperature in air using femtosecond time-resolved
luminescencemeasurements. The luminescence kinetics
were observed in the near-infrared region of 0.7�1.4 eV
and analyzed based on the carrier cooling model, i.e.,
the two-temperature model taking into account the
carrier�optical phonon interaction. While the observed
luminescence in the range 0.7�0.9 eV is well reproduced

by the model, the weak luminescence decaying within
∼300 fs in the range1.0�1.4 eV cannotbe reproducedby
this model. These results indicate that the carrier system
is in nearly thermal equilibrium, but is not completely
thermalized in ∼300 fs. Furthermore, our analysis re-
vealed the importance of the carrier-doping effect in
the cooling dynamics of photoexcited carriers. We also
showed that carrier�optical phonon coupling is pre-
dominant over carrier�acoustic phonon coupling in
the carrier-cooling process at a temperature of ∼400 K.

EXPERIMENTAL METHODS
The monolayer graphene samples used in this study were

epitaxially grown on Cu(111)/sapphire by chemical vapor
deposition. Details of the growth are described in refs
36�38. In brief, Cu films (500 nm thickness) were deposited
onto a c-plane sapphire substrate in an Ar gas atmosphere
(0.6 Pa) by sputtering. Graphene films were grown on the Cu
film by chemical vapor deposition at 1000 �C for 10min under
ambient pressure with a gas flow of CH4/H2/Ar (volume ratio,
0.4/2.0/97.6) and then rapidly cooled to room temperature in
an H2/Ar flow. The obtained graphene films were transferred
as follows. The graphene film on the Cu(111)/sapphire sub-
strate was covered with polymethyl methacrylate (PMMA)
by a spin-coating technique. The Cu film was then dissolved
in a FeCl3/HCl aqueous solution. The thus released graphene
film on PMMA was washed with deionized water and trans-
ferred onto an SiO2 substrate. Finally, the PMMA was re-
moved by acetone, leaving the graphene film on the SiO2

substrate.
Raman spectra were measured by a Renishaw spectrometer

with a He�Ne laser at 632.8 nm and a 50� objective lens (spot
size ∼4 μm). Since no spectral change was observed for
excitation densities of 8.8 � 105 to 8.8 � 106 W m�2, laser-
induced damage and heating were avoided for these excitation
densities. The Raman spectra shown in this paper were mea-
sured with the excitation density of 8.8 � 106 W m�2 at room
temperature in air.
Luminescence kinetics were measured using femtosecond

time-resolved luminescence spectroscopy based on the fre-
quency up-conversion technique.50,51 The light source was a
mode-locked Ti:sapphire laser (82MHz, 800 nm, and 100 fs), and
the excitation densitywas 3.8� 10�2 Jm�2 per pulse (1.5� 1017

photons m�2 per pulse). The instrument response function of
the measurement system was determined by measuring the
cross-correlation trace between the gate pulse and excitation
pulse, which had a Gaussian shape with a full width at half-
maximum of 140 fs. The spectral resolution was about 0.03 eV.
As described in the Supporting Information of refs 72 and 73, we
detected background signals in the frequency up-conversion
measurements, which were observed even in the range of
negative time delay, due to the un-phase-matched second
harmonics of the strong gate pulse and other stray light. To
obtain the luminescence signal component, we subtracted
the average signal level in the negative time range from the
measured signal of the decay curve. Time-resolved lumines-
cence measurements were conducted at room temperature
in air.
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