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We study the electronic cooling dynamics in a single flake of bilayer graphene by femtosecond

transient absorption probing the photon-energy range 0.25–1.3 eV. From the transients, we extract

the carrier cooling curves for different initial temperatures and densities of the photoexcited

electrons and holes. Two regimes of carrier cooling, dominated by optical and acoustic phonons

emission, are clearly identified. For increasing carrier density, the crossover between the two

regimes occurs at larger carrier temperatures, since cooling via optical phonons experiences a

bottleneck. Acoustic phonons, which are less sensitive to saturation, show an increasing

contribution at high density. VC 2011 American Institute of Physics. [doi:10.1063/1.3633099]

The dynamics of carrier cooling is of particular interest

in carbon based low dimensional structures, such as carbon

nanotubes and graphene, because of their extraordinary

mobilities and current densities in devices,1 in the presence

of strong electron-phonon interactions.2 Hot carriers are

expected to emit optical phonons as long as their energy with

respect to the bottom of the band is above the optical phonon

energy �Xop (�195 meV G-mode in graphene). In proximity

to this energy, acoustic phonons are the dominant cooling

channel for equilibrating the electronic system with the lat-

tice. Acoustic phonons are also responsible for the decay of

the emitted optical phonons via anharmonic interactions.3

We consider the carrier cooling in bilayer graphene since

this material is gaining an increasing interest in photonics

and optoelectronics, where it can be used in photodiodes4

and lasers.5 It is, therefore, crucial to understand how hot

carriers lose energy in different regimes of photocarrier den-

sity. In addition, the physics of cooling has triggered a con-

siderable interest from the perspective of theoretical

modeling,6,7 but has seen limited experimental investiga-

tions, mainly focused on an epitaxial graphene.8

In this letter, we present the experimental determination

of the carrier cooling rates in a single flake of bilayer gra-

phene at photocarrier densities differing by one order of

magnitude (�1011 to 1012 cm�2). The experiments are per-

formed by means of femtosecond pump-probe spectroscopy

in a previously unexplored broad probe photon-energy range,

0.25–1.3 eV, thus reflecting the dynamics of electron

and hole populations each with half the photon-energy

(0.125–0.65 eV). This range, which is below �Xop, is

expected to be sensitive to acoustic cooling. Modeling of the

differential transmission spectra, DT/T, allows us to extract

the carrier temperatures as a function of time (cooling

curves). Those reveal two regimes in which carriers first

lose most of their energy via emission of optical phonons

and, subsequently, via low energy acoustic. The crossover

between the two mechanisms depends on the carrier density

and occurs at higher temperatures when the density is high.

Bilayer graphene flakes were prepared by mechanical

exfoliation of natural graphite. The homogeneity and the

number of layers were checked by micro-Raman.9 Single ho-

mogenous bilayer graphene flakes were then transferred to

CaF2 substrates to perform optical experiments (Fig. 1(a)).

Carriers were photoexcited with 100 fs pulses at 1.55 eV

from an amplified Ti:sapphire laser. Probe pulses with simi-

lar time durations were obtained from an optical parametric

amplifier.9 Pump and probe beams were focused on a single

flake in ambient conditions to detect DT(t,�x)/T(�x) at dif-

ferent photon energies, �x, and time delays between the

pump and the probe, t. Experiments were conducted in a lin-

ear regime between pump fluence and DT/T signal in the

FIG. 1. (Color online) (a) Optical transmission microscopy image of

the bilayer graphene sample. (b) Normalized differential transmission

transients at probe energies 1.28 eV and 0.30 eV; photocarrier density of

5.0� 1011 cm�2.
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probe energy range 0.6–1.3 eV, suggesting a minor contribu-

tion from Auger effects.

Figure 1(c) shows the DT/T transients at 1.28 and 0.3

eV. While we observe an almost monoexponential decay of

�4 ps at 0.3 eV, at high energy, the dynamics exhibits a

faster decay of 500 fs. This shows how carrier relaxation is

strongly dependent on the choice of the optically coupled

states investigated by the probe. To have a more complete

picture of the carrier dynamics, we report, in Figure 2,

DT(�x)/T(�x) spectra at different t. At t¼ 0, a positive

DT/T is detected across the whole energy range investigated.

For both densities of carriers, the signal amplitude is monot-

onically decreasing towards energies closer to the pump

(1.55 eV). This is clearly different from results reported in

the previous optical experiments on epitaxial graphene.8,10,11

In such samples, the substrate induced doping gives rise to

negative DT/T signals (absorption) at the Fermi edge, which

is shifted by up to 300 meV from the Dirac-point.11 A posi-

tive DT/T over the whole spectral range investigated, as

reported in our experiments, is due to state filling of the opti-

cally coupled states and gives direct access to the relaxation

of carriers. At low carrier density (Fig. 2(a)), the delayed

spectra recorded at 0.5 and 2.5 ps exhibit an almost vanish-

ing signal on the high photon-energy part, whereas between

0.25 and 0.5 eV, the DT/T remains with a non-negligible am-

plitude, indicating that carriers in this energy range are

blocking the interband transitions with a slower decay. These

results demonstrate that upon photoexcitation, a fast cooling

of the carriers at photon energies closer to the pump occurs.

In Figure 2(b), we show the transient spectra for a higher ex-

citation density, corresponding to 1.8� 1012 cm�2. Here, the

spectra at 0.5 and 2.5 ps are characterized by slowly decay-

ing dynamics extending to 1.0 eV, suggesting that also car-

riers populating states at energies closer to the pump have a

longer lifetime.

To extract the carrier temperatures, we have fitted the

DT(t,�x)/T(�x) data with a model considering two Fermi-

Dirac distributions, for electrons and holes, characterized by

a carrier temperature Tc and two separated chemical poten-

tials.9 Such a description have been demonstrated to be the

most appropriate for the ultrafast dynamics of carriers in

graphite.12 The transient absorption DA is modeled consider-

ing the difference in the excited and ground state dynamical

conductivities, rtot
ex and rtot

gr .

DA / �lnð1þ DTÞ ffi �DT; jDTj � 1

DT

T
ffi � 4p

c
ðrtot

ex � rtot
gr ÞA0;

where rtot is the sum of the inter- and intra-band

contributions.

rtotðTC; �hxÞ ¼ rinterðTC; �hxÞ þ rintraðTC; �hxÞ:

The intraband contribution is a Drude-like term from Ref. 13

used to account for the slight decrease in DT/T on the low

energy side of the spectra at high carrier density (cf. Fig.

2(b)). Ao is the ground state absorption, which is constant in

the probed range,14 while TC and the chemical potential are

used as fitting parameters. The model assumes that the ultra-

fast carrier-carrier scattering, occurring in less than 10 fs,12

results in two Fermi-Dirac populations, with a common char-

acteristic temperature TC. This is established within the time

resolution of our measurements (�150 fs). The subsequent

decrease in carrier population in the high energy tails of the

spectra is due to carrier-phonon scattering and eventually

recombination.

The fits shown as solid lines in Figs. 2(a) and 2(b) repro-

duce well the recorded experimental curves through the

whole photon energy range investigated. The cooling curves

are plotted in Fig. 3, for four different initial densities of car-

riers. All curves show an initial fast decrease consistent with

the emission of optical phonons, followed by a longer tail

due to coupling with acoustic. From here it is possible to

extract the energy loss rate (power loss) P ¼ @ðkBTCÞ=@t at

different Tc and carrier densities. Figure 4 shows the loga-

rithm of the energy loss rate versus the inverse carrier tem-

perature 1=kBTC. P is decreasing with carrier temperature

FIG. 2. (Color online) Differential transmission spectrum of bilayer gra-

phene for three time delays (0 ps: black squares, 0.5 ps: brown circles, and

2.5 ps: red triangles) between pump and probe for photocarrier densities of

(a) 1.3� 1011cm�2 and (b) 1.8� 1012cm�2. The solid lines are fits according

to the model.

FIG. 3. (Color online) Tc as a function of time for four different carrier den-

sities as specified in the legend. The inset shows the same cooling curves on

a logarithmic temperature scale.
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exhibiting two clearly distinct regimes. In the initial regime,

the power loss is expected to be dominated by the emission

of optical phonons, while at lower temperatures, carriers can

relax via low energy acoustic.6 The slopes of the curves in

Fig. 4 are proportional to the energy of the phonons involved

in P, since P ffi �hX
s e��hX=kBT . A sum of the optical and acous-

tic cooling rates contributes to the overall P curve.16 We

report slopes of 350, 435, 424, 506 meV as a function of

increasing carrier density for the initial regime and �100

meV for the second. While 100 meV is in good agreement

with the recent calculations on acoustic modes in graphene,3

the slopes of the initial regime is above the sum of the pho-

non energies and points to an additional carrier-dependent

channel. Interestingly, the turning point towards the regime

where cooling dynamics via acoustic phonons is dominant

clearly depends on the carrier density (arrows). One can

explain this behavior considering that the power loss is pro-

portional to the carrier temperature and density for both opti-

cal and acoustic cooling.6,7 However, optical phonons once

excited transfer their energy to acoustic modes and from

there to the heat bath. The transfer from optical to acoustic

may not be as efficient as carrier optical-phonon transfer

leading to a large population of optical phonons and

decreased cooling rate, hot phonon effect.15 The hot phonon

effect is less apparent in the cooling via acoustic modes,

since those have a lower thermal-impedance mismatch with

the heat bath. We suggest that in the presence of the hot pho-
non effect, cooling via acoustic phonons takes place already

at higher Tc.

In conclusion, we have measured the cooling rate of

photoexcited carriers in a flake of bilayer graphene as a func-

tion of carrier density. At high TC, above 1000 K, the cooling

occurs via emission of optical phonons which increase rap-

idly their population and leads to a hot phonon effect. This

process is less pronounced in the cooling via acoustic pho-

nons, since those are faster thermalized with the heat bath.
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FIG. 4. (Color online) Logarithm of the energy loss rate @ðkBTCÞ=@t as a

function of 1/Tc for the carrier densities (a) 1.3� 1011cm�2, (b)

2.7� 1011cm�2, (c) 9.0� 1011cm�2, and (d) 1.8� 1012 cm�2. The arrows

indicate the turning point between a cooling mechanism dominated by opti-

cal phonons and acoustic phonons.
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