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We examine the ultrafast carrier phonon dynamics in graphene flakes with different lateral sizes.

By using a size-selective centrifugation technique, we create graphene films with graphene flake

sizes in the region of 120–450 nm. The transient transmission exhibits two-step relaxation, which

are attributed to carrier thermalization followed by hot phonon cooling. We find that the cooling

of the hot phonons proceeds faster, by a factor of three, for the smallest graphene flakes. VC 2014
AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4875580]

Graphene has attracted significant interest in emerging

electronic and photonic devices owing to high mobilities,

massless charge carriers, and the absence of a band gap.1

These unique properties have allowed the realisation of

a variety of devices such as photodetectors,2,3 flexible

electronics,4 and high-frequency transistors.5 Carrier and

phonon dynamics play an important role in device limits,

for example, in photodetectors, the carrier recombination

time affects the total intrinsic response time, with faster

recombination resulting in a quicker response rate. In

graphene-based electronic devices, the role of heat dissipa-

tion in few-monolayer graphene becomes an important

issue in device design, as phonon temperatures in

graphene-based devices have been demonstrated reaching

in excess of 1500 K.6–8 Whilst lattice defects are known to

hasten carrier recombination in graphene,9 the carrier and

phonon dynamics of graphene constrained to sub-micron

size lateral dimensions still remains poorly understood.

The carrier relaxation dynamics of graphene has been

studied extensively by ultrafast pump-probe spectroscopy.

These studies have primarily concentrated on epitaxial9–15 and

exfoliated16–19 graphene, although liquid suspensions of gra-

phene flakes have also been studied.20 Theoretical simulations

reproduce the main features and timescales of these experi-

ments quite well,21–23 indicating that the basic mechanisms of

carrier relaxation are well understood. Immediately after opti-

cal excitation, the electrons (holes) relax down (up) to the

Dirac point and thermalise to a Fermi-Dirac distribution with

an effective electronic temperature well over 1000 K but with

a much lower lattice temperature. Over the next few hundred

femtoseconds, the carriers cool by optical phonon emission

and come into equilibrium with the optical phonons. The hot

optical phonons themselves decay on the picosecond time-

scale. During the last process, reabsorption of the hot optical

phonons by the carriers keeps the effective carrier temperature

high. Hence, the long-time cooling rate of the carriers is set by

the cooling rate of the optical phonons, a phenomenon

known as the “hot phonon effect.” This picture of the carrier

dynamics is also confirmed by saturable absorption,20,24,25

time-resolved Raman spectroscopy,7 and time-resolved,

angle-resolved photoemission measurements.14,15

The cooling of hot optical phonons has attracted particu-

lar attention in these studies, since it is the rate-limiting step

for relaxation of optically excited carriers. Early studies have

indicated that the cooling rate for optical phonons is depend-

ent on graphene crystallite size and/or basal plane defects as

measured by the Raman intensity ratio of the D and G bands,

with a higher defect concentration allowing more rapid

relaxation.9 Additionally, it has been demonstrated that both

the carrier cooling16 and the phonon decay26 proceed more

slowly as the number of graphene layers increases. So far,

however, there is no data on the effect of flake size on carrier

dynamics.

Here, we show that the lateral size of graphene flakes

substantially affects the hot-phonon relaxation time. We

obtain pump-probe data on flake-graphene films containing

different lateral sizes of flakes, and find that the picosecond

decay of transient reflectivity depends strongly on flake size.

Our data indicate that the anharmonic decay of optical pho-

nons into acoustic phonons is accelerated by as much a factor

of three as the flake size is reduced from �445 nm down to

�120 nm.

To prepare samples of graphene flakes with different

sizes, we employ the graphene synthesis methodology pio-

neered by the group of Coleman. This synthetic technique

utilises the effect of sonication on flake graphite in water-

surfactant solution to separate the flake graphite into few-

layer graphene in solution.27 Subsequent centrifugation at

varying speeds allows solution samples of distinct lateral

sizes to be isolated.28 In our work, the centrifuge accelera-

tions undergone by our samples, 3000 g, 10 000 g, and

16 000 g, are much larger than those previously reported,

allowing for much smaller lateral sizes. (We report accelera-

tions, rather than rotation speeds, to ease comparison with

results in the literature that use centrifuge rotors of different

radii.) Subsequent slow vacuum filtration and substrate trans-

fer allows thin films of mostly flat-laying graphene to be

examined.29–31

A typical image of the edge of such a film obtained by

scanning electron microscopy and isolated using a centrifuge

acceleration of 10 000 g is shown in Figure 1. As we show

later, such accelerations yield an average flake size of
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185 nm with 2–3 atomic layers per flake. The optical absorp-

tion was measured to be 61% at 800 nm, so from the well-

known single-layer absorption of 2.3%,32 we infer that the

film thickness in Figure 1 contains approximately 40 gra-

phene atomic layers (i.e., 13–20 flakes). Films like these are

highly porous and contain substantial amounts of residual

surfactant29,30 which increase the total film thickness (gra-

phene flakes, residual surfactant, and empty space) to much

more than 40 atomic layers.

Flake sizes are estimated based on the hydrodynamic size

as measured by dynamic light scattering (DLS) (Figure 2). As

shown by Lotya et al., there is a reliable empirical relationship

(Eq. (1)) between the graphene flake hydrodynamic size dDLS

as measured by DLS and the actual size d0 as measured by

transmission electron microscopy33

dDLS ¼ a db
0 ; (1)

where a ¼ 5:962:2 and b ¼ 0:6660:06. The relative flake

sizes are also estimated by Raman spectroscopy (Figure 3)

due to the increase in D/G ratio with decreasing lateral size.

As Raman excitation within �50 nm of a graphene edge

gives rise to a prominent D band, even in monocrystalline

graphene,34 the higher “edge concentration” of smaller flakes

under the focused Raman spot size allows us to confirm that

higher centrifugation speeds result in smaller flake dimen-

sions. The narrow linewidth of the G band confirms our gra-

phene films contain few basal plane defects. Hence, the D/G

ratio can be regarded as measuring the fraction of the flake

area that lie close to an edge, or to put it more simply, the

flake size.

To perform pump-probe measurements, we transfer

films of flake graphene onto glass microscope slides. For

each centrifuge speed (3000, 10 000, and 16 000 g), we test

several films of different thicknesses, ranging from 17% to

73% linear absorption at 800 nm wavelength. Transient

transmission measurements are performed at room tempera-

ture under ambient conditions. The fundamental output from

a Ti:sapphire oscillator with 10 fs duration, 800 nm centre

wavelength, and 80 MHz repetition rate is used to excite and

monitor carriers near the K point of graphene. Linearly

polarized pump and probe beams are focused onto the same

spot on the sample surface with a diameter of �30 lm. The

probe beam is monitored before and after transmission

through the sample with a pair of matched photodiodes, and

their signals are subtracted in order to minimize the noise

due to the laser intensity fluctuations. The pump-induced

change in the transmission DT is measured with a lock-in

technique, while the time delay between the pump and probe

pulses is scanned with a computer-controlled translational

stage. This technique enables us to observe transmission

changes as small as DT/T< 10�6.

Examples of our pump-probe results for films of large

and small flakes are shown in Figure 4. Following an initial

sharp dip, we observe an overshoot to positive DT/T with a

time constant of 100–200 fs, followed by its recovery to zero

on a subpicosecond to picosecond timescale. Based on the

previous studies,14,18,23 we ascribe the fast transient to equi-

librium between the photoexcited carriers and the optical

phonons, and the slow transient to the cooling of the hot opti-

cal phonons. We fit the time traces to a double-exponential

FIG. 1. Scanning electron micrograph of a typical centrifuged flake-

graphene film. The edge of the film can be seen as the vertical line bisecting

the image.

FIG. 2. DLS hydrodynamic size plot of the centrifuged graphene samples.

These data correspond to a graphene flake lateral size of 445 nm (3000 g),

185 nm (10 000 g), and 120 nm (16 000 g).

FIG. 3. Raman spectra of graphene samples prepared at centrifuge accelera-

tions of 16 000 g (black), 10 000 g (red), and 3000 g (blue) covering the D,

G, and 2D bands. Spectra are normalized by the G band intensity and offset

for clarity.

181907-2 Cunning et al. Appl. Phys. Lett. 104, 181907 (2014)

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:

144.213.253.16 On: Wed, 02 Dec 2015 01:26:43



function to obtain the time constants s1 and s2 of the fast and

slow relaxation processes. We did not observe a significant

size dependence for s1. However, s2 depends strongly on the

flake size, as is clear by comparing the left and right panels

of Figure 4.

We study the cooling dynamics of the optical phonons

as a function of flake size by quantitatively analysing the

time constant of the slow transient. To this end, we fit a sum

of two exponential functions to our data and extract the two

time constants s1 and s2 of the fast and slow transients. With

a na€ıve fitting procedure, noise in the fast transient can easily

obscure the beginning of the much weaker slow transient,

yielding unreliable results for s2. We avoid these problems

by fitting only the portion of the data taken after a minimum

150 fs delay. The fitted time constants are found to be inde-

pendent with respect to variations of the minimum delay

around the chosen value of 150 fs, indicating that this fitting

procedure accurately represents the true time constants.

The time constant s2 obtained from an exponential fit-

ting of the transmission traces after 150 fs is shown for the

full range of samples in Figure 5. There is a clear trend

towards shorter time constants for the higher centrifuge

accelerations, indicating that the optical phonons cool faster.

On the other hand, the time constant of the slow transient

does not appear to be systematically correlated with the total

optical absorption. We therefore present the average values

of the time constants for each centrifugation speed (right of

Figure 5), to clearly indicate the extent of the trend. Higher

centrifugation speeds result in smaller flakes that also have

fewer atomic layers. In principle, the change in phonon cool-

ing rate could arise either from the change in flake size or

from the change in the number of layers per flake. However,

pump-probe measurements on large, exfoliated graphene

multilayers have shown that increasing the number of layers

from 1 to 11 increases the slow time constant only slightly,

from 2.5 to 3.2 ps.16 The effect seen here is much stron-

ger—a threefold decrease in time constant—and most of our

measurements show time constants far smaller than 2.5 ps.

The data in Figure 5 indicate that the change in cooling

rate is associated with the flake size, rather than the substrate

coupling effect previously seen in experiments with epitaxial

graphene12 or some other effect associated with film thick-

ness. The films with low optical absorption are thinner, so a

larger fraction of the flakes in the low-absorption samples re-

side close to the surface. Hence, a substrate coupling effect

would lead to faster cooling for low-absorption samples.

Such a trend is not evident in the data, so substrate coupling

appears to play a minor role in our experiment. This conclu-

sion is reasonable in light of the film morphology, as the

flakes are very weakly coupled to the substrate as compared

to epitaxial graphene. The flake-graphene film is highly po-

rous and, though the individual flakes lie more or less paral-

lel to the substrate, the stacking of the flakes is random.29,30

The contact between flakes, or between the flakes and the

substrate, is minimal.

Although our data do not allow us to determine the

cause of the increased cooling rate, we can speculate about

possible mechanisms. In large, pristine graphene sheets with-

out excited carriers, optical phonon cooling proceeds by two

processes: (1) anharmonic decay of an optical phonon into

two acoustic phonons and (2) decay of a phonon into a low-

energy electron-hole pair.23,35,36 However, electron-hole pair

creation is not an effective phonon cooling mechanism in

ultrafast pump-probe experiments, since the carriers remain

FIG. 4. Pump-probe transient transmis-

sion of flake graphene: (a) and (b) sam-

ples with centrifuge acceleration of

3000 g and total film absorption of

55%, (c) and (d) samples with centri-

fuge acceleration of 16 000 g and total

film absorption of 33%. Blue lines in

(b) and (d) show magnified versions of

the slow transients in (a) and (c). Black

curves in (b) and (d) represent an expo-

nential fitting to the experimental data.

FIG. 5. Fitted time constants of the slow transient of centrifuged flake-

graphene samples. Left: Results of individual measurements taken at various

positions on the samples. A systematic trend to shorter decay time can be

seen at higher centrifugation speed (smaller flake size). There is no clear de-

pendence on the optical absorption of the samples. Error bars are the statisti-

cal uncertainties in the fits. Right: Average decay rates for the three

centrifugation speeds. Error bars are the standard error computed from all

data at a given flake size.
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in thermal equilibrium with the optical phonons. The obvious

remaining possibility is that scattering from the flake edge

promotes anharmonic decay. We are unaware of any theoret-

ical studies of anharmonic phonon scattering at the edges of

2-D structures, so this is an open question. It is also possible

that the anharmonic coupling constant is simply larger for

small flakes, even away from the edge. Recent calculations

of the mechanical properties of graphene flakes indicate that

a large buckling stress of the whole flake sets in for small

flakes. This stress induces changes in the elastic constants on

the order of 10% for flakes smaller than 50 nm,37 so signifi-

cant effects might still be expected for our flake sizes.

In conclusion, we have synthesised graphene films con-

sisting of small lateral size graphene through a size-selective

centrifugation technique, generating flakes of �120–450 nm

lateral size. By measuring the reflectivity recovery time after

a high fluence optical pulse using pump-probe spectroscopy,

we have found the reflectivity of smaller flakes equilibrate

over a much shorter time scale, suggesting the optical pho-

nons in laterally constrained graphene flakes cool signifi-

cantly faster. Graphene-substrate and graphene-graphene

interactions are excluded as a possible cause, while no new

cooling mechanisms appear present. The apparent speedup

of the existing cooling mechanisms is a tantalizing topic for

future theoretical inquiry.

D.K. was supported by an Australian Research Council

Future Fellowship (FT110100513).
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