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Lifetimes of optical phonons in graphene and graphite by time-resolved
incoherent anti-Stokes Raman scattering
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We report lifetimes of optical phonons (OPs) in graphene and graphite measured by time-resolved anti-
Stokes Raman scattering. Lifetimes in graphite and monolayer graphene are 2.4 and 1.2 ps, respectively. For
graphite and graphene with more than five layers, the lifetimes decrease with increasing temperature as ~1/7,
indicating the dominance of anharmonic processes in the decay of the OP population. The decrease in lifetime
with decreasing number of layers suggests an additional decay channel through which excitations in graphene
interact directly with lattice vibrations of the a-SiO, substrate.
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I. INTRODUCTION

In recent years, graphene has been intensely studied as a
material for nanoscale electronic devices because of its high
mobility and ballistic charge transport on micron length
scales.! The current density in graphene saturates* at a
bias of a few volts; similar behavior has been observed in
metallic nanotubes.®~8 For metallic nanotubes, saturation of
the current density at high fields is usually attributed to the
onset of optical phonon (OP) emission.”® However, the
cause of current saturation in graphene remains controver-
sial. Barreiro et al.* considered the role of elastic electronic
scattering by charged and neutral impurities and argued that
hot OPs made a negligible contribution to high-field trans-
port. Meric et al.’ observed current saturation in graphene
field-effect transistors and found that the saturation velocity
is dependent on the charge-carrier concentration; they attrib-
uted this dependence to scattering of electrons and holes in
graphene by 55 meV surface phonons in the a-SiO, sub-
strate. This remote scattering mechanism by polar substrate
phonons has also been invoked in explanations of heat dis-
sipation in nanotube'® and graphene devices.!! A better un-
derstanding of the decay channels and lifetimes of OP popu-
lations will clarify the cause of current saturation and thereby
facilitate the design of high-performance graphene electron-
ics.

We employ time-resolved incoherent anti-Stokes Raman
scattering (TRIARS) (Refs. 12-15) using a subpicosecond
pump-probe method to directly measure the lifetime of zone-
center OPs. In TRIARS, a pump optical pulse excites elec-
tronic excitations that subsequently generate nonequilibrium
OPs; a time-delayed probe optical pulse tracks the generation
and decay of nonequilibrium OPs by monitoring the intensity
of spontaneous anti-Stokes Raman scattering.!® Recently,
TRIARS was used to measure the lifetime of OPs in carbon
nanotubes'>!'% and graphite.”

OP lifetimes are often estimated from the Raman line-
width, ['=(mcT,)"!, where T, is phonon dephasing time. The
relaxation time 7', of the phonon population is equal to half
of T,, T\=T,/2, only when the rate of pure dephasing is
negligible. In semiconducting nanotubes, pure dephasing
processes are weak and OP lifetimes estimated from Raman
linewidth are comparable to OP lifetimes measured by
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TRIARS.'>!* Strong electron-phonon coupling in metallic
nanotubes and graphite may lead to substantial dephasing
processes and broadening of the Raman linewidth;!” T,/2
estimated from the Raman linewidth is on the order of
~0.1 ps, much shorter than T, measured by TRIARS.'>13

In this paper, OP lifetimes in both graphene and graphite
are measured by TRIARS as a function of substrate tempera-
ture and the number of carbon layers. We observe that (a) OP
lifetimes of multilayer graphene decrease monotonically
with decreasing number of layers; (b) for graphite and
>5-layer graphene, OP lifetimes follow a ~1/T temperature
dependence; and (c) OP lifetimes of monolayer graphene de-
viates from a 1/T temperature dependence. A 1/T tempera-
ture dependence!® suggests the dominance of three-phonon
anharmonic processes in the decay of the OP population in
thick graphene and graphite while a reduction in OP lifetime
with decreasing number of layers suggests an additional de-
lay channel such as the coupling of excitations in graphene
to substrate phonons.

II. EXPERIMENTAL DETAILS

Graphene samples are prepared by mechanical exfoliation
of highly oriented pyrolytic graphite on a-SiO,/Si substrates
with 300-nm-thick oxide layers.!” For thick graphene layers,
the number of layers is determined by contrast observed by
optical microscopy;*” for thin graphene layers, the number of
layers is determined by Raman spectroscopy using 633 nm
excitation, 1.3 mW laser power, and a spot size of ~1 um.
The shape and position of the G band?'~?? and the ratio of the
intensity /g, of the G’ band to the intensity I of the G
band?>~%% are often used to determine the thickness and struc-
ture of graphene. The G’ band of our monolayer graphene
sample is centered at 2642 cm™L, in agreement with the G’
frequency reported in Refs. 21 and 23. This peak position is
easily distinguished from the G’ peak position of misori-
ented bilayer graphene that appears at 2650 cm~'.?3 In our
data, the intensity ratio, I5:/I5=4.8 is not in agreement with
Ref. 23. We attribute this discrepancy to small differences in
the thickness of the oxide,?” and possible differences in the
wavelength dependence of the quantum efficiency of the
charge-coupled device (CCD) camera and the transmission
coefficients of the optics. The intensity ratio is still useful,
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however, for identifying bilayer graphene since the G band
intensity of bilayer graphene is approximately doubled in
comparison to monolayer graphene while the G’ band inten-
sity is nearly constant.?>?*2¢ Because the Raman spectrum of
>5-layer graphene is indistinguishable from that of graphite,
we use contrast in optical microscopy images to determine
the number of layers; in our two thick graphene samples, the
number of layers is 5-6 and 10-12.

To achieve an intrinsic graphene sample—i.e., to avoid
adsorption of oxygen and the resulting shifts in the Fermi
level away from charge-neutral Dirac point energy, E,—the
samples are annealed in a N, environment at 573 K for 2 h
and maintained in a N, environment®® during the TRIARS
measurement. As a result of this annealing, the position of
the G band downshifts by ~4 c¢cm™' and the full width at half
maximum (FWHM) of the G band increases by ~8 cm™,
indicating that the Fermi level shifts toward E,.28-3! This
annealing procedure suppresses the appearance of D band
Raman scattering that can be induced by heating under
oxygen-rich environments’? and should also be effective in
removing adsorbed water vapor and other volatile contami-
nants at the graphene/a-SiO, interface.

A mode-locked Ti:sapphire laser with an 80 MHz repeti-
tion rate'>* is used for TRIARS. The pump and probe
beams are cross polarized and focused to 1/e® radii of
3.75 um; the incident pump fluence is 0.40 mJ cm™2 and
the probe beam fluence is 0.27 mJ cm™2. Raman backscat-
tered light is detected by a thermoelectrically cooled, CCD
camera at the output of an imaging spectrograph. Exclusion
of depolarized Raman scattering created by the pump beam
is achieved by “two-tint” pump-probe method'*** based on
optical filters and the broad bandwidth of the Ti:sapphire
laser oscillator. In our two-tint method for TRIARS, the laser
oscillator is tuned to a bandwidth of 10 nm and a central
wavelength of 787 nm. To slice the broad bandwidth of the
laser oscillator, we place a long-wave pass optical filter with
a cutoff of 790 nm in the path of the pump and a narrow
band-pass filter with a transmission band of 785+ 1.5 nm in
the path of the probe.

Absorption of the laser beam produces both transient and
steady-state heating of the samples. Due to the high thermal
conductivity of Si, =140 W m~! K~!; the small optical ab-
sorption coefficient of Si at this wavelength, =1000 cm™);
the low thermal conductivity of a-SiO,, ~1.3 W m~! K7!;
and the small thickness of graphene, most of the steady-state
temperature drop appears across the a-SiO, layer. The aver-
age steady-state temperature rise is then

A(1=R)Ph

ATy =
& mwgA

. (1)

where A is the fraction of the laser power that is absorbed in
the sample, R is the optical reflectivity, P=24 mW is the
total laser power in the pump and probe beam, /% is the thick-
ness of the SiO, layer, w, is the laser beam radius, and A is
the thermal conductivity of a-SiO,. For graphite, A=1, R
=0.38, and AT, =40 K. We expect that this steady-state
temperature rise in graphite produces a ~10% decrease in
the phonon lifetime under the assumption that the tempera-
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FIG. 1. (Color online) Time-resolved anti-Stokes Raman spectra
for monolayer graphene normalized by the integration time, power
in the probe beam, and spectral width of one CCD pixel. The lower
curve is for a time delay between pump and probe of r=—10 ps
(black line) and the upper curve is for t=0.6 ps (red line). The
oscillations in the data at <—1800 cm™' are artifacts from optical
interference in the CCD detector.

Normalized intensity (s'mW'cm)
w
o

ture dependence of the lifetime scales as 1/7. For graphene
samples, steady-state heating has a negligible effect on the
lifetime.

In addition to the steady-state temperature rise AT, each
optical pulse in the pump beam produces a transient change
in the temperature of the sample,

A(1-R)F
A7 JAU=RF

r Cn @

where C is the heat capacity per unit area of graphene, n is
the number of layers, and F is the fluence of the pump beam.
Equation (2) is approximately valid for time scales between
the phonon relaxation time 7; and the thermal relaxation
time for heat dissipation from graphene into the a-SiO, sub-
strate. For n-layer graphene (LG), we calculate R and A us-
ing thin film optics;** for example, for 1-LG (monolayer
graphene), A=0.009 and R=0.3 and A7,=50 K. For graph-
ite, the optical absorption length corresponds to n=98 and
AT,=49 K. Since transient heating of monolayer graphene
and graphite are similar, we are confident that the observed
differences in OP lifetimes between graphene and graphite
are not caused by differences in transient heating.

III. RESULTS AND DISCUSSION

Figure 1 shows time-resolved anti-Stokes Raman spectra
of monolayer graphene measured by the ultrafast probe
pulses after subtraction of depolarized Raman scattering cre-
ated by the pump pulses.’® At a time delay between pump
and probe pulses of 1=0.6 ps, the population of OPs is close
to its maximum. The intensity of the G band Raman scatter-
ing centered at —1580 cm™! is proportional to the population
of zone-center OPs. The peaks centered at —520 and
-960 cm™! are due to first-order and second-order Raman
scattering by phonons in the Si substrate. We have not ob-
served significant D band Raman scattering in any of our
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FIG. 2. (Color online) Normalized intensity change of anti-
Stokes G band Raman scattering in graphite and monolayer
graphene at room temperature as a function of delay time 7. Sym-
bols (open blue triangles for graphite, solid red circles for mono-
layer graphene) and the solid lines are the experimental data and
model fits, respectively. The extracted exponential relaxation times
for graphite and monolayer graphene from these fits are T
=24%0.1 psand T)=12%0.1 ps, respectively. The time correla-
tion between the pump and probe was measured by two-photon
absorption in a GaP photodiode and is shown as a black dashed-dot
line; the pump-probe correlation has a FWHM of 0.7 ps.

TRIARS experiments and conclude that graphene is not
damaged by the laser fluence we use in our experiments.’
We attribute the broad peak centered at —2000 cm™! to Ra-
man scattering by nonequilibrium electronic excitations; this
electronic scattering is not observable with cw laser excita-
tion.

The intensity of the anti-Stokes G band measured by a cw
laser beam is too small to be detected in our apparatus while
the intensity excited by a pulsed probe beam alone, i.e., with
the pump blocked, is measurable. This implies that even at
negative delay times, <0, the population of OPs measured
by the probe beam is significantly larger than the equilibrium
population because photons near the end of the probe pulse
scatter from OPs that have been created since the beginning
of the probe pulse.'?

Temporal evolutions of the integrated intensity of G band
Raman scattering measured at room temperature are plotted
in Fig. 2; An(z) is the difference between the OP populations
measured at r=—10 ps and a pump-probe delay time 7. To
analyze this data, we model the temporal evolution by an
abrupt but time-delayed rise of OP population emitted by hot
carriers at a delay time #; followed by an exponential decay
with a time constant 7. The data are fit by a convolution of
this response function with the cross correlation of the pump
and probe. Thus, fits of our model to the data have three free
parameters:'>!3 (i) the onset time of OP Raman scattering £,
(ii) the OP lifetime T, and (iii) the amplitude of the change
in the signal at 7,=0*. The OP lifetime extracted from these
fits for graphite and monolayer graphene at room tempera-
ture are 2.4 *=0.1 ps and 1.2*0.1 ps, respectively. The OP
lifetime of graphite is within the experimental uncertainties
of the recently reported value of 77=2.2*=0.1 ps from Ref.
15. The onset times, #,=0.15*0.1 ps in both graphene and
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graphite, are consistent with previous measurements of the
initial relaxation times of hot electrons and holes.30-38

In graphene under ultrafast pulsed laser irradiation, hot
carriers excited by the pump beam rapidly exchange their
energy with the Ops (Ref. 38) because of the small heat
capacity of the charge carriers and their strong coupling to
the I'-E,, LO and K-A| modes.?*** This exchange of energy
between hot carriers and OP occurs on a time scale of
~150 fs. On time scales >150 fs, the carriers and OPs are
essentially in equilibrium and the relaxation of hot
carriers’>*! is controlled by the relatively slow exchange of
energy between the OPs and the other vibrational modes of
the lattice.

A slow relaxation of hot carriers has been observed pre-
viously by ultrafast optical pump-probe spectroscopy.’%+>43
Wang et al.** used the slow relaxation time measured in tran-
sient absorption measurements to determine the OP lifetimes
by fitting the data to coupled rate equations. The OP lifetime
derived in this way =~2.5 ps was independent of the number
of layers, type of substrate, and Raman intensity ratio, I/ Ip.
However, the time constant of the slow relaxation observed
in Ref. 42 does not agree with the results of two prior pump-
probe studies, see Refs. 36 and 43. The authors of Ref. 43,
reported that the time constant increases from 2.5 to 5 ps as
the number of layer increases from 1 to ~30 and saturates at
5 ps for >30 layer graphene; they attributed this thickness
dependence to coupling to the substrate. In addition to the
intended sensitivity to optical phonon lifetime,** transient ab-
sorption data may also have unintended sensitivity to contri-
butions from carrier recombination and relaxation via acous-
tic phonons.** The time constants of the slow relaxation
observed in Ref. 36 are in the range of 0.4—1.7 ps and pro-
portional to Raman intensity ratio, I/ Ip.

In contrast to the transient absorption experiments dis-
cussed above, TRIARS provides a direct measurement of the
population lifetime of near-zone-center optical phonons. Our
measurements of the thickness and temperature dependence
of OP lifetimes in graphene and graphite are summarized in
Fig. 3. Lifetimes of multilayer graphene increase monotoni-
cally with increasing number of layers. For >5-layer
graphene and for graphite, the OP lifetimes decrease with
increasing temperature 7 with a dependence that is consistent
with 1/T. This observation suggests that the population life-
time is mostly controlled by a three-phonon anharmonic pro-
cess, e.g., the decay of one OP into two acoustic phonons.'®
On the other hand, the OP lifetimes in monolayer graphene
are less dependent on temperature and deviate from the 1/7
dependence expected for three-phonon decay.

The intrinsic Raman linewidths '™ of G band in graphene
and graphite are often assumed to be a sum of the electron-
phonon (e-ph) interactions I'“P and anharmonic phonon-
phonon (p-p) interactions I'PP; TIn=T"¢-Ph PP 2844 The cal-
culated PP of both graphene and graphite of =2 cm™',*
which translates into 7,/2=T;~=2.65 ps, is comparable to
our measured OP lifetime of 7,=2.4%*0.1 ps in graphite.
The good agreement between the calculated phonon lifetime
based on anharmonic interactions and our observation of a
1/T temperature dependence supports the conclusion that an-
harmonic processes are the main decay channel in TRIARS
measurements of OPs in graphite and thick graphene.
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FIG. 3. (Color online) Lifetimes of OPs in graphite (solid green
diamonds), thick-layer graphene (solid pink squares), 5-LG (solid
brown stars), bilayer graphene (open red triangles), and monolayer
graphene (solid blue circles) as a function of the temperature of the
substrate. Data for the lifetime of the OP in HiPCO nanotubes (open
black triangles) and arc-discharge nanotubes (open black inverted
triangles) from Ref. 13 are included for comparison. Error bars are
assigned from the uncertainties in the model fits.

Because of the weak interaction between graphite planes,
we could expect that the OP lifetime in graphene would be
comparable to the lifetime in graphite.*> However, our mea-
sured OP lifetime of 7;=1.2*=0.1 ps in monolayer graphene
is 50% of the lifetime of graphite. This result implies that
OPs in monolayer graphene decay by a channel other than
the three-phonon anharmonic process and the strength of this
additional channel is comparable to the anharmonic decay
channel in graphite.

Although we cannot conclusively determine the origin of
this additional decay channel in graphene through our ex-
periments alone, we consider possible effects of the a-SiO,
substrate. The scattering of charge carriers in nanotubes and
graphene by optical phonons in a-SiO, is often considered to
be a critical factor in devices built on a-SiO, substrates.>*0-43
The strength of electrostatic interaction between charge car-
riers in graphene and the polar modes of the SiO, substrate is
strong, two orders of magnitude higher than the interaction
with charged impurities.** We speculate that the shorter OP
lifetimes we observe in our graphene experiments are caused
by an additional decay channel where OPs in graphene ex-
change energy with charge carriers which, in turn, transfer
energy to polar phonons of the substrate.
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To estimate how fast energy could be exchanged across
the interface through this mechanism, we estimate the ther-
mal time constant of the coupled electron/OP system as 7
=Cop/ G, where Cgp is the heat capacity per unit area of hot
OPs in monolayer graphene and G is the effective value of
the interfacial thermal conductance for energy transport be-
tween the hot carriers and the substrate phonons. As an
order-of-magnitude estimate for Cpp, we assume that the
heat capacity of the highly excited OPs follows the classical
Dulong-Petit law, and that 3% of all OP modes are excited'?
by the pump beam: Cop=~2.2X 10 I m~2 K~!. In Ref. 11,
the interfacial thermal conductance between hot carriers and
an a-SiO, substrate was estimated as G~24 MW m~2 K.
From these values of Cop and G, we find 7~ 1 ps. This
calculation has large uncertainties but the correct order of
magnitude of the result supports the idea that remote scatter-
ing of charge carriers by polar phonons in a-SiO, could be
playing a role in the faster decay of OPs in monolayer
graphene.

We can also estimate the OP lifetimes in multilayer
graphenes with the same approach in combination with the
assumption that the effect of remote scattering by substrate
phonons scales with distance z as ~1/z2.* Since anharmonic
process and remote scattering by polar phonons should act in
parallel, we write the thermal time constants as 7
=nCqp/ (G, +nD) where n is the number of layers, and D is
the intrinsic effective thermal conductance that couples OP
to other vibrational modes by anharmonic process. We use
the OP lifetime of graphite to estimate D and find D
~9 MW m2 K. G, is total conductance that couples the
electronic excitations in n-LG to the polar phonons of the
a-SiO, substrate. For 5-L.G and 10-LG, this calculation pre-
dicts 7~ 1.5 ps and 7~ 1.9 ps, respectively. The thickness
of 10-LG is much smaller than the optical penetration depth
of graphite at 785 nm and, therefore, the measured Raman
spectrum in 10-LG originates from the entire thickness of the
sample.

Of course, TRIARS measurements of graphene that is
suspended over an opening or trench would be an important
follow up to the experiments we describe here. We have not
yet been able to apply TRIARS to suspended n-LG graphene
because of a variety of experimental challenges, mostly re-
lated to the need for a relatively large area of suspended
sample with a homogenous thickness. (The apparatus we use
to anneal the samples and maintain a N, environment re-
quires a relatively large working distance that limits the laser
spot size to =8 um diameter.) Nevertheless, we believe that
such measurements should be possible as long as the addi-
tional steady-state temperature rise of the sample can be un-
derstood and controlled.

Finally, we discuss the possible effects of “ripple” vibra-
tional modes on the OP lifetime. Because bilayer graphene is
more rigid and therefore shows significantly weaker ripple
modes than monolayer graphene,? the effect of ripples modes
on energy transport in graphene is dominant only in mono-
layer graphene. However, the difference between the OP life-
times of monolayer graphene and bilayer graphene is small,
see Fig. 3, and we conclude that ripple modes do not have a
strong effect on the decay of OPs in graphene.

In conclusion, we present experimental data for the OP
lifetime in graphite and graphene as a function of tempera-
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ture and thickness. Anharmonic processes are dominant for
OP decay in graphite and thick graphene. Coupling between
charge carriers in graphene and polar phonons in the a-SiO,
substrate may provide an additional decay channel in thin
and monolayer graphene.
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