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A B S T R A C T

We study ultrafast dynamics in graphene grown by chemical vapor deposition, which pre-

sents a positive peak followed by a negative slow recovery process, and is different from the

fully positive or negative dynamics reported. We discuss the diversity of ultrafast dynam-

ics. A dynamic model of differential optical conductivity is developed to simulate ultrafast

dynamics. It is found that the diversity of ultrafast dynamics originates from multiple

parameter dependence. The appearance of ultrafast dynamics is mainly determined by

the position of probed level with respect to static Fermi energy and/or momentum scatter-

ing time. The dynamic model is used to best fit the observed ultrafast dynamics to retrieve

dynamic time constants. The thermalizing and cooling times of optical phonons are found

consistent with the reported values, but a striking sub-femtosecond momentum scattering

time and a sub-picosecond time of electron–hole recombination are obtained. The sub-

femtosecond scattering time is much shorter than several to a few hundred femtoseconds

accepted currently.

� 2014 Elsevier Ltd. All rights reserved.

1. Introduction

The development of graphene-based high speed electronic

devices requires the understanding of ultrafast carrier

dynamic processes in graphene. Many researches reported

on the ultrafast carrier dynamics in mono- and few-layer

graphene, and revealed rich and diverse ultrafast dynamics.

Dawlaty et al. first studied the ultrafast carrier dynamics in

few-layer epitaxial graphene grown on 6H-SiC by thermal

decomposition of SiC surface at high temperatures using

near-infrared femtosecond pump–probe differential trans-

mission spectroscopy [1], and found a pure absorption-satu-

rated ultrafast dynamics, that is a fully positive differential

transmission dynamics (DTD). Thereafter, many researches

also reported on similar fully positive DTDs in few-layer

graphene grown on 6H-SiC by thermal decomposition of SiC

surface and grown by chemical vapor deposition (CVD) [2],

in solution-processable few-layer graphene oxide and re-

duced graphene oxide [3], and in mono-layer graphene on

SiO2 grown by CVD [4]. Meanwhile, a fully negative
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differential reflectivity dynamics (DRD) was also reported in

mono-layer graphene grown on 6H-SiC by thermal decompo-

sition of 6H-SiC [5], which is equivalent to a fully positive

DTD. In contrast, another researchers reported on fully

negative DTD, that is absorption-enhanced dynamics, in

mono- and a few-layer graphene grown on 6H-SiC [6], few-

layer graphene grown on 6H-SiC [7], a few-layer graphene

grown on 4H-SiC [8], and mono- and a few-layer exfoliated

graphene on a Si substrate [9]. Similarly, a fully positive DRD

was also observed in mono-layer graphene transferred on

glass [10] and MgO [11] substrates grown by CVD, which was

equivalent to a fully negative DTD. In addition, complex

probe-wavelength-dependent evolution of DTD was also re-

ported [12–14]. Shang et al. [12,13] and Breusing et al. [14]

studied the ultrafast carrier dynamics of CVD-grown a mono-

and few-layer graphene transferred on quartz substrates

[12,13] and exfoliated monolayer graphene on mica substrates

[14], respectively and found that DTD was fully positive as the

wavelength of probe (probed level) was longer (lower).

However, the dynamics was evolved into an initial positive

peak followed by a slow negative recovery dynamics as the

wavelength of probe (probed level) decreased (increased).

Sun et al. [15] investigated the ultrafast carrier dynamics of bi-

layer graphene grown on 4H-SiC by thermal desorption of Si,

and found that DTD was fully positive as the wavelength of

probe was slightly larger (less) than 2.35 lm (1.78 lm),

whereas it became fully negative as the wavelength was

located in the central part of the range of 1.78–2.35 lm. How-

ever, the dynamics was in turn evolved into an initial positive

peak followed by a negative slowly decayed dynamics when

the wavelength of probe was near 1.78 or 2.35 lm. Those di-

verse ultrafast dynamics has not been focused on and under-

stood completely. Even some contradictory experimental

results, measured on similar samples and under similar

experimental conditions, have not been paid attention to

yet, such as the experimental results reported in Refs. [1,8].

On the other hand, the quantitative analysis on the ultra-

fast dynamics was mainly based on three types of models, the

biexponential decay [1,3,8–10,12], optical conductivity model

in which either interband [5] or intraband [7] transition was

solely taken into account and phenomenological models [2].

In principle, these models could not give accurate physical

parameters unambiguously to describe real ultrafast

processes occurred in graphene because they did not consider

or incompletely considered the real physical processes so that

the measurements of some physical parameters, such as

momentum scattering time and lifetime of electron–hole

recombination, have been absent or rare. The former was ob-

tained mainly by theoretical calculation, and predicted to be

in a large range of a few to a few hundreds of femtoseconds

[2,7,16,17]. Meanwhile, it was also exhibited theoretically that

the Fermi distribution of photoexcited carriers could be estab-

lished within 100 fs [18]. Experimentally, Li et al. [5] even

found the photoinjected carriers could be thermalized in

35 fs, implying a few scattering events enabling the photoin-

jected carriers thermalized if the scattering time of several

to a few hundreds of femtoseconds is accepted [2,7,16,17]. It

is evident that the experimental observation did not agree

well with the theoretical prediction for the scattering time

of carriers. The latter, the lifetime of electron–hole

recombination, experimentally was reported rarely [6] except

for theoretical calculations [19,20].

In this paper, we investigate ultrafast dynamics of

photoexcited carriers in a CVD-grown monolayer graphene

transferred on a quartz substrate, and find that DTD presents

a first positive peak near zero-delay time, and then rapidly

decays into a negative dynamics which recovers slowly back

to the initial state. Such DTD is kept almost unchanged with

increasing photoinjected carrier density but the amplitude of

the positive and negative peaks is increased. A dynamic

model of differential optical conductivity including both

intra- and inter-band transitions is developed to simulate

DTD for different scattering time, Fermi level, probe energy

and photoinjected carrier density. The simulated results ex-

plain well the diversity of ultrafast carrier dynamics reported

so far and our experimental results. Finally, the dynamic

model is used best to fit our experimental results. The scat-

tering time, lifetime of electron–hole recombination, and

time constants of electron-optical phonon exchanging and

optical phonon cooling are achieved. A striking sub-femto-

second hot-carrier scattering time is found, which is much

less than the value of a few to a few hundred femtoseconds

accepted currently.

2. Sample and experimental

The graphene sample studied here is grown on copper foil by

CVD [21], and then transferred onto a thin quartz substrate as

described in Ref. [22]. The sample is characterized with Reni-

shaw in Via micro-Raman spectrometer at a laser wavelength

of 514.5 nm and Perkin Elmer Lambda 900 absorption spec-

trometer. A Ti:sapphire self-mode-locked oscillator is used

to study ultrafast carrier dynamics using transient differential

transmission spectroscopy. The mode-locked laser pulse train

has a repetition rate of 94 MHz, the central wavelength of

810 nm and the duration of �80 fs. The laser pulse goes

through a standard pump–probe setup and is split into a

strong pump and weak probe with the intensity ratio of pump

to probe larger than 10. The focused spot size of the pump

and probe is about 50 lm in diameter and overlapped on sam-

ple. The pump and probe are perpendicularly polarized so

that a polarization analyzer can be placed in front of photode-

tector to filter out the scattered pump light into the probe. The

pump beam is modulated at a frequency of about 1.13 kHz by

an optical chopper whose reference output synchronizes a

lock-in amplifier which measures transient transmission

change of the graphene induced by pump pulses.

3. Results and discussion

3.1. Characterization of graphene grown by CVD

A typical Raman spectrum is plotted in Fig. 1(a), and shows

that the 2D peak is two times more intense than G peak,

which implies that the graphene is monolayer. D peak is

hardly observed, which imply the monolayer graphene has

less defects [23]. G peak appears at 1587 cm�1, which implies

that the sample has a Fermi level of �0.24 eV according to the

doped density dependence of the position of G peak [23].
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Furthermore, the transmission spectrum of the sample on a

quartz substrate is measured and plotted in Fig. 1(b), as the

scattered points show. The transmission of the sample can

be described by [1,6],

TðxÞ ¼ TGþSðxÞ
TSðxÞ

¼ 1

j1þNrðxÞZ0=ðns þ 1Þj2
; ð1Þ

where TG+S(x) is the total transmission of graphene and sub-

strate, while TS(x) is the sole transmission of the substrate. N

and Z0 are layer number of graphene and the vacuum imped-

ance, respectively. The ns is the refractive index of the sub-

strate. The r(x) is the optical conductivity of monolayer

graphene and can be written as [6,11],

ReðrðxÞÞ
r0

¼ 4kBT
p�h

ln 1þ eEh
F=kBT

� �
þ ln 1þ eEe

F=kBT
� �h i 1=s

x2 þ 1=s2

þ 1
2 tanh

�hx� 2Eh
F

4kBT

 !
þ tanh

�hx� 2Ee
F

4kBT

� �" # ;

ð2Þ

where r0 ¼ e2=ð4�hÞ is the universal quantum conductivity. s is

the momentum scattering time. Ee
FðE

h
FÞ is the electron (hole)

Fermi energy with the relation Ee
F ¼ �Eh

F under thermal equi-

librium condition. kB and T are Boltzmann constant and abso-

lute temperature, respectively.

The transmission spectrum in Fig. 1(b) can be best fit with

Eq. (1) [1,6], as the solid line shows in Fig. 1(b). One can see the

fitting is quite well and may be better if the dispersion of the

substrate is taken into account. The best fitting gives param-

eters Ef = 0.311 eV, N = 1.22, s = 0.97 fs, and ns = 1.4107. The

Ef = 0.311 eV agrees well with Ef = �0.24 eV given by Raman

spectrum before. The N = 1.22 implies the sample is mainly

monolayer, which also agrees well with the conclusion of

monolayer graphene determined by Raman spectrum before.

The ns = 1.4107 agrees well with average refractive index of

Quartz substrate in the range of 0.8–2.0 eV. The consistency

between Raman and transmission spectra convinces us that

the sample is mainly monolayer graphene and has a Fermi le-

vel between 0.24 and 0.31 eV. A middle value of 0.25 eV will be

used in the following calculations. Finally, it is worth

emphasizing that a sub-femtosecond momentum scattering

time of s = 0.97 fs is given by the fitting, and smaller than

the 2 fs reported in Ref. [6], which indeed shows a significant

difference between our CVD-grown graphene and epitaxial

graphene grown on 6H-SiC by thermal decomposition. We

conjecture the difference may mainly originate from

adsorbed impurities introduced in the chemical transfer

processes of graphene from Cu foil onto a quartz substrate

because such a difference is not reflected in Raman spectrum,

but only in the transmission spectrum.

3.2. Measurement of ultrafast dynamics in monolayer
graphene

Ultrafast dynamics of hot carriers is measured using degener-

ate near-infrared transient differential transmission spectros-

copy. The measured spot of �50 lm in diameter is located in a

homogenous transparent area on the sample by means of an

optical microscope to ensure a monolayer graphene

measured. Fig. 2 shows DTD for different photoexcited carrier

density. One can see that every transient profile presents a

positive peak followed by a negative slow recovery dynamics.

Femtosecond pump pulse first excites electrons into a state

with a level of Ep/2 in conduction (Ep photon energy of pump

pulse). The positive peak near time-delay zero mainly reflects

just the state filling of the non-thermalized photoinjectd

carriers. Then the photoinjected carriers undergo an ultrafast

thermalizing process via electron–electron, electron–phonon

and electron–impurity (not considered in theoretical calcula-

tions) interactions, while the sharp decay of the peak exhibits

just the ultrafast thermalizing process. Finally, the thermal-

ized carriers undergo a cooling and recombination process

back to initial thermal equilibrium state, while the negative

slow recovery dynamics in Fig. 2 just reflects the cooling

and recombination processes.

Fig. 2 – Photoexcited carrier-density dependence of ultrafast

dynamics of CVD-grown monolayer graphene measure by

degenerate pump–probe transient transmission

spectroscopy at the central wavelength of 810 nm. nex

denotes photoexcited carrier density. All curves are shifted

for clarity. (A colour version of this figure can be viewed

online.)

Fig. 1 – Raman (a) and transmission spectra (b) of the

sample. Red line in (b) is the best fitting to experimental

transmission spectrum with Eq. (1) described in text. (A

colour version of this figure can be viewed online.)
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Diverse ultrafast dynamics in graphene mainly depends

on the difference in time scale and strength of those dynamic

processes for different graphene samples. Here it may deduce

from Eq. (2) and the negative sign of the slow recovery

dynamics that the contribution from the intraband transition

to DTD is stronger than one from the interband transition in

the relaxation process of thermalized carriers. One can also

see that DTD is enhanced with increasing excited carrier den-

sity (nex) and the amplitude of the positive peak increases fas-

ter than that of the negative peak. Our DTDs are similar to

some of DTDs reported in Refs. [12–15], but are distinct from

the fully positive DTD reported in Refs. [1–4] and pure nega-

tive DTD reported in Refs. [6–9]. Why are DTDs so different

or diverse in graphene? Are all DTDs reported previously

and observed here reasonable? To answer these questions,

we make simulations based on a recognized model of optical

conductivity of monolayer graphene, as described in Eq. (2).

3.3. Simulation of ultrafast dynamics

The first term in Eq. (2) describes intraband transition which

leads to transient absorption enhancement, while the second

one depicts interband transition which results in transient

absorption saturation. According to Eq. (1), transient differen-

tial transmission of monolayer graphene is proportional to

�D½ReðrðxÞÞ�=r0. Consequently, DTD in graphene should actu-

ally include two contributions from transient intraband and

interband transitions. The appearance of DTD depends on

the competition between the two contributions due to their

opposite sign. Thus, in principle, DTD in monolayer graphene

may be diverse. We demonstrate the diversity below by simu-

lating DTD for different sample parameters and experimental

conditions.

According to the physical picture discussed before on

ultrafast dynamics, in the optical conductivity in Eq. (2), Fermi

energy ðEe
FÞ and temperature (T) of electrons, should become

time-dependent after photoinjected electrons (holes) into

conduction (valence) band of graphene. Here the dynamics

of electron temperature is assumed biexponentially decayed

[1,3,8–10,12] because photoinjected electrons undergo first a

thermalizing process and subsequent cooling process to-

gether with optical phonons, and thus is written as,

T(t) = T0 + DT1 exp(�t/sth) + DT2 exp(�t/scool), where sth is a

time constant which just measures the ultrafast thermalizing

process of pump-injected carriers, while scool describes the

cooling time of the thermalized electron-optical phonon sys-

tem. The DT1 denotes the initial temperature of injected

electrons, while DT2 describe the initial temperature of ther-

malized electron-optical phonon system. The dynamics of

Fermi energy may be described by the dynamics of electron–

hole recombination based on the formula [6,11],

Ee
FðtÞ ¼ �hvF

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
pðN0 þ nex expð�t=srÞ

p
, where vF is Dirac fermion

velocity, N0 is the doped electron density in graphene, while

nex and sr are the photoinjected electron density and lifetime

of electron–hole recombination, respectively. Substituting the

dynamic Fermi energy and temperature into Eq. (2), a

dynamic model of differential optical conductivity,

D[Re(r(x,t))]/r0, is developed. Based on the dynamic model,

negative differential optical conductivity dynamics (propor-

tional to DTD) is calculated for different doped density,

scattering time, probe level and injected carrier density, and

plotted in Fig. 3. The time constants used in the simulations,

sth = 0.12 ps, scool = 1.8 ps and sr = 1.2 ps, are taken from the

literature [1,6]. The DT1 is the temperature of thermalized

electrons and may be estimated from energy conservation

[6], Ue(T0, N0) + DQ = Ue(T0 + DT1, N0 + nex) + Uh(T0 + DT1, nex),

while the DT2 is the initial temperature of thermalized

equilibrium electron-optical phonon coupling system, and

can also be estimated by energy conservation [11],

Ue(T0, N0) + DQ � Uphonon(T0 + DT2) = Ue(T0 + DT2, N0 + nex) + -

Uh(T0 + DT2, nex), where DQ denotes the graphene-absorbed

energy from single pump pulses.

Fig. 3(a) shows the effect of momentum scattering time (s)

on DTD of monolayer graphene. One can discern that s has

significant influence on DTD. Small s leads to the enhance-

ment of negative peak and reduction of positive peak, which

implies more frequent scattering events and thus more in-

tense intraband transition. The negative peak decreases

rapidly with increasing s and vanishes almost as s reaches

10 fs or above. At the moment, fully positive DTDs appear.

Consequently, fully positive DTDs are possible, which may

imply that the studied graphene may have a larger scattering

time (s P 10 fs), as shown in Ref. [2], where a scattering time

of �40 fs at the probed level was calculated by taking account

for electron-optical phonon scattering [2]. In contrast, the

fully negative DTD reported in Ref. [8] cannot be explained

physically because positive peak in DTD should always exist

even if s is reduced down to 0.5 fs, as Fig. 3(a) shows. Actually,

it might be measured wrong because later the authors them-

selves reported fully positive DTD for the same graphene and

similar conditions [24].

The effect of doped density (static Fermi level, Ef) on DTDs

is calculated for a photoinjected carrier density of

nex = 3.375 · 1012/cm2 and s = 2 fs at a probe level of 1.53 eV,

and plotted in Fig. 3(b). One can see DTDs present the first po-

sitive peak followed by a negative slow recovery process for

lower Fermi energy of Ef < 0.4 eV (far below the probed level

of 1.53/2 = 0.765 eV). The amplitude of the negative peak be-

comes weak with raising Ef. As Ef rises up to 0.4 eV, the

negative peak becomes insignificant. DTD becomes fully posi-

tive as Ef is larger than 0.4 eV but lower than the probed level

(0.765 eV), as the DTDs indicated by Ef = 0.5–0.75 eV show.

This agrees very well with a fully negative DRD (equivalent

to fully positive DTD) reported in Ref. [5], where the Fermi le-

vel of monolayer graphene was claimed as �0.4 eV which is

close to the probed level (1.55/2 and 1.1/2 eV). With further

increasing Fermi energy up to 0.8 eV which is slightly above

the probed level, DTD becomes fully negative, as the green

line with open circles shows in Fig. 3(b). This agrees very well

with fully negative DTD reported in Refs. [6,7], where THz

probe, whose energy is below Fermi level, was used to detect

the interband transition near Dirac point and intraband

transition.

Fig. 3(c) shows the probe-level (probe-photon energy)

dependence of DTD for a given Fermi level of Ef = 0.2 eV,

s = 1 fs and photoinjected carrier density of nex = 3.375 · 1012/

cm2. One can see that DTD presents a positive peak followed

by a negative slow recovery dynamics when the probe level is

above 0.620 eV. The positive peak in amplitude increases with

lowering the probe level from 2.065 to 0.620 eV, whereas the
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change of the negative peak in amplitude is not monotonous.

The amplitude of the negative peak first increases slightly as

the probe level reduces starting from 2.065 eV and reaches a

maximum at the probe level of 1.53 eV, as the green solid line

shows in Fig. 3(c). Then, the amplitude decreases monoto-

nously as the probe level further reduces from 1.53 eV, and

approaches to zero at the probe level of 0.620 eV, as the line

with open triangles shows in Fig. 3(c). This change of positive

and negative peaks in amplitude reveals the competition be-

tween two contributions from the intra- and inter-band tran-

sitions. DTD becomes fully positive with further lowering the

probe level from 0.620 eV to 0.412 eV. Those evolutions of DTD

with the probe level agree well with experimental DTDs re-

ported in Refs. [12–14] and theoretical calculations [25], where

DTD was found fully positive for a range of lower probe level,

whereas it became the first positive peak followed by a slow

negative recovery dynamics for a range of higher probe level.

However, there the occurrence of the slow negative recovery

dynamics was explained by band-gap renormalization [12]

and thermal diffusion and shrinkage of band separation

caused by lattice heating [13,14] which was not confirmed

experimentally. Actually, it may be explained well by the

competition between inter- and intra-band transitions at dif-

ferent probe level, as shown in Fig. 3(c). With further reducing

the probe level just across Fermi level, DTD is evolved into the

first negative peak followed by a weak positive recovery

dynamics, as the blue solid line shows in Fig. 3(c). Please note

that the three dynamic profiles circled by an ellipse are scaled

by right vertical axis. Then, DTD becomes fully negative as

probe level is further reduced down to 0.207 and 0.155 eV,

which again agrees well with DTDs detected by THz probe

in Refs. [6,7].

Finally, the photoinjected carrier-density dependence of

DTD is calculated and plotted in Fig. 3(d) for a probe level of

1.53 eV (810 nm), a low static Fermi energy of 0.25 eVand an ex-

cited carrier density range of (0.338 � 6.953) · 1012/cm2, which

are similar to the parameters in our experiment. One can see

that DTD always presents a first positive peak followed by a

negative slow recovery dynamics. The positive and negative

peaks become intense with increasing nex. These features are

well consistent with those of our experimental results shown

in Fig. 2. In general, our calculations show that DTD in mono-

layer graphene indeed may be diverse, including fully positive,

negative and the first positive then evolved into negative

dynamics. The appearance of DTDs mainly depends on the po-

sition of the probed level with respect to Fermi level and scat-

tering time s. Fully positive DTD is possible as scattering time

s is larger (>10 fs) and/or the probed level is above but closer

to Fermi level. In contrast, a fully negative DTD is also possible

when the probed level is lower than Fermi level. Otherwise, a

DTD with a first positive peak followed by a negative slow

recovery dynamics should appear usually. Our calculations

can almost explain all diverse ultrafast dynamics reported so

far in the literature except two fully positive DRDs (equivalent

Fig. 3 – Simulations of ultrafast dynamics in monolayer graphene based dynamic model of differential optical conductivity at

the probe of 810 nm for sth = 0.12 ps, scool = 1.8 ps and sr = 1.2 ps. (a) The momentum scattering time (s) dependence for a

photoexcited carrier density of nex = 3.375 · 1012/cm2. (b) Static Fermi level (Ef) dependence for s = 2 fs and nex = 3.375 · 1012/

cm2. (c) The probe level dependence for s = 1 fs, nex = 3.375 · 1012/cm2 and Ef = 0.2 eV. (d) The photoexcited carrier density

dependence for Ef = 0.25 eV and s = 0.35 fs. (A colour version of this figure can be viewed online.)
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to fully negative DTD) reported in Refs. [10,11], and a fully neg-

ative DTD in Ref. [8], where the probed level was remarkably

higher than Fermi level. Thus, DRD in Refs. [10,11] should pres-

ent fully negative or a negative peak followed by aweak positive

slow recovery dynamics. Actually, the two fully positive DRDs

are also contradictory to the fully negative DRD reported in

Ref. [5]. Based on the fully negative DRD, authors [11] claimed

that sole intraband conductivity response was observed. To

explain their fully positive DRD, they had to lower the temper-

ature of electron–hole gas from �4000 K to �600 K which

disagreed obviously with the true electron temperature of sev-

eral thousands of Kelvins observed experimentally in Ref. [26].

Actually, the two fully positive DRDs might be measured incor-

rectly due to inappropriate setting of lock-in amplifier [27]. As

for fully negative DTD reported in Ref. 8, it was indeed mea-

sured wrong and confirmed by the authors themselves later

[24]. Correct DTD was fully positive, which agrees well with

our calculations.

4. Analysis of experimental results

The dynamic model of differential optical conductivity,

D[Re(r(x,t))]/r0, based on Eq. (2), is used to fit our experimental

dynamics shown in Fig. 2 using Mathematica Software, where

the dynamics of electron temperature and Fermi level is de-

scribed in text before. The convolutions of the best fitting with

auto-correlation function of laser pulse of 80 fs are plotted in

Fig. 4 by solid lines, while scattered symbols denotes experi-

mental data plotted in Fig. 2. One can discern the solid lines

fit experimental data excellently. The best fitting gives out

the carrier-density dependence of four time constants, such

as scattering time s, thermalizing time sth of photoinjected car-

riers, cooling time scool of thermalized carrier-phonon coupling

system and electron–hole recombination time sr. They are plot-

ted in Fig. 5. The best fitting can give out unique solutions with-

in a error of 10% for three time constants, s, sth and scool, but a

doublet solution for sr. In other words, for a set of any initial val-

ues of the four parameters, the best fitting gives almost same

solutions for s, sth and scool, but does one of two different possi-

ble solutions for sr if the fitting is converged. One can see from

Fig. 5 that the two solutions for sr are in a time scale of �0.2 ps

and �1.2 ps, respectively. All time constants are decreased

with increasing photoinjected carrier density in present carrier

density range of <7.0 · 1012/cm2, which can be explained well

by the enhancement of carrier-associated scattering interac-

tions with increasing hot-carrier density. The thermalizing

time constant sth is below 0.2 ps, while the cooling time con-

stant scool of thermalized carrier-optical phonon coupling sys-

tem is below 2.0 ps. They are typical and consistent well with

reported values [1,2,8]. Here we emphasize the scattering (s)

and recombination (sr) time constants because they were not

or seldom reported experimentally. First, one can see a sub-

femtosecond scattering time obtained in Fig. 5. It is below

0.5 fs and slowly reduced with increasing hot carrier density.

Such a small s is achieved experimentally for the first time,

and apparently smaller than the reported minimum of 2 fs

[6], but supported by our transmission spectrum in Fig. 1(b)

which gives out a scattering time of 0.97 fs. In a dynamic mea-

surement, carrier density and temperature are raised signifi-

cantly, and the latter can reach up to thousands of Kelvins

[26]. It was already shown that the scattering time was

temperature dependent and reduced with increasing tempera-

ture [28]. Therefore, it is reasonable for the scattering time of

hot carriers to reduce down to �0.5 fs from static scattering

time of 0.97 fs. Second, doublet recombination times,

sr = �0.2 or�1.2 ps, are obtained, as shown in Fig. 5. The reports

on recombination time were sparse and controversial. Choi et

al. [6] reported a recombination time of 1.2 ps by transient

transmission of THz probe, while Lui et al. [26] reported on a

recombination time of 0.1–0.2 ps by time correlation of photo-

luminescence from a higher level (>1.75 eV). Our doublet solu-

tions agree well with two reports, respectively. However, which

of our doublet solutions for sr is true here? We conjecture the

shorter recombination time of �0.2 ps is more reasonable be-

cause transient transmission of THz probe measured the relax-

ation dynamics of intraband carriers which was controlled by

the recombination and cooling of hot carriers simultaneously.

Fig. 4 – Best fitting of the measured ultrafast dynamics with

dynamic model of differential optical conductivity for

different photoexcited carrier density nex. (A colour version

of this figure can be viewed online.)

Fig. 5 – Photoexcited carrier-density dependence of various

time constants retrieved by best fitting based on dynamic

model of differential optical conductivity. s, sth, scool and sr

denote the scattering, thermalizing, cooling and

recombination time constants, respectively. Solid lines are

the guide to eyes. (A colour version of this figure can be

viewed online.)
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As scool is much larger than sr, the transmission dynamics of

THz probe mainly reflects the cooling dynamics. Consequently,

a larger relaxation time (assigned to recombination time) is gi-

ven out. Photoluminescent dynamics mainly reflects recombi-

nation dynamics, and hence a shorter recombination time is

given out. Furthermore, a more direct evidence to support

our shorter lifetime solution is the direct view of hot carrier

dynamics in conduction band by time-resolved photoemission

spectroscopy [29]. Gierz et al. [29] indicated that hot carriers in

whole conduction band disappeared at a delay time of 1 ps, and

the dynamics of chemical potentials of hot electrons and holes

showed a relaxation time of 0.13 ps. Those results support a

recombination time of <1 ps. The origin of doublet solution

for sr may result from a higher probed level where only the ther-

malizing dynamics of photoinjected carriers can be monitored

sensitively, but the slow recombination dynamics cannot be-

cause thermalized Fermi-distributed carriers mainly are popu-

lated near the bottom of conduction band. The higher probed

level is located at the tail of Fermi distribution where filling ef-

fect is very weak so that a negative slow recovery dynamics ap-

pears. In other words, the negative slow recovery dynamics

following the positive peak in Fig. 2 mainly reflects cooling ef-

fect (intraband transition), whereas carrier filling (interband

transition) is negligible.

5. Summary

We have studied ultrafast dynamics of CVD-grown monolayer

graphene, and discussed the diversity of ultrafast dynamics in

graphene. A dynamic model of differential optical conductivity

is developed to simulate ultrafast dynamics in graphene. It is

found that the diversity of ultrafast dynamics is possible be-

cause the ultrafast dynamics is dependent on multiple param-

eters, such as scattering time, static Fermi energy, probe level

and photoexcited carrier density. A fully positive DTD is rea-

sonable when scattering time is larger and/or probe level is

above and closer to Fermi level. A dynamics with a positive

peak followed by a negative slow recovery process may occur

as probe level is far above Fermi level, whereas a fully negative

DTD may appear when probed level is apparently below Fermi

level. Contrarily, the full negative DTD and full positive DRD

measured at higher levels than Fermi level is not reasonable

physically. We also use the dynamic model of differential opti-

cal conductivity to best fit our experimental dynamic data, and

have obtained the scattering time, thermalized time, recombi-

nation time and cooled time. They all are reduced with increas-

ing excited carrier density, but recombination time almost

keeps constant. A striking sub-femtosecond scattering time

has been obtained for the first time, which is significantly

smaller than the reported minimum of 2 fs measured in other

graphene at room temperature, but supported by the sub-fem-

tosecond scattering time given by data of our transmission

spectrum. A sub-picosecond recombination time has also been

obtained.
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