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Abstract. In this paper, we present direct time-domain investigations of the

relaxation of electric currents in graphene due to hot carrier scattering. We use

coherent control with ultrashort optical pulses to photoinject a current and detect

the terahertz (THz) radiation emitted by the resulting current surge. We pre-inject

a background of hot carriers using a separate pump pulse, with a variable delay

between the pump and current-injection pulses. We find the effect of the hot

carrier background is to reduce the current and hence the emitted THz radiation.

The current damping is determined simply by the density (or temperature)

of the thermal carriers. The experimental behavior is accurately reproduced

in a microscopic theory, which correctly incorporates the nonconservation of
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velocity in scattering between Dirac fermions. The results indicate that hot

carriers are effective in damping the current, and are expected to be important

for understanding the operation of high-speed graphene electronic devices.

S Online supplementary data available from stacks.iop.org/NJP/14/105012/

mmedia

When charge carriers in electronic materials collide, the net carrier energy and momentum

are conserved. In conventional semiconductor materials having parabolic bands, such as

GaAs with carriers near the gamma point, momentum conservation leads to current (velocity)

conservation for scattering of carriers with the same effective mass (e.g. between electrons in the

conduction band); scattering between carriers of different masses (e.g. between electrons and

holes) leads to current relaxation [1–6]. The situation is quite different for materials in which the

charge carriers are Dirac fermions as in grapheme [7, 8] or topological insulators [9–11]; in this

case, momentum conservation does not imply current (velocity) conservation even for carriers of

the same mass. It has been theoretically predicted that electron–electron scattering can lead to a

reduction in low-field mobility and velocity saturation for steady-state transport in grapheme [6].

This unconventional transport behavior may have a profound impact on the performance of

electronic and optoelectronic devices based on Dirac fermionic materials [12, 13]. For example,

although the high mobility of graphene promises superior transport devices [14–18], the

mobility may be significantly degraded in high-speed devices incorporating high fields in which

the carrier temperature becomes elevated; the presence of hot carriers significantly enhances

carrier–carrier scattering [19–21]; and the effect of carrier–carrier scattering on the decay of

the current may become the limiting factor. In this paper, we present direct, time-domain

investigations of the relaxation of electric currents in graphene due to hot carrier scattering.

Our approach is to optically inject a current using the method of coherent control with

ultrashort optical pulses. The effect of hot carriers on the coherently injected electric current

is studied both experimentally and theoretically via a microscopic solution of a Boltzmann

equation incorporating carrier–carrier and carrier–phonon scattering. The results indicate that

hot carriers are effective in damping the current, and are expected to be important for

understanding the operation of high-speed graphene electronic devices.

Optical injection of a directional current in graphene is accomplished using the well-

established ω–2ω coherent control technique [23–25], in which phase-correlated ∼220 fs pulses

at a fundamental frequency (wavelength of 3.2 µm) and its second harmonic (1.6 µm) are

simultaneously incident on the sample [22]. Quantum interference between single-photon and

two-photon absorption breaks the material symmetry and the photo-injected carriers carry a

net ballistic electric current as shown in figure 1(a) [23–25]. This ultrafast current radiates a

single-cycle terahertz (THz) pulse with amplitude proportional to the current, and the THz pulse

is measured by electro-optic (E-O) sampling in the far field [22, 24]. This all-optical current

generation and detection scheme requires no electrical contacts and thus avoids the effects of

parasitic resistance or capacitances.

The sample utilized in this work is a multilayer epitaxial graphene film produced on

the C-terminated face of single-crystal 4H-SiC by thermal desorption of Si [26–28]. The

sample has about 63 layers; most experimental evidence indicates that the layers in C-face

epitaxial graphene are essentially decoupled electronically, so the electronic structure governing

the transport is effectively that of single-layer grapheme [29]. We have recently shown that
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Figure 1. Schematic diagram. (a) Energy dispersion diagram of an

undoped graphene layer under the excitation of phase-related fundamental

and second-harmonic pulses to generate coherently controlled photocurrent.

(b) Electron–hole distribution from coherently controlled fundamental and

second-harmonic pulse excitations. (c) Excitation of thermal background of hot

carriers due to one-photon transition of a fundamental pulse and 800 nm prepulse

excitation. (d) Coherently controlled photocurrent generation under a thermal

background of hot carriers injected by both a 800 nm prepulse and one-photon

transition of a fundamental pulse after thermalization via electron–electron

scattering.

coherent control experiments indicate the presence of some electronic coupling [30], although

this coupling is not expected to affect the scattering physics considered in this paper. The

bottom graphene layer is heavily doped and the doping density decreases to nearly zero

with a screening length of one layer, so most layers in the stack are nearly undoped [31]. It

should be noted that there is a significant difference between coherently controlled photocurrent

generation in the undoped graphene layers versus semiconductors: in a semiconductor, the one-

photon absorption of the fundamental pump beam can be tuned to be forbidden due to the

presence of a bandgap [23–25]. In graphene, however, the fundamental pump beam can generate

electron–hole pairs in the undoped graphene layers, as shown in figures 1(b) and (d); following

rapid electron–electron scattering, this becomes a thermal background of hot carriers [31].

In order to study the effect of a hot thermal background of carriers on the coherently

injected current in a controlled way, we designed the prepulse experiment shown in figure 1(c):

we pre-inject a hot carrier background using a prepulse at a variable (negative) delay relative

to the arrival of the two-color coherent control pulses. After initial fast thermalization via

electron–electron scattering, the injected hot carriers form a hot thermal distribution as shown

in figure 1(d). Because the hot carriers cool on a picosecond time scale due to electron–phonon

coupling, we can vary the hot carrier background temperature at the time of photocurrent

generation by changing the delay between the prepulse and the two-color coherent-control

pump excitation. This provides a way to study the effect of thermal background of electrons

with electron temperature Te > 300 K on the coherently controlled photocurrent generation. At

the same time, the hot carrier temperature at various delays can be independently monitored
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Figure 2. Experimental setup. (a) Experimental setup for prepulse experiments

with far-field THz detection and in situ pump–probe measurement. (b) Schematic

diagram for the near-field detection of the THz signal emitted by the coherently

controlled ballistic photocurrent. (c) THz peak field as a function of the phase

between fundamental and second-harmonic pulses.

by performing an in situ pump–probe experiment (using the 800 nm prepulse as the pump and

either the fundamental or second-harmonic middle-infrared (mid-IR) pulse as the probe) [32].

The setup of the experiment for coherently controlled photocurrent generation with

prepulse excitation is shown in figure 2(a) [22]; a commercial 250 kHz Ti:sapphire

oscillator/amplifier (Coherent RegA) operating at 800 nm is used to pump an optical parametric

amplifier (OPA), followed by a difference-frequency generator (DFG) to generate 200 fs pulses

with 2–3 mW power at 3.2 µm (ω beam). The fundamental beam is doubled in an AgGeS2

crystal to 1.6 µm with 10% conversion efficiency. The two collinear beams are either passed

through a 1.5 mm CaF2 plate with tunable tilt angle to adjust their relative phase, or they are

separated by a dichroic mirror and enter the two arms of a Michelson interferometer; one arm

of the Michelson has a piezostage that can modulate the relative length between the arms,

thus controlling the relative phase between the fundamental and second-harmonic pulses. The

beams are overlapped on the sample with a 30 µm diameter (full-width at half-maximum)
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spot size, producing peak focus irradiation intensities for the 3.2 and 1.6 µm beams of 2.26

and 0.32 GW cm−2 after the loss of all intermediate optics. The remnant 800 nm beam from

the OPA is split into two arms: one is used for the sampling detection of the emitted THz

radiation from of the generated photocurrent; the other is used as a prepulse to excite a hot

carrier background before the arrival of the two-color coherent control beams with variable

delay. The THz detection is performed using a standard E-O sampling setup with a 1.0 mm

thick [110] ZnTe crystal, primarily limited by the phase mismatch between the THz and the

probe beams; the effective bandwidth of the E-O detection system is estimated to be ∼2 THz.

A flip mirror is added immediately following the ZnTe crystal to direct the transmitted mid-IR

pulses to the spectrometer for an in situ pump–probe measurement. The signal-to-noise ratio

obtained using E-O detection allows us to detect coherent control signals from samples with at

least ten layers; the application of this technique to monolayer and bilayer samples will require

improved detection.

In order to study the effect of a thermal background of electrons with electron temperature

Te < 300 K, it is necessary to cool the sample in a cryostat; in this case the emitted THz must

be detected in the near field of the sample, as the mid-IR cryostat windows in our liquid

helium continuous flow cryostat are opaque in the THz spectral region. The near-field detection

geometry setup is shown in figure 2(b); a 100 µm high density polyethylene (HDPE) slab is

sandwiched between the graphene sample on its 400 µm SiC substrate and the 0.5 mm thick

[110] ZnTe crystal to block the mid-IR pulse while allowing the generated THz to go through

to the E-O sampling crystal. It is necessary in near-field detection that the sampling beam does

not pass through the sample, as it would generate hot carriers and influence the signal to be

measured. Hence a reflection beam geometry is designed for the sampling beam: the ZnTe

crystal is coated with 800 nm high-reflection coating (>98%) on one side what is in contact with

HDPE and an 800 nm antireflection coating (<2%) on the other side; high-reflection coating

effectively suppresses the generation of hot carriers by the 800 nm sampling beam. In order to

overcome the poor thermal conduction of HDPE and provide a good heat sink to the cold finger,

silver paste was filled in between both sides of the multilayer epitaxial graphene (MEG) sample

and the copper holder.

With HDPE, the optical rectification signal is greatly suppressed, but it does not completely

eliminate it. To completely remove the optical rectification signal, we employed phase

modulation between the fundamental and second-harmonic beams. In this configuration, the

length of one arm of the Michelson is modulated periodically (∼90 Hz) using a piezostage

with an amplitude corresponding to half oscillation period, so that the coherent control signal

is modulated between the maximum and the minimum as shown in figure 2(c); this signal

is detected by the lock-in amplifier locked at the oscillation frequency of the piezostage.

The optical rectification signal, however, is a constant, and does not change with the phase

modulation, so the optical rectification signal is completely eliminated.

The principal experimental results of this work are shown in figure 3. When a 100 fs

prepulse at 800 nm excites hot carriers, the THz emission from the coherently controlled ballistic

current is suppressed. At zero time delay (800 nm and coherent control pulses simultaneously

incident), the THz emission decreases by as much as 60% compared to no prepulse excitation.

For larger negative prepulse delays, the amount of THz reduction is smaller, and within a few

picoseconds the carriers injected by the prepulse have essentially no effect on the coherent

current injection. On the same plot, we show the differential transmission (DT) of both the

fundamental (3.2 µm) and the second-harmonic (1.6 µm) mid-IR pulses due to the 800 nm
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Figure 3. Prepulse reduction and in situ DT normalized coherently controlled

THz emission reduction due to the prepulse excitation at different delays

(black) and in situ pump–probe DT signal with a 800 nm pump (with prepulse)

and a 3.2 µm (blue)/1.6 µm (red) probe. The peak DT signal at 3.2 µm is

normalized with the peak of 1.6 µm. The prepulse power is 20 mW focused on a

120 µm diameter spot which converts to a prepulse intensity of 700 µJ cm−2.

(b) Normalized peak reduction of THz emission at time zero with different

prepulse excitations.

prepulse; the mid-IR DT essentially measures the carrier temperature, and the few-picosecond

decay is characteristic of carrier cooling due to electron–phonon interactions [32]. The dynamics

of both the carrier cooling and the coherent current suppression are very similar, providing

strong evidence that the scattering of the coherently injected electrons with the hot carrier

background is primarily responsible for the current damping. Additional evidence for this

interpretation is given in figure 3(b), showing the dependence of the THz suppression on

the prepulse power at zero time delay: as the prepulse power increases, the background hot

electron temperature at time zero increases and thus the reduction in THz emission increases.

New Journal of Physics 14 (2012) 105012 (http://www.njp.org/)
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The normalized THz reduction scales almost linearly with prepulse excitation below

100 µJ cm−2 (injected carrier density of ∼9 × 1012 cm−2 per layer) and reaches saturation at

higher excitation power. This is partly due to the increased electron heat capacity at high

temperature.

We note that, in addition to damping of the current by carrier–carrier scattering, several

other mechanisms may contribute to the reduction of the THz signal induced by the prepulse:

one is an increase of the THz absorption due to photoinjected hot carriers [33]; a second

is Pauli blocking of the coherent-control optical transitions [32]. The first contribution

has been carefully measured in an 800 nm pump and THz probe experiment with the

same excitation intensity on the same sample (see supplementary information, available at

stacks.iop.org/NJP/14/105012/mmedia). We find that the hot-carrier-induced THz absorption

contributes not more than 45% of the measured total THz reduction at time zero. The second

contribution arises from occupation of the ω–2ω optically coupled states by the background

hot carriers. The in situ pump–probe experiment with 1.6 µm probe (figure 3(a)) shows that

Pauli blocking contributes not more than 5% of the total reduction of THz emission at time

zero. We thus estimate that not more than 50% of the THz reduction at time zero is due

to the combined hot-carrier-induced THz absorption (<45%) and Pauli blocking (<5%). An

additional mechanism potentially contributing to the THz signal reduction is space charge,

i.e. the background hot carriers may dynamically screen the generated THz field [34, 35]. At

present, we do not have a theory that can account for this effect. We shall see below that the

magnitude of the observed THz reduction can be accounted for by the enhanced scattering by

hot carriers of the coherently controlled photocurrent.

As a further check on our interpretation, we investigated the lattice temperature dependence

of the coherent control THz signal amplitude; as seen in figure 3(a), the THz amplitude is

essentially constant down to 10 K. This may be understood within the picture presented above,

where the damping of the current is determined by the background carrier temperature; the key

point is that one-photon absorption of the fundamental (ω) pulse generates an unavoidable hot

carrier distribution since graphene has no bandgap, and the coherently injected current scatters

from this population. The temperature of the one-photon-excited hot carrier background is

determined simply by the energy absorbed from the ω pulse, and is thus completely independent

of the lattice temperature. This picture is verified by the theoretical simulation shown in

figure 5(b).

An additional manifestation of the carrier–carrier scattering on the THz generation is

observed in the dependence of the THz amplitude on the 2ω beam power, as shown in

figure 4(b). Since the coherently controlled photocurrent generation is a third-order nonlinear

process, the generated current is determined by I ∼ |Eω|2|E2ω| ∼ |Pω||P2ω|1/2 [22], so the

emitted THz signal from the injected photocurrent should be proportional to|P2ω|1/2 for fixed

|Pω|. We verified that this power dependence is strictly followed when probing the third-order

nonlinear tensor of ZnTe crystal with 1.6 µm/3.2 µm as shown in figure 4(b) (for details see

the supplementary information). However, the same experiment on graphene deviates from

|P2ω|1/2 as it begins to saturate at high power. This indicates that the unbalanced one-photon

absorption of the second-harmonic beam is generating a thermal background of carriers which

can effectively reduce the THz emission, and this reduction is higher at higher pump excitation

intensity when the carrier background is hotter.

These interpretations of the experimental results are confirmed by microscopic calculations

implemented within the density matrix formalism [36]. We derive the graphene Bloch equations
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Figure 4. Temperature and power dependence. (a) Temperature dependence of

the THz peak to dip amplitude (marked by the arrow in the inset) at 10, 50,

77, 100, 150, 200 and 280 K. Inset: typical time scan of the near-field detected

coherent control signal. (b) The 1.6 µm pump power dependence of peak THz

emission from coherently controlled photocurrent on MEG (black) and the third-

order nonlinear effect (χ3) on the ZnTe crystal (red).

describing the coupled dynamics of the carrier occupation, transition probability and phonon

occupation of different optical and acoustic modes [37]. The Coulomb and the carrier–phonon

interactions are considered within the second-order Born–Markov approximation, resulting in

a kinetic scattering equation with explicit time- and momentum-dependent scattering rates

[38, 39]. The light–matter interaction and the current are treated within the pA approach [36], as

shown in detail in the supplementary material: in addition to the interband light–matter coupling,

we also take into account the intraband contribution, which enables two-photon absorption. Due

to the linear bandstructure, the intraband current is determined by the direction of the carrier

distribution in reciprocal space. Therefore and in contrast to parabolic systems, a damping of
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Figure 5. Theoretical simulation. (a) Theoretically calculated generation and

decay of an optically injected current. The buildup adiabatically follows the

exciting fields. Carrier–carrier scattering alone results in a decrease of the

current with a decay constant of 100 fs (red line). The additional inclusion

of carrier–phonon scattering (blue line) yields a decline characterized by two

time constants: an initial ultrafast decay (25 fs) and a subsequent slower range

of 625 fs. (b) The maximal current amplitude shows almost no temperature

dependence for T < 300 K. (c) The normalized deduction of the maximal current

amplitude is directly correlated to the number of pre-injected carriers.

the current corresponds to orientational relaxation of graphene’s electrons, where carrier–carrier

scattering is a possible relaxation channel.

The generation of a current as shown in figure 5(a) corresponds to an anisotropic carrier

distribution excited by combined optical inter- and intraband transitions [39]. Its increase is

step-like, since the build-up of the asymmetric carrier distribution follows adiabatically the

interference contribution I (t). The observed oscillations with the frequency 2ω are far above

the THz regime and have therefore no influence on the experimental detection. After the

pulses are switched off, the current declines and the corresponding decay channels are studied

by comparing the pure Coulomb-induced relaxation dynamics (figure 5(a), red line) with a

calculation considering both carrier–carrier and carrier–phonon scattering (blue line).

The influence of phonons alone on the current damping is not considered, since

the ultrafast carrier redistribution cannot be neglected in such a high density regime. In

contrast, the observation of the pure carrier–carrier scattering is of interest and clearly

demonstrates the efficiency of velocity nonconserving Coulomb processes, reflected by the

reduction of the current on the 100 fs time scale. The additional inclusion of the carrier-phonon

scattering results in a much faster decrease of the current (25 fs), since both decay channels

complement each other. Furthermore, some phonon modes are known to favor cross-scattering,

bringing the system toward an isotropic carrier distribution [37]. After the initial ultrafast

decay, the carrier system is largely equilibrated, the Coulomb dynamics plays a minor role and

the presence of hot phonons delays further dynamics. Thus, the second decay time constant

of 625 fs can be attributed to phonon-induced processes alone. However, the experiments
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indicate that the pure Coulomb-induced fraction of the decay scales with the total carrier

density as shown in figure 3(b). To model this theoretically, we vary the thermal background

temperature and investigate the maximal current amplitude; see figure 5(b). In agreement with

the experiment, there is no significant dependence for temperatures below 300 K, since the

thermal carrier density is more than one order of magnitude smaller than the carrier density

excited by the fundamental and the second-harmonic pulse, as in the experimental figure 4(a).

However, calculations at higher temperatures indicate a decrease of the current amplitude with

the squared thermal fraction of the carrier density. Furthermore, we have modeled the prepulse

experiment shown in figure 4 considering delay times smaller than 1 ps. In agreement with

the experimental observation, the calculated current is reduced due to the pre-injected carriers,

shown in figure 5(c). The normalized reduction at a certain delay time scales with the remaining

pre-injected carrier density. In particular, the current qualitatively reflects the prepulse-induced

change of the carrier occupation at the frequency of the fundamental pulse. (Note that at delay

times of the order 1 ps or longer, the carrier distribution can be described by a single Fermi level,

so the carrier density is just determined by the carrier temperature.)

In summary, we have investigated the effect of hot carriers on a coherently injected current

in graphene. The effect of the hot carrier background is to reduce the current and hence the

emitted THz radiation. By controlling the delay between the hot carrier generation and the

coherent current injection, we have demonstrated that the current damping is determined simply

by the density (or temperature) of the thermal carriers. The experimental behavior is accurately

reproduced in a microscopic theory, which correctly incorporates the nonconservation of

velocity into scattering between Dirac fermions. It is anticipated that this effect may be

significant in electronic devices based on Dirac fermions operating at high fields and/or high

frequency, as the carrier temperature may become elevated under these conditions.
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