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Abstract: In this paper we provide a comprehensive view on the ultrafast conduction dynamics in graphene and
graphene nanostructures. We show that ultrafast conduction in graphene can be well understood within a simple
thermodynamic picture, by taking into account the dynamical interplay between electron heating and cooling, with
the driving electric field acting as a supplier of thermal energy to graphene electron population. At the same time, the
conductive properties of graphene nanostructures, such as graphene nanoribbons (GNRs) and carbon nanotubes
(CNTs), can be well explained within the concept typical for disordered materials, such as e.g. organic
semiconductors - the conduction by the free charge experiencing long-range localization.
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1. Introduction

Owing to its outstanding electrical and thermal properties, graphene is considered extremely
promising for high-speed electronics [1]. In graphene, free charge carriers within the Dirac cone
behave like massless fermions with a very high group velocity, the Fermi velocity, only ~300
times lower than the speed of light in vacuum [2]. The field effect in graphene, i.e. the change in
conductivity induced by an externally applied gate potential, which is crucial for transistor
operation, was demonstrated in 2004 [3, 4]. A graphene transistor operating at the frequency as
high as ~400 GHz was recently demonstrated [5], and the ambition in the industry is to reach the
terahertz (THz) operation regime.

In this paper we present a comprehensive picture of ultrafast conduction of graphene, which
shows that intrinsic conductivity of graphene under high-frequency modulation is in fact radically
different from that observed in static conditions. Our experiments, supported by a simple
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thermodynamic model, reveal that the high-frequency electron transport in graphene is governed
by a remarkably efficient intra-band carrier heating by strong THz fields. The thermodynamic
model not requiring any knowledge of microscopic electron kinetics, perfectly well describes the
entirety of our experimental data on THz conductivity of graphene, which also includes the THz
photoconductivity.

Further, we discuss the photoconductivity in graphene nanostructures such as graphene
nanoribbons (GNRa) and carbon nanotubes (CNTs), which is governed by the laws typical for
disordered materials, such as e.g. organic semiconductors - the conduction by the free charge
experiencing long-range localization.

2. Sample

Our monolayer-thick graphene sample is grown on copper by chemical vapor deposition
(CVD) [6] and is transferred onto a fused silica substrate, which introduces p-doping [7, 8]. We
characterize the sample using steady-state THz [8] and Raman [9, 10] spectroscopy. We
determine the position of the Fermi energy to be Er = 0.07 £ 0.01 e} with respect to the Dirac
point, corresponding to a sheet carrier density of Ny = (6.0 £ 2.0) x10'" ¢m™. The negligible D
peak in the Raman spectrum demonstrates high sample quality, which is confirmed by the
electron momentum scattering time of 140 fs corresponding to a mean free path of 140 nm, and a
dc mobility of 13,000 ¢m?/Vs. This makes our sample comparable to the highest quality CVD
graphene samples described in the literature [8, 11-13]. The details of sample preparation, initial
characterization, and comparison with the state-of-the-art can be found in [14]. For simplicity,
and given the full symmetry of the valence and the conduction bands in graphene, we refer here
to the free charges as electrons, and depict the Fermi level in the conduction band instead of the
valence band.

3. Nonlinear THz spectroscopy — intrinsic carrier response in graphene to THz fields

To investigate the high-field, high-frequency conductive properties of graphene under
conditions typical for high-speed MOSFETs (field strength of~100 kV/cm, modulation frequency
~ 1 THz), we perform frequency-resolved and contact-free I-V characterization, using an
all-optical method called nonlinear ultrafast THz spectroscopy [15]. This method is based on the
principle depicted in Fig. 1(a): a freely propagating, single-cycle, sub-picosecond transient of
THz radiation is transmitted through the material of interest.
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Fig. 1 Schematic of the ultrafast -V measurement. (a) Oscillating THz probe with controllable peak field Ezy.
incident from free space, induces the time-dependent current in graphene j = oy, which leads to the
attenuation of the THz probe field AE 7y, due to the conductivity of graphene o. The Fourier transforms of the
THz probes measured before and after the interaction with graphene yield its frequency-dependent
conductivity. Thus, the conductivity of graphene is determined for all the frequencies contained in the
single-cycle THz probe, the amplitude spectrum (b) of which is covering the operation frequency range of
both current and next-generation MOSFETs. The experiment in (a) is repeated for several values of the THz
peak field strength in the range 2.3-120 kV/cm, yielding the ultrafast and contact-free I-V characterization of
graphene — its frequency- and peak field- dependent conductivity spectrum.

The time-dependent electric field of the incident signal E7y. induces the current j = oE7y, in
graphene, proportional to its conductivity o. The generation of this current leads to the
attenuation of the electric field of the THz pulse, as it is transmitted through the sample. Due to
its single-cycle nature, the THz waveform used in the measurements has a broad frequency
spectrum, as shown in Fig. 1(b). The THz signals before and after the interaction with the sample
are recorded in the time domain. The analysis of the incident and transmitted pulses is performed
in the frequency domain: Fourier transforms of the time traces yield the ac conductivity spectrum
of the probed material in the THz frequency range [15, 16]. The key advantage of this all-optical
method is that the intrinsic high-frequency conductivity of materials can be accessed in a
non-contact fashion, that is, without any external circuitry. The inherently broad frequency
content of terahertz pulses, along with the ability to tune the peak field strength up to several
hundreds of kV/em [17, 18] allows us to determine the frequency-and field strength-dependent
response of the material [13, 15, 19-22]. Applying this method, we present a high-frequency I-V
characterization of graphene under electrical modulation with peak fields in the range 2.3-120
kV/cm, and in the frequency range 0.3-1.2 THz, covering both the sub-THz operation frequencies
of the current generation of graphene transistors, and the target operation frequencies of
future-generation devices exceeding 1 THz [23] (see Fig. 1). All our measurements are carried
out at room temperature.
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Fig. 2 Reduction of graphene conductivity with increase in modulation frequency and field strength. Symbols —
measured real-valued conductivity of graphene as function of THz field strength and THz frequency. Lines —
model based on carrier heating as explained in the text. The conductivity is expressed in quantum units of G
= ¢’/4h. The blue arrow illustrates the trend in conductivity reduction with increase in driving field frequency.

Figure 2 shows our key observation: the dependency of the (real-valued) graphene
conductivity on the peak of the applied electric field, measured at different frequencies in the
range 0.4-1.2 THz. Clearly, the conductivity of THz-modulated graphene decreases dramatically
both with increasing peak modulation field strength and frequency. At the highest frequency and
field strength (1.17 THz and 120 kV/cm), the conductivity of graphene vanishes almost
completely, whereas at the lowest frequency (0.4 THz), the conductivity decreases by a factor of
five, from 17 G down to 3.5 G, as the THz field strength increases from 2.3 kV/cm to 120
kV/em. Here G = ¢*/4h = 6.04 x10” S is the quantum conductivity unit [24], e is elementary
charge, and i = h/2m is the reduced Planck’s constant).

We will show that the observed suppression of the graphene conductivity under strong THz
electrical modulation is directly caused by a THz-induced elevation of the electron temperature.
Indeed, heating of the electron bath in intrinsically doped graphene as a result of optical,
inter-band excitation has previously been shown to result in the reduction of the THz-frequency
conductivity [25, 26]. This process is mediated by highly efficient intra-band carrier-carrier
scattering leading to ultrafast, sub-50 fs thermalization of the free charge population [27, 28].

The similarity between the suppression of graphene THz-frequency conductivity under
inter-band optical excitation [8, 25] and under the intra-band high-field THz conditions
observed here, suggests that the electrons acquire considerable amounts of energy from the THz
field, which are comparable to the energies received from the photons under optical
pumping [8, 25]. The amount of energy per unit area transferred to graphene from the THz
modulation signal can be readily obtained from the absorbed terahertz power [20]. We find that as
much as ~ 0.05 zJ/cm® of energy is transferred to graphene from the THz signal at high field
strengths, which is indeed comparable to the energies transferred as a result of intense optical
pumping, leading to THz conductivity reduction [8, 25].
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4. Thermodynamic approach to graphene THz conductivity

The difference between the inter-band and intra-band excitation of graphene lies in the primary
mechanism of interaction between the excitation field and the material. For inter-band
excitation [8, 25], photons are directly converted into photo-excited electron-hole pairs. The
energy of photoexcited carriers is then primarily transferred to the free carrier bath via efficient
electron-electron interaction [25, 29], leading to near-instantaneous thermalization of the
electron system. The hot electron distribution in turn relaxes by transferring its energy to the
lattice via phonon emission as described in [25, 27, 28]. In case of intra-band excitation of
(doped) graphene by the THz field, the energy transfer occurs via the conductivity mechanism —
the THz field E7y. acts on the free carriers in graphene and drives the THz current j = oE7y,, and
the THz power absorption A of graphene is proportional to its conductivity o. However, due to
extremely efficient electron-electron interaction in graphene, the THz-driven electron population
thermalizes on the time-scale which can be considered instantaneous as compared to the
oscillation dynamics of THz field. Hence, the THz energy coupled to graphene via the
conductivity mechanism is quasi-instantaneously converted into the thermal energy of electron
population, which can be described by the Fermi-Dirac distribution corresponding to elevated
electronic temperature 7,;. The carrier cooling naturally occurs via the same mechanism as for
inter-band excitation, i.e. via the phonon emission [28].

We now quantitatively reproduce the measured THz frequency- and field-dependent
conductivity of graphene, based on the above thermodynamic picture. The results are shown as
solid lines in Fig. 2, as provided by a simple thermodynamic model presented below. The model
describes the THz frequency - dependent conductivity of graphene using the Boltzmann equation
with a Fermi-Dirac distribution of carriers characterized by an electron temperature 7,; and
chemical potential . We use the following form of the conductivity spectra, directly derived
from the Boltzmann equation (see: [30-32]):

Top? somo (E) @fpp(wT.E)
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Here D(E) =

E| is the energy-dependent density of states [32], and T(E) is the

mhipg?
energy-dependent carrier momentum scattering time. Before the interaction of graphene with the
THz field, the carrier distribution is considered cold (i.e. room-temperature) with
4 (300 K) = Ep = 0.07 eV. After the interaction, the temperature is elevated and the carrier
distribution is changed as illustrated in Fig. 4(a, b). We account for the heating of the carrier
system by simply adding an amount of heat 4Q (due to the THz field) to the carriers. We apply
the laws of conservation of energy: @ =@, + 4Q = f: E D(E)frp(p, E)dE, where Qy is the
thermal energy of the cold carrier distribution at 300 K, and the conservation of conduction band
carrier density at all times: N_= f: D(E)fzp(it.E)dE = const . The latter condition

importantly implies that the chemical potential decreases with increasing carrier temperature and
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concomitant broadening of the Fermi-Dirac distribution (as a result of the linearly-increasing
with energy density of states in graphene D(E)).

This downshift of the chemical potential with increasing electronic temperature, following
from the conservation of carrier density, in turn leads to opening up of more inter-band absorption
channels with the energy of > 2. (which were Pauli-blocked before). Applying the conservation
of total spectral weight, we find that opening up more inter-band absorption channels must be
compensated by reducing the weight of intra-band absorption, which contributes to the THz
conductivity of graphene. As a result, the downshift in chemical potential at higher electronic
temperatures provides the qualitative explanation for lower THz conductivity in graphene as
stronger fields.

For a quantitative description of the conductivity, the energy dependence of electron scattering
time T(E) in Eq. (1) needs to be taken into account. As described in detail in [30] and references
therein, electron scattering in graphene can occur in two different energy-dependent regimes. The
electrons can undergo long-range scattering with Coulomb impurities, where the electron
scattering time is proportional to the electron energy 1= YE; and the electrons can undergo
short-range disorder scattering with the inverse dependency of scattering time on electron energy
1= B/E. The former is the predominant scattering mechanism for a CVD-grown graphene as used
in our work [30], whereas the latter is predominant in high quality (encapsulated or suspended)
exfoliated graphene [30]. The proportionality constants can be readily obtained experimentally
from the linear characterization of graphene, as y = 1y (300 K)/ E(300 K) B =19 (300 K)*E300
K) [14]. However, the argument of the conservation of spectral weight, increasing inter-band
conductivity of graphene at higher carrier temperature at the expense of reducing the intra-band
(THz) conductivity, demonstrates that the precise knowledge of energy dependency of
momentum scattering time in graphene is not essential for predicting the reduction of strong-field
THz conductivity in graphene.

Direct application of Eq. 1 to the data in the constraint of energy and carrier density
conservation (and assuming the long-range Coulomb momentum scattering mechanism), allows
us to very well describe the measurements taken up to the field strength of 40 kV/cm, using the
effective carrier temperature as free parameter. For the THz field strength of 40 kV/em we
therefore can assign the electron temperature of ~1000 K, which is close to the value of Fermi
temperature of our sample [14]. For the stronger fields, however, the static description by
simply using Eq. 1 on the data becomes somewhat inaccurate, calling for the time-dependent
treatment of the heat balance in the electronic population of graphene. Using a split-step
time-domain approach, and by treating the carrier heating as an instantaneous process, and the
carrier cooling occurring via phonon emission as a retarded process with known
dynamics [27, 28], we manage to reproduce the whole entirety of our data, taken at all field
strengths 2.3-120 kV/cm, and in the entire frequency range up to 1.2 THz, without using any
effective parameters, as shown in Fig. 3 [14].
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As one can see, at the frequencies above 1 THz, and the THz peak fields of ~ 100 kV/cm, the
conductivity of graphene almost entirely vanishes, while the calculations deliver the peak
electron temperatures exceeding 7000 K for the strongest fields used (a typical MOSFET
operation regime) [14]. On the average, comparing the experiments and the data yields the
field-strength independent electron heating efficiency of about 15% for the THz pulses used in
this measurements (see Fig. 1). That is, on the timescale of graphene-THz interaction of 1.5-2.0
ps, about 15% of absorbed THz energy is retained as electronic heat, whereas the rest of it is
spent on the emission of phonons.
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Fig. 3 Measured (symbols) and modelled (lines) conductivity spectra of graphene for the entire range of THz field
strengths 2.3-120 kV/cm, and for the entire experimental frequency range up to 1.2 THz. The increase in the
THz field strength leads to monotonous overall reduction of THz conductivity.

5. Optical pump — THz probe spectroscopy of graphene: photoconductivity measurements

Since it was shown that the intrinsic electronic THz conductivity in graphene can be perfectly
well understood within a simple yet accurate thermodynamic picture [14] (see also Section 3),
we can now apply the same formalism to treatment of the photoconductivity — i.e. the
conductivity of graphene under optical illumination, leading to inter-band transitions. It is well
known that, unlike in typical semiconductors [16] the photoconductivity of doped graphene is
negative, i.e. its conductivity in the presence of photo-excitation decreases (see e.g. [8]). The
reason for this is the effective redistribution of energy of pumping photons to the background free
electron population, leading to its heating [25]. Now, using the thermodynamic approach [14],
the THz photoconductivity of graphene can be easily quantified, and the carrier heating efficiency
can be accurately determined based on the established electron temperature [29].
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In Fig. 4 the complex-valued photoconductivity spectrum of doped graphene, photoexcited at
800 nm is shown (pump-probe delay of ca. 0.5 ps). The photoexcitation tends to leading to
photo-carrier density of 8x10'2 em™. As is clearly seen in Fig. 4, the real part of the conductivity
1s negative, which is photoexcitedly doped graphene that indeed loses its THz conductivity in the
presence of high-energy, photo-excited carriers. As the solid line in Fig. 4, the result of the fit is
shown, which is essentially the difference between two conductivities described by Eq. 1: one of
the graphene sample with the carrier temperature Tel = 300 K (see also Fig. 3), and one
corresponding to a certain elevated carrier temperature acting as a fit parameter [29]. It is
apparent from Fig. 4 that the simple thermodynamic model Eq. 1 indeed describes the
photoconductivity of graphene just as good.
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4 => heating efficiency n=0.50
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Fig. 4 Measured (symbols) and fitted (lines) THz photoconductivity spectra of doped graphene, photo-excited at 800
nm, leading to photo-carrier density of 8x10'% cm™.

From the extracted effective carrier temperature, which is a fit parameter in Fig. 4, one readily
obtains the total thermal energy of electron gas in graphene AQ. Comparison of this electron heat
with the total energy of photoexcitation £y yields the heating efficiency 7= AQ/E o, which for
the case shown in Fig. 4 equals 77 ~0.5. That is about 50% of optical excitation energy which was
directly converted in the electron heat via electron-electron interaction process, while the rest of
the energy of the photo-excited (i.e. high-energy) carriers was used on interaction with the lattice
via phonon emission [29].

It is interesting to quantify the trend in the split ratio between the optical excitation energy
converted into electron heat, and that directly spent on excitation of the lattice. In Fig. 5 we
present the dependency of electron heating efficiency via optical excitation as function of
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photoexcited carrier density. At weaker excitation almost 100% of photon energy is converted
into electron heat, whereas with increase in the photocarrier density the heating efficiency tends
to the values 7 ~ 0.5 [29]. Such a behavior can be well understood qualitatively: if the total
excess energy delivered by optical excitation is small, the background free carrier population will
absorb it with very high efficiency via ultrafast electron-electron interaction. However, if the
excess energy becomes large, the competing, yet slower, energy dissipation channel - the phonon
emission — becomes activated and increases in its importance [29].
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Fig. 5 Measured (symbols) and fitted (lines) THz photoconductivity spectra of doped graphene, photo-excited at 800

nm, leading to photo-carrier density of 8x10" em™.

We note, that in patterned graphene — such as e.g. controllably-folded graphene (GraFold),
where the background doping is spatially-anisotropic, the negative photoconductivity, which is
realted to carrier heating efficiency via optical excitation, also shows a sizeable spatial anisotropy
which can be as high as 1.4:1 [33].

6. Ultrafast photoconductivity of graphene nanostructures — graphene nanoribbons and
carbon nanotubes.

Electron conduction in graphene nanostructures is radically different from that of graphene. In
graphene the bandgap is zero, and the energy-momentum dispersion is linear £ = pvg, which
means the electrons behave as massless particles with the constant (ballistic) group velocity vg. In
graphene nanostructures such as graphene nanoribbons (GNRs) and carbon nanotubes (CNTs)
quantum confinement opens up the bandgap, which leads to the deviation of energy-momentum
dispersion from linear dependency. As a result, the carriers acquire massive properties, as the
electronic states around the bandgap can be described by an effective dispersion E = p*/2m*,
where m* is a non-zero effective mass. Massive nature makes the carriers in graphene
nanostructure subject to Coulomb binding effects, such as exciton formation and trapping onto
the charged impurities. As a result, the transport in graphene nanostructures closely resembles
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that of organic semiconductors, with positive photoconductivity, and very strong exciton effect.

In Fig. 6 we show the THz frequency-integrated photoconductivity dynamics in the suspension
of semiconducting single-wall CNTs (SW-CNTs) with the diameter D = 0.76 nm, photoexcited at
400 nm [34]. The bandgap energy of the CNTs is around 1.9 eV. The photoconductivity of
SW-CNTs is positive and very short-lived. We have also studied the dynamics of the
photoconductivity of atomically-precise GNRs [35] with similar dimensions and similar
bandgap energy, and found it to be very similar to that of the CNTs shown in Fig. 6.
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Fig. 6 Transient THz photoconductivity of semiconducting single-wall CNTs suspended in gel, photoexcited at 400
nm. The CNT diameter is D = 0.76 nm.

The frequency-resolved optical pump-THz probe spectroscopy allows us to elucidate the
nature of conduction in graphene nanostructures. The photoconductivity of both CNTs and GNRs,
as shown in Fig. 7, has been found to be governed by the free charge, experiencing the
long-range localization and strong electron momentum backscattering [34]. Such a conduction
is well-described by the Drude-Smith model [36], and is typical for most organic
semiconductors [37] [38].
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Fig. 7 THz photoconductivity of (a) GNRs and (b) CNTs, normalized to absorbed photon density (photoexcitation

wavelength of 400 nm). Solid lines - Drude-Smith fits. Extracted electron momentum scattering times are
shown in insets.
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The Drude-Smith fits to measure THz photoconductivity under 400 nm photoexcitation yielded,
in particular, significantly different momentum scattering times for conduction electrons, 30 +4 fs
for GNRs, as compared to 170 £60 fs for CNTs. Considerably longer ballistic transport times for
electrons in CNTs can be explained by higher structural rigidity of this type of 1D graphene
nanostructure, as compared to GNRs [34]. Indeed, it is reasonable to expect a smaller density of
twist and bend defects in the CNTs than in GNRs. The free-carrier quantum yield of 3 — 30% for
graphene nanostructures points to a strong exciton effect, precisely as expected from the
strongly-confined structures with massive electrons and holes subject to Coulomb effects.

7. Conclusions.

We have presented a comprehensive picture of ultrafast THz carrier dynamics in graphene and
graphene nanostructures. In graphene, where the carriers behave as massless Dirac fermions, the
intrinsic and photo-conductivity in the THz range is governed by the thermodynamic balance
maintained within the electron population in graphene, which acts as a thermalized electrons gas.
The extremely efficient, near-instantaneous electron heating in graphene, compared to the
considerably slower cooling via phonon emission can be well exploited technologically. Since
this leads to a significant high-energy electron population in THz-irradiated graphene, this can be
used for efficient room-temperature THz photo-thermoelectric detectors. Indeed, very recent
successful demonstration of such devices [39, 40] based on both the CVD and exfoliated
graphene, as well as an efficient hot-carrier extraction from graphene into the external
circuit [41], are promising steps towards practical application of hot-carrier electronics in
graphene. The results of this work, including our simple thermodynamic model of THz
interaction with doped single-layer graphene [14], may be directly applied to understanding and
optimization of graphene-based electronics operating in strongly nonequilibrium regime. The
performance of devices such as high-speed MOSFETs [1, 23], room-temperature THz
detectors [39, 40] potentially leading to inexpensive and efficient graphene-based THz imaging
cameras, or THz-bandwidth detectors for ultra-high-speed THz-wave wireless
communications [42] can be thus adequately predicted and optimized.

In graphene nanostructures, on the other hand, the opening of the bandgap provides for the
massive nature of electrons and holes. As a result, the of GNRs and CNTs is governed by the free
massive carriers experiencing the long-range localization, well described by the Drude-Smith
conductivity model. The high structural rigidity of CNTs results in a considerably high
photoconductivity with the ballistic electron transport times as long as ~ 170 fs, which has a clear
technological potential.
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