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Abstract
We studied the nonlinear optical properties of single layer graphene using high terahertz (THz) fields.
With the use of a back gate and cooling down the sample to cryogenic temperatures we are able to
spectrally probe the nonlinear THz properties of intrinsic to highly doped graphene. The carrier
density strongly affects the nonlinear properties of graphene; in the low doping and highTHz field
regime, an increase of the transmission on the order of 4% is found in our experiments. At higher
doping levels we observe a larger relative nonlinear response: the larger the doping in the single layer
the larger the relativefield induced increase in transmission becomes. In all experiments, the THz field
is opposing the effect of the gate, butfield effects are never larger than the doping effects.We use the
thermodynamicalmodel for a hot electron gas also used byMics et al (2015Nat. Commun.6 7655) to
simulate our data and study the effects of doping on the nonlinear properties of single layer graphene.
Wefind that the highest carrier temperatures are obtained in lowdoped graphene. Themodel shows a
good qualitative agreementwith our data for high doping levels. Nevertheless our results demonstrate
the limitation of themodel for lowdoping levels. Our results are a roadmap for further explorations
for the control of nonlinear light–matter interaction and functionalization of graphene layers in active
THz devices inwhich carrier temperature and saturable absorption play a role.

1. Introduction

The unique electronic and optical properties of graphene stem from its relativistic low energy band dispersion.
Near theK andK’ point,massless Dirac Fermions have a linear energy–momentumdependencewith a constant
Fermi velocity of vF≈c/300 (c is the speed of light), making graphene particularly interesting for electronics
and active optical applications [1].

In intrinsic graphene, the bands arefilled up to the neutrality (Dirac) point and thus interband transitions
can occur at every frequency of the impinging light. The linear band dispersion gives rise toDOS(ω)∝ω, and
therefore the optical conductivity is constant and equal to the universal optical conductivity, s = e 40

2 [2–4].
In doped graphene however, the bands are depleted below (hole doping) orfilled above (electron doping) the
Dirac point. Doped graphene exhibits distinct spectral regimes inwhich either intraband or interband
transitions dominate the spectrum. In the low frequency regime, at terahertz (THz) frequencies, aDrude
response is observed stemming from intraband transitions near the Fermi level. At higher frequency, but below
the threshold of twice the chemical potential, optical transitions are blocked due to the Pauli principle resulting
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in low conductivity. An onset of conductivity is centered around the value of twice the chemical potential, which
is the frequency regimewhere interband transitions start to contribute to the optical response, abovewhich the
conductivity is reachingσ0 [2]. Numerous optical studies have investigated the linear optical properties in the
THz and infrared regime [5–7], showing clear doping controlled THz absorption.

Recent progress in THz graphene research has shown that even atmodest fields on the order of tens of
kV/cm afield dependent increase in transmission can be observed due to a nonlinear response of the excited
carriers [8, 9–14].With high field THz setups and highmobility large-area graphene samplesmore commonly
available, the study of nonlinear THz properties has intensified significantly. The study of the field dependent
optical properties has the potential to elucidate the fundamental processes leading to the observed saturable
absorption, to test theoretical predictions of efficient higher harmonic generation [15–17], and to apply these
promising unique spectral properties of graphene in high speed active optical devices.

In several recent works, the nonlinear optical properties of graphene have beenmodeled and explained using
a thermodynamicalmodel for a hot electron gas [8, 18, 19]. In [8] the heating dynamics ofmoderately doped
single layer graphene at room temperature is reported and reproduced remarkablywell. In this simplemodel,
the carrier temperature in graphene is raised due to the absorption of the THz radiation and subsequent
conversion into thermal energy. The increase of electronic temperature leads to the broadening of the Fermi–
Dirac distribution and an associated lowering of the chemical potential. The shifts in electron temperature,
chemical potential and possible decrease in scattering time together lead to saturable absorption.

The exceptional conductive properties of graphene drive the search for novel applications. However
previous experiments and the results presented here show that intense THz fields compromise the conductivity
of graphene, unfavorable for ultrafast highfield THz graphene transistors [20–22]. For those applications it is
pivotal to understand and avoid the reduction in conductivity. On the contrary, applications like THz detectors
[23, 24] rely on the extraction of high-energy electrons. In this case a high electronic temperature ismore critical
than the associated reduction in conductivity. The nonlinear optical response of the carriers and therefore the
field dependent reduction of the conductivity and the electronic temperature of the charge carriers, is dependent
on the absorption of the THz light by those carriers. As the optical absorption is varyingwith the carrier density
in the graphene sheet, the nonlinear THz response of graphene is expected to be strongly doping dependent [25].
The thermodynamicalmodel used byMics et al provides guidelines on how to increase the efficiency of
graphene devices relying on the extraction of high-energy electrons; a higher electron temperature is beneficial,
therefore graphene should be lowdoped such that the THz beamonly heats a small number of carriers, heating
them to extremely high temperatures [8]. On the contrary, their work predicts that the THzfield driven
reduction in conductivity is smallest in highly doped graphene.

Spurred on by the predictions of the hot electron gasmodel, we investigate experimentally the doping
dependence of the nonlinear THz response and compare the results with simulations closely following the
thermodynamicalmodel. High field THz transmission experiments are performed on back-gated single layer
CVDgraphene. At lowTHzfields, we observe the expected doping dependent absorption. Next, we compare the
THz response at neutral, low and high doping regimes for various THz field-strengths. Our results show that
saturated absorption increases with doping. Atmoderate and high doping levels we find a reasonablematchwith
the thermodynamicalmodel, but for low doping the limitations of themodel become significant.We explore
different scatteringmechanisms in the simulations and find that the energy dependence of the scattering plays a
negligible role in the hot electron gasmodel.

2.Methods

The single layer graphene sample used in our optical study is a basicfield-effect transistor, depicted
schematically infigure 1(a). The Si/SiO2 sample was fabricated fromdouble sided polished high resistivity float
zone silicon (thickness 525 μm, resistivity>10000Ω·cm)with 270 nmof thermally grown dry SiO2. Gold
contacts were defined on the Si wafer with dual layer lift-off resist (LOR) optical lithography, followed by e-beam
evaporation (5 nmCr followed by 50 nmAu) and lift-off; thewafer was subsequently diced. Large-area
chemical-vapor deposited (CVD)monolayer graphene purchased fromGraphenea S.A. was then transferred on
the chip and on top of themetallic contacts. Themonolayermeasures about 5 by 5mm,well above the THz
diffraction limit. Themetallic pads and the back side of the Si substrate are contactedwith silver paint.With the
back-gated device the doping of the graphene layer can be controlled and the resistance of the layer can be
measured simultaneously. An example of a resistivity curve taken at 20K is shown infigure 1(b). The curve
clearly reveals the charge neutrality point at a gate voltage of about+40V.

THz time-domain transmission spectra aremeasured at both 100 K and 200 K. A schematic representation
of the experimental set-up is shown infigure 1(c). The graphene sample and a bare Si/SiO2 substrate are both
mounted in a vacuumchamber of a close cycle refrigerator inwhich the temperature of the sample and the
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reference substrate can be varied from room temperature down to 20 K. THz pulses are produced in an organic
OH1 crystal pumpedwith 1300nm infrared pulses coming from aNOPA. The resulting THz spectrum ranges
from0.1 to 2 THz and has a central frequency of 0.7 THz. Thefield strength is about 170 kV/cm, details of the
calibration are given in the (see supplementarymaterials available online at stacks.iop.org/JPCO/2/065016/
mmedia). The THz light path is dry air purged to avoid absorption bywater vapor. Before impinging on the
sample, the beam is collimated and the field strength is adjustedwith the use of twoTHz polarizers, while the
polarization direction ismaintained. A second set of polarizers further reduces the THzfield-strength,
guaranteeing linear detection, andmaintains the polarization direction of the light at the ZnTe detection crystal.
The THz and 800 nmprobe pulses propagate collinearly through the ZnTe crystal, themodulated polarization
of the probe beam ismeasured using electro-optical sampling depicted infigure 1(c) [26]. The substrate or
sample can be shifted in and out of the THz beambymoving the entire coldfinger.

The simulation of the nonlinear THz response of graphene is based on the thermodynamicalmodel
proposed by Jensen et al [18] andMics et al [8]. The carriers in graphene are therein described as a hot electron
gas in thermal equilibrium.Upon excitation by an intense THz electricfield, a finite amount of heat is added to
the electron system and the electron temperature rises. The exchange of energy andmomentumbetween those
carriers in graphene is highly efficient due to the linear energy-momentum relation and takes place via elastic
electron-electron interactions. Thermal equilibrium is reached at∼20 to 100fs after excitation [18, 27–32],

Figure 1. (a)Graphene on Si/SiO2, the yellow patches are gold contacts to the sample and the gate. (b)Resistivity curve taken at
T=20K.At a gate voltage of about+40V the resistance reaches itsmaximum, at this point the chemical potential is at the charge
neutrality point. (c) Schematic overview of the experimental THz transmission setup. The output of a Ti:Sapphire laser is split, 99% is
directed to aNOPA for frequency conversion, the second beam is directed to a delay stage for electro–optical sampling. THz pulses are
generated using organicOH1, the 1300nmpulses arefiltered out directly after the THz generation. PM0–PM4 are parabolicmirrors
to focuss and image the THz beam. P1-P4 are wire gride polarizers to vary the intensity of the THz beamon the sample and detection
crystal. The transmitted THz pulse is overlappedwith the delayed 800nmpulse in the ZnTe crystal. The changes in polarization
induced by the THz pulse are detected using a set-up containing a quarter waveplate,λ/4, aWollaston prism,WP, and balanced
photodiodes.
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while the electric field of the THz pulse oscillates on timescales of about 1ps.We assume that during interaction
with the picosecondTHz pulse the electron gas is continuously thermalized at elevated temperatureT. The
increase of the carrier temperature leads to the broadening of the Fermi–Dirac distribution and an associated
lowering of the chemical potential. Thefield driven transmission increase is a direct consequence of the lowered
chemical potential.

At time t0, before the THz pulse arrives at the sample, the electron gas is fully characterized by the initial
chemical potentialμ0=μ(t0) and temperatureT0=T(t0). The carriers are thermalized and can be described by
the Fermi–Dirac distribution, fFD(μ,T,E). The initial charge carrier concentrationN0 and thermal energyQ0 of
the electron gas are calculated using equations

ò m=
¥

( ) ( ) ( )N D E f T E dE, , 1FD0
0

0 0

ò m=
¥

( ) ( ) ( )Q ED E f T E dE, , , 2FD0
0

0 0

whereD(E) is the energy-dependent density of states and the zero point energy is set to theDirac point. The
maximal energies of the charge carriers is small enough to allow the use of the linearized expression of the density
of states


=

p
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v
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F
2 2 , where ÿ is the reduced Planck constant andwe use vF=1.0×106m/s.

InCVDgrown graphene, the chemical potential in graphene is often shifted far—tens to hundreds of meVs
—from theDirac point. The THz response of graphene, within a time step, is therefore completely dominated by
free carrier intra-band transitions and thusDrude-like [2]. The resulting frequency dependent intra-band
conductivity of a thermalized electron gas can be expressed as
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where e is the elementary charge and τ(E) is the energy dependent electron scattering time.With the use of the
thinfilm equation [33] the absorption of the graphene is calculated.

With the simulated absorption, A(t0), of the graphene layer and the incoming THzfield for the next time step
ETHz(t1), the added thermal energyΔQ(t1) is determined. If all absorbed energy contributes to the electron gas
heating, the added thermal energy is

òeD = ¢ - ¢ - ¢ ¢
¥

( ) ( ) ( ) ( ) ( )Q t c R t A t t E t t dt 4THz0
0

2

where ε0 is the vacuumpermittivity andR(t)describes the dissipation of heat by the carriers, described in the
supplementarymaterials. The thermal energy balance equations reads:

ò m+ D = =
¥

( ) ( ) ( ) ( )Q Q t Q ED E f T E dE, , . 5FD0 1 1
0

1 1

Equation (5) and the conservation of carrier concentration:

ò m= = =
¥

( ) ( ) ( ) ( )N N t N D E f T E dE, , 6FD0 1 1
0

1 1

dictate the chemical potential, m m+ D =( )t t0 1, and temperature for the next time step, + D =( )T t t T0 1, of
the electron gas, which are inevitably changed.

The entire THz pulse, seefigure 2(a), is propagated through the graphene layer in time steps ofΔt=15 fs.
For eachΔt, equations (1)–(4) are applied in combinationwith equations (5) and (6), resulting in a time-
dependent carrier temperature, chemical potential, effective scattering time and thus in time-dependent optical
properties.

Figure 2(b) shows the temporal evolution of the electron gas thermal energy.While the absorption of a THz
pulse cumulatively increases the thermal energyQ, phonon assisted dissipation leadsQ to return to the initial
valueQ0 within hundreds of femtoseconds. Our simulations show that a larger initial chemical potential results
in the highest absolute thermal energy. But the relative increase of the thermal energy is largest for low doped
graphene:Q shows a∼8 fold increase forμ=100 meV and a four fold increase forμ=220 meV,when thefield
strength (FS)=170 kV/cm. Figure 2(c) illustrates the carrier temperature behavior during the interaction.
Clearly, highest carrier temperatures are observed for the smaller initial carrier concentrations. This result can
be intuitively understood as the same energyQ is shared by fewer carriers resulting in a higher carrier
temperature. The reduction of the electron chemical potential, dictated by the conservation of electrons is
shown infigure 2(d).

Here we consider both charge carrier types, namely electrons in the conduction band and holes in the
valence band.On the ultrafast time scales of 15∼20 fs, the electron and hole distributions are described by
separate shifts of the chemical potentials:μe=μ0−μ1 andμh=μ0+m¢1 and distinct elevated temperatures
Te andTh so that both the electron and hole concentration separately are conserved. Figure 3 illustrates this
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Figure 2. (a) Simulation of a THz pulse propagating through an electron doped single layer of graphene. The peak electric field-
strengths are 85 and 170 kV/cm, the initial chemical potential of themodeled graphene is 220 meV at 200 K. The asymmetric shape of
the pulse is a result of the pulse generation and not to interactionwith graphene. Note also that the initial time at which the pulse starts,
in this case 2.5ps, is arbitrary. (b)The temporal evolution of thermal energy, formodel graphene excited by aTHz pulse with an 85
and 170 kV/cm field-strength andwithμ=100 and 220 meV. (c)The temporal evolution of the carrier temperature, for the four
corresponding cases in (b). (d)The temporal evolution of the chemical potentials, for the four corresponding cases in (b).

Figure 3.The incoming THz field adds some amount of thermal energyΔQ to the carrier systemwhich leads to an increase in the
electron and hole temperature and a smear out of the Fermi–Dirac distributions.Without a change in the chemical potentials this
would lead to an increase in concentration of both carrier types. Consequently the chemical potential of the electrons (holes) has to
decrease (increase). Notice that the edge in the smeared out electron distribution occurs because only electrons in the conduction
band (and holes in the valence band) are taken into account.
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mechanism.Due to the independent conservation of electrons and holes, an initially electron doped graphene
layer will retain its electron doping throughout the interactionwith the THz pulse regardless of the shift in
chemical potential.

The energy dependence of the scattering time, which varies for different scatteringmechanisms, serves as an
input parameter for the extraction of the optical conductivity of graphene using equation (3). In afirst approach,
we follow [8] and use a scattering time proportional to energy, τ(E)=γE as is the case when long range
scattering onCoulomb impurities dominates. An experimental estimate of γ is obtained from fitting the low
field time-domain spectra and extracting τ(EF) atEF, thenwe use: γ=τ(EF)/EF. In section 4.1, we compare
different scattering regimes: energy independent, short- and long-range scattering and a combination aswas
reported for CVDgraphene [34].

Note that field-strength, chemical potential, temperature, energy-dependent scattering time and density of
states form a complete set of input parameters for the thermodynamicalmodel and thus themodel contains no
free parameters.

For the simulationswe strive to stay as close as possible to the thermodynamicalmodel described in [8].
Thus, like is done in their work, we restrict themodeling to the contributions of electrons to the nonlinear
optical properties and disregard the negligible contribution of hole-like carriers. Though our sample is in fact
hole doped, due to electron-hole symmetry the contributions of electron-like and hole-like carriers are
indistinguishable.

3. LowTHzfield response

In the limit of lowTHz fields the spectral response isfield independent and therefore the time-domain spectra
can bemodeled using a simple linearDrudemodel taking into account the intra-band response observed in the
THz regime [5, 13, 35]. The lowTHz field spectra are analysed using theDrudemodel, s w s wt= -( ) ( )i1DC ,
whereσDC=Dτ/π,ω is the frequency,D is theDrudeweight and τ is the carrier scattering time, details are
included in the supplementarymaterials. Figure 4(a) shows examples ofDrude fits of experimental time-domain
spectra at low and highTHz fields. TheDrudemodel shows very good agreementwith the lowfield THz data.
We observe a near perfectmatch between the optical Drudeweight obtained from the analysis of the time-
domain spectra and theweight calculated usingEF, obtained from transportmeasurements, connected through
the relation  s = ∣ ∣D E2 F0 . The goodmatch between optical spectral weight and Fermi energy indicate a good
homogeneity and quality of themonolayer graphene probed by the entire THz spot. The carrier scattering
extracted from theDrude analysis shows no significant dependence on the carrier concentration and is roughly
10meV,which corresponds to a scattering time at the Fermi energy of τ(εF)∼400fs.We note however that the
extraction of theDrude scattering in such a limited THz frequency rangemight prove unreliable.

Figure 4(b), a close-up of themain pulse, shows a discrepancy at high THzfields between theDrudemodel
and the experimental data. Thefirst half of the highfield THz pulse evokes a transmission increase in the
graphene. Therefore the experimental time-domain curve evidences a larger transmitted electric field in the
second half of the THz pulse as opposed to the simulated transmission based on theDrudemodel (dashed line),
demonstrating the limitations of this linearmodel.

Figure 4. (a) LowTHz field transmission analyzed using theDrudemodel. (b)A close-up of themain pulse of the THz time-domain
spectra. The symbols show experimental data, the dashed lines arefits using theDrudemodel.

6

J. Phys. Commun. 2 (2018) 065016 GGäumann et al



4.HighTHzfield response

The highTHzfield experimental and simulated time-domain spectra weremeasured andmodeled using THz
fields with a peak electric field up to 170kV/cm, several carrier concentrations, at a temperature of 200K. The
peak-to-peakfield-strength of a time-domain THz pulse, transmitted through the sample, represents an easy to
extract but frequency averaged parameter, that allows to compare differentmeasurements with each other. The
sample peak-to-peak electric fieldΔEgra is normalized to the peak-to-peak electricfield of the pristine
(reference) pulseΔEref for eachTHz field. This results in a value m m= D D( ) ( ) ( )dT E E, FS , FS FSgra ref , for
each chemical potential andTHzfield-strength.

The thermalization of the electron gas takes place on a shorter time scale than the THz pulse duration. The
total change in transmission, m( )dT , FS extracted from the experimental data and themodeling, should not be
interpreted as a nonlinear response to themaximal peak-to-peak electric field, but as an accumulation of the
nonlinear response to fractions of the peak electric field.

Figure 5(a) shows the transmission normalized to the transmission at the lowest THz field-strength:
D = -m m m m( ) ( ( ) ( )) ( )T dT dT dTFS FS Low FS Low FS . This normalization procedure is taken from [36] and
improves the visibility of continuous changes. For a low chemical potential (μ=−100 meV) a small relative
increase in transmission, of about 4%, is observedwhen increasing the THzfield, which is in agreement with
previous studies. Importantly, upon increasing the chemical potential the increase in transmission becomes
significantly larger(6%and 12.5%), showing that the relative saturable absorption is larger for a larger carrier
concentration.Wefind the best agreement betweenmodel and experiment at the highest carrier concentration.

Figure 5.Normalized transmission as a function of chemical potential andTHzfield. The symbols show experimental data, the lines
are obtained from the thermodynamicalmodel. (a)The transmission normalized to the lowest THzfield-strength at T=200K, as a
function of THz field. (b)The transmission normalized to the lowest carrier concentration at T=200K, as a function of chemical
potential for three different THz field-strengths.
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The high relative nonlinear response at the highest doping level, does not contradict that for low carrier
concentration the highest temperatures are expected. Due to the lower transmission at large carrier
concentrations, relative changes are bigger. Note that simulations confirm that the lowest THzfield of about
38kV/cm is close enough to the linear regime in order to not have amajor influence on the results.

Figure 5(b) shows the transmission normalized to the transmission at the lowest carrier concentration:
ΔTFS(μ)=(dTFS(μ)−dTFS(Low μ))/dTFS(Low μ). One can clearly see thatΔTFS(μ) is reducedwhen the
absolute value of the chemical potential is increased as it should be due to the increasedDrude absorption by free
carriers.While themaximum transmission decrease isΔT≈11% for lowfield-strength, it reduces to 3% for
higher THz fields. Themodel and experimental data showqualitative agreement. Therefore the shifts in
temperature and chemical potential driven by the absorption of the THz radiation indeed seem to be the origin
of the observed saturable absorption.However, we note that the low field experimental data seems tomatchwith
intermediate and highfield simulations. This discrepancy is due to the normalization to dTFS(Low μ). The
unsatisfactorymatch betweenmodel and data for low carrier concentration points out that the validity of the
model is restricted to high doping levels where the optical response is completely determined by intraband
transitions and the assumption that electron and hole concentrations are separately conserved is not too
discordant. Thence, when normalized to low doping, themodel is invalid and underestimates the effects of the
THzfield.

4.1. Scattering onCoulomb impurities and disorder
ForCVDgrown graphene previous work has assumed long-range scattering onCoulomb impurities to be the
dominant scatteringmechanism [36]. Coulomb scattering leads to a linearly increasing scattering time. A recent
study found both long- and short-range (scattering on disorder) scattering inCVDgraphene, such that

t =
+

( ) ∣ ∣E E

a bE2 [34, 37, 38].We investigate different scattering regimes by substituting τ(E) in equation (3) by a
constant energy independent scattering τ(E)=τ(EF), Coulomb scattering and lastly by a combination of short-
and long-range scattering.

Figure 6(a) shows the temporal evolution of the effective scattering time, τeff, for each different scattering
mechanisms. The effective scattering time is obtained by fitting the simulated conductivity using theDrude

Figure 6.Temporal evolution of the effective scattering (a) and the thermal energy (b) for afield-strength of 170 kV/cmand an initial
doping of 220 meV for different energy dependent scatteringmechanisms. (c)THzfield dependent relative transmission change for
different doping. Colors indicate the initial doping of graphene. Symbols indicate long-range (squares), constant (circle) and short-
and long-range (triangle) scattering.
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model for every time step. A linear energy dependence of the scattering time on carrier energy leads to the biggest
change in τeff. Figure 6(b) shows the influence of the scatteringmechanismon the increase in thermal energy of
the electron gas. The energy-independent scattering time leads to the highest absorbed energies, while a linear
energy dependence keeps the thermal energy of the electrons lower.When both short- and long-range scattering
are taken into account, the thermal energy of the electrons stays within the first two bounds.

Infigure 6(c) the relative change in transmission,ΔTμ(FS), for the three different scatteringmechanisms is
plotted for different initial doping. Clearly, the influence of τ(E) on the relative transmission changesΔT(μ, FS)
is small. The proposed scatteringmechanisms are thus indistinguishable based on our experimental data
accuracy.

5. Conclusion

Wehave carried out THz spectroscopymeasurements on single layer graphene for different THzfield-strength
and doping. At lowTHzfields the optical response of the graphene sample is accurately fitted using theDrude
model with aDrudeweightmatching transportmeasurements, allowing to extract a scattering time of∼400fs.

At higher THzfields, we see a gradual increase in the experimentally obtained relative transmission, which is
also referred to as saturable absorption. This effect is doping dependent and shows the strongest relative changes
at high carrier concentrations. Stronger THzfields therefore counteracts the effect of higher doping.

We compared our experimental results with the thermodynamicalmodel for hot carriers. Themodel is in
qualitative agreementwith our data. Clearly the largest relative nonlinear response is observed for higher doped
graphene, where the bestmatch betweenmodel and data is found.However, it can not explain all our
experimental data in a quantitativemanner. In particular when the transmission is normalized to the lowest
carrier concentration, themodel underestimates the relative nonlinear effects.

Wefind that the relative nonlinear increase in transmission—or reduction in conductivity—is smallest for
lowdoped graphene. Note that this is not in disagreement with previous reports, since we look at relative
changes and not absolute values. This is supported by our simulations that showhighest electron temperatures
for low doping.

Different scatteringmechanismswith individual energy dependencies, like long-range, constant or a
combination of short- and long-range scattering are investigated, however our results obtained using the hot
electronmodel illustrate the limited influence of the energy dependence of scattering on the relative
transmission.We speculate that discrepancies observed between data andmodelmight be due to limitations of
the assumption that the electron gas is instantaneously thermalized. Alternatively, the properties of CVD
graphenemight play a role, as it exhibits grain boundaries and charge puddles.

Altogether we find that a THz induced increase in the electron temperature together with an associated shift
of the chemical potential satisfyingly explain the saturable absorption observed inCVDgraphene andwe have
shown that this nonlinear effect can be controlled by the initial Fermi energy with the use of a gate.

Acknowledgments

We thankZoltánMics andDirk van derMarel for useful discussions. GG acknowledges funding from the Swiss
National Science Foundation (SNSF) through project IZLSZ2_149164 andNCCRMUST. IC acknowledges
funding from theNCCRMUST Inter-MUSTWomenPostdoc Award andMTacknowledges the SNSF grants
133583 and 168545.

ORCID iDs

I Crassee https://orcid.org/0000-0002-1288-9236

References

[1] NovoselovK S, GeimAK,Morozov SV, JiangD,Dubonos SV,Grigorieva I V and Firsov AA 2004 Science 306 666–9
[2] AndoT, Zheng Y and SuzuuraH2002 J. Phys. Soc. Japan 71 1318–24
[3] Nair RR, Blake P,GrigorenkoAN,NovoselovK S, BoothT J, Stauber T, PeresNMRandGeimAK2008 Science 320 1308
[4] KuzmenkoAB, vanHeumenE, Carbone F and van derMarel D 2008Phys. Rev. Lett. 100 117401
[5] MakKF, SfeirMY,WuY, Lui CH,Misewich J A andHeinz T F 2008Phys. Rev. Lett. 101 196405
[6] Horng J et al 2011Phys. Rev.B 83 165113
[7] Frenzel A J, Lui CH, Shin YC,Kong J andGedikN 2014Phys. Rev. Lett. 113 056602
[8] Mics Z, Tielrooij K J, Parvez K, Jensen SA, Ivanov I, FengX,MÃllenK, BonnMandTurchinovichD2015Nat. Commun. 6 7655
[9] Frenzel A J, Lui CH, FangW,NairNL,Herring PK, Jarillo-Herrero P, Kong J andGedikN2013Appl. Phys. Lett. 102 113111

9

J. Phys. Commun. 2 (2018) 065016 GGäumann et al

https://orcid.org/0000-0002-1288-9236
https://orcid.org/0000-0002-1288-9236
https://orcid.org/0000-0002-1288-9236
https://orcid.org/0000-0002-1288-9236
https://doi.org/10.1126/science.1102896
https://doi.org/10.1126/science.1102896
https://doi.org/10.1126/science.1102896
https://doi.org/10.1143/JPSJ.71.1318
https://doi.org/10.1143/JPSJ.71.1318
https://doi.org/10.1143/JPSJ.71.1318
https://doi.org/10.1126/science.1156965
https://doi.org/10.1103/PhysRevLett.100.117401
https://doi.org/10.1103/PhysRevLett.101.196405
https://doi.org/10.1103/PhysRevB.83.165113
https://doi.org/10.1103/PhysRevLett.113.056602
https://doi.org/10.1038/ncomms8655
https://doi.org/10.1063/1.4795858


[10] HwangHY, BrandtNC, FarhatH,HsuAL, Kong J andNelsonKA2013The Journal of Physical ChemistryB 117 15819–24
[11] PaulM J et al 2013New J. Phys. 15 085019
[12] PaulM J, Lee B,Wardini J L, ThompsonZ J, Stickel AD,MousavianA, ChoiH,Minot ED and Lee Y S 2014Appl. Phys. Lett. 105 221107
[13] RazavipourH et al 2015Phys. Rev.B 92 245421
[14] ChoiH J et al 2017 Sci. Rep. 7 42833
[15] YoshikawaN, Tamaya T andTanakaK 2017 Science 356 736–8
[16] Mikhailov S A andZiegler K 2008 J. Phys.: Condens.Matter 20 384204
[17] Wright AR,XuXG,Cao JC andZhangC 2009Appl. Phys. Lett. 95 072101
[18] Jensen SA,Mics Z, Ivanov I, VarolH S, TurchinovichD, Koppens FHL, BonnMandTielrooij K J 2014Nano Lett. 14 5839–45
[19] JadidiMM,König-Otto J C,Winnerl S, SushkovAB,DrewHD,MurphyT E andMittendorffM2016Nano Lett. 16 2734–8
[20] Schwierz F 2010Nat. Nanotechnol. 5 487–96
[21] WuY, LinYM, Bol AA, Jenkins KA, Xia F, FarmerDB, ZhuY andAvouris P 2011Nature 472 74–8
[22] ChengR, Bai J, Liao L, ZhouH,ChenY, Liu L, Lin YC, Jiang S,HuangY andDuanX2012Proc. Natl Acad. Sci. 109 11588–92
[23] MittendorffM,Winnerl S, Kamann J, Eroms J,WeissD, SchneiderH andHelmM2013Appl. Phys. Lett. 103 021113
[24] Cai X, SushkovAB, Suess R J, JadidiMM, JenkinsG S,Nyakiti LO,Myers-Ward R L, Li S, Yan J, Gaskill DK,Murphy TE,

DrewHDand FuhrerMS 2014Nat. Nanotechnol. 9 814–9
[25] Shi S F, TangTT, Zeng B, Ju L, ZhouQ, Zettl A andWang F 2014Nano Lett. 14 1578–82
[26] WuQandZhangXC1995Appl. Phys. Lett. 67 3523–5
[27] BreusingM,Kuehn S,Winzer T,MalićE,Milde F, SeverinN, Rabe J P, Ropers C, Knorr A and Elsaesser T 2011Phys. Rev.B 83 153410
[28] Tielrooij K J, Song JCW, Jensen SA,CentenoA, Pesquera A, Zurutuza Elorza A, BonnM, Levitov L S andKoppens FHL2013Nat.

Phys. 9 248–52
[29] Gierz I, Petersen J C,MitranoM,CachoC, Turcu ICE, Springate E, StohrA, kohler A, StarkeU andCavalleri A 2013Nat.Mater. 12

1119–24
[30] Johannsen J C et al 2013Phys. Rev. Lett. 111 027403
[31] Song J CW,Tielrooij K J, Koppens FHL and Levitov L S 2013Phys. Rev.B 87 155429
[32] BridaD, TomadinA,Manzoni C, KimY J, LombardoA,Milana S,Nair RR,NovoselovK S, Ferrari AC, CerulloG and PoliniM2013

Nat. Commun. 4 1987
[33] Glover R E andTinkhamM1957Phys. Rev. 108 243–56
[34] YuK, Kim J, Kim J Y, LeeW,Hwang J Y,Hwang EHandChoi E J 2016Phys. Rev.B 94 235404
[35] KuzmenkoAB 2005Rev. Sci. Instrum. 76 083108
[36] Hwang E andDas Sarma S 2008Phys. Rev.B 77 115449
[37] Hwang EH,AdamS and Sarma SD2007Phys. Rev. Lett. 98 186806
[38] Das Sarma S, AdamS,Hwang EH andRossi E 2011Rev.Mod. Phys. 83 407–70

10

J. Phys. Commun. 2 (2018) 065016 GGäumann et al

https://doi.org/10.1021/jp407548a
https://doi.org/10.1021/jp407548a
https://doi.org/10.1021/jp407548a
https://doi.org/10.1088/1367-2630/15/8/085019
https://doi.org/10.1063/1.4902999
https://doi.org/10.1103/PhysRevB.92.245421
https://doi.org/10.1038/srep42833
https://doi.org/10.1126/science.aam8861
https://doi.org/10.1126/science.aam8861
https://doi.org/10.1126/science.aam8861
https://doi.org/10.1088/0953-8984/20/38/384204
https://doi.org/10.1063/1.3205115
https://doi.org/10.1021/nl502740g
https://doi.org/10.1021/nl502740g
https://doi.org/10.1021/nl502740g
https://doi.org/10.1021/acs.nanolett.6b00405
https://doi.org/10.1021/acs.nanolett.6b00405
https://doi.org/10.1021/acs.nanolett.6b00405
https://doi.org/10.1038/nnano.2010.89
https://doi.org/10.1038/nnano.2010.89
https://doi.org/10.1038/nnano.2010.89
https://doi.org/10.1038/nature09979
https://doi.org/10.1038/nature09979
https://doi.org/10.1038/nature09979
https://doi.org/10.1073/pnas.1205696109
https://doi.org/10.1073/pnas.1205696109
https://doi.org/10.1073/pnas.1205696109
https://doi.org/10.1063/1.4813621
https://doi.org/10.1038/nnano.2014.182
https://doi.org/10.1038/nnano.2014.182
https://doi.org/10.1038/nnano.2014.182
https://doi.org/10.1021/nl404826r
https://doi.org/10.1021/nl404826r
https://doi.org/10.1021/nl404826r
https://doi.org/10.1063/1.114909
https://doi.org/10.1063/1.114909
https://doi.org/10.1063/1.114909
https://doi.org/10.1103/PhysRevB.83.153410
https://doi.org/10.1038/nphys2564
https://doi.org/10.1038/nphys2564
https://doi.org/10.1038/nphys2564
https://doi.org/10.1038/nmat3757
https://doi.org/10.1038/nmat3757
https://doi.org/10.1038/nmat3757
https://doi.org/10.1038/nmat3757
https://doi.org/10.1103/PhysRevLett.111.027403
https://doi.org/10.1103/PhysRevB.87.155429
https://doi.org/10.1038/ncomms2987
https://doi.org/10.1103/PhysRev.108.243
https://doi.org/10.1103/PhysRev.108.243
https://doi.org/10.1103/PhysRev.108.243
https://doi.org/10.1103/PhysRevB.94.235404
https://doi.org/10.1063/1.1979470
https://doi.org/10.1103/PhysRevB.77.115449
https://doi.org/10.1103/PhysRevLett.98.186806
https://doi.org/10.1103/RevModPhys.83.407
https://doi.org/10.1103/RevModPhys.83.407
https://doi.org/10.1103/RevModPhys.83.407

	1. Introduction
	2. Methods
	3. Low THz field response
	4. High THz field response
	4.1. Scattering on Coulomb impurities and disorder

	5. Conclusion
	Acknowledgments
	References



