The ultrafast dynamics and conductivity of photoexcited graphene at different Fermi
energies
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For many of the envisioned optoelectronic applications of graphene it is crucial to understand
the sub-picosecond carrier dynamics immediately following photoexcitation, as well as the effect on
the electrical conductivity — the photoconductivity. Whereas these topics have been studied using
various ultrafast experiments and theoretical approaches, controversial and incomplete explanations
have been put forward concerning the sign of the photoconductivity, the occurrence and significance
of the creation of additional electron-hole pairs, and, in particular, how the relevant processes depend
on Fermi energy. Here, we present a unified and intuitive physical picture of the ultrafast carrier
dynamics and the photoconductivity, combining optical pump — terahertz probe measurements on
a gate-tunable graphene device, with numerical calculations using the Boltzmann equation. We
distinguish two types of ultrafast photo-induced carrier heating processes: At low (equilibrium)
Fermi energy (Er < 0.1 eV for our experiments) broadening of the carrier distribution involves
interband transitions — interband heating. At higher Fermi energy (Er 2 0.15 eV) broadening of
the carrier distribution involves intraband transitions — intraband heating. Under certain conditions,
additional electron-hole pairs can be created (carrier multiplication) for low Er, and hot carriers
(hot-carrier multiplication) for higher Er. The resultant photoconductivity is positive (negative)
for low (high) Er, which in our physical picture is explained using solely electronic effects: it follows
from the effect of the heated carrier distributions on the screening of impurities, consistent with
the DC conductivity being mostly due to impurity scattering. The importance of these insights is

highlighted by a discussion of the implications for graphene photodetector applications.

INTRODUCTION

The potential for technological breakthroughs employ-
ing graphene is particularly high in the field of optoelec-
tronics, given graphene’s promising properties for THz
technologies [1, 2], photodetection [3], plasmonics [4],
light harvesting [5], data communication [6, 7], ultrafast
laser technologies [8, 9], and more. For all such appli-
cations it is of primary importance to accurately under-
stand how photoexcitation and the subsequent ultrafast
carrier dynamics occur and affect graphene’s conductiv-
ity. Here, the wltrafast carrier dynamics correspond to
to the initial energy relazation of photoexcited electron-
hole pairs, which occurs on a sub-picosecond timescale,
whereas the graphene DC' photoconductivity is related
to how momentum scattering takes place in the quasi-
equilibrium state after initial energy relaxation.
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The ultrafast energy relaxation dynamics of graphene
have been studied experimentally using optical pump
— optical probe spectroscopy [10-15], time-resolved
ARPES measurements [16, 17], time-resolved photocur-
rent scanning microscopy [18, 19], ultrafast time-resolved
multi-photon photoemission spectroscopy [20], optical
pump — terahertz (THz) probe spectroscopy [21-33] and
high-field THz spectroscopy [34, 35]. These time-resolved
studies have identified that the energy relaxation dy-
namics of the photoexcited carriers consist mainly of
carrier-carrier scattering and coupling to optical, acous-
tic and remote substrate phonons. Carrier-carrier scat-
tering leads to a very rapid (¢ < 50 fs) broadening of
the electron distribution as a function of energy, asso-
ciated with thermalization within the electronic system,
i.e. carrier heating [10-12, 16, 17, 21, 25, 36]. Some theo-
retical studies [37-41], as well as combined experimental-
theoretical work [12, 13, 17, 36] have discussed the inter-
band scattering processes that lead to carrier multipli-
cation (CM), where the carrier density in the conduc-
tion band exceeds the carrier density immediately after
photoexcitation. Other studies have discussed the oc-
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currence of intraband scattering processes that lead to
hot-carrier multiplication (hot-CM) [16, 25, 30, 42-44],
where the hot-carrier density (carriers with energy above
the chemical potential) exceeds the carrier density imme-
diately after photoexcitation. Important questions con-
cerning the ultrafast carrier dynamics, which have not
been addressed, pertain to how carrier heating processes
change with Fermi energy, what the different conditions
are for the occurrence of CM and hot-CM, and how the
ultrafast carrier dynamics correlate with the THz photo-
conductivity.

The understanding of the conductivity of unexcited
graphene comes mainly from transport measurements
and theoretical modeling of momentum scattering pro-
cesses. Typically, in graphene devices with a mobil-
ity below 10,000 cm?/Vs, i.e. most substrate-supported
graphene devices, the conductivity is limited by long-
range scattering, including for example scattering be-
tween carriers and Coulomb impurities in the substrate
[45-47] or at corrugations [48]. Only in the case of ultra-
clean, suspended or hBN-encapsulated graphene, much
higher mobilities are achieved, because impurity scat-
tering is suppressed. In that case, phonon scattering
has to be taken into account as well to explain the ob-
served conductivity [49]. The conductivity of graphene
after photoexcitation has been mainly addressed by op-
tical pump - THz probe measurements [21-33]. This
technique consists of photoexcitation using an optical
pump pulse that excites one electron per absorbed pho-
ton from valence to conduction band, followed by mea-
surement of the transmission of a THz probe pulse. Given
the THz photon energy of a few meV, smaller than the
Fermi energy of most graphene samples, THz absorption
takes place due to intraband electronic transitions and
therefore provides a direct, contact-free measurement of
graphene’s low frequency (nearly DC) conductivity. The
change in conductivity at THz frequencies following pho-
toexcitation is referred to as the THz photoconductiv-
ity. Recent experiments on the (Fermi-energy depen-
dent) THz photoconductivity have indicated that the
sign of the photoconductivity can be both positive and
negative. FExplanations of this surprising effect include
the modified carrier distribution due to carrier heating
[21, 22, 25, 30], increased momentum scattering with op-
tical phonons [27, 32], THz emission [24] and different
combinations of these effects [23, 26, 28, 29]. Impor-
tantly, although all these studies have been performed
on substrate-supported graphene devices, the effect of
photoexcitation on the dominant momentum scattering
mechanism — long-range Coulomb impurity scattering —
has so far not been studied, nor has the importance of
screening been properly taken into account.

Here, we address the key issues in the observed ultra-
fast carrier dynamics and photoconductivity of graphene,
for which so far controversial and partially contradict-
ing explanations have been put forward. We investi-
gate these issues by measuring the THz photoconduc-
tivity in a single, well-characterized, substrate-supported

graphene device with tunable carrier density. Moreover,
we vary the photon energy of the pump pulse, arguably
the most revealing parameter for understanding photo-
dynamical processes, such as carrier heating [19, 25] and
(hot-)carrier multiplication processes [50]. We comple-
ment the experimental results with theoretical calcula-
tions that take into account all relevant energy relaxation
processes, and consider that the conductivity is governed
by momentum scattering through long-range interactions
with impurities, thus only considering electronic effects.
This accurately reproduces the observed experimental
trends without freely adjustable parameters. Our the-
ory is based on the massless Dirac fermions model for
graphene carriers [51], which is a low-energy approxima-
tion valid around the Dirac point, i.e. the crossing of two
bands arising from the pi orbitals of the Carbon atoms.
The electronic dispersion around the Dirac point is con-
ical and particle-hole symmetrical, with one conduction
and one valence band above and below the Dirac point,
respectively [51]. For convenience, the Fermi energy is
measured from the Dirac point in this approximation.

Our combined experimental and theoretical results
lead to an intuitive physical picture based on two dis-
tinct regimes of carrier heating. (i) In the case of low
carrier density (Er < 0.1 eV), energy relaxation of the
initially excited electron-hole pairs occurs through elec-
tronic transitions from valence to conduction band, lead-
ing to a broadened carrier distribution, i.e. interband
heating. (Here and in the following, the terms inter- and
intraband refer to the two bands of the massless Dirac
fermions model mentioned above.) Under certain con-
ditions, this interband heating corresponds to the cre-
ation of secondary carriers in the conduction band and
thus CM, although this process competes with relaxation
of the photoexcited carriers from conduction to valence
band due to phonon emission and other carrier-carrier
scattering channels. Here, photoexcitation and the sub-
sequent ultrafast dynamics lead to an increase in THz
conductivity — positive THz photoconductivity, which
can be partially understood from the additional free car-
riers that are created. (7i) For higher initial carrier densi-
ties (Er 2 0.15 V), interband heating is suppressed, due
to the different scattering phase space for interband and
intraband processes in graphene [52]. The most effective
ultrafast energy relaxation channel consists of electronic
transitions from below the chemical potential to above
the chemical potential, i.e. intraband heating. Under
the conditions studied here, this intraband heating cor-
responds to the creation of hot carriers in the conduction
band and thus hot-CM. Here, photoexcitation and the
subsequent ultrafast dynamics lead to a reduction of the
conductivity — negative THz photoconductivity — mainly
due to reduced screening of the impurities, leading to in-
creased momentum scattering. In short, we find that the
transition from interband to intraband heating and the
transition from positive to negative THz photoconduc-
tivity are determined by the ultrafast carrier dynamics
following photoexcitation, and are thus naturally corre-



lated. Finally, we show that energy is efficiently trans-
duced from incident light to graphene carriers, regardless
of the Fermi energy, meaning that both interband and in-
traband heating are efficient. Thus, our results show that
a large collection of experimental observations related to
photoexcited graphene can be explained by a simple and
intuitive picture, where energy relaxation occurs through
ultrafast and efficient carrier heating, and the photocon-
ductivity is the result of long-range Coulomb scattering,
where screening plays a crucial role both for the ultrafast
dynamics and for the sign of the photoconductivity.

RESULTS
Photoconductivity vs. carrier density

We use optical pump — THz probe spectroscopy as il-
lustrated in Fig. 1A. A visible pump pulse with a dura-
tion of ~100 fs, spot size of ~1 cm and a photon energy
E,, typically between 1.0 and 2.5 eV excites electrons
from valence band states with energy —E,,/2 to con-
duction band states with energy FEpn/2. After a time
delay t ~ 300 fs (see Supp. Fig. 1A) we probe the pump-
induced change in the transmission of a quasi-single cycle
THz pulse (center frequency ~0.6 THz). The time de-
lay is much longer than the thermalization time of the
electronic distribution, so the electronic system is in a
quasi-equilibrium state. [53] The probe yields the time-
dependent THz photoconductivity Aorh, = orua(t) —
oruz(0), where or,(0) is the THz conductivity at equi-
librium, i.e. before the pump pulse. The device in Fig.
1A (see Methods for details) consists of CVD graphene
on quartz with a drop cast ionic gate deposited on top to
control the equilibrium carrier density or, equivalently,
the Fermi energy. Through resistance measurements us-
ing the source and drain contacts we extract the equi-
librium DC conductivity og (see also Supp. Fig. 1B).
We infer a mobility of ~1000 cm?/Vs by combining the
transport measurements with Raman measurements to
determine the carrier density (see Supp. Fig. 1C). This
mobility confirms that the conductivity is indeed gov-
erned by impurity scattering [45-47]. It also indicates a
momentum scattering time on the order of tens of fem-
toseconds, meaning that the THz (photo)conductivity is
mainly real and has very little frequency dependence in
our experimental THz window (~0.4 — 1.8 THz). Figure
1B shows the optically measured THz photoconductivity
AoTh, as a function of the equilibrium DC conductiv-
ity o9, which is obtained simultaneously using electrical
measurements (see Methods for details). We use a fixed
fluence of 8 puJ/cm? and a pump wavelength of 800 nm,
and observe a transition from a positive signal for low
steady-state conductivity (low carrier density) to a neg-
ative signal for higher steady-state conductivity (higher
carrier density). A similar sign change of the THz pho-
toconductivity was observed in Refs. [28-30, 33].

To understand the physics behind these experimental

results, we show in Fig. 1C the results of our theoretical
calculation of the THz photoconductivity. To model the
system, we first solve a semi-classical Boltzmann equa-
tion that takes into account carrier-carrier and carrier-
optical phonon scattering in graphene. Our method has
been described in detail in Refs. [12, 53]. The calculation
is non-perturbative and yields the full non-equilibrium
electron and optical phonon distributions in time follow-
ing photoexcitation. We do not integrate the Boltzmann
equation during the photoexcitation process, but use as
initial condition for the electron distribution directly fol-
lowing photoexcitation, a Fermi-Dirac distribution with
an additional Gaussian population of photoexcited elec-
trons in the conduction band (centered around Ei,/2)
and a corresponding population of holes in the valence
band (centered around —E,y/2). For the sake of com-
parison with experiment, the Fermi-Dirac distribution al-
ways has a finite carrier density in the conduction band,
i.e. positive Fermi energy. We verify that, after a short
initial transient ¢ < 20 fs, the quasi-equilibrium electron
distribution consists of two Fermi-Dirac distributions, in
valence and conduction bands, with the same tempera-
ture but different chemical potentials. This is in agree-
ment with time- and angle-resolved photoemission spec-
troscopy, where the carrier distribution is probed as a
function of time [16, 17, 36]. The values of the tempera-
ture and the chemical potentials, obtained by fitting the
electron distribution, are then used to calculate the pho-
toconductivity using the semiclassical Boltzmann equa-
tion linearized around the quasi-equilibrium distribution,
taking into account scattering between carriers and long-
range Coulomb impurities (see Methods for details). The
measured device mobility of ~1000 cm?/Vs dictates a
surface impurity density of 5x10'2/cm?.

In the following paragraphs, we will present experimen-
tal and theoretical results that elucidate the processes
that dominate the ultrafast dynamics following photoex-
citation of graphene. Subsequently, we will discuss in
detail the reason for the transition from positive to neg-
ative photoconductivity. First, we point out that the
results in Fig. 1C are not obtained by fitting our theo-
retical calculation to the experimental results in Fig. 1B,
so the agreement between the two is remarkable. Our
calculation of the conductivity uses the general Boltz-
mann equation, rather than simplified versions, such as
the Drude equation with separate contributions from mo-
mentum scattering and from changes in the electron dis-
tribution, captured by the Drude weight [26-29], or the
Sommerfeld expansion of the Boltzmann equation, which
is only valid for high doping and low fluence, such that
the electron temperature is lower than the Fermi temper-
ature Tp = Ep/kp, with kp the Boltzmann constant [25].
Furthermore, we only consider the dominant momentum
scattering process, namely long-range impurities scatter-
ing, rather than assuming a modified momentum scat-
tering rate due to enhanced phonon interactions, as in
Refs. [28, 29, 31, 32]. Thus, the experimental results are
explained by our model that takes into account solely



electronic effects, although including secondary effects
would likely improve the quantitative agreement between
the experimental and the theoretical results. Further im-
provement could come from including effects of electron-
hole puddles [54], which could be substantial in substrate-
supported CVD graphene devices. Finally, we point out
that the photoconductivity is a non-equilibrium property
and, as such, its magnitude and sign change with time
in a fashion that depends on the initial conditions (e.g.
the equilibrium carrier density) and on the details of the
perturbation, such as the fluence (see e.g. Ref. [30]) and
the frequency of the pump pulse.

Interband-to-intraband heating transition

The calculation of the evolution of the electron distri-
bution with time allows us to get insight into the ultrafast
energy relaxation that takes place after photoexcitation.
To this end, we calculate the carrier density in the con-
duction band before (ncp,) and after (ncg) photoex-
citation, according to nggp = fooo dev(e) fo(g;t), where
€ is the carrier energy and the formulas for the density
of states v(¢) and the quasi-equilibrium carrier distribu-
tion fo(e;t) are given in the Methods section. We also
calculate the hot-carrier density, i.e. the density of elec-
trons in the conduction band with an energy exceeding
the chemical potential ., before (nuc o) and after (nuc)
photoexcitation, according to nyc = f::(t) dev(e) fo(g;t),
where pe(t) is defined in the Methods section. These
quantities are shown in Fig. 1D as functions of the equi-
librium DC conductivity. We find that at low equilibrium
DC conductivity, i.e. close to the charge neutrality point,
photoexcitation leads to an increase in the carrier den-
sity in the conduction band: ncs — ncp,e > 0. This
means that interband scattering processes, where elec-
trons/holes are transferred between conduction/valence
band, have occurred. At high conductivity, i.e. away
from the charge neutrality point, photoexcitation does
not lead to a change in the carrier density in the conduc-
tion band (ncp ~ ncge,o), whereas it leads to an increase
in the hot-carrier density: nuc — nuc,0 > 0. This means
that intraband scattering events have occurred. Obvi-
ously, upon approaching the Dirac point, the hot carrier
density converges to the conduction band carrier density,
as we see in Fig. 1D.

The physical interpretation of this interband-to-
intraband scattering transition becomes clear when we
examine the electron distribution before and after pho-
toexcitation. We calculate these for an equilibrium Fermi
energy of 0.05 eV (Fig. 2A) and 0.4 eV (Fig. 2B), corre-
sponding to o9 < 5 €2/h and o¢ ~ 50 €2/h, respectively.
Before photoexcitation, at room temperature 7" = 300
K, the distributions are slightly broadened and, for both
equilibrium Fermi energies, the hole density in the va-
lence band is small compared to the electron density in
the conduction band. At time ¢ = 300 fs following pho-
toexcitation with Ep, = 1.5 eV, the electron distributions

for the two equilibrium Fermi energies have broadened
substantially, indicating carrier heating. However, the
broadened distributions are qualitatively different, owing
to different relaxation processes dominating the dynam-
ics depending on the equilibrium Fermi energy. At Ep ~
0.05 eV, the heated electron distribution contains a sig-
nificant hole density in the valence band and an increased
electron density in the conduction band (see cyan-shaded
area in Fig. 2A). This indicates that electronic transitions
have taken place from valence band to conduction band.
In contrast, at Frp ~ 0.4 eV, the heated electron distri-
bution does not contain holes in the valence band. How-
ever, it contains an increased hot electron density (see
orange-shaded area in Fig. 2B). Thus, we see that the
occurrence of both interband and intraband transitions
can be understood from heating of the graphene carriers.
Furthermore, we see that the transition from positive to
negative photoconductivity correlates with a transition
from interband heating to dominant intraband heating.

Since our calculations show an increased (hot) car-
rier density for low (high) equilibrium Fermi energy, this
prompts us to investigate if (hot-)carrier multiplication
occurs. We study this by comparing the electron distri-
butions before and after photoexcitation to the absorbed
photon density, which equals the initial density of pho-
toexcited carriers neyx.. CM takes place when the carrier
density in the conduction band with respect to equilib-
rium, ncy — ncB,o, is larger than ney.. Hot-CM takes
place when the hot-carrier density with respect to equi-
librium, ngc — nuc,o, is larger than nex.. Our calcula-
tions show that CM can take place for low equilibrium
DC conductivity, i.e. close to the charge neutrality point
(see Fig. 1D). Upon increasing the carrier density, CM
disappears as a result of suppressed interband heating,
whereas hot-CM increases with increasing carrier den-
sity, as result of intraband heating.

Photoconductivity vs. photon energy

Our optical — pump THz probe experiment (and the
same holds for other all-optical experiments) does not
give direct insight into (hot-)carrier multiplication num-
bers, as we do not harvest electrons through an electrical
measurement, which would allow for counting electrons
and comparing with absorbed photons. However, a key
indication of the occurrence of efficient carrier heating,
as well as (hot-)CM, is that a larger photon energy leads
to a larger density of secondary carriers (hot carriers)
[19, 25, 42]. The reason for this is that additional energy
from photons is transduced to additional excited carriers
in the electronic system. Figures 3 and 4 explore this
trend in our experiments. The results in Fig. 3 corre-
spond to the device tuned away from the charge neutral-
ity point, with an estimated Fermi energy |Er| ~ 0.25 eV
(the ionic gate is at 0 V, where we measure oo =~ 8 e?/h).
Here, interband heating is suppressed, whereas intraband
heating takes place. Figure 4, instead, corresponds to



0.5 V on the ionic gate, where we measure oo ~ 2 e /h.
Here, the carrier density is low, and interband heating is
present.

Figure 3A shows the measured (peak) THz pho-
toconductivity as a function of pump pulse fluence,
parametrized by the photoexcited carrier density, where
wavelength-dependent absorption is taken into account.
The results for two pump photon energies of 1.0 eV and
2.5 eV are shown. The larger photon energy leads to a
larger negative photoconductivity at constant excitation
density, implying a larger hot-carrier density due to ef-
ficient intraband scattering. These observations confirm
the results of Ref. [25], which showed linear scaling with
photon energy (at very low fluence). Figure 3B shows
the measured and the theoretically calculated THz pho-
toconductivity as a function of photon energy, at fixed
fluence. The experimental and theoretical results are
in good agreement (except for a constant scaling factor)
and show a larger negative photoconductivity for larger
photon energy. This effect is due to the higher electron
temperature at larger photon energy. Due to saturation
effects, the scaling with photon energy is not perfectly
linear. This saturation likely comes from the reduced
heating efficiency for increasing fluence and increasing
photon energy, as has been observed in Ref. [30]. We will
address this in more detail in Fig. 5.

Figure 3C shows the calculated hot-carrier multiplica-
tion factor, defined as HCM = (nuc — nuCc,0)/Mexc, as a
function of photon energy, obtained from our theoretical
approach. For the investigated conditions, calculations
show that the HCM factor is larger than 1 and increases
with photon energy. For a photon energy of 2.5 eV and
a fluence corresponding to a photoexcited carrier density
of 0.2x102/cm?, we calculate that 7 hot carriers are cre-
ated on average per absorbed photon. This is fully com-
patible with the very recent experimental demonstration
of 5 generated and subsequently collected hot carriers
per absorbed photon in a photo-Nernst device [44]. The
plots of the electron distribution in Fig. 3D illustrate the
microscopic picture explaining hot-CM: excitation with
a larger photon energy leads to a stronger broadening of
the Fermi-Dirac distribution.

The panels in Fig. 4 show the same quantities as in the
corresponding panels of Fig. 3, but closer to the charge
neutrality point (see also Supp. Fig. 2). Due to electron-
hole puddles, the effective Fermi energy will not reach a
value below 0.05-0.1 eV. In Figs. 4A and 4B we show the
THz photoconductivity, measured for 3 photon energies
Eyn = 0.5 eV, 1.0 eV, and 2.5 eV, as we vary the flu-
ence of the pump pulse, compared to the results of the
theoretical calculation. In the calculation we used Eg
= 0.05 eV. The THz photoconductivity is now positive,
with a larger signal for a larger photon energy. This sug-
gests that interband heating is also an efficient process.
We again observe saturation effects that are likely related
to the decreased heating efficiency at higher fluence and
photon energy (see Ref. [30] and Fig. 5). An additional
effect giving rise to saturation could be a reduction of

conductivity (leading to reduced positive photoconduc-
tivity) due to populating optical phonons at increasing
fluence and photon energy [27, 32].

In analogy to the case of intraband heating and hot-
CM, in Fig. 4C we show the calculated carrier multipli-
cation factor CM = (ncB — neB,0)/Mexe @s a function of
the photon energy. Under the investigated conditions,
we find that the CM factor is larger than 1 and increases
with photon energy. For a photon energy of 2.5 eV and
a fluence corresponding to a photoexcited carrier density
of 0.2x 102 /cm?, we calculate that >3 secondary carriers
are created on average per absorbed photon. The plots of
the carrier distribution in Fig. 4D show stronger broad-
ening of the Fermi-Dirac distribution for higher photon
energy, corresponding to more electronic transitions from
valence to conduction band. Thus, although the occur-
rence of CM arises from specific microscopic interactions,
such as collinear scattering events [12, 37, 39], the ther-
modynamic picture of Fig. 4D indicates that it can be
regarded as interband heating with high efficiency.

Heating efficiency

Ultimately, both interband and intraband heating are
mechanisms that slow down the dissipation of the elec-
tron energy density by phonons, and in this sense they
have the same potential to increase the efficiency of a
light-harvesting or photodetection device. In order to
assess the ultimate potential of graphene-based photode-
tection, we characterize the efficiency of carrier heating,
i.e. the energy transfer from photons to electrons, by cal-
culating the carrier temperature at time ¢t = 0.1 ps, and
the ratio between the electron energy density at time
t = 0.1 ps and the photon energy density of the pump
pulse. We chose this delay time, because it corresponds
to the quasi-equilibrium state, where the initial ultra-
fast energy relaxation, including interband and intraband
heating, has already occurred, whereas equilibration with
the phonon system is far from complete, i.e. the hot
carrier distribution has been formed and has not cooled
yet. Figure 5 shows these results for a photoexcited car-
rier density of 0.5 and 0.17x10'2/cm? and 800 nm light.
The calculations show that the quasi-equilibrium elec-
tron temperature is somewhat higher for lower carrier
density (see Fig. 5A), mainly due the smaller electronic
heat capacity. We also see that the higher fluence cor-
responds to a lower heating efficiency (see Fig. 5B), in
agreement with the saturation effects in our measured
photoconductivity vs. fluence (see Fig. 3 and 4) and
with the optical pump - THz probe study of Ref. [30].
Furthermore, time-resolved ARPES [16, 17] and ultra-
fast photoluminescence [10] studies showed less efficient
heating, as these experiments were done at a fluence that
was typically two orders of magnitude larger than the
fluence in our THz study. The reason for the reduced
heating efficiency is that at a higher fluence the energy
transfer to phonons occurs faster (see Fig. 5C-D). Im-



portantly, this thermodynamic picture shows that the
energy transfer from photons to electrons is exception-
ally efficient (for the fluences used here) and depends
only weakly on the equilibrium Fermi energy. This once
more asserts the great intrinsic potential of graphene for
photodetection applications, provided that hot carriers
can be extracted before their cooling occurs (typically on
a picosecond timescale at room temperature).

DISCUSSION

We have observed a correlation between, on the one
hand, the transition from positive to negative THz photo-
conductivity, and on the other hand, the transition from
interband to intraband heating, respectively. In the fol-
lowing, we discuss the physical origins behind positive
and negative THz photoconductivity, which in our phys-
ical picture can be traced back solely to electronic effects,
and in particular to impurity screening by many-body in-
teractions. There are two reasons to expect an increase
of conductivity following photoexcitation (positive THz
photoconductivity). First, the pump laser increases the
electron density in the conduction band and generates a
finite hole density in the valence band. The free carrier
density in the system is larger and thus the conductiv-
ity increases. Second, the generation of hot electrons
entails an increase of the electron temperature. Pictur-
ing graphene as a zero-gap semiconductor, it is natural
to expect that a higher temperature T' ~ Eg/kp cor-
responds to a larger conductivity as well. The reduc-
tion of conductivity (negative THz photoconductivity)
is more subtle, as its origin resides in the reduction of
electronic screening of the long-range Coulomb interac-
tion between graphene’s carriers and charged impurities
in the substrate. More precisely, the polarizability func-
tion of graphene’s carriers, evaluated at the Fermi wave
vector where most scattering events take place, decreases
with temperature and thus reduces the effectiveness of
electronic screening [55]. When screening is less effec-
tive, impurities in the substrate interact more strongly
with graphene’s carriers and the conductivity decreases
due to enhanced scattering.

The experimentally observed correlation between the
transition from interband to intraband heating and from
positive to negative THz photoconductivity can thus be
explained as follows: In the vicinity of the charge neutral-
ity point, where interband heating takes place, a larger
free carrier density is available for conduction and this
preempts the effect of the reduced screening at higher
electron temperature. The THz photoconductivity is
positive. At higher carrier density, where intraband heat-
ing takes place, the system evolves to a regime where
screening of the impurities in the substrate is less effec-
tive and the THz conductivity is decreased with respect
to its equilibrium value. The THz photoconductivity is
negative. Thus electronic screening plays a crucial role —
first, during the ultrafast dynamics that lead to a ther-

malized electron distribution [12, 53] and, second, for the
resulting conductivity that corresponds to this thermal-
ized distribution. Both CM and interband recombina-
tion due to carrier-carrier scattering vanish when a non-
regularized dynamical screening model is used [12, 53].
Our calculations show that such a screening model yields
positive THz photoconductivity at all equilibrium carrier
densities, contrary to the experimental results, because
it overestimates the free carrier density in the conduction
band at large equilibrium carrier density.

To put our results in perspective, we point out that
for semiconductors, the concept of CM is highly attrac-
tive, as it allows to overcome the Shockley-Queisser limit
of conventional solar cells [56], as well as photodetection
with gain, where multiple electrons are detected per ab-
sorbed photon. Typical light harvesting and photode-
tection devices using semiconductors rely on the pho-
tovoltaic effect, where photoexcited electron-hole pairs
are separated by the intrinsic electric field present at the
junction between p-doped and n-doped regions. How-
ever, in graphene the photoresponse at a pn-junction
(e.g. created by local gates) is typically dominated by the
photo-thermoelectric (PTE) effect [57, 58], at least under
zero bias voltage. Here the different Seebeck coefficients
in the p and n regions give rise to an electron-heat driven
photoresponse. It turns out that in this case efficient
heating (and hot-CM) are highly beneficial for creating
a large PTE response and indeed multiple hot carrier
harvesting per absorbed photon has been demonstrated
very recently in a high-responsivity photodetector [44].
Furthermore, in a recent study, an increased photore-
sponse at a graphene pn-junction photodetector (with a
3 dB bandwidth of 65 GHz) was observed upon increas-
ing the bias voltage, which only occurred at low Fermi
energy [59]. This observation was interpreted as aris-
ing from a photoconductive contribution to the photore-
sponse, coming from additional carriers in the conduc-
tion band, thus increasing the device conductivity. Our
results explain why this effect only occurs at low Fermi
energy: only in this regime does photoexcitation actu-
ally lead to additional carriers in the conduction band,
i.e. ncg > ncp,o (see Fig. 1D). In contrast, at higher
Fermi energies ncp ~ ncB,o, so that no photoconductive
effect is expected. The insights from our work lead to di-
rect input for optimizing graphene-based photodetector
devices.

METHODS
Ezxperimental design

For the gate-tunable device, we used CVD graphene
(commercially grown by Graphene Supermarket), which
was transferred onto a quartz substrate. Quartz is used
as opposed to the more common silicon substrate for its
negligible photoconductivity and high THz transmission.
The ionic gate consists of LiClO4 mixed with PEO (Poly



Ethyl Oxide) in a ratio 8:1 by mass. This mixture is
dissolved in methanol to apply it to the graphene. The
source and drain contacts were made from 100 nm Au
and 5 nm Cr. Turbostratic graphene was obtained on
the C-face of SiC through thermal decomposition in ar-
gon atmosphere (see Supp. Fig. 2 and caption for de-
tails). The optical pump — THz probe setups that were
used to measure THz photoconductivity are very similar
to the one described in Ref. [25], with the pump path
containing an optical parametric amplifier and mixing
stages (Light Conversion - Topas) to convert the incident
800 nm light to different wavelengths. We measured the
pump-induced change in THz transmission at the peak
of the pump-probe time trace (see Supp. Fig. 1A), with
the 800 nm sampling beam (which measures the THz
pulse through electro-optic sampling) positioned at the
peak of the quasi-single cycle THz pulse. In this config-
uration, the pump-induced change in THz absorption is
measured, corresponding to the pump-induced change in
the real part of the conductivity, as extracted using the
thin film approximation (see e.g. Ref. [25]).

Calculation of the THz conductivity

The expression for the intraband conductivity o(¢) in
graphene at angular frequency w reads [55]

e2v i T(e;
ot 25 [ gy
h\

iwT(e;t)

Ofr(e;t)
de
(1)
where —e is the electron charge, vgp the Fermi velocity
in graphene, v(g) = 2|¢|/[r(hvr)?] the density of states,
A = 0,1 labels electron states in the conduction band
or hole states in the valence band, and fy(e;t) is the
corresponding quasi-equilibrium distribution function at
energy £ > 0 (measured from the Dirac point) and time
t. The quantity fx(g;0) represents the equilibrium dis-
tribution before photoexcitation. The scattering mech-
anism responsible for the finite conductivity determines
the transport scattering time 7(e;t), which depends on
the distribution function. Eq. (1) is justified as long as
hw < 2ER, such that the probe pulse does not produce
interband electron transitions. The expression for the
transport scattering time due to scattering with long-

range Coulomb impurities reads [60]

h.t) =iy [Wa(g;)*(1 = cos® )3 (ewr — €), (2)
) k'’

7(e

where n; is the impurity density, g/ is the polar angle
of the wave vector k’, ¢ is the modulus of the difference
between k' and k = &e/(hwr), and e, = hopk is the
dispersion of electrons and holes. We denote by W (q; t)
the screened Coulomb potential, that reads

N N Vg _ 2me?

W)\(qvt) - ( 1) €(q,0;t)7 Vg = q ’ (3)
where € is the average dielectric constant around the
graphene plane, €(q, 0;t) is the static electronic dielectric
function in graphene, and the Coulomb impurities have
been taken to sit at the graphene plane for simplicity. In
the well-known random phase approximation (RPA), the
dielectric function is related to the polarizability function
X9 (g,w;t) of the non-interacting electron system (i.e.
the Lindhard function) by €(q,w;t) =1 — vqx(o)(q,w;t).
The expression for the Lindhard function of the thermal-
ized photoexcited electron system in graphene has been
obtained in Ref. [53]. The Lindhard function depends
on the electron temperature T'(t) and the chemical
potentials p(t), pn(t) for electrons in the conduction
band and holes in the valence band at time ¢. In our
approach, we obtain these quantities by integrating
in time the semiclassical Boltzmann equation for the
coupled electron-optical phonon system, as detailed
in Refs. [12, 53]. Then, at each time ¢ of interest, we
calculate the transport scattering time on an energy
mesh with Eq. (2) and, finally, the conductivity with
Eq. (1). We remark that this approach takes screening
into account, within the RPA approximation, at each
instant in time, without making assumptions on the
energy dependence of the transport scattering time.

SUPPLEMENTARY MATERIALS

fig. S1. Sample characterization.
fig. S2. Intrinsically undoped graphene.
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FIG. 1. Experimental technique and interband-to-intraband heating transition. A) Illustration of the optical
pump — THz probe measurement technique and the gate-tunable graphene device design, as explained in the main text and
Methods. By applying a gate voltage V; to the polymer electrolyte, we change the Fermi energy of graphene and thereby its DC
conductivity oo. By applying a source-drain voltage Vsp between the two contacts and measuring the current Isp we extract
oo (after correcting for contact resistance). B) The measured THz photoconductivity Aoru, as a function of simultaneously
measured DC conductivity oo, following a pump pulse with a wavelength of 800 nm that creates a photoexcited carrier density
Nexe = 0.5x10'%/cm?. C) Theoretical calculation (see Methods) of the THz photoconductivity vs. DC conductivity (bottom
horizontal axis) or Fermi energy (top horizontal axis) for the same parameters as in the experiment, at time ¢ = 300 fs after
photoexcitation. The theoretical results (which are free of adjustable parameters) reproduce the magnitude of the signal within
a factor < 2 and the positive-to-negative transition. D) The calculated carrier density in the conduction band (left vertical
axis) and hot-carrier density (right vertical axis) with respect to equilibrium, for the same parameters as in the experiment.
The dashed horizontal line indicates nexe, which is the same for all equilibrium DC conductivities. Interband heating occurs
when ncg — nes,o > 0, whereas intraband heating occurs when nuc — nuc,0 > 0.
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FIG. 2. Interband vs. intraband heating. The panels show the calculated electron distribution f(¢) as a function of
energy ¢, at time ¢ = 0 before photoexcitation (black lines and gray areas) and at a time ¢ = 300 fs (cyan and orange lines and
areas). The state occupation in the Dirac cones is also depicted alongside the electron distribution. The wavy lines represent
the photoexcitation of electrons (holes) in conduction (valence) band at energy Epn/2 (—FEpn/2). The pump photons have
energy Epn = 1.5 €V. A) At the equilibrium Fermi energy Er ~ 0.05 eV, the broadening of the electron distribution involves
electronic transitions from valence to conduction band, represented by cyan arrows, i.e. interband heating. B) At Er ~ 0.4
eV, the broadening is mostly due to electronic transitions from below to above the chemical potential, represented by orange
arrows, ¢.e. intraband heating.
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FIG. 3. Photon-energy scaling for intraband heating. A) The THz photoconductivity Ao, as a function of pump
pulse fluence, parametrized by the photoexcited carrier density nexc, for two pump photon energies E,, = 1.0 (purple circles)
and 2.5 eV (green circles). The solid lines serve as guides to the eye based on saturation curves. These measurements are
done at V; = 0 V, where we measure a DC conductivity of oo ~ 8 ¢?/h. Using the mobility of ~1000 cm?/Vs, we extract
an equilibrium Fermi energy of |Er| ~ 0.25 eV, corresponding to graphene gated away from the charge neutrality point. The
THz photoconductivity saturates for nexc = 0.05 x 10'2 /cm?, corresponding to a relatively low incident fluence < 1 pJ/cm?,
as observed earlier [27, 30]. The signal (and therefore the hot carrier density) is larger for the larger photon energy. Thus,
larger photon energies are responsible for larger hot carrier densities. This is a key signature of efficient intraband heating [25].
B) The THz photoconductivity at nexc = 0.2 x 10'? /em? (vertical dashed line in panel A), as a function of the pump photon
energy. The solid circles are experimental data (right vertical axis) and the solid line the result of the theoretical calculation
(left vertical axis) for Er = 0.25 eV. Experiment and theory show good qualitative agreement, with a larger absolute value
of the THz photoconductivity for larger photon energy. C) The calculated hot-carrier multiplication factor HCM, defined in
the main text, as a function of the pump photon energy. The HCM-factor increases with photon energy. D) The electron
distributions and the state occupation in the Dirac cone, cf. Fig. 2, before and after photoexcitation with pump photon energy
Epn = 2.5 eV (left, green wavy line) and 1.0 eV (right, purple wavy line). The broadening of the electron distribution is larger
in the Ep, = 2.5 €V case, indicating more intraband heating for larger photon energy.
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FIG. 4. Photon-energy scaling for interband heating. This figure is analogous to Fig. 3, with the difference that the
measurements are done at V; = 0.5 V, the point of lowest DC conductivity (oo = 2 e?/h), corresponding to graphene close to
the charge neutrality point. The calculations are done for Er = 0.05 eV, although due to puddles the effective Fermi energy in
the experiment could be significantly larger. We observe that the value of the THz photoconductivity is positive, while in Fig.
3 it is negative. Panels A) and B) show the THz photoconductivity for three pump photon energies Epn = 0.5, 1.0, and 2.5
eV. Panel C) shows the calculated carrier multiplication factor CM, defined in the main text. Interband heating contributes
to the broadening of the electron distribution, shown in panel D). The broadening of the electron distribution is larger in
the Epn = 2.5 €V case, indicating more interband heating for larger photon energy. To understand the magnitude of the
photoconductivity, we note that the added carrier density in the conduction band corresponds to An = CM-nex.. Using CM
= 3 (for 2 eV photon energy), nexc = 0.2-10'%/cm?, and a mobility of u = 1000 cm?/Vs, we obtain an increased conductivity
of Ag = Anep = 4 ¢®/h. This is agrees with the calculated increase in conductivity (see Fig. 4B for 2 ¢V photon energy). The
measured value is significantly lower, most likely due to electron-hole puddles.
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FIG. 5. Thermodynamic picture and heating efficiency. A) The electron temperature as a function of equilibrium
Fermi energy at time ¢ = 100 fs after photoexcitation, for photoexcited carrier densities nexc = 0.5 x 10*%/cm? (black, solid
line) and nexc = 0.17 x 10'?/ecm? (gray, dashed line). B) The energy transfer efficiency as a function of equilibrium Fermi
energy at time t = 100 fs after photoexcitation, for photoexcited carrier densities nexc = 0.5 x 102 /ecm? (black, solid line) and
Nexe = 0.17 x 10'? /em? (gray, dashed line). The energy transfer efficiency is defined as the ratio between the electron energy
density at time ¢ and the photon energy density of the pump pulse, and is a highly relevant parameter for photodetectors
based on carrier heat, among others. The equilibrium Fermi energy intervals where interband heating or intraband heating are
dominant are shaded along the horizontal axes of the panels. These results show that, regardless of the occurrence of interband
or intraband heating, photoexcitation leads to an increase of the electron temperature that is larger for the larger photoexcited
density. The energy transfer efficiency is 60-70% for the higher fluence and 70-80% for the lower fluence. This shows that the
energy of the absorbed pump photons is efficiently retained by the electron system rather than dissipated into phonons. We
also show the temporal evolution of energy dissipation in the system for low fluence (C) and higher fluence (D). The dynamics
indicate that for several hundred femtoseconds the energy that is deposited by photons into the electronic system is still mainly
present as energy in the electrons — electron heat.
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