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Ultrafast Opto-Electronic and Thermal Tuning of
Third-Harmonic Generation in a Graphene Field Effect

Transistor
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Kenji Watanabe, Andrea Tomadin, Habib Rostami, and Giancarlo Soavi*

Graphene is a unique platform for tunable opto-electronic applications thanks
to its linear band dispersion, which allows electrical control of resonant
light-matter interactions. Tuning the nonlinear optical response of graphene is
possible both electrically and in an all-optical fashion, but each approach
involves a trade-off between speed and modulation depth. Here, lattice
temperature, electron doping, and all-optical tuning of third-harmonic
generation are combined in a hexagonal boron nitride-encapsulated

graphene opto-electronic device and demonstrate up to 85% modulation
depth along with gate-tunable ultrafast dynamics. These results arise

optical parametric amplification,!?] sponta-
neous parametric down-conversion,®! elec-
trical, and all-optical tuning of the sec-
ond harmonic (SH)*7! and third harmonic
(TH) generation,[>3°] giant efficiencies of
THz high harmonic generation,'”) and
applications in integrated nonlinear opto-
electronic devices such as gas sensors,!]
logic gates,[1213] and valleytronics.[1#1°]
Text within the family of 2D materi-
als, graphene arguably shows the most in-

from the dynamic changes in the transient electronic temperature

combined with Pauli blocking induced by the out-of-equilibrium chemical
potential. The work provides a detailed description of the transient nonlinear
optical and electronic response of graphene, which is crucial for the design of
nanoscale and ultrafast optical modulators, detectors, and frequency

converters.

1. Introduction

2D materials are ideal candidates for nonlinear optical ap-
plications at the nanoscale,!!! as they enable ultra-broadband

triguing nonlinear response. Being cen-
trosymmetric, the first nonlinear term in
its polarization is the third-order suscep-
tibility y©. While few experimental stud-
ies have observed second-harmonic gen-
eration (SHG) due to breaking of sym-
metry at an interface,'] in-plane elec-
tric fields and currents™) or from the
electric quadrupole response.l?’! the vast
majority of nonlinear optical experiments
on graphene have focused on y®® processes such as four-wave
mixing (FWM),2l third-harmonic generation (THG),[822-24]
and saturable absorption.[?>?’] In particular, THG and FWM
have recently gained increasing attention following the
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Figure 1. Opto-electronic modulation of THG in a graphene FET. a) Sketch and microscope optical image of the device. Monolayer graphene is encap-
sulated between two hBN flakes. Vi, Vp, wg, and wcg represent the gate-source voltage, source-drain voltage, fundamental beam, and control beam,
respectively. b) THG as a function of E; (bottom x-axis) and V,; (top x-axis) at lattice temperatures of T, =295 K (red curve) and T| = 30 K (blue curve).
The black curve is the drain current (Ip) as a function of E¢ and V; at the drain voltage of Vp = 1 mV.

demonstration of their electrical®>?!! and all-optical®! mod-
ulation, which provide a route towards ultrafast nanoscale
frequency converters and a powerful method to probe ultrafast
hot electron dynamics. The electrical tunability of THG in
graphene has been widely explored,!®°2122] whereas ultrafast
all-optical modulation and the interplay of lattice (T}) and elec-
tron temperatures (T.) in high-quality hexagonal boron nitride
(hBN)-encapsulated graphene samples are scarcely studied.

In this work, we provide a detailed experimental and theoret-
ical study of ultrafast thermal and opto-electronic modulation
of THG in a high-quality and gate-tunable hBN/graphene/hBN
field effect transistor (FET). Encapsulation of graphene in hBN
is widely used to achieve a higher sample quality, and to engi-
neer the T, via out of plane heat transfer.[?#?°! In our experi-
ments, we further use hBN encapsulation to reduce the intrin-
sic doping of graphene, and with this, we demonstrate for the
first time ambipolar gate tunable THG, as discussed in the fol-
lowing. Our scheme for opto-electronic THG modulation can
be briefly summarized as follows. We irradiate graphene with
two pulses: a fundamental beam (FB) and a control beam (CB).
The FB is responsible for inducing the parametric THG process
(wpg = 3wygg) while the CB controls the TH efficiency via tun-
ing of T, and Pauli blocking. We point out from the very start
that the FB affects T, and Pauli blocking as well, due to its large
fluence (comparable to the CB), necessary to generate a sizable
TH. Furthermore, electrical doping by means of external gates
enables the system to modulate the competition between T, and
Pauli blocking mechanisms and to tune the TH ultrafast recom-
bination dynamics. Thus, by combining electrical and all-optical
control of T, and Fermi Energy (E;), we achieve active modula-
tion of THG in graphene with the following main results. First,
experiments on hBN-encapsulated samples allow to show that
the electrical modulation of THG in graphene is symmetric for
electrons and holes within the Dirac cone. This is the nonlin-
ear optical analog of the electronic ambipolar behavior of FETs,
which was absent in previous studies.[®?!] Further, we observe
up to 300% modulation in the THG intensity by tuning T; from
295 to 33 K. Second, we show that electrical doping can be used
to actively control the recombination dynamics of the TH signal
arising from phase-space quenching of the scattering between
hot electrons and optical phonons.* Third, we shed light on
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the physical origin of the ultrafast TH modulation and the inter-
play of hot electrons and Pauli blocking. Finally, with our nonlin-
ear opto-electronic device, we achieve a TH modulation depth of
~85% at E; = 300 meV and peak fluence of 200 pJ cm~2, namely
a two orders of magnitude enhancement in the modulation ef-
ficiency (i.e., modulation depth per unit of fluence) compared
to previous reports.’! This is possible thanks to mid-IR excita-
tion and active control of E; and T; and thus it further clarifies
that a deeper understanding of the ultrafast and nonlinear opto-
electronic response of graphene is paramount for the design and
optimization of nanoscale ultrafast devices, such as optical mod-
ulators, detectors, and frequency converters.

2. Ambipolar Gate-Tunable THG

Opto-electronic (i.e., optical and electrical) modulation of THG is
performed on a back-gated FET based on a single layer graphene
encapsulated in two ~10 nm thick hBN layers (Figure 1a). The
device was prepared by mechanical exfoliation and dry transfer,
following the approach described in ref. [31] (see Sections S1
and S2, Supporting Information for details on sample fabrication
and characterization). For the THG measurements, we used two
synchronized laser pulses at a repetition rate of 76 MHz, photon
energies of 0.32 eV (3900 nm) and 1.2 eV (1030 nm) and pulse
duration of ~#150 fs/110 fs for the FB/CB, respectively. The spot-
sizes of the focused FB and CB have been measured using the
razor blade techniquel*”! and they are ~6.7 and ~2.2 um, respec-
tively (see Section S3, Supporting Information).

First, we measured gate-tunable THG with a “static” proce-
dure (i.e., without CB). We irradiate our device with the FB
(130 ywJ cm™2) and collect the TH power for different values of
the applied V;, in the range —30 to 30 V, corresponding to values
of the Ej; in the range —300 to 300 meV (see Section S2, Support-
ing Information for the calculation of E;) and for different T, . We
stress that, under these experimental conditions, the TH inten-
sity from the hBN encapsulant is negligible (see Section S4, Sup-
porting Information). The experimental data (Figure 1b) show a
modulation factor of ~4 when T; = 295 K and the E; is tuned
from ~50 to 300 meV. This gate-tunable TH modulation is due
to the crossing of multi-photon resonances in the Dirac cone, as
largely discussed in refs. [8, 9]. Once the T; is decreased to 33 K,
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the modulation factor in the same Ej range increases to ~9. Com-
paring the two curves at different temperatures, we observe an
enhancement of the TH power while reducing T; of 1.5 and ~3
at E; =50 meV and E; = 300 meV, respectively. The origin of this
remarkable enhancement of THG with T is manifold. Our the-
oretical analysis reproduces this effect, on a smaller magnitude,
solely based on the different electron distribution achieved when
samples with different T; are irradiated by the same FB. This is
an indirect effect of T; on THG, due to the different dynamics ex-
perienced by electrons on a statistical level. However, we assume
that a contribution to the observed TH enhancement arises also
from a direct effect of temperature at the level of single-particle,
coherent evolution during the FB pulse duration. Such an effect
can be attributed to the temperature-dependent electron scatter-
ing rates (or electron spectral broadening) with impurities, de-
fects and phonons (see Section S6, Supporting Information). Al-
though our numerical calculations support this argument, a solid
determination of the scattering rates at different temperatures
would require a much larger amount of data sets that is outside
the scope of this work.

The absence of sharp peaks in the data reported in Figure 1b
is a clear indication of the high T, reached during the
experiments,®? as we discuss in detail in the Section S5 (Sup-
porting Information). Since T, is a function of E; and varies dra-
matically over the pulse duration, we cannot assign a single value
of T, to the points in Figure 1b. However, if we consider, e.g., T;
=33 Kand E; =50 meV, our calculations show thata T, > 1400 K
is achieved by the electron distribution for over 200 fs, at the FB
peak fluence of 130 puJ cm™ (see also Section S5, Supporting In-
formation). We point out that we observe gate-tunable THG for
both positive and negative values of the E, indicating that the
TH enhancement at multi-photon resonances can be achieved
for both n- and p-doping, i.e., in the conduction and valence band
of the Dirac cone, qualitatively preserving the electron-hole sym-
metry of the phenomenon to a remarkable degree.

Finally, the results reported in Figure 1b allow us to estimate
the y® of graphene at different values of E, at the FB photon
energy of 0.32 eV by using the two following equations:2?]

_ 1 T 3/2 2 |E(wi,o)|2
Plw;,) = g(m) f=w Mo €06~ — 1)
Lo g
E(a)o) - 4 27c IexpdgrE (a)l) (2)
where P(w; ,), E(w; ,) are the input/generated TH power and elec-

tric field and f,z, n, are the repetition rate, pulse duration, and
refractive index, respectlvely The input/TH electric fields can
be extracted from Equation (1) and then the y® value can be
calculated using Equation (2). d,, = 0.3 nm is the thickness of
monolayer graphene. Considering the losses of the setup (see
Section S3, Supporting Information) and T; = 33 K we obtain
7P =2 x 107" m? V=2 for E; ~ 300 meV and ~ 8 X 1071® m? V2
for E; ~ 0 meV, in agreement with ref. [22] where a y® ~ 6 x
10716 m? V=2 was reported for pristine graphene at a fundamen-
tal photon energy of 0.225 eV and E; = 390 meV.

3. Ultrafast Opto-Electronic TH Modulation

Next, we shift our attention to time-resolved and all-optical TH
modulation. We initially fix the CB and FB fluence at 170 and
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110 uJ cm™2, respectively, and scan their relative delay for differ-
ent values of Ej in the range 0 to 390 meV. We remark that this
range of E; overlaps the region defined by the lower threshold Ej
> hw/2, where absorption of the FB, at zero temperature, is for-
bidden by Pauli blocking. However, we do not see an abrupt drop-
off of the measured signal when the (E;) exceeds such threshold.
The reason is that the finite temperature in our samples ensures
that a residual absorption is always present. Even a small initial
absorption produces a rapid temperature increase, which broad-
ens the electron distribution in the energy space and relaxes the
condition for Pauli blocking. To mitigate the effect of diminished
absorption, in the following, we discuss the behavior of the mea-
sured signal divided by the signal before the pump is applied,
thus “normalizing-out” the most trivial part of the Pauli block-
ing. We point out, however, that other non-trivial thresholds ap-
pear in the THG as the Fermi energy crosses multiples of the
FB frequency.®°) Figure 2 shows the experimental results for the
ratio ATHG/THG,, where

ATHG(z) = THG(r) — THG, (3)
THG(r) is the measured signal as a function of delay 7, and THG,
is the reference TH signal measured in the absence of the CB,
that we measure at a negative delay = = —2 ps. As expected, the
signal features a sharp peak when the FB overlaps with the CB,
i.e., when both beams excite the electron system, followed by a
“relaxation” stage converging to a zero signal, which represents
the recovery of the system from the excitation due to the CB. At
large delays, the effect of the CB vanishes and the TH signal re-
covers to its reference value THG,,.

The process of electron relaxation in graphene after excitation
from an ultrashort pulse has been discussed at length in the
literature,33-%8] and in summary, involves: i) an initial stage dom-
inated by electron—electron interactions where the photoexcited
electron system achieves thermalization at a temperature much
higher than the initial (lattice) temperature, possibly with inter-
band processes associated to Auger recombination and carrier
multiplication; ii) a first cooling stage dominated by the emis-
sion of optical phonons where both the electron temperature
and the photoexcited density decreases; iii) a second, slower cool-
ing stage, where the hot optical phonons thermalize with the
acoustic phonons of the lattice, possibly with the intervention
of “supercollision” processes, and the unperturbed initial state
is finally recovered. We remark again that the FB, due to its
fluence, strongly perturbs the electron system, such that, even
several ps after the CB, the TH signal cannot be considered
as the response of an electron system at equilibrium with the
lattice.

From the data in Figure 2, we also notice that the rate of re-
laxation diminishes as the Fermi energy is increased. We rec-
ognize this effect as the quenching of optical phonon emission
in the first cooling stage, due to the reduction of the available
phase-space for electronic transitions, which was recently dis-
cussed in ref. [30]. In other words, due to Pauli blocking, pho-
toexcited electrons at energy E can only emit a phonon of energy
haw,y,, if states are available at energy E — Aw,,. As the Fermi en-
ergy is increased, and approaches the photoexcitation energy, this
condition is harder and harder to satisfy, even at large tempera-
ture where the electron distribution is broadened. Itis interesting
that this phase-space effect does not only affect the differential
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transmission of the electron system, as demonstrated in ref. [30],
but emerges in the measurement of the TH as well. This obser-
vation highlights how consequential it is to be able to tune the
electron density by electrical doping in a graphene-based opto-
electronic device, thus exerting a certain degree of control on both
its linear and non-linear optical response.

Finally, we explore the dependence of THG on the state of the
electron system before the FB, by changing the fluence of the CB.
In Figure 3a we plot the THG efficiency (THGE) and in Figure 3b
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the third harmonic modulation depth (TH-MD), defined
as

P AP
THGE= -2, TH-MD=_—_—™

FB TH,

“)

respectively, where A Py, is the difference in the TH power (Pry)
with and without (P, ) the CB, and Pp; is the power of the fun-
damental beam. The data are shown as a function of E; and for
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Figure 3. Influence of Ex and CB peak fluence on THGE and TH-MD. a,b) Experimental THGE and TH-MD (defined in Equation (4)) as a function of
Er, for different values of the CB peak fluence reported in the legend. c,d) Theoretical THGE and TH-MD calculated using the experimental values of the

incident peak fluences of CB and FB.
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different values of the incident CB fluence. In all the experimen-
tal graphs, the data are extracted at zero time delay between the
FB and CB.

When the CB is off (black symbols in Figure 3a), we obtain
a similar result reported in Figure 1b, namely an increase of the
THGE when Aiw < 2E;,. The same trend can be observed when we
switch-on the CB, but in this case, the modulation factor with re-
spect to Ey. is reduced. When the CB fluence reaches 200 pj cm—2
(green symbols) the modulation factor is close to zero and the
THGE is almost constant over the measured range of Ey.

The TH-MD is in the range ~7 to 85% for CB peak fluences
of 11 to 200 pJ cm™2. Interestingly, we obtain a maximum TH-
MD of 85% for E; = 300 meV and peak fluence of 200 pJ cm=2.
This exceeds by far the results of ref. [5], where a similar TH-MD
of 90% was obtained for a CB peak fluence of 25 m] cm™2. Two
features of the data deserve to be highlighted: i) tuning E; plays
a huge role in the TH-MD; ii) for all values of E; we observe a
negative TH-MD.

Figure 3c,d show our theoretical calculations for the THGE
and TH-MD, respectively, obtained by means of the model dis-
cussed in the following section. The overall agreement between
theory and experiment is satisfactory, albeit with two shortcom-
ings. The first is an overall factor in the magnitude of the signal,
which can easily be traced back to an incomplete determination
of some fitting parameters, such as the attenuation of the signal
in the detection apparatus, or the electron scattering rates in the
theoretical expression of the THG (see Section S6, Supporting
Information). The second is the missing ramp-up of the TH-MD
at E; 2 250 meV. We find this discrepancy similar to what was
reported in ref. [38] in the context of the quenching of the optical
phonon-emission by Pauli blocking and attribute it to the theo-
retical model missing a Fermi-energy-dependent effect that en-
hances electron recombination. In any case, these two shortcom-
ings do not hinder our understanding of the main feature which
we are concerned with in the present work, namely the all-optical
switching of the TH signal. The theoretical results fully support
our picture that the variations of the measured signal are due to
the effect of the CB on the electron distribution before the sample
is irradiated by FB.

4. Theory of Ultrafast Opto-Electronic THG
Modulation

4.1. THG Efficiency for Photoexcited Electrons

In order to rationalize our experimental results, we need to ex-
tend the theoretical treatment of the THGI®! to take into account
the specific role that the CB plays in the dynamics of the elec-
tron system. Indeed, the key issue of the CB-FB protocol used
in our experimental procedure is that the increase of T,, due to
the heat delivered by the CB, is inextricably linked to the pro-
duction of a photoexcited electron density (6n,), i.e., an excess
electron (hole) density in the conduction (valence) band. We em-
phasize that such an excess carrier density is larger than the den-
sity that appears in an equilibrium system when the temperature
is increased, purely due to the broadening of the Fermi-Dirac
distribution across the Dirac point. Mathematically, én, results
in the splitting of the chemical potential (y) into two different
chemical potentials p, uy for the electrons in conduction and va-
lence bands, respectively, also known as “quasi-Fermi energies”.

Adv. Sci. 2024, 11, 2401840 2401840 (5 of 9)

www.advancedscience.com

We emphasize that the proper Eg, an equilibrium quantity that
corresponds to the value of the chemical potential at vanishing
temperature, is in a one-to-one correspondence to the electron
density due to doping, and does not change due to process of
inter-band photoexcitation.

Following refs. [8, 9], it is convenient to factor Equation (4) for
THGE as

_ nb IFB : . 2
THGE = ————( 2} |S(@py + T, pic, iy, T,)| (5)

ng(”t +m,)2 \ W

where n,, n, are the refractive indices of the top and bottom sub-
strates, respectively, and the quantity W, = 10'2 W m~2 is intro-
duced to render the expression dimensionless. Finally, the factor
S is the TH conductivity, which depends on the frequency wg of
the FB pulse and on the thermodynamic variables of the photoex-
cited electron system, i.e., T, and the two chemical potentials
and py. The expression for the TH conductivity at zero temper-
ature (T, = 0), in the absence of photoexcited density (6n, = 0,
i.e., pc = pc = €g), was given in ref. [39] in a fully analytical form,
and reads

17G(X/2) — 64G(X) + 45G(3X/2)

S(haory + T, Ep) = K(Ep) X

in terms of the dimensionless function G(X) = In[(1 + X)/(1 —
X)]. The parameter K is a dimensionless constant given by

W, e‘'hv}
=— ()
2elc? 1927 E}

K(E)

Finally, the dimensionless quantity X = (hwgg + iI'.)/| E¢| in Equa-
tion (6) is the energy of the FB photons, rescaled by E;, and in-
cludes an imaginary contribution due to the effective electron
scattering rate I',. The expression of I', depends on the precise
scattering channel responsible for the finite electron mobility,
such as charged impurities, phonon, defects etc., and it might
depend on the electron doping as well as the electron and lattice
temperatures (see Section S6, Supporting Informarion).

To obtain the expression of the TH conductivity of the pho-
toexcited electron gas, we now apply a well-known algebraic trick
due to Maldague, ] as detailed in ref. [41] for the linear polariza-
tion function (i.e., the Lindhard function). This approach allows
us to calculate the desired quantity numerically, using an energy-
integral over the analytical expression given in Equation (6):

S(howpg +il,, pc, py, T,)

S(hwgg +iT,, E)
cosh? ( Ltuy )

2kp T,

! /oo S(hwyy + 1T, E)
4'kB Te 0 COShZ (ﬁ)
k

2 BTe

}s(thB +il,, Bz = 0)
®)

_ 1 _ 1
e—Hc/ksTe 4 1 emv/ke T, 1

The standard mathematical expression that relates the py, pc, the
én,, and Ej can be found e.g., in ref. [8].

To Detter illustrate the dependence of the THG on a varia-
tion of electron temperature and photoexcited electron density,
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Figure 4. TH-MD of the photoexcited electron system. The calculated value of the TH-MD as a function of T, and 6n, at fixed E¢ equal to (a) 0.16 and
(b) 0.62 in units of the FB frequency wgg. At a fixed T,, increasing the value of én, will enhance the THG signal, while at a fixed 6n,, increasing T, will
reduce THG intensity. Both T, and én, can be controlled by the incident laser power absorption.

in Figure 4, we show the profile of the TH-MD (defined in Equa-
tion (4)), with respect to a reference state with T, = T} and vanish-
ing én,. As expected from the equilibrium results,*! increasing
the T, generally lowers the value of the Py (i.e., negative TH-
MD). Increasing the 6n,, on the contrary, increases the Py, as
can also be expected from the doping-dependence known from
the equilibrium results.?*! In other words, 61, can be seen as a
quasi-equilibrium electron- and hole-doping in conduction and
valence band, respectively. It follows that the CB can affect the
THG in two competing ways because it produces a T, increase
that is necessarily coupled to the production of én,.. It is then
necessary to know the precise relation between T, (t) and én,(t)
in time to predict the THG following a given CB. To this end, we
resort to the solution of a model dynamics, based on a simple
rate-equation approach, which we outline in the following sec-
tion.

Before we discuss our dynamical model, we remark that the
procedure that leads to Equation (8) cannot be applied to arbi-
trary non-equilibrium states of the electron system, but assumes
that the carriers in the two bands are thermalized to the same T,
although it allows for two different u, and u.. Mathematically,
this means that the electron (hole) distribution in the conduction
(valence) band is given by a Fermi-Dirac function of the form

1
elExncy(O)/ksTot) 4 1

Jen(E uey (), T(1) = ©)
where the carrier energy E is measured from the Dirac point.The
quasi-equilibrium assumption of Equation (9) then holds if the
system’s dynamics is coarse-grained on a time-scale longer than
the electron thermalization time-scale, which has been shown to
be shorter than ~20 fs in graphene.!* The dynamical model that
we adopt here is fully consistent with this limitation.

4.2. Model Dynamics of Photoexcited Electrons

To model the dynamics of photoexcited electrons, we adopt a rate-
equation approach that describes: i) electron heating due to the
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laser beams; ii) energy exchange between electrons and optical
phonons, due to emission and absorption processes; iii) opti-
cal phonon relaxation to the lattice equilibrium temperature (see
e.g., ref. [38] and references therein). The variables of interest are
the T,(t), én.(t), and the occupation of the optical phonon modes
around the center of the Brillouin zone (I" point) and the valleys
(K points), with frequencies - and wy, respectively.

The time-derivative of the T, is given by the net absorbed power
divided by the heat capacity

aT,(t) _ P(t) — Rp(t)hwp — Ry (t)hoog (10)

dt C.(t) + cu(t)

where P(t) = Ppg(t) + Pcg(t) is the average power absorbed per
unit area, ¢, 1,(f) are the electron and hole heat capacity per unit
area, and Ry ((t) are the net phonon emission and absorption
rates. The expressions for the electron absorbance (that relates
the absorbed to the incident power in the linear regime) and
the heat capacity can be found e.g., in ref. [8]. Here, we calcu-
late the heat capacity as the sum of the electron and hole con-
tribution, taken into account independently, because inter-band
recombination processes are much slower than thermalization,
and thus do not contribute to the temperature adjustment, which
is mathematically described by the heat capacity coefficient. The
phonon rates follow from a standard Boltzmann formula that can
be found e.g., in ref. [38]. We remark that the coefficients dis-
cussed above depend on the electron distribution and phonon oc-
cupation, and must thus be calculated dynamically in time as the
system evolves. Notwithstanding its simple appearance, Equa-
tion (10) is a strongly non-linear equation of motion.

The time derivative of the én, is given by the number of pho-
tons absorbed minus the number of phonons emitted by inter-
band transitions, per unit time and area

don(t)  Pep(t) | Prs(t)

dt = ha)CB + thB - RF,inter(t) - RK,inter (t)

(11)
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Notice that photon absorption always results in an interband tran-
sition. We remark that the én, depends on interband phonon
emission rate only, while the T, depends an all phonon emis-
sions: this is obviously because all phonon emissions reduce en-
ergy but only interband phonon emissions reduce the én,.

Finally, the rate equations for the phonon occupation are eas-
ily obtained by requiring consistency with Equations (10) and (11)
in terms of energy and particle balance. Typical results of the in-
tegration of these rate equations are reported in the Section S5
(Supporting Information).

5. Discussion

When a laser pulse is incident on a graphene flake, T, increases
over the pulse duration (see Section S5, Supporting Information)
until it reaches a steady-state condition. In ref. [8] we safely used
a steady-state condition in order to attribute the changes in TH
signal to a single value of T, for a fixed value of E. This holds as
long as one pulse measurement is performed on the graphene.
In order to dedicate a single value to T, either an instantaneous
value or a value after the relaxation of the electrons (ps range)
must be considered. However, considering the pulse durations
used in our study of 110 to 150 fs, limits us from both consid-
erations. So this intermediate state in terms of pulse duration
enables us to estimate a minimum and maximum T, for the ex-
perimental values in Figure 3. At E;. = 50 meV and CB fluence
of 11 and 200 pJ cm™2, we estimate a T, in the range ~1500 to
1900 K and =2300 to 2500 K, respectively. At a higher value of
doping (E; = 300 meV), we estimate a T, in the range ~800 to
1300 K for the CB fluence of 11 uf cm=2 and T, ~ 2200 to 2300 K
for the CB fluence of 200 uJ cm=2.

Furthermore, the origin of the TH enhancement reported in
Figure 1 resulting from a reduction in T; can be attributed
to two coherent and incoherent physical processes. First, spec-
tral broadening induced by FB leads to band broadening and
alters carrier lifetimes, thereby affecting the THGE. Second,
the well-established thermodynamics of carriers involving relax-
ation of carriers through optical phonons, which is temperature-
dependent, contribute to the change in THGE. In other words,
the significant impact of T; on the TH modulation can be qual-
itatively understood based on two mechanisms, which include
the dependence of electronic spectral broadening I', and kinetic
relaxation rates R(t) on lattice temperature T,. The temperature
dependence of ', predominantly originates from the scattering
of electrons by acoustic phonons, while kinetic rates depend on
temperature due to the electron-optical phonon interaction.

Finally, it is worth highlighting the interplay between the T,
and photoexcited enhanced Pauli blocking. Steady-state theoreti-
cal considerations in ref. [8] predict that at low values of doping
(when E; < Aw/2), increasing T, will lead to the enhancement of
the THG signal, a result that we were never able to observe exper-
imentally in this work. However, these steady-state predictions
rely on the assumption that 6n, remains constant once graphene
is irradiated with a pulsed laser. In contrast, Figure 4 shows how
the evolution of the TH-MD is accompanied by both the T, and
&n, changes, both quantities that play a key role in the presence of
both FB and CB, as discussed above. Thus, for instance, Figure 4a
shows the evolution of TH-MD when E./(fiwgg) is 0.16. For lower
values of doping (corresponding to T, ~ 1500 to 2500 K in our
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experiments) and (6n, < 10'2cm?), TH-MD is always negative.
This indicates that én, is not large enough to compete with the
high T,, which is consistent with the experimental observations
in Figure 3. On the other hand, when E;/(hwgg) is 0.62, nega-
tive TH-MD occurs for T, > 1300 K (Figure 4b). Considering the
T, that we reach during the experiments (1500 to 1900 K) at this
regime of doping, TH-MD is still negative. This also confirms
that 6n, in our experiments never reaches more than 10cm?,
where TH-MD would turn positive. It is worth mentioning that
by comparing Figure 4a,b, one can immediately notice that the
change in TH-MD as a function of T, is smaller when E;/(hwg;)
is 0.62. This behavior is consistent with the results in ref. [9].
Therefore THG in graphene is always accompanied by the two
competing and interconnected effects of T, (hot electrons) and
6n, (Pauli blocking).

To conclude, it is worth mentioning that our results could
be readily applied to other gapless systems such as bilayer
graphenel* and surface states of topological insulators.!*}] Fur-
thermore, this work provides an interesting benchmark for the
tuning of the optical nonlinearities in quantum confined sys-
tems. For instance, thermal, electrical and all-optical tuning of
harmonic generation has been widely studied in transition metal
dichalcogenides (TMDs), where, however, the modulation mech-
anism has a completely different physical origin compared to
graphene. In the case of thermal modulation, Khan et al.l*l re-
ported an enhancement of the second harmonic (SH) intensity
in a MoSe, monolayer of ~25% when tuning the lattice tem-
perature from ~153 to 393 K and for a non-resonant excitation
wavelength of 900 nm. This SH modulation was attributed to
a thermal expansion of the lattice (i.e., changes in the distance
between atoms), and thus completely different with respect to
the thermal modulation of graphene TH reported in this work,
which we attribute to changes in the electronic distribution. Also
in the case of electrical modulation, the physical mechanisms at
play are completely different between graphene and TMDs. In
graphene, the external gate voltage enables tuning of the Fermi
energy across multi-photon resonances in the Dirac cone.#2! In
contrast, electrical modulation in TMDs is mainly due to tun-
ing of the optical resonances from neutral to charged excitons
(trions).[®] Furthermore, gate tuning also leads to different re-
combination dynamics both in graphene and TMDs. In TMDs,
such changes are attributed to the different lifetime of trions with
respect to neutral excitons.[*’] In contrast, in graphene the gate
tuneable recombination dynamics are due to quenching of the
scattering between hot electrons and optical phonons.*® For the
all-optical modulation of harmonic generation in TMDs, we have
recently demonstrated a modulation scheme for SHG* which
fully exploits the crystal symmetry and it allows to rotate the po-
larization of the emitted SH signal by 90° on ultrafast timescales.
This ultrafast SH tuning can be exploited, in combination with
specifically designed metasurfaces, to achieve light wavefront
shaping.l*! A second scheme for all-optical modulation exploits
Pauli blocking. This is possible both in graphene, as demon-
strated in this work, and in TMDs.”] Here, the main difference
is that all-optical modulation by Pauli blocking can be realized in
principle at any wavelength in graphene, due to its linear band
absorption and broadband absorption, while in TMDs all-optical
modulation of the NLO response is efficient only at resonance
with excitonic transitions.[*’]
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6. Conclusion

In conclusion, we performed a detailed experimental and theo-
retical study of static thermal and ultrafast opto-electronic mod-
ulation of THG in a high-quality graphene FET encapsulated in
thin hBN layers. We have demonstrated static switching of THG
via tuning of the lattice temperature and electron doping, with
a peculiar ambipolar behavior that arises from the electron-hole
symmetry in the Dirac cone, and a factor of ~1.5 modulation of
the Py, at E; = 50 meV and of ~3 at E; = 300 meV when tuning
the T, from room temperature to 33 K. We suggest that this result
originates from the spectral relaxation and thermodynamic kinet-
ics of carriers. Furthermore, we have established all-optical ultra-
fast control of graphene THG with gate tunable dynamics, and
achieved up to 85% ultrafast opto-electronic modulation depth of
the TH at E; = 300 meV and fluence of 200 pJ cm=2, which is two
orders of magnitude more efficient compared to previous reports.
We discuss the E; dependent temporal dynamics of all-optical
TH modulation due to quenching of the phase-space scattering
between optical phonons and electrons.*%! This provides a power-
ful tool to actively control both the TH modulation depth and the
recombination dynamics in graphene opto-electronic nonlinear
devices. Finally, we have addressed these experimental observa-
tions with a detailed theoretical framework that explains the ul-
trafast opto-electronic modulation of TH in graphene to be rooted
in a mixed effect of Pauli blocking and carrier electronic tempera-
ture. Consequently, our work can be seen as the first step toward
a holistic approach for manipulating not only THG, but more
in general any third-order non-linear optical effect in graphene,
such as saturable absorption for synchronized dual-fiber lasers!*?!
or THz pulse generation.[*”) Furthermore, our findings can be
used to optimize the performances of nonlinear optical devices
for applications in gas sensing!!!l and logic gates,'?! and for the
development of hybrid photonic devices for the enhancement of
optical nonlinearities, for instance in fiber-*% and waveguide-
based frequency converters.>!] Thus, thanks to a detailed descrip-
tion of the transient nonlinear optical, electronic, and thermal re-
sponse of graphene, this work will be relevant for the design of a
wide range of nanoscale and ultrafast nonlinear optical devices.
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the author.
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