pubs.acs.org/NanoLett

Letter

Ultrafast Optical Modulation of Harmonic Generation in TwoDimensional Materials
Yang Cheng,† Hao Hong,† Hui Zhao,† Chunchun Wu, Yu Pan, Can Liu, Yonggang Zuo, Zhihong Zhang,
Jin Xie, Jinhuan Wang, Dapeng Yu, Yu Ye, Sheng Meng, and Kaihui Liu*

Downloaded via PEKING UNIV on November 25, 2020 at 12:53:12 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

Cite This: Nano Lett. 2020, 20, 8053−8058

ACCESS

Metrics & More

Read Online

Article Recommendations

sı Supporting Information
*

ABSTRACT: The modulation of optical harmonic generation in
two-dimensional (2D) materials is of paramount importance in
nanophotonic and nano-optoelectronic devices for their applications in optical switching and communication. However, an
eﬀective route with ultrafast modulation speed, ultrahigh
modulation depth, and broad operation wavelength range is
awaiting a full exploration. Here, we report that an optical pump
can dynamically modulate the third harmonic generation (THG)
of a graphene monolayer with a relative modulation depth above
90% at a time scale of 2.5 ps for a broad frequency ranging from
near-infrared to ultraviolet. Our observation, together with the realtime, time-dependent density functional theory (TDDFT)
simulations, reveals that this modulation process stems from nonlinear dynamics of the photoexcited carriers in graphene. The
superior performance of the nonlinear all-optical modulator based on 2D materials paves the way for its potential applications
including nanolasers and optical communication circuits.
KEYWORDS: two-dimensional materials, nonlinear optics, time-resolved THG, real-time TDDFT simulations
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mechanisms, such as electro-optic, thermo-optic, magnetooptic, and acousto-optic modulations, have been fully
demonstrated in 2D material-based optical modulators.19−33
Even though those optical modulators have attracted great
interests with large modulation depth and broad operation
wavelength range, another ﬁgure of merit in an optimum
optical modulator, the modulation speed, is rather slow (e.g.,
∼1 GHz/MHz for electro-optic modulator/thermo-optic
modulator).
All-optical modulation has the potential to circumvent the
“electric bottleneck” and gets an ultrafast modulation speed to
satisfy the demand of high-speed optical information
processing nowadays. The majority of all-optical modulation
exploits the optical linearity of graphene-based systems. For
example, it has been successfully applied in the linear optical
transmittance of graphene-clad microﬁber with 38% relative
modulation depth and 2.2 ps response time (corresponding to
∼200 GHz).34,35 In principle, the transient photoexcited
nonequilibrium hot carriers will weak the electronic

raphene is a model 2D material for investigating novel
physics and applications in nanophotonics and nanooptoelectronics.1−3 The unique linear and gapless 2D band
structure that hosts massless Dirac Fermions endows graphene
with strong light−matter interaction in both linear and
nonlinear regimes.4 With a light−matter interaction length of
only ∼0.33 nm, the linear absorbance of graphene monolayer
holds a constant coeﬃcient of 2.3% in a wide spectrum ranging
from terahertz to ultraviolet.5,6 Although graphene is nearly
transparent in the linear optical regime, the Dirac Fermions
that promise enhanced electronic correlations and resonant
excitation in nature give rise to large nonlinear transition
dipole matrix elements and extremely strong optical nonlinearities. As a result, its third-order susceptibility that is
responsible for THG and four-wave mixing is reported to be
several orders of magnitude larger than that of other
transparent materials.7−9 Moreover, processes of saturable
absorption,10,11 optical bistability,12,13 high-harmonic generation,14−16 etc., are all observed to be highly eﬃcient in
graphene monolayer. Recently, the three-dimensional bulk
materials accommodating the Dirac Fermions that possess
eﬃcient generation of high harmonic radiation should also be
an important future direction.17,18
The modulation of optical properties lays the foundation of
realizing many applications including optical switching,
interconnects, and communication. Previously, enormous
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picosecond time scale.38−40 To investigate how the photoexcited carriers aﬀect the nonlinear optical properties of
graphene, we performed time-resolved THG experiments as
shown in Figure 2a. After pump pulse (ℏω1 = 3.1 eV, under

correlations, block the resonant excitation, and give rise to a
highly eﬃcient and an ultrafast modulation of optical
nonlinearities with a broad spectrum in graphene. All-optical
modulation of nonlinear optical response in graphene has
never been explored before. Here, we demonstrate a nonlinear
all-optical modulator based on the intrinsic THG of the
graphene monolayer. The modulator exhibits excellent
performance with a relative modulation depth of more than
90%, the modulation speed of 180 GHz, and a broad operation
wavelength range regardless of excitation wavelength.
In this work, graphene monolayer samples were prepared via
mechanical exfoliation onto fused silica substrates (Figure 1b).

Figure 2. All-optical modulation on THG in graphene monolayer. (a)
Scheme describes photoexcited carriers of the pump and probe pulses
in the linearly dispersive valence and conduction bands of graphene
monolayer. Under the pulse laser excitation (ℏω1 = 3.1 eV or ℏω’1 =
1.55 eV of pump pulse), intraband carrier scattering will bring a broad
distribution of nonequilibrium electrons and holes within the ﬁrst tens
of femtoseconds. We investigate how the photoexcited carriers aﬀect
the nonlinear optical properties of graphene. (b) THG intensity of
graphene monolayer at Δt = −1 ps (purple line), 0 ps (green line),
and 1 ps (orange line). With the pump pulse added, the THG of
probe pulse is obviously suppressed. (c, e) Time-dependent relative
changes in THG of the probe pulse with (c) 3.1 and (e) 1.55 eV
pump. In both cases, the ΔTHG/THG0 reaches its minimum
intensity within several picoseconds near time zero. (d, f) Fluencedependent relative modulation depth of the THG intensity with (d)
3.1 and (f) 1.55 eV pump. The relative modulation depth of the
graphene monolayer can reach as high as 90%, corresponding to
approximately 10 dB.

Figure 1. Experimental illustration and intrinsic THG of graphene
monolayer. (a) Scheme of pump−probe spectroscopic measurements
on the graphene monolayer. Here, ω1/ω2 is the pump/probe pulse,
and we probe the THG signal of probe pulse at 3ω2. (b) Optical
image of the graphene monolayer and few-layer graphene on a fused
silica substrate. Scale bars: 10 μm. (c) THG spectrum of graphene
monolayer under excitation at 0.92 eV. (d) Power dependence of
THG intensity (light gray circle) with curve ﬁtting (purple line)
indicating third-order power dependence.

ﬂuence of 16 mJ/cm2) with positive time delay being added,
the THG intensity of the probe pulse was strongly suppressed
(Figure 2b). We deﬁned the relative changes in THG intensity
as ΔTHG/THG0 = (THGτ − THG0)/THG0, where THGτ
and THG0 stand for THG intensity of the probe pulse with the
pump pulse at time delay τ and without the pump pulse,
respectively. The relative changes in THG evolves obviously
with time delay between the pump (ℏω1 = 3.1 eV, under a
ﬂuence of 4 mJ/cm2) and probe pulses (under a ﬂuence of 1.6
mJ/cm2) (Figure 2c). With the time delay increasing, the
ΔTHG/THG0 decreases to approximately −0.3 instantly and
then rises to zero in the following few picoseconds. Back and
forth time-resolved THG values have been measured to
exclude the possibility of optical damage in samples caused by
the pulse laser (Figure S1). By deconvoluting the time-resolved
THG intensity based on laser cross-correlation function, the
lifetime obtained from the falling edge of THG intensity with a
pump pulse at 3.1 eV is ∼2.5 ps. The relative modulation
depth, which is deﬁned as the maximum absolute value of
ΔTHG/THG around time zero, increases monotonously with
increasing pump ﬂuence (Figure 2d).
Upon the femtosecond laser irradiation, electrons in
graphene can also be scattered upward along the linear band
structure with energy higher than the excitation pulse during
thermalization. Therefore, the unique hot carriers in graphene
have the chance to enable a broad-spectrum nonlinear
modulation regardless of excitation wavelength.41,42 In order

The nonlinear optical response of graphene was investigated in
the atmosphere at room temperature with Ti:sapphire
oscillator series pumping an optical parametric ampliﬁer
(OPA) laser (∼150 fs, 250 kHz, 0.78−1.03 eV energy
tunable). Under excitation with fundamental frequency ω,
the third-order susceptibility χ3ω brings about nonlinear
polarization p3ω = ε0χ3ωEωEωEω, where ε0 is the permittivity
of free space and Eω is the incident electric ﬁeld (Figure
1a).36,37 As expected, a fundamental femtosecond excitation at
ℏω2 = 0.92 eV (under ﬂuence of 0.9 mJ/cm2) gives rise to the
THG centered at 3ℏω2 = 2.76 eV (Figure 1c). The nonlinear
phenomenon responsible for the upconversion process
requires the instantaneous capture of three near-infrared
photons to generate a visible photon, hence a cubic
dependence of the radiated third harmonic on the intensity
of the fundamental is detected in Figure 1d, where a doublelogarithm representation is used for clarity.
Under the pulse laser excitation, intraband carrier scattering
will bring a broad distribution of nonequilibrium electrons and
holes within the ﬁrst tens of femtoseconds. The temperature of
those hot carriers in graphene can reach thousands of Kelvin,
much higher than that of the graphene lattice. The hot carriers
will then transfer energy to phonons over a characteristic
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takes the Gaussian shape, where E0 is the maximum strength of
electric ﬁeld reached at t0 = 15 fs, ωE = 7.49 × 1014 Hz with a
400 nm pump pulse (ωE = 2.22 × 1014 Hz with a 1350 nm
probe pulse) is the frequency of Gaussian shape light ﬁeld E(t),
and the pulse width 2σ is set as 8 fs (much shorter than the
experimental laser pulse width of 100 fs) to simplify the
calculations. Consequently, the response time in dynamic
simulations is much smaller than that observed in the
experiment. The time evolution of the wave functions ψi
(r⃗,t) and the time-dependent current are obtained by
propagating the Kohn−Sham equations:
ÅÄÅ
ÑÉÑ
2
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to explore the operation wavelength range of our nonlinear alloptical modulator, we also investigated the case of the 1.55 eV
pump (under a ﬂuence of 6 mJ/cm2), where the photon energy
is less than the THG of the probe pulse. Similarly, the THG
intensity is also suppressed by the prearrived pump pulse
(Figure 2e), and a higher pump ﬂuence gives larger
suppression (Figure 2f). For both 3.1 and 1.55 eV pump
pulses, the relative modulation depth of the graphene
monolayer can reach as high as 90%, corresponding to
approximately 10 dB. In addition, few-layer graphene and
graphite samples show a similar behavior of suppressed THG
under the inﬂuence of photoexcited carriers (Figure S2).
The dynamic process of time-resolved relative changes in
THG is very similar to the carrier dynamics in the graphene
monolayer, which has the same rise-up and decay time (Figure
S3). Figure 3a illustrates the inﬂuence of photoexcited hot

J (t ) =

1
2i

∫Ω d r ⃗ ∑ {ψi*( r ⃗ , t )∇ψi( r ⃗ , t ) − ψi( r ⃗ , t )∇
i

ψi*( r ⃗ , t )}

Through Fourier transform of the time-dependent current, the
time-resolved HHG spectrum is obtained:
HHG(ω) =

∫0

τ

2

ω 2J(t )exp(−iωt )dt

Here, ω is the frequency of energy in HHG spectrum. Figure
3b shows the relative changes in time-resolved THG from our
ﬁrst-principles dynamic simulations, where the hot carriers
obviously bring a suppression in THG. Note that in these
simulations we ﬁxed the ions in graphene cells without
considering the scattering between electrons and phonons,
which might result in a faster relaxation time as obtained from
the falling edge of THG intensity than the experimental results.
Both experiments and simulations indicate that THG intensity
decreases monotonously with increasing pump ﬂuence, even
across the optical gain regime with the inverted Dirac Fermion
population (Figure 3c).45 However, the coherent THG process
could not be fully turned oﬀ, and the graphene monolayer still
holds 10% THG intensity under the blocking of resonant
excitation. The proportion of photoexcited electrons in energy
bands with various time delay and pump ﬂuence have been
illustrated for comparison (Figure S4). We also performed
theoretical calculations on all-optical modulation of THG in a
graphene monolayer with the 1.55 eV pump, and the
calculated time-resolved relative changes in THG intensity
and variations in THG intensity with the pump ﬂuence show
the same tendency (Figure S5).
The modulation of optical harmonic generation by optical
pump can be potentially applied to other 2D materials, such as
the MoS2 monolayer. Diﬀerent with graphene with a
centrosymmetric crystal structure, the MoS2 monolayer has
both odd and even order nonlinear optical response. We use a
pulse laser with a photon energy of 3.1 eV (under a ﬂuence of
11 mJ/cm2) to pump the MoS2 monolayer, where the light
intensity is attenuated to avoid strong intrinsic photoluminescence. Another pulse at 0.92 (under a ﬂuence of 0.5
mJ/cm2) or 0.62 eV (under a ﬂuence of 0.6 mJ/cm2) is used as
the probe pulse to excite SHG or THG of MoS2 monolayer
with the emission energy around the bandgap (Figure 4a). As
shown in Figure 4b, c, the SHG and THG of MoS2 monolayer
are also signiﬁcantly suppressed when the pump pulse is
present, with a relaxation time of ∼12 ps for both situations
(corresponding to 40 GHz). These dynamic processes of

Figure 3. Theoretical simulations of all-optical modulation on THG
from a graphene monolayer with a 3.1 eV pump. (a) Schematic
representation of the ultrafast temporal dynamics of photoexcited
carriers in graphene. At the time delay Δt < 0, the pump pulse is not
involved in the THG process and the probe pulse gives a THG
spectrum that is the same for the pristine graphene, whereas for Δt >
0, the carriers excited by a pump pulse will occupy the transition states
of THG of the probe pulse. The simulative pulse width is 2σ = 8 fs for
clarity. (b) Evolution of the relative change in THG intensity from the
graphene monolayer under diﬀerent time delays between the 3.1 eV
pump and the 0.92 eV probe. (c) Simulative THG intensity variation
with diﬀerent pump ﬂuence. Obviously, the THG intensity decreases
monotonously with increasing pump ﬂuence.

carriers on the temporal THG process. At time delay Δt < 0,
the pump pulse is not involved in the THG process and the
probe pulse gives a THG spectrum that is the same for the
pristine graphene. For Δt > 0, the hot carriers excited by the
pump pulse will occupy the conduction bands, which block the
THG transition of the probe pulse. To understand better how
the occupied states aﬀect the nonlinear coherent processes and
to investigate the relationship between the THG intensity and
photocarrier dynamics, we employed real-time TDDFT
simulations to quantitatively analyze the time-resolved THG
process. These simulations are performed with the homemade
time-dependent ab initio package (TDAP),43 which is based
on SIESTA.44 In our simulations, the vector gauge ﬁeld A⃗ (t) =
−c∫ t0 E⃗ (t′)dt′ is used to photoexcite the crystal. The ﬁeld
ÅÄÅ (t − t )2 ÑÉÑ
strength of the laser pulse E(t ) = Eocos(ωEt )expÅÅÅÅ− 2σ 20 ÑÑÑÑ
ÅÇ
ÑÖ
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inert atmosphere and subsequently ramped up to the
optimized growth temperature (∼780 °C) with 100 sccm
argon. During growth, the temperature for sulfur evaporation
was ∼120 °C. The entire process was carried out under ∼150
Pa and the growth duration was set as 15 min. After the
growth, the system was naturally cooled to room temperature.
We measured the Raman spectra using self-bulit equipment
with a 532 nm CW laser to ensure the graphene and MoS2
samples are monolayers (Figure S7a, b).
Fabrication and Electrical Measurement of the
Graphene Monolayer Back-Gate FET (Field-Eﬀect
Transistor). The graphene monolayer were exfoliated from
bulk graphite onto Si/SiO2 substrates (280 nm thick SiO2).
Subsequently, the metal electrodes of the source and drain
were fabricated by photolithography, electron-beam thermal
evaporation of Ti/Au (10 nm/50 nm), and lift-oﬀ processes. In
this graphene back-gate FET, the 280 nm SiO2 served as the
back-gate dielectric layer. The electrical characteristics of the
graphene monolayer back-gate FET were measured at room
temperature using a Keithley 4200 semiconductor characterization system (Keithely 4200 SCS) in a dark environment
(Figure S7c, d).
Transient Absorption Spectrum. The pump−probe
measurements were performed with femtosecond pulses
(Spectra-Physics Mai Tai laser, ∼100 fs, 80 MHz) generated
by a Ti:sapphire oscillator and an optical parametric oscillator
(OPO). The transient absorption signal, deﬁned as ΔR/R =
(Rwith pump − Rwithout pump)/Rwithout pump, was recorded by a PMT
and a lock-in ampliﬁer with reﬂective geometry. The diameters
of the focused pump and probe pulses were ∼0.6 and 0.8 μm,
respectively.
Time-Resolved THG and SHG. The time-resolved THG
and SHG were excited with femtosecond pulses (Coherent
laser, ∼150 fs, 250 kHz) generated by a Ti:sapphire oscillator
series pumping an OPA. To investigate the evolution of THG
intensity of graphene monolayer, we pumped graphene at 3.1
or 1.55 eV and probed the THG intensity at 0.92 eV (under a
ﬂuence of 1.6 mJ/cm2). We collected the THG signal by a 425
nm long-pass ﬁlter (650 nm short-pass ﬁlter for 1.55 eV pump)
with a spectrometer equipped with a liquid-nitrogen-cooled
silicon charged coupled device (CCD). For the time-resolved
SHG and THG measurements of MoS2 monolayer, we
pumped MoS2 at 3.1 eV (under a ﬂuence of 11 mJ/cm2)
and probed the SHG intensity at 0.92 eV (under a ﬂuence of
0.5 mJ/cm2) and the THG intensity at 0.62 eV (under a
ﬂuence of 0.6 mJ/cm2). More details about our experimental
setup can be found in Figure S8.
TDDFT Simulations. The simulations were performed
using a homemade real-time TDDFT code. The graphene
monolayer was simulated with a unit cell of two atoms. An
auxiliary real-space grid equivalent to a plane-wave cutoﬀ of
250 Ry was used, using the Gamma centered k-mesh of 24 ×
24 × 1 to sample the Brillouin zone. The exchange-correlation
function was described by Troullier−Martins pseudopotentials,46 in the adiabatic local density approximation (LDA).47
The time step for the wave function evolution was 20
attoseconds for both electrons and ions.

Figure 4. All-optical modulation on SHG and THG from
MoS2monolayer with 3.1 eV pump. (a) Scheme of pump−probe
spectroscopic measurements on MoS2 monolayer. Here, ω1/ω2 is the
pump/probe pulse, and we probe the SHG/THG signal of the probe
pulse at 2ω2/3ω2. (b, c) Time-dependent relative change in SHG and
THG intensity with the 0.92 and 0.62 eV probe. With the pump pulse
added, the SHG and THG of MoS2 monolayer are also suppressed
with the relaxation time of ∼12 ps for both situations. (d) Evolution
of transient absorption signal of MoS2 monolayer with the 3.1 eV
pump and 1.8 eV probe, which is consistent with optical harmonic
generation dynamic processes.

optical harmonic generation are also consistent with the
transient absorption measurements of the MoS2 monolayer
with 3.1 eV (under a ﬂuence of 2.3 mJ/cm2) pump and 1.8 eV
probe (under a ﬂuence of 0.07 mJ/cm2) (Figure 4d), whereas
the modulation depth of MoS2 is only 16% (43%) for the SHG
(THG) process, much smaller than that of the graphene
monolayer (Figure S6).
In summary, we have demonstrated an eﬃcient route to
engineer the optical harmonic generation of 2D materials by
the ultrafast optical pump. Particularly, the pump-induced
photoexcited carriers enable graphene-based all-optical modulator ultrafast modulation speed, ultrahigh modulation depth,
and broad operation wavelength range, paving the way for
optically tunable modulators for applications in optical
communication and information processing. The real-time
TDDFT simulations unveil that the nonlinear dynamics of the
photoexcited carriers account for the suppressing of coherent
nonlinear process in graphene. In general, the modulation of
optical harmonic generation can enable enormous future
design toward on-chip all-optical devices with novel functionalities.

■

METHODS
Graphene and MoS2 Sample Preparation for Optical
Measurements. The graphene monolayer was prepared via
mechanical exfoliation from bulk graphite onto fused silica
substrates. MoS2 monolayer samples were grown on a fused
silica substrate with a thickness of 0.5 mm by a NaCl-assisted
CVD method using MoO3 and S powders as precursors. Ten
milligrams of MoO3 (99%, Sigma-Aldrich) powder and 2 mg of
NaCl (Greagent, 99.95%) were mixed and placed at the center
of tube furnace and 1 g of sulfur (99%, Sigma-Aldrich) powder
was placed upstream of a quartz tube. The fused silica was
placed downstream 10 cm away from the Mo source. The
chamber of the furnace was then ﬂushed with argon for an
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