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ABSTRACT

We report on the ultrafast modulation of a graphene loaded artificial metasurface realized on a SiO2/Si substrate by near-IR laser pump,
detected via terahertz probe at the resonant frequency of �0.8 THz. The results have been acquired by setting the Fermi energy of graphene
at the Dirac point via electrostatic gating and illuminating the sample with 40 fs pump pulses at different fluences, ranging from 0.9 to
0.018 mJ/cm2. The sub-ps conductivity rising time was attributed to the combined effect of the ultrafast generation of hot carriers in
graphene and electron–hole generation in silicon. In correspondence of the resonance, it was possible to clearly distinguish a partial recovery
time of �2 ps mainly due to carrier-phonon relaxation in graphene, superimposed to the> 1 ns recovery time of silicon. The resonant meta-
surface yielded �6 dB modulation depth in E-field amplitude at 0.8 THz for the range of fluences considered. These measurements set an
upper limit for the reconfiguration speed achievable by graphene-based terahertz devices. At the same time, this work represents a great
progress toward the realization of an ultrafast THz optoelectronic platform for a plethora of applications, ranging from the investigation of
the ultrastrong light-matter regime to the next generation wireless communications.

VC 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0104780

Research in metamaterial integrated devices operating in the
terahertz (THz) range, broadly defined between 0.1 and 10THz, has
reported an exceptionally fast growth in recent years, driven by the
unique and strategical applications at these frequencies, such as spec-
troscopy, imaging, and communications.1–3 In particular, for the next
generation wireless communications (6G), the constant need for an
unallocated frequency range inevitably pushes research toward the
THz regime. 6G technology includes augmented reality, medical imag-
ing, rack-to-rack communications in supercomputers, satellite com-
munications, kiosk downloading, and indoor links. These are all
hungry data-rate applications.4–7 Metamaterials8,9 are subwavelength
artificial atoms capable to yield an artificial electromagnetic resonant
response in the permittivity and/or permeability. These resonances
depend on the metamaterial shape and size rather than the materials
of choice, thus allowing for a large variety of designs and high

efficiency over the whole spectral range. Among the plethora of
approaches developed in the latest years for the modulation of THz
radiation in this traditionally difficult frequency range to work in, only
a limited few have the potential to achieve a benchmark of 100
Gbps–1 Tbps, as dictated by next generation wireless communication.1

The CMOS technology is the most mature technology reporting high
modulation depths and a few GHz speed10 in the subterahertz fre-
quency range, and it is not foreseeable a further expansion toward
higher frequencies, due to the well-known reduced efficiency of elec-
tronics approaches. Phase change materials11 or microelectromechani-
cal systems (MEMS)12 are known to report high modulation depths
but have intrinsically low reconfiguration speeds. Bidimensional elec-
tron gases (2DEG) and semiconductor approaches in general reported
all electronically high modulation speed in waveguide13 as well as in
compact array devices.14,15 Finally, 2D materials such as graphene
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reported lately16 similar figures of merit. The integration of graphene,
as active material, with metamaterial resonators has proved to be suc-
cessful in the realization of amplitude,17,18 frequency,19,20 and polariza-
tion modulators.21–23 Recently, we reported on the all-electronic
modulation of the metamaterial/graphene arrays with >3GHz recon-
figuration speed, only limited by the available instrumentation with
>7dB amplitude modulation depth around 800GHz.16 Optical pump
THz probe (OPTP) has been widely used to investigate the excitation
and relaxation processes of semiconductors, e.g., silicon,24–27 as well as
of graphene.28–31 At the same time, all-optical approaches aiming to
the realization of THz modulation with metamaterials have been
reported in a plethora of configurations, including germanium,32,33 sil-
icon,34,35 LT-GaAs,36 and other active materials such as perovskites.37

The recorded full duty cycle modulation times vary from the 2–3 ps
reported in Refs. 32 and 36 to �20 ps for perovskites37 to hundreds of
ps for sub-micrometer silicon patches shunting metallic rings.34 The
picture of carrier dynamics in silicon is well-acquainted, while gra-
phene excitation and relaxation processes are more complex and criti-
cally depend on the Fermi energy position. Despite the intrinsic
difficulties connected with performing OPTP onto a strongly absorb-
ing substrate (silicon’s bandgap is �1.12 eV, while the typical femto-
second laser pump wavelength is centered around 780nm), the
graphene excitation and relaxation dynamics could be resolved, yield-
ing a �2 ps timescale, depending on the impinging fluence in corre-
spondence of the device’s resonance, which is in excellent agreement
with the reported literature. This work reinforces the use of graphene
as an active medium for achieving ultrafast all-optical THz modulation
reporting a total reconfiguration time among the fastest recorded.
These measurements reveal an intrinsic physical limitation to the
modulation speed achievable by graphene/metamaterial integrated
devices.

The optical pump THz probe (OPTP) arrangement and device’s
architecture are schematically shown in Fig. 1. The metamaterial/gra-
phene array device, as reported in Ref. 16, was fabricated on top of a
commercially available SiO2/Si (300 nm/500lm) substrate. The Si
substrate is a slightly p-doped wafer, to allow back gating. Details on
the modulator’s structure are illustrated in Fig. 1(a). Source, drain, and
top gate connections are also reported in Figs. 1(a) and 1(b), as the
device can be used as an ultrafast graphene detector as well. The device
can be operated with either top-gate or back-gate. Back-gating is less
susceptible to leakage currents, while the top-gate configuration
requires lower voltage, and it is necessary for ultrafast all-electronical
operation of the device. The total size of the array is 1.3� 1.2mm2,
and it comprises 440 identical interdigitated split-ring (SR) units elec-
trically connected in a nested arrangement, as shown in Figs. 1(b) and
1(c). This architecture follows the design proposed in Refs. 14 and 15,
for 2DEG, and yields an increased modulation depth, thanks to the
dynamic shift between collective to single unit optical response. The
fabrication process begins with a graphene monolayer grown via
chemical vapor deposition (CVD) and transferred on top of SiO2/Si
samples.38 Graphene is then patterned into an array of rectangular fea-
tures (13� 16 lm2 size) by using optical lithography followed by O2

RF plasma etching. The SRs shunting the graphene areas are patterned
using a photolithography step followed by Ti/Au thermal evaporating
(10 nm/150nm) and liftoff. The SRs along with the graphene patches
are encapsulated by a 150nm thick Al2O3 layer deposited via atomic
layer deposition (ALD). The encapsulation of graphene via ALD serves

many purposes. In the first place, it allows to design a top gate centered
in the SRs’ capacitance gaps required in order to achieve a fast, all-
electronic modulation.16 This gate was realized via electron beam
lithography followed by Ti/Au thermal evaporation (10/120nm) and
liftoff. The gaps’ distance was nominally 7.5lm, and the top gate
width reduced to 1.5lm in correspondence of the resonant elements.
At the same time, ALD encapsulation protects graphene and helps
bringing the Dirac point at lower voltages and reducing hysteresis.39,40

The OPTP setup used a Solstice femtosecond laser from Spectra
Physics with 40 fs pulse duration and 1 kHz repetition rate at 800 nm
central wavelength. The THz pulses were generated by using 1mm-
thick h110i ZnTe, and a similar ZnTe crystal was used in the electro-
optic sampling for time-resolved detection. A mechanical stage was
allowed to introduce a delay of >1ns between the collinear pump and
probe pulses, with a�40 fs pulse resolution. The sample was placed in
the focal point of an optical system based on 90� gold coated parabolic
mirrors with �5 cm focal length. The pump spot size illuminating the
sample was set to 2.1mm diameter by using suitable irises, while the
THz spot was measured to be approximately 1mm. This laser sys-
tem was used to investigate two different areas on the same sample.
The first one is the MM/graphene array presented in Fig. 1. The
second one is an area with similar size but with continuous gra-
phene monolayer, without any metallic structure or dielectric layer,
which was used for normalization and control. The THz transmit-
ted pulses were recorded at different relative delays with respect to
the pump pulses, and the pump fluences were varied by using a set
of neutral density filters. The polarization of the THz pulse was
always kept linear and perpendicular to the SRs’ gaps, in order to
excite the MM response at 0.8 THz. Finally, the MM/graphene
array was always kept at þ30V, corresponding to the Dirac point
and to the maximum of the resonance. This is fundamental in order
to ensure that the main effect of the pump induced change is a

FIG. 1. (a) Schematic of the OPTP experimental arrangement where the MM/gra-
phene sample was kept at the Dirac point by acting on the back-gate voltage (VBG).
S, D, and TG represent the source, drain, and top gate of the device, respectively.
(b) Cross section of the device and (c) optical picture of the top surface.
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positive increase in the graphene’s carrier density, and hence con-
ductivity, rather than an increase in the scattering time, which
would conversely have a negative correlation with the fluence and
was observed for highly doped samples.28,29

The intrinsic difficulty in this work consisted in retrieving the
graphene pump induced changes on top of the larger effect of the
doped silicon substrate. In particular, in the MM array, graphene areas
are greatly reduced compared to the illuminated spot size. After having
carefully positioned the sample in the focus of the optical system, pre-
liminary measurements were performed on the uniform graphene
area, as shown in Fig. 2. Figure 2(a) reports the maximum of the
E-field temporal pulse at different delays for a near infrared fluence of
0.18 mJ/cm2 compared to other substrates without graphene, e.g.,
SiO2/Si (doped), SiO2/Si (undoped), and Si (doped). The different
curves have been opportunely shifted in time and normalized to ease
the comparison. The steep, sub-ps decrease in the E-field intensity is
appreciated in all the curves, opportunely scaled to ease comparison,
but only the black trace showed a more complex feature, a reproduc-
ible <2 ps dip on top of the predominant absorption in silicon. This
was attributed to the presence of graphene. The transmission curves
acquired at different delays for a fluence U¼0.18 mJ/cm2 for the uni-
form graphene samples are presented in Fig. 2(b) and are predomi-
nantly attributed to the carriers’ generation and recombination in
silicon. The sub-picosecond fast decrease in transmission and the lack
of a full recovery after> 300 ps (not observed even after 1 ns at the
maximum delay allowed by the delay stage in other measurements,
not presented here) are consistent with literature.24–27 The MM/
graphene array was then positioned in the focus of the THz beam and
its transmission recorded for various pump fluences, ranging from U
¼ 0.9 to U ¼ 0.018 mJ/cm2 by acting on a set of neutral filters, always
keeping the device at Dirac point by providing a constant voltage of
þ30V through a Keithley (model 2450) source-meter. The results
recorded after a relative pump/probe delay of 200 fs are reported in
Fig. 3(a) for different fluences. The 200 fs delay was chosen as it

includes the contributions to conductivity arising from both silicon
and graphene. There is a clear resonance observed at around
0.75THz, which is completely smeared out at higher fluences. This is
expected as the pump induced conductivity change strongly dampens
the resonant mode, by increasing the carriers in the graphene area
shunting the gaps of the SR array, and by acting on the Si conductivity
and absorption. The SR subwavelength mode is significantly overlap-
ping with the substrate; therefore, the two effects are present at the
same time, even though on a different timescale. Figure 3(b) shows the
evolution of the THz transmitted signal for U ¼ 0.18 mJ/cm2. The
delay timescale is limited to 30 ps as further delays do not add signifi-
cant information to the picture. The resonance is fully damped after a
few ps. At the same time, the whole THz transmitted spectrum out of
the resonance is following a similar but not identical trend. Similar
transmission sets were acquired for different fluences and are reported
in Fig. S1 in the supplementary material. The modulation depth
defined as the difference between the THz amplitudes at resonance
and at 1.2THz [as shown by the red dotted arrows in Fig. 3(a)] reports
approximately 6 dB dynamic range when comparing the curve
acquired before the pump with the ones acquired after a few ps in
Fig. S1(a). These results are in very good agreement with the all-
electronical measurements acquired with a different THz-TDS setup
and reported in the supplementary material in Fig. S2. In order to
investigate the effect of graphene induced conductivity from the over-
all induced absorption in silicon, the modulation depth was extracted
from the OPTP datasets previously acquired. The results are shown in
Fig. 4. Differently from the results obtained for the graphene continu-
ous area (black trace), where the predominant effect from the silicon
hinders the observation of carrier dynamics in graphene, the strong SR
array resonance and its extreme sensitivity to changes in the graphene
conductivity allow to observe a reproducible trend. The curves have
been scaled to ease reading. The graphene conductivity increases
under the effect of optical pumping, as expected,28 since the sample
was kept with the Fermi energy fixed at the Dirac point. The retrieval

FIG. 2. (a) Maximum THz E-field transmitted as a function of the time delay with respect to the pump pulse with fluence U ¼ 0.18 mJ/cm2 for different materials. (b) THz
transmission for the same pump fluence at different delays through the graphene uniform area on top the SiO2/Si substrate.
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of the precise time evolution due to the graphene effect requires a
precise modeling of the fluence dependent silicon carriers’ dynamics,
graphene excitation, and recombination times, convoluted with the
laser pulse width. This investigation, though feasible, necessitates
of significant larger datasets. Further to this, the task is beyond the
purpose of this manuscript, which is not centered on the retrieval of
graphene time-resolved conductivity changes, rather focused on the
investigation of the ultimate time limit of a graphene-based MM
device for THz ultrafast modulation. It was preferred to provide an
upper limit in the time dynamics attributed to graphene, by assuming
a laser pulse limited width in the ultrafast excitation of the carriers as

shown in Fig. 4, where the total time cycle is reported for the highest
fluence U ¼ 0.9 mJ/cm2. A recovery, hence a decrease in conductivity
transducing into an increase in the modulation depth, is observed in
about�2 ps, in very good agreement with the reported literature value
of �1.9 ps.28 Lower fluences tend to have shorter cycles, with the low-
est one, 0.018 mJ/cm2, yielding almost sub-picosecond recovery time,
as already observed in Refs. 29, 30. The ultrafast decrease in the modu-
lation depth in graphene is attributed to ultrafast generation of hot car-
rier distribution, which mainly relaxes on timescale of hundreds of fs
by carrier–carrier scattering, followed by carrier–phonon scattering
and electron–hole recombination, which are the main processes for
times >1 ps.41 Graphene excitation and relaxation dynamics are
observed on top of a large background arising from the photogener-
ated carriers in silicon, thanks for the strong light concentration pro-
vided by the resonant mode. It is worth highlighting that these
measurements were performed on a complex device, where graphene
areas are encapsulated in dielectric and implemented in a double elec-
trical gate metamaterial array. Yet, graphene dynamics are ultimately
determining the optoelectronic response of the devices, and they could
be retrieved despite using optical pumping above the silicon gap. The
complex fabrication did not seem to have affected the graphene prop-
erties, which are consistent with the OPTP measurements previously
reported.28–30 This work reinforces the suitability of OPTP for THz
optoelectronic device investigation beyond the bare material study and
provides an upper intrinsic limit of the maximum reconfiguration
speed of these devices. Finally, these results show the suitability of gra-
phene for ultrafast THz photonic applications, such as the realization
of the deep, strong light-matter regime for the investigation of exotic
quantum phenomena.42 In order to fully appreciate and model the
device dynamics, it is envisaged that the contribution on silicon to the
total induce conductivity should be drastically reduced. The first route
consists in optical pumping below the Si gap, which would allow us to
further increase the analysis on graphene optical pumping as well.
Alternative solution consists in using a different substrate but would

FIG. 3. (a) MM/graphene THz transmission for different pump fluences, recorded at 200 fs time delay. (b) THz transmission curves acquired at different time delays with a
pump fluence of 0.18 mJ/cm2.

FIG. 4. Modulation depths vs time delays calculated for different pump fluences.
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require changing the device architecture, novel device fabrication, and
using a platform other than silicon.

In conclusion, this work reported the ultrafast modulation of an
MM array loaded with graphene at the resonance frequency of
�0.8THz by using the OPTP laser system and controlling electroni-
cally at the same time the graphene’s Fermi level at the Dirac point.
The modulation depth reported, �6 dB in power, is in very good
agreement with the >7 dB reported all-electronically. By suitably
calibrating the impinging fluence of the optical pump, it was possible
to discern the induced conductivity dynamics in the silicon substrate
from the graphene ones, which were recorded to be �2 ps in very
good agreement with previous literature reported on graphene.
These results reinforce the use of metamaterial/graphene optoelec-
tronic devices for the ultrafast modulation of terahertz waves.

See the supplementary material for further OPTP transmission
curves acquired for different pump fluences; all-electronic modulation
of the metamaterial/graphene transmission acquired with a commer-
cial fiber-coupled THz time domain spectrometer; and finite element
method simulations of the device transmission calculated for different
graphene conductivity.
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