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All in One-Chip, Electrolyte-Gated Graphene Amplitude
Modulator, Saturable Absorber Mirror and Metrological

Frequency-Tuner in the 2-5 THz Range

Alessandra Di Gaspare, Eva Arianna Aurelia Pogna, Elisa Riccardi,
Syed Muhammad Abouzar Sarfraz, Gaetano Scamarcio, and Miriam Serena Vitiello*

Layered 2D materials display unique optical and electrical properties that can
enable manipulation, propagation, and detection of electromagnetic waves
over a broad spectral range, with a high level of control, offering the poten-
tial to activate different functionalities, by optical or electrical means, in a
single chip. Here, a compact optoelectronic device behaving as an amplitude
modulator, saturable absorber mirror (SA mirror), and frequency-tuner is con-
ceived at terahertz (THz) frequencies. It comprises a gate-tunable single layer
graphene (SLG), embedded in a quarter-wave cavity, operating in the 1-5 THz
range. The use of electrolyte ionic liquid gate ensures 40% optical amplitude
modulation depth. Z-scan self-mixing interferometry reveals 60% reflectivity
modulation, with =4.5 W cm™2 saturation intensity. By integrating the modu-
lator/SA mirror with a heterogeneous THz quantum cascade laser frequency
comb, in an external cavity configuration, fine-tuning of the intermode
beatnote frequency is also demonstrated. This opens intriguing perspectives

nication platforms® and quantum key
distributions!' has dramatically enhanced
the quest for modulator technologies
capable to enable data communications by
means of all-optical devices and circuits,!?
across the visible and infrared (IR) ranges.
Such a demand is actually extending also
to the far-IR or terahertz (THz) frequency
range of the electromagnetic spectrum
(0.1-10 THz, 3000 — 30 um), an emerging
frontier research field in quantum science.

In this technologically appealing
frequency domain, high-resolution spec-
troscopic systems for molecular sensing
and metrology applications!3>™ might
also highly benefit from the development
of efficient, tunable modulators capable

for short pulse generation, phase-locking, frequency tuning/chirping, phase

modulation, and metrological referencing, inter alia.

1. Introduction

Optical modulators, widely used in modern telecommunication
systems, are key photonic components that allow altering the
amplitude,-%l phase,*’! frequency,!! or polarization”®l of a light
beam. The recent demand of wireless communication networks
providing high data-rates® and the need for quantum commu-
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of amplitude,? frequency,® and phase
stabilization!**! of miniaturized metro-
logical sources, as the recently emerged
quantum cascade laser (QCL) frequency
combs (FCs).[>1% QCLs can indeed sup-
port very high modulation rates (up to tens of GHz),[”1l
through direct modulation of their operating current,!!
although at the price of current instabilities,?>?! or spurious
amplitude and frequency self-modulation,l?>?! detrimental
for quantum applications requiring a tight control of the
optical phase and frequency jitter. Electro-optical modulators,
possibly integrated on-chip, are therefore highly desirable in
this context.

In the last decade, different approaches, based on III-V
semiconductors as silicon and gallium arsenide, or employing
two-dimensional (2D) electron gas in AlGaAs/InGaAs hetero-
structures, have been adopted to devise THz-frequency
modulators, with modulation speeds up to 14 GHz.[?2 However,
the high demand for fast (GHz modulation) and efficient
(50% modulation efficiency) amplitude, frequency, and polari-
zation modulators operating at room-temperature, is recently
driving extensive research on 2D materials that can provide the
required versatility and electrical/optical tunability needed for
large-scale applications.

Graphene, the most widely tested 2D material, display a large
potential for the development of optoelectronic devices and
components capable to actively manipulate IR light.'23 The
optical conductivity of single layer graphene (SLG)?*?! results
from interband and intraband transitions between, or within,
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the conduction and valence bands of the Dirac electrons. Due
to Pauli blocking of interband transitions, by shifting the
chemical potential, or the Fermi energy Ef, below or above the
Dirac point, corresponding to zero doping level, and for optical
energies > 2Fy, light absorption can be tuned from the 2.3%,
typical of intrinsic SLG, to almost zero.”l In principle, this
allows even higher modulation amplitudes through stacked
multilayer configurations.[’]

At low photon energies (4-15 meV), this mechanism is
not directly applicable, due to the fact that as-prepared SLG
is intrinsically doped,?’! meaning that the optical response is
mostly dominated by intraband transitions.[”! Specifically, to
fulfill the Pauli blocking regime in the spectral range >3 THz,
an extremely low intrinsic doping level, below 12 meV, would
be required. The Drude model can satisfactorily describe the
graphene optical response at THz frequencies,”’) where the
scattering time, that depends on the film quality, typically
reaches the picosecond range or less.?>?) The THz optical
conductivity can be safely assumed to match the electrical DC
conductivity, which in turn depends on Ep. Hence, the con-
ductivity can be actively controlled via electrostatic gating,!
or varied by means of optical excitation over a spectral range
significantly broader than the one achievable with conventional
semiconductor 2D electronic systems.?!] Furthermore, SLG
can be easily transferred onto waveguides (WGs),2*! cavities,2*!
or laser resonator surfaces,?”! providing an excellent platform
for the implementation of reconfigurable THz optoelectronic
devices, as modulators,*” phase-shifters,>332 saturable
absorbers,?3 and reflector-arrays.l*?!

Graphene-based amplitude, phase,! polarizatio
and frequency modulators conventionally rely on the tuning of
the SLG charge carrier density (i.e., Ef) by all-electronic™? or
all-optical™®*! approaches. In the millimeter wave and far-IR
ranges, different geometries and architectures have been pro-
posed, both in transmission and reflection mode, with modu-
lation depth > 60% and modulation speed in the 100 kHz
range, ] with ionic-liquid gating (with modulation depth
up to the 99%),3%#1 or in an array configuration,*¥! over flex-
ible substrates,*! in the latter case with much lower modula-
tion speeds,*">% in a Brewster angle configuration!* across the
0.5-1.6 THz range, and with an exceptionally efficient broad-
band modulation albeit in the sub-THz range.[!

2D materials have been also integrated with planar metallic
structures, such as antennast*®l or metamaterials,®? as split-
ring resonators, or plasmonic bow-tie antenna arrays coupled
to graphene ribbons capable to allow modulation frequencies
> 100 MHz.P®l This approach has been also recently adopted
to design an electrically switchable graphene THz amplitude
modulator with tunable-by-design optical bandwidth.*! This
comprises a grating-gated graphene capacitor on a polyimide
quarter-wave resonant cavity and provides 90% intensity mod-
ulation, combined with a 20 kHz electrical bandwidth in the
1.9-2.7 THz range.[*

Interestingly, graphene can also work as THz saturable
absorber,?>>*%] showing transparency modulations up to
80%*}l and even potentially as a saturable absorber mirror
(SA mirror).5%l Saturable absorption is a nonlinear mechanism,
consisting in a transient transparency induced by an intense
optical illumination.’” It plays an important role in the passive

34-39] n40-43]
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mode locking mechanism leading to the generation of ultra-
short pulses in lasers, thanks to the formation of short gain-loss
net windows whose duration directly depends on the saturation
dynamics.’>*® Owing to the gapless conical band structure,
graphene overcomes the limitations of SA in classical 2D sys-
tems,3>] particularly at longer wavelengths, i.e., for photon
energies below the Pauli blocking regime, for which interband
transitions are prohibited. Graphene can be easily integrated
intracavity,>*®% or coupled externally in compact laser resona-
tors, ! to alter the intracavity field and induce phase-locking
and stable FC operation in a semiconductor laser.[°!

The field is extremely vibrant, and although a variety of SLG
and multilayer graphene modulator architectures have been
proposed in a wide (0.3—4.7 THz) spectral range, and saturable
absorption has been demonstrated in a set of different mate-
rial assembly,**%2 a miniaturized graphene amplitude-modu-
lator, simultaneously acting as a fine frequency tuner and SA
mirror, has yet to be achieved. This would open very intriguing
perspective of integration with existing laser sources for short-
pulse generation, phase-locking, frequency tuning/chirping,
phase modulation, and metrological referencing.

Here, we conceive a compact THz modulator and SA mirror
based on commercial SLG, growth by chemical vapor deposi-
tion. It operates in the 1-5 THz range, with a =40% modula-
tion depth, reasonably low =4.5 W ¢cm™ saturation intensity at
the charge neutrality point (CNP), and electronic bandwidth in
the 100 Hz range, ascribed to the slow dynamic of the electrical
double layer (EDL) charges in an electrolytic gate (EG).*! It
relies on a 12.5 um thick electrolyte cavity between a SLG and
an Au mirror underneath. The electrostatic gating of the SLG
is achieved through EG tuning. EG is an efficient approach to
reach high doping level (>300 meV) applying low gate voltage
(<1 V) with negligible leakage current, thus enhancing the
modulator amplitude dynamic range and significantly helping
to contain the required operation power if compared with other
gate tunable field-effect devices with similar architectures and/
or performances, featuring standard gate dielectrics. The SLG
modulator/SA mirror is then coupled, in an external cavity con-
figuration, to a THz QCL FC. The intermode beating is moni-
tored while the light backscattered by the SLG modulator/SA
mirror is coupled back in the laser cavity, and the SLG prop-
erties varied through electrostatic gating. Fine-tuning of the
intermode beatnote frequency of the FC is achieved, demon-
strating a tunable, fully phase-stabilized metrological comb
source, promising an enormous potential for quantum sensing,
metrology and communications, requiring a tight referencing
and manipulation of the comb teeth.

2. Results and Discussion

2.1. Modulator Concept

The modulator, operating in reflection mode (Figure 1a,b), com-
prises a =12.5 um thick polypropylene spacer, used to define a
cavity filled with liquid electrolyte between the SLG and the
Au layer (300 nm) deposited by e-beam evaporation on a SiO,
(350 nm)/Si(500 um) substrate. The graphene transfer tech-
nology does not introduce any additional undulation, and the
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Figure 1. Graphene modulator architecture. a) Optical image and b) schematic diagram of the modulator layout under top illumination, composed by
a single layer graphene (SLG) on quartz, an electrolyte layer, and a Au mirror layer. 12.5 um thick polypropylene spacers define a quarter wavelength 1/4
Salisbury mirror-like cavity. The ionic liquid electrolyte gate (EG) is employed to tune the SLG conductivity, by applying the electrostatic gate voltage V.
The transparent top quartz substrate seals the graphene/EG system, allowing reflection mode operation in the THz range. c) Measured conductivity
of the graphene modulator (red dots), plotted as a function of the gate voltage (bottom x-axis) and of the Fermi energy (top x-axis), compared with its
fitted values (blue curve), extrapolated by employing the function in Equation (1). The Fermi energy is E = fwg Jnn(Vs) . An SLG field-effect device realized
with epitaxial polycrystalline SLG, employing SiO,/Si bottom gate architecture and having comparable size with the present modulator has doping level
of the order of 4-5 x 10" cm~2 at V = 0.¥ d) Calculated spectral reflectivity of the modulator at different Fermi energies E, by assuming a Drude-like
complex conductivity for the graphene layer with scattering time extracted from the DC transport conductivity curve in (c) from the relation: T = uEg fev?.

roughness of the final active film coincides with the one of the
quartz substrate (0.6 nm). Consequently, the graphene surface
can be considered as a flat, optical-grade, surface.

EG with ionic liquids in a supercapacitor geometry®> provides
more than one order of magnitude of Ep tuning at low bias
(=1 V), with exceptional potential for graphene optoelectronic
components from the THz to the visible regions.” The key
element of EG is the self-forming ultrathin EDL at the graphene-
electrolyte and Au-electrolyte interfaces, generating large electric
fields (=10° V m™) at nanometer scales without electrical break-
down.[®¥ The EDL offers high charge accumulation capability
over large area (approximately mmz) without current leakages
and without the need of a critical thickness control. A large
area (=10 X 10 mm?) sample of epitaxial SLG (from Graphenea,
Inc.), transferred on a quartz substrate (500 um thick) is used
(see Experimental Section), which enables transparency in the
THz and top illumination in reflection mode.

The conductance curve (Figure 1c) shows the typical ambi-
polar behavior® with a distinct conductivity minimum at the
CNP, reached at gate voltage V¢ = Vp = —0.3 V. Once a V( is
applied, the carrier density varies, inducing a visible conduc-
tivity change and, consequently, a deep modulation of the device
optical response. The Vp, value and the retrieved V-dependent
carrier densities are quantitatively in agreement with the ones
extracted from the micro-Raman spectral®! (see Section S1, Sup-
porting Information). The tuning of the charge carrier density

Adv. Optical Mater. 2022, 10, 2200819 2200819 (3 of 12)

nys is indeed extracted by fitting the conductivity as a function
of V% by employing the function:

o (Vo) = peng, (Vo )= uens +n*(Vg)
2 @
= ,ue\/né +(%) (Vo =Vo)

We extract Cpg = 1.35 x 107 F cm™ (gate capacitance),
1y = 4.75 x 10° cm? (residual doping) and g = 1096 cm? V157!
(transport carrier mobility). Then, the corresponding
Fermi Energy tuning (top axis in Figure 1c) is calculated as
Er = hvpfmn(Vs), being vg = 1 x 10° ms™ the Fermi velocity.
Remarkably, while the transport mobility is comparable with the
typical value retrieved in large area SLG, the residual doping is
one of magnitude lower.”*% Since we have employed conven-
tional methods for the SLG active layer formation, i.e., epitaxial
graphene on copper followed by wet chemical transfer,?? we
attribute the low residual doping to the ion gate/SLG/polyeth-
ylene interface, providing an unexplored dielectric environment
ensuring a very low charge transfer doping, leading to the low
conductivity values.

To assess quantitatively the optical THz response of the
device, we perform finite element simulations with COMSOL
Multi-Physics, using the Wave Optics Module. We model the
metal layers as perfect electrical conductor boundaries. We use
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non-dispersive electrolyte dielectric constant g = 1.9832%6] and
thickness tgg = 12.5 um to describe the EG layer, and we model
the SLG as a transient boundary condition with the Drude-
like complex conductivity and with a Fermi energy dependent
scattering time (7). 7 and Eg are selected from the electrostatic
gating curve of the SLG in Figure 1c and then employed to cal-
culate the modulator reflectivity at different doping levels in the
SLG (Figure 1d). By varying Ey in the 0-300 meV range, a vis-
ible broadband reflectance modulation is obtained, ascribed to
the A/4 WG reflection mode at v = 4.01 THz, set univocally by
the dielectric thickness, which allows to have an interference
maximum of the field amplitude at the SLG position!"] (see
Section S2, Supporting Information).

The THz reflectivity modulation, as a function of Vg, is then
assessed experimentally via Fourier Transform IR spectroscopy
(FTIR). The reflectivity curves (Figure 2a), normalized to the
reflectivity acquired on a reference Au mirror, unveil a broad-
band reflectivity in the 1.5-5.5 THz. In the 3-3.5 THz range,
the almost flat total reflectivity varies from a maximum of
57% at the CNP (Vg = Vp), to 36% at the highest experimental
gate voltage, i.e., doping level (Vg = +0.6 V). The gate-voltage
dependence reveals a reproducible increasing dip in the modu-
lator response, reflecting the Fermi-level dependence of intra-
band absorption, with a minimum reflectance modulation at
the CNP. However, the single resonance shape in the calculated
curves in Figure Ic is not retrieved in the spectra, likely due
to WG mode broadening. In this latter case, rather than one
single dip, the modulator response will be the convolution of
closely spaced subsequent resonances, resulting in a washed
out flat reflectivity. On the other hand, the retrieved modulation
efficiency is still strongly enhanced by the WG resonant mode.
By removing the Salisbury mirror architecture, the tuning of
the optical conductivity of a stand-alone, gated SLG surface,
would lead to a modulation efficiency up to one order of mag-
nitude lower.>*!l The two visible dips in the reflectivity curves
at 2.49 and 3.86 THz are ascribed to the top quartz substrate,[’]
and cannot be then attributed to the modulator itself.

Frequency (cm-)

www.advopticalmat.de

To quantify the modulation efficiency, we extract the mod-

ulation depth (Figure 2b) as: n:100x(w} where

D
R(Vg) is the reflectance extracted by the FTIR spectra at Vg,
and R(Vp) is the maximum reflectance, measured at Vp. 7
reaches a maximum value of 38% with corresponding inser-
tion losses ranging from 2.4 dB at the CNP to 4.4 dB at the
highest Vi = +0.6 V. Although modulation depth > 90% were
reported on ion gated graphene modulators,32 thanks to
the high doping levels achievable, here we limit our analysis
to Ep < 400 meV, a choice motivated by the fact that such an
energy span can demonstrate the validity of our design, without
compromising its bias stability, for example by preventing the
high-hysteresis regime occurring at higher doping in ion-gated
graphene.

EG provides thickness independent, high gate capacitance, if
compared with solid-state gate dielectrics grown with standard
deposition techniques, thus ensuring a very efficient tuning of
the active layer carrier conductivity. However, the charge redis-
tribution in the EG layer, upon applied voltage, is intrinsically
slow (tens of ms). In the devised modulators, we estimate a
modulation speed of 185 Hz at zero gate voltage, in agreement
with the R and C values extracted for the device.

2.2. Saturable Absorber Mirror

We then perform a set of selfmixing (SM) interferometric
experiments to prove that the SLG modulator also behaves as an
efficient SA mirror. The light emitted by a single-mode (2.68 THz),
single-plasmon QCL, delivering 3 mW in continuous wave
(CW) (see Experimental Section) is re-injected into the laser
cavity, through an external reflector target. The back reflected
light interacts coherently with the oscillating laser mode, cre-
ating a modulation in the amplitude and phase of the intracavity
field, %86 affecting also the voltage drop across the laser ter-
minals.®) The back-reflected electric field can be altered either
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Figure 2. Reflectivity modulation and efficiency. a) Total reflectance as a function of the gate bias, measured at room temperature, with a vacuum
Fourier Transform Infrared (FTIR) spectrometer (Bruker vertex V80), in rapid-scan mode and with a resolution of 2.5 cm™, while driving the modulator
at different gate voltages Vi, spaced by AV = +0.3 V. The modulator is positioned in the focal plane of the spectrometer reflection unit. The trace
recorded from a reference Au plane mirror in the same experimental configuration is used as a reference. b) Spectral modulation depth, calculated
at different gate voltages by using the reflectivity curves in (a) (See the Supporting Information file for the curve acquired at the remaining Vg, with
spacing AV =+0.1V).
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Figure 3. Saturable absorber mirror. a) Schematics of the experimental setup. The modulator is mounted on a z,y linear stage moving along the optical
beam axis (z), and along the perpendicular direction (y-axis). The y,z maps are reconstructed by moving the stage around the focal point of the external
cavity comprising two off-axis parabolic mirrors (OAPs) with 50 mm focal length, a single-plasmon quantum cascade laser (QCL) operating in con-
tinuous wave (CW) with single mode emission at 2.68 THz, and a plane 45° piezoelectric mirror driven by the AC voltage supply function generator.
The amplitude modulated self-mixing (SM) signal across the laser terminals is amplified by a transimpedance converter and measured by a lock-in
amplifier as a function of the modulator (y,z) position and electrostatic gate voltage (Vc). b) Prototypical z,y map retrieved at V; = 0, comprising two
high intensity region around the z points z; and z,, highlighted by the vertical white lines. c) Average SM traces along the z axis measured at V; =0,
varying the input power density with the help of attenuators mounted on a filter wheel positioned in front of the laser, having attenuation factor: 70%
(black line), 35% (red line), 20% (blue line). The pink line is the trace retrieved without attenuation. The average traces are obtained by mediating the
z-traces, acquired at different y-values, across the square dotted area in (b), and smoothing out the closely spaced oscillations coming from the plane
wave sampling. d) z-scan stacked reflectivity calculated by varying the source fluence, by using the measured traces in (c), normalized with the cor-
responding curves acquired on the reference sample (modulator architecture with no graphene). The z-axis was shifted so that the modulator position
z =0 coincides with the focal plane. During each acquisition run, the noise level in both the modulator and reference sample is almost constant, and
it is independent from the attenuation coefficient. Consequently, the signal-to-noise ratio in the more attenuated traces is lower, and the relative error
is higher. e) Enhanced reflectivity (black dots) as a function of the source fluence, calculated as the peak reflectivity (z=0) in (d), compared with the
unsaturated reflectivity (red dots), calculated as the z = 1 mm reflectivity in (d), i.e., outside the focal plane (low impinging fluence). The red dotted
line is the modulator reflectivity extracted from the FTIR spectra at V5 = 0. The black dotted line is the fit curve from Equation (2), employed to extract
the graphene saturation threshold intensity.

by changing the reflectivity®! or the position of the remote  a deviation from the unsaturated intensity, having the typical
target, i.e., the cavity length.[% In the present case, we adopt the ~ Lorentzian lineshape whose FWHM is the Rayleigh length.
experimental configuration sketched in Figure 3a, with the SLG ~ This corresponds to an experimental increase of the reflec-
modulator positioned in the focal point of an external cavity, tion coefficient in the focal plane, whose magnitude depends
comprising the THz QCL. Acting as a flat back-gated mirror,  on the impinging beam fluence and on the sample saturation
the device can actively modulate the optical feedback. The as-  intensity threshold. The measured z-scan traces comprise two
generated SM signal then captures the reflectivity variation of  high-intensity traces at two distinct z positions (Figure 3b), vis-
the modulator as it moves along the optical axis (z), i.e., within  ible over the entire sample area upon y—z scanning, with the
and outside the beam focal plane, thus resulting in a detectorless ~ superposition of a series of tightly spaced peaks. These signal
z-scan experimental set-upl®®%% (see Experimental Section). All  oscillations arise from the sampling of the coherent wavefront
measurements have been acquired in the weak feedback regime,  along the optical axis, whose spacing is related to the radiation
i.e., with an Acket’s feedback coefficient C < 1.7072 wavelength rather than to the modulator reflection coefficient.

The reflected intensity along the z-axis comprises the unsat-  Their contribution to the SA can be ruled out via the procedure
urated and the saturated terms, the latter manifesting itself as  illustrated in the Section S3 (Supporting Information).
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The first peak located at z; = 50.1 mm corresponds to the
image focal plane of the SLG modulator, equivalent to the
longer total cavity and mirror laser distance, while the second
peak (z, = 51.3 mm) is the reflection image of the top quartz
surface. This assumption is further confirmed by the spacing of
the two peaks, comparable with twice the optical delay related
to a 500 um thick quartz slab. Due to the thin polyethylene
spacer between the Au and the SLG, the contribution of the Au
mirror alone to the SM trace cannot be isolated, as it would lead
to a Fabry—Pérot interference peak indistinguishable from the
SLG peak in the z-trace. Therefore, the peak at z; is the modu-
lator image focal plane, arising from the whole SLG/Polyeth-
ylene/Au system. To assess the reflectivity modulation of the
SLG mirror, we first measure the modulator SM z-scan maps,
at fixed Vi =0, as a function of the input power, varied with the
help of a set of discrete attenuators (see the Experimental Sec-
tion). In order to vary the incoming fluence without affecting
the SM signal stability, and ensuring the full data acquisition
within the same cooling cycle and at the same temperature
and driving currents, we restricted the chosen filters to only
the three 20%, 30%, and 75% attenuations. The retrieved aver-
aged and smoothed traces (Figure 3c) display visible differences
between the attenuation of the two peaks, with the SLG z; peak
notably more intense at zero attenuation, a qualitative indica-
tion of reflectivity saturation.

To extract the reflection coefficient, we then measure the
same SM z-scan maps, at different input powers, on a refer-
ence sample having an identical geometry but without the SLG
embedded (see Section S3, Supporting Information), and we
use the latter traces to reconstruct the modulator reflectivity
z-scan profiles (Figure 3d), taking care of matching the z; peak
position with the z-scan focus placed at z = 0. The described
procedure can be safety applied at close distances (=2 mm)
from the z;, z, peak positions, where the SM signal-to-noise
(S/N) ratio is higher and eventual artifacts coming from the
average/smooth operations are negligible. For this reason, for
an accurate extraction of the z-scan profile a critical prerequisite
is the smallest possible Rayleigh length, ultimately achievable
with diffraction limited spot sizes. In Figure 3d, we detect a
=~60% increase in the reflection coefficient using the full power
(no attenuation, purple dots), decreasing to =20% for 20%
attenuation. For larger (from 35% to 70%) attenuation values,
the reflection enhancement is barely visible (<10%). The error
bars in Figure 3d reflect the noise of the experimental traces
from which each reflectivity curve is extracted. The latter is
calculated as the ratio of the reflection trace measured on the
modulator and on the reference sample, acquired with different
attenuation coefficients, as shown in Figure 3c. We then esti-
mate the saturation intensity, by comparing the experimental
reflectivity as a function of the input power with the function
(see Figure 3e):

Rs

where R(I) is the peak reflectivity extracted from the z-scan
trace at z = 0, R is the nonsaturated reflectivity extracted from
the z-scan trace, and I is the experimental fluence, calculated
as [ = AP, /7, where A is the attenuation, P, = 3 mW is the

R(I)=R,+
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QCL CW power, and r = 50 um is the diffraction limited focus
spot radius. Rg is the saturation reflection coefficient, set as
Rg = 0.75 for the sake of the present discussion, by assuming
that the sample is saturated at the maximum fluence. From the
fitting procedure (Figure 3e), we obtain Ig = 4.5 +1.5 W cm2,
in agreement with the THz saturation intensity previously
assessed experimentally in graphene.l**!

Then, we acquire the z-scan maps at the maximum fluence
(A =0) as a function of the gate voltage (Figure 4a), and recon-
struct, with the same procedure, the z-scan reflection profiles
(Figure 4b). The averaged SM traces (Figure 4a) reveals the
same remarked differences between the SM signal at z; and
2z, with the gate modulation of the intensity visible only on the
first peak at z = z;, and the second peak intensity at z = z, unaf-
fected by the gate voltage. This further confirms our assump-
tion on the z; peak identification as the focal plane image of
the graphene modulator. The z-scan profiles, retrieved at dif-
ferent gate biases, show a =60% reflection enhancement at
Vi =0, and a slight decrease to =45% at the CNP. The reflec-
tion enhancement progressively increases again at higher gate
voltage/doping levels. In Figure 4c, we then compare the gate
dependent reflectivity extracted from the SM procedure with
that from the FTIR experiment in Figure 2a. Aside from a small
rigid shift (=~0.2) in the FTIR reflectivity, ascribed to the lower
reflection losses in the FTIR reference sample, we see that the
effect of absorption saturation on the gate-voltage reflectivity,
achievable only on the high-fluence setup of the SM experi-
ment, has opposite behavior if compared to the gate voltage
linear reflectivity.

At THz frequencies, the saturation dynamic is dominated by
ultrafast intraband interactions. Typically, the origins of non-
saturable losses in graphene is the scattering from defects and
interface,l®? depending on the sample synthesis and fabrica-
tion methods, and free-carrier absorption.® Both terms can
be minimized in samples with low residual charges, a condi-
tion fulfilled by the SLG modulator owing to the EG gating. On
the other hand, the saturation intensity is expected to decrease
with the doping level,”! as a consequence of the decrease of
intraband relaxation paths for the optically excited carriers, that
lead to a stronger and more persisting bleaching of the absorp-
tion.’”) Hence, the increase in the reflection enhancement at
high gate voltage is counteracted by the decrease on the unsat-
urated reflection coefficient, both terms contributing to back-
reflected field originating the SM signal.

2.3. Integration with a QCL Frequency Comb

We then investigate the effects induced by the SLG modulator/
SA mirror when it is coupled in an external cavity configura-
tion with a heterogeneous THz QCL FC?l (see Experimental
Section). Owing to nonlinear four wave mixing (FWM) pro-
cesses in the gain material,” QCLs spontaneously operate
as FC both in the mid-IR"® and THz spectral regions,1¢7376]
with the emission of a sequence of stable phase-locked modes
equally spaced in the frequency domain, albeit over a rather
restricted operational regime,”® in which chromatic dispersion
is compensated. The modulator is optically coupled to the front
emitting facet of the THz QCL FC and the intermode beatnote
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Figure 4. Self-mixing. a) Average SM traces along the z-axis measured at the maximum fluence (attenuation = 0), by gate voltage applied to the
SLG below and above the CNP at Vg =—0.3 V (red line): V; =—-0.6 V (blue), 0 (light grey), +0.3 V(dark grey), and +0.6 V(black), acquired using the
experimental setup shown in Figure 3a. b) z-scan stacked reflectivity calculated by varying the gate doping level, by using the measured traces in (a),
normalized with the corresponding curves acquired on the reference sample. c¢) Comparison between the mirror reflection coefficient in saturation
absorption (SA) regime (black dot), extracted from the modulator reflectivity values at z =0 in the SM experiment, and linear regime (red) from the

FTIR measurements, as a function of the gate voltage.

monitored while varying Vg A sharp and narrow beatnote pro-
vides a valuable indication of a genuine comb emission, as
recently assessed experimentally.”377]

The THz QCL employed in the present work behaves as a
fully stabilized optical FC synthesizers with an =1 THz spec-
tral bandwidth (see Section S4, Supporting Information), with
a single and narrow beatnote (=2-35 kHz) extended over =30%
of its dynamic range, and delivers a maximum power of =4 mW
distributed over more than 65 modes.

The THz radiation emitted by the laser is first collimated
with a 75 mm focal length off-axis parabolic (OAP) mirror, and
then is re-injected in the laser cavity after being back-reflected
by the SLG modulator/SA mirror. We acquire the beatnote map
of the QCL FC, without and with the external cavity with the
modulator at V; = 0. In this latter case (Figure 5a), a single and
narrow (linewidth < 35 kHz) beatnote is retrieved for driving
currents slightly above threshold (420-480 mA) and for a contin-
uous 60 mA current range. At higher currents, and for a current
range limited to 10 mA (480-490 mA), a transition to a multi-
beatnote regime with an overall mode spacing of 100 MHz can
be observed. Then, the beatnote turns again single and narrow
in the 490-610 mA, 700-710 mA, 780-805 mA and 860-885 mA
bias ranges, the latter after the appearance of another multi-
beatnote range in the 805-850 mA current range. In the external
cavity configuration, same current ranges of comb operation are
maintained but the intermode beatnote intensity, its linewidth
and its frequency vary (see Figure 5b, for a prototypical example).

Adv. Optical Mater. 2022, 10, 2200819 2200819 (7 of 12)

Figures 5c,d compare the gate voltage dependence of the BN
linewidths (5¢) and central frequency shifts (5d) with the SLG
modulator/SA or not. A visible (=60%), bias-independent nar-
rowing of the beatnote linewidth can be extrapolated over the
entire range. The BN frequency shifts, although spread out as
an effect of thermally/mechanically induced frequency jitter,
tend to decrease at higher driving currents. Such a decrease
of the BN frequency shift at higher V can be an effect of the
different modes from which the beating arises. Indeed, as an
effect of the heterogeneous active region design, the individual
active regions, lasing at different biases produce individual FC
combs that can here play a role.®!

We then monitor the intermode beatnote as a function of
the gate voltage at two specific driving current, ie., 515 mA
(Figures 6a—c), and 790 mA, (Figures 6d—f), both corresponding
to a regime of narrow linewidths. The spectral emission
(Figures 6a,d) broadens at increasing driving currents, cov-
ering a =0.7 THz spectral bandwidth with some modes missing
at low currents, and reaching the broadest bandwidth of =1
THz (2.55-3.52 THz) at 790 mA, where the power is almost
uniformly distributed over more than 55 modes. A narrowing
of the linewidth is observed in both cases, with a more pro-
nounced effect in the low field regime. Importantly, the flat
dependence on the gate voltage suggests that the mirror reflec-
tivity modulation, in the present configuration, is not affecting
the phase-locking of the modes. On the other hand, an increase
of the beatnote frequency shift, and hence of the frequency
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Figure 5. Integration of the SLG modulator/SA mirror in an external-cavity with a THz QCL FC. a) RF intermodal beatnote spectroscopy map, acquired
as a function of the CW driving current measured at 22 K. The beat-note signal is recorded with a wire RF antenna detecting the free space signal at
~3 c¢m distance from the QCL, connected to the input channel of an RF spectrum analyzer, and is acquired with resolution bandwidth (RBW): 1 kHz,
video bandwidth (VBW): 1 kHz, sweep time (SWT): 1s, RMS acquisition mode. b) Intermode beatnote signals acquired in the integrated system (black)
and in the QCL FC, in the absence of optical feedback, while driving the laser in CW at 790 mA at 22 K, and with the modulator bias at V=0 V. The
RF spectrum analyzer settings are: RWB: 1 kHz, VBW: 1 kHz, SWT: 20 ms, RMS acquisition mode. c) Evolution of the intermode beatnote linewidths,
extracted via a fitting procedure on the RF traces with a Lorentzian function on the analogous curves in (b), for the integrated system (black) and for
the pristine QCL FC (red). d) Calculated absolute value of the beatnote frequency shift as a function of the QCL driving current. The beatnote central
frequency is extracted from the same experimental data used for the extraction of the linewidth in (c). The shadow areas in (a) and (c) highlight the

QCL operational ranges selected for the analysis presented in Figure 5.

tuning of the metrological source owing to the modulator, is
visible for high gate voltages/graphene doping levels, at both
bias currents. High doping corresponds to the asymmetrical
reduction of the cavity mirror reflectivity, which, in turns, elicits
a large variation of the QCL intracavity power, a condition
known to compel the comb state.”) An analogous mechanism
can be invoked in FCs, as a consequence of fast saturable gain
assisting FWM.[°!l Although we have found that the modu-
lator SA is stronger at high doping, considering the laser beam
divergence (£40°), the collimated optical beam and the OAP
focal length (75 mm), we estimate an impinging power on the
SA mirror =15 mW cm™, i.e., two orders of magnitude below
the saturation intensity, suggesting that the role of the SA in
the unveiled effect is here negligible.

3. Conclusions

We have conceived a novel optical modulator design, featuring
an epitaxial SLG controlled via a very efficient electrolyte gate,
embedded on the top contact of a quarter-wave double metal

Adv. Optical Mater. 2022, 10, 2200819 2200819 (8 of 12)

WG. The device shows broadband response in the 1-5 THz
range, =~40% modulation depth and behaves as a SA mirror
with a maximum =60% reflectivity modulation and =4.5 W cm2
saturation intensity, ensuring multifunctional operation in one
single device. This is the first experimental demonstration of
an amplitude modulator/SA mirror, all in one miniaturized
device, paving the way for semiconductor-based SA mirrors
with broadband operation and ease of fabrication, potential for
ultra-short pulse generation in a THz laser, useful for a broad
range of applications in ultrafast sciences, data storage and
high-speed communication. We then couple, in external cavity
architecture, the devised miniaturized optoelectronic compo-
nent with a QCL FC and perform an interferometric experi-
ment, in a SM configuration, to prove its suitability as a fine
frequency tunable modulator for a metrological-grade source.
A gate-dependent frequency modulation coefficient in the
1-5 MHz V! range is found at the CNP, opening appealing per-
spectives in high-accuracy spectral sensing, where laser lines
match the high specificity rotational levels of molecules, and
quantum computing, requiring metrological-grade quantum
sources with a tight control of the phase and frequency of the

© 2022 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH

85U80|7 SUOWIWOD 8A1TE81D 3|dedldde aus Aq peusenob are Saoile YO ‘8SN JO SaINJ J0j AkeidT8UlUO AB|IA UO (SUONIPUOD-PUR-SWIBI W00 A8 | 1M ARIq 1 BU1 UO//:SANY) SUONIPUOD pue swie | 81 88S *[202/20/22] Uo ARiqiTaulluo A8|iM euspolN A1seAIuN AQ 6T800ZZ0Z WOPe/Z00T OT/I0pA0D A8 |imAeIq Ul uo//:Sdny Wo.j pepeojumod ‘Zz ‘220z ‘TL0TS6TZ



ADVANCED
SCIENCE NEWS

ADVANCED
OPTICAL
MATERIALS

www.advancedsciencenews.com

www.advopticalmat.de

Frequency (THz)

~ 25 27 29 31 33 3525 27 29 31 33 35
Al P i T b T
§1o-4 s ma VMY VL zeoma [
40k ‘ - ', mod. féedbdck
R I
R 3kj+%i%%;*§ﬁ%;;%%*ﬁ;ﬁj
5 ’ | R o
1K [ ' 0 .
800K 200K [
S T M vl b . \/
E a0k T/ I 100k \ 3 /\ b
g | 1WAV
8 i | | | | | C| I \o\o/ v f
SRy 0 w06 o6 0 406

Gate Voltage (V)

Figure 6. Frequency tuning of the QCL FC. a) FTIR emission spectra measured under vacuum, with a 0.075 cm™

T resolution, in rapid-scan mode;

b) intermode beatnote linewidths for the integrated system (black) as a function of the modulator gate voltage, compared with the beatnote linewidth
of the QCL (red); c) calculated absolute value of the beatnote frequency shift as a function of the modulator gate voltage. All data shown in panels
(a)—(c) are acquired while driving the QCL in CW at a current of 515 mA, at 22 K. d—f) Same as panels (a)—(c), acquired while driving the QCL in CW

at a current of 790 mA at 22 K.

reference modes.®%81 Amplitude and frequency modulators are
also in great demand for spectroscopic applications targeting
crystalline phonon vibrations and the intermolecular stretching
and torsional modes.[®!

4. Experimental Section

Fabrication of the SLG modulator: The SLG THz modulator was realized
as follows: a first deposition of 250 nm thick Au film on a SiO,(350 nm)/
Si, to form the back mirror by e-beam evaporation, was followed by
the insertion of a 10 x 10 mm, =12.5 pm thick spacer polypropylene
membrane, with a 6 X 6 mm square window defining the device. The
square hole window was then filled by the ionic liquid EG N,N-Diethyl-

Adv. Optical Mater. 2022, 10, 2200819 2200819 (9 of 12)

N-methyl-N-(2-methoxyethyl ammonium bis-trifluoromethanesulfonyl
imide—99,9%). Epitaxial SLG grown via chemical vapor deposition
was transferred on a 500 um thick quartz substrate (Graphenea, Inc.).
Finally, the modulator stack was sealed positioning the quartz/graphene
substrate on top of the structure.

Electromagnetic Simulations: The reflection coefficient of the devices
was calculated using the finite element method software COMSOL
Multiphysics in the frequency domain. The graphene was simulated
as a transition boundary condition, having a monoatomic thickness
(0.34 nm) and optical conductivity derived from the Drude model with
a Fermi energy-dependent scattering time. The Polypropylene, EG, and
Quartz were simulated as nondispersive dielectric materials, whose
optical constants in the THz range were taken from Refs. [32,66,67],
respectively. The Au layer was modeled as a perfect electric conductor.
The structures were illuminated with a parametric single frequency light
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spanning in the 0.1-6 THz range, using input plane wave port boundary
condition, and the amplitude of the reflection coefficient were extracted
from the simulation.

Saturation Absorption Self-Mixing Interferometry: The QCL employed
in the present experiment was a bound-to-continuum single-mode THz
QCL emitting, at a wavelength 4 =111 um (2.68 THz, 90.3 cm™) with a
surface plasmon WG. The laser medium was grown by MBE employing
a GaAs heterostructure on a undoped GaAs substrate. The 10 pum
thick active region growth comprised 120 repetitions of the quantum
well, embedded between two heavily Si doped GaAs layers defining
the lower (500 nm thick) and top (200 nm thick) contacts. The GaAs
semi-insulating substrate was lapped down to a thickness of 150 pum.
Laser bars 2 mm long and 180 um wide were cleaved and mounted on
a copper bar. The QCL was embedded into an external cavity, whose
reflecting edges were the QCL itself and the modulator, each placed
in the focus of two 50 mm-focal length OAP mirrors. The amplitude
modulated SM signal was retrieved with the help of Au plane mirror
mounted on a piezoelectric motorized stage, driven with a 20 kHz AC
sinusoidal signal with amplitude Vpp = 10 V, to vibrate the Au mirror
with a total displacement of 6.7 um. This led to lock-in detection of a
small (=30 pV) self-mixing signal superimposed on the much larger
(=10 V) QCL contact bias, filtered and amplified through a 10 MHz
bandwidth trans-impedance amplifier and lock-in amplifier (UHFLI,
Zurich Instrument). The SM maps were recorded with the help of a
z-y micrometric stage, moving the modulator along the optical beam
(z-axis), and along the perpendicular direction (y-axis), and recording the
SM signal at each position. The incoming beam fluence was varied by
placing a set of discrete filters, having different transmission coefficients
(80%, 65% and 30%), opposite to the QCL emitting facet.

QCL Frequency Comb: The QCL FC comprises a heterogeneous 17 m
thick GaAs/AlGaAs active region grown via MBE, composed by a
sequence of three modules with detuned gain bandwidths (centered
at 2.5, 3, and 3.5 THz) and comparable threshold current densities,
leading to a broad and flat gain profile, and a dynamic range D, = 3,
defined as the ratio between the maximum current density (/,,.) and
the threshold current density ().’ QCLs were fabricated with a metal—
metal WG architecture, first performing wafer bonding via thermo-
compression of the 17 mm thick heterostrucuture onto highly doped
GaAs, followed by the removal of the MBE host substrate, through a
combination of mechanical thinning and wet etching. Vertical walls
were lithographically defined through Cl,-based inductively plasma
etching. A Cr/Au (10/150 nm) top contact was realized on top of the
ridges, purposely leaving exposed a thin (5 um) setback along each
side of the ridges top surface. The setback regions were then coated
with a thin (5 nm) Ni layer, forming lossy side absorbers intended to
suppress higher order lateral modes inhibiting the mode proliferation in
the FC. To ensure CW operation, the back substrate was thinned down
to 150 um via mechanical lapping, and the back surface was coated with
a Cr/Au (10/100 nm) layer. Finally, the sample was diced to form a 3 mm
long, 50 um wide Fabry—Pérot laser bar, and then indium-soldered to a
copper bar. The final QCL operates as a FC synthesizer in CW over 30%
of its dynamic range. The QCL FC was then mounted in thermal contact
with the cold-finger of liquid-He cryostat, with one of the two emitting
facets positioned at the vertex of a 75 mm focal length OAP mirror.
The collimated portion of the beam was then directed to the amplitude
modulation vibrating mirror, then to the graphene modulator, and lastly
back reflected and refocused onto the laser facet. A preliminary SM signal
optimization was performed to reach the optical feedback sensitivity
regime. The intermode beatnote map was acquired as a function of laser
drive current at a heat sink temperature of 22 K. The beatnote signal was
extracted from an RF wire antenna positioned at =3 c¢cm distance from
the laser, and was recorded with an RF spectrum analyzer.
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