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ABSTRACT: Confining near-infrared (NIR) and mid-infrared —
(MIR) radiation (1—10 um) at the nanoscale is one of the main -
challenges in photonics. Thanks to the transparency of silicon in

the NIR-MIR range, optoelectronic systems like electro-optical & =
modulators have been broadly designed in this range. However, the o
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trade-off between energy-per-bit consumption and speed still ¥ = i

constitutes a significant bottleneck, preventing such a technology to Yo
express its full potentialities. Moreover, the harmless nature of NIR

radiation makes it ideal for bio-photonic applications. In this work, we theoretically showcase a new kind of electro-optical
modulators in the NIR-MIR range that optimize the trade-off between power consumption, switching speed, and light confinement,
leveraging on the interplay between graphene and metamaterials. We investigate several configurations among which the one
consisting in a SiO,/graphene hyperbolic metamaterial (HMM) outstands. The peculiar multilayered configuration of the HMM
allowed one also to minimize the equivalent electrical capacitance to achieve attoJoule electro/optical modulation at about 500 MHz
switching speed. This system manifests the so-called dielectric singularity, in correspondence to which an HMM lens with resolving
power of 1/1660 has been designed, allowing to resolve 3 nm-wide objects placed at an interdistance of 3 nm and to overcome the
diffraction limit by 3 orders of magnitude. The imaging possibilities opened by such technologies are evident especially in bio-
photonic applications, where the investigation of biological entities with tailored/broadband-wavelength radiation and nanometer
precision is necessary. Moreover, the modulation performances demonstrated by the graphene-based HMM configure it as a promise
for ultrafast and low-power opto-electronics applications.

KEYWORDS: graphene, HMM, hyperbolic metamaterials, metal/insulator architectures, light confinement, ultrafast, all-optical switching

H INTRODUCTION between 1000 and 1700 nm, which is often the investigation
band of choice for biological applications, due to the absence
of autofluorescence phenomena.'”"* Thanks to the significant
steps forward made in the fabrication of biocompatible
fluorophores emitting in the NIR-II region, techniques like
“in vivo NIR fluorescence imaging” are emerging.'*~'® Imaging
techniques that leverage on nonlinear effects, like two-photon

Near- and mid-infrared radiation (1—10 um) is often selected
as the ideal framework for the design of optoelectronics
systems. This is mainly due to the transparency of silicon in
this spectral range.P3 Silicon represents, indeed, often the
material of choice in optoelectronics due to its low cost and
availability and since its use allows one to fabricate devices via ) )
the broadly used CMOS process. Silicon-based high-speed spectro§cop Y, are also 'w1de.ly used, b_ut they nec.essuate
photonic devices in the NIR-MIR band have, therefore, spread expensive and/or toxic highly nonl¥near .mater1als as
in the technology scenario, and among them, electro-optical labells. The core of all these techniques is, hF)wever, a
modulators play a very important role.* The NIR-MIR spectral classical op t1ca1. app aratu's, ust.lally. 2 confocal TICroscope,
region is also very important in optical telecommunications® whose- resolqtlon 18 dlﬁrracnon-h.nnted. Tlhel maximum
and for bio-photonics applications. It is indeed well known that resolution achievable by confocal microscopy is in the order
radiation with wavelength longer than 900 nm can efliciently
penetrate biological tissues as blood and skin.”” Techniques Received: October 6, 2020
like Fourier transform infrared spectroscopy (FTIR) or Raman Accepted:  November 30, 2020
scattering involving radiation in the MIR range are also very

common in biology since many bio-fingerprints like molecular

vibrations lie in this spectral region.”"" Particularly interesting

is the so-called “second near-infrared (NIR-II) window”
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Figure 1. Sketch of (a) the insulator/metal (IM) SiO,/Ag bilayer with the three-sheet graphene switching layer placed on the top, (b) the MIGIM
structure with graphene embedded in the middle, and (c) the graphene/SiO, HMM.
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Figure 2. (a) Sketch of the graphene/insulator/metal (GIM) architecture made of a three-sheet graphene layer and 400 nm SiO, and 200 nm Ag
layers. (b) Modes sustained by the pristine Ag/SiO, IM structure. (c—g) Modulus (IEl) of the electric field for all the modes calculated via
COMSOL simulations. (h) Map showing the switching of the modes of the GIM structure while increasing the applied chemical potential. (i)
Absorbance value at the resonances of the GIM structure showing a logistic switch-off trend, driven by (1) the modulation of the real part of the
normalized conductivity of the graphene layer induced by changing its chemical potential.

of 0.61 An/NA, being NA the numerical aperture of the
objective and n the refractive index of the medium between the
lens and the specimen.’ To give an example at a wavelength
that will be of interest in this paper, if a confocal investigation
is carried out at 4985 nm with a high-quality immersion
objective with NA = 1.4 and n (immersion oil) = 1.5, the
maximum resolution achievable is of about 3.25 um (1/1.53).
In this paper, we show how to design architectures capable to
increase such a value by at least 3 orders of magnitude by
leveraging on the interplay between graphene and metamate-
rial optical response/conductivity. The use of graphene in
combination with plasmonic structures has, indeed, already
demonstrated its potentialities in several frameworks, and**~**
as an additional advantage, the presence of graphene endows
the proposed structures with broadband electric tunability so
that their optical response can be switched at will by changing
the chemical potential of the graphene layers. In particular, we
investigate graphene-based optical resonators whose structural
complexity is gradually improved from a single graphene/

insulator/metal (GIM) unit cell (Figure la), passing by a
metal/insulator/graphene/insulator/metal (MIGIM) resona-
tor (Figure 1b), toward a complete graphene-based hyperbolic
metamaterial (HMM, Figure 1c). Each one of the proposed
structures is thought to optimize a particular parameter in the
trade-off between light confinement, switching speed, and
energy/bit consumption, and therefore, several variants of
these configurations are analyzed in the paper.

The most promising configuration investigated in the paper
is the graphene/SiO, hyperbolic metamaterial (HMM)
sketched in Figure lc, designed to support a tunable dielectric
singularity where the so-called canalization regime can be
easily achieved.”* In this configuration, the HMM shows
outstanding performances as a plasmonic near-field lens with a
resolution of about 4/1660, which allows the investigation of
nanometric elements (~3 nm) positioned at nanometric
distances (~3 nm) with MIR radiation (4985 nm). Moreover,
we found that the peculiar multilayered architecture together
with the narrow-band nature of the dielectric singularity
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constitutes the perfect combination for achieving attoJoule
modulation with a switching speed of around 500 MHz.

B RESULTS AND DISCUSSION

Switching of Pseudo-Cavity and Plasmonic Modes in
Graphene/Insulator/Metal (GIM) Structures. The first
system considered in our analysis is based on a simple
insulator/metal (IM) SiO,/Ag bilayer. Depending on the
thickness of the dielectric layer, such a system sustains modes
of different nature. A detailed analysis of the modal dispersion
of the IM structure as a function of the thickness of both the
metal and the dielectric layers is provided in Section S-2 of the
Supporting Information. In particular, it is found that, for SiO,
layers thicker than 50 nm, the modal dispersion of the IM
structure is linear, similar to a classic Fabry—Pérot resonator. A
noticeable difference explained in Section S-2 of the
Supporting Information between the IM structure and a
classic Fabry—Peérot is that, in the IM structure, modes can be
excited every time the phase difference between an impinging
wave and a second wave that accumulated a complete cavity
roundtrip phase shift is an integer multiple m of 7. In the case
in which m is odd, destructive interference occurs and the
modes are sustained via a frustrated total internal reflection
regime, while when m is even, the condition for a classic
Fabry—Pérot mode is fulfilled. We can conveniently refer to
these modes, excited for a SiO, thickness larger than 50 nm, as
pseudo-cavity modes. If the thickness of the SiO, layer is
smaller than 50 nm, the pseudo-cavity mode relation is no
more satisfied, and the modes are sustained by the excitation of
surface plasmons. The simple IM structure can be made active
by depositing on top of it a three-sheet graphene layer, as
illustrated in Figure 2a. In particular, Ag is 200 nm-thick while
the thickness of the SiO, layer is 400 nm so that the modes
excited in the pristine IM bilayer, calculated via the scattering
matrix method (SMM) (Figure 2b), are pseudo-cavity modes.
Five modes are present at 335, 425, 585, 970, and 2780 nm. To
rule out any plasmonic contribution, we calculated the

modulus of the electric field (IEl=,/E} + Ey2 ) via full-wave

finite element method-based simulations (COMSOL Multi-
physics), finding that these modes hold the features of those
confined in classic metal/insulator/metal (MIM) cavities,”*°
with the exception that, due to the missing top metal, a
substantial portion of the electric field of the mode lies at the
air/dielectric interface. For example, a closer inspection to
Figure 2g reveals that the fundamental mode (m = 1) at 2780
nm reaches the maximum at the boundary between the SiO,/
air interface and decays in air. This feature is present in all the
modes (Figure 2c—g). Placing a three-sheet graphene layer on
top of the pristine IM bilayer does not produce any spectral
modification of the modes. However, despite its negligible
thickness, the effect of the three-sheet graphene layer on the
absorbance value at each mode is significant. Indeed, while
changing the chemical potential of the top graphene layer via
electrical doping, the absorbance of all the modes undergoes a
significant reduction, as shown in the map of Figure 2h.
Noticeably, the switching trend of the absorbance of the modes
as a function of the chemical potential applied to the graphene
layer follows a logistic slope (Figure 2i) that is the same as that
of the conductivity of graphene at their wavelengths (Figure
21).

Optimization of the Switching Performances of
Graphene/ Insulator/Metal (GIM) Structures. The simple

GIM configuration offers a very advantageous trade-off
between design complexity, light confinement, and switching
performances. Moreover, it constitutes the fundamental
building block toward the more sophisticated configurations
that will be shown after so that a deep understanding of this
simple element as an electro/optical modulator is insightful.
Regarding the electrostatics, the performances of an electro/
optical modulator are usually expressed in terms of (i)
switching frequency, (ii) back-gate voltage, and (iii) energy/
bit consumption. The switching frequency is the cutoff
frequency of the RC circuit associated with the electrical
gating configuration of the device that can be expressed as in
eq 1:

1
27RC (1)

being R the discharging resistance whose main contribution is
given by the ohmic nature of the contacts. In this work, R is
always taken to be equal to 1 k€. Such a value is plausible
considering the contact resistance and the deposition over
SiO,, and it allows one to account a good approximation for
the series resistances associated with each equivalent RC
circuit. C is the equivalent capacitance related to the particular
configuration of the electro/optical modulator. Throughout
the paper, the electrical configuration always resembles that of
one or a series of flat parallel-plate capacitors. Therefore, for

the single capacitor, C = 808%,
permittivity expressed in Section S-1 of the Supporting
Information and ¢, the relative dielectric permittivity of SiO,
that, in the gigahertz range (modulation frequency range), can
be taken to be equal to 4. S is the surface of the capacitor that
can be considered equal to 107" m* (a square of 10 ym X 10
um), and d is the separation distance either between the
graphene layer and the bottom Ag layer or two facing graphene
layers. Replacing the relation of the capacitance in eq 1, we
obtain:

fosas =

fosas =

being &, the vacuum dielectric

4
27ReE,S )

A quick inspection of eq 2 brings to the conclusion that the
route to maximize the switching speed of a parallel-plate
capacitor electro/optical modulator passes by (i) reducing the
series resistance R, (ii) reducing the relative dielectric
permittivity of the oxide, (iii) reducing the surface S, and
(iv) increasing the thickness d of the capacitor. However, a
stringent trade-off appears when considering the back-gate
voltage to apply to reach the electrical doping of graphene
suitable to induce the desired chemical 2potential. The back-
gate voltage can be expressed as follows:” ~°

2
v, = de | K

TEWE, fl'l/f (3)
where e is the electron charge, 7 is the reduced Planck
constant, and v; is the Fermi velocity. Equation 3 shows that
the route to maximize the switching frequency is also a path for
very high back-gate voltages. Indeed, eq 3 hides a capacity per

-1

unity surface since e:ls, = (%) . In light of this, the trade-off
between switching speed and back-gate voltage is clear,
minimizing the capacity results detrimental for both the
switching speed and the back-gate voltage. In the end, the
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Figure 3. (a) Sketch and electrical gating scheme of the graphene/insulator/metal (GIM) architecture made of a three-sheet graphene layer, 400
nm SiO, layer, and a 200 nm Ag back reflector. (b) Calculated switching of the absorbance mode at 425 nm (solid black curve) together with the
fitting curve (red dots). (c) Sketch and electrical gating scheme of the graphene/insulator/metal (GIM) architecture made of a three-sheet
graphene layer, 10 nm SiO, layer, and a 200 nm Ag back reflector. (d) Calculated switching of the absorbance mode at 330 nm (solid black curve)
together with the fitting curve (red dots). In the inset, the equivalent circuit referred to (a) and (c). (e) Sketch and electrical gating scheme of the
graphene/insulator/metal (GIM) multilayered architecture made of five bilayers of three-sheet graphene and 35 nm SiO, and a 200 nm Ag back
reflector. (f) Calculated switching of the absorbance mode at 1245 nm (solid black curve) together with the fitting curve (red dots).

energy accumulated in one charge cycle can be calculated as replaced with its reflection counterpart usually called return
follows: loss (RL):
E = Lo RL = —20-Log(S,,) ©)
S )

where S,, is the scattering parameter associated with the

Switching from one chemical potential to another requires reflectivity of the structure when the modulator is in the off

switching between two values V, _,, and V, _ , of back-gate state. Since, in the structures considered in this section, the
voltage, with a consequent energy consumption per bit AE, transmission can always be assumed to be close to zero, the
equal to: reflectance is equal to 1-absorbance and eq 6 can be
conveniently expressed in terms of the absorbance:
1 2
Ay = < CVemon = V-op) ) RL = 20-Log(1 — A,) @)

being A, the absorbance of the modulator in the off state. The

From eq 5, it turns out that, to minimize the switching
ER can be calculated as follows:

energy, a low value of A = (V, _,, = V, _ ) is crucial. On an

optical point of view, the three main figures of merit (FOM)

are (i) the insertion loss (IL), intended as losses in dB ER = 20-Log — Ap

associated to the off state of the modulator; (ii) the extinction 1 — Ay (8)

ratio (ER) that represents the difference in dB between losses

in the on and off states of the modulator; and (iii) the ratio Let us begin with the simple case of the switching of the

ER/IL. However, in our case, the thick bottom metal does not pseudo-cavity modes illustrated in Figure 2il. The gating

allow one to work in transmission and the IL has to be configuration for this particular case is the one shown in Figure
D https://dx.doi.org/10.1021/acsanm.0c02690
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https://pubs.acs.org/doi/10.1021/acsanm.0c02690?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.0c02690?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.0c02690?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.0c02690?fig=fig3&ref=pdf
www.acsanm.org?ref=pdf
https://dx.doi.org/10.1021/acsanm.0c02690?ref=pdf

ACS Applied Nano Materials

www.acsanm.org

Table 1. Electrical and Optical Performances of the Systems Described in Figure 3a,c,e

switching frequency 4 (nm)
GIM (Figure 3a) ~15 GHz 425 6.5
GIM (Figure 3c) ~450 MHz 330 0.56
multilayer GIM (Figure 3e) ~40 GHz 1245 0.13

Vg —on (V)

Ve — o (V) energy/bit capacitance (fF) RL (dB) ER/RL
32 2 pJ/Bit ~9 1.77 0.8
1.2 36 fJ/Bit 355 2.54 0.46
2.85 40 fJ/Bit 20 3.35 1.27

3a, while the equivalent circuit is the one shown in the inset of
Figure 3d. Here, the series resistance R; = 1 k€ and being the
value of R, negligible with respect to R, its value has been
embedded within it. The capacitance C,py is the so-called
Maxwell-Wagner capacitance that is negligible in the gigahertz
range.”’ The thick oxide layer (400 nm) ensures a small
capacity (~9 fF) to which a high switching speed of ~15—20
GHz is associated. It has been shown in Figure 2i that the
switching of the modes follows a logistic curve tracing the
footprint of the Fermi—Dirac distribution function. Therefore,
the dependence of the absorbance on the chemical potential
shows a typical logistic trend that allows us to fit the
absorbance curves of Figure 2i with a classic logistic curve
following the Boltzmann distribution:

Ay — Aﬁn
A(ﬂf) - 1+ Hm/t + Aﬁ” (9)

For the mode at 425 nm, A, and Ay, are the absorbance
values at g, = 0 eV and p, = 0.3 €V, respectively, u. is the
varying chemical potential, ¢ is the decay constant that can be
conveniently measured in eV per absorbance unit since it
determines the slope of the absorbance variation while
increasing the chemical potential, and, most importantly, u,
is the chemical potential at the center of the logistic curve. In
this case, u, is also the value at which the absorbance value is
decreased by a 1/e factor with respect to its starting value. The
results of the fit are compared with the original curve in Figure
3b. The fitting parameters for the absorbance curve at 425 nm
of Figure 3b are as follows: A, = 0.317, Ag;, = 0.03, t{eV/abs —
unit] = 0.026, and p,[eV] = 0.156.

The modulation can, therefore, be carried out by switching
the system of Figure 3a between y, _ . = 0.07 eV (A - 0.97,
off state) and p, = 0.156 eV (A,/e, on state), with Ay = 0.086
eV. We obtain AE, ~ 2 p]/bit and V, = V,(u,) = 32V and

Vy— o = Vo(pte = 0.07 eV) = 6.5 V. From the optical point of
view, this modulator shows a noticeable ER/IL ratio of ~0.8,
together with a very low RL = 1.77 dB. One way to reduce the
back-gate voltage is to reduce the thickness of the oxide. To
this aim, the plasmonic modes sustained by the IM bilayer are
ideal since they are confined in a very thin dielectric layer. It
should be said here that working with nanometrically thin
oxide layers introduces gate leakage currents whose effect can
be mitigated if a so-called high-k dielectric is used. In our
analysis, however, we can neglect this effect since the driving
voltages are sufficiently low to ensure the validity of the
calculations. From the analysis carried out in Section S-2 of the
Supporting Information, it turns out that the IM structure
sustains modes at ~330 nm confined at the interface between
Ag and the 10 nm-thick SiO, dielectric layer. The gating
configuration is the one shown in Figure 3¢, while in Figure 3d,
the switching trend of the 330 nm mode is reported. Once
more, the mode switching follows a logistic trend that can be
fitted through eq 9 with the following parameters (absorbance
curve at 330 nm of Figure 3d): Ay = 0.36, Ay, = 0.11, t[eV/abs
— unit] = 0.026, and p,[eV] = 0.198.

The electrical and optical figures of merit can be calculated
by following the same procedure as before. The switching
speed is ~450 MHz. This value is lower than that of the
previous configuration due to the increased capacity of ~355
fF resulting from the thin oxide. On the other hand, as
expected, the back-gate voltages are significantly lowered
between 0.56 V (off state) and 1.2 V (on state). Moreover, the
switching energy results in more than 1 order of magnitude
lowered (AEg ~ 36 {]/bit). The RL value for this structure is
~2.54 dB with an ER/RL ratio equal to 0.46. If, on one hand,
the previous configuration solves the problem of the back-gate
voltage and switching energy, it has the main drawback of
operating in the UV range. A wise way to move the operative
wavelengths toward the infrared while keeping a sufficiently
high switching speed and low energy consumption is to stack
multiple graphene/SiO, bilayers on top of Ag, as shown in
Figure 3e. From the optical point of view, this is equal to
consider an effective dielectric with increased thickness with
the benefit of moving the resonance toward the red spectral
range to access the optical telecommunication band (O-band).
From the electrical point of view, the equivalent capacitance
seen between the two electrodes is the series of as many
capacitances as the number N of graphene/SiO, bilayers. Since
all the capacitances are equal to each other, the equivalent
capacitance results equal to C/N, being C the capacitance of
the single graphene/SiO,/graphene cell. To this aim, we
consider a stack of N = § graphene/SiO, bilayers on top of Ag.
Here, SiO, is 35 nm-thick. The resulting multilayer shows a
mode at 1245 nm at the high-energy edge of the O-band of the
optical telecommunication range. This mode can be switched
on and off as well while increasing the voltage between the two
electrodes, showing the typical logistic slope that can be fitted
via eq 9, as shown in Figure 3f. For this particular mode (at
1245 nm of Figure 3f), the fitting parameters are as follows: 4,
= 0.64, Ay, = 0.01, t[eV/abs — unit] = 0.025, and p,[eV] =
0.07.

The equivalent circuit associated with this configuration is
sketched in the inset of Figure 3f. It is important to point out
here that the equivalent circuit proposed in the following
description is used to characterize only the electrostatic
behavior and in no way is related to the optical properties of
the structure. The equivalent capacitance seen between the
electrodes is equal to 20 fF, the lowest among the analyzed
graphene/IM configurations. Such a low capacitance allows us
to reach a remarkable switching speed of ~40 GHz. The
switching range can be readily obtained from the fit, lying
between 0.13 V (off state) and 2.85 V (on state) associated
with a switching energy consumption of ~40 fJ/bit. From an
optical point of view, this configuration shows a remarkable
ER/RL ratio of 1.27, mainly due to the high ER associated
with the curve of Figure 3f. The performances of the structures
illustrated in Figure 3a,c,e are summarized in Table 1.

Metal/Insulator/Graphene/Insulator/Metal Struc-
tures. A more efficient way to confine light is provided by
metal/insulator/metal (MIM) cavities. The system we
consider in this section is made of a Ag/SiO,/Ag MIM in
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Figure 4. (a) Sketch of the MIGIM system highlighting the gating configuration. Absorbance map as a function of the chemical potential for
graphene-embedded MIM cavities in which the thickness of the SiO, layers is equal to (b) 70 nm, (c) 100 nm, (d) 150 nm, and (e) 220 nm. The
white arrows highlight the position of the absorbance kink, while the associated insets show a zoom around the kink. (f—i) Absorbance plots at the
resonances associated with each SiO, thicknesses shown in (b)—(e). In (f)—(i), the local absorbance minimum associated with the presence of the
kink is well distinguishable for a particular chemical potential, highlighted with a black arrow. (1) Map showing the chemical potential at which the
kink manifests as a minimum in absorbance for a particular cavity mode (i.e., the thickness of SiO, layer). (m) Comparison between the chemical
potential at which the kink occurs for a specific cavity mode (i.e., the thickness of SiO, layer; green curve) and the chemical potential that produces
a local maximum in the real permittivity of the bare graphene at the same wavelength of the cavity mode (i.e., the thickness of SiO, layer; black
stars). The perfect matching confirms that the local maximum in the real dielectric permittivity of graphene is responsible for the kink in

absorbance.

which the three-sheet graphene layer is embedded in the
middle of the dielectric layer to obtain a metal/insulator/
graphene/insulator/metal (MIGIM) stack, as sketched in
Figure 4a.

Here, Ag is 30 nm. The optical response of the MIGIM is
very similar to that of a MIM, but despite the exiguous
thickness of the graphene layer, its influence in the dispersion
of the cavity mode is significant. In the map of Figure 4b—e, it
is shown the modification of the absorbance of the MIGIM
structure while increasing the thickness of each of the two SiO,
layers between 70 nm (Figure 4b), 100 nm (Figure 4c), 150
nm (Figure 4d), and 220 nm (Figure 4e). Each panel reports
the associated dependence of the absorbance on the chemical
potential of the graphene layer. As in the case of common
MIM cavities, the peak in absorbance corresponds to a

resonance, red-shifts while increasing the thickness of the
cavity.””**™** As shown in Figure 4b—e, by increasing the
chemical potential, the absorbance value at the resonant
wavelength can be strongly attenuated, allowing to turn the
modes on and off within the first 0.2 eV. Moreover, a closer
inspection of Figure 4b—e reveals a kink in the absorbance
peak, highlighted with a white arrow, occurring at different
chemical potentials for different SiO, thicknesses. In the inset
of each panel, a zoom around the kink is reported. The spectral
deviation of the resonance occurring at the kink results in an
absorbance minimum at a specific chemical potential (high-
lighted with a black arrow in Figure 4f—i). Therefore, the
chemical potential at which the kink occurs for a specific
resonant wavelength (i.e., dielectric layer thickness) can be
identified as the local absorbance minimum in the map of
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Figure S. (a) Sketch of the Ag/SiO,/graphene/SiO,/Ag (30 nm/1000 nm/1 nm/1000 nm/30 nm) MIGIM modulator, together with the wiring
scheme. (b) Differential transmissivity AT/T (%) map around the kink spectral range. (c) Differential transmissivity AT/T (%) at y, = 10S eV, in
correspondence to the modulation maxima. (d) Modulation depth AT/T (%) as a function of the chemical potential calculated at lambda = 5375
nm (positive AT/T maximum), showing the effective operation range.

Figure 4l. This complete portrait of the kink/u, trend sheds
light on the origin of this behavior. The kink stems from the
particular shape of the real part of the dielectric permittivity of
the bare graphene that manifests a local maximum in the
proximity of the epsilon-near-zero (ENZ) point (see the
Materials and Methods and Figure Sla in the Supporting
Information). When the wavelength of the local maximum in
the real part of the permittivity matches the resonance of the
MIGIM system, the effective permittivity of the “IGI” core
layer of the cavity increases, inducing a red-shift of the
resonance. This occurs only at a specific chemical potential. To
confirm this, in Figure 4m, we compare the chemical potential
at which the kink-driven absorbance minimum occurs for a
specific cavity mode (i.e, dielectric layer thickness; green
curve) with the chemical potential that produces the local
maximum in the real permittivity of graphene at the same
wavelength of the cavity mode (stars). The perfect matching
between these two quantities confirms the explanation given
before. Thanks to the versatility of this configuration and to
the straightforward capability to modify their resonant
wavelength, cavity modes occurring in MIM resonators have
been recently employed as ultrafast (sub-3 ps) optical
modulators.”® The absorbance switching properties shown in
Figure 4b—i can be exploited for this purpose as well. As an
additional advantage, MIM resonators can be easily engineered
to work in the NIR-MIR range, being this the spectral region of
interest of this paper. The spectral modulation performances of
a device can be evaluated in terms of the differential
—Log(%), where T(t) is the trans-
mittance at a time ¢ after the application of the modulation
stimulus that, in our case, is a variation of the chemical
potential, and T(t,) is the reference transmissivity at the
starting point.”*°~*" It is worth noticing that analogous figures
of merit can be considered, associated to the other scattering

s AT
transmissivity -

parameters (i.e., differential reflectivity and absorbance), but
for our purposes, detecting transmissivity is very convenient
since it allows one to minimize the insertion loss and maximize
the extinction ratio. Therefore, by considering a time-
dependent modulation of the applied chemical potential, we
can redefine the differential transmissivity as a function of the

T(u,) )

T(u,)
where p is the starting chemical potential and p; is the
chemical potential at the ith instant. From eq 5, it follows that,
to minimize V,, both the chemical potential and the thickness
of the capacitor have to be small. However, from Figure 41,m, it
turns out that the MIGIM configuration forces a trade-off
between these two quantities. Indeed, to make the kink occur
at lower chemical potentials, the thickness of the dielectric
layers has to be increased. Therefore, since the dependence on
the chemical potential in eq S is quadratic while the
dependence on the thickness is linear, it is convenient to
minimize y, at the price of a high d. As an additional benefit,
the resonance is moved toward the IR range.

To keep u. below 0.2 eV, we set the thickness of the SiO,
layers equal to 1000 nm, as sketched in Figure Sa, where the
gating configuration is shown as well. The value AT/T
calculated within the entire modulation range between 5300
and 5500 nm is provided in Figure 5b, revealing a modulation
depth of about +80% in the on state (u. _ ,, = 0.106 eV) with
respect to the off state (u, _ of = 0.135 eV) as shown in Figure
Sc. The energy/bit consumption needed to switch between
Hec - ofp and pi. _ ,, is about 3.5 fF/bit. These values are in line
with high-%performance systems recently reported in the
literature.”””~*" Since this configuration is used in trans-
mittance, it is possible to properly calculate the insertion loss
parameter, expressed as

. . . AT
chemical potential rather than time as —- = —Log(

IL = 20-Log(T,;) (10)
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Table 2. Electrical and Optical Performances of the System Shown in Figure 5a

switching frequency (GHz) 4 (nm)  V,_,, (V)  V,_ . (V)  energy/bit (pJ/bit)  capacitance (fF) IL ER/IL  depth (%)
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Figure 6. (a) Comparison between the real dielectric permittivity of graphene calculated at the chemical potentials indicated in the legend (in eV)
and —&§,, highlighting the crossing wavelengths between them. Real (b) &) and (c) &, of the graphene/SiO, 1/1 nm HMM. & shows zeros where

€, manifests poles, confirming the occurrence of the dielectric singularity. (d) Sketch of the complete HMM (graphene corresponds to red layers
while the white ones are SiO,), together with a zoom within the unit cell made of a three-sheet (1 nm-thick) graphene layer on top of a 1 nm SiO,
layer. (e) Dielectric singularity wavelengths as a function of the chemical potential.

which, in this case, is equal to 1.62 dB. The extinction ratio can

be redefined as

on

ER = 20-Log|

Ly (11)
and is equal to 1.54. The ER/IL ratio for this system is equal to
0.95. The performances of this architecture are resumed in
Table 2.

Ultra-High-Resolution and Attojoule Modulation in
Graphene/SiO, HMMs. If a suitable number of bilayers is
provided, the graphene/SiO, multilayer forms a so-called
hyperbolic metamaterial (HMM). HMMs are receiving always-
growing attention in the frameworks of photonic and
plasmonic technologies since their optical response can be
easily engineered to sustain extreme propagation regimes and
to enable unprecedented light confinement.*”~* The most
common HMM architecture consists of a metal/dielectric
multilayer, whose local optical response can be described
employing an effective uniaxial dielectric tensor. Its compo-
nents are as follows:

o = t€ + t,.Em

e, (12)
£ = gdgm(td + tm)

T ote t e, (13)

where t; and t,, are the thickness of the dielectric and metallic
layers, respectively, and &; and €, are their dielectric
permittivities. If losses are negligible, when ¢; = ¢, and ¢, =
— &4 eq 12 manifests a zero while eq 13 a pole. Such a

condition is known as the canalization regime and the
wavelength at which it occurs constitutes a so-called dielectric
singularity representing the separation wavelength between
two extremely anisotropic regimes called type I and type
IL>**~* In this regime, the HMM can be used as a near-field
lens with a resolution far better than classic glass-based optics,
limited mainly by the periodicity of the HMM.”* The atomic
thickness of graphene plays a crucial role in this view since it
allows one to design HMMs with nanometric periodicity.*’
The particular HMM proposed hereafter consists of a stack of
graphene, which plays the role of the metal, and SiO,. Here, t;
= ty = tyaphene & 1 nm, considering a three-sheet graphene
layer. Figure 6a shows the real dielectric permittivity of
graphene calculated at six different chemical potentials,
compared with —&g;,. The crossing points between &g, (44.)

and —¢gp, are those at which the condition ¢, = — ¢, is
fulfilled and correspond to the dielectric singularities occurring
in the graphene/SiO, HMM at each chemical potential.

The real part of the effective parallel (eq 12) and
perpendicular (eq 13) permittivities of the complete HMM
made of 10 graphene/SiO, bilayers is shown in Figure 6b,c,
respectively. In correspondence to the crossings points

between €genc(H:) and —eg;o, shown in Figure 6a, &) shows

a zero while &, a pole, confirming the occurrence of the
canalization regime at those wavelengths. In Figure 6d, a
sketch of the complete metamaterial is given, and in the inset, a
zoom of the HMM unit cell, consisting in a three-sheet (1 nm-
thick) graphene layer placed on top of a 1 nm SiO, layer, is
depicted, showing also the electrical gating configuration. In
this architecture, an ITO coated glass has to be used to ensure
both transparency, essential for the lensing application, and
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Figure 7. (a) Near-field modulus of the electric field (IEl) simulated by means of Lumerical Commercial software, obtained by exciting the
graphene/SiO, HMM at the canalization wavelength of 4985 nm (0.14 eV). (b) |El at the exit layer demonstrating a canalization factor of about 1/
830. (c) |El profile, showing the nanometric resolution of two SiO, rectangular objects placed on top of the HMM, separated by a 3 nm
interdistance. (d) |El at the exit layer demonstrating a resolving power of 1/1660 nm. (e) 3D logo “tehris” on top of the HMM to be resolved at the
exit layer. (f) Imaging simulation conducted in the effective dielectric region (4 = 1000 nm) and (g) at the canalization wavelength A = 2054 nm

(0.37 eV), demonstrating a 3D resolution of more than 4/200.

conductivity for the electrical gating. Such a scenario is made
possible by the recent advances in graphene deposition
methods that allowed one to fabricate graphene-based
conductive substrates using a variety of conductive layers.”
The wavelengths at which the dielectric singularities occur are
plotted in Figure 6e while varying the chemical potential,
demonstrating a tunability range covering the entire NIR
spectral window, and extending up to 5 ym in Figure 7a, it is
shown the modulus of the electric field |El calculated via
COMSOL Multiphysics simulations, exciting the graphene/
SiO, HMM from a vertically oriented electrical point dipole at
the canalization wavelength of 4985 nm (y, = 0.14 eV) placed
on top of the structure. The value of |El along the exit layer of

the HMM is plotted in Figure 7b and fitted with a Gaussian
curve. This analysis reveals a full width at half-maximum
(FWHM) of ~6 nm, resulting in a remarkable confinement
factor of about 1/830. The resolving power of an optical
system is usually defined as the minimum distance at which
two separated objects are still distinguishable.””’ To
investigate the resolving power of the proposed HMM acting
as a near-field lens, we simulated the case in which two
dielectric rectangular objects are placed on top of the HMM.
In particular, their interdistance is 3 nm, while their
dimensions are as follows: W = 3 nm and h = 10 nm. The
two objects are supposed to be made of SiO,. In this case, the
system is excited from a user-defined port with a mono-
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Figure 8. Propagation regime switch from (a) canalization regime (¢, = 0.2 eV) and (b) type II anisotropy (¢, = 0.204 €V) at 3650 nm. The type II
regime is confirmed by the occurrence of the typical resonance cone pattern. Simulations are carried out by COMSOL Multiphysics, exciting with a

vertically oriented dipole placed on top of the HMM.

chromatic wave at 4985 nm (u, = 0.14 eV) as before. The
calculated |El is shown in Figure 7c. To enhance the readability
of the picture, we adopted a different color scale, whose values
are mapped in the color bar placed aside. Also, we show in
Figure 7d, the value of |El all along the exit layer of the HMM.
The pattern reveals the presence of two maxima whose peak-
to-peak distance is equal to the center-to-center distance
between the two rectangular elements. Fitting the |E| pattern
with a double Gaussian curve, it is clear that the amplitude of
the dip between the two Gaussian curves goes far below 1/e,
confirming that the two rectangular elements can be resolved
by the HMM, down to a minimum interdistance of 3 nm. This
corresponds to a resolving power of ~A1/1660. The hyper-
resolution imaging properties of our structure have been
further tested via 3D COMSOL simulations. In our analysis,
the logo “tehris” shown in Figure 7f has been placed on top of
the previous HMM and illuminated via a periodic mono-
chromatic port. Here, both the thickness and the minimum
width of the bar of the letter ¢ is 10 nm. The logo is made of
SiO,. To show the versatility of the proposed architecture, this
time we have chosen p, = 0.37 eV so that the canalization
wavelength occurs at 4 = 2054 nm. We simulated two different
wavelengths: (i) 1000 nm and (i) 2054 nm (the canalization
wavelength). Despite classic optics that would predict a more
than doubled resolution in this case, Figure 7g shows that it is
not possible to resolve the 3D logo when illuminating with 4 =
1000 nm. On the contrary, the logo is perfectly resolved if the
analysis is carried out at the canalization wavelength of 2054
nm, as shown in Figure 7h. Also, in this case, a remarkable
resolution of about A/200 is demonstrated. In the end,
although the HMM perfect lens is thought to be used in a
steady-state configuration, the presence of graphene still allows
one to switch the system on and off. The electrical gating
configuration is the one described in the sketch of Figure 6d.
The advantage of working across the dielectric singularity is
that, as such, the canalization wavelength is extremely sensitive
to any change in the dielectric permittivity of the employed
materials. For example, if the chemical potential of the
graphene layers is changed from 0204 to 0.2 eV, the
canalization wavelength undergoes a 65 nm blue-shift from
3650 to 3585 nm. This means that, if a graphene/SiO, HMM
is used as a perfect lens at A = 3650 nm (biased at a chemical
potential of 0.2 eV), a 4 meV variation of the chemical
potential of the graphene layers is sufficient to switch the
behavior of the HMM at A = 3650 nm from the canalization
regime (Figure 8a) to the deep type II anisotropy, in which the
near-field propagation occurs via a very characteristic pattern
called resonance cones (Figure 8b).>>?

Moreover, even though the 1 nm SiO, layer considered here
results in a relatively large capacitance value (3.5 pF), the
HMM benefits of the same advantage of the configuration in
Figure 3e since the series of N equal capacitances (where N is
the number of bilayers by which the HMM is made of) lowers
the equivalent capacitance of a factor N. The total capacitance
of the HMM is therefore given by the series of the N
capacitances associated to the N unit cells: C,, = C/N.
Considering a SiO, layer of 1 nm and a surface equal to 107"
m? (a square of 10 10 gm X10 ym), C,, = 0.35 pF. The time
constant can be calculated as expressed in eq 1, giving a
switching frequency of about 500 MHz. The switching energy
per bit can be calculated via eq 5 and is equal to 2.5 aJ/bit,
demonstrating the possibility to achieve ~500 MHz attojoule
modulation. In fact, since C,, can be very small, it is plausible
to expect a very small energy/bit consumption in the order of
aJ, even despite the fairly high value of the back-voltage V.
The IL and ER can be calculated directly from Figure 8b so
that IL = 40 dB and ER = 26 dB. Such a high insertion loss
value is given by the very reflective nature of the type II regime
that attenuates the impinging radiation of 2 orders of
magnitudes. On the other hand, the remarkable difference
between the transmitted intensity in the canalization (Figure
8a, being the on state) and type II (Figure 8b, being the off
state) regime provides a very high extinction ratio of 26.
Therefore, the ER/IL figure of merit is equal to 0.65. The
performances of the graphene/SiO, HMM as an electro/
optical modulator working at the canalization wavelength are
summarized here: switching frequency = 500 MHz, 4 (nm) =
3065, V0 = 0.133V, V, _ ;= 0.138 V, energy/bit = 2.5 aJ/
Bit, capacitance = 0.354 pF, IL = 40 dB, and ER/IL = 0.65.

It is worth saying that embedding a gain material as a
dielectric layer within an HMM already demonstrated valid to
increase the signal at the exit layer of the HMM."” Such a
solution could be seen as a perspective to attenuate the high
value of IL typical of this configuration.

B MATERIALS AND METHODS

Dielectric Permittivity and Tuning of the Epsilon-Near-Zero
Wavelength of Graphene. The dielectric permittivity of graphene
has been calculated via the widely used Kubo formalism, reported also
in Section S-1 of the Supporting Information.”*~>* All over this work,
we opted for a three-sheet graphene layer, a configuration belonging
to the class of the usually called “few-sheet graphene layers”, whose
validity in optoelectronic applications has been widely proven and
which have been found able to sustain novel phenomena like tunable
superconductivity in Moiré superlattices.*”~®> Moreover, a three-sheet
graphene layer results in a ~1 nm-thick layer, which is very
convenient for the design of metamaterial architectures, keeping our
calculations in a framework of experimental feasibility. The dielectric
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permittivity of a three-sheet graphene layer is shown in Figure Sla
(Supporting Information) for six different chemical potentials. If the
chemical potential is smaller than 0.055 eV, the real part of the
dielectric permittivity of graphene is always negative. Above 0.55 eV,
the real part of the dielectric permittivity crosses zero in the infrared
range, reaching a propagation regime known as epsilon—near-zero.63”64
The ENZ wavelength of graphene can be tuned by changing its
chemical potential (see also Section S-1 of the Supporting
Information for details), electrically doping the graphene layer
applying an external voltage. The complete ENZ wavelength
modification is shown in the inset of Figure S1b. Above 0.07 eV,
the ENZ wavelength undergoes an exponential blue shift as the
chemical potential is increased, as shown in Figure S1b.

Dielectric Permittivity of Ag and SiO,. In our simulations, Ag is

modeled with the well-known Drude free-electrons dispersion:®®
] @)
&y

= 800 -
o” — iyw (14)
where ¢, = 5.75, w, =9.1 eV, and y = 0.021.

SiO,, instead, is modeled with the Sellmeier’s expression valid for
the VIS-NIR range:66

0.6961663-1* 0.4079426-1*
&0, = 1+ [ 2 2 2
2% = 0.0684043 1% = 0.1162414

( 0.8974794-1> ]

2 = 9.896161° (15)

Scattering Matrix Method Simulations. A standard SMM code
adapted from ref 67 in MATLAB has been used.

COMSOL Simulations. Full-field simulations were carried out by
exciting either with a vertically oriented dipole or with a
monochromatic plane wave via a user-defined port, on the back of
which suitably meshed perfectly matched layers have been applied. At
the lateral boundaries, continuity boundary conditions were
implemented to simulate infinite domains.

Lumerical Simulations. The simulation of Figure 7f,g exploits a
three-dimensional finite-difference time domain (3D-FDTD) method,
using a commercially available software (Lumerical), to examine the
electromagnetic field distribution in the proximity of the dielectric
material (SiO,) placed on top of the hyperbolic metamaterial
(HMM), described in our manuscript. After setting the simulation
domain and the material properties, we added perfectly matched
layers (PMLs) to prevent unphysical reflections from outer
boundaries. The domain uses a conformal mesh, which has more
accurate steps at the interfaces resolving the most critical dimensions.
We defined an override mesh to adjust the mesh grid size in proximity
of the pattern, which rendered a superior discretization of the physical
object and improved the convergence. Three monitors across the
entire simulation domain through the PMLs were placed along the
orthogonal planes and used to calculate the electric field at specific
point, in particular, at the HMM-dielectric surface (x—y plane), and at
the two cross-sections (x—z and y—z planes) for emphasizing the
canalization regime.

B CONCLUSIONS

In conclusion, in this paper, we traced the route to reach a
nanometric resolution in the NIR-MIR spectral range. The
resolution performances in the NIR-MIR range overcome
those of typical imaging apparatus in the visible range. To
achieve this, we designed graphene-based metal/insulator
architectures exhibiting broadband tunability by electro-
chemical gating. The designed structures manifest also
excellent performances as electro/optical modulators. We
investigate several graphene-based metamaterial architectures
with different degrees of design complexity, aiming to target
specific trade-offs in terms of NIR-MIR light confinement and
electro/optical modulation performances. Despite the fact that

each configuration optimizes one aspect at the expense of
another, the best trade-off has been achieved in the case of a
graphene/SiO, HMM working across the dielectric singularity.
We provide numerical evidence that the system can be used as
a tunable near-field perfect lens with a resolving power down
to 4/1660 in the MIR range that allows to image 3 nm objects
illuminating at a 4985 nm wavelength. To further test the
imaging capabilities of this system, we investigated via
COMSOL simulations a 3D framework in which the
nanometric logo “tehris” has been placed on top of the same
HMM. A resolution equal but not limited to ~A/200 is
reached. The HMM featuring a dielectric singularity proved to
be the perfect platform to optimize both the electrical and
optical conditions to achieve ultrafast and attoJoule modu-
lation performances. Indeed, this architecture offers the double
benefit of reducing both the equivalent capacity of the
modulator and the back-gate voltage switching range since,
working over a resonance, a small change of the chemical
potential switches the device from the canalization to a very
reflective light propagation regime. These unique conditions
allowed us to calculate a switching speed in the order of 500
MHz with 2.5 aJ/bit energy consumption. As a perspective, it
can be noticed that the intrinsic limitations stemming from the
time constant associated with the RC circuit necessary to the
electrical-driven modulation can be overcome via an all-optical
photogeneration of electrons and holes in graphene. The all-
optical technique opens to the modulation of light intensity,
polarization, and phase at terahertz frequencies.”®” " The light
confinement, resolution, broad tunability, low power con-
sumption, and ultrafast switching properties reported in the
paper make the proposed architectures the ideal platforms for
both optical and non-invasive biological studies in the NIR-
MIR window future developments in terahertz and new-
generation optoelectronics, envisioning ultrafast and low-
power all-optical switching.
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