3
S WITCHABLE DIFFERENTIATION
This chapter extends the concept of all-optical processing via metasurfaces to the world of
devices to achieve real-time control of the mathematical operation imparted on an input
projected image. To do so, a metasurface sustaining a Fano resonance similar to those
described Chapter 2 is combined with an electrically gated WS2 monolayer.
The first section provides a brief introduction to excitonic resonances in quasi–2D transition metal dichalcogenides materials. The strong effect caused by carrier injection on the
optical properties of the layer can be leveraged to actively tune the metasurface transfer
function. Next, an optimized design for switchable edge detection is presented and numerically tested demonstrating reliable on-demand high-pass filtering. In Section 3.3, nanofabrication of the designed structure is presented step-by-step. Finally, the fabricated sample is tested both optically and electrically showing small yet promising reflectance modulation as a function of the external bias applied, showing the potential of switchable
all-optical edge detection using a hybrid metasurface–2D-TMD platform.
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HE possibility of shaping the wavefront of optical fields in k-space via thin metasurfaces opens new avenues for analog signal processing, as discussed in depth within
Chapter 2.
Despite the tremendous recent advances and growing attention to this research field,
the functionality of metasurfaces designed for analog computing remains static. Nonetheless, in many emerging applications (e.g. artificial intelligence, machine learning, computer vision, etc.), tunable or switchable devices performing mathematical operations
in an analog fashion on impinging signals are highly desirable.
Actively controlling a metasurface’s functionality essentially requires the possibility
of distorting its geometry and/or manipulating the refractive index of one of its constituting materials [1–6]. Among a plethora of interesting solutions, Transition Metal
Dichalcogenide (TMD or TMDC) monolayers are acquiring a central role in the emerging
field of tunable metamaterials [7, 8]. Indeed, these materials can achieve large changes
in their refractive index in the visible spectral range [9, 10], high switching speed, and are
compatible with Complementary Metal-Oxide-Semiconductor (CMOS) circuits.
The work presented in this Chapter analyzes whether the tunability of monolayer
TMDs can be combined with metasurfaces featuring a designer response in k-space
to realize a device whose image processing capabilities can be controlled electrically.
Specifically, the excitonic optical response of WS2 is used to modify the transfer function
(i.e. angle-dependent reflection) of a high-index grating sustaining a quasi-guided mode
along its surface. In turn, the possibility to electrically suppress the excitonic oscillator
strength is leveraged to actively modulate the reflection.

T

3

3.1. E XCITONIC EFFECTS IN 2- DIMENSIONAL TMDC S
Excitons are excited states of a crystal consisting of an electron and associated hole attracted to each other by Coulomb forces. It is possible to distinguish between two basic types of excitons: Frenkel excitons (or small–radius excitons) that are tightly bound
within the same or nearest–neighbor unit cell and Wannier–Mott excitons (or large–
radius excitons) that extend over many lattice constants. In the latter case, the exciton
behaves like a quasi–particle that can freely move inside the crystal. In the following,
only Wannier–Mott excitons are discussed as these are dominant for most semiconductors and few-layers TMDs.
The exciton motion can be conveniently decomposed into a center–of–mass (CM)
motion and a relative motion of the electron and hole about the CM. The exciton CM can
be thought of as free particle of mass M = m e + m h (where m e and m h are the electron
and hole effective masses respectively) and wavevector K , thus having a kinetic energy
E ke =

ħ2 K 2
.
2M

(3.1)

The relative motion, on the other hand, is governed by the Coulomb potential energy
U (r ) = −

e2
,
4π²0 ² r

(3.2)

where r is the electron–hole distance and ² is the crystal dielectric constant and, in a first
approximation, is analogous to that of an electron and a proton in the Bohr model of the
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Figure 3.1: a Wannier–Mott exciton dispersion relation. The bound stated are indicated by blue solid lines
while the shaded light-blue area corresponds to the continuum states. The electronic ground state (with no
excitons and fully occupied valence band) is chosen as zero energy. b Schematic representation of excitons in
bulk and monolayer TMDCs.

hydrogen atom. Similarly, there are quantized bound states labeled with the principal
quantum number n and continuum states in which the excitons are ionized into free
electrons and free holes. Hence, the total exciton energy is
E ex = E g +

ħ2 K 2 E b
− 2.
2M
n

(3.3)

where E g is the bandgap and E b is the exciton binding energy corresponding to the
ground state n = 1 (see Fig. 3.1a). The high dielectric constant of typical semiconductors implies a low binding energy (e.g. 4.2 meV for GaAs and 14.7 meV for Si). In fact, the
exciton can be stable and exist only if the attractive Coulomb in Eq.(3.2) is strong enough
to prevent the exciton from ionization due to collisions with phonons, namely E b has to
be greater than k b T (where k b is the Boltzmann constant and T is the temperature).
Hence, excitons in most semiconductors are present only at cryogenic temperatures as
k b T ∼ 25 meV at room temperature.
In this context, layered materials called Transition Metal Dichalcogenides (TMDs or
TMDCs) have recently attracted great attention [11, 12], given their unique excitonic
properties. These are of the chemical form MX2 where M is a transition metal (e.g. Mo, W,
etc.) and X is a chalcogen (e.g. Se, S, etc.). The typical structure of each layer consists of
a triangular lattice of transition metal atoms sandwiched between two triangular lattices
of chalcogen atoms. Strong covalent bonds hold each layer together while weak van der
Waals forces govern inter-layer bonding. This latter weak interaction allows the isolation
of single monolayers via simple micromechanical cleavage [13, 14]. Interestingly, the
electronic and optical properties of these quasi-two-dimensional TMDs differ dramatically from those of their bulk counterparts; for example, MoS2 and WS2 are indirect–gap
semiconductors in their bulk state but transition to direct–gap semiconductors in the
monolayer limit [15, 16]. Furthermore, excitons in monolayer TMDs are strongly confined and experience reduced screening due to the change in the dielectric environment.
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Figure 3.2: a Dielectric function ² of an MBE–grown WS2 monolayer experimentally obtained via spectroscopic
ellipsometry. b Measured reflectance spectra of an MBE–grown WS2 monolayer on a SiO2 /Si substrate (SiO2
thickness ∼ 310 nm) and of the bare SiO2 /Si substrate.

Intuitively, in the monolayer limit, most of the electric field lines connecting electron and
hole lie in a medium with a lower dielectric constant resulting in a higher Coulomb attraction (see Fig. 3.1b). For these reasons, typical binding energies are in the range of
0.5 eV (0.32 eV for WS2 [17]) and excitons are stable also at room temperature.
The presence of stable excitons dominates the optical properties of monolayer TMDs.
Figure 3.2a shows the dielectric function ² of a WS2 monolayer measured via spectroscopic ellipsometry. The peaks in the imaginary part of the dielectric function ²2 , and the
corresponding (via Kramers–Kronig relations) anomalous dispersion in the real part ²1 ,
indicate light’s resonant coupling to the exciton ground state (n = 1)1 and can be modeled by a set of Lorentzian oscillators [21, 22]. Specifically, it is possible to distinguish
two different exciton peaks, labeled A and B in Fig. 3.2a, corresponding to two different
direct–gap transitions as the valence band is split at the K point of the Brillouin zone due
to spin-orbit coupling [15, 16, 23].
The exciton resonance effects in the dielectric function readily translate into the Fresnel coefficients of the monolayer and thus on its reflectance. As shown in Fig. 3.2b,
the Fabry-Pérot reflectance2 spectrum of a thin (∼ 310 nm) silica layer on a Si substrate
changes as a WS2 monolayer is added on top, with two features appearing at the wavelengths corresponding to the A and B exciton resonances.
An alternative but equally insightful way of understanding how light interacts with
excitons is to model them as a collection of oscillating dipoles that can re-radiate part of
the absorbed light [24, 25].
The description so far concerns the interaction of excitons with light. Nonetheless,
excitons in TMDs can also be manipulated from an electronic perspective via gating. To
do so, the monolayer is integrated in a standard MOS (Metal-Oxide-Semiconductor) capacitor [28, 29], as schematically illustrated in Fig. 3.3a. Figure 3.3b shows the calculated
1 A detailed and rigorous quantum derivation of ² starting from the exciton energies in Eq.(3.3) and corre2

sponding wavefunctions employing Fermi’s Golden Rule can be found in Refs. [18–20].
2
11 | while S 11 will be referred to as reflection (see Appendix A).

2 Following the s-matrix formalism, here the reflectance is labeled |S
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Figure 3.3: a Schematic of the device. The carrier density in WS2 is tuned by applying a voltage Vg between the
Au electrode and the n-type Si substrate. b Calculated [26] energy band diagram of an MOS capacitor made of
Au (work–function 5.1 eV), SiO2 (20 nm), and n-type Si (dopant concentration ∼ 1018 cm−3 ). For the sake of
simplicity, this calculation does not take into account the WS2 monolayer. c Calculated Fermi level of Au from
panel b and energy bands of WS2 [14]. d Fitted refractive index (real part n and imaginary part k) for different
gating voltages. e Peak value of the real part (at 1.92 eV) and the imaginary part (at 1.95 eV) of the refractive
index as a function of carrier density. f Reflectance spectra of monolayer WS2 at different gating voltages. The
inset is a schematic illustration of the sample structure and the measurement configuration. Panels d-f are
reproduced from Ref. [27].

band diagram [26] for such a capacitor consisting of Au, SiO2 and n-doped Si when a
negative gate bias Vg = −4 V is applied. Close to the SiO2 surface, the Fermi level E f on
the Si side is below the intrinsic value E i and close to the valence band implying a great
buildup of holes (inversion regime). This, in turn, induces an electron accumulation on
the Au side at the interface with SiO2 , like in a standard parallel-plate capacitor. Next, it
is possible to compare the Au Fermi level at this bias condition to the energy bands of
WS2 [14]. The Schottky barrier height (the energy required for injection from the metal
into the monolayer TMD) at zero bias for this specific materials combination is less than
1 eV. Thus, at the calculated bias, electrons can transfer to WS2 (see Fig. 3.3c). This illustrative and simplified picture neglects defect states at the interface between TMDs and
metal [30].
Excitons in monolayer TMDs are sensitive to the presence of injected carriers mostly
due to Coulomb scattering and screening effects [27, 31]. Specifically, screening dampens the electric fields between electrons and holes due to the presence of mobile charge
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carriers and results in a small change (∼ 30 meV in WS2 [27]) in the binding energy. On
the other hand, the interaction of excitons with injected carriers via Coulomb scattering
leads to the conversion of neutral A excitons to negatively (A + e − → A − ) or positively
(A + h + → A + ) charged trions that have a different binding energy. Furthermore, these
scattering events decrease the lifetime of the exciton inducing a broadening of the resonance linewidth. These effects have a direct impact on the optical properties of the
layer. Figure 3.3d-e (from Ref. [27]) highlights the dependence of the refractive index’s
real and imaginary parts on the applied bias voltage and hence on the injected carrier
concentration. Looking at the imaginary part, the spectral width of the exciton resonance broadens and a shoulder related to trions appears at lower energies as the gate
voltage increases. This change in the refractive index has an immediate impact on the
measured reflectance of the layer (see Fig. 3.3f from Ref. [27]) and the dip related to the
A exciton mostly disappears. Such large changes in the material’s optical properties as
a function of external signals are unprecedented, and therefore form a unique platform
for actively-tunable metasurfaces.
In this section, the concept of an exciton and its importance in monolayer TMDs
have been elucidated. Excitonic resonances have a big impact on the optical properties
and, at the same time, can be manipulated electronically in a CMOS compatible configuration via an applied bias. Hence, gating is ultimately an efficient tuning knob of the
optical properties in monolayer TMDs.
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In this chapter, the possibility of combining a gated WS2 monolayer with a high-index
grating is explored (see Fig. 3.4a). Indeed, such a combination may benefit from the
tunability of monolayer TMDs under an applied bias but also from the design flexibility, given by a high-index metasurface, in tailoring the transfer function. Hence, such a
meta-device would act as a switchable Fourier spatial filter. As schematically depicted
in Fig. 3.4a, a TiOx grating is applied to the MOS configuration described in the previous
section. An aluminum oxide layer is used to encapsulate the WS2 monolayer as well as
an etch–stop layer.
In order to simulate the device via FDTD, the refractive indices of TiOx , AlOx (as deposited in our lab) and WS2 are experimentally measured using spectroscopic ellipsometry while those of Si and SiO2 are taken from literature [32, 33]. Concerning WS2 , the
behavior for different gating conditions is included in its optical properties. To do so,
the refractive index is measured under no bias via ellipsometry by fitting the dielectric
function with a set of Lorentzian oscillators (solid lines in Fig. 3.4b). Next, to give an estimate of optical properties under bias, the Lorentzian oscillator concerning the A-exciton
is removed and the dielectric function is plotted again without re-fitting the data. The
resulting refractive index is also plotted in Fig. 3.4b (dashed lines) and corresponds to
the complete quenching of the excitonic response in the material. This approximation
can be relaxed by multiplying the A-exciton Lorentzian by a factor that can be estimated
a posteriori experimentally.
Using these refractive indices, it is possible to design the device’s optical response in
its ON (i.e. no gate voltage applied) and OFF (i.e. no A-exciton) states. Starting from
the OFF state, the metasurface is engineered to sustain a Fano resonance [34–36] in reflection given by the interference of a broad Fabry-Pérot background, determined by the
thicknesses of the layer stack and grating fill factor, and sharp quasi-guided modes (or
Guided Mode Resonances - GMRs) that can be launched along the surface [37–40]. Figure 3.4c shows the simulated reflection S 11 spectrum of an array of titania nanobeams
(width w = 240 nm, height h = 96 nm, pitch p = 470 nm, AlOx layer thickness t AlOx =
11 nm, SiO2 layer thickness t SiO2 = 299 nm) when illuminated by light polarized along
the nanobeams’ direction. Due to the Fano interference, the reflection swings from close
to zero (λ ∼ 620 nm) to ∼ 0.8 across a narrow spectral range.
When the A-exciton is included (ON state), another Fano asymmetric lineshape appears around λ ∼ 610 nm due to the interference of the excitonic resonance with the just
described Fabry-Pérot background and GMR. It is worth remarking that, while the latter
two resonances are of “geometrical nature”(i.e. exist and are related to the way the materials are nanostructured), the excitonic resonance is characteristic of the material. By
carefully designing the metasurface, it is possible to balance out these three contributions to obtain a shifted minimum (λ ∼ 626 nm) in the ON state, as shown in Fig. 3.4c.
The wavelength of the minima for the ON and OFF state, λ ∼ 626 nm and λ ∼ 620 nm
respectively, define the two possible wavelengths of operation for the device. Next, the
related transfer functions S 11 (k x ) are calculated by simulating the reflection as a function
of the angle of incidence. As described in Section 2.3, the shape of the transfer function
can be tuned by designing the dispersion of the quasi-guided mode resonance, as well
as the Fano line-shape asymmetry and linewidth.
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Figure 3.4: a Schematic of the meta-device combining a gated WS2 monolayer in a MOS configuration with a
TiOx metasurface. b Refractive index (real part n and imaginary part k) of a CVD–grown WS2 monolayer experimentally obtained via spectroscopic ellipsometry. The solid lines represent the situation where no bias is
applied (A-exciton ON) while the dashed lines correspond to complete annihilation of the A-exciton. c Simulated reflection spectrum of the meta-device in panel a (width w = 240 nm, height h = 96 nm, pitch p = 470 nm,
AlOx layer thickness t AlOx = 11 nm, SiO2 layer thickness t SiO2 = 299 nm) for the OFF state (dashed line) and
ON state (solid line). The red (λ = 626 nm) and green (λ = 620 nm) vertical solid lines indicate the two possible wavelengths of operation. d Simulated transfer functions of the device in panel a. Reflection amplitude
|S 11 | (blue lines) and phase arg(S 11 (k x )) (orange lines) for the ON (solid lines) and OFF (dashed lines) states
at λ = 620 nm. The simulated transfer function is compared to the ideal 2nd –order differentiation case (dotted
lines). e Same as panel d, but at the illumination wavelength λ = 626 nm.
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Figure 3.5: a, d Rectangular input functions and 2D image that are used to numerically test the metasurface
operation. b-c Output for the input in panel a when the device is its ON (panel b) or OFF (panel c) state for
λ = 620 nm. For the 2D image, differentiation is performed line by line along the x-axis. d-f Same as a-c, but
for the illumination wavelength λ = 626 nm.

Figure 3.4d shows the simulated reflection amplitude |S 11 | and phase arg(S 11 ) as a
function of the in-plane wave vector k x , normalized by the free space wavevector k 0 at
the wavelength λ = 620 nm for the ON and OFF state. In the latter case (dashed lines in
Fig. 3.4d), the metasurface strongly reflects light impinging at high angles of incidence
while reflection at normal incidence is almost completely suppressed and amounts to
∼ 0.02. Hence, the device acts as a high–pass Fourier spatial filter if an image is projected
onto it. Furthermore, the angular response is close in amplitude to the ideal parabolic
shape corresponding to 2nd –order differentiation. The phase, however, shows a variation
of more than π across the simulated angular range.
On the other hand, when the excitonic resonance is present (solid lines in Fig. 3.4d),
|S 11 |(k x ) is flat around normal incidence and its value is higher compared to its OFF state
counterpart in the same angular range. This difference implies that low spatial frequencies are no longer completely rejected, yet reflected with lower efficiency. Moreover, it is
worth noticing that the NA of the device broadens slightly. It is interesting to point out
that the phase response changes by more than π between ON and OFF states at low k x
values. This modulation in phase lag could be used in other nanophotonic applications
even though the amplitude is relatively low.
The situation just described is reversed when the illumination wavelength is λ =
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626 nm. As shown in Fig. 3.4e, low-frequency spatial components are more effectively
canceled if the device is in its ON state. Also, the shape of the transfer function remains
parabolic for both bias conditions.
Overall, the device is essentially designed as a high-pass filter that is perturbed by the
absence (λ = 626 nm) or presence (λ = 620 nm) of the A-exciton resonance.
Finally, the transfer functions are numerically tested to assess the device’s image processing capabilities in its ON and OFF state for both wavelengths of operation. To this
end, the rectangular pulse input function in Fig. 3.5a is discretized into 2048 pixels3 , its
Fourier transform is multiplied by the transfer function and eventually inverse Fourier
transformed. In addition, it is possible to test arbitrary 2D images performing the same
procedure line by line.
Figure 3.5b-c shows the calculated response at λ = 620 nm. In the ON state, the rectangular pulse amplitude is reduced and its edges are slightly enhanced. Indeed, while
high spatial frequencies are more efficiently reflected, low frequencies are still present
and contribute to the spatial content. Similarly, for our institution logo, the background
is reduced but not completely canceled. In the OFF state, conversely, slowly varying features (corresponding to low spatial k-vector components) are almost completely suppressed while edges (composed of high-frequency spatial components) are enhanced
both for the logo and the rectangular pulse. Given the 1D nature of the metasurface, differentiation is performed only along the x-axis, hence the edges along the same direction
are not detected.
As anticipated, at λ = 626 nm the image processing behavior of the device is opposite and edge detection is more efficient when the exciton is present. Nonetheless, the
residual reflection at normal incidence in the ON state is marginally higher compared to
the OFF state at λ = 620. Hence, edge filtering is less ideal and the logo background in
Fig. 3.5e is more visible compared to Fig. 3.5c.
To conclude, this section demonstrates a design of a meta-device capable of performing switchable optical signal processing by combining a gated TMD monolayer with
a high–index grating sustaining a Fano resonance. The metasurface design shown is
composed of nanostructures that can be realistically fabricated and experimentally tested,
as shown in the next sections.

3 See Section 2.4 on how to choose the pixel size such that the Nyquist range matches the operational NA of the

metasurface.
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3.3. FABRICATION
In this section, we outline the steps needed to fabricate the switchable image processing
device described above. Figure 3.4 shows a brief graphical summary of the procedure.
The term chip will be used to refer to the entire sample as it contains several individual
devices.

WS2
SiO2

3

n-Si

Au evaporation (top contacts)

Au evaporation (gate contact)

AlOx evaporation

S

D
G

O2 plasma etch

TiOx evaporation

TiOx etch

Figure 3.6: Schematics of steps needed for the entire metadevice nanofabrication. The letters S, D and G stands
for source, drain, and gate electrode.

The final chip configuration chosen differs slightly from that shown in the schematics
of Fig. 3.4a. Specifically, a second set of top contacts is added to the WS2 layer resulting,
essentially, in a MOSFET-like device. Employing this nomenclature, current measurements between source and drain allow for a quick check of the connection between the
metal leads and the TMD monolayer.
The entire nanofabrication procedure consists of 4 consecutively aligned ElectronBeam Lithography (EBL) steps. The first one concerns the contacts to the monolayer:
• CVD-grown WS2 on SiO2 /Si substrates were acquired from 2Dsemiconductors. As
reported by the manufacturer, large centimeter-scale monolayers are first grown
onto sapphire and then transferred onto SiO2 /Si substrates. The Si bottom layer
is doped (concentration ∼ 5 · 1018 cm−3 , n-type) and the SiO2 layer thickness is
t SiO2 = 299 nm, as measured via spectroscopic ellipsometry.
• The sample is rinsed for 5 minutes in acetone and for another 5 minutes in IPA to
remove dirt and any organic residue.
• A bilayer of MMA (MMA(8.5)MAA EL9, 450 nm) and PMMA (PMMA 950k A8 diluted 1:1 in anisole, 245 nm) was spin-coated and baked at 150◦ C for 2 minutes
(each layer). Au colloids (50 nm diameter) in aqueous solution are deposited using a pipette at the corners of the sample and dried on the hotplate at 90◦ C. The Au
colloids are used for e-beam column alignment and focusing. Electra 92 conductive coating for e-beam resists is spun to facilitate dissipation of charge build-up
as the substrate is partially insulating.

54

3. S WITCHABLE DIFFERENTIATION

S

D

b

WS2

drain

SiO2
n-Si

a

source

c

3
Au

WS2 / SiO2 / Si

Figure 3.7: a Top view of the chip’s contacts design (scale-bar 1 mm). b Single device layout zoomed in from
panel a. c Optical microscopy image of a bottom left section of the chip after the first lift-off. The scale-bar is
200 µm.

• The contacts design in Fig. 3.7a is patterned in the resist layer by e-beam exposure
using a Raith Voyager lithography system (50 kV, dose 650 µC/cm 2 , current ∼ 9.6 nA,
step-size 50 nm) and development in MIBK:IPA (1:3 for 90 s). In this chip configuration, all the drain contacts are connected to 4 common pads while each device
has its source lead connected to individual pads. Each quadrant contains 17 devices of different sizes ranging from 10×10 µm2 to 200×200 µm2 . An example of a
single device layout is depicted in Fig. 3.7b. Three sets of differently sized markers
were exposed and used to align the consequent EBL steps.
• A 2 nm–thick Cr layer followed by a 100 nm–thick Au layer were evaporated using
an in-house built thermal evaporator.
• The residual resist was lifted-off in acetone at 50◦ C. Ultra–sonication is avoided as
it can peel off the WS2 monolayer. Figure 3.7c shows the sample at this stage.
Second, the gate contact was fabricated:
• A 2 mm wide strip of polyester cleanroom tape (i.e. “blue tape”) was applied on the
sample next to the Au wiring. A thick PMMA (PMMA 950k A8 undiluted, 2.3 µm)
layer was spin-coated and, before baking (150◦ C, 2 min), the blue tape was removed. This results in a strip where WS2 /SiO2 /Si is exposed while the rest of the
sample is protected by PMMA.
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Figure 3.8: a Optical microscopy image of a single device after the AlOx deposition and O2 plasma etch. b
Optical microscopy image of the same device after the TiOx patterning. The scalebar is 100 µm for both panels.

• The exposed strip was scratched with a diamond pen. This is enough to partially
remove SiO2 and expose Si. To avoid native oxide regrowth, the sample was quickly
transferred to the evaporator chamber which was consequently pumped down.
• Cr and Au were evaporated and lifted off with the same procedure described in the
first EBL step.
Next, each device is capped with a thin AlOx blanket. This layer serves as a hard mask to
separate each device by etching away the WS2 connecting them in an O2 plasma. Furthermore, it acts as an etch stop layer in the final patterning step.
• A bilayer of MMA (MMA(8.5)MAA EL9, 567 nm) and PMMA (PMMA 950k A8 undiluted, 2.3 µm) was spin-coated and baked at 150◦ C for 2 minutes (each layer). Au
colloids and Electra 92 are also deposited as in the first EBL step.
• Square voids aligned to the devices are fabricated in the resist layer by e-beam
exposure using the Voyager lithography system (50 kV, dose 650 µC/cm 2 , current
∼ 10 nA, step-size 50 nm) and development in MIBK:IPA (1:3 for 90 s).
• A 11 nm–thick AlOx layer was evaporated using an e-beam evaporator from a crucible filled with Al2 O3 precursor.
• The residual resist was lifted-off in acetone at 50◦ C leaving isolated square AlOx
pads on the individual devices.
• Exposed WS2 is etched using a 20 s O2 plasma.
A representative device at this fabrication stage is shown in Fig. 3.8a. Next, the last EBL
step is repeated with the only difference that TiOx is evaporated instead of AlOx . AlOx
and TiOx thicknesses (11 nm and 96 nm respectively) and refractive indices were measured via ellipsometry. Finally, TiOx is patterned by means of EBL and Reactive Ion Etching (RIE).
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Figure 3.9: a Photograph of the entire chip (scalebar 1 mm). The letters S, D, and G indicate the position of the
source, drain, and gate electrodes. b Tilted scanning electron microscopy (SEM) image of the patterned device
highlighted in panel a (scalebar 50 µm). c Zoomed–in SEM image of the same device as in panel b (scalebar
500 nm).

• A 414 nm-thick layer of CSAR 62 (AR-P 6200, 13% in anisole) positive-tone resist
(ALLRESIST GmbH) was spin-coated and baked for 2 minutes at 150◦ C. Again,
Electra 92 conductive coating was spun as well.
• Lines were fabricated in the CSAR layer by exposure using the Voyager lithography system (50 kV, dose 145–150 µC/cm 2 , current ∼ 0.137 nA, step-size 4 nm) and
development in Pentyl–acetate (60 s) and o–Xylene (5 s).
• The TiOx layer is patterned by a RIE process employing CH3 , and O2 . The calculated etch rate is 8.3 nm/min for TiOx and 23 nm/min for the CSAR resist mask. Furthermore, AlOx is found to be resistant to the etch, as checked on a window with
completely cleared resist. The detailed etch recipe parameters are:
CH3 gas flow
O2 gas flow
pressure
Set temperature
RIE forward power
ICP power
time

50 [sccm]
1 [sccm]
37.5 [mTorr]
21 [◦ C]
200 [W]
0 [W]
12 [min]

• The sample was left overnight in anisole at 60◦ C to remove the residual CSAR mask.
An overview of the entire chip after the described fabrication procedure is shown in
Fig. 3.9a. A close inspection via SEM reveals good nano-beams uniformity over large
areas with very low sidewall roughness. However, residual CSAR is left after the anisole
bath (see Fig. 3.9c). Another more aggressive O2 plasma clean to remove the resist was
avoided as it was found detrimental to the excitonic properties of WS2 .
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Figure 3.10: a Optical microscopy image of a portion of the chip’s west quadrant after AlOx liftoff (scalebar
200 µm). Device T05W is highlighted in the red dashed box. b Measured reflectance spectra of device T05W
before and after AlOx deposition and liftoff.

3.4. O PTOELECTRONIC CHARACTERIZATION
In order to optically and electrically characterize the fabricated sample, WITec’s confocal microscope Alpha300 is coupled to a Keithley 2612 dual-channel source measure unit
(SMU). On the optics side, light from a white LED is sent to the sample through a 50/50
beamsplitter and focused with a Zeiss EC Epiplan 20X (0.4 NA) objective. Reflected light
can be sent to a CCD for standard imaging or, via fiber-coupling, to two different spectrometers. Spectrometer 1 is a WITec UHTS 300 equipped with an Andor iDus DV401A
BV camera while Spectrometer 2 is an Acton SP-300i featuring an Andor iDus DV420A OE
camera. On the electrical side, Keithley’s SMU is controlled via Python and connected
to the sample with two SUSS MicroTec PH 100 probe heads that can be easily moved
around the chip to test the devices.
Using this setup, the reflectance of the individual devices in the chip is monitored
at each fabrication step. The first notable change occurs as AlOx pads are deposited to
cap the devices (see Fig. 3.10a). Figure 3.10b shows the reflectance spectrum of device
T05W4 before and after the mentioned fabrication step. Regarding the experimental parameters, the aperture diaphragm (A-stop) is minimized to ensure the smallest illumination cone, no polarizer is inserted, the exposure time is 0.65 s × 20 accumulations and
a 600 lines/mm grating is used. It is easy to notice that the evaporation of alumina on
the WS2 monolayer causes a broadening of the excitonic resonance. This is presumably
due to the creation of defect states at the interface between the two layers and could be
potentially avoided by transferring a h-BN monolayer onto the sample before AlOx deposition. Indeed, h-BN encapsulation was found to be beneficial to reduce the exciton
linewidth [41].
After the O2 plasma following the second EBL step, the devices are fully separated
and ready to be individually tested electrically. Reflectance spectra are acquired as a
4 Concerning the device labeling, the letter T indicates the devices in the outer side of each quadrant (i.e. test

area) while the letter W refers to the West quadrant of the chip.
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Figure 3.11: a Optical microscopy image of device 05S. The collection spot is indicated by the red cross. The
schematic indicates the bias configuration. b Measured reflectance (color) spectra as function of time as the
bias voltage is switched from Vg = +70 V to Vg = −70 V. The black dashed lines marks the time at which the
bias is reversed. c Cross-cuts of panel b at two different times corresponding to different bias conditions. d-f
Same as panels a-c but for a collection spot in the center of the device. g Measured reflectance as a function
of time (vertical cross-cuts of panels b and e) averaged in the range 614 nm < λ < 620 nm for the two different
collection spots indicated in panels a-d. h Energy band diagram and schematic visualization of trap assisted
tunneling injection. The scalebar is 200 µm for panels a and d.
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function of time, gate bias, and acquisition location (see Fig. 3.11). Specifically, 60 spectra are acquired (1 spectrum per second, exposure time 0.2 s) and, within the time series,
the bias voltage is reversed. The spectra are collected in the colormap in Fig. 3.11b for
the collection spot indicated in panel a of the same figure. First, a positive bias does not
have a tangible effect on the exciton resonance hinting at the possibility that the monolayer is still in its intrinsic state. In fact, hole injection is less efficient and WS2 is slightly
intrinsically n-doped from substrate [30]. Conversely, when the voltage is switched to
Vg = −70 V, electrons are injected into WS2 and the exciton is suppressed. Figure. 3.11c
highlights two spectra taken right before and after bias inversion. Interestingly, a transient behavior is observed on a long timescale characterized by the reappearance of the
exciton-related dip in reflectance. A similar phenomenon occurs if light is acquired from
a central spot far from the Au leads (Fig. 3.11d). However, the modulation in reflection is
much smaller in this case, as clear from Fig. 3.11f.
The dependence on time and space of the excitonic resonance is summarized in
Fig. 3.11g, showing reflectance (averaged in the range 614 nm < λ < 620 nm) as a function of time for the acquisition spots in panels a and d. First, the modulation amplitude
in reflectance is ∼ 1% close to the contacts while is < 0.5% at the center of the device.
This could be caused by poor electron mobility in the monolayer which is presumably
worsened by defects created during AlOx deposition. Thus, electron doping might decrease with distance from the electrodes due to high sheet resistance.
Second, both signals show a decay as a function of time even if the voltage is kept
constant. We attribute this to parasitic dielectric charging. Indeed, when a high electric
field is applied (∼ 2.3 · 108 V/m in the present case) charges from the metal electrode can
be injected into the oxide layer [42]. The principal injection mechanism is Trap Assisted
Tunneling (TAT) [43] where electrons can occupy defect states of various nature in the
oxide layer via tunneling and remain trapped, as schematically depicted in Fig. 3.11h.
Moreover, this migration implies a charge density decrease at the electrode [44] and
hence effectively reduces doping in the WS2 monolayer. This, in turn, results in less
efficient exciton suppression. The dynamics of this phenomenon is essentially that of a
charging parasitic capacitor, therefore the reflectance signal in Fig. 3.11g decays exponentially. It is worth mentioning that dielectric charging could be reduced by lowering
the gate voltage. However, at Vg > −50 V no reflectance modulation was detectable suggesting that charge injection from Au to WS2 might not be very efficient and the energy
levels in Fig. 3.3c are probably complicated by Fermi level pinning [30].
Finally, the completed devices are characterized once more after the TiOx patterning
step. Again, reflectance spectra are acquired sequentially in time (40 spectra, cycle time
1.28 s, exposure time 1.25 s) and, during the time series, the bias polarity is switched.
Moreover, light is polarized along the nanobeams’ length. Reflectance spectra collected
right before and after the bias switch are reported in Fig. 3.12b-c for the collection spot
indicated in Fig. 3.12a. In agreement with the simulated data, the Fano resonance is redshifted compared to the exciton, and the reflectance swings from close to zero to ∼ 0.8,
higher than the simulated counterpart.
The broadening described earlier results in a much less visible excitonic resonance
compared to what is expected. Nonetheless, an asymmetric lineshape related to the exciton is clearly visible in Fig. 3.12c. Similar to what is shown in Fig. 3.4c, exciton suppres-
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Figure 3.12: a Optical microscopy image (scalebar 100 µm) of device T05S after TiOx patterning. The collection spot is indicated by the red cross. b Measured reflectance spectra as the bias voltage is switched from
Vg = +60 V to Vg = −60 V. Simulated reflectance spectrum for the as–designed metasurface in its ON state. c
Zoomed-in reflectance spectra showing the data in the red dashed box in panel b.

sion by electron injection generates a slight blue–shift in the Fano resonance and hence
on its minimum. Once more, the experimental data demonstrates a smaller reflectance
modulation but in the same direction as what is expected from simulation.

3.5. C ONCLUSION AND OUTLOOK
In conclusion, this chapter presents a first proof-of-concept on how a gated TMD monolayer can be used to alter the transfer function of a high index metasurface to realize a
switchable Fourier spatial filter.
First, a brief introduction on the physics of excitons in 2D TMDs is provided along
with its consequences on the optical properties of the material. Application of a gate
bias in a MOS-like configuration has a strong impact on the excitonic resonance and
thus on the material’s optical response. These concepts are used to design a metasurface that imparts a mathematical operation if an image is projected onto it. Specifically,
the designed device acts as a high-pass filter that can be perturbed by the presence (or
absence) of excitons in a WS2 monolayer. The optimum design achieves a numerical
aperture of 0.2 and a transmission amplitude close to 0.8 at the maximum k-vector processed. Next, the device’s image processing capabilities are tested numerically on several
test input images, demonstrating reliable edge filtering that can be turned on and off at
λ = 626 nm and λ = 620 nm.
Aiming at the optimized design shown, a chip containing several devices is realized
and the fabrication steps are discussed in detail. Each device is characterized optically
and electrically by measuring reflectance spectra under a gate bias. The data demonstrate reflectance modulation triggered by external bias following the same trends predicted by simulations. It is worth highlighting that integration of such delicate atomically thin materials in a standard CMOS compatible fabrication flow is a daunting task,
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Figure 3.13: a Measured reflectance spectra of an MBE–grown WS2 monolayer on a SiO2 /Si substrate (SiO2
thickness ∼ 310 nm) as a function of temperature. b Image of the fabricated sample in the cryostage.

yet it proved to be possible with many reproducibly functioning devices. Nonidealities
are addressed along with possible causes and solutions. Among these, exciton linewidth
broadening strongly reduces the reflectance modulation. To tackle this issue, an effort
on low-temperature measurements has recently started. Indeed, as shown in Fig. 3.13a,
the exciton resonance linewidth drastically decreases as temperature goes down. At
T = 78 K the linewidth is ∼ 5 nm, and the potential modulation in reflectance can be as
high as 10% (absolute) in amplitude if the exciton is completely suppressed. As recently
demonstrated in literature, this value can further increase with higher-quality exfoliated
materials and even lower temperatures to further suppress phonon interactions [24, 25].
As an outlook, future experiments will aim at adding a cryostage to the Fourier microscope described in Section 2.6.2, also including the possibility of electrical control. This
will enable measurements of the device’s transfer function, along with its image processing capabilities. Finally, on the nano-fabrication side, h-BN encapsulation will be
introduced into the fabrication flow to mitigate the exciton broadening and the Au/WS2
interface quality will be investigated and further optimized.
Despite the analyzed experimental nonidealities, the results shown here open up
new avenues for all-optical processing metasurfaces featuring functionalities that can
be switched or even tuned in real-time.
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