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Abstract

Signal modulation in optoelectronics is obtained by modulation of either the refractive index

or the absorbance by an electric field. However, electromodulators have not kept up with the
miniaturization of other electronic and optical components. Here we show a strong transverse
electroabsorption signal in a monolayer of the 2D semiconductor MoS,. The electroabsorption
spectrum is dominated by an apparent linewidth broadening of around 15% at a modulated voltage
of only V,, = 0.5 V. Contrary to known variants of the Stark effect, the broadening increases linearly
with the applied field strength and arises from a linear variation of the distance between the strongly
overlapping exciton and trion resonances. The achievable modulation depths exceeding 0.1 dB nm™
bear the scope for extremely compact, ultrafast, energy-efficient electroabsorption modulators for
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integrated photonics, including on-chip optical communication.

Introduction

To translate electrical into optical signals one uses the
modulation of either the real or imaginary part of
the refractive index of a material by an electric field.
Contemporary electroabsorption modulators (EAMs)
employthe quantum confined Starkeffect (QCSE) [1-3],
the field-induced red-shift and broadening of the
strong excitonic absorption resonances characteristic
of low-dimensional semiconductor structures.
However, compared to the miniaturization currently
happening in photonic components, EAMs remain
relatively bulky and are becoming an obstacle for
further photonic integration.

2D materials offer vast opportunities for photon-
ics since they combine easy fabrication and mechani-
cal flexibility with particularly strong light-matter
interaction [4, 5]. Semiconducting 2D transition
metal dichalcogenides [6, 7] such as MoS; support
tightly bound excitons [8] with particularly strong

absorption cross sections, with a monolayer absorb-
ingabout 10% of the incident light (figure 1(a)). This
exceptional light—-matter interaction is corroborated
by cavity polaritons at room temperature [9], strong
optical Stark effect [ 10], and ultrasensitive phototran-
sistors [11].

Here we measure the transverse EA of monolayer
MoS; by modulating the gate voltage V, (with peak-to-
peak voltage V},;,) in a transparent field effect transis-
tor. We superimpose this modulation on a DC offset
voltage, which we can choose such that the transistor
is either ON or OFF. The two regimes are separated
by the threshold voltage Vi, which is the intercept of
the linear fit of the I,/ V, curve [12] (Vy, = 3.6 V for
Device 1 and Vi, = 0.55V for Device 2, see figures 1(d)
and 2(b), inset). In the ON state, we measure electroab-
sorption together with a spectral contribution due to
the modulation of the charge density (charge induced
absorption). Charge induced absorption changes the
population of electronic levels and thus the strength of

©2017 IOP Publishing Ltd
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Figure 1. Optical and electrical characterisation of MoS, monolayer transistors. (a) Extinction spectrum of the MoS, monolayer.
(b) Raman spectrum of the MoS, monolayer. (c) Schematic of the transistor geometry. (d) Dependence of the current (I4s)

of the gate voltage (V) for device 1. Inset shows an optical micrograph of the device. (e) Schematics of the extinction and
electroabsorption measurements using a tuneable laser in a confocal microscope.

optical fiber

different spectral features, such asan enhanced absorp-
tion from charges to trions [ 13, 14] or a decrease of the
excitonic absorption features due to phase-space filling
(Pauli blocking) [15]. In the OFF state the charge den-
sity in the channel remains constant over the modu-
lation period and we measure pure electroabsorption.
Most experiments in the present study have been per-
formed with the transistor in the OFF state. Since no
charges are moved inside the device in this configura-
tion, the EA response is not limited by the electrical
response time of the transistor.

Methods

The transistor is built according to the structure
in [17], using c-plane sapphire as the transparent
substrate and 50 nm of ITO as the transparent back-
gate electrode. The gate dielectric consists of 30 nm
of HfO, deposited by atomic layer deposition; the
source and drain electrodes are made of Ti/Au
(5/50 nm thickness). Monolayer MoS, has been
grown by chemical vapour deposition on c-plane
sapphire following the method in [22]. As-synthesized
MoS, was transferred from the sapphire to the
target substrate (sapphire/ITO/HfO,) using a wet
transfer method based on a glass slide covered with
Polydimethylsiloxane(PDMS) as a stamp, a poly(L-
lactic acid) polymer film (PLLA) as the holder for the
flakes and deionized water promoting the detachment
of the polymer. Successively the stack PDMS/PLLA/
MoS,; was placed in a homemade transfer station
setup and vertical aligned with the target. After
approaching the target substrate, the system PDMS/
PLLA/MoS,/target (all in contact with each other) was
kept at 100 °C for 2 h to allow a better adhesion of the
flakes. The transfer was carried out with the following

cleaning procedure (see suppl. info (stacks.iop.org/
TDM/4/021005/mmedia)): 1 h in dichloromethane
(PLLA solvent) that allows the separation of the
target + flakes from the glass + PDMS stamp, bath
of the chip in acetone (1 h) and in isopopanol (2 h),
drying in N, for each step. Final annealing at 250 °C
in low vacuum (1072 mbar) for 6h at 250 °C in a
flow of argon gas (200 sccm). Finally the process
was completed by electron beam lithography. The
transistor transfer characteristic recorded in air
(figure 1(d)) shows a turn on voltage V,, that varies
with time from a positive voltage near 0 V towards
values around 2.5 V (figure 1(d), insert figure 2(b)).
Thisindicates p-doping from atmospheric adsorbates
onto the FET channel.

The EA data were collected with a homemade con-
focal microscope in transmission configuration. The
light source consisted of a supercontinuum laser (NKT
Photonics, SuperK Extreme) monochromated by an
acousto-optic modulator (NKT Photonics, SuperK
Select) in the 500-1000 nm region with line widths
between 2 and 5 nm. The polarization of the laser
was then controlled with a half-wave plate and a lin-
ear polarizer. The light was then focused on the device
with a 0.7 N.A. objective (S Plan Fluor 60 x, Nikon)
and collected by a second 0.75 N.A. objective (CFI Plan
Apochromat VC 20 x, Nikon). The collected light was
focused on the entrance of a multimodal glass fiber with
a 50 um core, acting as confocal aperture and revealed
by a silicon photodetector (FDS100, Thorlabs). The
signal was amplified by a transimpedance amplifier
(DHPCA-100, Femto) and supplied both to a DAQ
(to record the transmission signal, T) and to a lock-in
amplifier (SR830 DSP, Stanford Research Systems) to
retrieve the differential transmission data, AT. All data
were collected by a custom Labview Software that also
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Figure2. Electroabsorption spectra of MoS, monolayer transistors. (a) and (b) Electroabsorption spectra of devices 1 and 2 for
different gate voltage DC offsets. Insets show zoom into the main peak for better distinction of the individual lines. Inset in (b) shows
the gate voltage dependence of the current in device 2. (c) Electroabsorption spectra of device 1 for different peak-to-peak voltage
modulation amplitude V},,.. (d) and (e) Normalised electroabsorption spectrum (dotted) of device 1 and first and second derivatives
of the absorption peaks used to fit the spectra (individual contributions in d, cumulative fitin (e). (f) A and B peak amplitudes from
(c) asa function of V. (g) Fit of the extinction spectrum (black), electroabsorption spectrum (cyan) and sum of the two (red) give
the extinction spectrum at a gate voltage Vy, = V. (h) and (i) Extinction spectra with and without field fitted to three Gaussian
curves.

controlled the raster scan of the device via a 3D piezo
stage (P-517, Physik Instrumente) and the laser system.
The laser fluence is kept below 150 W cm 2 to avoid
photodoping [21].

Results

The absorption spectrum of MoS; in figure 1(a) shows
the characteristic A and B exciton resonances [4—11].
The distance between the two main Raman peaks in
figure 1(b), Aw = 19.6 cm ™! confirms the monolayer
thickness [16]. The transistor is built in a bottom-
gate configuration according to the structure in [17],
using 30 nm of HfO, as gate dielectric and a sapphire
slice as the transparent substrate (figures 1(c) and
(d)). We present data from two geometrically identical
devices with different turn-on voltages (figures 1(d)

and 2(b)), which we ascribe to adsorption doping [18]
since the measurements are carried out in air. We apply
amodulated gate voltage (with peak-to-peak voltage
Vpp) superimposed on a DC offset to the transistor and
detect the change AT in the transmitted light intensity
via a lock-in amplifier locked to the modulation
frequency w. Transmission is measured using a
tuneable laser focussed ona <500 nm spotin a confocal
microscope [19, 20] (figure 1(e)). We normalise the
modulated signal A T'by the transmitted light intensity
T, which directly yields the change AA in absorbance:

AT
A =-S5 (1)
T
The EA spectrum of monolayer Mo$; for trans-
verse field modulation consists of alternating positive

and negative absorption changes (see figures 2(a)—
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(c)), three peaks of increased absorption and two of
decreased absorption. The two peaks of decreased
absorption are stronger than the other three and peak
at the same wavelengths as the A and B features in the
absorption spectrum. The shape and magnitude of
the EA signal is independent of the DC component of
the gate voltage when the transistor is in the OFF state.
When the transistor is ON and charges are injected, the
signal is weaker and slightly changes shape. The injected
charges may partly screen the field and weaken the EA
signal (see the section ‘electrostatic considerations’ for
an estimate of the screening). Moreover, in this case the
modulated field also modulates the charge concentra-
tion in the channel, which adds to AA (charge induced
absorption, see the supplementary information, fig-
ureS7) [13-15].

The most common features of EA are (i) field-
induced changes in the peak positions of the A spec-
trum (red- or blue-shifts), (ii) field-induced changes
in the peak width of A (usually broadening), and (iii)
in some cases also changes in the area under the A curve
in a certain spectral window (transfer of oscillator
strength between different electronic transitions) [1,2].
In the AA spectra these features appear as distinctive
shapes related to the respective absorbance peaks: (i) as
a first derivative of the absorbance for shifts of A: AA
o dA/dE, (ii) as a second derivative for changes in the
width of an A peak: AA ocd?A/dE?,and (iii) as the same
lineshape as the absorbance for transfer of oscillator
strength: AA oc A. We fitted the absorption spectrum
in figure 1(a) using two Gaussian peaks and a generic
exponential function to account for the background
from various scattering mechanisms. To identify the
main contributions to the EA spectra, we used first
and second derivatives of these Gaussians indepen-
dently to fit the EA spectra,as shown in figures 2(d) and
(e). Second derivatives dominate the AA spectrum,
together with a first derivative contribution. Hence
the main effect of the electric field on the absorbance
A is broadening (about 6% for the A peak of device 1,
15% for device 2), accompanied by a slight red shift.
Transfer of oscillator strength is not needed to fit the
EA spectra. Thejoint action of broadening and red shift
slightly slants the two negative peaks of the EA spec-
trum towards higher energies compared to the absorp-
tion resonances and diminishes the middle peak due to
the overlap of positive and negative signal components.

For different modulation voltages V,,, the EA sig-
nal retains its shape and increases linearly in magnitude
(figures 2(c) and (f)). This means that in particular the
broadening of the absorbance increases linearly with the
modulated field, an unconventional behaviour that has
notbeen reported in other materials so far. On the other
hand, shifts of the absorbance with linear field depend-
ence are common and indicate built-in fields or perma-
nent dipole moments [22].In engineered 2D semicon-
ductor structures (quantum wells or multiple quantum
wells), the QCSE yields a red shift proportional to the
square of the applied electric field [1, 2], accompa-
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nied by a broadening of the excitonic resonances. The
broadening is ascribed to an increased homogeneous
linewidth due to field-induced exciton dissociation
(charge transfer into the ‘walls’ of the quantum well),
and has a highly non-linear field dependence. Hence
our results disagree with the conventional QCSE. Other
possible origins of the signal, such as heating or strain-
induced shifts from piezoelectricity are also ruled out
from their field dependence in a detailed discussion in
the Supplementary Information.

Discussion

Origin of the electroabsorption signal

To explain the unconventional linear field dependence
of the broadening, we take a closer look at the linewidth
of the absorption resonances. Since MoS, from any
synthesis method is doped [17, 23], the absorption
peak A consists of at least two overlapping electronic
resonances, A’ from the neutral ground state to a neutral
exciton state,and A~ from a charged ground state to a
charged exciton state (trion) [13]. Similarly, the broader
B peak should also be composed of two peaks B® and
B~. Although B trions have not been studied in detail
yet, they play a role in the transient absorption spectra
observed in femtosecond pump-probe experiments
[24]. Since positive and negative trions appear at
almost the same spectral position [25], the following
considerations can also be made for p doping. The
distance between A” and A~ changes almost linearly
with V; over a wide range of gate voltages comprising
both the ON and OFF states [14, 24]. This shift of both
features has been tentatively ascribed to Stark effect
[24] or to a renormalization of both the band gap and
the exciton (or trion) binding energy [14]. The latter
explanation is applicable only for the ON state of the
transistor, where the gate voltage actually modulates the
charge density. Here, in the OFF state the charge density
in the Mo$; channel stays constant; hence we continue
to discuss our results without assuming charge-density
related renormalizations.

By adding the field-induced absorbance change
AA to the absorbance A without field in figure 2(g)
(to reduce noise, we used the fit for A rather than the
original data) we obtain the shape of the absorbance
spectrum in the presence of an electric field corre-
sponding to a Vy = V,,, = 0.5 V. Clearly, the A peak
is lowered and broadened and its composition by two
peaks is now more clearly visible. A similar but smaller
effectis also seen for peak B, which should also be com-
posed of two resonances B and B~. However, peak Bis
too wide to yield accurate parameters for two comp-
onent peaks; hence we do not explore its composition
further. In figures 2(h) and (i) we show fits of A and
A + AA using two Gaussians for peak A, with height
and width unchanged between both cases, only differ-
ent positions. This fit embodies a model where the A°
and A™ resonances maintain their width and oscillator
strength, but change their positions as a consequence




I0P Publishing

2D Mater.4(2017) 021005

of theapplied electric field. The constant height of both
peaks means that no oscillator strength is transferred
and, more importantly, no charge is injected into or
extracted from the channel. A gate voltage of V; = 0.5
V increases the distance between the A’ and A~ peaks
from 36 to 48 meV, resulting in both a broadening and
lowering of the A peak as a whole. Additionally, the
peak shifts slightly to the red since the red shift of the
A peak s stronger (—9 meV) than the blue shift of
the A? peak (+3 meV). While the composite A peak
with 36 meV between the A? and A~ peaks (figure 2(i))
still looks very similar to a Gaussian, at 48 meV it does
not (figure 2(h)), which explains why the fit with first
and second derivatives of a Gaussian deviates from the
real data (figure 2(e)). Note also that, to merge into what
appears as one B peak, its constituent peaks B~ and B’
must be broader than A° and A~. Hence, if B~ and B°
shift by a similar amount as A% and A, their effect
on the shape of B is weaker, which explains the lower
EA signal of the B peak. In conclusion, in the regime
where we do not modulate the charge density, the over-
all unconventional change of shape of the absorbance
spectrum with a linear dependence on the transverse
electric field strength originates from linear shifts of the
strongly overlapping exciton and trion peaks.

Electrostatic considerations
The gate voltage V, causes a transverse electric field in
the MoS, monolayer

_ Y
h dM + %:dH (2)

With the indices M and H indicating the thickness d
and dielectric constant € of MoS, (e3; = 7) and HfO,,
(eq = 19) respectively. A gate voltage V; = 0.5V
yields a field F = 400kV cm ™. Our field modulation
corresponds to a voltage difference of 20 V in the
device of [14], giving a comparable shift of several
meV for both the A® and the A~ peak. A Stark shift
has been recently reported for the low-temperature
photoluminescence of a MoS, monolayer sandwiched
between two dielectrics [26]. The A peak position
follows a hysteretic curve, which the authors ascribe to
ajoint effect of Stark effect and charge transfer with the
top dielectric (Al,O3). Along most of their curve, our
field modulation of 400 kV cm ™! would give a shift of
a few meV in their device, consistent with our results.
Please note thatalso in their data the linewidth changes,
although they discuss only the peak shift.

The transverse field strength inside the Mo$; layer
may be inhomogeneous and deviate from equation (2)
due to screening by charges from doping (during the
synthesis or due to adsorption) and, for the orange,
green, and cyan curves of figure 2(b), also from injec-
tion into the device. In the following, we make three
assessments of the possible screening of the applied
electric field by the charges present from doping: (i)
estimating the electric field of a plane of the same sur-
face charge density, (ii) estimating the Debye screen-
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ing length, and (iii) discussing the effect of additional
charges injected by switching the transistor to the ON
state. The similar peak heights for the exciton and trion
peaks in figures 2(h) and (i) suggest a doping level [14]
of a few 10'% electrons cm 2. A plane of surface charge
density o = 10! electrons cm ™~ generates an electric
field of

oe
F=
2e:€0

(3)

F = 130kV cm™'. Hence, to completely screen 400
kV cm™!, all the electrons in the conduction band
would have to form a surface charge at or even below
the lower Sulphur plane of MoS,. Such localization of
electrons contradicts the more delocalized nature of
the conduction band. Therefore, we conclude that the
electrons present from doping may partially, but not
completely screen the applied electric field.

A further assessment of the effectiveness of screen-
ing is provided by an estimate of the Debye screening

length Ap:
EoksT
Ap= | (4)
pe

We obtain A\p = 0.3 nm, about half the thickness of the
MoS; layer. If some of these charges are trapped, which
is likely, they cannot contribute to the screening and Ap
is even longer [27]. Again, this estimate suggests that
partial screeningis possible, while complete screeningis
not. This assessment is further corroborated by the fact
thatinjection of additional charges, with a density of the
same order of magnitude as those from doping, results
inareduction but notin complete disappearance of the
EA signal (figure 2(b)), again consistent with partial
screening of the applied electric field. Please note that
all production methods of MoS; (in particular also
geological processes yielding the mineral molybdenite)
customarily result in doped samples. Hence, published
values for ¢, of MoS, already account for partial
screening from a certain level of doping.

A linear shift in the applied field F is consistent
with Stark effect originating from a permanent dipole
moment or an induced dipole from a built-in electric
field:

AE=2p-F (5)

With Ap being the difference in the dipole moment of
the exciton (trion) and the neutral (charged) ground
state. The shifts of a few meV correspond to differences
in dipole moments between excited and ground states
of a few Debye. Note that this is only a rough estimate
obtained from the fits in figures 2(h) and (i). The MoS,
monolayer itself should have no out-of-plane dipole
moment for symmetry reasons, as has been confirmed
by momentum-resolved photoluminescence
spectroscopy [28]. Resolving the contradiction between
the purely in-plane exciton dipole and the recently
observed transverse Stark effect [25] is beyond the
scope of the present paper. We can, however, briefly

5
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discuss possible origins of either an out-of-plane
dipole moment or a different mechanism for the field
induced spectral shift. As discussed above, charges
present in the doped MoS; monolayer can partially
screen the transverse external field. The centre of the
charge density is displaced from the Mo mirror plane as
afunction of the external field. This may affect both the
bandgap and the exciton and trion binding energies. In
particular, if the latter two change by different amounts,
this results in a field-induced change in the distance
between the exciton and trion peaks.

On the other hand, the spectral properties of MoS,
are sensitive to the dielectric environment [29, 30]. In
the momentum-resolved photoluminescence study
MoS, was sandwiched between microscope oil and
quartz, both dielectrics with relatively low ¢,. In our
device the asymmetry is much larger (HfO, on onesside
of the monolayer, metal electrodes and air on the other),
which may induce more significant transverse dipoles.
In fact, EA spectroscopy is routinely used to character-
ize interface dipoles in heterostructure devices such as
organicsolar cells [31].

The dipole moment induced by the device struc-
ture can be manipulated by adsorbed molecules,
since our experiments have been carried out in air.
EA spectroscopy has been used to characterize the
interface dipole between semiconductor nanocrystals
and adsorbed dye molecules [32, 33]. We expect that
the present paper will inspire similar work to study
the effect of adsorbed molecules on MoS,, whose
effect on the electronic structure is hardly explored.
Adsorbed molecules can also dope the channel [18]
and thus change the ratio between the A” and A~
peaks. Simulations in the supplementary informa-
tion (figure S1) show that for identical peak shifts the
EA signal is strongest if A~ dominates the absorption
spectrum, since it shifts more strongly. Device 1 (fig-
ure 1(d)) is p doped, as confirmed by the higher turn-
onvoltage. Thislowers the A~ peak or even replaces it
byan A" peak. From the above considerations,alower
A~ peak means a lower EA signal. An A" peak has
never been reported in MoS,, however, in WSe,, com-
pared to A~ it shows a smaller shift with field [34], in
the opposite direction, which again lowers the EA. In
figure 3 we show transmission and EA maps of both
devices at the strongest EA peak (1.9eV). Although
we average over a spot size of <500 nm, we find that
the signal between the two electrodes (a lower sig-
nal is also seen below the electrodes, probably due to
multiple reflections in the substrate) varies between
0.15% and 0.22% for Device 1 and 0.40% and 0.52%
for Device 2. The signal variation across the maps in
Figure 3 does not follow the device geometry; hence,
it must originate from some other heterogeneity, such
as adsorbed molecules of varying density or charge
puddles from doping. Hence EA microscopy—-
possibly pushed towards even higher resolution via
near field scanning microscopy or stimulated emission
depletion—may evolve into a tool for characterizing
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molecular adsorption and the micro-and nanostruc-
ture of doping in 2D materials.

Assessing the useinan EAM

Important performance figures for EAMs/EOMs are
the insertion loss IL, the modulation depth MD, the
device footprint Ag4, and the switching energy per bit
E},. For typical applications an MD = 7 dB is required
[3], while IL is typically around 1-2 dB. The device
footprint of commercial devices typically exceeds
10* pm?, but experimental devices with footprints
ranging from 8 to 25 ym? have been realized [35, 36].
The switching energy per bit in state-of-the-art data
centers is currently a few p]J bit~!. However, to replace
existing electrical interconnect technology, Ep, < 1
f] bit ! is considered as the requirement for disruptive
technology.

In the transmission geometry, as used for the exper-
iments shown here, the IL is equal to the absorbance in
the presence of the electric field and MD and IL relate
straightforwardly to the absorbance A without field:

IL+MD=A (6)

Hence, increasing the transmission in the presence
of the electric field improves both performance
figures together: it decreases IL and increases MD.
We have shown switching from approximately 89%
transmission to 89.5% transmission, corresponding to
an insertion loss of 0.48 dB and a modulation depth
of 0.02 dB. For comparison, a single layer of graphene,
with the change in absorption caused by changes in the
occupation of electronic levels rather than Stark effect,
has negligible IL and an intrinsic upper limit of 0.10 dB
for MD (2.3% transmission modulation [37]). To
improve the performance of the 2d semiconductor
device, the transmission in the presence of the electric
field could be increased either if the A® and A~ peaks
shifted more strongly (e.g. by using a material with
larger intrinsic shift or a stronger modulated field), or
if they were narrower with all other parameters equal
or similar (see supplementary information, figure S1).
Narrower peaks can be achieved either by cooling
the device [38, 39] or by using other 2D compounds
with narrower resonances, such as MoSe, [40]. The
intrinsic performance limit would be a situation
where in the presence of the electric field the A° and
A~ peaks are completely separated, with a dip of almost
zero absorbance in between them. In this limit, IL is
negligible and MD of the monolayer is almost 0.5 dB,
clearly exceeding the performance of graphene.

We assess attainable performance figures of the
present device in two geometries: directly in transmis-
sion, as in the experiments shown above, and clad-
ding a silicon waveguide to modulate the evanescent
wave, as has been realized with grapheme [34, 41]. The
graphene devices in the cladding configuration have
IL =3 dB,MD = 0.1 dB um~!, and Aq = 25 um?,
which are among the best realized to date. As outlined
above, MoS, performs similarly to graphene—4-5
times worse in the case of our non-optimised devices,
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Figure 3. Electroabsorption and transmission maps of MoS, monolayer transistors. (a) and (b) Electroabsorption and transmission
maps of device 1. (¢) and (d) Electroabsorption and transmission maps of device 2. All measurements were performed at 650 nm,
electroabsorption with a DC offset of —1V and a modulated voltage V},, = 0.5V.
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4-5 times better than graphene might be attainable.
Hence, in this configuration, we can expect similar per-
formance figures to the graphene devices.

An even more compact EAM can be envisaged by
using directly the transmission geometry in which we
performed our experiments. The device could be built
to an overall thickness of 100 nm, reducing the device
footprint to < 1 m? Assuming we can realistically
attain MD > 0.2 dB for a monolayer, to achieve a via-
ble MD of 7 dB, we would need a device with either
20-50 layers of MoS,, or a multipass geometry (e.g. a
monolayer inside a Fabry—Perot interferometer), or
an even further increase of the light—matter interac-
tion via the Purcell effect [42] or metallic nanostruc-
tures [43]. None of these strategies would increase the
device footprint by more than a factor of 2. However,
for a device consisting of 50 layers of MoS; in order to
work at the same modulated electric field, V},, would
have to be increased to 1.8 V. The switching energy
would then be E;, = 1/2 CVIZ,p = 15 {], for a device of
C = 14 fF (assuming 30 nm HfO,, 30 nm of MoS,, and
adevice cross section of 3 X 3 um, as used here), while
for the monolayer device V,,, = 0.5V and C = 50 f{F,

yielding Ej, = 6 {]. Reducing the device cross section by
one order of magnitude to the size of the focussed light
spot (sub-pm) could proportionally reduce the device
capacity and hence bring the switching energy to the
sub-f] bit™! regime.

Conclusion

We have shown an unconventional electroabsorption
effect in monolayer MoS; and ascribed it to linear
field-induced shifts of the exciton and trion resonance
peaks in opposite directions. The strength of the effect
suggests that 2d semiconductors are excellent materials
for EAMs. Monolayer MoS, shows its strongest EA
signal at 1.9eV (650 nm). However, there is a vast
choice of 2D materials [44,45] with bandgaps covering
the whole range from 0 to beyond 5 eV, including the
main telecom wavelengths (850-1550 nm). Compared
to graphene, we envisage a possibly even shorter device
with much lower power consumption due to the low off
current [17]. Additionally, since the working principle
isnotbased on changes in the population of levels, there
is no excited state lifetime limit to the response time
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[34,40].Such a device could be extremely compact and
enable on-chip optical communication.
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