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Ultrafast photodetectors based on two-dimensional materials suf-
fer from low responsivities and high dark currents. Interlayer exci-
ton dissociation in type-ll vertical heterojunctions of transition
metal dichalcogenides is a viable mechanism for achieving higher
responsivities with picosecond response times. Here, we propose a
novel device concept based on these structures, with potential for
self-powered photodetector applications characterized by an
unprecedented trade-off between speed and responsivity with zero
dark current. In order to assess the realistic performance to be
expected in the proposed device, we have purposely devised a
simulation approach able to provide a detailed investigation of
the physics at play, while showing excellent predictive capabilities
when compared with experiments on interlayer exciton transport
available in the literature. The proposed high-performance photo-
detectors with tunable responsivities are at reach with available
fabrication techniques and could help in paving the way towards
monolithically integrated artificial neural networks for ultrafast
machine vision in speed sensitive applications.

Introduction

Two-dimensional (2D) materials have brought new perspectives
to the research on photonic and optoelectronic devices, with
graphene and transition metal dichalcogenides (TMDCs) as
leading players."”> While graphene is characterized by high
carrier mobilities and proven integrability with silicon photonic
platforms,”® strong light-matter coupling and high absorption-
per-layer factors turn in favor of direct bandgap TMDCs for
light-detecting applications.*® Several experimental works on

“ Dipartimento di Ingegneria dell’Informazione, University of Pisa, Pisa, Italy

b pepartamento de Electrénica y Tecnologia de Computadores, Universidad de
Granada, Granada, Spain

t Electronic supplementary information (ESI) available. See DOI: 10.1039/

d1nh00396h

i Present address: Electrical Engineering Institute and Institute of Materials

Science and Engineering, Ecole Polytechnique Fédérale de Lausanne (EPFL),

Lausanne, Switzerland. E-mail: edoardo.lopriore@epfl.ch, gianluca.fiori@unipi.it

This journal is © The Royal Society of Chemistry 2022

1*® Enrique G. Marin

ROYAL SOCIETY

e
PP OF CHEMISTRY

An ultrafast photodetector driven by interlayer
exciton dissociation in a van der Waals

® and Gianluca Fiori®

New concepts

In this work, we propose a novel photodetector design based on interlayer
exciton dissociation in type-II van der Waals heterostructures of 2D
materials. Interlayer excitons can be efficiently dissociated due to their
low binding energies, thus being promising for photodetector
applications. Previous works have only accounted for interlayer exciton
transport modeling without considering excitonic potential variations in
a complete electrostatic solution for gated devices. Here, we apply our
computational platform to the first simulation approach to devices based
on interlayer exciton transport in field-effect structures with optical
sources, while including second-order terms that are crucial for high-
density transport. We design split-gate photodetectors based on hBN-
encapsulated WSe,/MoSe, heterobilayers and show their potential for
ultrafast intrinsic speed performance. We show that these structures yield
higher responsivities compared to ultrafast detectors previously reported
in the literature, while allowing for self-powered operability with zero
dark currents. Our concept aims at paving the way to future
optoelectronic devices based on interlayer exciton dissociation for
efficient photodetector designs with unprecedented characteristics that
could overcome the state of the art.

photodetectors based on 2D materials have focused on optimiz-
ing either speed (a key aspect in data communication), or
sensitivity (relevant for imaging, sensing and spectrometry
applications). However, the simultaneous optimization of both
critical figures of merit continues to be challenging.® As an
example, graphene-based plasmonic waveguide-integrated
detectors” have reached record-high bandwidths (~110 GHz)
with enhanced responsivities when compared to previously
reported graphene devices,®® but with low photo-to-dark-
current ratios. Indeed, high dark currents in graphene detec-
tors are hard to be suppressed due to the lack of a bandgap and
represent a fundamental issue to the improvement of the
sensitivity of such devices. In particular, high gain factors in
both traditional and 2D-materials-based photodetectors are
related to very long carrier lifetimes, that conversely limit the
speed of such devices. On the other hand, high-speed conven-
tional photodetectors are hindered by the difficulty of
extracting fast recombining carriers with high sensitivity. The
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trade-off is aggravated by the hurdles in maintaining high
responsivities without increasing the dark current, the main
factor affecting sensitivity. In fact, the smallest dark currents
are obtained in photovoltaic mode with zero bias, which in turn
limits the responsivity of the detector. This type of operation in
photovoltaic mode is also ideal in terms of power consumption,
allowing for the integration of devices in self-powered systems,
such as photodiode arrays in artificial neural networks for
machine vision applications.'® Even though zero-bias photo-
detection in graphene has been achieved on a photonic defect
crystal waveguide, with responsivities of 48 mA W', the
reported bandwidth is limited to 18 GHz (ref. 11). On the other
hand, the promising optical characteristics of direct bandgap
monolayer TMDCs have enabled photodetectors operating with
zero dark currents and ultrafast responses in the picosecond
range, though showing responsivities intrinsically limited to
few mA W (ref. 12 and 13).

Stacking layers of 2D materials into van der Waals
heterostructures'® is a potential option for improving the
trade-off between sensitivity and speed in 2D-materials-based
detectors, although fabricated devices still show relevant lim-
itations associated to short carrier relaxation times or high dark
currents. Increasing the number of layers of the active material
in graphene/WSe, vertical heterostructures has been proven to
lead to higher responsivities, but at the cost of lower response
times.'” Indeed, the relaxation of optically generated free-
carriers in few-layer TMDCs has been observed within few
picoseconds, thus limiting the internal quantum efficiencies
of detectors with multilayer TMDCs.'>'® Furthermore, a
waveguide-integrated detector based on a graphene/MoTe,
heterostructure has demonstrated bandwidths up to 46 GHz
with responsivities of the order of tens of mA W™*, but with
sensitivity limited by non-zero dark currents.'” Other material
combinations and heterostructures with type-II band align-
ments have also been studied leveraging on favorable transport
characteristics,"'® 2 with practical applications in photodetec-
tion limited to the microsecond range®' or yet to be deter-
mined. In this scenario, novel device concepts based on
different photocarrier generation mechanisms are required in
order to overcome the performance limits of detectors based on
2D materials and reach for high-speed and high-responsivity
detection with negligible dark currents.

One option for achieving higher performance is represented
by exploiting the formation of interlayer excitons in van der
Waals heterostructures. Interlayer excitons can be optically
generated in heterojunctions of direct-gap TMDCs with type-II
band alignment, where electrons and holes separate on ultra-
fast time scales and locate on different layers of the hetero-
structure with long lifetimes.*** Interlayer exciton densities
can then be manipulated through vertical electric fields, that
induce confining or repulsing effective potentials, thus
enabling to control their transport.>>>® Moreover, they can be
dissociated by lateral electric fields to generate free carriers and
extract a photocurrent.”® Since both TMDC layers in the type-II
heterojunction contribute to the generation of electron-hole
pairs, higher total absorptions can be obtained with these
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heterobilayers compared to monolayer active areas. High
charge-transfer efficiencies have been reported in WSe,/MoS,
heterobilayers,®>*' as well as in other van der Waals
heterostructures,* leading to interlayer exciton populations
benefiting from absorptions in both layers. In addition, due to
the difference in binding energies and lifetimes, lower electric
fields are needed to efficiently dissociate interlayer excitons
with respect to intralayer ones and obtain large photocurrents.
These advantages give good grounds for expecting devices with
higher responsivities at lower lateral electric fields as compared
to ultrafast detectors based on monolayer TMDCs, while main-
taining response times in the picosecond range. However, until
now the extremely promising possibilities offered by interlayer
exciton dissociation have not been fully disclosed yet. Indeed,
infrared photodetectors based on interlayer excitons in van der
Waals heterostructures have been recently reported with high
responsivities, but with response times still limited to tens of
milliseconds.***® Even though these results have anticipated
the potential of interlayer exciton dissociation, novel device
designs are needed in order to efficiently extract free carriers
and overcome state-of-the-art detection speed.

In this work, we propose a device concept for ultrafast split-
gate photodetectors based on interlayer exciton dissociation as
a highly efficient carrier generation mechanism. The proposed
device can be fabricated with the current available technology
and consist in a hBN-encapsulated WSe,/MoS, heterobilayer
with type-II band alignment over a SiO,/Si substrate, where the
Si back gate is heavily p-doped (Fig. 1a). The type-II band
alignment in the heterobilayer enables charge transfer between
the TMDCs and the formation of interlayer excitons with long
lifetimes (Fig. 1b). In the device shown in Fig. 1a, split-gate
electrodes are located on top of the van der Waals heterostruc-
ture to electrostatically induce lateral p-n junctions in the
TMDCs. A second device geometry with bottom split-gates is
represented in Fig. S3 (ESIt). The working principle of these
photodetectors is described in Fig. 1c and d. Interlayer excitons
are generated in the heterobilayer and diffuse based on their
transport parameters. The photocurrent extraction and modu-
lation are driven by interlayer exciton dissociation in the lateral
electric fields of the electrostatically induced p-n junctions
(Fig. 1c). Then, the generated free charges are drifted out of
the junction and reach the lateral contacts on the TMDCs. By
including the main physical phenomena of interest for inter-
layer exciton drift-diffusion and free-carrier transport (Fig. 1d),
we show that the photodetectors here designed operate in a
photovoltaic mode with zero dark current, and are character-
ized by picosecond response times (~4 ps) and increased
responsivities (~50 mA W™ ') compared to high-speed state-
of-the-art devices employing 2D materials. The split-gate design
allows for ultrafast dissociation of interlayer excitons and free-
carrier drift, without compromising on sensitivity by photovol-
taic operation with zero dark currents. Our results indicate that
split-gate detectors involving interlayer exciton dissociation
have the potential of yielding unprecedented trade-offs between
sensitivity and speed among detectors based on 2D materials
and room-temperature CMOS-compatible devices, enabling

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 Device model and photocurrent extraction. (a) Schematic structure of the top split-gate photodetector. Interlayer excitons are generated by a
light source focused on a WSe,/MoS; heterobilayer. The top and bottom hBN layers form 10 nm and 30 nm thick dielectrics respectively. The substrate is
made of SiO, (270 nm) over heavily p-doped bulk silicon. Opposite gate voltages are applied to the left and right electrodes, thus inducing an
electrostatically doped p—n junction along both TMDCs. Interlayer excitons are dissociated by a sufficiently high lateral electric field, free charges are
drifted out of the junction and then diffuse to the lateral contacts. (b) Heterojunction bands with type-Il alignment.>® Photogenerated electrons and holes
tunnel within tens of femtoseconds® to form interlayer excitons. (c) Schematic representation of interlayer exciton dissociation in the heterobilayer
junction. The conduction band of MoS, and the valence band of WSe; are depicted in the condition of high and opposite electrostatic doping in both
layers. (d) The process of photocurrent extraction can be divided in three main parts: exciton generation, exciton transport and free-carrier transport.
Exciton transport is regulated by the excitonic potential, depending on the vertical electric field inside the heterostructure. The lateral field induces
exciton dissociation and generates free carriers. The photocurrent depends on the free-carrier drift time induced by the lateral field inside the junction, as

well as the recombination factors of free electrons and holes in the two TMDC layers.

future ultrafast machine vision in applications such as pico-
second spectroscopy, with real-time processing realized on a
single chip."®

Results and discussion

Even though outstanding experimental research efforts are
currently undertaken on the manipulation of exciton com-
plexes in 2D materials, a detailed physical description of the
mechanisms at play in devices based on interlayer exciton
transport in van der Waals heterostructures is still lacking. In
order to evaluate the performance of the split-gate photodetec-
tors proposed in this work, we have developed a theoretical
framework that includes the main physical phenomena of
interest for interlayer exciton transport. Previous numerical
calculations of the exciton potential energy have mainly

This journal is © The Royal Society of Chemistry 2022

considered analytical estimations of the Stark shift effect,
neither accounting for exciton-exciton interaction nor employ-
ing the exact calculation of the electric field inside the hetero-
structure in the presence of electrostatic doping.>®*® Moreover,
the drift-diffusion equation for interlayer excitons in van der
Waals heterobilayers has been solved mainly through analytical
formulas, neglecting the self-consistency with a varying exciton
potential energy.*®*"**> Therefore, a fully comprehensive frame-
work for interlayer exciton transport in van der Waals hetero-
structures is needed in order to fully address the involved
physics and provide a theoretical basis for modeling excitonic
transistors and circuits.* In particular, we use a transfer-matrix
method to study the propagation of the laser beam through the
layered medium and extract the interlayer exciton generation
factor in the WSe,/MoS, heterobilayer (ESIt Note 1). The
electrostatic potential in the simulated devices is computed
solving the Poisson equation on NanoTCAD ViDES* in a

Nanoscale Horiz., 2022, 7, 41-50 | 43
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Fig. 2 Interlayer exciton transport. (a) Exciton free diffusion for the full 2D transport (solid red line) and the 1D approximation (dashed blue line) along the
heterobilayer. The blue points are extracted from the output photoluminescence induced by diffused interlayer excitons in the room-temperature
excitonic transistor (Fig. S2a, ESIt).*> The 2D colormap plot of in-plane diffusion is reported in the inset. (b) Electrostatic potential ¢ on the WSe layer
(blue) and exciton potential energy (red) for varying gate voltages. The gate region is highlighted by a schematic drawing on top of the graph. The
behavior of the maximum ¢wse2 as function of the top-gate voltage is shown in Fig. S2c (ESIT), reporting a steep increase below Vg = 2.5V followed by a
gradual saturation to a value close to the bandgap of the material. The exciton—exciton interaction (EEI) reaches its maximum at the highest exciton
density (x = 0). A potential energy barrier is raised through the quantum-confined Stark effect for growing top-gate voltages, effectively impeding exciton
diffusion. (c) The simulated ON/OFF ratio (blue line) of the excitonic transistor is compared to the corresponding data from the reference device (blue
dots).?® The excitonic potential barrier height (solid red line) is confronted with a simple analytical formula (ESI+ Note 2) in the Vg region corresponding to

lightly doped TMDC layers (dashed red line). A schematic representation of the excitonic transistor is represented in the inset.

self-consistent loop with the calculation of the charge distribu-
tions in the 2D materials of the structure (ESIf Note 2).
Interlayer exciton transport is then computed through the
complete drift-diffusion equation including second-order fac-
tors in both the interlayer exciton potential energy and the
exciton recombination term (ESI{ Note 3).

In order to validate the predictive capabilities of the imple-
mented simulation platform, we solve the interlayer exciton
diffusion considering the materials and optical characteristics
of the first room-temperature excitonic transistor reported in
the literature (Inset of Fig. 2¢ and Fig. S2a, ESIT).>® Since the
normalized interlayer exciton density and photoluminescence
(PL) can be assumed to be directly related, the 1D and 2D
normalized solutions for steady-state exciton density distribu-
tions are compared with experimental PL data for a Gaussian
laser beam (Fig. 2a). The extracted transport parameters for
interlayer excitons in such a structure are aligned with other
reports on interlayer exciton dynamics in WSe,/MoS, van der
Waals heterostructures, as well as in other type-II heterojunc-
tions of TMDCs,>®*"#%#2%5 while still being lower with respect
to the best results ever obtained.”®*' We note that, by extracting
the physical parameters from experimental results, we are
inherently considering all the non-idealities in the interlayer
exciton transport of a fabricated heterostructure, comprising
the presence of defects. Nonetheless, future research could
provide an accurate description of the effect of defect-bound
states and defect-induced transitions on the variability of
interlayer exciton transport parameters, which would be bene-
ficial for the modeling of excitonic devices. In this work,
second-order terms have been included in the simulation plat-
form in order to consider factors such as exciton-exciton
annihilation and Auger processes. Further information on the
extraction and evaluation of the transport parameters is
presented in detail in ESIf Note 3. For an optical power of

44 | Nanoscale Horiz., 2022, 7, 41-50

270 uW at a wavelength of 647 nm, the steady-state exciton density
reaches a maximum value of 3.8 x 10" ecm™> at the laser beam
center point (x = 0). For high generation factors, similar distribu-
tions are obtained from the one- and two-dimensional solutions.
We note that our results lie within the theoretical predictions for the
exciton density limit in a WSe,/MoS, heterobilayer.**®

Next, we solve the electrostatics and drift-diffusion problems
in the excitonic transistor. The simulated electrostatic potential
on the WSe, layer is reported in Fig. 2b, together with the
extracted interlayer exciton potential energy U. A potential
barrier is imposed with increasing gate voltages due to the
Stark shift component in U, reaching values slightly under
200 meV for gate voltage Vg = 16 V. The exciton-exciton
interaction term (EEI, ESIt Note 3) follows the same spatial
distribution as N, with a maximum value of 5.7 meV at x = 0,
thus being only relevant for transport at low gate voltage.
Vs controls the potential barrier height and thus the exciton
transport, determining the effective modulation of the interlayer
exciton density beyond the gate region. The simulated ON/OFF ratio
for the output interlayer exciton density is reported in Fig. 2c,
showing very good agreement with the experimental data from
the work of Unucheck et al.>® These results clearly demonstrate that
the implemented approach is able to correctly foresee the behavior
of an excitonic device. We further apply our method to engineer the
excitonic transistor by geometrical optimization. In ESI Note 4, we
demonstrate that ON/OFF ratios can be improved if larger distances
between the light beam focus and the output region are considered,
with maximum ON/OFF ratios reaching values up to approximately
270 at the cost of reduced output exciton densities. We also
determine that the excitonic transistor is a scalable device, with
good performance at gate lengths as small as 100 nm, thus
motivating further research on compact low-power optical inter-
connects based on interlayer excitons in van der Waals
heterostructures.””

This journal is © The Royal Society of Chemistry 2022
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In order to assess the performance of the proposed photo-
detectors (Fig. 1a and Fig. S3, ESIf), we integrate the exact
electrostatic solution in the van der Waals heterostructure for
varying split-gate voltages with interlayer exciton drift-diffusion
simulations and free-carrier transport equations (Fig. 1d, ESIt
Note 5). The van der Waals heterostructure dimensions, the
substrate and the laser wavelength are equivalent to those of
the excitonic transistor, and thus the same transport para-
meters are valid (ESIT Note 3). The optical beam width is taken
as equal to the diffraction-limited spot size of a 647 nm laser
(~820 nm). In all simulations, the voltage difference between
the lateral contacts Vps is imposed to be null in order to
consider near-equilibrium transport and demonstrate a fully
photovoltaic detecting operation.

The split-gate voltage is varied between 0 V and 4 V, which is
enough to cover the whole range of quantum efficiencies and
responsivities that are achieved in our devices. The spatial
maps of the lateral electric field in the heterostructure with
Vg = 4 V are reported in Fig. 3a and d for the top and bottom
split-gate devices respectively. The electrostatic potential on the
WSe, monolayer and the lateral electric field in the heterobi-
layer vary with increasing top (Fig. 3b) and bottom (Fig. 3e)
split-gate voltages. Sufficiently high voltages induce enough
electrostatic doping to generate a lateral p-n junction with
maximum voltage difference determined by the bandgap of the
material. The different lateral electric field distributions in the
two devices depend on the position of the split-gate electrodes
with respect to both the back gate and the heterobilayer itself.

View Article Online

Communication

With high voltages in the bottom split-gate structure, the
effective junction length L. is reduced compared to the
nominal value (ESIT Note 6).

The simulated responsivities and IQEs of the devices are
reported in Fig. 3c and f as a function of Vg, together with the
average lateral electric fields inside the effective junction
regions. A steep increase in responsivity is observed at
electric fields higher than 4 V um™". Thus, we can define the
threshold voltage for photodetection as the Vg corresponding to
Epra ~4Vum™ ', Photodetection threshold voltages in the range
between 1.2 V and 1.5 V are obtained for both device geome-
tries, with shifts for different optical power densities due to the
nonlinear recombination term. All responsivity curves saturate
at higher electric fields, where the main limiting transport
mechanism is free-carrier drift.

The split-gate separation in our device model is a fraction of
the laser beam spot diameter (d ~8 Lyom). Thus, a significant
portion of the total interlayer exciton population is generated
outside of the junction region. These excitons can diffuse along
the van der Waals heterobilayer and reach the region between
the split gates. The collection efficiency in split-gate detectors
with excitonic species is defined as the ratio between the
number of excitons that reach the p-n junction region and
the total generated population. In the low-density regime, high
collection efficiencies can be obtained thanks to the
micrometer-scale diffusion length of interlayer excitons in
our system (ESIT Note 3). At low optical power densities (I, <
10> W m™?), the responsivities in the top and bottom split-gate
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Fig. 3 Electric field and photoresponse. (a and d) Electric field distributions in the heterostructure for Vg = 4 V for top and bottom split-gate detectors,

respectively. The color scale ranges are chosen for display purposes. (b and

e) Electrostatic potential on WSe, (blue) and lateral electric field (red) for

different split-gate voltages in the top-gate and bottom-gate photodetectors respectively. The nominal length of the junction region is highlighted on
the results in the top-gate geometry. (c and f) Average lateral electric field (red), responsivity and internal quantum efficiency (blue) as a function of the
split-gate voltage in the two devices of interest for different power densities.

This journal is © The Royal Society of Chemistry 2022
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devices reach values of 41 mA W' and 47 mA W', corres-
ponding to internal quantum efficiencies as high as 83% and
95%, respectively. However, for high optical power densities
(Ip > 10° W m™?), the second order term in the recombination
factor dominates the quasiparticle dynamics, and the excitons
generated outside of the junction are forced to recombine
before they can reach the high-field region (ESI} Note 7). Thus,
high optical power densities lead to lower maximum responsiv-
ities (Fig. 3e and f). A complete power-dependent study of the
device performance is reported in Fig. S7 (ESIT) for both top
and bottom split-gate photodetectors. Similarly, bigger spot
sizes also contribute in diminishing the responsivity in the
devices due to the higher distance between the generated
electron-hole pairs and the high-field region (Fig. S8, ESIT).
We have also investigated the variability of the maximum
responsivities and photoresponse rates in the two device geo-
metries with respect to split-gate separation and free-carrier
mobility (Fig. S9 and S10, ESIT).

In the low-density regime, the intrinsic photoresponse rate
in the devices can be estimated as 'y, ~ 1/(ty + 1,,),"> where 1y
and 7, are the exciton decay time and the free-carrier lifetime
respectively. We extract the rates for both detector geometries
at different split-gate voltages (Fig. 4). We note that our
simulations consider intrinsic photoresponse rates following
experimental works on time-resolved photocurrent measure-
ments of ultrafast detectors based on p-n junctions.'**'**%% 1n
this picture, the limiting mechanisms to the device perfor-
mance lie in the carrier dynamics inside the junction region,
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Fig. 4 Photoresponse rate and linearity. Intrinsic photoresponse rate in
the bottom and top split-gate detectors as a function of V. The voltage
ranges corresponding to low, moderate and high fields show responses
dominated by exciton recombination, dissociation and free-carrier drift
respectively. Inset: Output photocurrent density as a function of input
optical power density for varying average junction fields. A highly linear
behavior is reported for the considered range of input light intensity.
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as for the intrinsic photoresponse of traditional photodiodes.
Extrinsic terms, such as resistive-capacitive parasitic compo-
nents, are strictly dependent on device fabrication and
measurement equipment, and can be properly engineered
based on the available technology.® For low junction fields
(0 V < Vg < 1.2 V) the response rate of the bottom split-gate
device is dominated by exciton recombination. In the top split-
gate geometry, the lateral field does not go to zero for low Vg,
and therefore the photoresponse rate depends on both recom-
bination and dissociation for low fields. For moderate fields
(1.2 V < V5 < 1.6 V), interlayer exciton dissociation is the main
physical phenomena that limits photocurrent extraction in
both devices, while for Vg >1.6 V the junction fields are high
enough that free-carrier drift becomes the dominating mecha-
nism in the photoresponse. For V; = 4 V, ie. in the highest
responsivity range, we obtain response times of 3.8 ps and
5.7 ps in the bottom and top split-gate detectors respectively,
demonstrating high-sensitivity and high-speed photodetectors
based on type-II TMDC heterobilayers. In Table 1, the perfor-
mance of the proposed devices is compared to that of the
fastest state-of-the-art detectors based on 2D materials reported
in the literature.

We note that the charge-transfer efficiency in type-II TMDC
heterojunctions is dependent on the lateral electric field.>
Since the optically excited electrons and holes form spatially
indirect excitons on ultrafast time scales (~50 fs) with near-
unity charge transfer efficiencies,*' > we assume that interlayer
excitons in the WSe,/MoS, heterobilayer form significantly
faster with respect to intralayer exciton dissociation for low
lateral electric fields. Indeed, for E; 5 <15V pum™', where most
of the photoresponse modulation in our devices takes place,
intralayer exciton dissociation occurs in the order of tens of
picoseconds. For higher fields, the two physical mechanisms
concur and a portion of the generated intralayer excitons
dissociate before tunneling. However, for Ej, >15 V um %,
both the responsivity (Fig. 3¢ and f) and speed (Fig. 4) of the
proposed devices are limited by free-carrier transport (Fig. S4,
ESIt). Thus, for high lateral fields, the intralayer excitons that
dissociate before undergoing charge transfer will equivalently
contribute to the extracted photocurrent as the successfully
formed and dissociated interlayer excitons. Therefore, the
interplay between intralayer dissociation and charge transfer
is not relevant in our study for both low and high lateral fields,
and the extracted photocurrent is indeed modulated by inter-
layer exciton dissociation.

Finally, we have investigated the heterobilayer photodetec-
tors linearity. This aspect is especially relevant in artificial
neural networks based on photodetector arrays, where the
input optical power density and the output photocurrent den-
sity vectors are related through a responsivity matrix where the
network weights are encoded.’® Thus, linearity between input
and output quantities is required in the matrix-vector product
operation Jo,: = R L. The output photocurrent density in our
devices is reported in the inset of Fig. 4 as a function of input
light intensity for different junction electric fields, showing a
highly linear behavior for I, < 10° W m™> Further

This journal is © The Royal Society of Chemistry 2022
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Table 1 Performance of ultrafast photovoltaic detectors based on 2D materials
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Wavelength Photoresponse Bandwidth Responsivity
Structure (nm) Time (ps) (GHz) IQE (%) (mAwW™1)
Graphene® 1550 — 40 6-16 0.5
Graphene®! 1550 2.1* 262% 16-37 —
Graphene/WSe,/Graphene'? 800 5.5% 100* 40 ~1.5
Monolayer WSe,"? 750 ~20* ~27.5% 15 <4.5
Waveguide-integrated graphene'' 1550 24 18 87 ~48
Waveguide-integrated graphene/MoTe,"” 1300 ~18 ~30 <40 <10
WSe,/MoS, heterobilayer (this work) 647 3.5-5.7* ~96-145* 80-95 41-49

~, value extracted from plots or estimated from other parameters. *, intrinsic value not considering extrinsic terms. Comparison between ultrafast
photodetectors in the state of the art and the encapsulated WSe,/MoS, heterostructure device proposed in our work. We are considering detectors
with photovoltaic operation (zero bias), response times under 1 ns and responsivities higher than 1 mA W™,

investigations on power dependence are reported in ESI{ Note 7.
The considered Ep, range corresponds to the moderate field
region, where most of the photocurrent span is contained for
both devices (Fig. 3c and f). We note that linearity can also be
achieved for higher optical powers by appropriately restricting the
operative range based on the actual photocurrent behavior.

Conclusions

We have proposed novel photodetectors through the develop-
ment of a purposely devised simulation platform for interlayer
exciton transport in van der Waals heterostructures of 2D
materials. We have validated the model against experimental
results of excitonic devices available in the literature, showing
excellent agreement. Leveraging the demonstrated predictive
capabilities of the proposed simulation framework, we have
assessed the performance of the proposed heterobilayer photo-
detectors, showing high internal quantum efficiencies up to
95% and maximum responsivities around 47 mA W' with
response times below 4 ps. The responsivities and IQEs of the
detectors depend on the lateral electric field of an electrostati-
cally induced p-n junction, which can be varied by changing
the voltage applied to the split-gate electrodes. It is worth
noting that the proposed photodetectors can be readily realized
with the current available fabrication technology of van der
Waals heterostructures and no additional challenges arise from
our design. Even though the performance of the proposed
detectors is limited to the visible spectrum, the developed
device model and operating principle can be equivalently
applied to van der Waals heterostructures with interlayer
transitions in the infrared range.****°° Furthermore, detectors
with tunable responsivities operated in photovoltaic mode
allow for the realization of monolithically integrated image
sensors with zero latency and self-powered operation.'® With
the proposed devices, it is possible to realize artificial neural
networks (ANNs) for machine vision in a 30 mA W' respon-
sivity range with gate voltage variations as low as 300 mV. A full
total range up to 94 mA W' is also available at the cost of split-
gate voltage sweeps in the range between —2 V and +2 V.

In conclusion, we predict that photodetectors based on
interlayer excitons in WSe,/MoSe, heterobilayers can yield an
unprecedented trade-off between speed and responsivity, open-
ing new perspectives on ultrafast photodetectors based on 2D

This journal is © The Royal Society of Chemistry 2022

materials, and triggering an interest towards the experimental
fabrication of the proposed devices. Moreover, their array
integration as pixels could enable future artificial neural net-
works for picosecond time-resolved spectroscopy and other
ultrafast applications in machine vision.

Methods

Optical input

A transfer-matrix method>*°?® is applied to study the propaga-
tion of the laser beam electromagnetic waves through the
layered media in the devices of interest. The optical power
dissipated in each layer is extracted by adapting known proce-
dures in common bulk photovoltaics to structures based on 2D
materials.”* Then, interlayer exciton generation rates in the
TMDC layers of the structure are calculated by including charge
transfer in type-II heterobilayers (ESIt Note 1).

Electrostatics

The Poisson equation is solved through the NanoTCAD ViDES
simulation software®**® with a classical box-method discretiza-
tion in rectangular domains. In order to obtain the exact
electrostatic solution in the structure, we have considered the
semiconducting behavior of the TMDCs. A self-consistent loop
between the Poisson equation and the charge distribution in
the TMDCs is iterated through the Newton-Raphson method
(ESIt Note 2). Electron and hole densities in the semiconduct-
ing layers are calculated following an effective-mass approxi-
mation in the expression for 2D-confined charge distributions
and Fermi-Diract statistics.

Interlayer exciton transport

The steady-state drift-diffusion equation for interlayer exciton
transport in the classical limit>® is solved in a rectangular grid
box-method with Scharfetter-Gummel discretization in both
one and two dimensions. The excitonic potential and the
recombination factor are calculated considering second order
terms in a complete theoretical framework (ESIf Note 3). A
decoupled Gummel map method is specifically developed by
including the device electrostatics and interlayer exciton trans-
port in a single simulation flow. For a given electrostatic
solution, which sets the initial excitonic potential and recom-
bination term, the potential and population densities of

Nanoscale Horiz., 2022, 7, 41-50 | 47
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interlayer excitons are derived through an iterative scheme
until convergence. For the photodetectors proposed in this
work, dissociation rates and free-carrier dynamics are included
in the framework in order to calculate photocurrent extraction
and the detector parameters of interest.
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