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CONSPECTUS

Transition metal dichalcogenides (TMDCs) exhibit favorable properties for optical
communication in the GHz regime, such as large mobilities, high extinction coefficients and
silicon compatibility. While impressive improvements of their sensitivity have been realized, the
bandwidths of these devices have been mostly limited to few MHz. We argue that this shortcoming
originates in the relatively large RC constants of TMDC-based photodetectors, which suffer from
high surface defect densities, inefficient charge carrier injection at the electrode/TMDC interface
and long charging times. However, we show in a series of papers that rather simple adjustments in

the device architecture afford TMDC-based photodetectors with bandwidths of several 100s MHz.
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We rationalize the success of these adjustments in terms of the specific physical-chemical
properties of TMDCs, namely their anisotropic in-plane/out-of-plane carrier behavior, large
optical absorption, and chalcogenide-dependent surface chemistry. Just one surprisingly simple
yet effective pathway to fast TMDC photodetection is the reduction of the photoresistance by using
light-focusing optics, which enables bandwidths of 0.23 GHz with an energy consumption of only

27 fJ/bit.

By reflecting on the ultrafast intrinsic photoresponse times of few picoseconds in TMDC
heterostructures, we motivate the application of more demanding chemical strategies to exploit
such ultrafast intrinsic properties for true GHz-operation in real devices. A key aspect in this regard
is the management of surface defects, which we discuss in terms of its dependence on the layer
thickness, its tunability by molecular adlayers and the prospects of replacing thermally evaporated
metal contacts by laser-printed electrodes fabricated with inks of metalloid clusters. We highlight
the benefits of combining TMDCs with graphene to heterostructures that exhibit the ultrafast
photoresponse and large spectral range of Dirac materials with the low dark current and high
responsivities of semiconductors. We introduce the bulk photovoltaic effect in TMDC-based
materials with broken inversion symmetry as well as a combination of TMDCs with plasmonic
nanostructures as means for increasing the bandwidth and responsivity simultaneously. Finally,
we describe the prospects of embedding TMDC photodetectors into optical cavities with the
objective of tuning the lifetime of the photoexcited state and increasing the carrier mobility in the
photoactive layer.

The findings and concepts detailed in this account demonstrate that GHz photodetection with

TMDC:s is feasible, and we hope that these bright prospects for their application as next-generation
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optoelectronic material motivates more chemists and material scientists to actively pursue the

development of the more complicated material combinations outlined here.

KEY REFERENCES

1) StrauB3, F.; Kohlschreiber, P.; Keck, J.; Michel, P.; Hiller, J.; Meixner, A. J.; Scheele, M. A
simple 230 MHz Photodetector Based on Exfoliated WSe2 Multilayers. ChemRxiv Preprint

2023. https://doi.org/10.26434/chemrxiv-2023-0lmgq." The influence of the photoresistance

onto the response speed of WSe: photodetectors is shown and lowered by using focusing optics

to result in a bandwidth > 230 MHz.

2) StrauB, F.; Schedel, C.; Scheele, M. Edge Contacts accelerate the Response of MoS2

Photodetectors. Nanoscale Advances 2023, 5, 3494. http://doi.org/10.1039/d3na00223c.? For

the first time edge contacts are examined towards their influence on the response speed of

TMDC photodetectors.

3) Schedel, C.; StrauB}, F.; Kohlschreiber, P.; Geladari, O.; Meixner, A. J.; Scheele, M. Substrate
Effects on the Speed Limiting Factor of WSe, Photodetectors. Phys. Chem. Chem. Phys. 2022,

24, 25383 - 25390. https://doi.org/10.1039/D2CP03364].> Polyimide and glass are used to

show the influence of substrates with different dielectric constants on the speed limiting

mechanism in WSe:z photodetectors.

4) Maier, A.; StrauB}, F.; Kohlschreiber, P.; Schedel, C.; Braun, K.; Scheele, M. Sub-nanosecond
Intrinsic Response Time of PbS Nanocrystal IR-Photodetectors. Nano Lett. 2022, 22, 2809-

2816. https://doi.org/10.1021/acs.nanolett.1c04938.* Asynchronous Optical Sampling is

https://doi.org/10.26434/chemrxiv-2024-d352b ORCID: https://orcid.org/0000-0002-2704-3591 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0


https://doi.org/10.26434/chemrxiv-2023-0lmgq
http://doi.org/10.1039/d3na00223c
https://doi.org/10.1039/D2CP03364J
https://doi.org/10.1021/acs.nanolett.1c04938
https://doi.org/10.26434/chemrxiv-2024-d352b
https://orcid.org/0000-0002-2704-3591
https://creativecommons.org/licenses/by/4.0/

introduced for measuring the intrinsic response time of photoactive materials, and its

application is exemplified for PbS nanocrystal photodetectors.

Introduction

Transition metal dichalcogenides (TMDCs), especially two-dimensional monolayers, exhibit
strong excitonic binding energies (300 meV), large carrier mobilities (30 cm?/Vs) and high
extinction coefficients (~3*10°cm™).>”7 They are chemically versatile, compatible with silicon
technology, relatively cheap, and can be used as monolayers, multilayers or combined with other
2D materials in heterostructures. These properties are ideal for their application in photodetectors
with high speed and large detectivity at the same time. However, as detailed by Sorger et al.® an
independent optimization of speed and detectivity (or responsivity) is not possible, since the long
carrier lifetimes needed for high responsivities are detrimental for the response time. Similarly,
large mobilities are required for fast photodetection with sufficiently large band gaps to prevent
high dark currents and, thus, low detectivities as e.g. in zero-gap graphene. Over the past ten years,
most efforts have focused with impressive results on increasing the responsivity.’ In contrast,
similar improvements of the response speed of TMDC photodetectors have been challenging, and
in particular a GHz photoresponse has remained mostly elusive, despite an increasing demand for
GHz-compatible photodetectors as components in optical data communication. In this account, we
reflect on the lessons learnt from our own physical-chemical approaches toward ultrafast TMDCs
photodetectors.

The article is structured as follows: We begin with a brief account of the fundamental
performance parameters of photodetectors for readers new to the field (see Box 1). We continue
with a definition and distinction of extrinsic vs. intrinsic response times, discuss the effect of the

TMDC layer thickness and provide a brief overview of the speed limiting factors in TMDC
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photodetectors. On this basis, we devise chemical and physical design strategies for accelerating
their photoresponse, taking into account substrate considerations, chemical healing of defects,
edge electrodes and reducing the photoresistance. We conclude with promising future directions
to even faster photodetection, including optical cavities, the bulk photovoltaic effect and
plasmonics.

Box 1: Figures of merit of photodetectors'®!!

Selection of sensitivity measures:
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Rise and fall time in the non-steady and steady state:

The time it takes the current to increase from 10 to 90% (90 to 10%) of its final value is called
the rise (fall) time. Two different laser excitations are distinguished: Steady (a) and non-steady
state (b) excitation, as sketched below. In the steady state a square pulse illumination increases
the current to the highest possible photocurrent. The non-steady state mimics real data transfer
by illumination with a delta shaped impulse and observing the response time. Via the power
spectrum, the frequency-based speed measure, the 3dB bandwidth, can be determined, giving
the maximal operation frequency at which the initial photocurrent has dropped to 70%.'? Note
that the often-used approximation t,;5, = 0.35/f345 can lead to large deviations compared to

the much more precise power spectrum, when calculating the bandwidth.'?
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Extrinsic vs. intrinsic response

The extrinsic photoresponse is the true signal processing time (detector speed) of the entire
device with highest relevance for real applications. The basic concepts for its experimental
determination are detailed in Box 1. A laser with a pulse length much shorter than the response
time excites the photoactive material to assess the rise and fall times, limited by the slowest
mechanism present. Possible limitations are the RC time, drift / transit time and diffusion time.'*

The RC time tg. is the product of the device capacitance and the device resistance, which is

omnipresent in every electrical component. The transit time depends on the mobility p, the channel

2

length d and the applied bias U: t;qnsit = ud*_U' Diffusion is only important in non-depleted

2

regions, depending on the diffusion length 1 and the diffusion coefficient D: t4;f = IE. By
increasing the depletion region or the material mobility, the diffusion zones get smaller, and the

slow diffusion component vanishes.

These mechanisms are expressed as t,;s, = \/tczu-ff + tén-ft + (2.2 * Tx¢)?, since the RC time

must be multiplied with 2.2 to account for the 10 — 90% niveau. Further, more specific effects

https://doi.org/10.26434/chemrxiv-2024-d352b ORCID: https://orcid.org/0000-0002-2704-3591 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0


https://doi.org/10.26434/chemrxiv-2024-d352b
https://orcid.org/0000-0002-2704-3591
https://creativecommons.org/licenses/by/4.0/

included in these fundamental three components are the carrier injection time at the electrode and
the transfer time between two materials in a heterostructure or even between two layers in a
multilayer. The injection time or electrode-material transfer time is found indirectly in the RC time
in form of the contact resistance whereas the material-transfer time is part of the drift or diffusion
time, depending on the depletion.

In contrast, the intrinsic response time reflects the inherent lifetime circle of charge carriers from
exciton dissociation to photocurrent generation. Therefore, the intrinsic response time constitutes
the upper limit to the speed of a photodetector if all external factors (e.g. RC time) are negligible.
Its determination requires all-optical methods, such as the two-pulse coincidence (2PC) technique,
which is detailed in Box 2. Briefly, a pulsed pump laser excites the sample and after a short delay,
a second laser, the probe laser, examines how many charge carriers can be re-excited. The temporal
resolution of this experiment is given by the pulse width of the pump laser and/or the delay time
between the two lasers, such that measurements with dt < 100 fs are possible.

For the entire charge carrier lifetime, the intrinsic response time tin can be expressed as follows:

Tin' = (ta+ 1) '+,

where 14 is the charge carrier drift time, ts the charge carrier transfer time e.g. between two
TMDCs, and 1 the charge carrier recombination time. More details on different recombination
processes can be seen in Box 2. Typical values of tin vary from several picoseconds to hundreds
of nanoseconds. '’

Box 2: Scheme of two-pulse coincidence (2PC) photoresponse measurements

At a small pump-probe delay, due to the saturated absorption of the charge carriers in the
ground state of the active material, the photocurrent generated by the second pulse will be

suppressed. With the increase in delay time, parts of the excited charged carriers return to the
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ground state and can be excited again, therefore the generated photocurrent demonstrates an
exponential recovery, reflecting the intrinsic response time of a photodetector, see Figure a-d
below.

The working principle of asynchronous optical sampling (ASOPS) is similar, however, a
detuning repetition frequency Af of the pump laser compared to the probe laser is adopted to
form a pump-probe delay. With the repetition frequency difference Af, when the first pulses of
the pump laser and the probe laser coincide, a successive offset for the subsequent pulses as a
delay time will be generated. Delay times range from femtoseconds to several ns (5 ns for

100 MHz repetition rate).*
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a-d) Adapted with permission from ref.* Copyright 2022 American Chemical Society.
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Mono- vs. Multilayers

A key feature of most TMDC:s is the direct-to-indirect bandgap transition upon crystal growth
from a truly two-dimensional monolayer to multilayers.'® Since direct optical transitions exhibit
larger extinction coefficients and usually faster recombination times, it is generally assumed that
TMDC monolayers are superior for photodetection in both, sensitivity and speed. Indeed, for the
intrinsic photoresponse this holds true, as demonstrated e.g. for two terminal MoTe:2
photodetectors with thicknesses of 2 nm to 35 nm and response times of 4 ps to almost 1 ns,
respectively (Figure 1).!” In addition to the effect of the direct-to-indirect bandgap transition, this
finding could be rationalized further in terms of the quantum mechanical wave function model,'®
predicting that bulk defects in MoTe2 have a much longer lifetimes than surface defects, which

increases the intrinsic response time.
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Figure 1. a) 2PC results in MoTe> two-terminal photodetectors showing longer intrinsic response
times with increasing MoTe> thickness. (b) Thickness dependence of the intrinsic response time

in MoTe: two-terminal photodetectors. Reproduced from ref.!” Copyright 2022, Elsevier B.V.

For the extrinsic photoresponse however, additional factors must be considered, which may

outcompete the intrinsic advantages of monolayers. These include the stronger total absorbance of
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multilayers (due to longer optical path lengths) and the concomitant increase in photocurrent as
well as material-specific differences in the lifetimes of surface defects. For MoS: for instance,
monolayers exhibit three orders of magnitude longer extrinsic response times than multilayers of
10 nm thickness, presumably due to deep surface trap states, which become increasingly screened
in the bulk." This behavior is also often referred to as persistent photocurrent, a feature that is
quite prominent in MoS: and severely limits the prospects of MoS: monolayers as fast
photodetectors.?’

For WSe: in contrast, we have recently shown that the extrinsic response time is much more
robust against surface trap states.! Here, the major speed limitation is the RC time, which scales
with the photoresistance of the devices. Monolayers of TMDCs exhibit less total absorbance and,
thus, fewer photoexcited charge carriers which leads to longer RC times. In principle, this
disadvantage can be addressed by increasing the irradiance as we will detail below.

Speed-limiting factors to the extrinsic photoresponse

The results and conclusions in this section are based on our work with two-terminal lateral
photodetectors based on MoS2 or WSe2, which we use as a model device architecture due to its
cost-effective fabrication. A key result of these studies is that such simple photodetectors are
essentially all limited by the RC constant of the device. While this may not necessarily be true for
more complicated TMDC photodetectors, such as gated three-terminal devices, vertical geometries
or heterostructures, we believe that the considerations here should be widely applicable also to
other TMDC materials within two-terminal lateral detectors. Therefore, this section focuses on
strategies for decreasing the RC time, which are validated by monitoring the overall effect on the

extrinsic photoresponse.
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Substrate effects

To illustrate the importance of the substrate material on which the TMDC is deposited, we focus
on the surface roughness and the dielectric constant. The substrate roughness is particularly
relevant for TMDC monolayers as an uneven surface enhances carrier scattering. Moreover, since
most carrier transport occurs in the few TMDC layers located closest to the electrodes, such carrier
scattering also affects bulk TMDC crystals. We have measured bulk WSe2 on (smooth) glass and
(rough) polyimide substrates. Polyimide yields lower dark currents by more than two orders of
magnitude, cf. Figure 2, presumably due to its rougher surface (30.7 = 11.6 nm vs 5.5 + 0.7 nm on
glass). Such an increase in the resistance is detrimental to the RC time and the expected response
time. In a similar context, Haizmann et al. have recently shown that substrate roughness and its
effect on thin TMDC layers also alters the orientation of small molecules adsorbed to the TMDC
surface.?! While the exact consequences of this alteration remain to be explored, it is likely that
this will affect the chemical interactions at the interface and, thus, the efficiency with which such
small molecules saturate surface defects. Therefore, a popular and powerful strategy is the
insertion of an atomically smooth protection layer of hexagonal boron nitride underneath the
TMDC layer. This action improves the charge carrier mobility, however at the expense of

additional fabrication steps.??

10°F » glass RARRRARRARARARA

" gR 000000000000000
100} © polyimide nﬂ;w“sasaasnunu

oy
2088
-1 ¢ L scﬁﬁﬁveew“"‘
10 (<88 cocoe
$ 0 L ﬁas o°°° )
00
5 oooooooooeoooooggg‘5°°as!E!ESssssssszs.,

1 0_11 000000080

-3‘5§§§§I333§,:§u0830
100} .

(IPPIFIOIOO a0¥
80800 oocooooﬂ °.U
-10° | subuuuvee mu%l

02 01 00 01 02
Ug [V

11

https://doi.org/10.26434/chemrxiv-2024-d352b ORCID: https://orcid.org/0000-0002-2704-3591 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0


https://doi.org/10.26434/chemrxiv-2024-d352b
https://orcid.org/0000-0002-2704-3591
https://creativecommons.org/licenses/by/4.0/

Figure 2. Dark currents of WSe2 photodetectors on polyimide (orange) and glass (blue). Adapted

from Ref.? with permission from the PCCP Owner Societies.

For bulk WSe:, we found that the dielectric constant of the substrate not only alters the response
time but also the speed-limiting mechanism. Glass has a larger dielectric constant of 4.5 — 8, in
comparison to the weaker screening on polyimide with 3.7. For polyimide, the WSe: detectors are
faster and limited by the RC time.? For the detectors on glass, the response time is slower than the
RC constant, presumably now limited due to drift limitation as a consequence of a shrunken
depletion layer induced by the higher dielectric screening (Figure 3). The maximal achieved
bandwidth is 2.6 MHz.

In summary, the ideal substrate for fast photodetection is smooth and does not reduce the
depletion zone below the channel width to avoid a drift-limited photoresponse. The latter can be

avoided with low-k substrates, however at the cost of increased RC times.
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Figure 3. Measured rise times and calculated RiumC-time on a) glass and b) polyimide substrates.
The X-axes list all measured contacts with the respective channel length. Adapted from Ref.* with

permission from the PCCP Owner Societies.
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Influence of the electrical contact

Layered materials offer several ways of contacting: bottom electrodes beneath the TMDC, top
electrodes above the material, and a sandwich structure in a vertical stack or so-called “edge
contacts” at the edges of the material. A key result of our work with MoS: is that edge contacts
provide unique advantages for the speed of photodetectors based on anisotropic 2D materials, such
as TMDCs. With the unravelling of the edge, for example by plasma etching, there is direct access
to the layers which differ chemically tremendously from the surface.?® They have been shown to
provide a lower contact resistance, a smaller transfer length or a higher capability of charge carrier
injection.?>?* We find that this contact style accelerates the fall time of the photodetectors by more
than an order of magnitude (Figure 4).? This result is presumably the combination of three effects:
First and foremost, by contacting the edge of the TMDC, access to the much higher in-plane
mobility is given. No van-der-Waals gaps between layers have to be overcome, instead the
excitons in the layers can be extracted in parallel and the interlayer transfer time is irrelevant for
the photoresponse. Second, the work function of the MoS: on the edges is different than on the top
facet, which affects the magnitude of a potential Schottky barrier at the TMDC/metal interface.??
Both of these effects take specific advantage of the anisotropic in-plane/out-of-plane carrier

behavior in TMDCs.
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Figure 4. a) Scheme of a top contacted and edge contacted device. b) Normalized square pulse
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response of a top contacted (ochre), a titanium edge contacted (blue), and a gold edge contacted
device (red). c) box-and-whisker plots of all measurements showing rise and fall time for each

electrode configuration. Adapted from Ref.? with permission from the Royal Society of Chemistry.

A third effect arises from the fact that top contacts often use adhesion layers, e.g. titanium,
between the TMDC and the actual metal contact, e.g. gold. In the edge contact geometry, there is
almost no contact between the TMDC and the adhesion layer, which again affects the height of a
potential Schottky barrier at the interface. For the specific example of titanium vs. gold, we find
that pure titanium edge contacts are faster than the top devices, but slower than Au edge devices.
This is in agreement with Zhang et al. who correlated the faster response times for Au contacts
with a higher Schottky barrier.?

All advantages of edge contacts combined lead to accelerated rise and fall times, also visible
when comparing the non-steady state and Fourier transform. The representative example shown in
Figure 5 displays an acceleration of more than 80x. The fastest device obtained in this study

exceeded 18 MHz.
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Figure 5. a) Normalized impulse response for the top and Ti edge device as well as for the Au
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edge device. b) power spectrum of the impulse response in a). Adapted from Ref.2 with permission
from the Royal Society of Chemistry.

With respect to the widely applied top contact architectures in the design of TMDC
photodetectors, we note an additional complication: these contacts are typically fabricated by
thermal evaporation of the metal in vacuum. Hot metal atoms induce defects and alloy formation
in the top layers of the TMDC, leading to Fermi-level pinning and other potentially unwanted
changes to the surface with detrimental effects on the speed of the photodetector.?* Several
strategies have been designed to circumvent this complication, including transfer printing of metal
electrodes via polymer stamps or so-called van-der-Waals electrodes.?®?” Geladari et al. have
recently shown that solutions of atom precise Aus2-metalloid gold clusters can be utilized as inks
for direct laser-induced printing of gold contacts with diffraction-limited spatial resolution.?® The
clusters are separated and stabilized with (nBuP12Cls) linkers. Upon illumination at 488 nm these
linkers are detached from the Au cores, which then fully agglomerate to macroscopic, metallic
gold. This way, gold contacts with near bulk-like conductivities (10° S/m) were defined on WS,
and a fully functional photodetector was fabricated without thermal evaporation, cf. Figure 6. The
thermal stress inflicted by such methods is only given by the absorption of light, which strongly
limits the imposition on the WS: flake. While quantitative details remain to be fully investigated,
we expect such gentle contacting strategies to be advantageous in reducing the carrier injection

time, which would manifest in a reduced RC time.
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Figure 6. a) Schematic process of linker detachment upon laser illumination. b) Optical
microscope image of exemplary electrodes and c) scheme of two electrode device. Adapted from
Ref.?® Copyright 2023, Wiley-VCH.

Reduction of the RC constant

An important observation from our work with TMDC photodetectors is that under typical optical
excitation conditions (irradiance between 0.4 W/cm? and 400 W/cm?), the photoactive material
does not saturate. This means that larger irradiances — either due to higher laser power or better
optical focusing — invoke lower photoresistance since additional charge carriers are excited. As
the RC constant of a photodetector scales directly with the photoresistance (not the resistance in
the dark), increasing the irradiance is a simple yet effective means for increasing the speed of
TMDC photodetectors. This becomes apparent in Figure 7(a) which depicts the dependence of the
response time in WSe2 multilayers on the photoresistance, which is varied solely by changing the
irradiance. The strong negative correlation indicates the aforementioned RC limitation, which is
further verified by quantitative agreement with the calculated and fitted RC constants of the
devices.”

Another effective means for decreasing the RC time is a reduction of the device dimensions,
which lowers the resistance and capacitance simultaneously.! By reducing the channel width from
25 to 20 um (80 pm in the previous studies with substrate effects®), the electrode width itself from
10 to 1 um and the channel length from 2.5 to 1 um, the capacitance is approximately reduced
from 7.6 to 4 fF (24 {F previously?). For this example, we obtain a response time <2 ns and a 3dB
bandwidth of 230 MHz compared to roughly 30 MHz for the larger device geometry (Figure 7b).
We note that this bandwidth is a conservative, lower-bound estimate, since such WSe: are so fast

that they exceed the current speed limit of our set-up as verified with a commercial photodiode
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with an expected bandwidth of 1.75 GHz as a reference (Figure 7b, orange line). Further reduction
of the channel width and length to 1 um or below are easily achieved with electron beam
lithography, and we expect such future optimizations to result in 3dB bandwidths close to, if not

beyond 1 GHz.

,| 8 unfocussed -103 [ ANy ]

10°F o focussed
7 — toc = % -10 }
ry =
E B -20 - diode
;102- ..g — EBL WSB2
2 o P |=-30F —0l Wse,

O ooo : . -40 [ . . L],
107 102 10! 102 108
a) resistance [MQ)] b) frequency [MHz]

Figure 7. a) Fall time plotted against photoresistance for an optically lithographed WSe: flake.
The measurements were performed with different irradiances between 0.4 and 400 W/cm?. The
black line is the estimated RC time of the device. b) Power spectrum of the impulse responses.
Blue shows an optically lithographed flake, red the WSe: flake fabricated with the smaller
geometry via electron beam lithography. Ochre shows a commercial photodiode with a nominal
bandwidth of 1.75 GHz. Measurements of the diode and the EBL flake were made without
transimpedance amplifier (bandwidth 175 MHz). Adapted from Ref.! with permission from the

Royal Society of Chemistry.

In the context of energy-efficient optical communication, one may be concerned with the energy
consumption of such a photodetector considering that the irradiance required for optimal speed of
roughly 100 W/cm? is quite high. For our example and a bandwidth of (at least) 230 MHz, a laser
power of 6.25 uW is sufficient. Since the detector is operated at zero bias by taking advantage of

the photovoltaic voltage generated at the metal/semiconductor junction, the laser power is the only
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significant contribution to the overall energy consumption, which amounts to < 27 {J/bit. This
compares favorably to most optical communication components (>1000 fJ/bit) and is not much
higher than the energy required to switch a simple CMOS gate (~1 fJ/bit).*°

Exploring and expanding the ultimate speed limit for TMDC photodetectors

With the strategies detailed above in place, one may expect to finally lift the current RC
limitation of two-terminal TMDC photodetectors. Ultimately, and under the assumption that drift
as well as diffusion times remain insignificant, the speed limit of such optimized devices will be
determined by their intrinsic material response times. Assessing and optimizing these is therefore
relevant in determining materials and architectures that provide the highest prospects for true GHz
performance in optical applications. For example, 2PC measurements of an MoS2 monolayer in a
two-terminal photodetector with a simple metal-semiconductor-metal configuration without
external bias has revealed an intrinsic response with a fast component of 3-5 ps and a slow
component of 80-100 ps.3! This picosecond response is derived from defect-related recombination
processes. Upon photoexcitation, the thermalization and cooling of excited carriers occurs on the
time scale of 0.5-1 ps. After that, these charge carriers are captured by different defects such as
surface defects and grain boundaries with different lifetimes, which determine the intrinsic speed
limit of the photodetector.

2PC measurements of the intrinsic response time may also be used to explore the potential of
more complicated TMDC device structures, such as vertical van der Waals p-n junction
heterostructures. The strong built-in electric field in these junctions has been shown to greatly
reduce the carrier drift time. This mitigates the detrimental effect of thick multilayers (see the
example of MoTe: in Figure 1) and allows exploiting the larger total absorbance of bulk crystals.

An example is the MoS2/25 nm WSe: heterostructure depicted in Figure 8 which in addition to the
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built-in field takes advantage of type-II band alignment to separate the charge carriers. With 8.9 ps,
the intrinsic response in the heterostructure is 50 times faster than in the pure 25 nm WSe2 two

terminal photodetectors with 426 ps.*?

-
(@]

©
©

©
N

= Pure WSe,

0.6 : : :
-100 -50 0 50 100

Delay time [ps]

Photocurrent (Normalized)
o
o

Figure 8. Comparison of the intrinsic response time in a pure 25 nm WSe2 two-terminal
photodetector with a M0S2/25 nm WSe: p-n junction. Reproduced from ref.>? Copyright 2022,

Wiley-VCH.

Heterostructures with ultrafast intrinsic response times may also be used to design TMDC-based
photodetectors for operation in the infrared region. With pure TMDCs, this is challenging due to
their large bandgaps, especially when targeting the important telecommunication band at 1560 nm.
For the conventional photo-thermoelectric effect, hot carriers in TMDCs need to relax through
phonon-mediated cooling, where the energy of the hot carriers is transported to the lattice and the
lattice temperature can be considered equal to that of the carriers, resulting in a slow response time.
This restriction may be lifted by integrating graphene into the TMDC photodetector. In this
configuration, the low-energy photon-induced hot carriers from graphene can be injected into the

TMDC and the spectral window of the TMDC photodetector is broadened.?* The generated charge
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carriers in graphene can relax via carrier-carrier scattering without the assistance of the lattice. For
pure graphene, this advantage becomes apparent in terms of an intrinsic response time of 1.5 ps at
room temperature.>* However, pure graphene exhibits high dark currents and, thus, low
detectivities. Combining graphene with WSz to a van-der-Waals heterostructure preserves the
ultrafast hot carrier cooling and results in a response time of 1.2 ps under 1560 nm excitation
(Figure 9). This photodetector combines the advantage of the low dark current in TMDCs and the
fast hot carrier cooling as well as infrared sensitivity of graphene. If the extrinsic limits of these
devices could be lifted at least to some extent, these ultrafast intrinsic response times suggest that

GHz device operation should be easily feasible with TMDCs, even in the infrared regime.
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Figure 9. a) Schematic illustration of the WS2/graphene photodetector for harvesting low energy
photons. b) Intrinsic response time of a WSz/graphene photodetector at 270 K with 1560 nm

excitation.
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Outlook

We conclude this account with a short outlook on promising future strategies to reduce the

current gap in TMDC photodetectors between extrinsic response times of ~ 2 ns and the ultrafast
intrinsic response of < 2 ps.

I. White light
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Figure 10. a) Scheme of a modified Fabry-Pérot resonator with a contacted TMDC photodetector

inside. b) Sketch of a vertical photodetector with 3R-MoS: for harvesting the bulk photovoltaic
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effect. ¢) Near field enhancement and hot electron transfer of a plasmonic structure following
excitation of the localized surface plasmon. d) The adsorption of perfluorinated cobalt
phthalocyanine onto bulk n-type MoS:2 lowers the Fermi level and induces a gap state at the

interface.

Optical cavities

Implementing a photodetector into an optical cavity, e.g. a Fabry-Pérot resonator, leads to a
confinement of the electromagnetic field*® and an alteration of the emission rate of the photoactive
material.*® By tuning the length of the cavity, optical transitions in resonance with a cavity mode
are selectively amplified (Figure 10a).>¢ This coupling can have several advantageous effects for
fast photodetection, such as the tuning of the lifetime of the photoexcited state or an increased
carrier mobility. The latter has been demonstrated for a perylene diimide derivative and resulted
in an increase of one order of magnitude, presumably due to a polariton-mediated delocalization
of excitons.*’ For the coupling to be strong, it is important that the reabsorption of emitted photons
is efficiently possible, which favors materials with small Stokes shifts, such as WS2.3® One can
expect that strong coupling between photodetector and optical cavity will drastically enhance the
speed and efficiency of the device, which is the basis for the emerging field of polaritonic
chemistry.*

Bulk Photovoltaic Effect

Conventional photodetectors are subject to a trade-off between speed and responsivity.® In
photoconductive devices it is desirable for the responsivity to create gain via long lifetimes of the
minority carriers, but this action simultaneously invokes long response times. Here, the so-called
bulk photovoltaic effect (BPVE) can be advantageous, which is a nonlinear optical process that

occurs in non-centrosymmetric materials, creating an anomalous current. It takes advantage of
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spontaneous electronic polarization to separate charge carriers to result in theoretically high
photoelectric conversion efficiencies.** Potential candidates for its exploitation are the
rhombohedral 3R-phase of many TMDCs that naturally possess an out-of-plane polarization
(Figure 10b) or heterostructures where the required breaking of the inversion symmetry is created
at the interface. In a graphene/3R-MoSz/graphene heterostructure, this concept demonstrated an

intrinsic response time of 2 ps,*!

indicating a high photodetection bandwidth comparable to
graphene.** Moreover, the conversion efficiency for the BPVE is related to the free path length (lo),
which refers to the non-thermalized carrier transit length before they descend to the bottom of the
conductive band.*’ Due to the small thickness of the graphene/3R-MoS2/graphene heterostructure,
the vertical charge carrier collection distance is smaller than /o, resulting in a responsivity of
70 mA/W ! and EQE of 16 %, which is large considering the fast speed of the detector.*?

Plasmonics

Another approach to simultaneously enhance the speed and responsivity of photodetectors is the
coupling to localized surface plasmon resonances (LSPR).* A localized surface plasmon is the
collective oscillation of the free electron gas within a metallic nanostructure, which decays on the
timescale of picoseconds after excitation.**** The radiative component of this decay plays a key
role in the near-field enhancement of the electric field, while the non-radiative component
generates hot electrons (Figure 10c). The resonances, decay components and -times can be tuned
by the chemical nature and morphology of the nanostructure, e.g. with sharp structures like
stars.*># A fast collection of the hot electrons provided, plasmonic/TMDC detectors exhibit
bandwidths in the GHz regime.*’*® The simultaneous near-field enhancement of plasmonic

structures is advantageous for the responsivity, and an 1000-fold increases in photocurrent as well

as the extension of the spectral range has been demonstrated for a Pt-plasmonic/MoS:
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photodetector.*” The combination of ultrafast hot electrons, high near field enhancements,
potential use of plasmonic lattices and the extended detection range hold great promise to reach
tens of GHz bandwidths with good responsivities in TMDCs.*°

Chemical defect engineering by molecular adlayers

TMDCs exhibit a large propensity for surface defects, e.g. due to volatile chalcogens or
adsorbates introduced during device fabrication, which lead to undesirable trap states and doping.
If these trap states are located deep within the band gap (as for instance in MoS2), the resulting
long lifetimes of the trapped carriers greatly decrease the speed of the photodetector. A promising
strategy to mitigate this inherent disadvantage of 2D-materials is the formation of van-der-Waals
heterostructures employing molecular adlayers, such as metal phthalocyanines. Haizmann et al.
have shown by angle-resolved photoelectron spectroscopy that the adsorption of perfluorinated
cobalt-phthalocyanine (CoPcFic) on bulk n-type MoS: restores an intrinsic position of the Fermi
level, indicating that trap states near the conduction band edge could be compensated by the
adlayer.’! This action was accompanied by the appearance of a new gap state near the Fermi level,
which was strongly confined to the interface (Figure 10d). In contrast, the fluorine-free analogue
CoPc did not induce a new gap state but increased the degree of n-doping in the heterostructure.
This highlights that molecular adlayers allow for chemical control over surface defects in TMDCs,
rendering them an important tool for future improvements of the (defect-sensitive) speed of TMDC
photodetectors toward the GHz range.

Conclusion

The speed of simple two-terminal photodetectors based on TMDC mono- or multilayers is
mostly RC limited. We have shown in a series of papers that relatively facile means are sufficient

to accelerate their extrinsic response time to <2 ns, which enables near-GHz photodetection. These
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means include the choice of the substrate, a reduction of the device dimensions, the design of the
contacts as well as diffraction-limited optics. Insights from intrinsic photoresponse measurements
suggest that further improvements are feasible, but these will most likely require new concepts,
especially when focusing on maximizing the gain-bandwidth product. These concepts include the
saturation of defects by molecular adlayers, the replacement of thermally evaporated metal
contacts by printed electrodes, the combination of TMDCs with optical cavities or plasmonic
nanostructures as well as the exploitation of the bulk photovoltaic effect.
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