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ABSTRACT: Inorganic van der Waals bonded semiconductors such as transition metal
dichalcogenides are the subject of intense research due to their electronic and optical

properties which are promising for next-generation optoelectronic devices. In this context,
understanding the carrier dynamics, as well as charge and energy transfer at the interface

between metallic contacts and semiconductors, is crucial and yet quite unexplored. Here, we = Pro°°" {
present an experimental study to measure the effect of mutual interaction between ?\f;&(&
thermionically injected and directly excited carriers on the exciton formation dynamics in

bulk WS,. By employing a pump—push—probe scheme, where a pump pulse induces

thermionic injection of electrons from a gold substrate into the conduction band of the semiconductor, and another delayed push
pulse that excites direct transitions in the WS,, we can isolate the two processes experimentally and thus correlate the mutual
interaction with its effect on the ultrafast dynamics in WS,. The fast decay time constants extracted from the experiments show a
decrease with an increasing ratio between the injected and directly excited charge carriers, thus disclosing the impact of thermionic
electron injection on the exciton formation dynamics. Our findings might offer a new vibrant direction for the integration of
photonics and electronics, especially in active and photodetection devices, and, more in general, in upcoming all-optical
nanotechnologies.

KEYWORDS: exciton dynamics, thermionic electron injection, metal—semiconductor heterojunction, transition metal dichalcogenides,
ultrafast dynamics, hot-electrons

Bl INTRODUCTION Here, we show a new perspective to study the interplay
between carrier injection and exciton formation dynamics at a
van der Waals semiconductor/metal interface in view of future
applications which exploits the ultrafast (sub-ps) opto-
electronic properties of TMDs. In more detail, we focus on
how the ratio between thermionically injected and directly
excited charge carriers affects the exciton formation dynamics

Heterojunctions of metals and semiconducting transition metal
dichalcogenides (TMDs) allow various possibilities for the
manipulation and exploitation of light—matter interactions,
such as the control of plasmonic excitations'~* and plasmon-
induced charge injection,s_9 transistors,'® and photovoltaics.11

Due to their layered structure, excited electrons and holes in in a bulk TMD/metal heterojunction. It has been shown
TMDs exhibit enhanced Coulomb interactions in both theoretically that an excess of free electrons in the conduction
monolayer and bulk (>5 layers) forms,'* leading to room- band of TMDs compared to the density of free holes affects
temperature stable excitons, which dominate the optical and the probability to form neutral and charged excitons, that is,
charge transport properties in these materials. Furthermore, trions.”” Also, experiments showing that an excess of electrons
TMDs form atomically clean and sharp interfaces with other in the conduction band due to n-doping can modulate the
materials,"> which makes them ideal candidates for optoelec- excitonic absorption have been reported.”’ Furthermore,
tronic applications where high-quality interfaces between recent studies reveal that at WS,/semimetal heterojunctions,
metals and semiconductors are essential. Moreover, TMDs hot carriers injected from the semimetal into a TMD are able
potentially offer a superior alternative to other semiconductors, to affect the exciton formation dynamics by comparing the

as TMD/metal interfaces show weak Fermi-level pinning.14 transient signal of pump—probe experiments for pumping

For these reasons, the exploitation of TMDs for opto-

electronics is currently the subject of intense research' Received: March 11, 2022 {Phdtonics
where different degrees of freedom, such as manipulation of Published: July 20, 2022
the dielectric environment'® and exciton—plasmon interac-

tion,” have been explored. As well, the ultrafast electronic

dynamics of isolated 2D and bulk TMDs interfaced with

insulating substrates have been the focus of recent studies.'” ™"
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Figure 1. PP transient absorption measurement on WS,/Au and WS,/Si0, at A4,y = 610 nm (2.03 eV). (a) Steady-state spectra in reflection of
WS,/Au (green) and in transmission of WS,/SiO, (blue). Red bar indicates the spectral width of band pass centered at 610 nm (2.03 eV). (b)
Thermal Fermi—Dirac distribution (p) in gold and band alignment in WS, for WS,/Au heterojunction with approximate values for gold WF @,
electron affinity y, of WS,, and indication of Fermi energy level Eg. (c) p of gold and band alignment in the case of illumination by a light pulse with
indication of a direct excitation of free electrons (e”) and holes (h*) and thermionically injected electrons. (d) PP measurements on WS,/Au
(green dashed line), WS,/SiO, (blue dashed line), and bare gold substrate (orange dotted line). Pump at S15 nm (2.4 eV) with fluence of 200 uJ/
cm? and visible white light probe with a fluence of 40 uJ/ cm? AS/S represents either transient reflection AR/R for WS,/Au or transient
transmission AT/T for WS,/SiO,. (e) Normalized AR/R PP measurement of WS,/Au for different pump fluences.

above and below the optical band gap of the TMD.”*"** We
designed an experiment to pump below and above band gap in
parallel which allows us to extract the effect of mutual
interaction between injected and excited charge carriers on the
transient signal in the absorption line of the exciton. To be
specific, we measure the ultrafast transient response of the
heterojunction employing a three-pulse pump—push—probe
(PPP) configuration, which is motivated by a standard pump—
probe (PP) with pump energy above and below the optical
band gap. The PPP enables us to disentangle the effect of hot-
electron injection from the metallic substrate from the direct
excitations in the semiconductor.

B RESULTS AND DISCUSSION

The TMD employed in our study is tungsten disulfide (WS,),
a promising material for applications given its superior charge
transport performance compared to other TMDs> and, most
importantly, because it displays a single and very strong
primary exciton feature which dominates the optical spectrum
even in the bulk form and at room temperature. The A-exciton
exhibits a binding energy of about 50 meV given an electronic
band gap at the K-point of 2.1 eV'>*® in bulk WS,. We also
chose a bulk sample of WS, instead of the monolayer due to
higher absorption and lower contact resistance at the TMD/
metal interface for charge injection.lé After optical excitation,
the ultrafast dynamics in inorganic semiconductors are
dominated by carrier—carrier (c—c) scattering, that involves
electron—electron and electron—hole scattering, promoting
exciton formation, which typically happens on a timescale less
than 1 ps.19 Therefore, by probing our system at the
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absorption line of the A-exciton the measured transient signal
in this time frame is a fingerprint of the A-exciton formation
dynamics affected by free charge carriers, that is, via c—c
scattering. In our study, we observe these sub-one ps dynamics
by exciting a free electron—hole plasma in the WS, with a light
pulse tuned to an energy above the band gap at the K-point,
and narrowband enough to ensure that the pulse does not
directly excite the A-exciton. For the metal, we employed gold
because it displays a large work function (WF) of
approximately 5.1 eV, thus leading to a lower Fermi level
pinning effect and oxidation that otherwise would introduce
additional resistance for injection.”” The fact that gold has a
WEF that exceeds the electron affinity of WS, is of further
importance because, in the reverse case, an accumulation layer
for electrons would form at the WS,/Au interface with a built-
in field that impairs the injection of electrons into the
semiconductor. To draw conclusions about the effect of the
charge injection on the ultrafast electronic dynamics in the
WS,, we also measured as reference a WS, sample deposited
on a SiO, substrate.

Figure la shows the steady-state spectra of WS,/Au (green)
and WS,/SiO, (blue) in reflection and transmission,
respectively. The dips at 618 nm (2.01 eV) for WS,/Au and
at 630 nm (1.97 eV) for WS,/SiO, correspond to the
absorption of the A-exciton. The slight difference in the
excitonic resonances can be attributed to a different screening
from the gold at the WS,/Au interface compared to the WS,/
SiO, sample.”® From the spectral position of the etalon mode
at 730 nm, (1.70 eV) we can determine the thickness of the
WS, flake on gold,* which is about 20 nm. The WS,/SiO,
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Figure 2. PPP experiment on WS,/Au at Agg,, = 610 nm (2.03 eV). (a) Thermal Fermi—Dirac distribution () in gold and band alignment in WS,
for the WS,/Au heterojunction under illumination by pump pulse (red), followed by a modulated push pulse (green). The pump-induced
thermionic injection of excess electrons (e”) from the gold and the direct excitation of free electrons (e”) and holes (h*) by the push pulse in WS,
is indicated by dashed arrows. The blue arrow indicates intervalley scattering, which migrates excited and injected electrons from the K to the X
valley on a time scale of 15 fs.>* (b) PPP configuration and microscopy image of WS, flakes on gold with the indication of fixed pump—push delay
t,, scanned push—probe delay t,, and central wavelengths. (c) PPP measurement with pump—push delay ¢, = 0 ps on WS,/Au (red line), bare gold
(orange dotted line) and reference PP measurement on WS,/Au (green dashed line).

sample has an approximate thickness of around 100 nm. The
difference in thickness does not affect the ultrafast electronic
response in WS, because both can be considered to be bulk."”
In the PP measurements, we focus on the neutral A-exciton
absorption spectral region, which has an additional minor
contribution from the negatively charged trion absorption at
slightly lower energy with respect to the A-exciton. For this
reason, we detect the probe signal by using a band-pass filter
centered at 610 nm (2.03 eV) with a spectral width of 10 nm,
depicted by the red bar in Figure la.

The WS, sample is directly exfoliated on gold (Supporting
Information—Note $), leading to weak electronic coupling,
which results in the formation of a Schottky junction® with
the distribution of metal electronic states and band bending in
the WS,” in proximity of the interface as sketched in Figure
1b. In our case, an important parameter affecting the contact
resistance is the so called Schottky barrier height (SBH), which
is the potential barrier that the hot electrons have to overcome
in order to be injected from the gold into the conduction band
of the WS,. For the WS,/Au junction, the SBH is
approximately 1 eV.”” In the PP study on WS,/Au and
WS,/Si0,, we use an optical pulse centered at 515 nm (2.4
eV) with a pulse duration of about 150 fs, a bandwidth of §
THz, and a fluence of 200 uJ/cm?* to pump the system. This
pump fluence excites an electron—hole density on the order of
10" cm™ on the surface layer of the WS, sample, which is 2
orders of magnitude higher than in other studies on ultrafast
dynamics in TMDs."”~"” Since the aim of this work is to study
the effect of injected charge carriers on exciton formation, a
large cross section in between the injected and directly excited
charge carriers can be realized with a high density of excited
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carriers. This excitation density has been chosen because it is
below the regime where the exciton would be ionized due to
band gap renormalization, where the transient vanishing of the
excitonic resonance in the range of few hundreds of
femtosecond after excitation is identified as a hallmark of
this regime.”® The measured transient spectra on WS,/Au for
pump—probe delays (#,) in the range of 0.2—0.8 ps (Figure
Sla in the Supporting Information) shows that the absorption
associated with the A-exciton does not disappear for a fluence
of 200 uJ/ cm?, which implies that the transition from an
excitonic to a fully plasma dominated regime does not take
place in our case. As a probe pulse, we employ a visible
supercontinuum with a fluence of about 40 xJ/cm’. We refer
to this first PP study as our benchmark measurement
throughout the paper. Figure lc depicts the conditions of
this first experiment in which we can observe two main effects
due to the pump pulse: (i) an increase of the electronic gas
temperature in gold facilitates thermionic injection of hot
electrons into the conduction band of WS,, and (ii) a direct
excitation of free electrons and holes in the WS,. Figure 1d
shows the transient response (AS/S) of WS,/Au (green
dashed line), WS,/SiO, (blue dashed line), and bare gold
(orange dotted line) as a function of PP delay t,. The
measurements show that the presence of a Schottky interface
causes fundamentally different dynamics. In order to extract a
time constant for the fast decay a single exponential model (see
Supporting Information—Note 6) is used. The extracted fast
decay time constants of the benchmark curves are smaller for
WS,/Au compared to WS,/SiO, with 7y /4, = 324 = 7 fs

and 73 s /si0, = 596 + 8 fs, respectively. A relevant observation

here is that the measured dynamics of WS,/SiO, agree with
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previous results on similar samples.'® The difference between
the curves cannot be explained just through the transient
response of the gold because the signal from the bare gold
alone is 2 orders of magnitudes lower. Therefore, it is likely
that this change in dynamics is related to the free charges
injected from the metal into the semiconductor, which via c—c
scattering, screening, and renormalization, in combination with
the screening effect from the semiconductor/metal interface,
can modify both the SBH and the exciton binding energy. It is
worth mentioning that the effect from the injection and the
interface effects, that is, screening of the WS, by the gold, are
not strictly separable, as the injection changes the density of
free electrons in the metal and that in turn modifies the
interface itself. From Figure 1d, we observe that there is a
strong change of the dynamics for t, < 1 ps in the two cases.
This temporal regime is mainly dominated by c—c scattering,"’
which includes scattering between injected and excited charges
and a non-negligible contribution from carrier—phonon (c—
ph) scattering’’ in the WS,. We would therefore expect a
change of dynamics at this timescale upon changes of the
density of carriers either excited or injected. Therefore, we
varied the fluence of the pump pulse and measured the
transient absorption on the WS,/Au. The normalized signals in
Figure le show that the dynamics for ¢, < 1 ps are not
changing significantly upon variation of the pump fluence. For
larger delays t,, there is an offset for different fluences, which
can be attributed to a temperature dependence of the excitonic
resonances.’” To understand the results for ¢, < 1 ps, one first
step is to remember the two main effects caused by the pump
pulse. In the range in which the pump fluence is varied the
density of injected and the directly excited carriers in WS, are
simultaneously modified proportionally. In the case of a strong
interaction between the injected electrons and the charge
carriers in WS, it is reasonable to expect a significant change in
the excited carrier dynamics especially when the ratio between
the density of injected and excited carriers is varied. As shown
theoretically in ref 20, the probability to form excitons in
TMDs is modulated as a result of varying the density ratio
between electrons in the conduction band and holes in the
valence band. Therefore, we expect a modulation of the
ultrafast dynamics in the absorption line of the A-exciton by
varying this carrier ratio. For this reason, it is necessary to
control the injection independently from the excitation. More
importantly, in order to understand how an ultrafast excitation
in the WS, responds to an injection of electrons from the gold,
the two processes have to be separated. This means that the
thermionic injection from the gold and the carrier excitation in
WS, should be generated by two different and independent
light pulses. For this reason, we performed a second study
where we implemented a three-pulse PPP measurement
scheme to detect the transient response of our heterojunction.
Figure 2a depicts the outline of the PPP experiment. We refer
to the first pulse arriving at the interface as “pump”, using the
fundamental wavelength (FW) of the laser amplifier at 1030
nm (1.2 eV), with a fluence of 1.7 mJ/cm* and a temporal
duration of 220 fs.

The purpose of this first pulse is to increase the electronic
temperature of gold and promote the thermionic injection of
electrons into the WS,. While it is true that the injection
process requires the energy of the injected electrons to be
higher or very close to the SBH, the energy of the photons
exciting the metal electron gas is not the main parameter
affecting the injection density. This partial independence with
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respect to the photon energy is mainly due to a thermalization
from an initial non-thermal distribution in the first tens of
femtoseconds in Au,” driven mainly by e—e scattering. This
implies that while in the first femtoseconds the injection may
be dependent on the pump photon energy, after tens of
femtoseconds the out-of-equilibrium distribution is no longer
relevant and the temperature of the electron gas is the main
origin of high-energy electrons. On the other hand, with a
photon energy of 1.2 eV, this pulse cannot directly excite
carriers in the semiconductor. Furthermore, we do not observe
an ionization of the A-exciton due to thermionically injected
electrons as shown in Figure S1b (Supporting Information).
Also, the contribution of two-photon absorption is negligible
because the signal scales linearly with the fluence ranging from
0.8 to 7.2 mJ/cm? as shown in Figure S2 (Supporting
Information). The subsequent pulse is called “push”, and it is
the previously used second harmonic of the FW at 515 nm (2.4
eV) with a fluence of 200 pJ/cm® Thus, it has sufficient
photon energy to excite an electron—hole plasma in the WS,.
The system is then probed in the same way as in the PP
experiments. The introduction of an additional pump pulse
with photon energy below the electronic band gap of the WS,
is the essential part of our work as it injects excess charges that
allow us to largely separate the hot-electron injection from the
gold from the carrier excitation in the WS,. Furthermore, PPP
enables us to change the ratio between injected and excited
charges by changing the fluence or by adding a temporal delay
between the pump and the push pulses. It is important to note
that changes of this ratio imply that we can explore a different
environment for c—c scattering in WS, which would affect the
dynamics of processes occurring on the timescale <1 ps, for
example, exciton formation. It is worth mentioning here that in
the case where a delay in between pump and push pulses is
introduced, dynamics such as intra-band population migration
mechanisms should be considered in the analysis because they
alter the ratio of injected and excited charges in the probed
excitonic absorption band at the K-point during this delay
time. Bulk WS, exhibits a fast intervalley K—X scattering on a
timescale of 15 fs”* as indicated by the blue arrow in Figure 2a,
which results in a migration of electrons from the local
conduction band minimum at the K-point to the global
conduction band minimum at the X-point. Compared to the
more conventional PP scheme, the PPP configuration enables
to study carrier dynamics in the WS, system already in contact
with “hot” gold or, in other words, with a hot-electron
reservoir. Figure 2b summarizes the PPP measurement
scheme, in which the pump pulse arrives at a fixed delay ¢,
before the modulated push pulse, which is followed by the
probe pulse with variable delay t,. Additionally, heating of the
gold due to the push pulse can be neglected because the
fluence of the pump pulse is about an order of magnitude
higher and the injection across the Schottky barrier scales
nonlinearly with the fluence. In Figure 2c, we plot the result of
a PPP measurement on WS,/Au (red line) and on the bare
gold substrate (orange dotted line), for the case t; = 0 ps, that
is, when pump and push pulse arrive at the same time, and the
benchmark measurement (green dashed line). By comparing
the PPP on WS,/Au with the benchmark measurement, it is
evident that by adding the pump pulse the dynamics for ¢, < 1
ps are qualitatively different, as the time constant associated
with the fast decay component seems to become shorter in the
PPP configuration. The fact that c—c scattering is the
dominant effect for short delays ¢, implies that the pump in
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Figure 4. PPP curves at fixed pump—push delay t; = 0.1 ps at A4, = 610 nm (2.03 eV) on WS,/Au for different pump (q)Pump) (a,c) and push

(q)push) (b,d) fluences. Lower panels show the build-up dynamics of the measurements in (a,)b). The inset in (c,d) highlights the dynamics during
the rise time with red arrow indicating the steepening of rise dynamics with increasing pump fluence.

the PPP configuration introduces a different environment for
scattering in the WS, by altering the injected to excited carrier
ratio. As in the case of the PP study, we can see from the PPP
measurements on the bare gold that the contribution from the
metal alone is 2 orders of magnitude weaker and thus cannot
explain this difference in dynamics.

To better understand the change of dynamics caused by the
hot-electron injection due to the pump pulse, we performed
PPP measurements for different pump—push delays (#,) on the
WS,/Au sample, and also compared the results with those
observed in the case of the WS,/SiO, reference sample. Figure
3a shows the PPP measurement at 610 nm (2.03 eV) on the
WS, /Au sample for the cases when the pump arrives 0 ps (red
line), 0.1 ps (blue line), and 0.2 ps (brown line) before the
push pulse.

The PPP curves show qualitatively strong variation in
dynamics for delays t, < 0.5 ps (highlighted by the gray dashed
line). For longer delays t,, the curves follow the same dynamics
with a constant offset with respect to the benchmark (green
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dashed line) of about AR/R =~ 0.5 X 1072 Similar to the
discussion of Figures 1d and 2c¢, two temporal regimes must be
distinguished, with the difference that in PPP an additional
contribution to c-c scattering with the excess carriers for short
delays t, < 0.5 ps is introduced. In this first regime, the PPP
measurement for #; = 0 ps shows significantly different
dynamics with respect to the benchmark, featuring a faster
decay after the maximum of the AR/R signal. With increasing
pump—push delay ¢;, the dynamics approach the benchmark
case recovering the same fast decay value for t; = 0.2 ps. In
Figure 3b, we show the results of the PPP measurement at 610
nm (2.03 eV) on the WS,/SiO, reference sample for different
t;. Similar to the WS,/Au sample, the experimental curves
display different dynamics in regime I (t, < 0.5 ps) (gray
dashed line), which for long ¢, delays converge and exhibit a
comparable offset of AT/T ~ 0.4 X 107> with respect to the
benchmark, similar to that observed in the WS,/Au case. This
similarity in regime II (#, > 0.5 ps) is reasonable, as the charge
injection from the gold substrate is mostly affecting the short ¢,
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delays, and the effect of the pump in PPP for longer ¢, delays,
that is, heating of the system to different equilibrium
temperatures, is similar for WS,/Au and WS,/SiO,.

In the first regime, the variation of the dynamics upon
changing t; for WS,/SiO, seems qualitatively smaller with
respect to the dynamics in WS,/Au. This observation can be
verified by comparing the extracted time constants for t, = 0 ps
which are T\,/VSZ/Au(tl =0ps) = 157 + 2 fs and
Tws,/sio,(fi = 0ps), = 521 £ S fs and for t; = 0.2 ps which
are Tyys /a,(t; = 0.2 ps) =283 + 9 fs and 7y gi0,(t; = 0.2 ps)
566 + 7 fs with the time constants of the benchmark curves
Tpws,/an = 324 £ 7 fs and gy /510, = 596 £ 8 fs. The change

of the dynamics can be quantified by introducing a percental
relative variation of the time constants [A,;(f,)] defined as
A () = [mp; — 7{(t)]/75; X 100, with i = WS,/Au, WS,/
SiO,. This yields a A (t; = 0 ps) of approximately 50% and
10% for WS,/Au and WS,/SiO,, respectively, and for A, (¢, =
0.2 ps) 13% in the case of WS,/Au and 5% in the case of WS,/
SiO,. The observation that A_ s, /si0,(f;) does not go to zero

for t; = 0 ps and t; = 0.2 ps is ascribed to a different thermal
state of the heterojunction at the moment of excitation. The
fact that A ;(t; = 0 ps) is S times larger in WS,/Au strongly
supports the impact of charge injection across the Schottky
interface on the absorption band of the A-exciton.

The measured net effect of injected electron density in the
K-valley at the time of excitation by the push pulse depends on
t), lifetime of the excited charges in the K-valley, and the time
resolution of the experiment. For our case, where the K—X
migration time of 15 fs** is much shorter than our temporal
resolution, we assume that the net effect of the injected
electron density is directly related to the instantaneous
electronic thermal distribution at the time ;. By changing
the delay t,, the instantaneous thermal distribution of electrons
in gold is different at the moment of excitation in WS, induced
by the push pulse. Therefore, the fact that the ratio between
A ws,/au(ts = 0 ps) and A,y si0,(t; = 0 ps) is reduced from

five to two upon increasing t; by 200 fs implies a dependence
on the thermal electronic distribution in gold, which generates
a higher rate of change of the dynamical constants in the WS,/
Au case.

To investigate how the hot electrons affect the dynamics
which take place within the time scale for ¢; < 0.5 ps, in the
subsequent PPP measurements, we varied either the push or
the pump fluences. We focused on the fixed pump—push delay
of t; = 0.1 ps to avoid undesired effects at t; = 0 ps due to the
temporal overlap of pump and push pulse, that is, coherent
artifacts. Figure 4a shows the AR/R signal at 610 nm (2.03 eV)
obtained on WS,/Au with a fixed push fluence of 200 ﬂ]/cmz.
The curves show a systematic decrease of the time constant for
the fast decay from 309 + 4 to 252 + 4 fs with the increase of
the pump fluence from 0.5 to 1.47 mJ/cm? This result strongly
suggests an impact of the ratio between the excited and
injected charges. Since the pump is only contributing to the
injection of charges, the increase of the pump fluence, given a
constant density of excited charges, increases the ratio R, =
Minjected/ Mexcited- 1 Nerefore, an increase of R, can be related to a
decrease of the time constant.

To further explore the role of R,, we varied the fluence of
the push pulse centered at 515 nm, which, in a first
approximation, is only contributing to the excitation of charge
carriers. Figure 4b shows the normalized AR/R signal at 610
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nm (2.03 eV) obtained on WS,/Au for push fluences ranging
from 30 uJ/cm? (yellow line) to 200 pJ/cm?* (blue line) with a
fixed pump fluence of 1.7 mJ/cm® and the benchmark
experiment (green dashed line). The curves show a systematic
increase of the time constant for the fast decay from 147 + 4 to
184 + 3 fs with increasing push fluence. As the fluence of the
push pulse increases, R, decreases, and the fast decay time
constant tends to the benchmark value 7g3ys,/a,. One way to

understand this trend is to assume the limiting case where the
excited charges outweigh the contribution of the injected
charges, R, tends to zero, in which case the time constant of
the benchmark experiment must be recovered.

An additional qualitative observation can be made with
respect to the build-up dynamics of the curves shown in the
Figure 4a,b. Qualitatively, the rise time seems to become
shorter for higher pump fluences (Figure 4c). On the other
hand, the push pulse fluence does not seem to impact the rise
time (Figure 4d), which implies that the dependence of the
rise time on the pump fluence is not related to the ratio R, but
instead to the density of injected electrons. Finally, many body
effects that cause a blue or red shift of the excitonic resonance
can be considered unlikely because the maximum amplitude of
the differential signal does not vary for different pump fluences.

B CONCLUSIONS

We explored via PPP how thermionic electron injection at a
WS,/Au interface affects the transient signal associated with
the A-exciton formation dynamics in the semiconductor.
Different dynamics are observed in WS, by varying the ratio
R, between the electrons injected from the gold and the charge
carriers excited in WS,. This approach enables the possibility
to actively modulate the fast decay time in this type of systems.
We showed that R, can be varied in three ways: (i) by
changing the time delay between pump and push pulses ¢, (ii)
by directly varying the pump fluence while keeping the push
fluence constant, or (iii) by changing the push fluence at
constant pump fluence. The first two approaches are
equivalent because both are changing the instantaneous
electronic thermal distribution in the gold at the time of
excitation. Our results show that the time constant of the fast
decay decreases with increasing R,. The effect of excess carriers
induces a change in the rate of c—c scattering in WS, and
consequently modifies the screening of the dielectric environ-
ment and the probability to form charged excitons, that is,
trions, affecting intrinsically the exciton formation dynamics.
One effect that was observed in the PPP that can be attributed
solely to the effect of charge injection is a qualitative tendency
for the rise time to decrease as the pump fluence increases,
while the maximum transient signal amplitude remains
unchanged. This effect, which turns out to be independent
of the ratio between injected and excited charges, cannot be
attributed to many-body effects that generate a blue shift or red
shift of the excitonic resonance and to the best of our
knowledge has not been predicted by any theoretical model.
Our findings introduce an alternative approach to couple
optoelectronic properties of a TMD/metal, or more general a
van der Waals semiconductor/metal interface, as well as how
to affect exciton dynamics through electron injection across the
Schottky barrier induced by an ultrashort optical pulse. Thus,
we foresee a potential impact of our results on research fields
that target the exploitation of ultrafast phenomena at the
boundary of photonics and electronics.
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