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Pathways of Exciton Triggered Hot-Carrier Injection at
Plasmonic Metal-Transition Metal Dichalcogenide Interface

Xiewen Wen, Weipeng Wang,* Xiang Zhang, Hailong Chen, Shuai Jia, Yongji Gong,
Weibing Chen, Yanfeng Wang, Hanyu Zhu, Junrong Zheng, P. M. Ajayan,* and Jun Lou*

Surface plasmon induced hot-carrier injection to semiconducting transi-

tion metal dichalcogenide (TMD) monolayers has been extensively studied.
However, comprehensive understanding of the injection kinetics by fully
considering the weak metal-TMD interaction and the TMDs’ exciton forma-
tion kinetics is missing. Here, a hot-carrier injection pathway is elucidated
by systematically investigating the interfacial interaction kinetics among
different plasmonic metals and TMDs. The pathway highlights the exciton
formation timescale as a threshold for interfacial carrier injection, before
which plasmonic hot carriers and free electron—hole pairs are relaxed incoher-
ently across the interface. The injected hot carriers will interact with excitons
to form charged quasiparticles as trions, which have extended lifetime. The
pathway reveals the fundamental mechanism of the plasmonic hot-carrier—
TMD interactions, opens the possibility of controllable manipulation of hot-

fundamental and practical aspects. The
SPR has been extensively used to improve
the quantum efficiency of photocatalysis,
photovoltaics, and photodetectors.ll Dif-
ferent interaction mechanisms of SPR-
matter interaction such as local field
enhancement,? hot-carrier generation/
injection,®! and plasmon-exciton coup-
ling" are proposed, understanding the
fundamental mechanism behind them
can inspire new device applications.
Among the SPR-semiconductor interac-
tion mechanisms studied, the existence
and the pathway of the hot-carrier inter-
action process are intricate in different
systems, with various models proposed.

carrier injection process, and allows future research toward opto-electrical

guidance of trions in metal-TMD systems.

1. Introduction

Surface plasmon resonance (SPR) induced light-matter inter-
action has drawn considerable research attention from both
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As schematically illustrated in Figure 1,
researchers have proposed different mech-
anisms of SPR induced hot-carrier
transfer, e.g., hot-electrons produced by
Landau damping directly transfer to the conduction band of
semiconductors in Figure 1a, and direct optical excitation of hot
electrons from metal into the conduction band of the semicon-
ductor as in Figure 1b. The former one follows the traditional
hot-carrier injection process®! while the latter one is based on
coherent interfacial interaction.[®”]

With the emergence of transition metal dichalcogenides
(TMDs) monolayers, featuring a direct band gap as well as a
large exciton binding energy that make them perfect candi-
dates to study the surface plasmon—semiconductor interaction.
The SPR approach has been proven to be efficient to tune and
to enhance the TMD-based optoelectrical®®], photovoltaic,!”]
photoelectrochemical, Raman,'?" and nonlinear optical
devices.™ Although common understanding as well as suc-
cessful tuning of the local field enhancement and plasmon-
exciton interactions have been demonstrated, the dynamics of
hot-carrier injection process in plasmonic nanoparticle-TMDs
have remained elusive both experimentally and theoretically.
Regarding to the dynamic hot-carrier interaction process in
SPR-TMD systems, two major puzzles are to be solved, i.e.,
the existence of the hot-carrier injection process and the cor-
responding pathway for the injection process, as the crystal-
line structure of the TMD monolayers has dictated unique
dynamic processes and underlying mechanisms of pristine
TMDs upon SPR-TMD interactions. The saturated surface of
TMD family possesses weak van der Waals interactions with
plasmonic metals,'>!®lwhich may hinder the hot-carrier injec-
tion process as the subsistent injection mechanism is mainly
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Figure 1. Possible interaction process at the plasmonic metal-semiconductor interface. a) Plasmonic hot-carrier injection to the conduction band
of semiconductors. The pathway was described as traditional interaction mechanism, with surface plasmons damped to hot carriers and injected to
semiconductor conduction band by overcoming the Schottky barrier. b) Direct optical excitation of hot carriers from metal into the conduction band
of the semiconductor. The foundation of this phenomenon is coherent interfacial interaction between the plasmonic metal and the semiconductors.
c) Possible carrier injection pathway of surface plasmon resonance (SPR) transition metal dichalcogenide (TMD) interactions. SPR induced hot-carrier
transfer to the excitonic bands of TMDs, interacting with the as-formed excitons to form complex quasiparticles.

interface interaction dependent (Figure 1a,b). Moreover, due
to the suppression of Coulomb screening, the exciton binding
energy of TMD monolayers is very large,] enabling room tem-
perature exciton formation. The exciton formation time of the
TMDs is reported to be in the range of 100-500 fs, 18] gimilar to
the plasmonic hot-carrier relaxation timescale.”!The timescale
overlapping as well as the weak interactions suggest a thor-
ough examination of the SPR-TMD dynamic interactions by
distinguishing individual processes from each other is critically
needed, as none of the proposed models are believed to cover
the SPR-TMD interaction processes by fully considering the
weak metal-TMD interaction and the TMD exciton formation
process. Moreover, existing models normally take the conduc-
tion band of semiconductors as hot-carrier acceptor, with little
efforts to describe the hot carrier-exciton interaction (Figure 1c).

The absence of a comprehensive understanding of the
plasmonic carrier interaction with TMDs thus inspire us to
consider the scenario that in addition to the universal exist-
ence of the local field enhancement effects by the plasmonic
metals, the hot-carrier interaction process might involve new
mechanism during the light-matter interaction process. How-
ever, both puzzles are challenging to be solved by the absorp-
tion, photoluminescence, or photocurrent measurements, as
the aforementioned steady-state methods can only observe the
absolute change of light absorption, emission, and/or photo-
current intensities while being incapable to distinguish the
contribution between local field enhancement and hot-carrier
transfer.’l Dynamical optical techniques based on time-resolved
characterizations of the light-matter interactions, e.g. time-
dependent luminescence, photoelectron emission,?*?2 and
ultrafast pump-probe spectroscopy,??l are thus believed to be
more suitable to study the kinetics and to differentiate the con-
tributions by emphasizing charge/energy transfer process.?-%°!

Recently, there have been numerous experimental efforts
on the dynamics of exciton-plasmon coupling in 2D semi-
conductor/metal nanostructures,?281 we hereby provide a
comprehensive dynamic observation of plasmonic hot-carrier
injection pathway in the plasmonic metal-MoX, system. MoS,
and MoSe, monolayers were selected given their highly crys-
talline structures and same ground state excitons and band
polarity, while possessing different band structures and pho-
non-induced dynamic processes.”JOn the other hand, silver
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and gold nanoparticles were chosen as they both demon-
strated extensively studied plasmonic enhancement effects over
bulk metals, with varying resonance peak positions, vacuum
Fermi levels, local enhancements as well as the photodynamic
processes.'The arbitrary combinations of these representa-
tive candidate materials would ensure a systematic study of the
SPR-TMD interaction process. Ultrafast pump-probe spectra
together with steady-state absorption/luminescence spectra
techniques revealed that, with the decoration of plasmonic
metal nanoparticles, hot carriers were generated from the NPs
and injected into the TMD monolayers. Instead of being imme-
diately injected to the free carriers of the TMDs, the hot carriers
will most likely interact with excitons in TMDs after the forma-
tion of excitons and introduce the formation of multi-interac-
tion particles of trion and/or biexcitons under our experimental
conditions.

2. Result and Discussion

2.1. Static Optical Characterization of MoX, Monolayers with
Plasmonic Nanoparticles

Nanostructured plasmonic noble metals (namely, AgNPs/
AuNPs) were deposited directly on single crystal MoX, mono-
layers via lift-off free PVD techniques (see Experimental Sec-
tion and Figure S1, Supporting Information), to eliminate
the nanoparticle nonuniformity, exclude the effects of surface
contamination, and enable scalable nanoparticle deposition.
Figure 2a shows the optical images of MoS, and its hetero-
structures with AgNPs and AuNPs, respectively. Distinct con-
trast under white light illumination can be observed between
the pristine samples and the ones with NPs deposition, indi-
cating drastic absorption variations due to plasmonic effects.
As shown in the SEM images of Figure 2b,c and Figure S2
(Supporting Information), AgNPs and AuNPs with the size
ranging from 5 to =30 nm were deposited both on the TMD
monolayers and the blank substrate. It is noteworthy that
the morphology between the two areas represents slight vari-
ation, with larger NPs observed on the TMDs region. This
variation can be attributed to the surface property difference
between TMDs and CaF, substrate as the NPs morphology

© 2022 Wiley-VCH GmbH
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Figure 2. Characterizations of the plasmonic metal-semiconductor junctions. a) White light optical images of pristine MoS, and plasmonic metal
nanoparticles decorated MoS, on CaF, substrate. b,c) SEM images of MoS,-AgNPs (where NPs are nanoparticles) and MoS,-AuNPs, respectively. The
morphologies of NPs between the MoS, area and bare substrate area vary due to the difference in surface energy. Room temperature d) Raman and
e) photoluminescence spectra of MoS, and MoSe, decorated with plasmonic metal nanoparticles represent different degree of local field enhancement
and PL peak position shift. UV-Visible transmission spectra of the f) MoS,-NPs and g) MoSe,-NPs samples. Spectra from the metal nanoparticle area
were illustrated for reference. The yellow boxes indicate the wavelength of surface plasmon resonances (SPRs) of Au NPs, and the gray boxes indicate
the wavelength of SPRs of Ag NPs. With the decoration of NPs, the transmission is greatly reduced for both MoS, and MoSe,, indicating strong photon
absorption and scattering induced by the SPR from NPs. Both the exciton peaks of MoX; and the resonance peaks of NPs were red-shifted, suggesting

strong interfacial interactions.

is surface energy sensitive.?) The crystallinity of TMDs with
the NPs decoration was verified by room temperature Raman
spectra (Figure 2d). One can see from Figure 2d that finger-
print peaks of 2H phases were clearly present for the corre-
sponding TMDs, excluding possible phase change upon metal
deposition.’% Both MoS, and MoSe, show Raman enhance-
ment when covered by Ag/Au NPs with varying enhancement
degrees. The Raman enhancement can be attributed to both
local field enhancements and possible charge transfer pro-
cesses.’l Room temperature photoluminescence (Figure 2e)
of the TMD-NPs represent intensity magnification and peak
red shift with the deposition of plasmonic metals. The inten-
sity magnification was mainly introduced by the local enhance-
ment effects while peak red shift may be attributed to either
plasmon-exciton interaction!*? or SP induced local electric field
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enhancement.?3) Comparison on the enhancement degree
between the metal NPs revealed a higher enhancement degree
of the AgNPs over AuNPs for both TMDs in either Raman or
PL spectra, suggesting a higher local enhancement effect of the
AgNPs (Figure S3, Supporting Information).

To further understand the SP resonance of the nanoparti-
cles (NPs) and their interactions with TMDs, spatially resolved
transmission spectra of the TMD-NPs were measured, using
an inverted microscope and a monochromator. The spectra
were plotted in Figure 2f,g and the corresponding mapping
in certain peak wavelengths in Figure S4 (Supporting Infor-
mation). As illustrated in Figure 2f,g, intrinsic SPR peaks of
NPs were observed for both AgNPs (=460 nm) and AuNPs
(=520 nm), agreeing with the NPs morphology characteris-
tics in Figure 2b,c as both AgNPs and AuNPs exhibit highly

© 2022 Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
OPTICAL
MATERIALS

www.advancedsciencenews.com

disordered profiles, with geometry configurations induced
SP resonances prohibited. The TMD-NPs show remarkable
absorption enhancement over the visible region, with the A and
B excitonic absorption peaks observed for the pristine TMDs
and TMD-NPs. The excitonic peaks indicate that the excitonic
effects are still dominating in the TMDs with NPs decora-
tion. Similar to the one in luminance spectra in Figure 2e,
absorption peak positions of A and B excitons of TMDs were
red shifted upon NPs deposition, indicating strong plasmon-
exciton interactions.

With NPs successfully deposited on TMD monolayers,
surface plasmon induced local field enhancement and
plasmon-exciton interactions were verified via optical spectra.
The nanoparticle decoration seems induce more remark-
able spectrum enhancement in MoS,-NPs over MoSe,-NPs
(Figure S3, Supporting Information), agreeing monotoni-
cally with the absorption enhancement (Figure S4, Supporting
Information). However, SPR induced local field enhancement
was reported to have significant influence on absorption/
emission spectra, and their effects cannot be excluded from
the room temperature characterizations. Low temperature PL
measurements were therefore applied to quench and exclude
the plasmonic field enhancement effects, and to better verify
the plasmon-exciton interaction by distinguishing the PL
contributions between the exciton and trion*¥ (also refer to dis-
cussions in Figure S5, Supporting Information).

As illustrated in Figure 3a,b, the normalized PL spectra
for MoS, and MoSe, vary with the illumination fluence, with
an additional peak appear at a longer wavelength. Though
emerged, peak fitting (Figure S6, Supporting Information)
revealed a two-peak for both MoS, and MoSe,, with peak energy
splitting of 35 meV and 22 meV, respectively. The peak splitting
agree with the energy difference between exciton and trionl*’!
for the two 2D semiconductors. Emission peaks with higher
energy were assigned to exciton and the one with lower energy
assigned to trion. With the decoration of NPs, the spectral
distribution exhibit similar evolution for both MoS,-NPs and
MoSe,-NPs, while the spectral weight varies with plasmonic
metal NPs (Figure 3a,b). Spectral weight of trion was calcu-
lated as trion ratio: RTrion = ATrion/ (ATrion + AExciton)r where ATrion
and Agion are the peak areas for trion and exciton, respec-
tively. The fluence dependence of trion ratio for the TMD-NPs
were illustrated in Figure 3c,d, respectively. One can see from
Figure 3c,d that the trion ratio was enhanced with the metal
deposition under the same illumination laser intensity before
saturation behavior emerge due to possible bi-exciton forma-
tion, suggesting a carrier doping process in TMD-NPs as the
trion was reported to be originated from the interaction of
exciton with external carriers and could be tuned by the carrier
doping effects via electrostatic gate voltage or ionic liquid.4
Given the hot-carrier generation nature of plasmonic NPs, it
is reasonable to assume that the carrier doping effects in the
TMD-NPs was introduced by the plasmonic hot carriers via
carrier injection process. With the illumination of light, the
plasmon generated at the metal NPs will be relaxed to hot
carriers within tens of femtoseconds followed by high energy
carriers injected into carrier acceptors (excitons in TMDs) by
overcoming the energy barrier and be bounded by the exciton
to form trion and possible high order quasi particles such as
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bi-excitons. However in our experiments, due to instrumental
limitations such as temperature and wavelength resolution, we
cannot effectively observe higher order effects, so we attribute
the hot-carrier injected quasi particles to trion.

However, when examining the interaction efficiency between
the hot carrier and excitons, it is surprising to notice that the
AuNPs exhibit higher injection ratio than Ag NPs under the
circumstances studied as the trion ratio are higher for both
MoS,-AuNPs and MoSe,-AuNPs. The phenomenon agrees with
the literatures as most of the SPR-TMDs based research high-
lighting the carrier’s injection process are gold nanostructure
based.[3%36-38] Considering that silver has a relatively stronger
local enhancement to generate more hot carriers (Figure S3,
Supporting Information) and higher Fermi level which can
favor the injection process by lowering the Schottky barrier
(Figure S7, Supporting Information), the higher injection effi-
ciency of gold suggests us that the dynamic properties of the
plasmonic hot carrier as well as the exciton formation kinetics
may play critical roles for the interaction. Actually, gold nor-
mally possesses a longer hot carriers relaxation time (=500 fs)
than silver (=350 fs),19%) better overlaps with the exciton for-
mation duration for TMDs (=400-800 fs).!8! Furthermore, the
great fluence-dependence (Figure 3) and wavelength inde-
pendence (Figure S8, Supporting Information, and Discussion
therein) of TMD-NPs suggests an interesting dynamic interac-
tion mechanism. It's been widely established that the plasmon
thermal relaxation kinetics is illumination fluence dependent,
high laser intensities can shorten the hot-carrier formation
time and extend their cooling time, both favoring the carrier
injection process dynamically.

2.2. Incoherent Relaxation Across the MoX,-NPs Interface
Before Exciton Formation

We then investigate the dynamical signature in SPR/TMD
heterostructures on the exciton formation process and corre-
sponding effects of plasmonic metals decoration, by applying
spatially resolved visible pump/mid-infrared probe micro-spec-
troscopy. As schematically illustrated in Figure 4a, with pump
photon excitation, free carriers in TMDs will be generated
instantly and relaxed to form excitons, while the Mid-IR probe
has smaller photon energy than the exciton binding energy of
monolayer TMDs. So, the Mid-IR probe photons will be inca-
pable to de-bind the as-formed excitons. Therefore, the waiting-
time-dependent signals of the visible pump/ Mid- Infrared
probe reflect the free carriers dynamic lifetime before exciton
formation in TMDs, revealing the exciton formation time.4!
The pump photon energy is chosen to be 3.1 eV, while the
probe energy is chosen to be 0.25 eV below all reported exciton
binding energy in TMDs. The pump energy simulates the real-
world scenario of SP enhanced TMD systems, which generate
not only the SP in metal NPs, but also free carriers in TMDs.
From Figure 4b,e, we can see that both MoS, and MoSe,
exhibit ultrafast kinetics of the photo-induced absorption
from free carriers or weakly binding excitons with a lifetime
of around 1 ps, indicating ultrafast free carrier relaxation pro-
cesses to form excitons. With plasmonic NPs, corresponding
dynamic signal intensities were enhanced for both TMDs,

© 2022 Wiley-VCH GmbH
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Figure 3. Exciton-trion spectral weight evolution in transition metal dichalcogenide (TMD) nanoparticles (NPs). a) Low temperature (80 K) PL char-
acterizations of the MoS,-NPs systems with different laser fluence under 532 nm laser. The PL intensity was normalized to the exciton peak intensity.
b) Low temperature (80 K) PL characterizations of the MoSe,-NPs systems. c) Trion ratio for the MoS,-NPs system. With the decoration of NPs, the
trion ratio of MoS, were enhanced while AuNPs induced higher trion ratio than Ag NPs. d) Trion ratio for MoSe,-NPs under the same pump intensities.

Similar phenomenon with the MoS,-NPs was revealed for MoSe,-NPs.

indicating a stronger response induced by local field enhance-
ment while AgNPs for both TMDs produce larger enhance-
ment effects than AuNPs. This instant enhancement and vari-
able enhancement ratio agree with static optical characteriza-
tions, confirming the universal existence of local field enhance-
ment. However, we were surprised to find out that normalized
waiting-time-dependent dynamics in Figure 4c,f for both MoS,
and MoSe,, remain identical when undecorated or decorated
with either AuNPs or AgNPs. And it is worth to mention that
the AuNPs and AgNPs produce negligible visible pump/mid-IR
probe signals, see Figure S13 (Supporting Information). More-
over, although the probe signal intensities increase linearly
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with pump fluence, the kinetics are invariant with fluence for
MoS,-NPs (Figure S10, Supporting Information) and MoSe,-
NPs (Figure S11, Supporting Information). Exponential fitting
(Figure 4d,g) shows that the exciton formation time for MoS,
with or without NPs are 0.6 + 0.05 ps while the one for MoSe,
are 1.1+ 0.1 ps. These unexpected results reveal the irrelevance
between the plasmonic evolution process and the free carrier
relaxation process at the NPs-TMDs interface before the forma-
tion of exciton, suggesting that for both MoS, and MoSe,, SP
induced hot-carrier transfer do not happen before the forma-
tion of excitons. The hot carriers are known to be formed in a
timescale of tens of fs, much faster than exciton formation in

© 2022 Wiley-VCH GmbH
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Figure 4. Waiting-time-dependent visible pump/mid-IR probe spectroscopies. a) Schematic illustration of physical processes in a photo excitation
and detection of surface plasmon resonance (SPR)/transition metal dichalcogenide (TMD) system using visible pump mid-IR probe spectroscopy.
The mid-IR probe (yellow) has an energy smaller than the TMD exciton binding energy, which is capable to detect the dynamic relaxation of pump
(purple) excited electro-hole pairs. b) Absolute transient signal showing temporal evolution of transient absorption for MoS, and MoS,-NPs (where
NPs are nanoparticles). c) Normalized transient absorption signal of MoS, and MoS,-NPs, presenting identical dynamic process among the samples.
d) Exponential peak fitting output of the absolute transient absorption, with exciton formation time (light magenta) and absolute transient absorption
signal (light gray) illustrated. e-g) Absolute, normalized, and exponential peak fitting of transient absorption for MoSe, and MoSe,-NPs. Zoom-in of

(c) and (f) is shown in Figure S9 (Supporting Information).

TMDs (hundreds of fs). For the SPR-TMDs, the local enhance-
ment degree and Schottky barriers varied greatly among the
TMD-NPs systems, it is thus expected that hot-carrier quantity,
population, and lifetime will vary drastically upon light illu-
mination. We postulate that if the charge transfer/interaction
occurs during exciton formation process, the dynamic process
would be altered resulting in a detectable signal with the mIR
probe distinguishing between plasmonic metals, as mIR is sen-
sitive to the transfer process while insensitive to the hot-carrier
relaxation process.l’! However, due to the limitation of our
instrument response function (IRF) of =100 fs, we cannot rule
out the ultrafast hot-carrier injection pathways that are much
faster than 100 fs by experiment.

The discovery can exclude possible pathways of direct hot-
carrier generation in TMD conduction band in Figure 1b as
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the direct carrier generation will have significant impact on
the free carrier kinetics of visible pump/ mid-infrared probe
experiments. In fact, nonadiabetic molecular dynamics simula-
tions combined with time-dependent density functional theory
have revealed a traditional charge injection mechanism in Au
nanorod-MoS, system, involving the rapid decay of plasmons
into free electrons and subsequent charge injection.*? The
injection mechanism was attributed to the weak vdW Au-MoS,
interface and the fully coordinated surface of MoS,. The simu-
lation principle and corresponding conclusions agree well with
the mIR results, which could explain the uncorrelated relaxa-
tion process between plasmonic hot carriers and photonic free
electron-hole carriers at the early stage. Nevertheless, it is not
yet appropriate to draw a dynamic picture of the charge car-
rier-exciton interactions, considering the competition among

© 2022 Wiley-VCH GmbH
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plasmonic carrier injection, possible energy transfer, and car-  the very early waiting time and much longer exponential decay
rier recombination. To further explore the existence of hot-car-  signal. The exponential decay signal reflected the quasi-particle
rier transfer, we raise the probe photon energy to near-IR (nIR) lifetimes of the TMDs, while the bleach signal was from the
to study the process after exciton formations. The near IR probe  electron—electron and electron-phonon scattering of SPs,B!
with energy of 1.53eV, which is larger than the exciton binding  originates from either the interfacial charge injection process
energy of TMDs while smaller than their band gap, has been  or plasmon delay in metal NPs. Bi-exponential fitting revealed
extensively used to study the charge carrier injection process  much larger decay time constant for NPs decorated MoX,, indi-
while measuring the exciton lifetime.[*>=] cating extended particle lifetime induced by plasmonic NPs
(Figure 5c). Comparisons between the MoS,-AuNPs and MoS,-
AgNPs revealed that the particle lifetime for AuNPs injected
2.3. Exciton-Formation-Triggered Hot-Carrier Injection MoS, are longer than MoS,-AgNPs, which agree with the
higher trion spectra ratio in Figure 3 as trion is a bounded state
The transient absorption signal with near IR (1.53 eV) probe  and has longer lifetime than exciton.
of pristine MoX, and NPs decorated MoX, are plotted in Pump fluence dependent experiments (Figure 5d and
Figure 5a,b, respectively. The MoS, and MoSe, exhibit pure  Figure S12, Supporting Information) for the TMD-NPs system
photo-induced absorption, which indicates an excitonic life-  were performed to distinguish the effects between charge injec-
time of a few ps. When decorated with metal NPs, two fea- tion and plasmon delay, as the lifetime of transient bleach
tures emerge for both TMDs, i.e., a negative bleach signal in  for plasmon delay of standalone noble metal nanoparticles
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Figure 5. Temporal evolutions of visible pump/near-IR probe spectroscopies. a,b) Temporal evolution of transient absorption for MoS,-NPs (where
NPs are nanoparticles) and MoSe,-NPs, respectively. Two features emerged with the NPs decoration. c) Decay constant from biexponential curve
fitting of transient absorption for MoS,-NPs and MoSe,-NPs. The decay constant was largely extended with plasmonic NPs, agrees with the higher
trion ratio induced by NPs decoration. d) Fluence dependent pump probe traces of MoS,-AgNPs. e,f) Bleaching time constant with pump fluence for
MoS,-NPs and MoSe,-NPs, respectively. Average and standard deviation of the bleach time constant over variable fluence were illustrated for refer-
ence. The time parameters were insensitive to pump fluence. g) Physical pathway of interfacial hot carrier injection to transition metal dichalcogenide
(TMD) monolayers.
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increases linearly with increasing pump fluence.* Fitting of
corresponding spectrum considering IRF were performed on
the basis of single exponential time constant of bleach (nega-
tive signal) and double exponential exciton lifetime (positive
signal),¥! with the pump pulse temporal profile as =100 fs.
Bleach time constant of TMD-NPs were extracted and plotted in
Figure 5e.f, respectively. One sees that the bleach time constant
for MoS,-NPs are of 0.6 £ 0.2 ps, while 1.5 £ 0.2 ps for MoSe,-
NPs, which are independent within experimental accuracy. The
independence of bleaching constant on pump fluence sug-
gested that the observed bleaching signal originates from the
hot-carrier injection process rather than decay of standalone SP
induced hot carriers as the latter is highly fluence dependent.l*”!
And it is worth mentioning that the transient response can be
altered by transient variation in dielectric permittivity of TMDs,
however they normally emerge as bandgap renormalization
effects which are outside our probe photon energies. It is note-
worthy that the bleach time constant for MoS, and MoSe, with
different metal NPs are close to their exciton formation time,
indicating strong correlation between the charge carrier injec-
tion and the exciton formation.

3. Discussion

Based on the discussions above, the surface plasmon induced
carrier injection pathway in SPR-TMDs can be illustrated
schematically in Figure 5g (take the hot electron injection as
an example). Initially, by photo-excitation, hot carriers in NPs
and electron-hole pairs in MoS, were produced in less than
a few tens of fs. The as-generated plasmonic hot carriers and
the semiconducting electron-hole pairs then relax indepen-
dently, with interfacial charge/energy transfer prohibited
along the SPR-TMD interface. In =600 fs, the TMDs’ excited
e-h pairs form excitons followed by instant (quicker than our
instrumental response) hot carriers (hot electrons or hot holes)
transfer to MoS, atomic layer. The as-injected hot carriers were
thus captured by the excitons to form bounded states (trions),
which have lower energy and extended lifetime. With illumina-
tion fluence increases, the production ratio of hot carriers sur-
passes those of TMD excitons, inducing fluence dependence of
trion ratio increment and saturation.

The pathway revealed here differed from either the tradi-
tional hot-carrier injection mechanism (Figure 1a) or the direct
hot-carrier generation mechanism between coherent interfaces
(Figure 1b). In all models, timescale plays fundamental role in
determining the hot carrier’s distribution along the interface
and thus their probability of interacting with nearby acceptor
via either injection or direct generation, while the mechanism
proposed here highlighted kinetics matching between the SPR
and TMDs as TMD exciton formation timescale plays determi-
nant role for the interfacial carrier transfer. However, it should
be noted that possible hot-carrier injection pathways without
exciton formation is still possible but outside our experimental
observations. As the exciton formation time in TMD mono-
layers are in the range of 500 fs—1 ps, slower than that of hot-
carrier formation (=tens of fs), it is possible to enhance the
injection efficiency by metal-TMD covalent bonding,*! slowing
the hot carriers e-e or e-p relaxation time via either optimizing
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plasmonic nanostructure morphology, composition and dielec-
tric environment,*! or increasing phonon intensity.¥] The
hypothesis was proved to be efficient in the trion ratio enhance-
ment in Figure 3. On the other hand, for circumstances aiming
at ultrafast opto-electrical response of TMDs where hot carrier
or trion may present negative influence,* perspectives of lim-
iting the hot-carrier injection/trion formation might be realized
by mismatching the dynamics process across the interface layer
as the injection dynamics is dominated by the exciton forma-
tion process. Furthermore, given the fact that interlayer exciton
formation in TMD heterostructures is much faster (with for-
mation time of =100 fs), and is a better match with the plas-
monic hot-carrier formation time, it's reasonable to predict that
the plasmonic charge carrier injection process would be more
efficient. 04

Along with the plasmonic local field enhancement, under-
standing and controllable manipulating the carrier injection in
SPR-TMDs are of essential importance for TMDs related prac-
tical applications upon light-matter interaction, giving the fact
that the carrier injection process will greatly enhance the trion
ratio (Figure 3). The trion, which have large binding energies
and display valley-selective properties that are similar to those
of the neutral excitons, were believed to present similar optical
performance as excitons.’” Intuitively, the greatly extended
quasiparticle lifetime observed in Figure 5g is critical for TMD
based photovoltaics and photocatalyst devices’ performance
enhancement. In contrast to neutral excitons, the charged
nature of the trion (charged exciton with positive/ negative
charge) enable further particle guidance with applied electric
and/or magnetic field, and suggest schemes to overcome the
losses associated with exciton diffusion and to efficiently collect
the photogenerated current.> Trion in TMD monolayers have
been reported to find applications in second harmonic genera-
tion, valleytronics, optical information storage, and quantum
hall effects,3852-54 all of which may be further investigated via
SPR-TMD approach by manipulating the hot-carrier injection
process.

4, Conclusions

We demonstrated the ultrafast hot-carrier interaction pathway
between the plasmonic nanoparticles and the transition metal
dichalcogenide monolayers. Upon optical excitation, we char-
acterized both steady-state and dynamic exciton evolution in
MoX, monolayer induced by plasmonic NPs decoration. Our
study found that with plasmonic AgNPs and AuNPs decora-
tion, the TMD trion ratio was greatly enhanced attributing to
hot-carrier injection effects while AuNPs presented higher
injection efficiency. Kinetics examination revealed an exciton
formation triggered hot-carrier injection mechanism across the
MoX,-NPs interface, with the as-injected hot carriers captured
by excitons to form trions. The better overlapping of AuNPs’
hot-carrier lifetime with TMD exciton formation timescale ena-
bles higher injection efficiency, while higher injection ratio will
result in extended lifetime of bounded particles. The dynamic
pathway revealed here highlights the fundamental role of TMD
exciton kinetics in plasmonic metal- TMD interaction, opens
new opportunities for controllable manipulation of hot-carrier
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injection process, and inspires future research toward opto-
electrical device design with light-matter interaction.

5. Experimental Section

MoX,-Ag/AuNPs Sample Fabrication: To fabricate the samples, CVD
grown MoX, monolayers were first transferred to CaF, substrates for
transmission mode laser experiments. The MoX, triangles on the CaF,
substrate were confirmed by optical microscope, followed by vacuum
annealing at 300 °C for 2 h.

The samples were then loaded in an ultrahigh vacuum chamber
(107 Torr) to deposit 3 nm Au film via e-beam evaporation at a rate of
0.1 A s7". During the evaporation, the samples were half exposed to gold
vapor by a shadow mask. The as-deposited sample was then annealed
under flowing Ar, at 400 °C for 2 h to generate gold nanoparticles. The
samples were then deposited by silver nanoparticles via oblique angle
deposition in the same e-beam evaporation system at room temperature.
Before AgNPs deposition, the sample was firstly self-rotated by 90° to
get half-exposed followed by tilting the samples by 88°. The deposition
rate was 5 As7.

The morphology of as deposited nanoparticles was characterized
in an environmental field-emission SEM (FEI Quanta 400 ESEM FEG)
under low vacuum mode.

Steady State Optical Characterizations: Raman and PL spectroscopy
were carried out using a Renishaw InVia Raman microscope. The
excitation light is a 532nm laser, with an estimated laser spot size
of Tum and maximum laser power of 1mW. Before test, the samples
were loaded into a vacuum chamber with cooling stage within Ar,-filled
glove box. For room temperature and low temperature test, the stage
temperature was cooled by flowing liquid nitrogen and temperature
controlled by a feedback system with the thermometer reading as 300
and 80 K, respectively.

UV-Vis transmission spectra and corresponding mapping of
MoX,-NPs were collected between wavelengths of 300 to 900 nm
on a homemade setup. The spectra resolution is of 1 nm with spatial
resolution of 5 x 5 um.

Ultrafast Visible-NIR/Infrared Micro-Spectroscopy: The experimental
setup of the ultrafast visible-NIR/infrared micro-spectroscopy is from
our previous publications.?*?’l Briefly, the output of a femtosecond
amplifier laser system (at a repetition rate of TkHz, 1.6m] energy per
pulse, 800nm central wavelength, and a pulse duration of =40fs,
Uptek Solutions Inc.) is split into two parts. One is used to pump a
home-built nonlinear optical parametric amplifier to generate visible
and near-IR-1 laser pulses with tunable wavelengths, and the other
is directed to generate an ultra-broadband super-continuum pulse,
which covers almost the whole mid-IR region or a near-IR-2 pulse. In
ultrafast experiments, the visible or NIR-1 pulse is the pump light with
the central wavelength and excitation power adjusted based on need.
The interaction spot on the samples varies from 120 to 250 micron.
The mid-IR super-continuum pulse or NIR-2 pulse acts as the probe
light, which is focused at the sample by the reflective objective lens
(15X/0.28NA, Edmund Optics Inc.) to reduce the spot size to the level of
the sample area (<40um). A 300-megapixel microscope digital camera is
used to align the pump/probe beam to proper sample area. The probe
light is detected by a liquid-nitrogen-cooled mercury-cadmium-telluride
(MCT) array detector or InSb detector after frequency resolved by a
spectrograph with a resolution of 1-3cm™ which is dependent on the
central frequency. The time delay between the pump light and probe
light is controlled by a motorized delay stage.
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