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Abstract: In this work, we investigate trion dynamics
occurring at the heterojunction between organometallic
molecules and a monolayer transition metal dichalcoge-
nide (TMD) with transient electronic sum frequency
generation (tr-ESFG) spectroscopy. By pumping at
2.4 eV with laser pulses, we have observed an ultrafast
hole transfer, succeeded by the emergence of charge-
transfer trions. This observation is facilitated by the
cancellation of ground state bleach and stimulated
emission signals due to their opposite phases, making tr-
ESFG especially sensitive to the trion formation dynam-
ics. The presence of charge-transfer trion at molecular
functionalized TMD monolayers suggests the potential
for engineering the local electronic structures and
dynamics of specific locations on TMDs and offers a
potential for transferring unique electronic attributes of
TMD to the molecular layers. )
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Introduction

Transition metal dichalcogenides (TMDs) are a group of
materials that are composed of a transition metal atom M
from Group III or IV covalently connecting to two
chalcogen atoms X in a hexagonal lattice."! The layered
structure exhibits weak interlayer van der Walls interactions,
which reduces the electrostatic screening and thereby gives
rise to novel many-body interactions between charge
carriers.”! At the monolayer limit, the reduced dimension-
ality, combined with the reduction of screening for Coulomb
interactions, leads to the emergence of various robust
quasiparticles even at room temperature. These includes
excitons,”! trions™ and bi-exciton,”! several of which are
unattainable in other systems.[ﬁ‘ﬂ Trions, for instance, are
one such charged excitons, i.e. one exciton bounded with an
additional charge carrier. They arise from the interaction
between excitons and residual free charge carriers in
monolayer TMDs.*%"! The existence of trions allows electri-
cally guiding and controlling charged particles more effi-
ciently than excitons.®)

To harness the unique characteristics of monolayer
TMD due to many-body interactions, it is essential to finely
adjust the materials’ electro-optical properties and to trans-
fer these distinct traits to other materials. One efficient
approach is to create heterojunctions, including TMD-
TMD! and molecule-TMD heterojunctions.!*” For
example, it was recently shown that many-body control of
electron localization in moiré heterostructures can greatly
improve catalytic performance.' Similarly, doping mono-
layer TMD with molecules could control interfacial band
alignment and its chemical and electrostatic environments.!'”)
In the meantime, due to the relatively weak screening along
the normal direction of the interfaces, the heterojunction
may potentially inherit the electronic properties of mono-
layer TMDs. For example, the existence of interfacial charge
transfer (CT) excitons in molecule-TMD heterojunctions
enables the electronic structure hybridization between TMD
and molecules.”*!! Recently, CT trions, also referred to as
interlayer trions, were also observed in TMD/TMD hetero-
junctions, offering another route to control and transfer
electronic properties across the heterojunctions.”*! Given
the dramatic difference between electronic structures of
molecules and TMD —molecular electronic wavefunctions
are much more localized, it is a pertinent question to ask
whether the strong many-body interactions that enable CT
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trion formations in the TMD/TMD heterojunction can
persist if molecules replace a TMD layer to serve as charge
acceptors. Realizing CT trions in monolayer-TMD hetero-
junctions may be able to transfer specific attributes of trions
in TMD to the surface molecular species, including spin
polarizations to enable spin-polarized chemistry?2" and the
in-plane delocalization that facilitates charge hopping among
molecular sites. In return, the surface molecules could
dynamically modify these electronic characteristics in TMD
through CT trions, for photonics, optoelectronic and valley-
tronic applications.

The lack of studies on CT trions at molecule-TMD
interfaces stems from the technical challenges to study
charge dynamics.”**? Photoluminescence (PL) is the pre-
dominant optical technique used to investigate monolayer
TMD, where the signal can either be enhanced or quenched
by molecular doping.”*! However, the charge transfer
dynamics often occurs on the femtosecond time scale, which
is beyond the common time resolution of time-resolved PL.
Transient absorption (TA) has also been applied to inves-
tigate monolayer TMD,® ) interfacial charge transfer
between two TMD layers,** and between TMD and
conjugated molecules.**! Yet, it has been not used to study
CT trion formation at molecule-TMD interfaces. Interfacial
sensitive second harmonic generation (SHG) was also
applied on pristine TMD. 1 However, its narrow spectral
coverage makes SHG difficult to differentiate electronic
states, making it unsuitable to identify CT trions.

In this work, we implemented transient electronic sum
frequency generation (tr-ESFG) to investigate the ultrafast
charge dynamics at a molecule-TMD heterojunction. Tr-
ESFG is particularly suitable for this study because of its
broad-spectral coverage and surface sensitivity. As a second
order nonlinear optic, SFG only occurs for samples with
non-centrosymmetric geometries, such as surfaces and
interfaces.* > Thus, ESFG has been used to study inter-
facial molecule alignment® and charge dynamics at surfa-
ces/interfaces.’®!! Using this unique method, we report
ultrafast dynamics of photo-induced charge transfer between
the heterojunction of monolayer molybdenum disulfide
(MoS,) and ruthenium(ii) polypyridyl complexes (Ru-
(DPPZ),L-Pro), referred as Ru—MoS, hereafter. We find
that, in contrast to TA, the ground state bleach (GSB) and
stimulated emission (SE) of tr-ESFG are out of phase and
thereby cancel. This phase cancellation removes the larger
ground state signals, promoting the characterization of trion
formation timescales. Furthermore, the spectral signal
strongly indicates the formation of CT trions at the
heterojunction. The identification of a CT-trion in molecule-
TMD heterojunctions offers the potential for transferring
spin or valley degrees of freedom of TMD to molecules for
molecular-based spintronics,® spin-specific chemistry,/*>*!
and engineering of TMD properties through molecular
dopants.[*”!
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Results and Discussion

A charge transfer interface was created within a type II
heterojunction between monolayer MoS, and Ru(DPPZ),L-
Pro. Ruthenium(ii) polypyridyl complexes are a group of
promising candidates for water oxidation catalyst."™**! The
hole in Ruthenium(ii) polypyridyl can enhance the efficiency
for catalyzing water oxidation (oxygen evolution).””! There-
fore, the heterojunctions comprised of MoS, and Ru-
(DPPZ),L-Pro may be developed into photocatalyst based
on type II hole transfer, taking advantage of the exceptional
characteristics of monolayer TMD, including large absorp-
tion cross section and valley degrees of freedom, and the
catalytic nature of the Ruthenium(ii) polypyridyl complexes.
Based on a combination of UV/Vis absorption, PL, and
cyclic voltammetry measurements, (see supplemental Fig-
ure S5, Figure S6), we find that the HOMO of Ru-
(DPPZ),L-Pro lies above the MoS, valance band maximum
(VBM)!™ while the LUMO is higher than the conduction
band minimum (CBM)™ of MoS,, as described in Figure 1,
facilitating the hole transfer from monolayer MoS, to the
molecule upon photoexcitation.

The efficient interfacial charge transfer between mono-
layer MoS, and Ru(DPPZ),L-Pro was confirmed by the
quenching of Ru—-MoS, PL signals (Figure 2a). Optical
microscope shows an image for a pristine MoS, flake
containing a large area of monolayer MoS, and minor part
for bilayer MoS, and bulk MoS, (Figure 2b). For pristine
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Figure 1. band alignment of Ru—MoS, heterojunction
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Figure 2. Photoluminescent result to confirm interfacial charge transfer. (a) PL spectrum comparison on a typical position of monolayer MoS,,
95% quenching effect after Ru(DPPZ),L-Pro doped; (b) 20 pm by 20 pm optical image of monolayer MoS, flake ; (c) PL microscope mapping on
same pristine monolayer MoS,, higher PL intensity at left corner is due to dominated signal from monolayer, while the top area contains both
signal from monolayer and multilayer sample (beam size of PL is 4 pm as diameter) leading to a lower intensity;(d) fitting result for PL spectrum
of pristine monolayer MoS,; (e) PL microscope mapping on Ru—MoS,; (f) fitting result of Ru—MoS,

monolayer MoS,, the PL mapping (Figure 2c) at 690 nm
presents a uniform signal intensity, indicating a highly
homogeneous material. The PL spectrum of the pristine
sample (Figure 2d) can be decomposed into three gaussian
peaks: the radiative recombination of B-exciton, A-exciton
and negative trion, at 2.00, 1.87, and 1.78 eV, respectively.”"

Exciton A and B are formed by strong spin orbital
coupling (SOC) that leads to a split in highest valence band
of ~130 meV. The trion, with a larger coulomb binding
energy, is identified at a lower energy, in good agreement
with the literatures.””! Upon functionalizing the monolayer
MoS, by Ru(DPPZ),L-Pro, the PL emission was quenched
by 95% uniformly across the entire monolayer MoS,
surface, as shown in Figure 2a and e. All three of the spectra
components are reduced in Figure 2f, suggesting all three
quasiparticles are subject to interfacial charge transfer. We
note that the signal reduction is unlikely to be attributed to
the absorbance of the excitation lights by the surface
adsorbed Ru(DPPZ),L-Pro layer, as evidenced by the
absence of absorption within the excitation wavelength
range from a pure Ru(DPPZ),L-Pro layer (see supplemental
Section 10). Thus, an interfacial charge transfer occurs at the
Ru—MoS, interface.

Although the existence of charge transfer was confirmed,
the mechanism and dynamics of the interfacial charge
transfer and whether CT trion could exist at the interfaces
remain unknown. To elucidate these, we applied Tr-ESFG
spectroscopy. A 515 nm (2.4 eV, 200 fs) pump pulse excites
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electrons to the conduction band of monolayer MoS, (E,=
1.9 eV). The subsequent charge dynamics are then probed
by the ESFG (Figure 3a). The ESFG probe utilizes a mid-IR
and near-IR pulses to interact with the sample which creates
a signal at the sum of the two incoming beam
frequencies.>! If the energy of the emitted signal resonates
with an electronic transition at interfaces, the emitted signal
is enhanced (inset of Figure 3a). We scanned the IR
frequency across a broad spectral range to cover the
electronic transitions.

The static ESFG spectrum in Figure 3b of pristine
monolayer MoS, and Ru—MoS, show large peaks around
1.77-1.78 eV which are assigned to be the ESFG resonances
of trions, based on the PL fitting in Figure 2 and UV-Vis
absorption features in supplement Figure S6b. Interestingly,
monolayer MoS, has a higher ESFG peak intensity than
Ru-MoS, sample, indicating a decrease of transition from
ground to trion states after doping. This decrease suggests
the interfacial electronic structures have been modified, so
that the transition probabilities of excitons and trions are
changed. We note because monolayer MoS, emits strong PL
signals at 1.9eV, it interferes with ESFG signal of the
exciton A. For this reason, we focus on trion charge transfer
mechanism to infer the complete charge transfer picture.

The tr-ESFG spectra of pristine monolayer MoS, and
Ru-MoS, show distinct time-dependent features. At first
glance, pristine TMD (see Figure 3c) exhibits a negative
pump-probe signal right after time zero and recovers back
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Figure 3. transient ESFG measurements of Ru—MoS, heterojunction and pristine monolayer MoS, samples (a) illustration Figure of Tr-ESFG; (b)
static ESFG of pristine monolayer MoS, and Ru—MoS, with no optical pumping; (c) Pseudo color 2D tr-ESFG spectrum pristine monolayer MoS,;
(d) Pseudo color 2D tr-ESFG spectrum Ru—MoS,. The color bar in (c) and (d) represents the intensity of pump probe data. The yellow (blue) color
represents a positive (negative) tr-ESFG signal (sample emits stronger (weaker) ESFG after being pumped). The mathemstical description of how

to calculate tr-ESFG is shown in supplement section 2.

to zero with a lifetime of 16.4 ps before turning into a
positive amplitude with a long lifetime of 129.0 ps. The
negative transient signal has a center located at 1.79¢V,
indicating a bleach of trion.

Interestingly, the positive signal redshifts to 1.76Ev. For
the Ru—MoS, (Figure 3d), a negative signal persists over the
entire scanning range and only decays to a smaller
amplitude. We note the Ru(DPPZ),L-pro monolayer alone
shows negligible static and transient ESFG signal (see
supplement Figure S12).

Origins of Tr-ESFG Signals

To understand the tr-ESFG dynamics of pristine monolayer
MoS, and Ru—MoS,, it is necessary to dive into the origins
of tr-ESFG, which, as shown below, has different spectral
features than the more commonly applied TA spectroscopy.
For a full theoretical treatment,” ! we refer to Supporting
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Information Section 11. Briefly, similar to TA, there are
three contributions to the tr-ESFG signals, i.e. ground state
bleach, stimulated emission and excited state absorption,
where the excited state absorption is always shifted relative
to the other two due to particle interactions. However,
different from TA, whose ground state bleach and stimu-
lated emission signals have the same phase and thereby
often add up and dominate the TA features—masking other
features, in tr-ESFG, ground state bleach and stimulated
emission have opposite phases and cancel each other,
allowing other important but subtle features to be analyzed.

The origin of the phase difference can be intuitively
understood by that tr-ESFG measures changes of ESFG
emission, whereas TA quantifies the modulations of absorp-
tions. As a result, stimulated emision enhances the ESFG
emission, but reduces the amount of absorption in TA.
Below, we show that this cancelation allows us to better
quantify the trion dynamics.
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Charge Dynamics of Pristine Monolayer MoS,

This opposite phase relationship between ground state
bleach and stimulated emission provides advantages in
analyzing the measured spectral dynamics. A typical mono-
layer MoS, photoexcitation and relaxation process”’”! is
described in Figure 4a. The electron is photoexcited from
the valence band to the conduction band and excitons are
formed. An exciton and an extra electron can further
combine to form trions at a lower energy state (with a rate
constant k;), which occurs at 10-20ps according to
literatures %!

Lastly, trion recombination occurs with a rate constant
of k,. Based on this kinetic model, the transient population
of each state can be described as,

A[E} = E()eiklt
Eoky  —k Eoky  —k
A[T](') = klofklz e — k10*k12 e (1)
A[Gly = — k?iklé e 4 k?lklé el

where E, is the initial exciton population at t=0. The
ground state bleach and stimulated emission are at the same
trion emission frequency, so their signals need to be
combined. Based on the harmonic oscillator approximation,
they emit at the same intensity,® and the combined signal
leads to a cancelation of the dynamics related to k,

Igspese < A[G)y +A[T) ) = —Ege ™ )

Thus, the ground state bleach and stimulated emission
spectra are only sensitive to the relaxation from excitons to
trions. For excited state absorption, it is expected that it
emits at a lower energy due to the binding energy between
trions, and its dynamic should reflect the trion population.

Evki 0 Eok efklz) 3)

Lpsy o< A[T]) = (k1 e
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The tr-ESFG of pristine monolayer MoS, is therefore
composed of two components, one spectral component
corresponding to the combined ground state bleach and
stimulated emission signal, described by a single exponen-
tial, and the other spectral component corresponding to
excited state absorption, described by double exponentials.
We therefore apply a Global Analysis to the raw data of
Figure 3b using the two-component model described by
Eq. 2&3. The extracted earlier negative signal represents the
combination of ground state bleach and stimulated emission,
described by the red spectrum in Figure 4b. It has a lifetime
of 16.4+0.5 ps (k; = 0.061 ps™'), corresponding the exciton
to trion relaxation timescale.’>®! This negative spectral
feature can be intuitively viewed as a state-blocking effect
from the trion, which commonly exists in TA. The positive
feature appears later is excited state absorption, which has a
biexponential dynamic, agreeing with our model. This signal
rises with the rate constant of k; and decays with a long
lifetime of 129420 ps (k, = 0.0078 ps~', Figure 4c). Interest-
ingly, this excited state absorption signal peaks at 1.76 eV,
indicating a 0.02-0.03 eV energy reduction due to the
interaction between trions. This binding energy is smaller
than bi-excitons.[®

Charge Transfer Dynamics of Ru—MoS, Heterojunction

We proceed to analyze the transient dynamics of Ru—MoS,
monolayer. In comparison to the pristine MoS,, a negative
transient signal emerges at an early time, still indicative of
the ground state bleach and stimulated emission signal
contributions—the state-blocking effect remains. However,
the lack of the positive signal after 10 ps implies negligible
excited state absorption signal, indicating no trion forma-
tion, which agrees with the suppression of PL signals from
trions (Figure 2c¢). The band alignment of the heterojunction
suggests that a hole transfer from the valence band of MoS,
to the HOMO of Ru(DPPZ),L-Pro is energetically favor-
able, eliminating the trion population.

a b xe (o2
i 0.5 0.9 e Trion GSB+SE
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1 T 51
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o R (=]
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Figure 4. tr-ESFG data analysis of monolayer MoS,. (a) Kinetic model for monolayer MoS,. (b) spectra components from global analysis of pristine
monolayer MoS,. (c) Population dynamics from global analysis of monolayer MoS,, for trion GSB +SE, lifetime is 16.4+0.548 ps; for trion ESA,

lifetime is 129.0+18.48 ps. Solid line shows the best fitting result, while shaded area shows the confidence range of the fitting.
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A trion in a monolayer TMD forms when a photo-
generated electron-hole pair (or exciton) bonds with another
free electron in the TMD conduction band. At the mole-
cule-TMD interface, after the hole transfers to the molecule,
two electrons remain in the TMD. There are different
potential pathways for these three charge carriers to interact
and relax after this interfacial charge transfer: 1. The holes
and electrons are separated into two free electrons and one
free hole. This process creates an excess unpaired electron
in the conduction band of TMD due to photoexcitation,
which are now available to form additional trions in TMDs.
Thus, this scenario should enhance the ESFG signal of trion
transitions—creating a positive transient signal, which is
opposite from the measured transient decrease of ESFG
signals. 2. An electron and one transferred hole remain
tightly bonded, forming a CT exciton. This case leaves the
other electron in the original trion to be a free electron in
the conduction band, no extra free electron compared to the
case without optical pumping, which should lead to no tr-
ESFG signals. 3. Two electrons in the conduction band of
monolayer MoS, and one hole in Ru(DPPZ),L-Pro bind
into a CT-trion. This case leaves one less free electron in the
conduction band of monolayer MoS,, leading to a transient
negative ESFG signal. Only the last scenario agrees with the
experimental observation of a decreased transient ESFG
signals. As a result, we assigned the long-lasting negative
transient ESFG signal to the bleaching of the regular trion
due to the CT trion formation, which retains the state-
blocking effects seen in the trion case in pure monlayer
MoS,. We note that to measure the CT trions directly, it is
necessary to shift the IR spectral range to 9 pum, which is out
of the practical range for our instrument. To further
examine this CT trion assignments, we have conducted
additional wavelength dependent PL measurements and
control experiments of tr-ESFG of bare Ru Ru(DPPZ),L-
Pro layer (SI section 3 and section 10).

We, therefore, add a competing pathway of CT trion
formation to the MoS, kinetic model. (see in Figure 5 and
Supporting Information Section 13) Sequential model (ex-
citon—trion—CT-trions) is not chosen because of the
absence of trion signals in this sample. Using the parallel
kinetic model, the negative signal at 1.78 eV can be ex-
pressed as summation of ground state bleach and stimulated
emission:

Imfga[ive signal — IGSB + ISE ~ A [G](l) +4 [T} 0 =
Eo(k]kz - k2k4 + k3k4—k|k3 + k] k4 - k%) e*(kﬁ’k})ti

(ki — ko + k3) (ky + ks — ky) 4)
ki + ks —

—kyt

The described model suggests that the transient signal
should be a bi-exponential decay, with the dynamics
independent of frequency because only one spectral compo-
nent should exist. We confirm this prediction by fitting
dynamics traces at various frequencies into a biexponential
decay. We find a fast decay with (k; +k;) ' =5.6ps and a
long-lived decay with k;'= 90.9ps regardless of the
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Figure 5. tr-ESFG data analysis of Ru—MoS, heterojunctions. (a) a
schematic of kinetic model for the Ru—MoS, heterojunction. The
horizontal bars represent energy levels (esimation is based on the
band alignment of heterojunction, supplement Section 4 and 5); (b) Bi-
exponential fitting for pump-probe signal at a certain frequency. A 0.01
offset is applied between different energies for a clear visualization. At
different probe photon energies, the bi-exponential fitting has a similar
result of fast decay with 5.6 ps and slow decay with 90.9 ps.

probing frequency (Figure 5b). The conclusion is further
supported by a global analysis (See Supplemental Fig-
ure S15): if we decompose the spectra into two spectral/
dynamical components, both components exhibit identical
spectra features. The results, therefore, indicate only a single
spectral component exists with a biexponential decay,
agreeing with our kinetic model.

With the validated kinetic model, we proceed to
determine the k;and k; from the spectra results. Because
there is a negligible excited state absorption signal in the tr-
ESFG, it indicates no or little population of trion in the
measured time window, i.e., A[T] =~ 0, suggesting that &, is
negligible comparing to k. Thus,
ki' ~ (k; + k;)™' = 5.6 ps.The formation of CT-trion domi-
nates the exciton relaxation and quenches the original trion
formation.

Mechanism of CT-trion Formation

Based on control experiments in Supplement Section 9, the
Ru(DPPZ),L-pro prefers to bind to defect sites, forming a
localized hole acceptor. Therefore, the mechanism of CT-
trion formation is: After being photoexcited, a hole from
valence band of MoS, transfers to the localized HOMO
orbital. Meanwhile, the electrons in conduction band of
MoS, cool down and bind to the transferred hole by the
strong coulomb attraction to form a CT-trion. (Figure 6)
Based on these insights, we discuss the conditions of
forming CT-trions at TMD/molecule heterojunctions. First,
the appropriate charge transfer needs to occur. For the
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Figure 6. Schematic of CT-trion formation and charge transfer process.

current systems, the trion in TMD is a negative trion (extra
electrons on conduction bands plus an exciton). In this case,
compared to an electron transfer, a hole transfer maximally
preserved the interactions for trion formations. In contrast,
should the adsorbed molecule facilitate electron transfer, it
may result in an exciton in TMD and an extra free electron
in molecules, as predicted by a theoretical study of a MoS,/
WS,.[®! Thus, hole (electron) transfer is best to maintain CT
trion for negative (positive) trions.

Second, after charge transfer, the electron-hole attrac-
tions should be preserved to form trions, which appears to
be the case here. This result suggested that the screening
from TMD/molecular heterojunction interfaces is small
enough to maintain a large electron-hole attraction. We
hypothesize that this is due to the localized nature of the
molecules, the TMD structures are minimally disrupted, in
sharp contrast to TMD/TMD or bulk TMD, where large
screening exists. Thus, the TMD/molecule heterojunction
largely preserved the low screening character of the 2D
monolayer materials, allowing the electric fields between
electrons and holes to penetrate low dielectric media, such
as vacuum (the so-called dielectric confinement effect™),
without much screening.

Lastly, we note that the lifetime of CT trions appears to
be shorter than the regular trions, which contradicts with
conventional assumption that the separation of charge
carriers would suppress their recombination and prolong the
bound electron-hole complex lifetime. The shorten lifetime
indicates that the localized HOMO orbital acts as a 0-D hole
trap, possibly due to a strong covalent binding, leading to a
tightly bonded local trion near the molecule.®’” The reduced
dimensionality leads to a smaller exciton Bohr radius®™"
resulting in a larger trion binding energy” ! and faster trion
formation time.®7%2%%]

Conclusion

In this study, we apply the unique transient ESFG to
characterize charge transfer between heterojunction of
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monolayer MoS, and ruthenium(ii) polypyridyl complexes.
We show that transient ESFG has a different sensitivity to
trion dynamics compared to TA. The long-lasting bleach
signal and lack of positive peaks in transient ESFG spectra
of Ru—MoS2, in comparison to the one of pristine MoS,,
strongly suggests the formation of CT-trions, resulting from
the interfacial hole transfer from MoS, to the molecular
adsorbates. The fast formation time (5.6 ps) showcases a
very efficient CT-trion generation attributed to the reduced
dimensionality, and that CT-trion dominates over regular
trion at molecule-TMD interfaces. The dominance of CT
trions opens the possibility to transfer many-body physics
unique to TMD materials to the surface adsorbed molecules,
leading to engineering surface molecules with unconven-
tional catalytic performance. In return, molecular doping
provides a new way to control many-body interactions of
TMD. For example, by functionalizing specific areas of
TMD with molecules, it can enable local electronic struc-
tures and dynamics engineering.
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