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ABSTRACT: Photoinduced interfacial charge transfer plays a critical by

role in energy conversion involving van der Waals (vdW) hetero- /
structures constructed of inorganic nanostructures and organic materials. Flat 4Tm

However, the effect of molecular stacking configurations on charge m&'«»‘

transfer dynamics is less understood. In this study, we demonstrated the lr::cr:?oy: ' {5 iy ML-WS,

tunability of interfacial charge separation in a type-II heterojunction
between monolayer (ML) WS, and an organic semiconducting molecule
[2-(3”',4'-dimethyl-[2,2":5",2":5",2"'-quaterthiophen]-5-yl)ethan-1-am-
monium halide (4Tm)] by rational design of relative stacking
configurations. The assembly between ML-WS, and the 4Tm molecule
forms a face-to-face stacking when 4Tm molecules are in a self-
aggregation state. In contrast, a face-to-edge stacking is observed when
4Tm molecule is incorporated into a 2D organic—inorganic hybrid
perovskite lattice. The face-to-face stacking was proved to be more favorable for hole transfer from WS, to 4Tm and led to interlayer
excitons (IEs) emission. Transient absorption measurements show that the hole transfer occurs on a time scale of 150 fs. On the
other hand, the face-to-edge stacking resulted in much slower hole transfer without formation of IEs. This inefficient hole transfer
occurs on a similar time scale as A exciton recombination in WS,, leading to the formation of negative trions. These investigations
offer important fundamental insights into the charge transfer processes at organic—inorganic interfaces.

KEYWORDS: Charge transfer, two-dimensional materials, organic semiconductors, heterojunction, stacking configuration,
interlayer exciton

Bl INTRODUCTION molecules with a conjugated plane can adopt two possible
stacking configurations with TMDCs to form vertical
heterostructures in principle."”*° One is that the conjugated
plane of organic molecules lies parallel to the TMDC plane
(face-on orientation), providing a large contact area and an in-
plane transition dipole moment. The other stacking config-
uration involves the conjugated plane of organic molecules
being oriented perpendicular to the TMDCs plane (edge-on
orientation), exhibiting a small contact area and an out-of-
plane transition dipole moment. However, there is currently a
lack of a generally applicable method to control molecular

Charge-transfer (CT) at heterointerfaces plays an essential role
as intermediates with the increasing utilization of hetero-
structure materials in the energy conversion field.'~* It usually
occurs in hybrid type-II heterojunctions through the separation
of electrons and holes in adjacent layers with a gap of less than
1 nm.”® Recently, robust models describing CT and excited
state dynamics have been established in monolayer (ML) two-
dimensional (2D) transition metal dichalcogenides
(TMDCs).”™"" Owing to the unique properties of TMDCs,
such as atomic flatness, direct bandgap, strong light—matter

. . . - . orientation on TMDCs.*""*?
interactions, and high charge transport mobility, their .y . . .

- . . . . The 2D organic—inorganic hybrid perovskites, known for
heterointerfaces with organic semiconducting molecules have

- their intriguing optoelectronic properties, could also serve as
been extensively explored to study the CT process."””'* In gung op prop !

an effective framework for confining the orientation of organic
addition, organic—TMDC heterointerfaces are promising for & &

cost-effective and eflicient optoelectronic devices due to the
high absorption efficiency of molecular semiconductors.

In contrast to conventional 2D heterostructures where CT is
strongly coupled with the lattice degrees of freedom,'>'® CT at
organic—TMDC heterointerfaces is strongly dependent on the
orientation and arrangement of the molecules at the
interfaces.”'® For example, the organic semiconducting
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Figure 1. Face-to-face stacking of monolayer (ML) WS,/4Tm film heterojunctions. (a) Scheme showing the face-to-face vertical stacking of ML-
WS,/4Tm film heterostructures and a laser with the wavelength of 447 nm (2.77 eV) used for optical measurements. (b) Band alignment between
ML-WS, and 4Tm molecules, indicating a type-II junction and the possibility of forming interlayer excitons. Dash line indicates the exciton level,
and &, represents the binding energy. (c) Optical image and corresponding photoluminescence (PL) image of ML-WS,/4Tm film heterojunction,
indicating a severe PL quench for ML-WS,. (d) Steady-state PL spectra of 4Tm thin film and ML-WS,/4Tm film heterostructure at the
temperature of 120 K. The new emission band at 1.51 eV indicates the formation of interlayer charge transfer (CT) excitons. *The asterisk mark

represents the signal from the laser.

molecules with the assistance of atomically thin inorganic
slabs.”*~*° For example, 2D Ruddlesden—Popper (RP) phase
perovskites with a chemical formula of L,A, B, X, ;, where L
is a bulky ligand with either an alkyl or aromatic moiety, A is an
organic cation, B is a metal cation, and X is a halide, can
constrain the orientation of the L molecule in the out-of-plane
direction.”’~*’ Additionally, the bulky hydrophobic organic
cations (or L ligands) can be designed to transition from
insulating with large bandgaps to semiconducting with small
bandgaps. Particularly, the 2D organic—inorganic hybrid
perovskites with a designed organic semiconducting cation
are considered “organic semiconductor-incorporated perov-
skites”, or simply “OSiPs”.***" It provides an opportunity to
create a different type of stacking configuration for organic
semiconducting molecules and TMDCs, and to investigate the
effects of stacking configurations on the CT process. Herein,
we successfully designed two orientations of organic semi-
conducting molecules to realize different stacking configu-
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rations of their heterojunctions with ML-WS,, and we clarified
the effect of relative stacking configurations on the interfacial
CT process. To acquire an additional orientation beyond the
one in the self-aggregates, a quaterthiophene ammonium
halide salt, 2-(3”/,4'-dimethyl-[2,2":5",2":5",2" -quaterthio-
phen]-S-yl)ethan-1-ammonium halide (4Tm), standing nearly
upright when incorporated into 2D perovskites, >’
as an organic semiconducting molecule and formed the type-II
band alignment with ML-WS,. Two kinds of stacking
configurations, face-to-face and face-to-edge, were achieved
through transferring ML-WS, onto 4Tm molecules that were
either lying flat in self-aggregated film or standing nearly
upright in 2D perovskites (4Tm,PbBr,), respectively. Using
time-resolved and steady-state optical spectroscopy, a stacking
configuration-dependent interfacial CT process was inves-
tigated. It was found that the face-to-face stacking was more
favorable for CT, and the separated charges in WS, and 4Tm
layer were bound at the vdW interface, leading the observation

was used
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Figure 2. Hole transfer from ML-WS, to 4Tm molecule in a face-to-face stacking. (a) Band alignment showing the hole transfer process in the ML-
WS,/4Tm film heterostructure under excitation with a pump energy of 2.25 eV. (b) Transient absorption contour and a specific transient
absorption spectrum at a pump—probe delay time of 272 fs after excitation at S50 nm (2.25 eV) for the ML-WS,/4Tm heterojunction. (c)
Transient absorption spectra of the ML-WS,/4Tm heterojunction at three different time delays to investigate the hole transfer from WS, to 4Tm
molecule. The pump excitation beam was tuned to 550 nm (2.25 eV). (d) Transient absorption dynamics of bare ML-WS, and ML-WS,/4Tm
pumped at 2.25 eV and probed at 2.0 eV. The dynamics of isolated WS, and ML-WS,/4Tm film were fitted using exponential and biexponential
decay functions, accordingly. Both of these functions were convoluted with the experimental response function.

of interlayer excitons (IEs). Transient absorption measure-
ments show that the dissociation of WS, excitons occurred by
hole transfer to 4Tm molecules on a time scale of 150 fs. In
contrast, the face-to-edge stacking of WS, and 4Tm molecules
in the 2D perovskite led to a much slower CT process that
occurred in an inefficient way. This inefficiency also made it
difficult to form IEs at the interface but did lead to the
formation of negative trions within the WS, plane.

B RESULTS AND DISCUSSION

Thus far, numerous semiconducting organic molecules with
various energy levels, such as 7-(thiophen-2-yl)-
benzothiadiazol-4-yl)-[2,2’-bithiophen]-5-yl)ethylammonium
(BTm),”* 2-([2,2'-bithiophen]-5-yl)ethylammonium (2T),”’
and 4Tm,”” have been designed to form 2D RP phase
perovskites with type-I or type-II band alignments. However,
to accurately capture the CT signal that is typically weak, it is
important to minimize the background emission from the
inorganic slabs of the 2D perovskite. In addition, as a
candidate, the organic semiconducting molecule should also
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form a type-II heterojunction with TMDCs. Considering the
aforementioned factors, the 4Tm molecule, known for its
ability to form type-Il 2D perovskites with no photo-
luminescence (PL) emission,”” was selected to investigate
the CT processes involved in different stacking configurations
with ML-WS,. Simultaneously, the lead-bromide (Pb—Br)
perovskite matrix was chosen because of its wide band gap so
that optical excitation inside the perovskite layer can be
avoided in this study. In other words, the perovskite lattice was
used only to control the orientation of the organic molecules.

First, a 4Tm film was prepared by spin-coating on a silicon
substrate. This film exhibits an optical bandgap of ~2.5 eV
with a weak PL emission (Figure S1). The orientation of the
4Tm molecules was examined by X-ray diffraction (XRD),
grazing incidence wide-angle X-ray scattering (GIWAXS)
(Figure S2), and atomic force microscopy (AFM) (Figure
S3). It was found that 4Tm molecules with a film thickness of
~30 nm tend to lie flat on the substrate, which is similar to the
behavior observed found in other organic molecules previously
reported.” This prompts a face-to-face stacking configuration
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Figure 3. Face-to-edge vertical stacking of ML-WS,/4Tm molecule heterojunction through incorporating 4Tm into 2D halide perovskite. (a) X-ray
diffraction profile of the 2D perovskite using 4Tm as bulky ligands, simplified as 4Tm,PbBr,. (b) Scheme showing the vertical stacking of the ML-
WS, and 4Tm,PbBr, heterojunction and a laser with the wavelength of 447 nm used for optical measurements. (c) Optical image (left) and PL
image (right) of a specific heterojunction fabricated by ML-WS, (top) and 4Tm,PbBr, (bottom). PL image indicates a slight PL quench for ML-
WS,. The scale bars are both 10 ym. (d) Steady-state PL spectra comparison among isolated WS,, the ML-WS,/4Tm junction, and the ML-WS,/
4Tm,PbBr, junction at room temperature to quantify the difference led by stacking configurations. (e) Normalized PL spectra with peak fitting to
indicate the formation of trions at the WS,/4Tm,PbBr, heterojunction. X° and X" represent A excitons and trions, respectively. (f) Temperature-
dependent PL spectra of ML-WS,/4Tm,PbBr, heterojunction at temperatures from 10 to 295 K with the excitation energy of 2.77 eV (447 nm).

between 4Tm and ML-WS,, as indicated in Figure la. Based
on the respective energy levels of WS, and 4Tm molecule, a
type-II band alignment is constructed, as illustrated in Figure
1b. The lowest unoccupied molecular orbital level (LUMO)
(2.6 eV)*** of 4Tm molecules lies higher than the
conduction band minimum (CBM) of ML-WS,, whereas the
valence band maximum (VBM) (—5.8 eV)?® of WS, is located
lower than the highest occupied molecular orbital (HOMO)
level (5.1 eV) of 4Tm molecules.*”** This type-II band
alignment allows for electron transfer from 4Tm to WS, and
hole collection by 4Tm upon optical excitation. Additionally,
the analysis of the potential CT process implies the presence of
CT IEs with an estimated energy of ~1.7 eV. To confirm the
existence of CT IEs, a flake of exfoliated ML-WS, was
physically transferred onto the 4Tm film heterojunction, as
shown in Figure 1c. The intense PL quenching at the junction
area observed in the PL image can be attributed to the CT
process due to the type-II band alignment.

Moreover, the steady-state PL spectra were taken to
investigate the CT process with photoexcitation at 2.8 eV,
which excites both the ML-WS, and the 4Tm molecules. The
isolated 4Tm film exhibits a broad and weak emission peak
(1.8—2.4 eV) due to the intramolecular interaction (Figure
S4). In contrast to the isolated ML-WS, with a distinct PL
emission on the substrate (Figure SS), the emission of the A
exciton belonging to WS, at the heterojunction completely
vanished, implying its efficient CT process with the 4Tm
molecule. Further, temperature-dependent PL was conducted,
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revealing an additional low-energy emission peak at 1.51 eV
from the heterojunction at temperatures lower than 140 K
This broad peak exhibits a gradually increased intensity as the
temperature decreases (Figure 1d). We attribute this emission
to the CT IEs, formed by the bound electrons and holes from
the CBM of WS, and HOMO of 4Tm molecules, respectively.
No emission from CT IEs was observed in the room-
temperature PL spectrum (Figure S6). At room temperature,
the IEs could relax through significant vibrations of the 4Tm
molecules due to the thermal energy leading to fast
nonradiative decay. As the temperature decreases, the
molecular vibrations are gradually inhibited, which promotes
the direct radiative recombination of the IEs and results in the
observed emission. In addition, the binding energy of the IEs is
estimated to be ~0.2 eV based on the energy level diagram
(Figure 1b) and comparable to that of IEs in heterostructures
composed solely of TMDCs.>” Moreover, the excitation-
power-density dependence of the steady-state PL for IEs was
analyzed at 10 K, implying a linear relationship between
emission intensities and excitation power densities with a slope
of 0.84 (I ~ L) (Figure S7). The slight deviation from the
slope of 1 can be attributed to the exciton—exciton annihilation
at high power density.””

Furthermore, transient absorption (TA) spectroscopy was
employed to study the charge transfer dynamics in the ML-
WS,/4Tm film heterojunction with a face-to-face stacking
configuration. The charge transfer process occurred only at the
interface within a thickness of 2 nm. Specifically, the ML-WS,/
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Figure 4. Temperature-dependent PL emission spectra of ML-WS,/4Tm,PbBr, heterojunction under selective excitation with a lower energy. (a)
Specific temperature-dependent PL spectra of the ML-WS,/4Tm,PbBr, heterojunction excited at S50 nm (2.25 eV), which can only excite WS,.
*The asterisk mark represents the signal from laser with a wavelength of 550 nm. (b) Room temperature and low temperature PL spectra
comparison under different optical excitation conditions for the ML-WS,/4Tm,PbBr, heterojunction. Top: collected PL results under the
excitation of only WS, in the heterojunction. Bottom: collected PL results under the excitation of WS, and the 4Tm molecule in the heterojunction.
The dashed lines are the fitting for the emission peak acquired under the excitation energy of 2.25 eV (550 nm) at 10 K. The fitting shows the

coexistence of the A exciton and trion.

4Tm film heterojunction was excited with a pump energy of
2.25 eV that is below the absorption edge of 4Tm (Figure S1)
to selectively investigate hole transfer from WS, to 4Tm
molecule (Figure 2a). Figure 2b illustrates the TA contour, and
with further extraction, Figure 2c shows a set of derivative-like
signals in the ML-WS,/4Tm heterojunction at the region of
2.0 eV, resembling the TA spectra of bare ML-WS, shown in
Figures S8a and S9. These signals comprise an excited state
absorption (ESA) at ~1.97 eV and a ground state bleach
(GSB) at ~2.0 eV. The GSB at 2.0 eV corresponds to the A
exciton, in agreement with the steady-state absorption of ML-
WS,.° The ESA at 1.98 eV features a major long-lived
component and a short-lived tail at ~1.9 eV, associated with
trion and biexciton formation, respectively. The dynamics of
the heterojunction and bare WS, probed at 2.0 eV were
compared in Figure 2d. On the time scale of a few picoseconds,
the dynamics of the heterostructure decays much faster than
that of bare WS,, attributable to the hole transfer from the
VBM of WS, to the HOMO of 4T'm, as illustrated in Figure 2a.
At the same time, a long-lived tail is discernible in the decay of
the heterojunction within an extended time window (Figure
S8b), revealing the nature of the charge separation between
ML-WS, and 4Tm layers. Further, the decays of the isolated
ML-WS, and heterojunction were fitted with exponential and
biexponential decay functions, yielding an additional fast
component with a time constant of ~0.15 ps in the
heterostructure. The fast hole transfer explains the efficient
quenching of A exciton emission and is significantly faster than
that in tetracene-TMDCs het<ero]'uncti0n.36’39

Next, we investigate the face-to-edge stacking configuration
by incorporating 4Tm molecules into 2D halide perovskites.
The 2D perovskite (4Tm,PbBr,) thin sheets were synthesized
by using a solvent-evaporation method, and their structure was
confirmed by XRD and GIWAXS, as shown in Figures 3a and
S10. Both of these results are in agreement with the existing
literature.”” It is noteworthy that, in the 2D perovskite, 4Tm
molecules are vertically oriented with a certain incline angle to
the inorganic slabs of the 2D perovskites and maintain the
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similar energy level structure as implied by the absorption
spectra (Figure S11). A face-to-edge contact between WS, and
4Tm molecules was formed when WS, was transferred onto
the 2D perovskite surface, as depicted in Figure 3b. According
to the energy band alignment as illustrated in Figure S12, the
HOMO of the 4Tm molecule occupies the highest energy level
compared with the VBM of ML-WS, and Pb—Br slab,
facilitating the hole transfer from inorganic layers to organic
4Tm layers. However, two possible pathways for electron
transfer exist, as both the CBM of WS, and Pb—Br slab can
accept electrons from the 4Tm molecule. Obviously, the
presence of a Pb—Br slab in the perovskite introduces extra
energy bands, which also potentially participate in the CT as
illustrated in Figure S12 and increase the complexity of the
heterostructure system. To eliminate this effect on inves-
tigation of stacking configuration, the detailed optical measure-
ments were conducted to elucidate the specific process using a
small excitation energy (~2.77 eV), which cannot excite the
Pb—Br layer with a larger band gap (~3.02 eV), in the
heterojunction of ML-WS, and 4Tm,PbBr, perovskite.

Figure 3c (left) displays an optical image of the specific
heterojunction formed by ML-WS, and 4Tm,PbBr,, both of
which possess flat surfaces, as implied by the AFM image
(Figure S13). The corresponding PL image is presented in
Figure 3c (right), displaying an evident PL quenching at both
the junction and the 2D perovskite itself due to the type-II
band alignments. The observed PL quenching indicates that
CT can occur at the interfaces between the inorganic layers
(ML-WS, and Pb—Br slabs) and the organic 4Tm layers. To
quantify PL quenching, steady-state room-temperature PL
spectra were collected in a specific heterostructure fabricated
by ML-WS, and 4Tm,PbBr,. As shown in Figure 3d, the PL
intensity of WS, at the heterojunction is quenched by only
half, which is dramatically different from the complete PL
quenching at the ML-WS,/4Tm film interface with a very
efficient CT. The differences in the degree of PL quenching
between the two kinds of heterojunctions imply a less efficient
CT process in a face-to-edge contact between WS, and organic

https://doi.org/10.1021/prechem.3c00057
Precis. Chem. 2023, 1, 443—451


https://pubs.acs.org/doi/suppl/10.1021/prechem.3c00057/suppl_file/pc3c00057_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/prechem.3c00057/suppl_file/pc3c00057_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/prechem.3c00057/suppl_file/pc3c00057_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/prechem.3c00057/suppl_file/pc3c00057_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/prechem.3c00057/suppl_file/pc3c00057_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/prechem.3c00057/suppl_file/pc3c00057_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/prechem.3c00057/suppl_file/pc3c00057_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/prechem.3c00057/suppl_file/pc3c00057_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/prechem.3c00057/suppl_file/pc3c00057_si_001.pdf
https://pubs.acs.org/doi/10.1021/prechem.3c00057?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/prechem.3c00057?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/prechem.3c00057?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/prechem.3c00057?fig=fig4&ref=pdf
pubs.acs.org/PrecisionChem?ref=pdf
https://doi.org/10.1021/prechem.3c00057?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Precision Chemistry

pubs.acs.org/PrecisionChem

molecules. In addition, with peak fitting for the quenched PL
spectrum of WS, (Figure 3e), it is concluded that a noticeable
trion peak at ~1.97 eV coexists with the A exciton at the
heterojunction. In contrast, the PL intensity of the trion peak is
almost negligible on isolated WS,.

To further investigate the effect of face-to-edge configuration
on the CT process, the temperature-dependent PL was carried
out on the ML-WS,/4Tm,PbBr, perovskite heterojunction
and summarized in Figures 3f and S14-S17. With an
excitation energy of 2.77 eV, both the ML-WS, and the
4Tm molecules (in the perovskite matrix) are excited, while
the lead-bromide perovskite matrix remains unexcited. From
room temperature to 180 K, the spectra show a blue shift in
the exciton emission of ML-WS, due to an enlarged bandgap
led by the lattice contraction.”” Between 260 and 120 K, the
emission peak is split into two distinct peaks with an energy
difference of ~60 meV. For the two peaks, the higher-energy
peak is assigned as A exciton, while the lower-energy peak is
attributed to the trion emission.”’™ However, no IEs
emission was observed at low energy area (<1.6 V) for the
junction. Interestingly, a distinctive difference at a high energy
area (~2.0 eV) in PL emission between the individual ML-
WS, (Figure S14) and the heterojunction is discerned.
Particularly, at a temperature of 10 K, the PL spectrum of
the individual ML-WS, exhibits multiple peaks, attributed to A
exciton and trion emission due to doping, lattice contraction,
or intrinsic defects (Figure S14). On the other hand, the
formation of the unique trion in the ML-WS,/4Tm,PbBr,
perovskite heterojunction can be understood by the type-II
band alignment (i.e., electron transfer from the LUMO of 4Tm
to the CBM of ML-WS,). Therefore, the observed trion is
likely negatively charged. Overall, these observations show
significant differences from the results of face-to-face WS,-4Tm
stacking discussed above, suggesting that the stacking
configuration of ML-WS, and the 4Tm molecule can
significantly impact the CT process.

To determine these pathways responsible for generating
extra electrons to bind the A excitons to form negative trions,
we performed PL measurements using an excitation energy of
2.25 eV, which can only excite ML-WS, yet neither the 4Tm
molecule nor the inorganic slab (Pb—Br) of the 2D perovskite.
As shown in Figure 2a, according to the band alignment, only
one possible CT process could occur, which is the hole transfer
from the VBM of WS, to the HOMO of 4Tm. The
temperature-dependent PL measurement was performed
(Figure 4a), and it was found that only one broad emission
peak from WS, in the heterojunction is retained with a
continuous blue shift until the temperature decreases to 9 K. In
Figure 4b, the enhanced trion emission is shown when both
WS, and 4Tm are excited at 9 K, compared to when only WS,
is excited. Thus, it can be inferred that 4Tm plays a more
dominant role in injecting electrons into the conduction band
of WS,, leading to the formation of negative trions upon the
excitation of 4Tm molecules. In contrast, trion formation
through capturing the excess electron left on WS, after the hole
transfer to the 4Tm molecule is less efficient in the face-to-
edge stacking configuration. This is in good agreement with
the less efficient PL quenching shown in Figure 3d. The
underlying reason is that the transfer of holes from WS, to the
4Tm molecule is relatively slow, occurring on a similar time
scale as A exciton recombination. As a result, A exciton
emission is not completely quenched.
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B CONCLUSIONS

In summary, we designed two stacking configurations for the
vertical type-II heterojunction composed of ML-WS, and
organic semiconducting molecule (4Tm), including face-to-
face stacking based on free-distributed 4Tm molecules in a thin
film and face-to-edge stacking realized by incorporating 4Tm
into a 2D hybrid perovskite. The CT process was found to be
strongly dependent on the relative stacking configurations at
the organic—=TMDC heterointerface. Charge separation on the
order of 150 fs was observed for the face-to-face configuration
and was significantly slowed down for face-to-edge config-
uration. Additionally, the heterojunctions between WS, and
2D perovskite provide a model system to investigate the CT
involving two heterointerfaces with consideration of additional
lead-halide slab, which has not yet been explored. These
investigations provide new opportunities for the design of
efficient charge separation processes44 in energy conversion
applications by rationally engineering the interfaces between
organic and inorganic semiconductors using 2D perovskites as
scaffolds.

B EXPERIMENTAL METHODS

Preparation of 4Tm Film

4Tm molecule was synthesized using the previously reported
method,” and the purity was evaluated by nuclear magnetic
resonance (NMR). To acquire the thin film sample, such as 4Tm
film, generally, S mg of 4Tm was dissolved in 100 uL of
dimethylformamide (DMF) to prepare a 0.1 M ligand solution.
Twenty puL of 4Tm ligand solution was dispensed on a clean Si
substrate, followed by spin-coating at 2000 rpm for 30 s. Later, the
thin film was annealed at 150 °C on a hot plate for 10 min. The ligand
solution preparation and spin-coating process were conducted in
glovebox.

Preparation of 4Tm,PbBr, Nanocrystals

The solvent evaporation method, similar to the one reported,33 was
adopted to obtain 2D halide perovskite nanocrystals. For example, to
acquire 4Tm,PbBr, nanocrystal, a stock solution with the
concentration of 5 mM was prepared by dissolving 10 pmol of
PbBr, and 20 pmol of 4TmBr in 2 mL of DMF/chlorobenzene
cosolvent (1:1 volume ratio). The stock solution was then diluted 240
times using a cosolvent of chlorobenzene/acetonitrile/dichloroben-
zene (3.9:1:0.01 volume ratio). Then a 5—10 xL amount of diluted
solution was added onto the growth substrate SiO, (300 nm)/Si,
which was placed at the bottom of a 4 mL glass vial. Then, the vial
was placed onto a 90 °C hot plate for 15 min to acquire the 2D
perovskites.

Fabrication of the Vertical Heterojunctions

The ML-WS, is mechanically exfoliated onto the polydimethylsilox-
ane (PDMS) substrate and then dry-transferred using a point-to-point
transfer method onto the top surface of 4Tm molecular film or 2D
halide perovskite.

Steady-State PL Measurements

The steady-state PL measurements were performed using a 40X
[numerical aperture (NA), 0.60] objective in a home-built micro-
scope setup. In the measurements, a laser light generated by a
picosecond-pulsed diode (LDH-P-C-450B, PicoQuant) with a 2.8 eV
excitation energy (full width at half-maximum, S0 ps) was focused by
the objective. Temperature-dependent (ranging from 9 to 298 K)
steady-state PL measurements were carried out in a helium cooled
cryostation (MONTANA INSTRUMENT). The optical imaging,
including bright and dark field images, was collected using a custom
microscope (Olympus BXS3).
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Transient Absorption Spectroscopy

TA spectroscopy utilizes a custom-built femtosecond pump—probe
setup, as described in detail in a previous publication.”* The
experimental setup consisted of an optical parametric amplifier
(OPA) driven by 1030 nm fundamental light from an amplified
Yb:KGW laser system with a 750 kHz repetition rate. The OPA
generated a pump at 550 nm, while a portion of the fundamental light
was directed onto a YAG crystal to generate a broadband probe light
spanning from 480 to 800 nm. An optical chopper modulated the
pump at a frequency of 195 Hz, and a motorized linear stage
controlled the time delay between the pump and the probe, providing
a maximum delay of approximately 1 ns. The pump and probe beams
were overlapped and focused on the sample by using a 40x objective
with a numerical aperture of 0.6. The reflected light was collected by
the same objective and directed toward a spectrometer for analysis.
To prevent exposure to air and moisture during measurements, the
samples were housed in a vacuum chamber (ST-500, Janis).

AFM Measurements

AFM images were recorded in tapping mode using an atomic force
microscope (Bruker MultiMode 8).

XRD Measurements

XRD was measured by using a powder X-ray diffractometer
(Panalytical Empyrean) with a Cu Ka source. The wavelength (1)
was 0.154 nm. The XRD measurements were performed on the as-
grown 2D perovskites covering almost the entire surface of the SiO,
(300 nm)/Si substrate.

Grazing Incidence Wide-Angle X-ray Scattering
Characterization

GIWAXS spectra were collected at beamline 7.3.3 at the Advanced
Light Source at Lawrence Berkeley National Lab utilizing an incident
angle of 0.1° and a wavelength of 1.24 A (10 keV X-rays). The 2D
spectra were taken with a Pilatus 2 M (Dectris) 2D detector,
converted into the q space using a standard silver behenate sample,
and reduced to 1D lines with the Igor Pro NIKA GIWAXS package

software.*® Raw data were further processed and visualized using Xi-
Cam."

B ASSOCIATED CONTENT
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