THE JOURNAL OF

PHYSICAL CHEMISTRY

Subscriber access provided by OAK RIDGE NATIONAL LAB

C: Plasmonics; Optical, Magnetic, and Hybrid Materials

Ultrafast Exciton Dissociation at the 2D-WS Monolayer/Perovskite Interface

Joshua Bauer, Leo Scott Quintanar, Kai Wang, Alexander A.
Puretzky, Kai Xiao, David B. Geohegan, and Abdelaziz Boulesbaa

J. Phys. Chem. C, Just Accepted Manuscript « DOI: 10.1021/acs.jpcc.8b08183 « Publication Date (Web): 29 Nov 2018
Downloaded from http://pubs.acs.org on December 4, 2018

Just Accepted

“Just Accepted” manuscripts have been peer-reviewed and accepted for publication. They are posted
online prior to technical editing, formatting for publication and author proofing. The American Chemical
Society provides “Just Accepted” as a service to the research community to expedite the dissemination
of scientific material as soon as possible after acceptance. “Just Accepted” manuscripts appear in
full in PDF format accompanied by an HTML abstract. “Just Accepted” manuscripts have been fully
peer reviewed, but should not be considered the official version of record. They are citable by the
Digital Object Identifier (DOI®). “Just Accepted” is an optional service offered to authors. Therefore,
the “Just Accepted” Web site may not include all articles that will be published in the journal. After
a manuscript is technically edited and formatted, it will be removed from the “Just Accepted” Web
site and published as an ASAP article. Note that technical editing may introduce minor changes
to the manuscript text and/or graphics which could affect content, and all legal disclaimers and
ethical guidelines that apply to the journal pertain. ACS cannot be held responsible for errors or
consequences arising from the use of information contained in these “Just Accepted” manuscripts.

is published by the American Chemical Society. 1155 Sixteenth Street N.W.,
Washington, DC 20036

Published by American Chemical Society. Copyright © American Chemical Society.
However, no copyright claim is made to original U.S. Government works, or works
produced by employees of any Commonwealth realm Crown government in the course
of their duties.

N4 ACS Publications



Page 1 of 26

oNOYTULT D WN =

The Journal of Physical Chemistry

Ultrafast Exciton Dissociation at the 2D-Ws,

Monolayer/Perovskite Interface

Joshua Bauer®#, Leo Scott Quintanar®*, Kai WangP, Alexander A. Puretzky®, Kai Xiao®, David
B. Geohegan®, and Abdelaziz Boulesbaa®"
3 Department of Chemistry & Biochemistry, California State University, Northridge, 18111
Nordhoff Street, Northridge, 91330 CA, USA
b Center for Nanophase Materials Sciences, Oak Ridge National Laboratory, 1 Bethel Valley
Road, Oak Ridge, 37831 TN, USA
#Contributed equally

* Address correspondence to aboules@csun.edu

Abstract: In order for an excitonic photovoltaic (PV) device to perform efficiently,
photogenerated excitons in the charge donor need to be dissociated through charge transfer (CT)
to the acceptor rapidly after their photogeneration, and remain separated for a longer time to allow
the collection of charges. To improve the efficiency of these steps, several combination of
materials have been examined. Due to their excellent optical properties, two-dimensional
transition metal dichalcogenides (2D-TMDs) have recently been explored. Another promising
class of materials to platform efficient PVs is organic-inorganic perovskites. Here, we report on
the ultrafast exciton dissociation through electron transfer from a 2D tungsten disulfide (WS,)
monolayer to a thin layer of methylammonium lead iodide (CH;NH;Pbl;) perovskites.
Photoluminescence (PL) measurements showed that when the 2D-WS, monolayer was covered
with perovskites, its emission completely quenched, suggesting that the CT process is highly

efficient. Despite that pump-probe spectroscopy measurements were carried out with a ~ 45 fs
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temporal resolution, the CT dynamics were not captured. A comparison of the ultrafast dynamics
of the two band-edge excitons of the charge donor (2D-WS,) suggested that electron transfer is
the dominant pathway of CT. Furthermore, these pump-probe measurements indicated that a small
fraction of transferred electrons remained in the perovskites up to almost 2 ns. These findings may
open a new horizon for understanding the dissociation of photogenerated excitons in 2D-TMD
through hybridization with other class of nanomaterials.
INTRODUCTION

Understanding the process of converting solar light into electricity has been a focus of
several research fields, including photophysics, photochemistry, and material sciences. One
indispensable step during the conversion process is charge transfer (CT). For instance, in order
for an excitonic solar cell (SC) to operate efficiently, the charge donor has to have a high absorption
cross section over a broad range within the solar spectrum, and the photogenerated excitons need
to efficiently dissociate through CT to the acceptor'-. Lately, a few attempts incorporated two-
dimensional transition metal dichalcogenides (2D-TMDs) in SCs and demonstrated disappointing
conversion efficiencies*®. Even though these materials absorb light up to 10% within the solar
spectrum®, and have excitons with long diffusion lengths’, up to 150 nm in the case of tungsten
diselenide (WSe;) monolayer’, 2D-TMD based SCs demonstrated disappointing conversion
efficiencies*®. One possible reason for this discouraging conversion efficiency is that excitons in
these materials are tightly bound'%-!!, which makes their dissociation challenging. However, in
hybrid organic-inorganic perovskites family of materials ABX; (A=CH3NH;3"; B=Pb?*"; and
X=CI", I and/or Br")!'?-18, excitons are an order of magnitude more weakly bound than in 2D-
TMDs 3 10-11 "wwhich made them an excellent platform for a new generation of SCs. Indeed, the

conversion efficiency of perovskite-based SCs increased drastically over recent years.!> 1
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Combining the excellent photostability and the exciton long diffusion length in 2D-TMDs,
with the weak exciton binding energy in perovskites into one single hybrid structure may provide
a promising new platform for PVs!® 2021 For example, the performance of a tungsten diselenide
(WSe,) monolayer based photodetector was improved by three orders of magnitude following laser
healing of the 2D-WSe, monolayer and methylammonium lead iodide (CH;NH;Pbls) perovskites
functionalization?. Furthermore, a device made of vertical stacking of 2D materials with
CH;3NH;PbI; perovskites delivered a high photoresponsivity and photoconductive gains, and after
inserting a WSe, monolayer within the heterojunction, the device displayed a high on/off ratio
transistor behavior?!. In a heterostructure of CH3;NH;3Pbl; perovskites and a monolayer of
molybdenum disulfide (MoS,), an efficient hole transfer (83%) from perovskites to the MoS,
monolayer takes place within 320 fs after photoexcitation'®. In all these studied systems, CT is
involved in one way or another. We explore here the ultrafast dynamics of exciton dissociation
within a heterostructure composed of a thin layer of CH3;NH;Pbl; perovskites and a tungsten
disulfide (2D-WS,) monolayer. We employed steady state photoluminescence (PL) and
femtosecond pump-probe spectroscopy/microscopy techniques to probe the CT process from the
2D-WS, monolayer to perovskites. PL measurements indicated a full quenching of the 2D-WS,
emission in presence of the perovskites, suggesting that a highly efficient CT took place. In fact,
despite carrying out the pump-probe spectroscopy measurements with a temporal resolution of
~45 fs, the CT dynamics were not captured. Based on the energy band alignment of the
heterostructure and the ultrafast dynamics of the two lowest excitons of the 2D-WS, monolayer,
electron transfer was found to be the dominant pathway for exciton dissociation. Furthermore,
femtosecond pump-probe measurements indicated that a fraction of the transferred electrons

remained in the perovskites up to 2 ns after excitation.
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EXPERIMENTAL METHODS

Preparation of 2D-WS, monolayers

Monolayers of WS, were synthesized on silicon substrates (with a thermally grown 280-
nm-thick SiO, layer) and sapphire (0001) substrates by chemical vapor deposition. Briefly, WO;
powder loaded in an alumina crucible was put in the center of the tubular furnace, while sulfur
powder was loaded in a separate crucible and put on the upstream. The system was heated up to
800°C in 20 minutes and kept at this temperature for 20 minutes. During the growth, the system
was maintained at the atmospheric pressure with a constant argon flow (~30 sccm). After the
system was naturally cooled down, the crystals on the substrates were collected for
characterizations.  To achieve high yield crystals, seeding promoter perylene-3,4,9,10-
tetracarboxylic acid tetrapotassium salt (PTAS, 2D Semiconductors USA) was spin-coated on the
substrates and dried by nitrogen prior to growth. More details about the material growth and

sample transfer were described in our previous report.?
Preparation of perovskites

Pb(OAc), -3H,0 and MAI were purchased from Sigma-Aldrich and used as received. The
preparation of MPbI; film was carried out according to previously reported procedures*-2°. The
Pb(OAc),-3H,0 (0.8 mmol) and MAI (2.4 mmol) was dissolved in 1 ml of N, N-
Dimethylformamide at room temperature. Then the solution was spin-coated onto the substrate
containing 2D-WS, monolayers at 4000 rpm for 30 seconds. The obtained film was then annealed

at 100 C for 10 minutes.

Photoluminescence measurements
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The PL spectra were measured using a spectrometer (SP2300, Acton) equipped with a CCD
(Pixis 256, Princeton Instruments), coupled to a home built upright-inverted hybrid microscope
based on an Olympus IX73. The samples were excited using a second harmonic (400nm) of a
Ti:sapphire laser (Coherent, Mira 900) providing pulses centered at 800 nm, Sps pulses, 76 MHz
repetition rate. The repetition rate was reduced to ~ 5 kHz using a pulse picker (Coherent). The
output of the pulse picker was frequency doubled using an ultrafast harmonic generator (Coherent
5-050) and directed into a microscope to illuminate the samples through a 100X microscope
objective (beam spot ~1 um). The excitation and emission were carried out on the upright side of

the microscope, and consequently, PL was collected on a reflection mode.
Transient absorption spectroscopy/microscopy

A full description of the femtosecond microscope used for pump-probe measurements can
be found in previous reports® 27. It is based on a titanium sapphire (Ti:Sa) amplifier (Coherent
Legend, USP-HE) seeded by a Ti:Sa oscillator (Micra, Coherent). The amplifier provides pulses
centered at 800 nm, with ~45 fs duration and 2.2 W at 1 kHz repetition rate. About 0.5 W is used
to generate the pump pulses (3.1 eV) by doubling the 800 nm in a BBO crystal. Another smaller
portion (~0.1 W) was used to generate a white light continuum (WLC) probe in a 2-mm thick
sapphire window. The WLC covers the spectral range from 450 nm to 900 nm. To minimize
temporal chirp, a reflective parabolic mirror was used to collimate the WLC probe. To have a
controllable time-delay between the pump and probe, the pump beam was sent through a
controllable stage-delay before joining the probe pulse at a dichroic filter (Semrock), which at 45°
incidence angle reflects 400 nm and transmits other wavelengths in the visible and near infrared
spectrum. The pump and probe beams are then sent collinearly to a reflective objective (36X

magnification) to be focused on the sample to ~ 7 um spot sizes. Noting that since this objective
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is reflective, it does not introduce any temporal chirp in the pump and probe beams. The reflected
probe is focused onto the entrance slit of a spectrograph (Shamrock 3031, Andor) coupled with a
CCD (Newton, Andor) equipped with an electron multiplier (EM). In order to cancel out long-
term laser fluctuations, the pump beam passes through an optical chopper set to 500 Hz frequency,
allowing the reflection contrast percentage AR/R, (%) to be calculated between every two
successive laser shots. Noting that AR/R, (%) is calculated as /00*(R-R)/Ry, with R and R, are
the intensities of the reflected probe when the pump is on and off, respectively. At each time-
delay, 500 AR/R, (%) were averaged. In order to avoid photo-damaging the sample and many-
body interactions, the pump fluence was kept below ~ 2uJ/cm? in all pump-probe measurements.
The fluence of the pump was maintained the same for all experiments. The instrument response

function (IRF) was recorded as in our previous report and suggested a temporal resolution on the

order of ~ 45 fs.27
RESULTS AND DISCUSSION

Shown in Figure 1A is an atomic force microscopy (AFM) image of the studied 2D-WS,
crystal on a Si/SiO, substrate. The height profile of 7 A indicates that it is a monolayer?’28, The
steady state absorption spectra of the 2D-WS, monolayer on a sapphire substrate and solution of
perovskite solution are shown in Figure 1B. The perovskites lowest peak is located at ~ 1.6 eV,
which is below the 2D-WS,; lowest band-edge exciton X, (peak at ~ 2 eV), indicating that dipole-
dipole energy transfer from the 2D-WS, monolayer to perovskites is possible. In order to predict
the CT however, one needs to examine the energy band alignment of the hybrid structure. Based
on the values of CB minima (CBMs) and VB maxima (VBMs) previously reported in the
literature!®- 28, we constructed a type-I heterojunction for the energy band alignment diagram

shown in Figure 1C. The 2D-WS, lowest band-edge excitons X, and Xg arise from transitions
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between the spin-orbit (SO) split levels CBM1 and CBM2 in the CB and VBM1 and VBM2 in the
VB. Since SO split levels in the CB (VB) of the 2D-WS, crystal are located at energies higher
(lower) than the perovskites CBM (VBM) level, following the photogeneration of excitons in both
components of the hybrid upon excitation at 3.1 eV, transfer of both electron and hole from the
2D-WS, monolayer to the perovskites are possible. Taking into account the proximity of CBM1
and CBM228-30, we note that the transfer driving forces of X, and X electrons are similar. Due
to the relatively large SO splitting between VBM1 and VBM2 2831 the driving force for the Xg

hole transfer is much higher than that of X, hole.
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Figure 1. A. AFM image for the studied 2D-WS; crystal on a Si/SiO, substrate. The inset shows a height profile

of 7 A measured along the dotted line, indicating a single layer thickness. B. Steady-state absorption spectra of the

perovskites solution in N, N-Dimethylformamide (red plot), and the 2D-WS, monolayer on a sapphire substrate (blue

plot) magnified 30 times to make the spectral overlap with the absorption spectrum of perovskites visual. The main
exciton peaks X,, Xg, and X¢ are indicated. C. Band energy alignment of the non-interacting 2D-WS, monolayer

and the perovskites as reported in the literature'® 28, outlining the two band-edge excitonic transitions X, and Xg of
the 2D-WS, monolayer, which take place between the SO split levels in the VB and CB, and the CBM and VBM
energies of the perovskites. Following photoexcitation at 3.1 eV, excitons are generated in both components of the
hybrid. Because the perovskites CBM is lower than that of the 2D-WS, monolayer, electron transfer (ET) from both
X4 and Xp can take place, but because the hole transfer (HT) driving force from VBM2 is greater than that from

VBM], if HT to perovskites takes place, it should be that of Xp exciton.
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Energy transfer vs charge transfer

In order to investigate whether charge or energy transfer is the photoinduced process that
takes place at the studied hybrid structure, we carried out various PL measurements. Shown in
Figure 2A is a PL intensity map collected from a sample of a 2D-WS, monolayer on a Si/SiO,
substrate following excitation at 3.1 eV. The intensity was averaged around the emission peak
over a range from 1.95 to 2.05 eV. After dispersing a thin layer of perovskites (~ 100 nm thick)
on the sample, we collected a new PL intensity map using the same excitation energy and power,
but with a different photon-energy average integration range; from 1.5 to 2.05 eV to cover both
the perovskites and the 2D-WS, monolayer emission peaks. This new PL intensity map shown in
Figure 2B indicates that on the hybrid area (dark triangle) the PL intensity is quenched. To have
more visually quantitative data, shown in Figure 2C are PL spectra from the bare 2D-WS, crystal,
the perovskites, and the hybrid. The PL spectrum measured from the hybrid area shows that while
the perovskites emission is quenched by ~ 85%, the 2D-WS, emission is fully quenched. Since
the 3.1 eV pump is sufficient to excite both; the perovskites and the 2D-WS, crystal, excitons are
generated in both components of the hybrid. Based on the energy band alignment diagram shown
in Figure 1C, the quenching of the 2D-WS, PL intensity can result from energy, electron, and/or
hole transfer to perovskites. If energy transfer to perovskites took place, one expects the
perovskites PL intensity to increase, but since it decreased, the pathway of energy transfer from
the 2D-WS, monolayer to perovskites can be excluded. Noting that energy transfer in the opposite
direction is not possible due to the perovskites having a lower band-gap than the 2D-WS,

monolayer.
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Figure 2. A. PL intensity map of a bare 2D-WS, monolayer following excitation at 3.1 eV plotted from the average
PL intensity from 1.95 to 2.05 eV. The color bar indicates the intensity in counts/second. The dotted circle indicates
the area from which the blue plot in C is taken. B. PL intensity map of the 2D-WS, monolayer covered with a thin

layer of perovskite following excitation at 3.1 eV with the same pump power as in A. The PL intensity was averaged

from 1.5 to 2.05 eV. The color bar indicates intensity in counts/second. The dotted circles indicate the areas from
which the red and green plots in C are taken. C. PL spectra of the bare 2D-WS, monolayer (blue plot), perovskites

(red plot), and the hybrid (green plot) following excitation at 3.1 eV, indicating PL quenching of both components of

the hybrid. The inset is a zoom on the intensity axis around the 2D-WS, PL peak from the hybrid sample.

Because the PL intensity was quenched in both components of the hybrid, it is likely that
CT took place. Although most reported CT processes from 2D-TMDs were at type II
heterojunctions?”-32-33 CT in a type I heterojunction was reported recently*. Following electron
(hole) transfer to perovskites from the 2D-WS, monolayer, the remaining hole (electron) has no
electron (hole) to recombine with and emit a photon from the 2D crystal, which causes quenching
of the 2D-WS, PL intensity. Because the 2D-WS, emission originates from the recombination of
electron and hole of X, exciton rather than from those of Xy exciton, and based on the energy
band alignment shown in Figure 1C, the driving force for X4 hole transfer is negligible compared
to that for X4 electron, the full quenching of the 2D-WS,; PL is most likely due to electron transfer
rather than to hole transfer. We note that hole transfer from higher energy excitons, such as Xg
and Xc, is possible. Upon the injection of electrons into the perovskites CB, they occupy some of
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the available states in the CB and consequently, the number of newly photogenerated excitons and
free charge carriers in the perovskites decreases, thus the number of emitted photons resulting from
the radiative recombination of excitons decreases, which explains the quenching in the perovskites
PL in the hybrid sample.

To address the concern that the full quenching of the 2D-WS, PL observed in the hybrid
sample is due to the possibility that the excitation photons do not reach the 2D-WS, monolayer
and the emitted photons do not reach the detector after depositing the perovskites, we carried out
similar experiments but, using a transparent substrate (sapphire), and excited the sample and
collected PL from the back side of the transparent substrate. The results shown in Figure S1 in
the Supporting Information are similar to those observed in the case of the Si/Si0, substrate, which
confirms that the PL quenching is indeed due to CT rather than to the perovskites acting as an
optical filter for excitation and/or emission.

An approximate estimation of the time-scale of CT based on the PL quenching factor
outlined in the Supporting Information suggested that CT occurs an fs time-scale. We note that
since the quenching in the perovskites and 2D-WS, PL intensities in the case of Si/SiO, substrate
is greater than that in the case of sapphire substrate, the electron transfer time is expected to be
shorter than in the case sapphire substrate. This dependence of the CT efficiency on the substrate
in heterostructures involving 2D-TMDs is not surprising due to the strong electronic doping
induced by CT across the contact interface® 3. For instance, it has been reported that Si/SiO,
substrate induces more doping to 2D-MoS, than LaAlO; and SrTiO; substrates’. Because
electrons are flowing to the monolayer from the Si/SiO, substrate, creating a higher electron
density, one expects the electron transfer from the 2D-WS, crystal to perovskites to be more

efficient than in the case of sapphire substrate.
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Ultrafast dynamics

In order to get more insights into the CT process at the hybrid structure, we conducted
ultrafast pump-probe spectroscopy measurements. A full description of the experimental setup is
available in the Supporting Information and in our previous reports® 2’. The measured quantity as
function of photon energy and the time-delay between the pump and probe pulses is AR/R,
(%)=100%(R-Ry)/Ry, where R, and R are the intensities of the reflected probe with the pump off
and on, respectively.

Shown in Figures 3A, 3B, and 3C are the pump-probe results obtained from the bare 2D-
WS, crystal, the perovskites, and the hybrid structure, respectively. Transient spectra cuts at 1,
10, and 50 ps are shown in Figures 3D, 3E, and 3F, respectively. In the case of the bare 2D-WS,
monolayer, the transient spectra contain two positive bands around 2 eV and 2.4 eV, corresponding
to the depletion of the band-edge excitons X, and Xg, respectively. When the pump is on, the X4
and Xp excitonic transitions take place, upon the arrival of the probe pulse, the material absorbs
less light because the transitions already took place upon the absorption of pump photons, and
consequently the intensity of the reflected probe (R) is higher than that in the case when the pump
is off (R;), which makes the transient signal at X, and Xg photon energies positive. The negative
broad bands around 2.2 eV and 2.6 eV correspond to the excited state induced absorption. We
note that in a semiconductor, following interband transitions to bring electrons to the CB, these
excited electrons can absorb the probe photons to make transitions to even higher energy levels in
the CB. Similarly, in the case of the perovskites transient spectra, the negative bands around 1.7
eV and 2.5 eV correspond to the excited state induced absorption. Based on the perovskites steady
state absorption spectrum shown in Figure 1B, the positive bands around 1.7 eV and 2.45 eV in

Figure 3B correspond to depleting transitions of excitons and free charge carriers. Although the
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low energy band is hidden within the broad negative band, one can tell based on the steady state
spectrum of perovskites shown in Figure 1B, and on the fact that in transient absorption spectra
shown in Figures 3D, 3E, and 3F, within the excited state induced absorption band around 1.8 eV,
there is a peak pointing up corresponding to the depletion of the perovskites lowest exciton.
Transient absorption spectra collected from the hybrid structure shown in Figures 3D, 3E, and 3F
contain the features observed in the case of perovskites and the bare 2D-WS,, but with different
amplitudes and dynamics. Because transient spectra from the hybrid sample contained the 2D-
WS, features, at least the X, depletion signal, the full quenching of the 2D-WS, PL in the hybrid
sample, observed in Figures 2B and 2C, is not due to the destruction of the 2D-WS, monolayer

after depositing the perovskites, but it is due to exciton dissociation.
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Figure 3. A. Transient absorption results following excitation at 3.1 eV. A. Bare 2D-WS, monolayer on Si/SiO,

substrate. B. Perovskites on Si/SiO, substrat. C. Hybrid of 2D-WS,/Perovskites on Si/SiO, substrate. Spectral cuts

from A, B, and C as indicated at 1 ps (D), at 10 ps (E), and at 50 ps (F).

In Figure 4A we compare the dynamics of perovskites in the bare perovskite sample to

those in the hybrid sample, and in Figure 4B we compare the dynamics of 2D-WS, monolayer in

the case of the bare 2D-WS, monolayer sample to those in the case of the hybrid sample. Since

the perovskites lowest depletion signal (~1.7 eV) is weak and it is hidden by the negative excited

state induced absorption (see Figures 3D, 3E, and 3F), to get more accurate comparison for the
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dynamics with and without the 2D-WS, monolayer, we plot in Figure 4A the dynamics of the
higher energy (~2.45 eV) perovskites depletion, which are cuts from Figure 3B (bare perovskites
area on the sample) and from Figure 3C (hybrid area on the sample). For the 2D-WS, monolayer,
we plot in Figure 4B the dynamics of exciton X, for the bare 2D-WS, crystal (cut at 2 eV from
Figure 3A) and those from the hybrid sample (cut at 2 eV from Figure 3C). These dynamics are
fit with multi-exponential decay functions and the fit parameters are listed in TABLE 1.

When charges are transferred to perovskites from the 2D-WS, monolayer, one expects to
observe depletion of the perovskite ground state peaks, which according to the steady state
absorption spectrum shown in Figure 1B, are located at ~1.7 and 2.45 eV. Because some of the
perovskites ground state population is already depleted due to direct excitation by the pump, an
increase in the amplitude of the depletion signal in the case of the hybrid sample would indicate
that electron, hole or energy transfer from the 2D-WS,; crystal to the perovskites took place. But
because the pathway of energy transfer was eliminated based on PL results, we will limit the
discussion to CT. Since the hybrid sample was excited with the same pump energy and fluence,
one expects to generate the same number of excitons and free charge carriers in the perovskites,
and consequently the percentage of depleted population should be the same as in the case of the
bare perovskites sample (~2.5%), but according to Figure 4A, the signal amplitude in the case of
the hybrid sample is doubled (~5%). The additional ~2.5% population depletion is due to CT from
the 2D-WS, monolayer. We note that the perovskites film is on top of the 2D-WS, monolayer,
facing the incident laser beams, therefore, the number of pump photons reaching the perovskite is

the same in both cases of hybrid and bare perovskite samples.
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Figure 4. A. Dynamics of the perovskites depletion in the absence (open circles) and presence (filled circles) of

the 2D-WS, monolayer. Solid plots are fits to a multiexponential decay function convoluted with a 45 fs short
Gaussian excitation pulse. B. Dynamics of the 2D-WS,; exciton X, depletion signal in the case of the bare 2D-WS,
monolayer (open circle) and hybrid sample (filled circles), fit to a bi-exponential decay function convoluted with a 45
fs short Gaussian excitation pulse (solid line plots). In the case of the hybrid sample, the fit is forced to have the initial
amplitude equal to that in the case of the bare 2D-WS, sample because since the pump energy and fluence are similar
in both experiments, the number of photogenerated excitons should be comparable. The time-delay axes are shown

in a linear scale up to 2 ps, and logarithmic scale thereafter.
To address whether or not the transferred charges remained in the perovskites, at least up
to the time-scale examined here (100 ps), we consider the dynamics of the perovskites depletion

signal shown in Figure 4A. We note that because of the spectral shifts, in the case of the bare
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perovskite sample we average the dynamics from 2.40 to 2.47 eV and in the case of the hybrid
sample the dynamics are averaged from 2.37 to 2.44 eV. In the absence of the 2D-WS, monolayer,
a bi-exponential decay function described well the perovskites depletion recovery dynamics, and
the fit parameters are listed in TABLE 1. About 36% of the population decays with a time-
constant of ~ 4 ps, and the remaining population decays with a time-constant of 16 ps. One can
see visually from Figure 4A that by about 50 ps time-delay, the perovskites depletion signal
completely recovered. In the case of the hybrid sample however, although we attempted to fit the
dynamics using only two exponential components similar to the case of bare perovskites sample,
the converged fit missed the dynamics at later time-delays, and required a third exponential decay
component to describe traces at later time-delays. The first two components were comparable to
those obtained in the case of the bare perovskites sample, but about ~12% of the depleted
population recovers with a time-constant of ~ 2.2 ns, indicating that some of the transferred charges
are still in the perovskites up to ~ 2 ns. This is three orders of magnitude longer than in the case
of 2D-WS,/quantum dot (QD) heterostructure, where the transferred electrons from the 2D-WS,
monolayer to a single layer of cadmium selenide (CdSe) QDs recombine with the hole left in the

2D-WS, monolayer within a ps time-scale.?’

TABLE 1: List of the fit parameters of the perovskite’s exciton depletion recovery dynamics in the presence and

absence of the 2D-WS; monolayer, and the 2D-WS, exciton X, depletion recovery dynamics for the bare 2D-WS,

monolayer and the hybrid samples. A; and ¢ are the amplitude and time constant of the exponential component .

Perovskites exciton | 2D-WS, exciton X,

Perovskite Hybrid | 2D Hybrid
Ay (%) 36 45 41 94
t; (ps) 42 1.4 0.43 0.09
A; (%) 64 43 59 6
t; (ps) 16.2 13.7 38.9 79
Az (%) 12
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t3 (ps) 2200

For the dynamics of the 2D-WS, exciton X4, because in the case of the hybrid sample the
depletion peak shifted to the “red” by ~ 40 meV compared to the bare 2D-WS,; sample (see Figure
S2 in the Supporting Information) we plot in Figure 4B the dynamics of X, exciton averaged
around the depletion peak from 1.96 eV to 2.03 eV and from 1.93 eV to 1.99 eV for the bare 2D-
WS, and the hybrid samples, respectively.

In the case of the bare 2D-WS, sample, about 40% of the excited population decays with a
time constant of ~430 fs, and the remaining population decays with a time constant of ~40 ps. The
observation of slow and fast effective decay components was previously reported for different 2D-
TMD monolayers?® 36¢-3°, Although assigning each decay component to radiative or non-radiative
processes is not trivial, a few groups have reported on this assignment. For instance, in the case
of 2D-MoS, monolayers, temperature and the pump fluence dependent measurements suggested
that exciton dynamics are dominated on the sub-ps time-scale by thermalization and relaxation and
thereafter by defect assisted recombination®’. In the case of the hybrid sample, the signal
amplitude (the percentage of depleted population) is three times less than that in the case of the
bare 2D-WS, sample. Based on the previous discussion regarding the dynamics of the perovskites
depletion signal, which indicated that CT from the 2D-WS, monolayer took place at early time-
delays (shorter than the temporal resolution of the experiment), one can attribute the ~70% missing
population of the 2D-WS, exciton X, at the hybrid sample at early time-delays to CT to
perovskites. Although the perovskite’s film in the hybrid sample is about 103 times thinner than
the cuvette (1 cm thick) used to measure the steady-state absorption spectrum (shown in Figure
1B) of the perovskite’s solution, the 2D-WS, monolayer can be influenced by the interference

from the presence of the perovskite’s layer. But, because the measured imaginary dielectric
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constant of the 2D-WS, monolayer (~22)* is almost seven times that of the perovskites (~3.5)*!,
the screening of the Coulomb potential effects is less efficient*?. Under these circumstances, we
can consider that the initial number of photo-generated excitons in the hybrid sample is comparable
to that in the bare 2D-WS, sample. To account for the ~70% missing population of the 2D-WS,
exciton X, in the hybrid sample at early time-delays, we forced the fit (green plot in Figure 4B)
to consider the initial amplitude equal to that in the case of the bare 2D-WS, monolayer sample
(because the number of generated excitons is comparable in both samples), and run the fit.
Although the fit at later time-delays describes the data and thus provides a meaningful time-
constant, at early time-delays it is not the case because there are no data points (due to electron
transfer happening faster than the temporal resolution), but it visually informs the reader that at

early time-delays there is an uncaptured ultrafast decay due to CT.

Electron transfer vs. Hole transfer

Based on the energy diagram shown in Figure 1C, the driving forces for electron transfer
from X, and Xg excitons to the perovskite are similar. However, for hole transfer from the 2D-
WS, monolayer to perovskites, although the hole of Xy has a higher driving force to transfer to
perovskites because it is located at VBM2, which is more than 400 meV below the perovskite’s
VBM, the hole of X, still can transfer to perovskites through tunneling due to resonance between
VBMI and the perovskite’s VBM. Taking into consideration the large thickness of the
perovskite’s film (~100 nm) compared to that of the 2D-WS, monolayer (< 1 nm), the transferred
hole needs extra kinetic energy above that needed for crossing the barrier. Furthermore, it has
been reported recently that due to the strong exciton binding energy in 2D-WS, monolayers, a
horizontal hole transfer through tunneling is unlikely to happen*?. Consequently, the hole of Xg

is likely to transfer to perovskites more efficiently than the hole of X, exciton. In the pump-probe
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measurements, this will manifest as a strong decay of exciton Xg depletion signal in the case of
the hybrid sample. Thus, to estimate whether electron or hole transfer is the dominant pathway of
CT, one needs to compare the decay of X, exciton depletion (which is caused by electron transfer)
to the decay of Xp exciton depletion (which is caused by both electron and hole transfers). This
comparison, outlined in Figure S3 and corresponding text in the Supporting Information, suggests
that at early time-delays (<1 ps) unlike in the case of X, exciton where the depletion signal
amplitude decreased by ~ 70% (due to electron transfer), the percentage of Xy depleted population
decreased by only ~30%. If the efficiency of hole transfer was comparable to that of electron
transfer, the decrease in the amplitude of X depletion signal at the hybrid sample should be at
least ~70% as well. In conclusion, the electron transfer efficiency is at least more than twice

greater than that of hole transfer.

CONCLUSION

In summary, the full quenching of the 2D-WS, monolayer PL after loading the perovskites
thin layer on the sample suggested that either CT or energy transfer to perovskites took place in
the hybrid. Because the perovskites PL intensity decreased, the energy transfer hypothesis was
ruled out. Based on the band energy alignment of the heterostructure, we attributed the quenching
of the 2D-WS, PL to CT. An estimation of the CT time based on the 2D-WS, PL quenching factor
suggested that the transfer occurs on a fs time-scale. Pump-probe measurements confirmed that
CT to perovskites took place based on two main observations at the hybrid sample: 1) the
amplitude of the perovskites depletion signal was doubled compared to the case of bare perovskites
sample, and 2) the amplitudes of X, and Xy exciton depletion signals of the 2D-WS, monolayer
decreased by ~70% and ~30%, respectively compared to the case of bare 2D-WS, sample.

Because at the hybrid sample the decrease in X4 depletion signal was more than twice that of Xp,
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we concluded that electron transfer is likely the dominant pathway of CT. Additionally, these
measurements suggested that a fraction of the transferred electrons remained in the perovskites up
to ~2 ns after the transfer.
Supporting Information
Figure S1 for photoluminescence measurements using a transparent substrate, Figure S2 outlining
the shift of exciton depletion at the hybrid sample, and Figure S3 comparing the dynamics of X,
and Xp excitons. Table S1 listing the parameters of the converged fits of X exciton dynamics.
An estimation of the charge transfer time based on the charge donor’s PL quenching factor.
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