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Abstract

Rational design of heterojunctions using nanostructured materials is a useful strategy for achieving
efficient interfacial charge separation in photovoltaics. Heterojunctions can be constructed
between the organic ligands and the inorganic layers in two-dimensional perovskites, taking
advantage of their highly programmable structures. Here we investigate charge transfer and
recombination at the interface between the thiophene-based semiconducting ligands and the lead
halide inorganic sublattices using time-resolved photoluminescence and transient reflection
spectroscopy in single two-dimensional perovskite crystals. These measurements demonstrate
charge transfer time around 10 picoseconds and long-lived charge-separated state over the
nanosecond timescale in two-dimensional ligand-perovskite heterostructures. The efficient charge
transfer processes coupled with slow charge recombination suggest the potential for improving

exciton dissociation and charge transport in two-dimensional perovskite solar cells.
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Charge transfer at the interfaces of nanostructured materials is of fundamental importance for their
solar energy applications.’® Two-dimensional (2D) Ruddlesden-Popper phase organic—inorganic
metal halide perovskites have emerged as a new class of optoelectronic materials for solar cells
and light emitting devices.®'2 Excitons with binding energy as high as 0.5 eV dominate the optical
properties of these materials, due to the low dielectric screening from the surrounding organic
ligands, 1" The tightly bound excitons lead to efficient light absorption, desirable as the active-
layer materials for solar cells. 2D perovskites also improve moisture stability of solar cells due to
the inclusion of bulky hydrophobic organic cations.®*' However, there are two main challenges
that limit the efficiency in pure-phase 2D perovskite solar cells,® ! (1) the need to dissociate the
excitons with large binding energies; and (2) the insulating long-chain organic ligands, such as
CsH9NHs" (BA), impeding charge transport.

A strategy to address the challenges in 2D perovskite solar cells is through constructing
heterojunctions to dissociate exciton and to improve charge transport. One of the most appealing
properties of 2D perovskites is their highly programmable structures. 2D perovskites have a
general composition of (RNH3)2(A)n-1BnXan+1, where R is a long-chain organic ligand, commonly
an alkyl or aromatic moiety, A is an organic cation, B is a metal cation, and X is a halide.182°
Heterojunctions can be designed at the interface of the R site ligands and the inorganic sublattices.
For instance, some of us have recently demonstrated that semiconducting conjugated ligands can
be incorporated and the electronic properties of these ligands can be fine-tuned to construct type |
and type 1 heterostructures with respect to the perovskite layers.?! 22 Such structural tuning using
surface ligands is analogues to colloidal quantum dots, where charge and energy transfer between
the ligands have been proven to be critical in designing new functionalities.?>?® In particular,
exciton dissociation and charge separation can be achieved at the interface of type Il
heterostructures. For example, charge transfer at 2D type Il organic-inorganic heterostructures,
such as those based on transition metal dichalcogenides, has been reported to be on the sub-
picosecond to picosecond timescale.?®28 In addition to dissociating excitons, the semiconducting
conjugated ligands can also lead to improved charge transport over the insulating ligands in

conventional 2D perovskites.

To realize the potential of these new type of 2D ligand-perovskite heterostructures, a thorough
understanding of charge transfer and recombination at the ligand-2D perovskite interface is

necessary. There have been reports on charge transfer between different 2D perovskite quantum
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wells® 2% 30 as well as at the interface between 2D perovskites and non-surface-ligand organic
molecules®! 32, However, there has been no study on charge transfer directly between the organic
ligands and the inorganic layers.®*® Here we investigate charge transfer and recombination
dynamics in two different type Il thiophene-ligand-perovskite 2D heterostructures using ultrafast
time-resolved spectroscopy. The interfacial electron and hole transfer time are measured to be ~
10 ps while the charge-separated states persist over the nanosecond timescale, highlighting the
opportunities for solar cell applications. These results also underscore the key advantages of 2D

perovskites with both programmable organic and inorganic components.
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Fig.1. (a) The chemical structures and the illustration of energy band alignment for (BA)2Pbls, (4Tm)Pbl,,
and (4TCNm)2Pbl,. The type Il band alignment of (4Tm)2Pbls and (4TCNm),Pbl, allows charge separation
at the ligand-perovskite interface. (b) Optical micrographs of the assembled 2D crystals grown on SiO-/Si
substrates, (4Tm),Pbl, and (4TCNm),Pbls. All scale bars are 10 um. (c) Out-of-plane x-ray diffraction
(XRD) patterns for the perovskite thin films.

Fig.1la shows the chemical structures and the energy band alignment of the 2D perovskites
investigated in this study. The type Il heterostructures are based on two tetrathiophene ligands, 2-
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(3",4'-Dimethyl-[2,2":5',2":5",2""-quaterthiophen]-5-yl)ethan-1-ammonium (4Tm) and 2-(3",4"-
Dicyano-3",4'-dimethyl-[2,2".5',2":5",2"'-quaterthiophen]-5-yl)ethan-1-ammonium (4TCNm).
Based on the energy band alignment as described in our previous work,* electrons are expected
to be transferred from the Pbl4s? layer to the 4TCNm ligands while hole transfer from the Pbls*
layer to the 4Tm ligand is anticipated. The optical micrographs (Fig. 1b) and scanning electron
microscope images (Fig. S1) are taken for the 2D crystals grown directly on Si/SiO2 substrates,
showing 2D sheets with a lateral size of around 5 to 10 um and well-defined square shapes with
clean surfaces. We compare these two heterostructures to the prototypical
(C4H9NH3)2(CH3NH3)Pbls ((BA)2Pbl4), where BA cations is insulating and can be approximated
as an infinitely high energy barriers so that no charge separation is expected. X-ray diffraction
patterns (Fig. 1c) display series of high intensity (00l) diffractions for these samples, indicating
they all exhibit the correct 2D layered structure. The distance between the inorganic perovskite
layers can be calculated from the (00I) diffractions, which is 13.7 A, 31.8 A, and 35.2 A for
(BA)2Pbls, (4Tm)2Pbls, and (4TCNm)2Pbls, respectively. We have also confirmed these 2D
crystals are single crystalline using single-crystal x-ray crystallography and transmission electron
microscopy, with one layer of the Pbl4> sheet sandwiched by two layers of the organic ligands as

characterized in our previous publication.??

The absorption spectra taken from the single crystals of the 2D perovskites are shown in Fig. 2a.
A narrow exciton resonance near 510 nm to the lower-energy side of the broad continuum
absorption band are observed for all three structures. The exciton resonance in (4Tm)zPbls and
(4TCNm)2Pbl4 shows a small redshift compared to (BA)2Pbls, which is likely due to the higher
dielectric constant of the 4Tm and 4TCNm ligands in comparison to BA. The absorption spectra
of the 4Tm and 4TCNm ligands consist of a single broad peak spanning from 300-500 nm (Fig.
S2). Strong photoluminescence (PL) emission at the exciton resonance is observed in (BA)2Pbl4
(Fig. 2b). In contrast, the PL intensity from (4Tm)2Pbls and (4TCNm)2Pbls is almost entirely
quenched and orders of magnitudes weaker than that of (BA)2Pbls. The weak and broad PL peak
observed for (4Tm)2Pbls and (4TCNm)2Pbls is coming from both the emission of inorganic layer
and the organic ligands (Fig. S2).3® The PL lifetime in (4Tm)2Pbls and (4TCNm)2Pbls is
significantly shorter than that of (BA)2Pbla. As shown in Fig. 2c, the fast component of the PL
lifetime is determined to be ~ 4 ps for (4Tm)2Pbls and (4TCNm)2Pbls, significantly shorter than ~
80 ps for (BA)2Pbls (Fig. 2c), also shorter than ~ 600 ps and ~ 200 ps for the organic ligands of
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4Tm and 4TCNm, respectively (Fig. S3). The decreased PL lifetime and the significant quenching
of the PL intensity in (ATCNm)2Pblscompared to (BA)2Pbls agree with the type 11 band alignment
that allows rapid charge transfer and exciton dissociation at the interface. There is a longer-lived
component in (4TCNm).Pbl, with lifetime of ~ 100 ps in addition to the fast decay, possibly coming
from the emission of a charge-transfer state as evidenced by the redshifted emission of the delayed
PL (Fig.S4). While it is possible that the difference in defect density for the samples could lead to
different PL lifetimes, but we rule out this possibility because the defect density is similarly low,
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Fig.2. Absorption (a) and PL (b) spectra taken from single crystals of (BA):Pbls, (4Tm).Pbls, and
(4TCNm)2Pbl.. The PL spectra shown are the integrated PL intensity in the first 100 ps after excitation. ()
Time-resolved PL decay curves integrated from 490 nm to 530 nm for (BA).Pbls, (4Tm):Pbl,,
(4TCNm)2Pbl, are shown for comparison. The excitation wavelength is at 400 nm with a pump influence
of 3 pJ/em? The solid lines are fits using a biexponential decay function convoluted with instrumental
response function as described in the Methods section. The time constants of fast decay process are
determined to be 80 £ 1, 3.8 £ 0.2 and 4.3 = 0.3 ps for (BA)2Pbls, (4Tm),Pbls, (4TCNm),Pbl., respectively.

To characterize the charge transfer and recombination processes at the ligand-perovskite interface,
we carried out femtosecond transient reflection spectroscopy in the single-crystal samples (Fig. 3).
The excitation wavelength is at 400 nm, exciting both the Pbls? lattices and 4Tm and 4TCNm
ligands. Pump induced changes in both the real part and the imaginary part (absorption) of the
refractive index contribute the transient reflection signal. At delay times < 10 ps, all three samples
show similar derivative shape spectra with a positive and negative feature near the exciton
transition energy of 515 nm, consistent with a recent report by Chen et al..>* The derivative spectral
features have been previously assigned to the bleach of excitonic absorption.® For (4Tm)2Pbls and
(4TCNm)2Pbl4, there is an additional broad negative band below the bandgap, spanning from 600
to 700 nm, likely due to the refractive index changes induced by free charge carriers. For (BA)2Pbl4

(Figs. 3a and 3d), all spectral features decay in a similar manner, implying that only one excited-
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state specie, the exciton, dominates the dynamics. In contrast, for (4Tm)2Pbls (Figs. 3b and 3e)
and (4TCNm)2Pbls (Figs. 3c and 3f), the spectral feature from 600 -700 nm decay much slower
than the excitonic feature, suggesting additional long-lived states formed in these heterostructures.
In addition, the dynamics probed at the exciton resonance show faster decays in (4Tm)zPbls and
(4TCNm)2Pbls than in (BA)2Pbla (~ 10 ps vs ~ 40 ps), likely due to the interfacial charge transfer
processes. The dynamics are reproducible among many single-crystalline flakes with different
thickness; therefore, they reflect intrinsic materials properties rather than defects or other extrinsic

factors.
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Fig.3. (a-c) Transient reflection spectra acquired for (BA)2Pbls (a), (4Tm)2Pbls (b) and (4TCNm)2Pbly (c)
at different delays after pump excitation at 400 nm with a fluence of 25 pJ/cm?. (d-f) The decay kinetics of
(BA)2Pbly4 (d), (4Tm)2Pbls (e) and (4TCNm)2Pbl4 (f) are recorded at wavelengths as indicated. The solid
lines are biexponential decay fits with time constants obtained from global analysis described in the main
text and the Methods section.
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We performed global analysis® to extract the spectral signature and dynamics associated with the
interfacial charge separation process (Fig. 4). In the reference (BA)2Pbls4, the dynamics can be
fitted with a bi-exponential decay function, with lifetime of ~ 40 ps and ~ 600 ps (Fig. 3d),
respectively. The decay associated spectra (DAS, Fig. 4a) correlated with the two lifetimes share
similar derivative feature corresponding to the exciton resonance, confirming the only dominating
excited-state specie is the excitons. For (4Tm)2Pbls and (4TCNm)2Pbls, distinct spectral features
are observed to be associated with the two timescales (Figs 4b and 4c). The majority of the
excitonic spectrum decays with a lifetime ~ 10 ps while the broad peak between 600 and 700 nm
decay with a much longer lifetime of > 1ns limited by the time window of the measurements. We
assigned the long-lived spectral feature with a more significant contribution from 600 - 700 nm to
the charge-separated states at the ligand-perovskite interface. Note that there are some long-lived
signals at the exciton resonance due to the bleaching of the excitonic transition by the electron or
hole left in the perovskite layer after charge separation. The transient reflection signals at the
excitonic transition are weaker for the charge separation states compared to the exciton state
because of reduced Pauli blocking effect.

To investigate the influence of exciton-exciton annihilation on the fast exciton decay, we carried
out pump fluence dependent measurements (Fig. S5). Significant exciton-exciton annihilation can
be observed in (BA)2Pbls and the fast decay of ~ 40 ps is likely due to exciton-exciton
annihilation.* In contrast, annihilation is negligible for (4Tm)2Pbls and (4TCNm)zPbls for
fluences ranging from 12 to 50 wJ/cm? which can be understood by that charge transfer in
(4Tm)2Pbls and (4TCNm)2Pbls is more rapid than exciton-exciton annihilation at these fluences.
Therefore, charge transfer time can be obtained at low pump fluences without the complication
from exciton annihilation effect. The hole transfer time in (4Tm)2Pbls is measured to be 9+ 2 ps
(Fig, 4b), similar to the electron transfer time of 11+ 3 ps in (4TCNm)2Pbls (Fig. 4c). This charge
transfer time is on the same order but slower than the fast PL lifetime of ~ 4 ps (Fig. 2c), which
could be explained by that the PL decay reflects charge transfer from the ligands to the inorganic
layer in addition to the transfer from the inorganic layer to the ligands.

The charge transfer time of ~ 10 ps at the ligand-2D perovskite interface observed here is
comparable to that at van der Waals organic-2D transition metal dichalcogenides interfaces. In a

previous study, we have shown that charge transfer at tetracene/WS: interfaces to be 2-3 ps?’ and
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similar results have also been reported for pentacene/MoS: interfaces?. Interestingly, charge
transfer at these ligand-2D perovskite heterostructures is more rapid than that at the interfaces
between OD perovskite quantum dots and organic molecules of ~ 65ps'*, suggesting
dimensionality might play a role®. A significant advantage of 2D perovskites is that both the
organic and inorganic components are extremely configurable, which allows for further
improvement of charge separation. For example, acceleration of charge transfer and prolonging
charge separated state lifetime could be achieved by controlling the interfacial molecular
orientation, and the promise of such approach has been recently demonstrated at MoS: interfaces

by Padgaonkar et al..?
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Fig. 4. (a-c) Decay-associated spectra of (BA)2Pbls (2), (4Tm)2Pbls (b) and (4TCNm)2Pbl4 (c) obtained by
the global analysis of the ensemble transient reflection spectra as shown in Fig. 3. (d) Scheme of charge
separation and recombination in two-dimensional ligand-perovskite heterostructures.

In summary, here we demonstrate a new approach towards attaining efficient charge separation in
2D perovskites by constructing heterojunctions at the organic-inorganic interface. Interfacial
electron and hole transfer between thiophene-based semiconducting ligands and lead halide

inorganic sublattices have been measured to be ~ 10 ps by time-resolved PL and transient reflection
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spectroscopy. The charge-separated state is found to be long-lived, with lifetime over the
nanosecond timescales. The efficient charge separation with slow charge recombination could
potentially address the current challenges of exciton dissociation and charge transport in 2D
perovskite solar cells. These results highlight the vast potential of the highly programmable

structures of 2D perovskites in designing new solar energy harvesting functionalities.
Methods

2D perovskite microcrystal growth: The ligand synthesis and the growth of the of 2D perovskite

microcrystals has been described in our previous publication.?? Briefly, Si/SiO2 or SiO2 was used
as the substrate for the 2D perovskite growth. The substrates were cleaned by ultrasonication in
isopropanol, acetone, water. As-synthesized 4Tm-HI (20 pmol), 4TCNm-HI (20 pumol) and Pbl2
(10 pumol) were dissolved in 1 mL of anhydrous dimethyl formamide (DMF) and 1 mL of
anhydrous chlorobenzene (CB). The solution was then diluted 60 times with an
acetonitrile/chlorobenzene (1:2.5 volume ratio) co-solvent. The diluted solution was further
diluted 5 times with either chlorobenzene (CB) or CB/acetonitrile (3:1 volume ratio) as the co-
solvent. The substrates were then transferred into the glove box and preheated at 80 °C on a hot
plate. 10 pL of the diluted solution was dropped onto the substrate surface and dried at 80 °C for
10 min. Thin sheets of (4Tm)2Pbls and (4TCNm)2Pbls grew spontaneously as the solvent

evaporated.

XRD measurements: Thin film out-of-plane XRD was measured with a Rigaku Smart Lab using
a Cu Ka source (A= 1.54056 A).

Optical absorption measurements A home-built microscope was used for the micro-absorption

measurements in the single crystal sample. A halogen tungsten lamp was used as white light source
which was focused by 40x (NA = 0.6) objective on sample to form light spot with size of ~2 um.
The reflective or transmitted light was collected by an objective (40%, NA = 0.6), and detected by
a spectrometer (Andor Shamrock 303i) and CCD (Andor Newton 920) for spectral analysis. The
absorption shown is obtained by A=1—T — R where T and R represent the portion of light

which are transmitted and reflected.

Thin film absorption spectra for the organic ligands in Fig. S2 were obtained on an Agilent UV-
Vis-NIR Cary-5000 spectrometer.

10
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Time-resolved PL_measurements: A streak camera was used to measure the temporal and

spectroscopic profile of PL emission. Briefly, the output of a 2 kHz amplified Ti:sapphire laser
was doubled in a BBO crystal to generate 400 nm pump pulses with pulse duration of less than
100 fs. PL emission from the sample was collected by a lens and directed to a 150 mm focal length
spectrometer and single-photon sensitive streak camera. The pump influence was 3 pJ/cm? PL
decay traces were fitted with biexponential decay convoluted with instrumental response function
as given by,

2

I(t) = conv(exp <_ %> ,0(to) - (Ay - exp (_ %> Az exp (- %)))

1 is the PL intensity as a function time ¢, @ is a step function, t, is time zero,z; and 7, are time
constants for the exponential decay, A; and A, are amplitudes of the two decays, w describe the

instrumental response. The time resolution of the system is around 3 ps.

Transient reflection spectroscopy: Transient absorption spectra of single 2D perovskite crystals

were measured by a femtosecond pump—probe system with a home-built transient absorption
spectrometer. Laser pulses at 1030 nm with 250 fs duration were generated by a 400 kHz amplified
Yb:KGW laser system (PHAROS, Light Conversion Ltd.). The probe beam was a white light
continuum beam spanning 450-950 nm spectral region, created by focusing 5% of the 1030 nm
fundamental output onto a YAG crystal (4.0 mm thick). The rest of output pumped an optical
parametric amplifier (OPA, TOPAS-Twins, Light Conversion Ltd.) to generate pump pulses at
400 nm which was then modulated by a chopper at 300 Hz. The pump and probe beam were
combined and then focused onto sample via a reflective objective (40x, NA = 0.5), the reflected
probe beam from the sample was collected by the same objective. The time resolution of the system

is around 150 fs.

Global analysis: We performed singular value decomposition to extract out the minimal number

of kinetic component as described in our previous publication.3” This was followed by using a
multiple exponential function with the same number of components to convolve with the
instrument response (a Gaussian function with pulse width and chirped at different wavelengths)
and a non-linear least square minimization was performed to extract out the optimized rate

constants as well as the decay associated spectra (DAS).

11
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Supplementary Material

See supplementary material for SEM images, absorption and PL spectra of the ligands, additional

time-resolved PL spectra, and pump fluence dependent transient reflection dynamics.
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