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Overcoming the exciton binding energy in
two-dimensional perovskite nanoplatelets by
attachment of conjugated organic chromophores
María C. Gélvez-Rueda 1, Magnus B. Fridriksson1, Rajeev K. Dubey 1,2, Wolter F. Jager1,
Ward van der Stam1,3 & Ferdinand C. Grozema1�

In this work we demonstrate a novel approach to achieve ef�cient charge separation in
dimensionally and dielectrically con�ned two-dimensional perovskite materials. Two-
dimensional perovskites generally exhibit large exciton binding energies that limit their
application in optoelectronic devices that require charge separation such as solar cells, photo-
detectors and in photo-catalysis. Here, we show that by incorporating a strongly electron
accepting moiety, perylene diimide organic chromophores, on the surface of the two-
dimensional perovskite nanoplatelets it is possible to achieve ef�cient formation of mobile
free charge carriers. These free charge carriers are generated with ten times higher yield and
lifetimes of tens of microseconds, which is two orders of magnitude longer than without the
peryline diimide acceptor. This opens a novel synergistic approach, where the inorganic
perovskite layers are combined with functional organic chromophores in the same material to
tune the properties for speci�c applications.
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Two-dimensional (2D) hybrid organic–inorganic per-
ovskites are an emerging class of materials with potential
application in a broad range of opto-electronic devices,

such as solar cells, light-emitting diodes, photo-detectors, spin-
tronics, waveguides, nano-lasers and photo-catalysis1–3. 2D
hybrid perovskites differ from three-dimensional perovskites,
which are currently among the most promising materials for solar
cell applications, due to the presence of large organic cations that
lead to the formation of 2D layers of inorganic metal-halide
octahedra separated by the organic cations. The large organic
cations improve the stability under ambient conditions compared
to the 3D analogues, and offer novel possibilities to tune the opto-
electronic properties1. Until now, the properties of 2D hybrid
perovskites have been tuned by changing the nature of the large
organic cations (distorting the inorganic metal-halide octahe-
drals)4–10 or by combining them with small organic cations to
adjust the number of stacked inorganic octahedral layers (chan-
ging the dielectric environment)9,11–13. In the majority of pre-
vious studies, the large organic cation is an alkylammonium
(mostly butyl) or phenyl-alkylammonium14, which lack speci� c
functionality and do not directly contribute to the opto-electronic
properties other than by affecting the structure of the inorganic
layers.

There are, however, endless possibilities to engineer the elec-
tronic structure of 2D hybrid perovskites by introduction of
functional organic molecules, for instance strong electron donors
or acceptors. As we have shown in a recent theoretical study15,
such donor or acceptor molecules can directly contribute to the
electronic bands. This could result in enhanced charge separation,
compared to current 2D perovskites where the organic cation
merely acts as a non-functional dielectric spacer-layer, leading to
a high exciton binding energy (ranging from ~190–400 meV for
pure 2D, down to ~80 meV for quasi-2D system with four
inorganic layers between the organic cations16–19), and hence
inef� cient optical generation of charges.

In some recent studies, functional organic cations such as
conjugated molecules20,21 and charge-transfer complexes22,23

have been introduced in 2D hybrid perovskites. However, only
limited effects on the opto-electronic properties have been
reported20,22. Some promising behavior has been observed, such
as an increased out-of-plane conductivity by tunneling through
the organic cations21 and photoluminescence (PL) quenching
(without clarifying whether it is caused by energy or charge
transfer)20. It should be noted that it is hard to predict a priori
whether a stable 2D materials will be formed, and other dimen-
sionalities are sometimes obtained because of the interactions
between the organic chromophores24,25.

An attractive approach to explore the effect of organic
molecules on the photophysics of 2D perovskites is the use of
colloidal perovskite platelets26–28. This reduces the packing
requirements of the organic molecules as only a small fraction
of the ligands can be replaced with the conjugated molecules.
Introduction of conjugated molecules that are strong electron
donors or acceptors can be an approach to the formation of
long-lived mobile charge carriers. While charge separation may
be achieved by adding donor and acceptor molecules in solu-
tion29, the eventual application in the solid state requires that
they contain binding groups with af� nity for the nanoplatelets
(NPLs)30. For example, perylene diimides (PDI) are well-
known electron acceptors used in organic electronics and
photovoltaics31–33. Their high electron af� nity and ef� cient
charge and excited state transport, combined with their
exceptional thermal and photochemical stability, makes them
ideal candidates to achieve charge separation in 2D hybrid
perovskites and potentially develop solution-based and solid-
state opto-electronic devices.

In this work, we explore the introduction of functional organic
cations in 2D perovskites in order to enhance their functionality
by, for example, inducing change separation from the inorganic
octahedral layer into the organic chromophores. Speci� cally, we
have replaced the non-functional organic ligands at the surface of
colloidal NPLs by strong electron-accepting PDIs34. The NPLs are
colloidal quasi-2D cesium lead bromide NPLs consisting of four
layers of lead bromide octahedra (CsPbBr3 NPLs,n = 4)26–28. In
contrast to previous studies29, the acceptors used in this work are
not merely added in solution but have been modi� ed to contain an
ammonium group so that it can coordinatively attach to the
surface of the platelets30. Attachment to the same material over-
comes morphological issues that can arise when heterojunctions of
organic–inorganic materials are made35. Using a combination of
ultra-fast spectroscopy and time-resolved conductivity techniques,
we unequivocally show that the introduction of electron-accepting
PDIs leads to strongly enhanced charge separation and the for-
mation of long-lived charge carriers useful for opto-electronic
devices. This opens up a novel synergistic route to materials that
are tuned for speci� c applications by combining the inorganic
perovskite layers with functional organic chromophores. This
concept is not limited to inducing charge separation but can also
be extended to the use of chiral molecules for circularly polarized
light detection36or singlet� ssion/up-conversion chromophores to
enhance light absorption37,38.

Results
Synthesis and characterization. The perovskite NPLs and PDI
molecules were synthesized with the aim to selectively photo-
excite both components at different wavelengths and study the
possibility of electron transfer (ET) from the NPLs to the PDI
molecules, as well as hole transfer (HT) from the PDI molecules
to the NPLs (Fig.1a, c). 2D colloidal CsPbBr3 NPLs (5 × 10 nm,
thickness ~1.5 nm, 4 atomic monolayers (4ML)) were synthesized
through a recrystallization method in which Cs-oleate and PbBr2
crystallize when acetone is added as antisolvent26. Their optical
absorption and PL are shown in Fig.1b. By careful synthetic
control, monodisperse atomically smooth NPLs are obtained (see
TEM in Fig.1b, inset) with a pronounced thickness-dependence
of the excitonic absorption and� uorescence (Supplementary
Fig. 1 and Supplementary Note 1). 4ML CsPbBr3 NPLs were
chosen here as their main exciton peak (450 nm) does not overlap
with the absorption of the PDI (520 nm, Fig.1d and Supple-
mentary Fig. 2)31. The colloidal NPLs are dispersed in hexane due
to their oleate organic capping layer. Subsequently, these ligands
were partially replaced by a strongly electron-accepting PDI
derivative (Fig.1d) to achieve ef� cient charge separation. The
PDI with the alkylammonium linker at the imide position and
four chlorine atoms in the“bay-area” was synthesized in two
steps from a perylene monoimide monoanhydride derivative as
described in the methods section and Supplementary Figs. 3, 4
and 534. The alkylammonium group is introduced so that it can
coordinatively attach to the surface of the NPLs30, while the
chlorine atoms ensure suf� cient solubility in common organic
solvents such as dichloromethane (DCM). The mixed CsPbBr3
NPLs+ PDI solution is prepared by adding the PDI stock solu-
tion in DCM to the dispersed CsPbBr3 NPLs solution in hexane
under continuing stirring and mild heat (50 °C). We have esti-
mated from optical density measurements in hexane39 that ~90
PDI molecules coordinate to the surface of the CsPbBr3 NPLs
(Supplementary Note 2). This value is reasonable as is highly
likely that on the dynamic NPLs surface30 there are also oleic acid
anionic ligands on Cs+ states, while the PDI molecules would act
as cationic ligands on PbBr states. We are convinced that the
most direct proof of the attachment of the PDIs to the perovskite
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NPLs is shown by our TA measurements photoexciting the PDI
(510 nm excitation) as described below in this work. Attempts to
show the attachment by nuclear magnetic resonance (NMR)
measurements are far from conclusive in this case (and in many
cases in literature40,41) because there is always a certain fraction
of the PDIs (or ligands, such as oleic acid) in solution. Moreover,
the binding-equilibrium conditions in the type of solvent (deut-
erated chloroform) required for NMR measurements are different
than in hexane. Full details on the synthesis and characterization
of the 2D NPLs and PDI can be found in the Methods section.

Picosecond photoluminescence measurements. To study the
effect of the attachment of PDI molecules to the CsPbBr3 NPLs
on the lifetime of excitons, we have performed picosecond PL
measurements using a streak camera. The solutions are photo-
excited at a wavelength of 400 nm, reaching a high absorption in
the CsPbBr3 NPLs while minimizing the direct absorption in the
PDI. In Fig.2a, the PL spectrum for the NPLs without attached
PDI is shown as a function of time. The PL decay in the NPLs
lives beyond 1800 ps but the decay cannot be described by a
single exponent. Because of the limited maximum time window

of our experimental setup, we are not able characterize both decay
components accurately and therefore only report the� rst half-life
time (~600 ps), which is comparable to values in literature29.
Addition of the PDI molecules leads to striking changes. The
shape of the� uorescence spectrum remains the same but the
lifetime is strongly reduced to ~16 ps (Fig.2b, c, Supplementary
Fig. 6). This suggests that the excitons in the NPLs decay rapidly
by electron transfer to the electron-accepting PDIs. In addition,
we observe a weak emission from the PDI (540 nm) with a life-
time that is the same as for PDIs in solution (Supplementary
Figs. 7 and 8). As there is no in-growth of this feature on the time
scale of the decay of the� uorescence from the platelets, we
attribute this to � uorescence from free PDI molecules in the
solution, rather than energy transfer from the NPLs. This is
con� rmed by transient absorption (TA) measurements as
described below.

Electron transfer: transient absorption on photoexcitation at
400 nm. To determine whether the deactivation of the excitons in
the NPLs is indeed due to electron transfer from the CsPbBr3
NPLs to PDI, we have studied the exciton dynamics by
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Fig. 1 CsPbBr3 nanoplatelet–perylene diimide hybrids. a Schematic representation of CsPbBr3 NPLs and PDI molecules charge transfer. b Optical
absorption (dashed line) and photoluminescence (PL) emission (full line) spectra of CsPbBr3 NPLs (4 monolayers (ML)). Transmission electron
microscopy image of the NPLs (inset). c Schematic representation of the charge-transfer processes indicating the formation of the charge separated state
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absorption (dashed line) and PL emission (full line) spectra of PDI molecules.
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femtosecond TA measurements. The solutions were photoexcited
at a wavelength of 400 nm with a ~180 fs laser pulse, similar to
the � uorescence measurements described above. Subsequently,
the changes in the optical absorption spectrum due to photo-
excitation were monitored using short, broadband pulses that are
obtained from continuum generation in a CaF2 crystal (340–900
nm). All TA measurements were performed at room temperature
with low absorbed pump� uences (~3.5 × 1012 photons/(cm2

pulse)) in order to avoid second order effects due to generation of
multiple excitons in a single platelet. The TA spectra of CsPbBr3
NPLs and CsPbBr3 NPLs+ PDI are shown in Fig.3 at different
times after the excitation pulse.

As shown in Fig.3a, the TA spectrum of CsPbBr3 NPLs exhibit
the typical features found in literature for these materials29: a
negative exciton bleach (XB) at ~448 nm accounting for band-
edge� lling by photogenerated excitons superimposed on a broad
photoinduced absorption (PA) between 380 and 480 nm. The
shape of the TA spectrum does not change with the delay time,
con� rming the presence of only long-lived single-exciton states
(Supplementary Fig. 9)29. The kinetics of the ground state bleach
at 448 nm are shown in Fig.3c. We analyzed the TA spectrum
with global and target analysis using the open source software
Glotaran42. In this procedure, the TA spectra are parametrized in
time as a linear combination of absorption spectra from the
different transient species that interconvert into each other
according to a pre-de� ned kinetic scheme (for details, see
Supplementary Note 3)43. The target analysis was applied to the
400 nm excitation data with the kinetic scheme shown in
Supplementary Fig. 14. The signal grows within time resolution

of the TA setup and decays bi-exponentially with decay time
constants of 3 and 1470 ps. The fast decay component
corresponds to fast trapping due to surface defects on perovskite
NPLs30. The second time component is comparable to the exciton
lifetime obtained from the PL measurements discussed above.

Introduction of the PDI molecules in the ligand shell of the
NPLs again leads to striking changes in the TA spectrum
(Fig. 3b). The XB feature at 453 nm has the same shape as
observed for the CsPbBr3 NPLs (Fig.3a), however, it decays much
faster. This is also shown in Fig.3c, where the kinetics at the
maximum of the exciton bleach of the NPLs with and without
PDI are compared. In addition, extra features appear in the TA
spectrum that are not present in the pure CsPbBr3 NPLs (Fig.3a,
b, insets). The� rst is a reduced absorption (bleach) in the region
from 470 to 540 nm, corresponding to the ground state
absorption of the PDI molecule (Fig.1d). This indicates a
decrease of the population of PDI molecules in their ground state,
due to electron transfer (ET) from the CsPbBr3 NPLs to the PDI,
resulting in a charge separated (CS) state where the interaction
between the electron in the PDI molecules and the holes in the
NPLs is virtually zero as the holes are fully delocalized in the
NPLs. The second feature is a photoinduced absorption (PA) with
a maximum at 760 nm. The shape and position of this second
feature are close to the known absorption spectrum of the PDI
anion (PDI� )44, although it is shifted to longer wavelengths
because of the twisting of the PDI� core caused by the
introduction of chlorines in the bay area. Note, that the
photoinduced absorption of the PDI� in Fig.3b inset is different
from the induced absorption due to the excited state of free PDI
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Fig. 3 Electron transfer from CsPbBr3 nanoplatelets to perylene diimide chromophores upon exciting at 400 nm. a Transient absorption (TA) spectrum
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global analysis for electron transfer (ET) from NPLs to the PDI molecules in CsPbBr3 NPLs + PDI hybrid (for details, see Supplementary Note 3).
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