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ABSTRACT: The deployment of perovskite solar cells will
rely on further progress in the operating and ambient stability
of active layers and interfaces within these materials. Lowdimensional perovskites, also known as perovskite quantum
wells (PQWs), utilize organic ligands to protect the perovskite
lattice from degradation and oﬀer to improve device stability;
combining 2D and 3D perovskites in heterostructures has
been shown to take advantage of the high eﬃciency of the
majority 3D active layers and combine it with the improved
stability of a thin 2D top layer. Prior PQWs have relied on
relatively weak interwell van der Waals bonding between
hydrophobic organic moieties of the ligands. Here we instead
use the ligand 4-vinylbenzylammonium to form well-ordered
PQWs atop a 3D perovskite layer. The ligand’s vinyl group is activated using UV light which photochemically forms new
covalent bonds among PQWs. UV-cross-linked 2D/3D devices show improved operational stability as well as improved longterm dark stability in air: they retain 90% of their initial eﬃciency after 2300 h of dark aging compared to a retention of 20% of
performance in the case of 3D ﬁlms. The UV-cross-linked PQWs and 2D/3D interfaces reduce device hysteresis and improve
the open-circuit voltages to values up to 1.20 V, resulting in more eﬃcient devices (PCE of up to 20.4%). This work highlights
the exploitation of the chemical reactivity of PQW ligands to tailor the molecular properties of PQW interfaces for improved
stability and performance in 2D/3D perovskite photovoltaics.

■

INTRODUCTION
Metal halide perovskites have recently reached certiﬁed power
conversion eﬃciencies (PCEs) above 24% for single junction
devices1,2 and an impressive 28% for monolithic perovskite−
silicon tandems.3 A remaining opportunity is to understand
and improve perovskite solar cell stability further. The dark
(i.e., shelf life) and operational stability of perovskite solar cells
have seen tremendous improvements in recent years.4−7
However, most reported metrics still fall short of the industry
standard accelerated aging conditions used to assess the longterm operating stability of a solar cell.8
Low-dimensional perovskites, or perovskite quantum wells
(PQWs), are quasi-two-dimensional analogues of the bulk 3D
perovskite structure where organic ligand molecules terminate
the lattice along one axis into a ﬁnite number of monolayers,
n.7,9,10 The hydrophobic organic ligands form bilayer interfaces
that repel water and increase the formation energy of the
PQWs relative to the 3D structures,11,12 increasing thermal
stability,13 helping prevent moisture-induced decomposition,14,15 and reducing migration of labile ions within the
material.16 This has been shown to enhance the ambient and
© XXXX American Chemical Society

operating lifetimes for photovoltaic devices based on these
materials.7,11,12,17 More recently, stacked 2D/3D heterostructures consisting of a thin layer of PQWs atop a majority 3D
perovskite active layer have seen success in combining the
stability of PQWs with the exceptional optoelectronic
properties of bulk perovskites, enabling solar cells with PCEs
near or above 20% that possess superior operating and ambient
stability compared to 3D-only devices.2,13,18
Many types of alkyl- and arylammonium ligands have been
explored in PQWs.7,14,19−22 The molecular interfaces between
wells are composed of interdigitating ligands that are stabilized
by van der Waals interactions, which increases their desorption
energy compared to the smaller cations like methylammonium
and results in an overall stabilization of the perovskite
material.11 Typically, short chain ligands such as phenethylammonium11,23,24 or butylammonium7,9 are desired to
minimize the inter-PQW distance so as to not impede
interwell charge transfer.25,26 Extending the degree of van
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Figure 1. Formation and optical properties of 2D/3D heterostructures using the ligand VBABr. (a) Schematic illustrating the process by which
formation of cross-linked 2D perovskites atop a 3D majority layer is achieved using the ligand 4-vinylbenzylammonium bromide (VBABr). The
new bonds formed following photochemical cross-linking are left ambiguous in this illustration and discussed in more detail below. (b) Energy level
diagram for the 2D/3D interface. Valence band-edge values are extracted from UPS measurements on 3D-only and 2D-x/3D ﬁlms (with various
UV exposure times). (c) Absorption spectra, (d) photoluminescence emission spectra, and (e) TCSPC data for thin ﬁlms of the 3D and 2D/3D
perovskites. PL and TCSPC measurements are performed on both the front (f) and back (b) sides of the ﬁlms.

der Waals stabilization, for example, by increasing ligand length
to achieve more interdigitation, thus results in a compromise
to device performance by reducing the eﬃciency of charge
transport through these interfaces. Passarelli et al. have
demonstrated 2D perovskites with remarkable stability that
could even withstand full immersion in water, but these
required large ether-linked pyrene ligands with extended π−π
interactions to achieve such stabilization, severely limiting
interwell charge transfer and their utility in high eﬃciency
photovoltaics.19
In a recent report, Li et al. used a molecular additive
trimethylolpropane triacrylateto anchor to grain boundaries
and undergo thermally induced chemical cross-linking.27 The
resulting ﬁlms had improved operational stability under
ambient conditions as well as upon exposure to high
temperature and humidity.
Here we took the view that a cross-linking approach could
be applied to stabilize the interfaces of PQWs. Functionalizing
small molecule ligandsin order not to compromise performancesuch that they could be activated after the formation of
the PQW interfaces would go beyond the van der Waals
stabilization of perovskite ligands by forming stronger covalent
bonds among neighboring PQWs. Early work by Tieke et al.
showed that trans-butadiene ammonium ligands, used to form
layered cadmium chloride perovskites, could be photopolymerized following UV irradiation while retaining the 2D
perovskite structure.28,29 More recent work by Ortiz-Cervantes
et al. demonstrated thermally cross-linked dialkynyl ligands in
2D lead halide perovskites, where the polymerized interfaces
improved the conductivity by 3 orders of magnitude and could
be used to control the bandgap and doping properties of the
hybrid material.30

To build on these seminal works and use cross-linkable
ligands in high eﬃciency 2D/3D solar cells, we selected the
ligand 4-vinylbenzylammonium (VBA). VBA is ideally suited
for this application because it has a highly similar structure to
phenethylammoniumwhich has been used extensively in
PQW devicesbut bears an additional terminal vinyl group in
the para position of the aromatic phenyl ring. This extended
conjugation facilitates absorption of ultraviolet light (∼250
nm) by the vinylbenzyl moiety,31 allowing for direct photoexcitation to trigger photochemical cross-linking.32 We used
VBA to form well-ordered n = 1 and n = 2 PQWs atop a 3D
active layer in a 2D/3D heterostructure, whereafter exposure of
the top layer to UV photoexcitation activates the vinyl groups
of VBA to form new covalent bonds among the 2D layers. The
cross-linked 2D/3D heterostructure (hereafter termed 2D-x/
3D) exhibits improved open-circuit voltages and negligible
current−voltage hysteresis compared to the 3D-only devices,
resulting in PCEs exceeding 20%. The 2D-x/3D devices also
exhibit much better stability in air compared to the 3D-only
and non-cross-linked 2D/3D devices, consistent with new
covalent bonds helping further stabilize the PQW interfaces.
This work demonstrates how the stability gained from
employing Ruddlesden−Popper perovskites in 2D/3D heterostructures can be further augmented using photochemically
reactive ligands in order form new interwell covalent bonds
among the well-ordered PQWs.

■

RESULTS AND DISCUSSION
An illustration of the formation of cross-linked 2D-x/3D
perovskite heterostructures is shown in Figure 1. First, a 3D
perovskite ﬁlm with the composition
(MAPbBr3)0.15(FAPbI3)0.85 (containing 5% of Cs) is spinB
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Figure 2. Formation and morphology of PQWs in 2D/3D heterostructures. In situ GIWAXS patterns collected at various times relative to the
ligand solution soaking (which we designate as time zero, panel b). (a) 3D perovskite, before treatment solution is applied, (b) solution containing
3 mg mL−1 VBABr soaks on the surface for 1−2 s, (c) pattern immediately after treatment solution is removed, with new diﬀraction features
highlighted, and (d) pattern after 30 s of continuous spinning and drying. Frames of the in situ GIWAXS experiments were collected at a minimum
of 3 s apart, limited by the detector readout. The signal-to-noise and spatial resolution were also lowered to speed up image collection. (e) XRD
patterns (with backgrounds subtracted) for the 3D ﬁlm, the 2D/3D ﬁlm without any UV exposure, and the 2D/3D ﬁlm with 15 min of UV
exposure. (f) Low angle region expanded to more clearly see the (001) reﬂections from n = 1 and n = 2 PQWs. (g) SEM images for the 3D and (h)
2D-x/3D (with 15 min UV exposure) ﬁlms.

experiment on the back side of the ﬁlm results in signal
originating only from the 3D perovskite, indicating that the 2D
perovskites are formed only at the top surface of the 3D layer.
We also performed time-correlated single photon counting
(TCSPC) experiments to assess how carrier dynamics are
aﬀected by the 2D/3D interface (Figure 1e). Fits to TCSPC
traces can be found in Table S1. Whereas the 3D ﬁlm shows a
monoexponential decay with a time constant of 840 ns (such
lifetimes are expected for high quality perovskite thin
ﬁlms),33,35 the 2D/3D ﬁlms exhibit an additional faster
decay on the order of tens of nanoseconds. Lower lifetimes
are usually attributable to higher trap state densities, but as we
show later, the 2D/3D photovoltaic devices provide a higher
open-circuit voltage and better overall PCE compared to the
3D-only devices, indicating that the trap state density is
actually reduced by the 2D/3D heterointerface, consistent with
previous works.1,2,23 We instead attribute the faster decay to
charge separation events between the 2D and 3D perovskites
that reduce the overall radiative recombination within the 3D
layer (reduced emission from the 3D layer in the 2D/3D
heterostructure can be seen in unnormalized PL spectra, Figure
S2). This is consistent with hole transfer from photoexcited 3D
perovskites to low-n perovskites (and from high-to-low n
PQWs), which has been observed in ultrafast transient
absorption experiments.20,26,36 This is further supported by
the fact that in n−i−p 2D/3D perovskite solar cells, holes must
be able to transfer through the top 2D layer to reach the hole
selective contact. When photoexciting the back of the ﬁlm
instead of the surface, the faster decaying component is still
present, but is reduced in amplitude, and the longer lifetime
characteristic of 3D-only ﬁlm remains. This suggests reduced

coated and annealed following known procedures.33 Then, a
solution of 3−5 mg mL−1 of 4-vinylbenzylammonium (VBA)
bromide dissolved in 1:1 isopropanol:chlorobenzene is
dynamically spin-coated onto the 3D perovskite surface.
After brieﬂy annealing at 100 °C to remove residual solvent,
the 2D/3D ﬁlm is heated at 70 °C and exposed to 254 nm
photoexcitation for 15 min, triggering cross-linking of the vinyl
groups (evidenced by FTIR and NMR experiments, discussed
later) and forming the 2D-x/3D perovskite heterostructures.
Absorption spectra (Figure 1c) of the 3D and un-crosslinked 2D/3D ﬁlms reveal some broadband changes to the
overall absorption, but no sharp peaks characteristic of excitons
in strongly conﬁned PQWs,9,26 indicating the 2D layer is very
thin. The band edge (inset) is also very slightly shifted,
attributable to the additional bromine imparted by the VBABr
solution.
We used photoluminescence (PL) spectroscopy to excite the
front and back faces of the ﬁlm at a wavelength of 374 nm.
Steady-state PL spectra are shown Figure 1d. Sharp peaks at
∼500 and 550 nm are signatures of excitonic emission from n
= 1 and n = 2 PQWs. We note that these emission features are
slightly blue-shifted compared to what should be expected in
the case of pure iodine n = 1 and n = 2 PQWs.26,34 We
attribute this blue-shifting of the band-edge exciton resonances
to halide mixing within the PQWs formed on top of the 3D
ﬁlm (whose halide composition is 85% iodine and 15%
bromine). We also performed control experiments by treating
MAPbI3 thin ﬁlms with VBABr ligands, results from which are
consistent with our observations that these peaks arise due to
low-n excitonic emission and that the minor shifting occurs
due to halide mixing (Figure S1). Performing the same
C
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UV exposure. We elaborate further on this point later in this
work using ﬁlms consisting of pure n = 1 PQWs using the VBA
ligand.
To evaluate whether the overall grain size and surface
morphology are aﬀected by the ligand treatment and
subsequent UV exposure, we collected scanning electron
microscopy (SEM) images for the 3D and 2D-x/3D ﬁlms.
Besides a slightly larger average grain size, the overall
morphologies of the ﬁlms appear very similar. We found that
the larger grain size is induced by the ligand treatment and
mild annealing, rather than the UV exposure (Figure S4),
which is consistent with other reports of 2D/3D heterostructure ﬁlms.18 From these SEM images, we conclude that
the PQWs are forming conformally atop the 3D grains and
have a minimal eﬀect on the bulk structure beneath the top
surface.
Vinylbenzyl (styrene) groups are known to undergo
photochemical cross-linking when exposed to UV irradiation
(using 254 nm photons, which are resonant with the ﬁrst
singlet transition of the vinylbenzyl group)31 according to the
following scheme from Deng et al.:32

charge separation at the 2D/3D interface given that fewer
carriers are photogenerated near the surface when photoexciting near the bottom of the ﬁlm.
To conﬁrm the type II band alignment in the 2D/3D
heterostructure, we used ultraviolet photoelectron spectroscopy (UPS) to estimate the valence band edges of 3D-only and
2D/3D ﬁlms and found that the 2D perovskite band edge is
upshifted by ∼0.3 eV relative to the 3D perovskite (Figure S3).
This agrees with previous observations of type II alignment
between 2D and 3D perovskite phases.9,37 We also note that
the energetics at the interface do not change with various UV
exposure times, indicating a type II heterojunction is preserved
following cross-linking.
While these measurements conﬁrm that the VBA ligand can
successfully form PQWs atop the otherwise 3D perovskite
surface, we note that these PL peaks greatly decrease in
intensity after the UV exposure used to induce photochemical
cross-linking (with signal too low to aﬀord TCSPC measurements), but we show below (using X-ray diﬀraction measurements) that the PQW structures are still maintained after this
irradiation treatment.
To examine the formation, ordering, and crystallinity of the
2D perovskites, we performed X-ray diﬀraction (XRD) and in
situ grazing incidence wide-angle X-ray scattering (GIWAXS)
experiments. Data are shown in Figure 2. From our in situ
GIWAXS experiments, we see two bright diﬀraction peaks
corresponding to low-n perovskites38 form rapidly (within
seconds) after removal of the treatment solution (via spincoating), indicating that well-ordered perovskite quantum wells
are formed atop the 3D layer following treatment even without
annealing.7,38 Prolonged spinning (and drying) of the ﬁlm does
not change the intensity of the diﬀraction peaks (Figure 2d),
indicating that the formation of the PQWs is complete within
the ﬁrst few seconds after removing the treatment solution.
The small anisotropy of the diﬀraction peak at qz = 0.25 Å−1 is
similar to that found in pure ﬁlms of 2D n = 1 PQWs using the
ligand phenethylammonium,26 where it was determined these
structures are oriented parallel to the substrate.38 This
indicates that the layers of 2D perovskites we form atop the
3D layer using VBA are also oriented parallel to the 3D surface.
We note that other textured diﬀraction spots could not be
resolved in these measurements, likely due to insuﬃcient
thickness of the 2D layer. Because of experimental constraints
for these measurements, ﬁlms were not annealed and
remeasured after the in situ GIWAXS during spin-coating.
From XRD experiments, we see that the peaks originating
from the 3D perovskites are essentially unaﬀected by the
formation of the 2D layers (Figure 2e). The major diﬀerences
are the presence of new diﬀraction peaks below 2θ = 10°,
which are attributable to the (001) reﬂections from the
parallelly oriented 2D perovskites.9,38 Two distinct (001)
reﬂections are observed, which is expected considering the two
peaks (from n = 1 and n = 2) observed in our PL spectra, as
the diﬀerent PQW thicknesses will give rise to diﬀerent
diﬀraction peaks.9,38 We also plot XRD data for the same ﬁlms
after exposure to 254 nm UV light for 15 min and see that the
peaks are not only maintained through this irradiation but also
broadened, and their overall amplitudes appear to be
diminished. The peak broadening could be interpreted as
minor structural rearrangements that change the interwell
distances if cross-linking indeed occurs with the UV photoexcitation, and the diminishing amplitude could suggest that
the structure or ordering of some of the PQWs is lost during

Ph−CCH 2 + hν (254 nm) → [Ph−CCH 2]S

(1)

[Ph−CCH 2]S → [Ph−CCH 2]T

(2)

̇ 2
[Ph−CCH 2]T → Ph−Ċ −CH

(3)

̇ 2 + Ph−CCH 2 → Ph−CH
̇ −CH 2−CH 2−CH
̇ −Ph
Ph−Ċ −CH
(4)

The styrene groups are ﬁrst promoted to an excited singlet
state by the 254 nm photons (1), which is followed by
intersystem crossing into the triplet state (2) and subsequent
formation of radicals on the vinyl carbons (3). The radicals can
then form new covalent bonds with other nearby vinyl groups
on opposite or adjacent ligands (depending on the geometry at
the interface), and the reaction propagates.
To assess whether the 254 nm UV irradiation was
successfully activating the vinyl groups of the VBA ligands to
trigger photochemical cross-linking, we monitored this process
using attenuated total reﬂection (ATR) FTIR on the 2D/3D
thin ﬁlm surfaces (Figure 3). Generally, for the 2D/3D ﬁlms,
the spectra are very convoluted, and it is diﬃcult to distinguish
peaks that are attributable to the VBA molecules (full spectra
for all ﬁlms can be found in the Supporting Information,
Figures S5 and S6). However, within the spectral region
∼1500−1700 cm−1, there are distinct peaks arising due to the
presence of VBA molecules at ∼1570 and 1580 cm−1. We
posited this peak could be deconvolved as a superposition of
the individual peaks originating from the vinyl group and the
aromatic ring of the VBA molecules. We synthesized analogous
2D/3D ﬁlms using the ligands allylammonium,20 ALA (which
bears only a vinyl group), and phenethylammonium, PEA
(which bears the unfunctionalized phenyl ring). ATR-FTIR
spectra within this region for ﬁlms treated with the bromide
salts of these ligands, VBABr, ALABr, and PEABr, are plotted
in Figure 3a. We see that the phenyl moiety accounts for the
higher energy 1580 cm−1 peak, whereas the allyl group gives
rise to the 1570 cm−1 peak. In this FTIR region, both bands
are likely due to sp2 carbon (alkene or aromatic) CC
stretching modes.39,40 By distinguishing the peak origins for
the VBA molecule, we can now track any cross-linking of the
vinyl groups by monitoring the 1570 cm−1 peak. Spectra for
D
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cm−1 phenyl peak, indicating that some, but likely not all, of
the vinyl groups have reacted following UV photoexcitation.
To further gauge the reactivity of the VBA ligands, we
performed UV exposure experiments on spin-coated thin ﬁlms
of the isolated VBABr salt. We note that the ﬁlms were
annealed at 70 °C for 5 min after spinning to remove any
residual solvent (isopropanol and chlorobenzene) that could
interfere with interpretation of the spectra. FTIR spectra for
diﬀerent energy regions are shown in Figure 3c−e. The lowenergy region shows the complete disappearance of a peak at
∼850 cm−1 within 10 min, which can be attributed to a loss of
alkene sp2 C−H bending. The intermediate energy region
between 1500 and 1700 cm−1 shows similar features to the
2D/3D ﬁlms: a CC stretching mode peak at 1575 cm−1
decreasing in amplitude with continued UV exposure. The
higher energy region reveals broadening and diminishing of the
peak centered at 3000 cm−1, which can be understood as a loss
of alkene sp2 C−H stretching modes. We also observe the
emergence of a prominent peak centered at 3450 cm−1. Such
broad and intense peaks in the region between 3300 and 3600
cm−1 can usually only arise due to N−H (amide or amine) and
alcohol (O−H) stretching modes.
Because these experiments were performed in an inert
atmosphere nitrogen glovebox with trace levels of oxygen, we
rule out any alcohol (O−H) or amide (OC−NH2) groups
giving rise to these signals. While primary amine groups should
produce two distinct bands, the N−H stretch of secondary
amines presents as a single band in this energy region. We thus
tentatively assign the emergent peak at 3450 cm−1 to newly
formed secondary amines within the ﬁlm. Taken together with
our interpretation of the other FTIR spectra, this could
indicate new covalent bonds being formed between the vinyl
carbons and the ammonium groups of the VBA molecules.
While the relative orientations of the VBA molecules in a thin
ﬁlm could potentially permit such a reaction, the ammonium
groups of VBA molecules used to synthesize PQWs are
anchored into the lattice, which should hinder its potential
reactivity. Despite this, we observe a similar spectral feature for
the 2D/3D ﬁlms (Figure S7), although its amplitude is much
less prominent. We also note that the changes are more subtle
due to overlapping signals from the 3D perovskite and also
likely due a lesser degree of cross-linking compared to pure
VBABr ﬁlm, wherein all ligands are also in close proximity to
each other.
To more clearly observe whether cross-linking can occur in
the layered 2D ﬁlms without signal interference from the 3D
underlayer, we then synthesized ﬁlms of iodine-based n = 1
PQWs using the VBA ligand, (VBA)2PbI4 (Figure 4a). These
ﬁlms were subjected to the same UV exposure and then
characterized by using absorption spectroscopy, XRD, ATRFTIR, and 1H NMR. The reactivity of the VBA ligands is very
apparent in the n = 1 ﬁlms: continuous UV exposure leads to a
red-shifting of the band-edge exciton peak maximum in
absorption spectra (Figure 4b), which could be due to changes
in interwell electronic coupling.41−43 These shifts in the
absorption spectra occur simultaneously with small changes to
the interwell distance, as evidenced by shifting of the (001)
reﬂections in XRD (Figure 4c). Both of these results point to
structural modiﬁcations of the PQWs or the interface between
them. Moreover, in ATR-FTIR spectra (Figure 4d,e), the n = 1
ﬁlms exhibit similar spectral featuresand changes with UV
exposureof the pure VBA ligand thin ﬁlms, which would

Figure 3. Attenuated total reﬂection (ATR) Fourier transform
infrared (FTIR) spectra for thin ﬁlms of the ligand-treated 2D/3D
perovskites and pure VBABr. (a) Spectra for ﬁlms treated with the
ligands VBABr, PEABr, and ALABr. (b) 2D/3D VBABr-treated ﬁlms
with diﬀerent durations of UV light (254 nm) exposure. (c) FTIR
spectra of thin ﬁlms consisting of perovskite-free VBABr ligand in the
low-energy, (d) intermediate-energy, and (e) high-energy spectral
regions.

VBABr-treated 2D/3D ﬁlms with various UV exposure times
are plotted in Figure 3b. After 15 min of exposure, we see that
while the overall peak amplitude has diminished, the 1570
cm−1 vinyl peak has been greatly reduced relative to the 1580
E
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Figure 4. Characterizing cross-linking in thin ﬁlms of purely 2D n = 1 (VBA)2PbI4 spin-coated on glass. (a) Molecular structure of (VBA)2PbI4,
whose interwell distance of 1.7 nm is determined from XRD measurements in panel c. (b) Absorption spectra for 2D ﬁlms with various UV
exposure times. Spectra are normalized at 350 nm and oﬀset for clarity. (c) XRD patterns and (d, e) FTIR spectra for the same ﬁlms. Features
related to the disappearance of vinyl CC modes and appearance of N−H stretching modes are highlighted with arrows. (f) 1H NMR spectra for
pristine and UV-treated ﬁlms. Films were redissolved in d6-DMSO for measurements.

restricted (though this could also be a consequence of the 254
nm light not penetrating deeply enough into underlying layers
of the n = 1 ﬁlms). A limited conversion eﬃciency would be
consistent with the reduction, but never the total disappearance, of CC bond signals in our FTIR experiments.
The formation of bonds between the vinyl carbons and the
ammonium tails of the VBA molecules would be surprising
considering the conﬁguration of the VBA molecules in the
interface between PQWs, depicted schematically in Figure 4a.
The interwell distance of 1.7 nm determined from our XRD
measurements for the VBA n = 1 PQWs is close to that
obtained for PEA n = 1 PQWs,26 which would suggest that for
VBA the extra vinyl groups at the para position of the phenyl
ring are more deeply interdigitated between ligands and could
potentially access the ammonium group of the ligands across
the interface. However, this would also indicate that the vinyl
groups of adjacent neighboring VBA ligands should be in close
proximity to each other. It is therefore more likely that radicals
generated on the vinyl carbons following UV photoexcitation
will be able to cross-link with a neighboring vinyl group, which
should be favored in the geometric conﬁguration of these
ligands (assuming a similar structure to PEA PQWs). A
similarly favorable ligand geometry facilitated the photopolymerization of trans-butadiene ligands in 2D cadmium
chloride perovskite crystals studied by Tieke et al.29 Such a
reaction could be considered much more plausible than C−N
bonds forming between the vinyl carbons and ammonium tails,
since the photochemically active vinylbenzyl moiety of the
VBA ligand, styrene, is well-known to readily polymerize into
polystyrene under various conditions, including photochemi-

indicate that vinyl CC bonds are reacting in the layered
PQWs interfaces.
Further evidence of photochemical cross-linking is found by
using 1H NMR spectroscopy on redissolved n = 1 ﬁlms, spectra
for which are shown in Figure 4f. The pristine ﬁlm displays the
expected vinyl peaks at 5.26, 5.87, and 6.71 ppm. Following
exposure to UV irradiation, these peaks, along with the
aromatic proton peaks at 7.40−7.50 ppm, are diminished
simultaneously with the appearance of new peaks in the
aromatic region centered at 7.00 ppm. The reduced vinyl
proton signal is a strong indicator that a photoproduct is
formed, and the emergence of more upﬁeld aromatic proton
signals indicates that somebut not allof the vinyl bonds
have reacted to form sp3 carbons, which would reduce the
conjugation of the ligand and increase the shielding of the
aromatic protons. 2D NMR (COSY) spectra for the
redissolved UV-treated ﬁlms reveal that, similar to the styrene
aromatic protons, the new aromatic protons do not couple
signiﬁcantly to other protons within the photoproduct,
indicating that the aromatic sites are unaﬀected by the
photochemical reaction (Figure S8). We also attempted 1H
NMR measurements directly on the 2D-x/3D ﬁlms, but the
signals were too low to observe the presence of any VBA ligand
(unreacted or reacted).
NMR spectra for redissolved the n = 1 ﬁlms suggest that the
photochemical cross-linking reaction does not go to
completion. Deng et al. also observed limited conversion
eﬃciencies (<50%) for photografting polymerization of styrene
without an initiator,32 suggesting that the eﬃciency of initiatorfree photochemical cross-linking of VBA may be similarly
F
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Figure 5. Photovoltaic device performance and stability for 2D-x/3D perovskites. (a) J−V curves, (b) EQE, and (c) transient photovoltage for the
3D and 2D-x/3D devices. Normalized transient photovoltage traces used for ﬁts can be found in Figure S10. (d−g) Photovoltaic ﬁgures of merit
versus aging time for the 3D and 2D-x/3D devices. Figures of merit were derived from J−V curves scanned from open-circuit to short-circuit
conditions (reverse scan). Data points are also shown for 2D/3D devices that were not exposed to any UV radiation. Tabulated data for all aging
points can be found in Table S2. Data points are taken from average of ﬁve devices, and error bars show the standard deviation. The device
architecture, based on ref 33, was composed of (from bottom to top) ITO/TiO2 nanoparticles/perovskite/spiro-OMeTAD/Au. Details of device
fabrication and testing can be found in the Supporting Information.

cally.44−47 We thus conclude that the vinyl groups of the VBA
molecules can indeed undergo photochemical cross-linking to
form new covalent bonds, and more tentatively, we assign the
new bonds formed to be C−C bonds between adjacent vinyl
groups and potentially also C−N bonds between vinyl carbons
the ammonium tail.
Finally, we evaluated the inﬂuence of the 2D-x/3D
heterostructure on the performance and stability of photovoltaic devices. Current−voltage (J−V) curves for the 3D and
2D-x/3D devices are shown in Figure 5a. The ligand treatment
and 2D/3D interface formation improves the device metrics in
all regards, leading to an increased open-circuit voltage (Voc),
short-circuit current (Jsc), and ﬁll factor (FF), resulting in a
PCE of 19.8% (average of forward and reverse scans)
compared to 17.1% for the 3D device. Moreover, the 2D-x/
3D device has greatly reduced hysteresis compared to the 3D
device. This enhancement to all qualities of photovoltaic
performance has been observed previously for 2D/3D
devices,2,13,18,23 and the diminished hysteresis has been
attributed to improved hole transfer at the top contact2 or to
reduction of surface defects that could lead to charge trapping
and accumulation.1 We note that these improvements are
obtained with or without UV treatment; i.e., they are caused by
the formation of the 2D/3D heterostructure and not
inﬂuenced by the cross-linking (see Figure S9 for J−V curves
of an un-cross-linked 2D/3D device). External quantum
eﬃciency (EQE) data (Figure 5b) show improved photocurrent collection over almost the entire absorption range,
conﬁrming a higher Jsc of the 2D-x/3D device. A similar
broadband enhancement of EQE was also observed by Cho et

al. in 2D/3D devices (using PEA as the organic ligand), which
displayed slightly higher incident photon conversion eﬃciencies between 400 and 800 nm compared to their 3D-only
devices.23
To gauge the relative trap state densities in the 3D and 2Dx/3D devices, we performed transient photovoltage measurements. The devices were biased with white light to reach nearVoc conditions and photoexcited with low power laser pulses to
generate small photovoltage perturbations (ΔV kept to lower
than 20 meV).48 Monoexponential ﬁts to normalized traces
(Figure S10) were used to estimate the carrier lifetime at Voc
conditions. We observe that while the photovoltage of the 2Dx/3D devices is higher, consist with our J−V measurements,
the charge carrier recombination lifetimes are nearly the same.
A comparison of superposed normalized traces (Figure S11)
reveals a slightly longer lifetime of the 2D-x/3D devices that is
missed by our monoexponential ﬁt likely due to convolution
with the signal rise time. This would suggest that the 2D
PQWs and ligands help to passivate a small number of trap
states at the top of the 3D surface (that may only form upon
contact with the hole transport layer) but otherwise do not
have much inﬂuence on the overall charge carrier recombination lifetimes, which in our 2D/3D system may be dominated
by recombination events within the 3D majority layer.
We assessed the stability of the 2D-x/3D devices compared
to 3D-only devices by tracking their photovoltaic ﬁgures of
merit over 2300 h (Figure 5d−g). The devices were aged in
the dark with a relative humidity of ∼30%. We note these
conditions are relatively innocuous compared to the harsher
conditions of the IEC standard,8 but the humidity level was
G
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suﬃcient to induce appreciable degradation of our devices,
which allowed us to determine whether the 2D-x/3D (and
non-cross-linked 2D/3D) heterostructures lead to better
protection of the perovskite against moisture. Whereas the
3D perovskite loses more than 80% of its initial eﬃciency over
the full aging period, dropping from 17.7% to 5.4%, the 2D-x/
3D devices maintain over 90% of their eﬃciency (19.5% to
17.8% PCE). We also compare this eﬃciency loss to the uncross-linked 2D/3D deviceswhere increased stability is still
expected due to the presence of the stable 2D PQWs7,23and
see that this device drops to ∼70% of its initial eﬃciency:
superior compared to the 3D-only device but inferior to the
cross-linked 2D-x/3D solar cell. This result supports our
ﬁndings that the UV irradiation facilitates new covalent bond
formation at the PQW interfaces, further stabilizing the 2D top
layer and providing more protection to the 3D underlayer.
Water contact angle measurements on pristine and UV treated
2D-x/3D ﬁlms (as well as treated and untreated n = 1
(VBA)2PbI4) show an increase contact angle for UV-treated
ﬁlms, supporting the hypothesis that the increased hydrophobicity of the photoproduct helps prevent against waterinduced degradation (Figure S12).
We see that the primary source of degradation is a loss of
photocurrent (Figure 5f). We interpret this as the edges of the
device pixel deteriorating due to water ingression (Figure S13),
eﬀectively limiting the active area of the device. 2D PQWs are
well-known to be more robust against moisture induced
degradation,11,14,15 and so we attribute the even better dark
ambient stability of our 2D-x/3D devices, compared to the van
der Waals stabilized 2D/3D interfaces in un-cross-linked active
layers, to a stronger PQW interface aﬀorded by covalently
cross-linked ligands. While the 3D devices experience a
decrease in FF and Voc in the ﬁrst 1000 h, these metrics
actually increase for the 2D-x/3D devices, reaching a Voc of up
to 1.20 Vthe highest photovoltage we have observed in this
device architecture and perovskite composition33,49,50and a
PCE of 20.4%. The Voc of the 2D-x/3D devices remains as
high as 1.17 V after more than 2000 h of aging. The high Voc of
the un-cross-linked 2D/3D devices is also maintained (1.16 V)
throughout the full aging period. The improved photovoltages
of our devices are consistent with other literature examples of
2D/3D perovskite photovoltaics with various other ligands.2,13,18,23,24 Our results demonstrate that the photochemical cross-linking does not harm the interface, which
appears to remain fully undamaged during the aging period
and appears to actually slightly improve performance of the
2D-x/3D devices with age.
We note that a concentration of 3 mg mL−1 VBABr in
chlorobenzene:isopropanol was found to be the ligand
concentration that led to the best photovoltaic performance.
J−V curves for 2D-x/3D devices prepared using a number of
concentrations of VBABr are shown in Figure 6. In this set of
devices, the 3D-only device is highly hysteric, severely limiting
performance. This hysteresis is largely removed in the 2D-x/
3D device using a 3 mg mL−1 VBABr solution, accompanied
by the expected increase of V oc and Jsc. For higher
concentrations of VBABr (5 mg mL−1), the hysteresis is
further diminished, but the ﬁll factor and photocurrent begin
to drop. At higher VBABr concentrations (15 mg mL−1), both
the ﬁll factor and Jsc of the 2D-x/3D device are substantially
reduced. We attribute the reduced ﬁll factor to limited carrier
diﬀusion through laterally stacked PQWs when the 2D layer is
too thick, suggesting that an important consideration when

Figure 6. J−V curves for 2D-x/3D devices prepared with diﬀerent
VBABr concentrations. Reverse scans are shown as dotted lines, and
forward scans are shown as dashed lines.

optimizing the ligand treatment for PQW formation is to
ensure a suﬃciently thin 2D capping layer. Devices prepared
by using a 1 mg mL−1 VBABr solution (shown in Figure S14;
not plotted in Figure 6 due to substantial overlap with the 3
mg mL−1 curves) show a similar increase in Voc and Jsc as the 3
mg mL−1 solution but exhibit more signiﬁcant hysteresis. Thus,
the optimal performance is achieved for the 3 mg mL−1
solution.
Lastly, we performed short-term operational stability tests of
our devices at maximum power point (MPP) in the same
ambient conditions under full AM1.5G illumination (no
optical ﬁlters), unencapsulated and uncooled (Figure S15).
We see that while the eﬃciency of the 3D device drops by
more than 70% in the ﬁrst 3 h of operation, the 2D-x/3D is
much more robust under illumination conditions in air, losing
<15% of its initial PCE by 3 h and further maintaining 75% of
its initial performance after 16 h of operation. This short-term
operational stability far exceeds that of the 3D-only devices,
where we have recently observed similar rapid degradation for
MPP tracking in air for identical devices,50 indicating that the
2D-x/3D heterostructure provides both improved ambient and
operational stability to the solar cell.

■

CONCLUSIONS
We have demonstrated that the ligand molecule 4-vinylbenzylammonium can be used to form well-ordered n = 1 and n = 2
PQWs atop highly eﬃcient 3D active layers, creating a 2D/3D
heterostructure. The VBA molecule is an ideal candidate for
subsequent covalent cross-linking because it aﬀords small
interwell distances of ∼1 nm (nearly the same as the widely use
PEA ligand) and possesses a terminal vinyl group with
extended conjugation through a phenyl ring, allowing its direct
photoexcitation with UV light. By exposing the top surface of
the 2D/3D perovskite to 254 nm irradiation, we were able to
activate the terminal vinyl groups, as evidenced from
absorption, FTIR, XRD, and 1H NMR measurements, to
create new covalent bonds among the VBA ligands within the
PQW interfaces. The cross-linked 2D perovskites greatly
increase the performance and dark ambient lifetime of the
devices relative to the 3D-only active layers and also perform
better than un-cross-linked 2D/3D devices. With a substantial
amount of evidence now emerging to demonstrate the utility of
H
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2D/3D perovskites, this work demonstrates a novel concept in
the photochemical cross-linking of PQW ligands, which can be
used as a strategy to provide further performance and stability
enhancements to already eﬃcient 3D active layers.
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