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lized stable 2D–3D graded
perovskite solar cells for efficiency beyond 21%†
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and Parameswar Krishnan Iyer *ab

Recently, organic–inorganic hybrid perovskite solar cells (PSCs) have experienced a rapid growth in terms

of efficiency. However, the instability of hybrid perovskite materials towards ambient conditions restricts

their commercialization. Formation of a thin layer of 2D perovskite over a 3D structure has now boosted

the strategy to improve the perovskite stability. This 2D–3D heterostructure enables improved light

harvesting properties and enhanced carrier transport of the 3D perovskite along with augmented

ambient stability due to the capped 2D layer. Herein, we demonstrate the untapped potential of the

surface recrystallized 2D–3D graded perovskite fabricated with the surface treatment of the strategically

synthesized multifunctional 4-(aminomethyl)benzoic acid hydrogen bromide (ABHB) molecule. In

particular, the bromide ions fill the halide vacancies in the perovskite lattice, while the amine groups and

the carboxylic acid functionality significantly minimize the defect states and reduce ion migration.

Consequently, ABHB treatment delivers outstanding efficiencies of 21.18% (for a small-area device – 0.12

cm2) and 18.81% (for a large-area device – 2 cm2) as well as negligible hysteresis. Furthermore, the

capped 2D layer restricts moisture penetration into the perovskite layer because of improved

hydrophobicity and significantly enhances the ambient stability of PSCs.
Introduction

Recently, organic–inorganic hybrid perovskites have gained
incredible research attention due to their excellent optoelec-
tronic behavior such as high absorption coefficients, broad light
absorption, bandgap tunability, ultralong carrier diffusion
length and enhanced carrier mobility.1–4 Since their discovery in
2009, perovskite solar cells (PSCs) have witnessed a rapid
growth in terms of power conversion efficiencies (PCEs) from
3.8% to >25% within a few years through constant innovation
on material engineering and optimization of device architec-
ture.1,5–10 Among all the approaches, surface passivation is one
of the most convenient techniques to enhance the stability and
efficiency of PSCs, where an ultrathin layer is precisely formed
over three-dimensional (3D) light harvesting perovskite mate-
rials that effectively reduces the charge recombination and
enhances the carrier transport as well as stability.7,11–13 For
surface passivation of the perovskite, several classes of mate-
rials have been utilized viz. small organic molecules,14–18
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polymers (conjugated and non-conjugated),19–22 organic
ammonium halide salts,9,23–25 etc.

When the perovskite layer is treated with a larger organic
ammonium halide salt, a thin two-dimensional (2D) layer is
formed over the 3D structure. However, the potential of this
2D–3D graded heterostructure has yet to be fully tapped
despite that it has drawn tremendous research interest, since it
integrates the advantages of high light absorption and
enhanced charge transport of the 3D perovskite with the
improved stability of the 2D capped perovskite. Along with the
stability enhancement, a capping layer also passivates the
defect states and heals the halide vacancies. Several structural
optimizationmethods of organic ammonium halide salts, such
as variation of the organic part (n- and iso-butylammonium
iodide, phenyl-ethyl-ammonium iodide, benzyl-ammonium
iodide, and phenyl-ammonium iodide),9,26–29 variation of
halide (benzyl-ammonium chloride, bromide and iodide),30

incorporation of an additional passivation group (5-ammo-
nium valeric acid iodide, 4-uoro-phenyl-ethylammonium
iodide),31,32 etc. have been attempted to study the effect of
2D–3D graded perovskite. Among all these, the collective effect
of incorporating additional passivation groups and halide
engineering is almost not explored. However, it is very critical
to nd a suitable organic ammonium halide salt with appro-
priate passivation capability.

To address this challenge, 4-(aminomethyl)benzoic acid
hydrogen bromide (ABHB) has been synthesized (Fig. 1a) and
J. Mater. Chem. A, 2021, 9, 26069–26076 | 26069
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Fig. 1 (a) Molecular structure of ABHB, (b) schematic representation of ABHB treatment, (c) XRD patterns of perovskite films with various ABHB
concentrations, (d) XRD depth profile of pristine and ABHB passivated perovskite films at different incident angles, and (e) schematic illustration of
traps in the 3D perovskite and its passivation using ABHB in the 2D–3D graded heterostructure.
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applied as an organic ammonium halide salt for the fabri-
cation of a 2D layered perovskite on a 3D layer through
surface recrystallization. This 2D layered structure consists
of large organic amines and [PbX6]

4� octahedra (where X is
a halide). Further, the carboxylic acid group is known to
interact with the under-coordinated or non-coordinated Pb
ions in the perovskite.33,34 Additionally, the bromide ion can
effectively heal the iodide vacancies and offer a better quality
lm with improved stability. Consequently, the ABHB treated
device reveals a high efficiency of 21.18% with a short-circuit
current density (JSC) of 23.42 mA cm�2, an open-circuit
voltage (VOC) of 1104.5 mV, and a ll factor (FF) of 81.9%.
This high PCE is attributed to the high-quality perovskite
lm with lower trap states. A large area passivated PSC was
also fabricated to demonstrate the scalability of this
approach for advanced device commercialization. Further,
this ABHB treatment also restricted moisture penetration in
the perovskite layer thereby improving the moisture stability
of PSCs.
26070 | J. Mater. Chem. A, 2021, 9, 26069–26076
Results and discussion

To investigate the signicance of ABHB treatment on the
MAPBI3 layer, varied concentration of the molecule was
deposited on top of the perovskite lm. Fig. 1b depicts the
deposition technique where varied concentrations of ABHB
molecule were dissolved in isopropanol (IPA) and deposited
over the perovskite through spin coating method. The X-ray
diffraction (XRD) patterns of the as prepared lms were
analyzed to estimate the effect of ABHB treatment (Fig. 1c). All
the samples reveal three signature diffraction peaks at �14.12�,
28.42�, and 31.12� for (110), (220), and (310) crystal planes,
respectively. The diffraction pattern along (110) and (220)
planes considerably enhances from pristine to the 2 mg mL�1

ABHB treated perovskite lm (Fig. S1a, ESI†). Moreover,
reduction in full width at half maxima (FWHM) is obtained for
the ABHB treated lm for all the diffraction peaks, signifying
enhanced crystallinity (Fig. S1b, ESI†). Hence, optimum lm
crystallinity is obtained for 2 mg mL�1 additive treatment. This
This journal is © The Royal Society of Chemistry 2021
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treatment can form a thin 2D layer on the top surface of the 3D
perovskite aer recrystallization.23,35

To conrm this, XRD depth prole analysis was performed
for both pristine and 2 mg mL�1 ABHB treated lms at varying
angles of incidence (u) from 0.2� to 1.2� (Fig. 1d). The perovskite
top surface was analyzed at a lower u scan since at a higher u
scan the X-ray beam will penetrate deep inside the lms. At
higher incident angles the FTO peaks start to appear which
suggests that the X-ray beam fully penetrates the lms. Again,
the ABHB treated lm illustrates a diffraction peak at �5.6� for
the (020) plane in the XRD scans at u ¼ 0.2� which reduces at u
¼ 0.4� and disappears at higher u values (Fig. S2, ESI†). This
diffraction peak at (020) is for the formation of the 2D phase
specifying that a thin 2D perovskite layer is formed over the 3D
perovskite aer ABHB treatment and resulting in a 2D–3D
graded heterostructure. Furthermore, a prominent peak shi is
noticed in the (110) plane to higher 2q values for the ABHB
treated lm, especially at lower u. This is due to the incorpo-
ration of Br� in the perovskite lattice. Usually, the shi of these
peaks to higher 2q values is very well known and noticed in
previous studies involving bromide addition for controlling ion
migration.36 A schematic illustration of defect passivation as
well as formation of the 2D–3D graded heterostructure has been
presented in Fig. 1e. Herein, using appropriate concentrations
of ABHB for perovskite treatment yielded the desired 2D layer
over the 3D perovskite through surface recrystallization. The
bromide ion efficiently lls the iodide vacancies in the treated
lm and reduces ion migration as well. The amine group
facilitates the top 2D layer formation over the 3D perovskite
through surface recrystallization. Additionally, the carboxylic
acid group can interact with other defects in the perovskite
Fig. 2 (a) J–V curves of pristine and varying concentration of ABHB trea
device, (c) hysteresis of the pristine device, (d) hysteresis of the ABHB
additive, and (f) steady state current measured at mpp for pristine and A

This journal is © The Royal Society of Chemistry 2021
layer.37,38 Further, the interaction between the carboxylic group
and perovskite was conrmed via Fourier transform infrared
spectroscopy (FTIR) spectroscopy (Fig. S3, ESI†). The peak for
the yC]O stretching of the carboxylic acid group in the ABHB
molecule considerably shis from 1682 to 1634 cm�1 suggest-
ing strong interaction with the perovskite.38,39

To explore the effect of ABHB treatment, photovoltaic
devices with the architecture of FTO/NiOx/Perovskite layer/
PC61BM/Rhodamine 101/Ag were fabricated (Fig. S4, ESI†). The
current density versus voltage (J–V) curves for the champion
devices are presented in Fig. 2a and Table S1 (ESI†). The
unmodied device offers a PCE of 15.14% with a FF of 70.7%,
VOC of 1007.5 mV and JSC of 21.25 mA cm�2. The PCE as well as
all the device parameters are signicantly improved with ABHB
treatment and the optimum device performance is achieved at
2 mg mL�1. The champion device displays an improved effi-
ciency of 21.18% with a FF of 81.9%, VOC of 1104.5 mV and JSC of
23.42 mA cm�2. To check the repeatability of the process 15
individual cells were fabricated and all the device parameters
were plotted in the form of a box chart (Fig. S5, ESI†). Optimal
distribution of all the device parameters is observed for 2 mg
mL�1ABHB treated devices which can be further proved from
the corresponding histogram plot (Fig. 2b). The pristine and
ABHB devices were measured at both forward (F) and reverse (R)
scans (Fig. 2c and d) to estimate the hysteresis index (HI). The
ABHB device exhibits a negligible hysteresis with a HI of 1.9% as
compared to 9.4% of the pristine device. This is due to the
better-quality perovskite lms with lower trap density, reduced
recombination and suppressed ion migration. External
quantum efficiency (EQE) measurements were also performed
where the ABHB treated device illustrates a better photo
ted devices, (b) histogram of 15 cells of the pristine and ABHB modified
passivated device, (e) EQE curves of devices without and with ABHB
BHB passivated PSCs.

J. Mater. Chem. A, 2021, 9, 26069–26076 | 26071
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response than the pristine device (Fig. 2e). The integrated JSC
calculated from the EQE spectra is in good agreement with J–V
results. The steady-state measurement of both pristine and
ABHB treated devices carried out to study the illumination
stability (Fig. 2f) revealed a stable PCE of �20.6% for 500
seconds, whereas, the untreated device degraded gradually over
time. To address the challenge of commercialization using this
2D–3D heterostructure approach, large area PSC devices (2 cm2)
have also been fabricated that revealed a high PCE of 18.81%
(Fig. S6, ESI†) conrming the scalability utilizing this method.

Field emission scanning electron microscopy (FESEM)
images of the lms with and without ABHB treatment (Fig. 3a
and b) show that the pristine lm exhibits an average grain size
of 273 nm which increases up to 431 nm upon ABHB treatment.
Compared to pristine, ABHB treatment leads to a superior
quality perovskite lm with a reduced grain boundary and
better surface coverage which signicantly enhance both the FF
and absorption as shown in UV-vis spectra (Fig. 3c). This is
because of the improved lm quality which boosts the light
harvesting property and results in higher JSC. However, the
ABHB treated lm gives a blue-shied absorption due to
a higher bandgap (Eg) which was conrmed from the Tauc plot
(Fig. 3d). This higher bandgap is due to the 2D–3D graded
heterostructure as well as the incorporation of the bromide ion
in the perovskite lattice leading to a high VOC of the ABHB
treated device. For a better understanding of the optoelectronic
properties and to investigate the trap states, Urbach energy (Eu)
was estimated using eqn (S1) (ESI†) from the ln(a) versus photon
energy plot (Fig. 3e).37,40 The pristine lm exhibits an Eu of 54.5
meV which decreases up to 48.8 meV aer ABHB treatment
Fig. 3 Surface FESEM images of (a) pristine and (b) ABHB passivated films
Tauc plot, (e) plot of ln(a) versus photon energy used to estimate Urbac
without ABHB treatment.

26072 | J. Mater. Chem. A, 2021, 9, 26069–26076
signifying low defect density as well as band edge disorder. To
further conrm the trap passivation, steady-state photo-
luminescence (PL) of the lms was recorded where the ABHB
treated lm reveals higher PL intensity than the pristine lm
(Fig. 3f). This indicates that the 2D–3D heterostructure can
passivate the defect states and lower the nonradiative recom-
bination.41 The PL peak of the ABHB treated lm experienced
a blue shi because of the cumulative effect of trap passivation
and bromide ion incorporation in the perovskite lattice.

Furthermore, an ultraviolet photoelectron spectroscopy (UPS)
study was carried out to determine the energy level alignment of
perovskite lms with and without ABHB treatment (Fig. 4a). The
highest occupied molecular orbital (HOMO) & the lowest unoc-
cupied molecular orbital (LUMO) energy levels and the Fermi
energy (EFermi), of perovskite lms are estimated from the equa-
tions of EFermi ¼ (Ecutoff � 21.22 eV), EHOMO ¼ (EFermi � Eonset),
and ELUMO¼ (EHOMO + Eg). Ecutoff and Eonset are obtained from the
UPS spectra while the Eg was estimated from the Tauc plot
(Fig. 3d). Aer ABHB treatment, all three energy levels reveal
a slight upward shi. The UPS depth prole was also performed
on the ABHB treated perovskite lm which displayed the
formation of a graded 2D–3D heterostructure up to a depth of
approximately 110 nm (Fig. S7a and b, ESI†). The obtained energy
level diagram (Fig. 4b) reveals the charge transport mechanism
from the 2D–3D interface to the PCBM layer. The continuously
raised LUMO level of the 2D–3D graded perovskite facilitates easy
electron ow towards the cathode. It simultaneously blocks the
electron backow from PCBM to the perovskite and mitigates
carrier recombination due to the increase in the energy barrier.
Thus, the ABHB treated devices reveal high VOC.
. (c) UV-vis absorption spectra of the pristine and ABHB treated films, (d)
h energy, and (f) steady state PL spectra of perovskite films with and

This journal is © The Royal Society of Chemistry 2021
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Fig. 4 (a) UPS analysis of pristine and ABHB treated films. The cutoff
(left) and onset (right) regions of UPS, and (b) schematic illustration of
energy level alignment at the perovskite and PCBM interface.
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For more insight about the interfacial charge carrier
dynamics, charge transport and defect passivation, the pristine
and ABHB treated devices were characterized with a few specic
Fig. 5 (a) Mott–Schottky plots, (b) variation of C with frequency, (c) dark J
Jph versus Veff characteristics with a double-logarithmic axis for the prist
versus light intensity plot.

This journal is © The Royal Society of Chemistry 2021
analyses. Carrier extraction at the device interface was studied
withMott–Schottky (MS) analysis (Fig. 5a), from which the built-
in potential (Vbi) and interfacial charge density (N) can be
calculated using eqn (S2) (ESI†).42 ABHB treated devices reveal
a higher Vbi value of 1.06 V than the pristine device (0.93 V)
which leads to better VOC. The improved Vbi of the ABHB
modied device is due to the thin 2D–3D graded perovskite
heterostructure which leads to better charge separation, trans-
portation, and collection. The pristine device reveals an N value
of 6.81 � 1016 cm�3 which decreases to 3.17 � 1016 cm�3 aer
ABHB treatment. A reduced N indicates lower accumulation of
charges at the interface because of effective charge extraction.
This further conrms that more number of photogenerated
charges are getting transported from the perovskite active
layer.43 The capacitance–frequency (C–f) analysis shows that the
ABHB treated device exhibits a lower capacitance in the low
frequency region which further signies better interfacial
charge transport due to passivation of traps (Fig. 5b).44 This
leads to improved JSC and reduced hysteresis of the ABHB
treated device. Moreover, dark J–V measurements were per-
formed to have better understanding about the charge transport
behavior (Fig. 5c). The ABHB treated device exhibits a lower
leakage current along with a decreased reverse saturation
current resulting in lower charge recombination and enhanced
carrier transport.

Fig. 5d shows the photocurrent density (Jph) versus effective
voltage (Veff) plot, where Jph is the current density variation
between dark and light and Veff is the variation between the
applied voltage and the voltage at which Jph ¼ 0. In the lower
–V characteristics of the devices with and without ABHB treatment, (d)
ine and passivated device, (e) JSC versus light intensity plot, and (f) VOC

J. Mater. Chem. A, 2021, 9, 26069–26076 | 26073
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and higher (saturation region) Veff region, Jph is higher for the
ABHB treated device which signies an enhanced generation
rate and results in improved JSC. Fig. 5e represents JSC
measurements with respect to light intensity where the slope is
near to unity for the ABHB treated device indicating better
carrier transport due to lower recombinational loss. Fig. 5f
reveals the VOC versus light intensity plot and can provide
important understanding about the charge recombination
mechanism.45 The obtained slopes for the pristine and ABHB
treated devices were 1.57KBT/q and 1.24KBT/q, respectively
(where KB, T, and q are the Boltzmann constant, absolute
temperature and elementary charge respectively). The ABHB
treated device exhibits an ideality factor closer to one whereas
the pristine device reveals a higher value. From this result it can
be said that recombination is largely suppressed for the ABHB
treated device.

Impedance spectroscopy (IS) was performed to study about
the charge recombination. Nyquist plots at various biases were
taken for pristine and ABHB treated devices. All the curves were
tted with a corresponding circuit presented in the inset of
Fig. 6a to acquire the values of recombination resistance (Rrec)
and capacitance (C). The curve obtained at 0.75 V (Fig. 6a)
reveals that there is a signicant increase in Rrec in the ABHB
treated device which indicates that the loss of the photo-
generated charges has reduced leading to an increase in VOC.
This is most likely due to the increase of the energy barrier at
the 2D–3D graded perovskite. The changes of Rrec with applied
bias, as revealed in Fig. 6b, show that the ABHB treated device
exhibits a higher Rrec than the pristine device for all voltages.
This signies ABHB treatment can effectively suppress the
Fig. 6 (a) Nyquist plots of the devices with and without ABHB. (b) Rrec va
trap density of states (DOS) versus electron energy level. (e and f) dark J–
devices respectively.

26074 | J. Mater. Chem. A, 2021, 9, 26069–26076
charge recombination due to reduced defect states and better
charge transfer ability. Fig. 6c illustrates the C versus applied
bias plot where the pristine device shows a higher capacitance
than the modied device. Hence, the probability of charge
trapping is lower for the ABHB treated device. Further, trap
density states (t-DOS) have been derived from the C versus
applied bias plot (Fig. 6d) by exponential tting of eqn (S3)
(ESI†).38,46,47 In contrast to the pristine device, the modied
device has lower t-DOS with narrower distribution which can be
well correlated with the results attained from the Eu calculation.
Besides, the narrower distribution conrms that the deep trap
states in the ABHB modied device have reduced. Furthermore,
the dark J–V measurements of the hole-only device (Fig. 6e and
f) were used to extract the value of trap density (Nt) using eqn
(S4) (ESI†). The pristine device exhibits a higher Nt of 7.99 �
1015 cm�3 than the ABHB treated device (3.14 � 1015 cm�3).
Consequently, it is evident that the ABHB treated 2D–3D layer
can signicantly decrease the trap states in the perovskite and
enhance the PSC device performance.

Along with trap passivation and efficiency improvement, the
upper 2D layer can efficiently restrict the moisture penetration
into the lattice of the perovskite. To verify this, contact angle
measurement has been carried out where the ABHB treated lm
reveals improved hydrophobicity with a higher contact angle of
87.5� than the pristine one with a contact angle of 46.1�

(Fig. 7a). The stability of the lms was further analyzed with
XRD measurements where the lms were stored at 40–50%
relative humidity for a thousand hours (Fig. 7b). Aer aging, the
XRD pattern of the ABHB treated lm remains unchanged,
whereas a strong peak for the PbI2 phase (degraded phase)
riation with different biases, (c) variation of C with variable bias, and (d)
V characteristics from hole-only devices of pristine and ABHBmodified

This journal is © The Royal Society of Chemistry 2021
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Fig. 7 (a) Contact angle measurement of pristine and ABHB treated films, (b) XRD patterns of perovskite films aged at a relative humidity of 40–
50%, and (c) normalized VOC, JSC, FF and efficiency of pristine and ABHBmodified devices aged at room temperature at a relative humidity of 40–
50%.
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appears for the pristine lm. To validate these results, device
stability was measured in a similar environment (Fig. 7c and S8,
ESI†). For the ABHB treated device, all the device parameters
(JSC, VOC and FF) exhibit almost negligible changes. Although,
VOC remains nearly constant for the pristine device, all other
device parameters start to degrade rapidly over time. Conse-
quently, the ABHB treated device retains �95% of its initial
efficiency; in contrast, the pristine device retains only �30%.
This incredible enhancement of ambient stability upon ABHB
treatment is due to the formation of the 2D layer over the 3D
perovskite. A comparative table with recent literature of MAPbI3
based 2D–3D graded perovskites is presented in Table S2 (ESI†).
Conclusions

In summary, a facile and highly effective dimensionality engi-
neering strategy has been established through which a 2D–3D
graded heterostructure has been formed with improved surface
morphology aer precise treatment with ABHB. The amine and
carboxylic acid groups effectively decrease the trap states while
the bromide ions ll the halide vacancies by incorporating into
the perovskite lattice. This 2D–3D perovskite efficiently mini-
mizes carrier recombination, and offers enhanced charge
transport and a higher generation rate. Consequently, the ABHB
treated devices show outstanding efficiencies up to 21.18%
(0.12 cm2) and 18.81% (2 cm2). Further, the devices with the 2D
layer on top showed improved stability under ambient condi-
tions due to better hydrophobicity. This method thus provides
deeper insights into the dimensionality engineering strategy to
develop 2D–3D graded perovskites for achieving high perfor-
mance and stable photovoltaic devices, and it also has the
potential to address the challenge of economical scalability.
This journal is © The Royal Society of Chemistry 2021
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