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Compositional Gradient of Mixed Halide 2D Perovskite
Interface Boosts Outdoor Stability of Highly Efficient
Perovskite Solar Cells

Matteo Degani, Riccardo Pallotta, Giovanni Pica, Masoud Karimipour,
Alessandro Mirabelli, Kyle Frohna, Miguel Anaya, Tianyu Xu, Chang-Qi Ma,
Samuel D. Stranks, Monica Lira Cantù, and Giulia Grancini*

Interface engineering using self-assembled 2D perovskite interfaces is a
consolidated route to efficient and durable perovskite solar cells. Whether the
2D perovskite forms a homogeneous conformal layer or is heterogeneously
distributed on the surface, interface defects are passivated, leading to a
general improvement in the device’s open circuit voltage (VOC) and stability.
Here, an innovative strategy is developed for manipulating the composition of
the 2D/3D perovskite interface that results in the formation of a gradient
halide distribution, which extends from the surface to the bulk. The use of a
bromide-based 2D perovskite triggers a progressive Br/I exchange, affecting
not only the surface but also the perovskite underneath. As a result, not only
the device VOC improve, as expected, but also the photogenerated current is
boosted, leading to a device efficiency of up to 24.4%. Such mixed halide
gradient effectively passivates surface and bulk defects making the perovskite
active layer more efficient and robust, as demonstrated by the superior device
stability showing zero losses in performances upon 36 days (more than 800 h)
test in outdoor conditions, those ones relevant for a marketable product.

1. Introduction

Surface passivation of 3D perovskite with an interfacial 2D per-
ovskite layer is a common and effective strategy to improve device
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longevity while simultaneously boost-
ing device power conversion efficiency
(PCE). Owing to their layered structure,
superior hydrophobicity and thermosta-
bility have been demonstrated.[1,2] Con-
comitantly, 2D perovskite passivates sur-
face defects,[3] reducing non-radiative re-
combination losses, and thus improving
both open circuit voltage (VOC) and Fill
Factor (FF).[4] This passivation effect oc-
curs regardless of whether the 2D per-
ovskite forms a continuous or a non-
uniform distributed one, or even if it
does not form at all, leaving the organic
salts acting as surface modifiers. Differ-
ent organic moieties have been tested for
2D passivation,[5] consisting of aromatic,
aliphatic, or even ad hoc functionalized
molecules. To form the salt precursor,
the organic unit is bound to a halogen
atom, which is most commonly iodine.[5]

By contrast, here we screen
different halogens (I, Br, Cl) forming a 4-
methylphenethylammonium X salt (MPEAX, X = Br, I, Cl),
which we dispersed on top of a formamidinium based (FAPbI3)
perovskite surface. Solar cells treated with MPEAX salts showed
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Figure 1. Photovoltaic performance of the passivated PSC. a) Schematic illustration of a stack of the passivated PSC. PV parameters b) Voc, c) Jsc, d)
FF and e) PCE. Characteristic JV curve of the best-passivated device.

increased VOC compared with the non treated ones, due to sur-
face trap passivation. Interestingly, when Br-based salt is used,
Br/I exchange is induced,[6] leading to a compositional halide
gradient, which extends from the surface to the perovskite bulk.
The 2D perovskite consists of a mixture of MPEAPb2(IxBr1-x)4
with a Br gradient concentration that starts low at the surface
and increases deeper in the perovskite bulk. As a result, surface
but also bulk passivation occurs, enhancing device VOC and FF
at one side, and device photocurrent at the other, ultimately
leading to a champion PCE device of 24.4%. Our innovative
strategy demonstrates that due to the soft nature of the per-
ovskite structure, a surface passivation method can also perturb
the active layer bulk. The resulting compositional gradient
extends through one third of the bulk thickness of the perovskite
layer, with a concomitant boost of the surface and bulk material
properties. Device longevity is remarkably enhanced, as tested
under outdoor conditions for 850 h, which means more than
800 h, which are those ones relevant for a marketable product,
making up a reliable proof of concept potentially relevant to
shorten the time to market for perovskite photovoltaics.

2. Results and Discussion

Figure 1a shows a schematic representation of the fabricated
solar cell architecture in nip configuration. FAPbI3 is sand-
wiched in between tin oxide (SnO2) as the electron transport
layer (ETL) and spiro-OMeTAD as the hole transporting layer
(HTL). Here we use a commercial colloidal solution of SnO2 em-
ploying bulk passivation agents in the SnO2 matrix as a con-
solidated way to improve the material quality (see details in
Figure S1, Supporting Information) and, therefore, the device

interface.[7] To engineer the perovskite/HTL interface, we em-
ploy a 4-methylphenethylammonium X salt (MPEAX, X = Br, I,
Cl) dissolved in isopropyl alcohol (IPA) as the precursor for the
in situ formation of a 2D perovskite layer. Upon screening dif-
ferent halides, we focus our optimization on Br- based salt used
as a passivation layer, given the highest performances reached
(see Figures S2 and S3, Supporting Information). Figure 1b–e
shows the photovoltaic (PV) parameters of the resulting device
upon MPEABr surface passivation. First, we observe a narrower
distribution of all photovoltaic (PV) parameters with respect to
the control devices, indicative of a highly reproducible passiva-
tion method, with a concomitant improvement in the device VOC,
short circuit current (JSC) and FF across the 35 investigated de-
vices. PCE above 24% has been reached (Figure 1f), with no hys-
teresis in the current-voltage characteristics and without loss in
the stabilized power output (Figure S4a, Supporting Informa-
tion). As expected, surface passivation actively improves device
FF and VOC, as is commonly observed in this type of junction.[4]

Notably, device FF as high as 82% have been reached, demon-
strating that our high-quality device interfaces minimize resis-
tive loss channels.[8] By contrast, the observed improvement in
the device (short circuit current density) JSC (confirmed by Inci-
dent Photon to Current Efficiency, IPCE, Figure S4b, Supporting
Information) of more than 15% is unexpected. To give a ratio-
nal explanation of this behavior, we have first investigated the 2D
processing conditions, focusing on – the effect of the surface ther-
mal treatment in the 2D formation.[9–11] For the device shown in
Figure 1 there is no post-treatment annealing step, resulting in
a slower interaction between the organic salt and the perovskite
surface. Figure S5 (Supporting Information), by contrast, re-
ports the photovoltaic (PV)903083 parameters of the same device
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Figure 2. Structural analysis of perovskite thin films. Core level XPS spectra of the a) Br 3d b) N 1s. 2D GIWAXS patterns respectively of the c) control
and of the d) passivated sample. Intensity versus q in the out-of-plane direction with different incident angles of the e) control and f) MPEABr sample
with a magnification where the peak of 2D perovskite is present.

including an annealing step after the surface treatment. The an-
nealing step slightly improves the VOC, while the JSC dramatically
reduces as well as the device FF, leading to an overall reduction
in the performances. The formation of a more compact 2D layer
induced by annealing is in this case detrimental, possibly related
to the formation of an extraction barrier at the interface, limit-
ing the JSC and the FF, in agreement with other recent literature
reports.[12]

To elucidate the reason behind the net gain in the device
performances for the passivated devices without any annealing
step, specifically for FF and JSC, we employed a combination of
surface-sensitive techniques with optoelectronic device charac-
terization. First, to understand the reasons behind the FF im-
provement, we performed a transient photocurrent (TPC) anal-
ysis, as shown in Figure S6a (Supporting Information). The TPC
data show a longer decay time for the control (of 5.08 μs) com-
pared to the MPEABr -2D treated sample (of 2.11 μs), indicating
a faster charge extraction for the latter, which can explain the FF

improvement.[13] The slower decay in the transient photovoltage
(TPV) for the MPEABr -2D treated device, as shown in Figure S6b
(Supporting Information), with respect to the control, indicates a
lower recombination rate, which can explain the VOC enhance-
ment. A shorter carrier lifetime is indeed the result of higher
non-radiative charge recombination, in agreement with the PV
parameters.[14]

To understand the reason behind the different PV parameters,
we elucidate the structural/chemical properties of the MPEABr
treated sample. First, we analyzed the surface composition of
the MPEABr treated film by means of X-ray photoelectron spec-
troscopy (XPS). Results are shown in Figure 2a,b (Figure S7 for
the MPEABr annealed device, Supporting Information) where we
identified the Br 3d[15] peak at 69 eV, and the C─C─NH3+ peak at
402.3 eV, ascribed to the organic salt,[16] confirming the presence
of the MPEABr on the surface. The peak at 400.8 eV is related
to C═NH2+[17] moiety on the FA cation. Additionally, ultravio-
let photoelectron spectroscopy (UPS) has been applied to retrieve
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Figure 3. Optical measurement on perovskite thin films. a) 60 × 60 μm PL map of the MPEABr passivated perovskite excited at 405 nm and collected at
450 nm. b) PL spectrum of the low dimensional perovskite and inset a zoom in the 435–520 nm region showing the emission from the 2D perovskite.
c) Time decays of the PL signal for both reference and 4-MPEABr thin film on glass d) PLQY of both reference and MPEABr samples.

the energy band diagram of the perovskite (Figure S8, Support-
ing Information).[18] The surface energetics shifted from −4.18
CB and −5.69 VB for the control sample to −3.87 CB and −5.38
VB for the MPEABr sample, indicating a structural modification
induced by the Br passivation. As a result, the energy band align-
ment allowed for a better charge extraction, which reflected the
higher JSC and FF.

To better understand the structural composition, we per-
formed grazing incidence wide-angle X-ray scattering (GI-
WAXS) measurements on both the control and passivated films
(Figure 2c,d,e,f, respectively). The passivated sample shows a
peak ≈q = 0.37 Å−1 (absent in the control), which is related to the
formation of a 2D perovskite layer. Additionally, from the diffrac-
togram, we observe a preferential horizontal stacking orientation
of the spacer cation in the passivated sample, as the diffraction
peak is stronger in the out-of-plane direction. To gather informa-
tion on the 2D perovskite distribution as a function of depth, we
measured the GIWAXS pattern at increasing X-ray incident an-
gles, allowing us to analyze deeper within the bulk of the halide
perovskite. Going deeper, we observe a progressive decrease in
the intensity of the peak associated with the 2D. The 2D peak is
detectable up to an incident X-ray angle of 0.4° (Figure 2f). By
working out of the X-ray penetration depth, we estimate that the
above-mentioned peak is discernible up to 170 nm into the bulk
of the sample.[19] The penetration of Br into the FAPbI3 layer was
confirmed by Time-of-Flight Secondary Ion Mass Spectrometry
(ToF-SIMS, Figure S9, Supporting Information). This indicates
that while the 2D perovskite is mainly located at the surface, it has
also penetrated deeper in the bulk of the perovskite absorber. To
better understand the chemical nature of the 2D layer, we mon-
itored the 2D peak position as a function of incident angle. As

the X-rays probe deeper in the sample the peak shifts from 0.375
to 0.36 Å−1 (Figure 2f). This result suggests a compositional dif-
ference between the perovskite surface and the bulk underneath.
In particular, the shift is consistent with a gradual change going
from a MPEAPb2(IxBr1-x)4 at the surface, to 2D with a higher Br
content deeper in the bulk. Notably, this shift is consistent with
XRD results of pure MPEA2PbI4 and MPEA2PbBr4 (Figure S10,
Supporting Information).[20]

To further verify the surface passivation effect and the presence
of the MPEAPb2(IxBr1-x)4, we measured the hyperspectral Photo-
luminescence (PL) signal by mapping the nanodistribution of the
PL signal from the 2D phase, as well as the bulk PL lifetime and
Quantum Yield (PLQY).

From the PL map, specifically collected at 450 nm to moni-
tor the emission from the wide band gap 2D MPEAPb2(IxBr1-x)4,
we observe a spatially non-uniform signal over the whole sur-
face of the treated sample (Figure 3a), instead absent in the ref-
erence thin film (Figure S12, Supporting Information). Notably,
despite the observation that the nanoscale distribution of the 2D
perovskite emission is not uniform across the surface, its effect
is beneficial,[3] contributing to the ongoing debate on whether a
conformal layer of 2D perovskite is better over a non-conformal
one.[21] The full PL spectra at those regions (Figure 3b) display a
major peak above 800 nm, which is assigned to the FAPbI3 emis-
sion. At shorter wavelengths, we observe a double peak at 460 and
490 nm, as shown in the magnification in Figure 3b. This broad
peak can be attributed to the emission from MPEA2Pb(I1-xBrx)4
mixed-halide phases. Interestingly, this observation indicates that
the Br can infiltrate in the octahedra creating a mixed 2D phase,
in agreement with the GIWAXS data. Indeed, the PL shifts from
both the pure iodide 2D emission at 520 nm,[22] and the pure
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Figure 4. Outdoor stability measurement was carried out with the passivated device following the ISOS-O-1 protocol. Obtained outdoor MPP values of
the encapsulated devices (ISOS-O-1 at Barcelona, 41.5021°N, 2.1039°E, Spain) for 850 h. See methods for full details of the MPP tracking protocol, the
starting efficiency of the device measured with the solar simulator is 23.49%. Full data is shown in Figure S15 (Supporting Information).

bromide 2D, which is ≈410 nm.[23] To further confirm this as-
signment, we have prepared a 2D thin film of MPEA2PbI2Br2
and compared it with the one obtained by passivation (shown in
Figure S13, Supporting Information). The resulting PL shows
more than one peak in a given spatial region between 410–
520 nm depending on the Br/I ratio.[24]

Overall, the PL and GIWAXS data confirmed that a mixed
halide phase is formed from the perovskite surface to the bulk.
We suggest that this is related to the fact that the MPEABr salt
reacts with the excess of lead iodide present in the precursor
solution and, due to thermodynamically favored miscibility be-
tween Br and I, Br can enter in the structure creating such
a mixed halide phase. To understand the effect of the pene-
tration of the MPEA2PbBr4 rich-phase in the perovskite bulk,
we measure the PL lifetime (Figure 3c) and PLQY (Figure 3d).
Figure 3c displays the PL decay after pulsed photoexcitation (at
470 nm wavelength)[25] of both reference and 4-MPEABr-based
film. From the passivated films, the charge carrier lifetime elon-
gates from 17.3 ns to 74.2 ns (see Table in Figure S14, Sup-
porting Information). This indicates that the MPEA2PbBr4 rich-
phase also affects the bulk improving the overall quality of the
perovskite film.[26,27] In agreement, Figure 3d shows a 3 × in-

crease in the PLQY, confirming, along with the device results,
a beneficial effect of the Br-based 2D passivation.

Finally, to test the stability of our cells, we performed outdoor
stability analysis according to the ISOS-O-1 protocol.[28] The sam-
ples were analyzed after careful encapsulation and the stability
test was carried out at Barcelona, Spain, 41.5021°N, 2.1039°E.
Notably, these are the optimal conditions for an accelerated test,
mimicking real solar cell operation. Figure 4 shows a minimal
loss in stability of the devices. Indeed, during the outdoor Maxi-
mum Power Point (MPP) tracking, devices showed stable perfor-
mance after 850 h in summertime conditions, which entail am-
bient temperatures ranging from 15–35 °C and relative humidity
(RH) between 40–90%. The high stability of the MPEABr devices
was strictly related to its minimal hysteresis and passivated de-
fects, as confirmed by PLQY analysis, which are key aspects to
consider in order to improve the long-term stability of perovskite
solar cells.

3. Conclusion

In conclusion, we demonstrated an innovative method of 2D/3D
passivation leading to the formation of a compositionally graded
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interface, which had a double beneficial role on the device per-
formances. Using a Br- based salt precursor we induced the for-
mation of the PEA2Pb(IxBr1-x)4 2D phase where Br substituted
I in the inorganic structure. Such 2D structure formed a non-
homogeneous layer on the top surface, responsible for the en-
hancement in the device VOC and FF. The bulk passivation ef-
fect of the halide perovskite with the 2D phase it was responsible
for the observed increase in the device JSC. Such double passi-
vation allowed us to obtain remarkably highly efficient solar cells
with more than 24% efficiency and excellent outdoor stability. Im-
portantly, we demonstrated stability over 1 month preserving the
state of the solar cells, enabling them to perform well even under
challenging conditions such as hot and rainy days. This is crucial
to assess the validity of perovskite technology for the near future
realization of a marketable technology.

4. Experimental Section
All solvents and chemicals were used as purchased without fur-

ther purification. Acetone (extra pure, 99+%), isopropanol (IPA, 99.5
+ %), and chlorobenzene (CB, extra dry, 99.8%) were purchased
from Acros Organics. Tin (IV) oxide (SnO2 15% in H2O) and N,N-
dimethylformamide (DMF, anhydrous, 99.8%) were purchased from
Alfa Aesar. Dimethyl sulfoxide (DMSO, anhydrous, ≥99.9%), methy-
lammonium chloride MACl, N2,N2,N2′,N2′,N7,N7,N7′,N7′-octakis(4-
methoxyphenyl)-9,9′-spirobi[9H-fluorene]-2,2′,7,7′-tetramine (Spiro-
OMeTAD, 99%, HPLC), Bis(trifluoromethane)sulfonimide lithium salt
(Li-salt, 99.95%), acetonitrile (ACN, anhydrous, 99.8%), and 4-tert-
butylpyridine (4-tBP,98%) were purchased from Sigma-Aldrich. Lead
iodide (PbI2, >98.0%) was purchased from TCI. Formamidinium iodide
(FAI, >99.99%) and 4MPEABr were purchased from GreatCell Solar
Materials. For the fabrication of PSCs, indium tin oxide (ITO)-coated
glass substrates were consecutively cleaned in acetone and IPA by
ultrasonicating for 15 min for each solvent. Substrates were dried with
N2 airflow and treated for 10 min in an oxygen-plasma cleaner (ZEPTO,
Diener Electronic). SnO2 colloidal dispersion was diluted to 10% in
water and KI was added with a concentration of 3 mg ml−1 and 40 μL
were spin-coated onto ITO/glass substrates and annealed at 150 °C for
30 min. SnO2-coated substrates were subjected to UV-ozone treatment
for 30 min.

The perovskite precursor solution (1.2 M) was prepared by dissolving
PbI2 and FAI powders in a DMF/DMSO = 4/1 solution with 5% PbI2 ex-
cess. For bulk treatment, 35 mol% of MACl was added to the solution.[29]

25 μL of the final solution were deposited on the SnO2-coated substrates
and spin-coated with a three-step procedure: in the first step substrates
were spinned at 1000 rpm for 12 s, the second step proceeded at 5000 rpm
for 27 s, while the last step was a speed reduction of 4 s. 9 s after the be-
ginning of the second step, 150 μL of CB were dropped onto the spin-
ning substrate for an antisolvent procedure. Subsequently, substrates were
annealed at 150 °C for 10 min. For the surface passivation of the per-
ovskite, 50 μL of a solution 0.01 m of MePEABr in IPA was dynamically
spin-coated onto the perovskite layer at 5000 rpm for 30 s. To fabricate the
HTL, Spiro-OMeTAD was dissolved in CB to produce an 80 mg mL−1 solu-
tion. The solution was doped by adding 17.5 μL of Li-salt dissolved in ACN
(520 mg mL−1 in ACN) and 28.8 μL of 4-tBP to 1 mL of Spiro-OMeTAD
solution in CB. 10 μL of the final solution were spin-coated onto the per-
ovskite layer. Finally, 80 nm of Au was thermally evaporated on the device.
The evaporation speed was adjusted to 0.01 nm s−1 for the first 5 nm,
0.02 nm s−1 from 5 to 15 nm, and 0.08 nm s−1 for the rest of the proce-
dure.

Devices were characterized through current density voltage measure-
ments performed in ambient conditions under simulated AM1.5 light with
an intensity of 100 mW cm−2 (Wavelabs-Sinus 70). The intensity was cali-
brated using a Si reference cell. Cells were scanned using a Keithley 2450

source-meter backward and forward from 1.2 to −0.1 V, with a scanning
velocity of 100 mV s−1. The pixel area was 3 by 1.5 mm. The stability mea-
surements were performed at the maximum power point under ambient
air2 using a stability box (Litos Lite) from Fluxim, coupled with a Wave-
labs solar simulator continuously illuminating the devices. The spectrum
used for the stability measurements was the same as the current density
voltage measurements. IPCE measurements were performed in ambient
air conditions with a Cicci Research Arkeo steady-state tests module. The
wavelength scan range was set between 300–900 nm. TPV analyses were
performed in ambient air conditions with a Cicci Research Arkeo transient
tests module. Measurements were conducted under constant 1 sun illu-
mination and the constant bias was perturbed with short light pulses of
200 μs width. MPP tracking measurements were operated in an inert atmo-
sphere (0% relative humidity, 0% H2O, 0% O2) with Fluxim- Lithos Lite,
employing a scan rate of 10.0 mV s−1 over a range of −0.1–−1.2 V. Dur-
ing measurements, a shadow mask of 1.25 mm2 area was used to cover
the devices. PL emission maps were acquired using a wide-field, hyper-
spectral imaging microscope (Photon, etc. IMA VIS). The maps were de-
tected with a front-illuminated, low-noise charged-coupled device camera
that was thermoelectrically cooled down to 0 °C. A power-tunable 405 nm
laser with an intensity of 100 mW cm−2 (spot size diameter is ≈150 μm)
was used as the excitation source for PL. To block the 405 nm laser reflec-
tion, a 420 nm long-pass filter was placed in the detection pathway. XPS
and UPS were conducted by employing SPECS Phoibos 150 hemispheri-
cal energy analyzer with X-ray beam of Al K𝛼 with a beam width of 100 μm
equipped with auto-neutralization and total energy resolution of 2.9 meV.
The spectra were calibrated regarding the atomic orbital of C 1s 284.8 eV.
GIWAXS data was collected at the I07 Surface and Interface Diffraction
beamline at the Diamond Light Source (Didcot, UK). The beam energy
was 10 keV (1.239841 Å). The scattered beam was collected by a Pilatus
2 m large area detector at a sample-detector distance of 404 mm and cali-
brated with a lanthanum hexaboride (LaB6) sample. The incidence angles
were scanned from 0.004° to 0.6° with a 0.02° step and frame exposure of
1 s to gather diffraction patterns from both surface and bulk areas of the
films. The sample chamber was continuously purged with a 2 l min−1 He
flow. Data was processed with the DAWN software package. To determine
the X-ray penetration depth was first calculated the density of a general
cubic FAPbI3 from the lattice parameter 6.36 Å[30] and the atomic masses,
which is ≈ 4 gm × cm−3, and then use the database from the Center for X-
ray Optics of the Lawrence Berkeley National Laboratory to obtain a match
between grazing incidence angle and attenuation length. The devices used
for the stability measurement had an active area of 21 cm2 and were encap-
sulated with UV epoxy glue. First metal frameworks were connected to the
contacts of the devices, then the active area was covered with a UV-curing
epoxy and then the top glass was placed and exposed to a UV light source
for 10 min. For the study, ISOS-O protocol was used. The missing data
are due to maintenance-related power shutdowns on site and after “*” in
Figure 4 the device had a lower power respect with the beginning also due
to the power shutdown, but no drop in performance due to degradation is
visible on the device.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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