
13332 |  J. Mater. Chem. C, 2024, 12, 13332–13342 This journal is © The Royal Society of Chemistry 2024

Cite this: J. Mater. Chem. C,

2024, 12, 13332

Alumina nanoparticles enable optimal
spray-coated perovskite thin film growth on
self-assembled monolayers for efficient and
reproducible photovoltaics†

Elena J. Cassella,‡a Robert D.J. Oliver, ‡b Timothy Thornber,a Sophie Tucker,ac

Rehmat Goodwin,ac David G. Lidzey*a and Alexandra J. Ramadan *a

The power conversion efficiencies of metal halide perovskite photovoltaics have increased rapidly over the

past decade attracting significant academic and industrial interest. The ease with which high performance

perovskite photovoltaics can be fabricated through solution processing routes has opened up significant

possibilities for fabrication through existing, industrially mature high-throughput solution coating techniques

such as spray-coating. The power conversion efficiencies of spray-coated metal halide perovskite

photovoltaics are limited by non-radiative recombination at the interfaces with charge transport layers

necessitating the implementation of new charge transport layers. The self-assembled monolayer (SAM) charge

transport layers have resulted in record perovskite photovoltaic device performances, due to reduced non-

radiative recombination. However, poor wettability associated with some SAMs significantly limits their

applicability, this is exaggerated for droplet-based scalable technologies like spray-coating. Here we report an

optimised aluminium oxide nanoparticle interlayer which enables spray-coating of triple cation metal halide

perovskite thin films and devices onto Me-4PACz (([4-(3,6-dimethyl-9H-carbazol-9-yl)butyl]phosphonic acid)).

Our interlayer results in improved structural and optoelectronic properties of spray-coated perovskite thin

films, compared to those fabricated through spin-coating. These improved properties enable the fabrication of

p–i–n photovoltaic devices with efficiencies over 20% – some of the highest reported for both spray-coated

devices in p–i–n architecture, and devices having a spray-coated ‘‘triple cation’’ perovskite active layer.

Introduction

Metal halide perovskite semiconductors have attracted consid-
erable research interest as they possess excellent optoelectronic
properties1–4 and can be fabricated through a range of solution
and evaporation based processing routes.5 In combination this
makes them incredibly versatile and attractive for a range of
optoelectronic device applications.6–9 The solution processabil-
ity of metal halide perovskites allows for their fabrication
through a variety of deposition techniques compatible with
high-throughput, roll-to-roll manufacturing processes. Of these

techniques, ultrasonic spray-coating is an industrially mature
option for which exceptionally high speeds and material usage
have been demonstrated.10,11 Ultrasonic spray-coating there-
fore represents an attractive route towards the realisation of
high-throughput, low-cost, production of perovskite photovol-
taics, a critical element in the drive towards commercialisation.

Interfacial recombination is a major energetic loss pathway
for all perovskite photovoltaics, regardless of processing
method, constraining their open-circuit voltage.12 A key driver
of interfacial recombination is mismatch in the energetic
alignment at the interfaces between the perovskite semicon-
ducting layer and electron and hole charge transport layers.13,14

In an effort to overcome this, new charge transporting layers
with a range of energy level positions have been developed and
explored in photovoltaic devices. A successful example of this is
the carbazole-based self-assembled monolayers (SAMs) which have
boosted reported performances of perovskite photovoltaics by
significantly reducing the non-radiative recombination at the per-
ovskite/hole transport layer interface in p–i–n photovoltaics.15,16

Whilst these SAM materials have resulted in a substantial increase
in device performance and stability,17,18 several challenges remain.
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Solution processing of a perovskite layer atop these SAMs can
prove extremely challenging due to inadequate wetting of the
perovskite.19,20 This effect arises from the polarity mismatch
between the underlying charge-transporting layer and the per-
ovskite precursor solvent.21,22 This impacts the reproducibility
of photovoltaic device fabrication and hinders the implementa-
tion of these SAMs particularly for scalable solution coating
techniques.

To mitigate these wetting issues, a wide number of strategies
have been adopted to improve the surface coverage of perovskite
films onto these materials. These include solvent engineering,19,23,24

interfacial modification, co-deposition of two SAMs,20,25 co-
deposition with a semiconducting polymer,26 co-deposition with
the perovskite precursor solution,27 and thermal evaporation
of the SAM layer.28 Interfacial modification of the SAM layer through
the introduction of an interlayer has proven particularly successful in
its broad applicability to a range of perovskite compositions.29–32

Furthermore, a wide range of potential interlayers can be employed
such as semiconducting polymers33 or metal oxides34–36 and depos-
ited through a range of fabrication routes.

Critically, few studies have explored the applicability of such
wetting-enhancement strategies to commercially-relevant,
large-area deposition technologies. This is particularly impor-
tant for droplet-based methods such as spray-coating, which
present unique film formation challenges compared to spin-
coating or meniscus-assisted techniques such as slot-die or
blade coating. Centrifugal forces distribute solutions evenly
across substrates during spin-coating, whilst meniscus-as-
sisted coating leverages capillary action to facilitate uniform
thin film formation. Contrastingly, droplet-based methods
deliver a droplet mist of the coating solution to the surface
which must then coalesce. The surface free energy of the
substrate is therefore crucial in determining the wetting beha-
viour and subsequent film formation.37,38 A high contact angle
between the spray-coated droplets and the substrate means that

the droplets tend to bead up rather than spread out and coalesce.
This can lead to the formation of gaps, pinholes, or discontinuities
in the resulting perovskite thin film. Despite additional film
formation challenges, spray-coating is a scalable solution proces-
sing technique capable of combining extremely high deposition
speeds with the ability to coat three-dimensional, non-planar
structures.39,40

Here, we report an alumina nanoparticle surface modification
interlayer to facilitate spray-coating of metal halide perovskite thin
films onto one of the most commonly implemented carbazole-
based self-assembled monolayers: [4-(3,6-dimethyl-9H-carbazol-9-
yl)butyl]phosphonic acid (Me-4PACz). We present a comparison
of the structural and optoelectronic properties of our spray-coated
metal halide perovskite systems with equivalent spin-coated coun-
terparts and demonstrate our optimised alumina interlayer results
in spray-coated perovskite thin films which have improved optoe-
lectronic properties relative to their spin-coated counterparts. With
our fully optimised interlayer we report spray-coated p–i–n photo-
voltaics based on a 1.62 eV triple cation perovskite, Cs0.05FA0.81

MA0.14PbI2.55Br0.45 achieving a champion power conversion effi-
ciency (PCE) of 20.4%. This represents the current state of the
art for spray-coated p–i–n metal halide perovskite photovoltaics
(Tables S1 and S2, ESI†).

Experimental
Materials

All materials were used as received without any further purifi-
cation. PbI2 and PbBr2 were purchased from Tokyo Chemical
Industry (TCI). Me-4PACz (4 99.99%) was purchased from
Luminescence Technology Corp. Methylammonium bromide,
formamidinium iodide, and 20 � 15 mm and 25 � 25 mm pre-
patterned indium tin oxide substrates (E20 O &�1)
were purchased from Ossila. Aluminium oxide nanoparticles
(o 50 nm particle size (DLS), 20 wt% in isopropanol), C60

(sublimed, 99.95%), bathocuproine (BCP, sublimed, 99.99%),
CsI (99.999% trace metals basis), and all solvents were pur-
chased from Sigma Aldrich unless otherwise stated.

Thin film and device fabrication

ITO substrates were cleaned by sequential sonication in diluted
Hellmanex solution (B1% in deionised water), deionized
water, acetone, and isopropanol (IPA). The substrates were UV
ozone treated for 15 minutes immediately prior to thin film and
device processing. All thin film and device processing was
performed within an N2 filled glovebox.

Me-4PACz solution (1 mmol, ethanol) was statically spin-
coated (60 mL and 100 mL for small- and large-area substrates,
respectively) onto the substrate for 30 s at 3000 rpm in an N2

filled glovebox before annealing on a hotplate at 100 1C for
10 minutes. No subsequent rinsing steps were applied. The
Al2O3 nanoparticle solution (B0.1 wt%, isopropanol) was made
by diluting a stock 20 wt% Al2O3 nanoparticle solution in
isopropanol in a ratio of either 1 stock : 200 neat IPA, 1 stock :
100 neat IPA or 1 stock : 50 neat IPA. The diluted solution was
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extensively vortex-mixed prior to further use. The Al2O3 nano-
particles were spin-coated (60 mL and 100 mL for small- and
large-area substrates, respectively) onto SAM thin films at
2000 rpm for 30 s, before annealing on a hotplate at 100 1C for 1
minute. A 1.2 M solution of Cs0.05FA0.81MA0.14PbI2.55Br0.45 was
prepared in a 4 : 1 mixture of dimethylformamide (DMF) : dimethyl
sulfoxide (DMSO). The resulting solution was filtered through a 0.2
mm PTFE filter. The precursor solution (60 mL and 100 mL for small-
and large-area substrates, respectively) was spin-coated at 2000 rpm
for 10 s (200 rpm s�1 acceleration) then 4000 rpm for 20 s. An
anisole anti-solvent quench (100 mL and 300 mL for small- and
large-area substrates, respectively) was employed 10 s before the
end of the full spin program. The films were then annealed on a
hotplate at 110 1C for 30 min. A Sonotek Exactacoat system was
used for spray-coating the perovskite precursor solution following
our previously reported procedure.41 Briefly, the spray head moved
linearly over the substrate at a speed of 80 mm s�1 at a separation
distance of B10 cm. The precursor solution was delivered at
1 mL min�1 and sheared into a droplet mist by an ultrasonically-
vibrating tip driven at 2 W. N2 shaping gas set to 3 psi directed the
droplet mist to the substrate surface, with the hotplate-mounted
substrate heated to 40 1C. Around 30 s after spray deposition, the
still-wet film was transferred to the antechamber of the glovebox
and exposed to a vacuum of B80 Pa for 1 min. After 1 min of
vacuum exposure, the yellow precursor film had become uniformly
dark brown. The film was annealed on a hotplate at 110 1C for
30 min.

A C60/BCP (20 nm and 6 nm, respectively) electron-trans-
porting layer was thermally evaporated (Angstrom Engineering)
at a chamber base pressure of at least 2.4 � 10�6 mbar from
alumina crucible sources (RADAK, Luxel Corp.) at a constant
rate of 0.3 Å s�1. Silver pellets (Lesker) were deposited from a
resistive boat source at a ramped rate of 0.1–1.0 Å s�1 through a
shadow mask to form the Ag back-electrode (80 nm).

Materials characterization. Ultraviolet-visible (UV-vis) trans-
mission measurements were recorded over the spectral range
300–900 nm using a Fluoromax-4 fluorometer (Horiba). Absor-
bance values were calculated according to A = �log10(I/I0) where
I and I0 are the intensity of light transmitted through and
incident upon the sample respectively. The absorption coeffi-
cient, a, was then calculated according to a = A ln(10)/L, where L
is the sample thickness.

Photoluminescence measurements were carried out by photo-
exciting samples from the perovskite side using a 405 nm CW laser
(Edmund Optics #35-069). The intensity was modulated with a
neutral density filter wheel. The laser was focused onto the sample
spot size B0.25 mm2, and emission was collected through the
same lens. A beamsplitter directed the emission through a 455 nm
longpass filter (Thorlabs FGL455) after which it was fibre coupled
to a spectrometer (OceanOptics Flame).

Film thicknesses were measured using a Bruker DekTak XT
system. A razor blade was used to scratch the samples before
scanning the profilometer tip (12.5 mm diameter) across the
‘‘scratch’’ at a stylus force of 3 mg. Vision64 (Bruker) was used
to level the 1D line scan and extract the step height between the
thin film surface and the bottom of the scratched valley.

Atomic force microscopy measurements were carried out in air
in PeakForce Tapping mode with a Bruker Dimension Icon AFM
system using a Bruker scanasyst-air silicon nitride probe (spring
constant 0.4 N m�1). Imaging was carried out with peak forces in
the range 500–800 pN and tapping amplitudes in the range of
70–100 nm, at an actuation rate of 2 kHz. Images were recorded at
scan rates of 0.3–0.6 Hz at a resolution of 512� 512 pixels. Images
were processed using the plane levelling function in Gwyddion.42

Contact angle measurements of water droplets were performed
using a contact angle goniometer (Ossila). The Ossila contact angle
software was used to extract the contact angle between water
droplets and the sample surface at the point of initial contact.
X-ray diffraction (XRD) measurements were performed using a
Panalytical X’pert3 diffractometer equipped with a Cu line focus
X-ray tube operating at a voltage of 45 kV and a current of 40 mA
(l = 0.154 nm). Data was collected via a 1D-detector in Bragg–
Brentano geometry. Energy-dispersive X-ray (EDX) spectroscopy
measurements, were obtained using a field emission scanning
electron microscope (FEI Nova NanoSEM 450, ThermoFisher)
equipped with an EDX silicon drift detector (Oxford Instruments
X-MaxN 80, Oxford Instruments). For all measurements a working
distance between 4.9 and 5.2 mm was used. An accelerating voltage
of 5 keV was used for all samples. Spectral maps were collected over
an area of around 115 mm2 at a resolution of 2048� 1408 pixels per
scan. For each pixel, the electron beam dwell time was 300 ns, with
the processing time set to 6 s. Each scan comprised two recorded
frames. All data were processed using Aztec (Oxford Instruments)
software, with the binning factor set to 2.

Device characterisation. Current–voltage ( JV) measurements
were recorded under ambient conditions using a Newport 92251A-
1000 solar simulator. No preconditioning of devices was used. Prior
to testing, the Air Mass 1.5 (AM1.5) spectrum was adjusted to
100 mW cm�2 at the substrate holder location using a national
renewable energy laboratory (NREL) certified silicon reference cell.
The active measurement area was defined using metal aperture
masks with areas of 0.025 cm2, 0.20 cm2, or 1.0 cm2. A Keithley
237 source-measure unit swept devices between �0.1 and 1.2 V and
back to �0.1 V at 0.4 V s�1 with a delay time of 50 ms. Stabilised
power output measurements were performed by holding the device
at a bias defined by the average voltage at maximum power (Vmpp)
determined from the forward and reverse sweeps. External quantum
efficiency measurements were recorded over a 325–900 nm range
using a Newport QuantX-300 Quantum Efficiency Measurement
System. The system was equipped with a 100 W Xenon arc lamp
focused through an Oriel Monochromator (CS130B) and chopped at
25 Hz. An Oriel LSH-7320 ABA LED solar simulator was used to
perform light intensity-dependent JV measurements by adjusted the
output power between 0.1 and 1.1 suns as determined by an NREL-
certified silicon reference cell.

Results and discussion
Optimisation of spray-coated perovskite coverage

Alumina nanoparticles have previously been reported to enable
spin-coating of metal halide perovskite thin films from the
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commonly used mixed dimethylformamide:dimethylsulfoxide
solvent system onto Me-4PACz layers34,36 (Fig. S1, ESI†). How-
ever, this interfacial modification does not enable coalescence
of spray-coated perovskite precursor droplets from the same
solvent system and results in incomplete thin films unsuitable
for photovoltaic devices (Fig. S2, ESI†). The separation of the
spray-coated perovskite solution droplets suggests that the

surface energy of the Me-4PACz surface remains too high to
facilitate the formation of a continuous thin film.

Therefore we investigated the impact of aluminium oxide
nanoparticle (Al2O3-np) solution concentration on the surface
energy of Me-4PACz thin films. We report the Al2O3-np con-
centrations investigated as a ratio of nanoparticles to isopro-
panol (Al2O3-nps : isopropanol) and we investigated the

Fig. 1 Characterisation of Al2O3 treatment of Me-4PACz thin films on indium tin oxide (ITO) coated glass. (a) Summary of the measured contact angles
of a droplet of water on neat Me-4PACz thin films and Al2O3 treated with a range of nanoparticle concentrations. (b) Energy dispersive X-ray (EDX)
spectroscopy measurements and corresponding elemental images measured using scanning electron microscopy of thin films of Me-4PACz spin-
coated onto indium tin oxide (ITO) glass and treated with Al2O3 nanoparticle solutions diluted with isopropanol in the following ratios (nanoparticles :
isopropanol) (c) no nanoparticles, (d) 1 : 200, (e) 1 : 100, and (f) 1 : 50. Red indicates carbon and cyan indicates aluminium.
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following dilutions: 1 : 200, 1 : 100, and 1 : 50. Contact angle
measurements were used to approximate the change in surface
free energy of the SAM surface upon interfacial modification
with Al2O3-nps. The contact angle between water droplets and
the SAM/Al2O3-np surfaces was measured, and the resulting
data reported in Fig. 1a. Without modification, the hydropho-
bic Me-4PACz surface had a water contact angle of 73.7 � 2.71
(mean � standard deviation, n = 9). When treated with 1 : 200,
1 : 100, and 1 : 50 dilutions of Al2O3-nps, this contact angle
decreased to 69.4 � 4.01 (n = 6), 65.9 � 3.11 (n = 9), and
47.2 � 4.21 (n = 8), respectively (see Table S3 for full data,
ESI†). This decrease in contact angle is suggestive of a lower
surface energy which should facilitate deposition of high-
quality perovskite thin films. The decrease in contact angle
with increasing Al2O3-np solution concentration is concomitant
with an increase in aluminium concentration. Fig. 1b shows the
energy dispersive X-ray (EDX) spectra of bare Me-4PACz and
Me-4PACz treated with each dilution of Al2O3-nps. The wt% of
Al increased from 0% (bare Me-4PACz) to 1%, 1.5%, and 3.4%
for 1 : 200, 1 : 100, and 1 : 50 dilutions, respectively. EDX maps
of C and Al distribution (Fig. 1c–f) show the Al2O3-nps are
randomly distributed across the sample surface.

Subsequently we investigated the effect of increased Al2O3-
np concentration on the morphology, crystal structure, and
optoelectronic properties of perovskite thin films. A ‘‘triple
cation’’ Cs0.05FA0.81MA0.14PbI2.55Br0.45 perovskite thin film was
deposited onto Me-4PACz/Al2O3-np coated ITO glass substrates
by either spin-coating or ultrasonic spray-coating. As with

spin-coating it was not possible to fabricate uniform perovskite
thin films using spray-coated on Me-4PACz without Al2O3-nps
due to severe dewetting of the perovskite precursor solution.
Hereafter, perovskite thin films which are fabricated through
spray-coating on either a 1 : 100 or 1 : 50 dilution of Al2O3-nps
are referred to as ‘‘spray 1 : 100’’ or ‘‘spray 1 : 50’’, respectively.
Spray-coating of perovskite thin films atop the 1 : 200 dilution
of nanoparticles resulted in incomplete film formation due to
an insufficient modification of the surface energy of the
Me-4PACz thin film (Fig. S2, ESI†) and were not further
investigated. We compare the properties of our spray-coated
perovskite thin films with optimised spin-coated perovskite
thin films with a 1 : 100 dilution of Al2O3-nps on Me-4PACz,
these are referred to as ‘‘spin 1 : 100’’.

Fig. 2a–c and Fig. S3 (ESI†) show atomic force microscopy
(AFM) images of Cs0.05FA0.81MA0.14PbI2.55Br0.45 thin films
deposited on to Al2O3 treated Me-4PACz thin films. The corres-
ponding trend in root-mean-squared (RMS) roughness (Rq) is
shown in Fig. 2d with full data reported in Table S4 (ESI†).
Whilst the perovskite grain size remains relatively consistent
we observe a considerable increase in the surface roughness
between the spin- and spray-coated thin films and also with
increasing concentration of nanoparticles. Whilst the spin-
coated thin films are annealed immediately following film
deposition our spray-coated films undergo an intermediate
vacuum annealing step prior to thermal annealing. Previous
reports have shown that the inclusion of DMSO as a co-solvent
in perovskite processing onto hydrophobic surfaces can result

Fig. 2 Atomic force microscopy (AFM) images of Cs0.05FA0.81MA0.14PbI2.55Br0.45 thin films on Al2O3 treated Me-4PACz on indium tin oxide (ITO) glass.
The perovskite thin films were fabricated through spin- or spray-coating and the ratios represent dilution of nanoparticles : isopropanol. (a) 1 : 100 spin-
coating (b) 1 : 100 spray-coating and (c) 1 : 50 spray-coating. (d) root-mean-squared roughness determined from AFM images, error bars represent the
mean standard deviation (n = 5) (e) and corresponding X-ray diffraction patterns.
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in dewetting of the thin films during annealing and an increase
in the surface roughness of the resulting perovskite thin
films.22 The combination of solvent system, the higher vapour
pressure of DMF (relative to DMSO), and the vacuum annealing
processing step is likely to result in a thin film which has a
higher proportion of DMSO present when undergoing the
thermal annealing process. This could therefore lead to an
increase in film roughness due to the perovskite thin film
dewetting from the SAMs. Furthermore, in the spray-coated
1 : 50 films there are regions that are substantially higher
relative to the rest of the film (Fig. S4, ESI†). The EDX data
suggests a non-uniform distribution of the nanoparticles and
we propose these higher regions are the result of the perovskite
film forming atop regions of these clustered nanoparticles. The
film thicknesses were measured using a profilometer (Fig. S5
and Table S5, ESI†) and the spray-coated films were observed to
be significantly thinner than those fabricated through spin-
coating B540 nm (spray 1 : 100) and B590 nm (spray 1 : 50) vs.
670 nm (spin 1 : 100). Fig. 2e shows X-ray diffraction patterns
corresponding to the perovskite thin films on Al2O3 treated Me-
4PACz. Additional plots can be found in Fig. S6 and S7 (ESI†).
There is a consistent shift in peak positions between the spin
and spray-coated samples with the spray-coated samples both
exhibiting a shift of 2y = B0.051 towards lower angles. This is
typically indicative of an increase in the unit cell size suggesting
that there is a structural difference between the spin- and spray-
coated films. We note a small peak at B12.71 within the spray

1 : 50 sample, indicative of PbI2 developing during film
formation.43

To investigate the influence of this structural change on the
optoelectronic properties of these thin films, we conducted
photoluminescence (PL) spectroscopy as a function of illumi-
nation intensity. As can be seen in Fig. 3a, the centre of the PL
peak redshifts substantially between the spin-coated and spray-
coated samples for the same Al2O3 concentration. This
indicates that the emission is originating from a different
structural phase in each sample, suggesting that the different
film fabrication routes and subsequent film-formation
mechanisms have a strong influence on the optical properties.
The magnitude of the red-shift is reduced for the spray-coated
1 : 50 sample, suggesting that the resulting thin film is more
similar to the spin-coated counterpart. Furthermore, the spray-
coated samples exhibit an asymmetric PL peak shape. This
asymmetry in combination with the red-shifting of the peaks is
suggestive of emission from iodide-rich structures44 which is
consistent with the peak shifting also observed in the X-ray
diffraction measurements. This is further evidence that the
metal halide perovskite thin films are not uniform, despite the
advances made through the alumina interlayer.

Fig. 3a also shows a substantial increase in the PL intensity
when moving to spray-coated thin films, and with an increased
Al2O3 concentration. This is strong evidence for a reduction in
the severity of interfacial recombination in these systems.
To understand whether the recombination behaviour was

Fig. 3 Optoelectronic properties of Cs0.05FA0.81MA0.14PbI2.55Br0.45 thin films on Al2O3 treated Me-4PACz on indium tin oxide (ITO) glass. Ratios
represent dilution of nanoparticles : isopropanol. (a) Intensity dependent steady-state photoluminescence spectra, the integrated area under the peak
was then used to calculate (b) the ideality factor, and (c) the absorption coefficient as determined through ultraviolet-visible spectroscopy
measurements. The shaded area represents the uncertainty in these measurements.
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changing in these systems, we performed emission measure-
ments across a wide excitation power range which we present in
Fig. 3a and summarise in Fig. 3b. The absolute intensity of the
peaks is increased by a factor of B2.5 and B3.5 for spray 1 : 100
and spray 1 : 50 over spin 1 : 100 respectively. However, this
increase is not dependent on illumination intensity, giving rise
to near identical ideality factors for these systems. This
indicates that the underlying recombination mechanisms are
unchanged in these systems.

The absorption coefficient of the perovskite thin films was
characterised using UV-vis spectroscopy which we show in
Fig. 3c. Broadly, the absorption coefficient is similar for each
sample with only minor differences. These differences include
an apparent increase in below bandgap absorption in the spray-
coated samples. However, this is likely due to the spray-coated
samples exhibiting an increased roughness (Fig. 2d) resulting
in increased scattering.

The absorption onset remains unchanged for each sample,
which demonstrates that the bulk perovskite is comparable for
each condition. This suggests that the red-shifting of the PL
peaks is not a ‘bulk’ effect, but instead originates from a
volume of the film that is too small to be detected in absorption
measurements. This is likely due to differences in the growth
mechanism between the different thin film fabrication routes

and due to the differences in the Al2O3 surface modification.
This is supported by the clear surface roughness differences
between the different systems, determined by AFM measure-
ments, which suggest differences in film formation.

Photovoltaic device performance

To corroborate our structural, morphological and optoelectronic
investigations, we fabricated a series of p–i–n photovoltaic devices.
All devices had the configuration: ITO-coated glass/Me-4PACz/
Al2O3-nps/Cs0.05FA0.81MA0.14PbI2.55Br0.45/C60/bathocuproine (BCP)/
Ag, where the perovskite deposition technique and/or Al2O3-nps
concentration was altered. We show a statistical summary of the
power conversion efficiency (PCE), short-circuit current density
( JSC), open-circuit voltage (VOC), and fill factor (FF) in Fig. 4a–d
respectively for the different conditions investigated in this study.
Additionally, we summarise the device performance statistics in
Table 1.

The average PCE of spin-coated cells (18.7%, n = 48 devices)
is higher than the PCE of spray-coated cells (17.7%, n = 48) for a
1 : 100 dilution of Al2O3-nps. Whilst the average JSC and VOC of
spray 1 : 100 cells are reduced in comparison to spin 1 : 100
(22.5 mA cm�2 vs. 21.8 mA cm�2, and 1.10 V vs. 1.08 V), device
FF remains similar (75.6% vs. 75.4%). The reduction in JSC can
be ascribed to the reduced thickness of the spray-coated

Fig. 4 Photovoltaic device performances for p–i–n Cs0.05FA0.81MA0.14PbI2.55Br0.45 devices incorporating optimised Al2O3 nanoparticle interlayer. Box
plots for device parameters showing data points relating to (a) power conversion efficiency (PCE), (b) short circuit current density (JSC), (c) open-circuit
voltage (VOC), and (d) fill factor. Data relating to champion device performances is shown in (e) JV characteristics for spray (1 : 100) condition for 0.02 cm2

device active area and (f) corresponding stabilised power conversion efficiency at maximum power point, (g) JV characteristics for spray (1 : 100)
condition for 0.2 cm2 device active area and (f) corresponding stabilised power conversion efficiency at maximum power point.
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perovskite. The reduced VOC is surprising, however, since the
photoluminescence data in Fig. 3 suggested a reduced degree of
non-radiative recombination at the perovskite/SAM interface
for spray-coated devices. However, the increased roughness of
the spray-coated perovskite has likely impacted the quality of
the perovskite/C60 interface, which has resulted in the
reduction of the open-circuit voltage. Encouragingly, the max-
imum device performance of spray 1 : 100 devices is compar-
able to the maximum PCE of spin 1 : 100 cells (20.1% vs. 20.0%,
respectively). The current–voltage ( JV) curve of the best-
performing spray 1 : 100 device (active area of 0.02 cm2) is
shown in Fig. 4e. Fig. S9 and S10 (ESI†) shows the external
quantum efficiency (EQE) response for the champion cells of
each condition. The integrated short-circuit current density
( JSC-EQE) calculated using the EQE data is in good agreement
with the JSC extracted from the current–voltage characteristics.
For the spray 1 : 100 device the JSC-EQE = 22.6 mA cm�2 com-
pared to 23.3 mA cm�2 for the measured JSC The mismatch is
just 3% providing confidence to our solar simulator measure-
ments. We calculated the photovoltaic bandgap,45–47 shown in
Fig. S11 (ESI†), using the derivative of the EQE with respect to
energy. This yields a bandgap of 1.62 eV, consistent with the
optical data presented in Fig. 3.

The stabilised power output of the champion spray 1 : 100
device at maximum power point was 20.3% (Fig. 4f) which
constitutes a record performance for both spray-coated triple
cation and spray-coated p–i–n photovoltaic devices.24,41,48–50

This demonstrates the effectiveness of the Al2O3-np interlayer
approach as compared to other techniques. Indeed, our
champion device outperforms the spin-coated counterpart
(with no additional passivation) Me-4PACz devices in the
literature.19,20,26,51–53 This highlights the potential of this
approach for demonstrating spray-coated high-performance
perovskite photovoltaics enabling high-throughput fabrication.
Photovoltaic devices based on the spray 1 : 50 condition were
fabricated, but the improvements implied by the optoelectronic
measurements were not present in the device performance. The
deterioration in device performance can be attributed to several
factors. The increased roughness of the perovskite will lead to
increased interfacial recombination limiting the VOC and redu-
cing the shunt resistance (Fig. S12, ESI†). The increased cover-
age of the insulating Al2O3 interlayer partially inhibits charge
transfer to the SAM, which simultaneously constrains the JSC

and FF of these devices.
We investigated the ideality factor of photovoltaic devices

based on each condition through light intensity dependent JV
measurements. Fig. S13(a, c and e) (ESI†) show a double

logarithmic plot of JSC versus light intensity and (b, d and e)
show the light-dependent VOC response for spray 1 : 50, spray
1 : 100, and spin 1 : 100 cells, respectively. The ideality factor (n)
of the devices was found to be 1.46 (spray 1 : 50), 1.10 (spray
1 : 100), and 1.13 (spin 1 : 100) kBT/q respectively. Contrastingly,
the ideality factors determined in Fig. 3(b) from perovskite thin-
films on Al2O3-np-coated Me-4PACz (without an electron-
transporting layer) were near identical for each device type.
This change in ideality factor for spray 1 : 50 devices supports
our suggestion that the increased roughness at the C60/perovs-
kite interface in these samples is influencing the recombina-
tion processes that are occurring.54 Additionally, this inferior
morphology and increased surface recombination would
simultaneously constrain the FF, as observed in our devices.

To explore the applicability of our Al2O3-np interlayer for
large scale deposition of spray-coated perovskite layers onto
Me-4PACz, we fabricated spray-coated devices with larger active
areas (0.2 cm2 and 1 cm2) incorporating the best performing
interlayer condition (1 : 100). The champion 0.2 cm2 device
demonstrated a stabilised PCE of 20.2% (Fig. 4g and h),
equivalent to smaller area devices. Fig. S14 (ESI†) shows
histogram plots of the device PCE distribution for each active
area of spray 1 : 100 cells (0.02 cm2 and 0.2 cm2) which shows
comparable performance for each condition. All device para-
meters for these 0.02 cm2 and 0.2 cm2 devices are summarised
in Fig. S15 (ESI†). We show champion JV characteristics and
stabilised PCE for 1 cm2 devices of both the spin 1 : 100 and
spray 1 : 100 conditions in Fig. S16 (ESI†). For these conditions
we achieve a maximum stabilised PCE of B17% for both
conditions.

Interestingly, upon scale-up to 0.2 cm2 we observe an
increased median JSC and VOC. This indicates a reduced severity
of non-radiative recombination in these devices as well as
efficient charge-extraction at short-circuit conditions. This sug-
gests an improvement in the formation of the thin film layers
resulting in a reduction in structural defects and hence recom-
bination sites. However, the median PCE is reduced slightly,
due to an inferior FF for the 0.2 cm2 devices, highlighting a
charge transport limitation in these systems. From inspecting
the JV curve in Fig. 4g, this reduced FF originates from an
increased series resistance within the scaled-up photovoltaics.
We attribute this to the sheet resistance of our ITO substrates
(B20 O&�1) becoming significant in these larger devices. This
phenomenon is exacerbated for 1 cm2 devices where we observe
the FF being constrained to B66–68%. This arises from the
gradient in the JV curves near VOC becoming increasingly
shallow, characteristic of an increased series resistance.

Table 1 Photovoltaic device performance parameters, champion device performance is reported in bold and brackets. Device area and number of
devices per condition is presented in the table

JSC (mA cm�2) VOC (V) FF (%) PCE (%) ndevices

Spin 1 : 100 0.025 cm2 22.5 � 0.7 (23.7) 1.10 � 0.02 (1.13) 75.6 � 1.7 (79.1) 18.7 � 0.7 (20.0) 48
Spray 1 : 100 0.025 cm2 21.8 � 0.9 (23.7) 1.08 � 0.02 (1.11) 75.4 � 4.1 (80.6) 17.7 � 1.5 (20.1) 48
Spray 1 : 50 0.025 cm2 20.5 � 1.5 (22.6) 1.05 � 0.01 (1.09) 62.1 � 5.7 (70.2) 13.5 � 2.2 (17.2) 32
Spray 1 : 100 0.2 cm2 22.0 � 1.5 (22.8) 1.09 � 0.03 (1.16) 69.0 � 5.6 (77.7) 16.7 � 2.3 (20.4) 31
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Therefore, this limitation is not intrinsic to the Al2O3-np
layer we report here, highlighting that with sufficiently low
sheet resistance, this approach is applicable for even larger area
scale-up.

Conclusions

In summary, we have demonstrated an optimised Al2O3 inter-
layer which enables scalable, spray-coating of high perfor-
mance 1.62 eV p–i–n metal halide perovskite photovoltaics
onto the Me-4PACz SAM charge transporting layer. We demon-
strated that the incorporation of this interlayer between the
Me-4PACz and perovskite thin films results in spray-coated
perovskite layers with improved structural and optoelectronic
properties relative to their spin-coated counterparts. As a result
we report champion photovoltaic devices with efficiencies of up
to 20.4% which represents the state-of-the-art for spray-coated
p–i–n PSCs. The improvements in device performance resulting
from the incorporation of the optimised Al2O3-np interlayer
remained effective as the device active area was scaled from
0.02 cm2 to 0.2 cm2, suggesting that this approach warrants
further investigation for large area photovoltaic devices fabri-
cated through high-throughput solution processing routes.

Author contributions

Elena J. Cassella: conceptualization, methodology, investiga-
tion, formal analysis, writing – original draft, review and
editing. Robert D.J. Oliver: conceptualization, methodology,
investigation, formal analysis, supervision, writing – original
draft, review and editing. Timothy Thornber: methodology,
investigation, formal analysis, writing – original draft, review
and editing. Sophie Tucker: investigation, formal analysis.
Rehmat Goodwin: investigation, formal analysis. David G.
Lidzey: conceptualization, supervision, funding acquisition,
writing – review and editing. Alexandra J. Ramadan: conceptua-
lization, methodology, supervision, funding acquisition, writ-
ing – original draft, writing – review and editing.

Data availability

Data for this article, including raw data and processed data are
available at ORDA at https://doi.org/10.15131/shef.data.
26180623.

Conflicts of interest

D. G. L. is co-chairman of the materials science company Ossila
Ltd. which retails materials and equipment for photovoltaic
research, including perovskite photovoltaics.

Acknowledgements

This work was funded by the Engineering and Physical Sciences
Research Council (EPSRC) grants EP/V027131/1, EP/X039285/1

and EP/T012455/1. T. T. acknowledges the Faculty of Science,
University of Sheffield for a studentship. S. T. and R. G.
acknowledge the EPSRC and the Grantham Centre for
Sustainable Futures for funding. R. G. also acknowledges the
University of Sheffield’s Energy Institute for funding.

References

1 S. D. Stranks, G. E. Eperon, G. Grancini, C. Menelaou,
M. J. P. Alcocer, T. Leijtens, L. M. Herz, A. Petrozza and
H. J. Snaith, Science, 2013, 342, 341–344.

2 S. De Wolf, J. Holovsky, S.-J. Moon, P. Löper, B. Niesen,
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Rech, R. Schlatmann, M. Topič, L. Korte, A. Abate,
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