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Aerosol Assisted Solvent Treatment: A Universal Method
for Performance and Stability Enhancements in Perovskite

Solar Cells

Tian Du, Sinclair R. Ratnasingham, Felix U. Kosasih, Thomas J. Macdonald,
Lokeshwari Mohan, Adriana Augurio, Huda Ahli, Chieh-Ting Lin, Shengda Xu,
Weidong Xu, Russell Binions, Caterina Ducati, James R. Durrant, Joe Briscoe,*

and Martyn A. McLachlan*

This paper is dedicated to Dr. Russell Binions, who was the academic supervisor for Sinclair and
Lokeshwari. They were both beginning their academic and scientific journeys when tragically Russell's life
was cut short. He was an incredible co-author, colleague, supervisor, and friend who is dearly missed.

1. Introduction

Metal-halide perovskite solar cells (PSCs) have had a transformative impact

on the renewable energy landscape since they were first demonstrated just
over a decade ago. Outstanding improvements in performance have been
demonstrated through structural, compositional, and morphological control of
devices, with commercialization now being a reality. Here the authors present
an aerosol assisted solvent treatment as a universal method to obtain perfor-
mance and stability enhancements in PSCs, demonstrating their methodology
as a convenient, scalable, and reproducible post-deposition treatment for PSCs.
Their results identify improvements in crystallinity and grain size, accompanied
by a narrowing in grain size distribution as the underlying physical changes
that drive reductions of electronic and ionic defects. These changes lead to pro-
longed charge-carrier lifetimes and ultimately increased device efficiencies. The
versatility of the process is demonstrated for PSCs with thick (>1 pm) active
layers, large-areas (>1 cm?) and a variety of device architectures and active
layer compositions. This simple post-deposition process is widely transferable
across the field of perovskites, thereby improving the future design principles
of these materials to develop large-area, stable, and efficient PSCs.

Metal-halide perovskite materials have
had significant impact across a variety
of emerging optoelectronic platforms,
extending beyond their initial study in
photovoltaics (PVs)l! to creating dis-
ruption in the light emitting diode,
photodetector and thin film transistor
research areas.>* Within the PV field,
the progress of perovskite solar cell (PSC)
development has been underpinned by
simultaneous advances in thin-film depo-
sition,l>®l compositional modification,”-!
changes to the charge selective inter-
layers,'®" interface modification,?~14
and the incorporation of a wide variety of
additives.>® Many of these strategies
require precise control of interlayer thick-
ness as well as additive and/or dopant
concentration.””). The concentration of
such additives/dopants are incredibly
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low,[”1] thus inadvertently these strategies for improvement
may place significant constraints on future high volume man-
ufacturing and almost certainly create challenges of reproduc-
ibility for lab-scale devices.

Grain boundaries (GBs), whilst unavoidable in solution-
deposited PSCs, are unwanted microstructural features. They
potentially host crystallographic defects, for example, vacancies,
interstitials, and antisites,?”! all of which create intra-bandgap
states that act as electronic traps.*!! GBs orientated normal to the
substrate are also reported to be i) fast channels for ionic trans-
portl?223 thus contribute significantly to device hysteresis,* ii)
pathways for oxygen ingress!*! and, iii) susceptible areas for the
formation of impurity phases.”!l Whilst GBs parallel to the sub-
strate present additional barriers to charge transport.l®! To date,
numerous methods have been utilized to mediate these nega-
tive effects such as passivation of GBs through additive engi-
neering, 28 directed crystal growth,?*3% promotion of larger
grain formation,?32l and by eliminating GBs entirely by fabri-
cating PSCs from single crystals.?334 However, as noted many
of these approaches are extremely challenging to transfer to
large-scale processing, requiring either precise control of addi-
tive amounts or long processing times, or are applicable to only
a small range of perovskite compositions or processing routes.

Here we present a novel, rapid and scalable aerosol treat-
ment method as a technique that significantly improves the
crystallinity of perovskite thin films, that is, substantially
enhances grain size/reduces GB concentrations. The resulting
PSCs exhibit remarkably enhanced power conversion efficien-
cies (PCEs), increased stabilities and considerably improved
reproducibility compared with as-prepared films, and those
treated using alternative methods. Importantly, we demonstrate
the versatility of our technique by applying it to CH;NH;Pbl,
(MAPDI;) PSCs with active layer thicknesses ranging from
500-1300 nm, to large-area (>1 cm?) devices, and to a variety
of device architectures. To fully demonstrate the universality
of the treatment we also show performance improvements in
Cs.1FA(9Pb(Ig.95B1 o5) devices.

2. Results and Discussion

2.1. Tuning the Aerosol Treatment for Optimum
Device Performance

The aerosol treatment is carried out in a cylindrical quartz
reactor with substrates placed on a heated graphite block (Figure
S1, Supporting Information). A solvent aerosol, in this case
N,N-dimethylformamide (DMF), is created using a piezoelectric
mister outside the reactor and carried into the reactor by a N,
carrier gas. The gas/solvent mixture flows through the reactor,
interacting with the substrates before passing to an exhaust. The
processing parameters, that is, temperature, flow rate and treat-
ment time can be readily controlled creating a highly controllable
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and reproducible process. We performed 3D computational fluid
dynamics (CFD) simulations of the flow rate in the cylindrical
reactor and shown in Figure 1a the side view and in Figure 1b the
cross-sectional view of the flow rate distribution. The data show
a stable laminar flow forming above the perovskite film. Criti-
cally, the laminar nature of this flow creates a static aerodynamic
boundary layer with a zero flow rate between the aerosol stream
and the substrate, which allows only vapor diffusion through the
boundary layer whilst preventing unwanted issues such as vapor
condensation. This in-turn enables a more uniform interaction
of solvent with the perovskite film surface.

It is important to note that during the aerosol treatment the as-
deposited films remain solid, that is, there is no dissolution and/
or recrystallization of the perovskite film. The proposed mecha-
nism for grain growth is shown schematically in Figure 1c. The
aerosol containing solvent droplets is transported to the surface of
perovskite film, at which the droplets vaporize to form chemical
vapor. Here, the quantity of DMF vapor near the film surface is
insufficient to fully dissolve the film. Instead, the vapor promotes
inter-grain mass transport, and due to their high surface energy,
the smaller grains are eliminated with material transferred to the
larger grains promoting their growth. We show in Figure 1d-g
the typical surface scanning electron microscope (SEM) images
of as-deposited MAPDI; and aerosol-treated MAPDI; for 2, 5, and
10 min, and in Figure 1h the statistical data of the lateral grain
size. The results indicate a continuous increase of average grain
size as aerosol exposure time is increased. The 2 min films typi-
cally exhibit smaller grains co-existing with the larger grains
(Figure le), whist the 5 min film mainly consists of larger grains
(Figure 1f) accompanied with a reduction of grain size distribu-
tion (Figure 1h). This is consistent with an Ostwald ripening
model,% that is, grain coarsening where the growth of large
grains occurs by the consumption of small grains. Owing to the
constant supply of aerosol, extending the treatment to 10 min
leads to continuous grain growth, resulting in an undesirable
morphology, including pinholes, voids (Figure 1g), and increased
surface roughness (Figure S2a—c, Supporting Information). We
believe this can be ascribed to the morphological transitions that
occur during grain growth that tend to minimize grain surface
energy, eventually leading dewetting from the substrate.

Figure 1i displays the statistical data of photovoltaic param-
eters of PSCs, prepared with a p-i-n architecture that use
poly(N,N”-bis-4-butylphenyl-N,N”-bisphenyl)benzidine (PolyTPD)
as the hole transport layer (HTL) and phenyl-Cy-butyric acid
methyl ester (PCBM) as the electron transport layer (ETL), device
preparation information is given in the supporting information.
We observe an increase of average PCE from 18.7% (untreated,
0 min) to 19.3% (2 min) and 20.0% (5 min) with the treatment,
stemming from increase of fill factor (FF) and open-circuit
voltage (Voc). However, extending the treatment to 10 min
results in PCE drop to 16.6%. We ascribe this to emergence of
voids or pinholes acting as potential shunting pathways, and to
that fact that increased roughness is likely associated with inho-
mogeneous coverage of the ETL as the roughness approaches or
exceeds the typical PCBM thickness (=40 nm).*® Such variation
may lead to enhanced charge recombination at open circuit as
well as impeded charge extraction, although the neat MAPbI,
film with larger grains and thus fewer grain boundaries indeed
show improved PL yield and lifetime after longer treatment

© 2021 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 1. Mechanism of aerosol treatment, tuning film morphology and PSC performance. a) Side view of a 3D CFD simulation of the aerosol flow
(N flow rate at 0.5 L min~") during the aerosol treatment, indicating the velocity distribution of the gas flow. Note the formation of a boundary layer
above the substrate. The inset figure shows a photograph of the cylindrical quartz reactor utilized in our study. b) Cross-sectional view of the CFD
simulation. c) Schematic drawing showing solvent vapor diffusion through the boundary layer resulting in the preferential consumption of small
grains and the subsequent growth of the larger grains, while condensation of solvent droplets is prevented. d—g) Upper panel: surface scanning SEM
images of untreated perovskite film (0 min) and perovskites film following aerosol treatment of 2, 5, and 10 min (Scale bars =1 um). Lower panel: the
corresponding cross-sectional SEM images. (Scale bar =200 nm). h) Statistical data of lateral grain size distribution measured from the SEM images.
i) Photovoltaics parameters (Jsc, Voc, FF, and PCE) of typical PSCs at the same time intervals as indicated in (d—g). The data are obtained from reverse-

scan J-V curves with scanning rate of 50 mV s, under simulated AM1.5 illumination at 1 Sun intensity.

(Figure S2d,e, Supporting Information). Therefore, we find that
the optimum balance between enhanced grain size and film
roughness occurs at 5 min of aerosol exposure.

To highlight the consistency and uniformity of our optimized
aerosol treatment, we compare devices with those prepared
using solvent vapor annealing (SVA):”l a method of post-dep-
osition treatment that uses solvent vapor trapped in the volume
between a heated surface and an upper boundary—typically
an upturned petri dish. Both methods improve device PCE.
However, the statistical data show variation of the SVA devices
(Figure S3, Supporting Information) are significantly greater, for
example a fourfold greater variance in PCE. An analysis of the
grain size distribution across a 2.5 x 2.5 cm substrate reveal that
the aerosol treated films show a far narrower grain size distribu-
tion when compared to those treated by SVA (Figure S4a, Sup-
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porting Information). This can be ascribed to solvent movement
during SVA being driven by convective flow, resulting in incon-
sistent and uncontrolled solvent-film interaction, as our CFD
simulations indicate (Figure S4b, Supporting Information).

2.2. Microstructural Characterization

Structural analysis using X-ray diffraction, Figure 2a, reveals
a significant increase in the crystallinity of the aerosol treated
films, with the development of a preferential (110) crystallo-
graphic orientation. Closer analysis of the (110) diffraction peak
at 14.1° 26. (Figure 2b), shows a reduction in the peak full width
at half maximum (FWHM), which is consistent with aerosol
treatment inducing an increase in crystallite size.

© 2021 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 2. Structural characterization of perovskite films. a) Typical X-ray diffraction (XRD) patterns of the untreated perovskite film and aerosol treated
perovskite film. b) Magnified view of the (110) diffraction peaks, note these data are normalized for comparison of peak position and full width at half
maximum. ¢,d) Cross-sectional scanning transmission electron microscopy-high angle annular darkfield (STEM-HAADF) images of complete solar
cells (scale bars =200 nm), e,f) Energy dispersive X-ray spectroscopy (EDX) mapping showing the spatial modulation in the 1/Pb concentration ratios
(color scale corresponds to deviation from stoichiometry of 3), the thin red strips at the perovskite-PCBM interface in the I/Pb maps are due to electron
beam-induced iodine migration towards PCBM.!% g h) EDX mapping of Pb/N concentration (color scale corresponds to deviation from stoichiometry

of 1). Scale bars in all EDX maps correspond to 200 nm.

Critically, the resolution of SEM analysis in Figure 1d—g does
not reveal intragranular effects. Using scanning transmission
electron microscopy (STEM) imaging, combined with energy dis-
persive X-ray (EDX) spectroscopy, we are able to probe nanoscale
variations in chemical composition. As these signals are obtained
simultaneously, we are also able to directly correlate images
and compositional maps. Cross-sectional STEM high-angle
annular dark field (HAADF) images of untreated and aerosol
treated MAPDI; films are shown in Figure 2c,d (see also high-
magnification images in Figure S5, Supporting Information,
where grain boundaries in the untreated film are clearly visible).
These images confirm that aerosol treatment increased perov-
skite layer roughness, in good agreement with the AFM topog-
raphy maps. EDX maps of these areas are shown in Figure 2e-h.
Here we map the spatial distribution of the I:Pb and Pb:N ratios,
with the color scale representing a deviation from the stoichio-
metric 3:1 (I:Pb) and 1:1 (Pb:N) ratios. These maps, and the ratio
histograms shown in Figure S6a,b, Supporting Information, show
that aerosol treatment improved the MAPDI; film’s compositional
homogeneity. Furthermore, a correlative analysis of the images

Adv. Energy Mater. 2021, 2101420 2101420 (4 of 12)

and EDX maps reveal a number of regions in the untreated films
in Figure 2c that correspond to regions in the EDX maps where
the I:Pb ratio is <3 (Figure 2e) and the Pb:N ratio is >1 (Figure 2g),
that is, regions that are rich in Pb. These regions, indicated by
arrows, are separated by the order of a few hundred nanometers
and are indicative of Pbl, rich regions, consistent with Pbl, accu-
mulation at grain boundaries or interfaces.?® Surface analysis
using X-ray photoelectron spectroscopy (XPS), Figure S6 c—f,
Supporting Information, also shows an increased concentration
of metallic Pb on the surface of the untreated film that has pre-
viously been attributed to beam-induced reduction of Pbl, that
already exists in the film.¥! We speculate that the residual PbI,
is due to the local incomplete conversion of the precursors during
the rapid film crystallization followed by loss of the MAI com-
ponent in the subsequent thermal annealing. Interestingly, Pb
enrichment is not observed in the aerosol-treated films, either in
the bulk via EDX or on the surface via XPS, despite them being
thermally treated, that is, exposed to conditions that are known to
promote Pbl, formation.?®3% This is largely owing to DMF vapor
enabling more efficient mass transfer and grain growth.

© 2021 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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The combined STEM and XRD data reveal that, in addition to
the grain growth seen in SEM analysis, the aerosol treatment also
leads to an improvement in microscale uniformity of the MAPbI;
films. Impurity phases such as Pbl, are reduced, compositional
uniformity increases throughout the film, and crystallites grow
and increase their preferred orientation, all of which contribute
towards the observed improvements in device performance.

www.advenergymat.de

2.3. Spectroscopic and Energetic Characterization

We now probe the electronic and optoelectronic properties of the
MAPDI; films in more detail to further understand the mecha-
nisms through which the above improvements in microstruc-
tural properties impact the device performance. Steady-state
photoluminescence spectra, Figure 3a, shows an approximately
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Figure 3. Optoelectronic characterization of perovskite films a) Steady-state PL spectra and absorption spectra of MAPbI; perovskite films. The PL is
collected from a conventional spectrometer with 635-nm excitation at density of 1.5 mW cm~2. b,c) Time-resolved PL spectra of untreated perovskite film
(b) and aerosol-treated perovskite film (c), measured with 635-nm excitation at intensity of 0.15 and 1.5 n) cm™. Inset illustrations show the reduction
in electronic trap states facilitating greater recombination through band-to-band pathway in the aerosol treated films. Schematic images highlighting
changes in band bending at the HTL/perovskite interface are shown for d) untreated and e) aerosol treated films.
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fourfold increase of PL emission yield of the MAPDI; film
after aerosol treatment. In addition to the increased PL inten-
sity, an asymmetry emerged in the emission, with a shoulder
appearing around 800 nm. This correlates with the absorption
spectra in the same plot where the aerosol treated MAPDI; film
shows a slight red-shift of absorption onset that is convoluted
with some sub-band-gap absorption (see also Figure S7, Sup-
porting Information). We speculate that this is due to in-plane
compressive stress applied to some of the grains induced by the
lateral grain growth, which may ultimately result in a reduction
of bandgap in some local regions.!l There is also a subtle but
distinct increase in absorption coefficient which is associated
with the improvement in crystallinity, correlating with our XRD
measurements.

Variations in charge recombination mechanisms can be eluci-
dated using time-resolved PL spectroscopy with varying excitation
intensity, Figure 3b,c. At low excitation intensity (0.15 nJ cm™)
the decay dynamics are bi-exponential for untreated and aerosol
treated films, comprising of a fast initial decay phase (<10 ns),
assigned to monomolecular charge trapping, followed by a
slow-decay component, attributed to bimolecular recombina-
tion.*2l Under such low excitation densities, the bimolecular
recombination also takes a pseudo-monomolecular form as the
photoexcited charge density is much smaller than background
charge density.*! However, comparing these two samples
under 0.15 n] cm2, the aerosol treated film shows a two-fold
decrease of the fast-phase magnitude, indicating suppression
of charge trapping.*l Increasing the excitation intensity by an
order of magnitude to 1.5 nJ cm™2, the decay dynamics of the
untreated films remain bi-exponential with a moderate decrease
of fast-phase magnitude that has been typically ascribed to par-
tial filling of trap states.l In comparison the fast phase dis-
appears almost completely in the aerosol treated film, a strong
indication that the majority of photo-excited charge carriers are
going through bimolecular recombination pathways.*! The bi-
exponential fits and parameters used for fitting are shown in
Figure S8 and Table S1, Supporting Information, respectively.

To explore the impact of this change in defect structure on
the energetics of the films, contact potential difference (CPD)
measurements were obtained by scanning Kelvin probe force
microscopy over 3 X 3 um areas, Figure S9, Supporting Infor-
mation.*?l The spatially averaged contact potential difference
(CPD) data show a shift of =76 meV for the untreated films and
—306 meV for the aerosol treated films relative to the ITO ref-
erence. This shows that the aerosol treatment enhances HTL/
perovskite interfacial band bending by 230 meV in the direction
favorable for hole extraction, Figure 3d,e. The data also reveal a
decrease in work function in the aerosol treated perovskite fol-
lowing aerosol treatment suggesting that there are fewer ionic
defects acting as p-type dopants in the aerosol treated films,
for example, Pb vacancies,*’] consistent with all other analysis,
although we note that the p-doping can also be influenced by
the underlying HTL.[8]

2.4. Device Stability and Large-Area Devices

Several strategies focusing on active layer crystallinity and its
impact on device stability have been reported.' 1! It is therefore

Adv. Energy Mater. 2021, 2101420 2101420 (6 of 12)
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interesting to consider how the improvements in crystallinity
and reductions in defect density influence operational stability.
Figure 4a shows how device PCE, measured by maximum
power point (MPP) tracking at 25 °C in N,, varies between an
untreated and aerosol treated device. The stability of the aerosol
treated device is enhanced greatly, particularly in the first 200—
300 h, with a 10% (ty9) reduction in PCE occurring after 700 h.
In sharp contrast, the untreated device exhibits a rapid drop of
PCE, some 5% in the first 20 h, and reaches t; 4 after =220 h.
Intriguingly, in both sets of devices the rate of PCE decline after
around 250 h are similar, likely due to the intrinsic instability
of MA based perovskites or diffusion of Cu electrode through
bathocuproine (BCP) and PCBM layers.[*! Considering that the
protocol of stability measurements can influence the results,>"
Figure 4b compares the evolution of PCEs under the same envi-
ronment but holding devices at open circuit and periodically
obtaining -V data. Consistent with MPP tracking data, there
is a remarkable enhancement of device stability particularly
in the first 200 h. We believe this is due to a combination of
improved phase purity, thus elimination of local residual Pbl,
that prevents the nucleation and growth of Pbl, as a degrada-
tion product. Stability measurements in ambient conditions
(Figure S10, Supporting Information) also show improvements
for the aerosol treated devices owing that increased crystal-
linity and grain size may retard O,/H,0 ingress,! although, as
anticipated, the overall operational lifetime is much shorter in
these conditions.

In addition to stability, scale-up of device area is also crit-
ical for future implementation of PSCs. Here we consider
the impact of aerosol treatment as device area is increased,
Figure 4c,d. Using a single 2 x 2 cm substrate containing two
devices with areas of 0.25 and 1.025 cm? (inset of Figure 4c), we
study the scaling effect of untreated and aerosol treated films.
In the aerosol treated films, the measured PCE reduces from
18.5% to 176% as the area increases from 0.25 to 1.025 cm?:
a change of only 4.6%. In contrast, for the untreated device
PCE falls from 18.1% to 16.3%, that is, a change of around 10%
when scaled-up. The reduction of PCE loss when device area
increases, highlighted in the inset of Figure 4d, is ascribed
to the combination of micro-scale structural improvements
and macroscopic improvements in uniformity induced by the
aerosol treatment, eliminating local photoinactive regions or
blocking shunt pathways as grain size grows.>?

2.5. Demonstrating Aerosol Treatment Universality

So far, we have demonstrated that aerosol assisted solvent treat-
ment is an effective technique for improving the efficiency and
reproducibility of MAPDbI; PSCs with a single p-i-n architecture.
However, numerous charge extraction layers and alternative
architectures with high efficiencies have been demonstrated
in the literature.’>>4 In order to highlight the universality of
our aerosol treatment, we investigate its application to a wide
range of device configurations, specifically: i) MAPbI; devices
prepared with active layer thicknesses up to 1300nm; ii) devices
prepared with alternative HTLs and HTL-free devices; iii) meth-
ylammonium-free (formamidinium-caesium) double cation
perovskites; and iv) devices prepared in the n-i-p architecture.

© 2021 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 4. Stability measurement and device scale-up. a) Evolution of PCE measured by holding the PSCs at maximum power point. Here the PCEs are
normalized to the initial values obtained for the untreated and aerosol treated devices, 18.3% and 19.3% respectively. b) Evolution of PCE measured by
holding the PSCs at open circuit and periodically scanning J-V curves. The PCEs are measured from four devices and are normalized to initial value
of 18.2 £ 0.3% (untreated) and 18.9 + 0.2% (aerosol treated). c,d) J-V curves of the two pixels with areas of 0.25 and 1.025 cm? on the same substrate,
measured with reverse-scan direction at rate of 50 mV s, under simulated AM1.5 illumination of 1 Sun intensity. The inset figure in (c) shows a pho-
tograph of a device with the two active areas visible. The inset figure in (d) shows a bar chart that highlights the change of PCE for the different device

areas in untreated and aerosol treated conditions.

2.5.1. Increased Active Layer Thickness

The typical active layer thickness of high-performing PSCs is in
the region of 300-500 nm. Whilst perovskite single crystals have
shown diffusion lengths well in excess of this length,’> GBs and
the resulting trap states have limited the optimum thickness used
in devices. This limits the maximum amount of light the active
layer can absorb and constrains thickness tolerances, making
large-scale deposition more challenging. Therefore, considering
the reduction in GBs and improvement in film properties, we
investigated the effect of our aerosol treatment on thicker perov-
skite films of 900 and 1300 nm. Figure 5a shows cross-sectional
SEM images of untreated and aerosol treated MAPDI; films of
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nominal thickness 500, 900, and 1300 nm. In the untreated films,
the micrographs reveal vertically stacked grains with grain size
being largely insensitive to film thickness. Following aerosol expo-
sure there is a significant change in the MAPDI; grain size and
shape with the small grains of the untreated films being replaced
by monolithic grains that extend the entire film thickness; despite
the considerable increase in film thickness we see no evidence
of horizontal grain boundaries following aerosol treatment. The
grain size in the aerosol treated films now shows a dependence
on film thickness, with larger grains being formed in thicker
films. This reflects the significant structural reorganization and
recrystallization seen in Figure 2 and demonstrates that it occurs
throughout the film thickness even in films up to 1300 nm thick.

© 2021 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
ENERGY
MATERIALS

www.advancedsciencenews.com

a Untreated

Aerosol treated b 22

www.advenergymat.de

-------- Wemisy,
20 geieesemrntt g TRTemSsLLL
€ 18}
3]
o 16 == Untreated
={}= Aerosol treated
14 F = % - Champion cell
12 L L L
500 900 1300
Perovskite thickness (nm)
C
& 25
§
< 20F —&— Reverse scan
E —O— Forward scan
> 15}
2 S V(V)  FFPCE(%)
S 10} (mAcm?) 9¢
©
= RS 2280 1114 0817 20.77
B 5|
g FS 2274 1113 0813 2058
o o i 1 i 1 1
0.0 0.2 0.4 0.6 0.8 1.0 1.2

Voltage (V)

Figure 5. Thickness dependent microstructure and photovoltaic properties a) Cross-sectional scanning electron microscopy (SEM) images of untreated
(left column) and aerosol treated (right column) perovskite films of different thickness (Scale bars =1 um). b) Measured PCE values for devices pre-
pared from MAPbI; films of 500, 900, and 1300 nm. Also shown are the single device data for the champion cell at each thickness. c) J-V data, forward
(FS) and reverse scan (RS) for the champion device with all device parameters shown in inset table.

Figure 5b shows the PCE of p-i-n structured devices for
untreated and aerosol treated films with three active layer thick-
nesses. In the untreated films, increasing thickness results in a
reduction of PCE. These thickness-dependent losses stem from
reductions in short circuit current density (Jsc) and fill factor
(FF) (Figure S11, Supporting Information) due to the horizontal
grain boundaries impeding charge transport. However, these
losses are minimal in aerosol treated devices. Aerosol treatment
significantly improves all device characteristics with the best
performing devices now being those with an active layer thick-
ness of 900 nm, whilst 1300 nm devices exhibit performance
metrics only slightly below their 500 nm counterparts. The
champion 900 nm device, Figure 5c, has a Jsc = 22.8 mA cm™2,
Voc = 111V, FF = 0.81, and PCE = 20.77% with minimal hys-
teresis and an integrated external quantum efficiency (EQE) of
22.4 mA cm™ (correlating with the measured Jg¢), Figure S12,
Supporting Information. By mediating ionic and/or electronic
defects, the aerosol treatment allows for use of thick absorber
layers that can improve light harvesting.’® This not only gives
rise to higher PCE of the champion device but is also favorable
for large-scale manufacturing of PSCs, for example, printing,
where thicker absorber layers are typically employed to over-
come associated defects such as pinholes.

Structural characterization of the thicker MAPDI; films
using X-ray diffraction show the anticipated changes upon
aerosol treatment, that is, an increase in the degree of crystal-
linity, an increase in grain size and the development of a pre-
ferred (110) orientation, Figure S13, Supporting Information.
Closer analysis of the (110) diffraction peaks reveals a peak shift
to higher 26 value after aerosol treatment, the magnitude of
which increases with film thickness. Similar shifts are seen in
other diffraction peaks indicating a reduction in the size of the
lattice. Overall, these results show that the aerosol treatment
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can be readily applied to perovskite films with a large variation
of film thickness, resulting in consistent improvement of film
quality and thus high-performing devices.

2.5.2. Hole Transport Layer (HTL) Variation and HTL-Free Devices

Thus far we have demonstrated the effectiveness of aerosol
treatment using PolyIPD as the HTL owing to the high-
performing devices produced. However, PolyTPD creates
processing challenges due to its hydrophobic nature.””] As
an alternative HTL we consider p-i-n devices with hydro-
philic  poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate)
(PEDOT:PSS), as well as HTL-free devices. Both architectures
are attractive owing to ease of preparation and reduced mate-
rials cost, particularly benefiting high-volume manufacturing,
but normally yield lower performing devices.>®!

Figure 6a shows a schematic energy diagram of the p-in
PSCs with different HTLs, while Figure 6b shows how the PCE
varies when the HTLs are varied. The PolyTPD devices outper-
form those prepared using PEDOT:PSS, which is anticipated.
However, the enhancement of PCE following aerosol treatment
is much greater for PEDOT:PSS devices where the average
PCE increased from 13.5 £ 0.4%, to 176 + 0.4%, compared to
18.7 £ 0.4% to 19.7 £ 0.3% for PolyTPD devices. The PCE of
HTL-free devices increases by an even greater factor after aerosol
treatment, from 9.6 + 0.5% to 15.4 + 0.4%, comparable to the best-
performing dopant-free, HTL-free devices previously reported.>”
J-V curves, Figure 6¢, as well as the photovoltaic parameters,
Figure S14, Supporting Information, show that the improved
PCE is driven by considerable improvement of Vg and FF for
the HTL-free device, and mainly by improvement of Vy¢ for
the PEDOT:PSS device. Here the combination of increased film

© 2021 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 6. Alternative device configurations and architectures. Panels show from left to right: schematic illustrations of flat-band energy level diagrams,
statistical device PCE data and typical -V curves for a—c) p-i-n PSCs with different HTLs, d—f) p-i-n PSCs using Csg;FAqgPb(lo.95Bro0s)3 (CsFA) as an
active layer, g—i) n-i-p PSCs (inset of figure (i) shows the steady-state power output). In (c), only reverse scans of J-V curves are shown. In (f) and (i),
both forward scans (FS) and reverse scans (RS) of J-V curves are shown. Scan speed is 50 mV s7' in all cases.

crystallinity, reduced ionic defects and the reduction in p-doping
of the perovskite collectively create more favorable band bending
at HTL/perovskite or ITO/perovskite interface that facilitates
hole extraction and reduces surface recombination. !

2.5.3. Methylammonium-Free Double Cation Perovskites

To demonstrate the true universality of our aerosol treatment
we turn to investigate formamidinium (FA)-based perovskites.
These perovskites are attractive due to their excellent thermal
stability,®! although their PCEs are normally lower that MA- or
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MA-FA-based counterparts.°?l We fabricated the FA-perovskite
films with a nominal composition of Csgy;FAq¢Pb(Iy95B1¢0s)
with our standard p-i-n architecture, Figure 6d, where incor-
poration of caesium (Cs) alongside FA is reported to stabilize
the perovskite structure.®¥] Statistics of PCE, Figure 6e, show
an improvement in the average PCE, from 18.6 + 0.3% to
19.7 £ 0.3% after aerosol treatment. The measured photovoltaic
parameters shown in Figure S15a—c, Supporting Information,
reveals that such improvement is driven mainly by an increase
of Voc and FF. J-V curves of the champion device, Figure 6f,
shows a PCE of 19.0% for the untreated device and 20.1% for
the aerosol treated device, with minimal J-V hysteresis seen

© 2021 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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in both devices. The aerosol treated device has an integrated
external quantum efficiency (EQE) of 23.0 mA cm™2 that corre-
lates well with the measured Jsc, Figure S16, Supporting Infor-
mation. Characterization of the Csy;FAqoPb(Ig9sBrggs) films,
Figure S17, Supporting Information, show an increase of grain
size and the formation of monolithic grains, combined with
improvements in crystallinity after aerosol treatment is imple-
mented, which correlates to a reduction of trap states in these
films. These are all consistent with the modifications that have
been observed on MAPbI; films.

2.5.4. n-i-p Architectures

To conclude, we consider devices prepared in the n-i-p con-
figuration that most state-of-the-art PSCs have adopted.[>1219.64
Figure 6g shows a schematic illustration of the energy level dia-
gram of the devices, where a nanoparticle SnO,/PCBM bilayer
is used as the ETL and poly[bis(4-phenyl)(2,4,6-trimethylphenyl)
amine (PTAA) as an HTL. Analysis of the PCE data, Figure 6h,
and other device characteristics, Figure S15d—f, Supporting
Information, show the aerosol treatment significantly improves
device. In addition to the average PCE values increasing from
18.2 + 0.9% (champion 19.2%) to 20.2 + 0.3% (champion 21.0%)
following aerosol treatment, the spread in all characteristics are
also reduced, that is, aerosol treatment creates better performing
devices with statistically less variance in performance. One draw-
back of the n-i-p structure is that hysteresis is generally more
problematic than in p-i-n analogues. Figure 6i shows |-V curves
for the champion untreated and aerosol treated devices, where it
is apparent that hysteresis is reduced in the aerosol treated device,
indicative of a reduction in ionic defects. Despite the moderate
J-V hysteresis even after aerosol treatment, the steady-state power
output measurement (inset in Figure 6i) shows a stabilized PCE
of 20.5% when the device is held near the MPP (0.952 V).

3. Conclusion

We have introduced an innovative post-deposition treatment
universally applicable to a wide range of PSC configurations
and architectures. The methodology yields significant improve-
ments in device efficiency and operational stability, coupled
with a reduction in inherent batch-to-batch variability in all per-
formance metrics. Such improvements are achieved following
an aerosol-induced recrystallization of solution deposited
MAPDI; thin films that results in a significant enlargement and
improved homogeneity of grain size.

The aerosol treatment is demonstrated as being universally
suitable for a range of active layer thicknesses, hole transport
layers, architectures, active areas, and perovskite compositions.
Significantly, all benefits can be obtained without modification
of existing deposition methods or the introduction of composi-
tional modulation through additives. In addition to increasing
grain size and crystallinity, our process enables the elimination
of PbI, that may be present due to either thermally-induced
degradation or remaining unreacted precursor, improves the
chemical homogeneity of the perovskite and significantly
reduces ionic and electronic defects.

Adv. Energy Mater. 2021, 2101420 2101420 (10 of 12)

www.advenergymat.de

The synergistic improvements in structure, composition,
and defect chemistry allow for the preparation of champion
p-i-n MAPDI; devices with a PCE of 20.8%, MAPDI; devices
with active areas exceeding 1 cm? with a PCE of 17.6% and
remarkably HTL free devices with PCEs >15%. Importantly,
this method is scalable, and we have shown that it can
improve large-area uniformity and improve the efficiency of
thicker active layers. All of these features make this technique
highly suitable for large-volume manufacturing of PSCs. In
fact, whilst we have demonstrated this on a lab-scale reactor
(Figure S1, Supporting Information), this reactor is designed
to pilot chemical vapor deposition processes for future scale-
up to the commercial (meters+) scale. Furthermore, the
highly controlled nature of this technique could be further
applied to the fundamental study of perovskite materials,
where the controlled grain growth, defect and dopant tuning
could allow property-performance relationships to be studied
in greater detail in the future. Therefore, the simplicity, ver-
satility, and reproducibility of our methodology will enable
its immediate uptake by researchers in the field to further
study these interesting properties and enable improvements
in future devices.

Supporting Information

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