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Introduction

Journal of-Materials'Chemistry A

Ambient Blade Coating of Mixed Cation, Mixed Halide Perovskites
without Drip: In Situ Investigation and Highly Efficient Solar Cells

Ming-Chun Tang?, Yuanyuan Fan®, Dounya Barrit?, Xiaoming Chang®, Hoang Dang¢, Ruipeng Li%, Kai
Wang?, Detlef-M. Smilgies®, Shengzhong (Frank) Liu®, Stefaan De Wolf?, Thomas D. Anthopoulos®",
Kui Zhao®*, and Aram Amassian®¢"

Perovskite photovoltaics have made extraordinary strides in efficiency and stability thanks to process and formulation
developments like the anti-solvent drip and mixed-cation mixed-halide compositions. Solar cell fabrication through low-cost
scalable methods, such as blade coating cannot accommodate the anti-solvent drip and needs to be performed in ambient
atmosphere. Consequently, their efficiency has lagged behind that of spin-cast devices, fabricated in inert atmosphere and
with carefully timed anti-solvent drip to control nucleation and growth. In this study, we demonstrate formamidinium (FA)-
dominated mixed-halide mixed-cation perovskite solar cells fabricated by blade coating in ambient air (T = 23 °C, RH = 50
%) without the benefits of anti-solvent drip or a moisture-free environment. We investigated the solidification process
during blade coating of single-cation (FAPbls) and increasingly complex mixed-cation mixed-halide
(FA0.8MA0.15Cs0.05Pbl2 55Bro.4s, MA is methylammonium) perovskites in situ using time-resolved grazing incidence wide-angle
X-ray scattering (GIWAXS). We found that the perovskite precursor composition and the blade coating temperature
profoundly influence the crystallization mechanism and whether halide segregation occurs. The inclusion of Br- suppresses
the non-perovskite 2H phase, promoting instead Pbl, together with the intermediate 6H phase and 3C phase of
FAPbI,.55Bro4s. Addition of Cs* suppresses these intermediates and promotes the direct crystallization of the perovskite 3C
phase FA0sMAo.15Cso.0sPbl2.ssBross when coating at elevated temperature, unlike when anti-solvent drip is used at room
temperature. Through control of ink formulation and coating conditions, we demonstrate blade coated perovskite solar cells
with a champion power conversion efficiency (PCE) of 18.20 % as compared with FAPbIs perovskites, which yield a PCE of
12.35 % in similar conditions without the benefit of anti-solvent drip. This study provides valuable insight into the
crystallization pathway of mixed-cation mixed-halide formulations without anti-solvent drip in high-temperature processing
conditions that enable the translation of perovskites toward upscalable ambient manufacturing in high throughput
conditions.

cation, most often methylammonium (MA*), formamidinium (FA*)
or cesium (Cs*), M is a metal cation, such as lead (Pb2*) or tin (SnZ*),
and X is a monovalent anion such as chloride (CI-), bromide (Br-),

Hybrid organic-inorganic metal-halide perovskites have impressed
the semiconductor community thanks to their remarkable
optoelectronic properties, including low exciton binding energy, a
sharp absorption onset, and a small Urbach energy despite being
prepared via low-cost solution-processing approaches.* Hybrid
organic-inorganic metal-halide perovskites feature the characteristic
AMX; structure, where A is an organic or inorganic monovalent
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iodide (I'), and the mixture.>® Hybrid perovskite thin films are most
commonly processed through a one-step spin-coating method,
whereby a precursor ink is cast onto a substrate and spun up, an anti-
solvent is dripped at the opportune time and the resulting film is
subsequently annealed to acquire the desirable perovskite phase. To
date, anti-solvent dripping has been the primary approach applied to
the one-step spin-coating planar heterojunction small-scale
perovskite solar cells with certified power conversion efficiency (PCE)
now surpassing 25 %.7 Recently, hybrid perovskite compositions
have been predominantly based on FA* as the major cation since the
a-FAPbl; perovskite has a bandgap of 1.48 eV, which is closer to the
ideal bandgap of Shockley-Queisser single-junction solar cell (1.34
eV) than classical MAPbI; (1.57 eV).8 However, the photo-active a-
FAPbI3 perovskite is thermodynamically unstable in ambient air and
tends to transform into a non-perovskite yellow 8-FAPbI; phase. The
incorporation of MA*, Cs*, and Rb* has been demonstrated to
improve the issue of phase instability and results in more stable and
efficient multi-component perovskite solar cells.® 10 Moreover,
mixed-cation (MA*, FA*, Cs*) and mixed-halide (I~ and Br-) based
perovskite solar cells are more reproducible, have a wider
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antisolvent processing window, and thermally more stable with
higher solar cell performance.11 12

Despite the current success of high-efficiency small-scale devices
via spin coating combined with anti-solvent dripping, scalable
printing methods are needed to address upscaling and
manufacturability challenges including material and solvent waste,
limitation to small-area fabrication, and overall lack of reproducible
device-to-device performance.131° Scalable solution-processing
techniques adapted to polycrystalline hybrid perovskite thin films to
date include blade coating, slot-die coating, dip coating, spray-
coating, and inkjet printing.16.19-25 To date, the blade coating process
remains one of the most popular and facile implementations for
fabricating high-quality hybrid perovskite thin films and effort has
been made to improve the device efficiency and stability.13. 15. 26, 27
For instance, Huang’s group reported a high PCE of 19 % for MA-
rich mixed cations and halides (MAgsFA038CS0.02Pbl2.975Bro.025)
perovskite photovoltaics inside a N; glove box.2” The device
performance is highly related to the perovskite morphology and
crystallization, which, in turn, influence optoelectronic properties
such as defect and trap state densities.2830 Despite the apparent
simplicity of the blade coating process, the mechanisms underlying
the film formation from precursor inks to solid-state thin films, as
well as the process-structure relationships are poorly understood.
This is partly due to a reliance upon ex situ characterization methods,
which do not capture the phase transformation behaviour or the
formation of intermediate phases. The ability to investigate film
formation from the blade coating process via in situ techniques is
likely to be an essential step toward enabling transition to scalable
manufacturing.

For this purpose, in situ time-resolved grazing incidence wide-
angle X-ray scattering (GIWAXS) has recently emerged as a powerful
technique to investigate and track the microstructure evolution of
perovskite precursor inks during solution-casting into solid-state
perovskite thin films and to investigate the crystallization distribution
and orientation in real time. Gong et al. examined the classical
MAPbI3 perovskite solution using in situ GIWAXS methods and
identified the existence of sol-gel disordered nanoparticles, solvated
crystalline intermediates, and the polycrystalline perovskite phase
during mini-slot-die printing.3? Our group revealed, through in situ
investigations of film formation during spin-coating and blade
coating, that significant differences exist in the phase transformation
pathway of MAPbI; perovskite in these two processes.!® 32 33 We
further showed that the processing temperature mediates the
structure, halide composition, and polymorph of the solvated
intermediate phase, while high-temperature processing (> 100 °C)
circumvented the crystalline solvated phase entirely, thus changing
the phase transformation behavior.19.33.34 The FA-rich mixed cations
and mixed halide perovskites (FA1...yMA\Cs,Pbls_Br,) have recently
demonstrated superior device performance, stability and ease of
processing as compared to classical MAPbl; and FAPbIs, but they also
benefit from the crucial anti-solvent dripping step which mediates
their phase transformation and can kinetically suppress halide
segregation.® 35 The incompatibility of the drip with blade coating
and meniscus-guided coating techniques in general requires
alternative means of control over the phase transformation of the
perovskite phase.3® A comprehensive understanding of the phase
transition including microstructural and phase evolutions is missing
for conditions representative of such scalable manufacturing
processes for these complex perovskite compounds. During blade
coating, the elevated stage temperature has been found to affect the
quality of hybrid perovskite thin films critically in case of MAPblIs,
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which otherwise tends to crystallize through solvated intermediate
phases that cause pinhole formation.1% 32 However, the phase
transition is drastically different in FA-rich perovskites, which form
non-solvated intermediate hexagonal phases which promote halide
segregation in mixed halide perovskites. We, therefore, seek to
provide a rational pathway toward the translation of mixed halide
mixed cation perovskites toward scalable manufacturing in ambient
conditions.

Herein, we compare and contrast four representative perovskite
systems (FAPb|3, FAPblz,ssBro,45, FAo,gMAO,15CS0,05Pb|3, and
FAp3sMA0.15Cs0.05Pbl2ssBross) in terms of  their dynamical
microstructure evolutions and conversion processes during blade
coating by performing in situ GIWAXS measurements. With this
investigation, we unveil the relationship between the solidification
pathway and the effect of the mixed cations and halides at different
temperatures without resorting to anti-solvent drip. We adopt the
widely used nomenclature for metal oxide perovskites and proposed
by Gratia et al. to specify the crystal structure of phases associated
with the formation of perovskite thin films.3” For example,
intermediate phases such as hexagonal 2H, 4H, 6H are often referred
to as 6 phase; while the cubic 3C perovskite phase is often referred
to as a phase. The acronyms 2H, 4H, 6H, and 3C refer to the well-
established Ramsdell notation widely used for describing oxide
perovskite polytypes.38 In the case of FAPbIs, blade coating at 120 °C
reveals the formation of a yellow non-perovskite 2H (100) phase
formed within 10 s. By incorporating a small amount of Br- into
FAPbI3, the 2H (100) phase is suppressed at the expense of the
desired perovskite 3C (100) phase, but this forms weakly and is
accompanied with Pbl, formation, pointing to halide segregation.
Incorporation of MA* and Cs* into FAPbl; ink (resulting in
FA0.sMAg.15Cso.0sPbls composition) promotes formation of the non-
perovskite 2H (100) phase and perovskite 3C (100) phase from the
disordered sol-gel precursor. By addition of Cs* and MA* into the
system to obtain FAgsMAg 15Csp.05Pbl2.55Bro.4s perovskite ink — one of
the most popular perovskite compositions yielding efficient solar
cells nowadays — the undesired intermediate phases (2H, 6H, and
Pbl,) are suppressed when processing at elevated temperature and
give way to formation of the desired perovskite 3C phase exclusively
without the need for anti-solvent drip. Using these insights, we
achieved maximum/average PCEs of 18.2%/16.4% for
FA0.sMA0.15Cs0.0sPbl255Broas based on planar heterojunction n-i-p
devices made with the blade coated hybrid perovskite films in
ambient air with 50 R.H.%. In comparison we obtained
maximum/average PCEs of 16.3%/14.1% for FAosMAo15Cso0.0sPbls,
15.8%/13.9% for FAo_gsMAg_15Pb|2_55Bl’o_45, 13.9%/11.6% for
FAPblz,ssBro,45, and 12.4%/9.0% for FAPb|3.

Results and discussion

Crystallization Behavior of FA1..yMA,Cs,Pbls_Br; Inks via Blade
Coating

Blade coating experiments were conducted using a custom-built
setup described elsewhere3> 3% and were computer-controlled
remotely while performing both in situ and ex situ GIWAXS
measurements at the D1 beamline of the Cornell High Energy
Synchrotron Source (CHESS).19 33,35, 36, 39-46 The integration time for
individual GIWAXS snapshots was 0.2 s, allowing a frame rate of 5 Hz,
sufficient to capture the phase transformation behaviour in blade
coating experiments performed in this study.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 1 In situ 2D GIWAXS scattering evolution vs. time for various perovskite precursor formulations showing ink-to-solid transformation
during blade coating for (a) FAPbIs, (b) FAPbI;55Bross, (c) FAosMAg.15Cs0.05Pbls, and (d) FAqsMAo.15Cso.05Pbl2ssBroas. Representative 2D
GIWAXS snapshots taken at the final stage of blade coating as well as post-annealing (10 minutes at 100 °C), together with a plot of g vs.
intensity are shown for (e, f) FAPb|3, (g, h) FAPb|2_5sBI’o_45, (i, j) FAo_gMA0_15CSO_05Pb|3, and (k, |) FAg_gMAO_15CSQ_05Pb|2_55Br0_45. scattering features
associated with the disordered sol-gel phase and yellow non-perovskite 2H (100) phase (g = 8.5 nm™) are identified along with the (100)
diffraction of Pbl; (g = 9.0 nm™1) and perovskite 3C (110) phase diffraction (g = 10.2 nm™1).

We began our investigations by comparing the blade coating of FA-
dominated triiodide and mixed halide systems, including FAPbls and
FAo‘gMAo,l_r,CSo,ostlg, as well as FAPblz,ssBr[)As and
FA0.sMA0.15CS0.05Pbl2.55Bro.4s. All formulations were prepared with the
same molarity (1.2 M) in a mixture of N,N-dimethylformamide (DMF)
and dimethyl sulfoxide (DMSO) solvents with a 4:1 volume ratio. In
Fig. 1a-d, we present the time-evolutions of 2D X-ray scattering
intensity with respect to the scattering vector (q) for the perovskite
ink formulations mentioned above. Representative 2D GIWAXS
snapshots collected at 5, 20, and 60 s during blade coating at 120 °C
of all perovskite ink formulations are also shown in Fig. S1. The length
of the scattering vector g is determined by the following
__ 4msinay __ A4msinby

qZ + qiy, where: q, = ——, qxy = ) his

the wavelength.*3.47.4¢ The emergent waves with the momentum can
be described by the in-plane exit angle afand the out-of-plane angle
U (with respect to the scattering plane).*® Blade coating experiments
were performed on compact TiOz-coated glass substrates for 60 s at
a coating speed of 25 mm/s. The sample holder was pre-heated to

equation: g =

120 °C and as-cast films were subjected to an additional annealing
step at 100 °C for 10 minutes, after which an additional ex situ
GIWAXS measurement was performed.

The time-evolution of the scattering features of FAPbl; (Fig. 1a)
reveal a solvated, colloidal sol precursor during the first 20 s, as
indicated by the formation of a scattering halo at low g values (4 to
8 nm~1).50 The hexagonal (non-perovskite) 2H (100) phase? 12.37.38 (g
= 8.5 nm) forms around 10 s, coexisting with the colloidal sol state
for ~10 s. The 2H (100) phase scattering intensifies significantly with
the disappearance of the sol scattering signal for t > 20 s and is
subsequently the only scattering feature observed in the as-cast film,
indicating the ink has solidified and converted to the 2H (100) phase.
The 2H phase formed in the as-cast film tends to be highly textured
with the c-axis normal to the substrate plane (Fig. 1e). Upon
annealing, the FAPbI; film converts partially to the perovskite 3C
(100) phase and exhibits weak diffraction intensity (Fig. 1f). This is
not surprising as the annealing temperature required for full
conversion has been reported to be above 150 °C.5152

Addition of a small amount of Br- into the formulation (nominally
FAPbI; 55Bro.4s) complicates the crystallization outcome considerably
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(Fig. 1b). The as-cast film yields three phases: the 6H (101) phase? 12.
37,38 forms most prominently at first, along with Pbl, (g = 9.0 nm™1)
and the perovskite 3C (100) phase® 12.37.38 (g = 10.2 nm1). However,
the 6H (101) phase seems unstable as its intensity weakens
significantly after ~30 s (Fig. 1g). Upon thermal annealing, the 6H
(101) phase disappears completely, leaving behind a partially
converted film composed of a mixture of crystalline Pbl, and 3C (100)
perovskite phases (Fig. 1h). Addition, instead, of small fractions of
MA* and Cs* into the triiodide formulation (nominally
FA0.8sMAo 15Cso0sPbls) (Fig. 1c) suppresses Pbl, formation and
promotes the formation of the perovskite 3C (100) phase in addition
to the 2H (100) phase (Fig. 1i). Thermal annealing does not
appreciably alter the as-cast film’s state and appears to promote 2H
(100) phase formation (Fig. 1j).

In Fig. 1d, we reveal that simultaneously incorporating small
amounts of MA* and Cs* into the previous FAPbIl;55Brgoss ink
(resulting in the FAosMA.15CS0.0sPbl2.s5Bro.as nominal composition)
tends to form the desired perovskite 3C (100) phase directly from the
disordered sol precursor without forming intermediate non-
perovskite phases, such as 2H, 6H phases and Pbl,. It is important to
recognize that the phase transformation of the solution by blade
coating at elevated temperature is very different from that of spin
coating and appears to emulate the effects of anti-solvent drip
without the kinetic quenching.? 33 In contrast to the previous three
Cs-free perovskite formulations, the Cs-containing formulation
(FA0.81MA.14Cs0.0sPbl2.55Bro 45) starts to show perovskite phase (3C
(100) phase, g = 10.2 nm1) at around 20s during blade coating. The
as-cast FAo.81MAg 14Cso.0sPbl25sBross thin film exhibits a strong
feature of the 3C (100) perovskite phase, which further increases its
diffraction intensity after thermal annealing (Fig. 1k and I).
Importantly, the non-perovskite 2H phase has a negligible signal,
indicating that the 3C phase dominates the microstructure. Thus, we
found that the main factors that could have an enormous impact on
the microstructural evolution relate very much to the original
composition of the perovskite ink before heat treatment, and that
presence of Cs* and Br- promotes the formation of the perovskite 3C
phase exclusively without other intermediate phases.

Nominal

FAPbI3
formula

FAPblz,sst’oAs FAMACSPb|3 FAMACSPblz,ssBFOAS

Phases
present

Perovskite
phase No

2H 6H, Pbl, 3C 2H, 3C 3C

Yes Yes

perovskite
phase(s)
present?
Table 1 Summary of the phases formed during blade coating at 120
°C of different FA-based formulations, including FAPbls,
FAPDI 55Bro.45, FA0.8MAg.15CS0.0sPbl3, and FAqsMAg.15Cs0.05Pbl2.55Bro.as
in a solvent mixture of DMF and DMSO.

Yes Yes Yes No

We summarize the in situ GIWAXS findings in Table 1. FAPbI3
formulation forms the non-perovskite yellow 2H (100) phase
from a disordered sol precursor. Addition of a small amount of
Br- (FAPbIl;55Bro.4s) suppress the 2H phase and generates the
desired 3C perovskite phase together with undesirable Pbl;

4| J. Name., 2012, 00, 1-3

crystals, indicative of halide segregation in the as-cast film.
Further addition of Cs* (FAo.8MAp 15Cs0.0sPblsssBroas) further
suppresses the intermediate non-perovskite 2H phase and
promotes single perovskite 3C phase formation.

Impact of Coating Temperature on Phase Formation

The processing temperature was previously reported to play an
essential role in the phase transformation behaviour of
perovskite films.1% 32-34 Blade coating at elevated temperature
has vyielded higher quality films and better photovoltaic
performance than films prepared at a lower temperature. To
understand the impact of the blading temperature on the phase
conversion of mixed-halide mixed-cation systems, we have
compared the phase
FA0.8MA0.15CS0.05Pbl2.55Bro.4s formulations blade coated at low
(60 °C) and high (120 °C) temperatures. Fig. 2a and b show 2D
maps (with integration of each time slice) of the scattering
intensity g (ordinate; 4 < g < 12 nm) tracked over time
(abscissa; 0 < t < 360 s for blading at 60 °C and 0 < t < 60 s for
blade coating at 120 °C, respectively). Representative 2D
GIWAXS snapshots collected during blade coating at 60 and 120
°C are summarized in Fig. S2. Fig. 2a shows the time evolution

transformation  behaviours of

of phase transformation at 60 °C. Prior to =210 s, we observe
the wet sol colloidal precursor, as indicated by the scattering
halo at low g values (4 to 7 nm™).1% 32 Subsequently, two
diffraction features appear close to the 3C perovskite: a Br-poor
3C perovskite a; phase at ¢ = 9.9 nm™! and a Br-rich 3C
perovskite a; phase (at g = 10.3 nm~1). These are accompanied
by the formation of Pbl, crystals (g = 9.0 nm™1) and the non-
perovskite 4H phase (100)9 12.37.38 (g = 8.36 nm™1). These results
prove the phase transformation behaviour promotes halide
segregation in the perovskite phase, resulting simultaneously in
Br-poor and Br-rich 3C structures as Pbl, crystals and the non-
perovskite 4H phase form, respectively. This leads to perovskite
3C phases exhibiting different energetics and bandgaps,
expected to act as recombination sites with a negative impact
on the performance of solar cells. On the other hand, blade
coating at 120 °C (Fig. 2b) forms the desired perovskite 3C (100)
phase directly and exclusively, providing no apparent cause for
halide segregation. The 3C phase forms directly from the
disordered sol at around 20 s. The fact that non-perovskite
phases are not observed suggests that thermal energy favours
the nucleation and growth of the entropically stabilized mixed
halide mixed cation 3C phase and that rapid drying of the
solution due to hot casting does not quench the system into
alternative phases.? 33 A schematic representation of the
solidification pathway of FAqgsMA.15Cs0.0sPbl ssBro as perovskite
thin films at low and elevated temperatures is shown in Fig. 2c.
At low temperature, slow drying leads to the formation of
halide-segregated perovskite 3C phases (Br-poor and Br-rich),
along with non-perovskite Pbl; crystals and the 4H (100) phase.
The film achieves poor surface coverage as per scanning
microscopy (SEM) images (Fig. S3). At high
temperature, the perovskite crystals nucleate and grow directly

electron

This journal is © The Royal Society of Chemistry 20xx
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from the colloidal sol, forming compact films as confirmed in the
SEM micrographs shown in Fig. 3a. Representative 2D GIWAXS
snapshots at the final stage of blade coating (at 360 s for 60 °C
and at 60 s for 120 °C) for the FAosMA0.15CS0.05Pbl2.55Bro.a5
perovskite thin films are plotted in Fig. 2d. We further plot in
Fig. 2e the intensity versus g (at 60 s) and the time-evolution of
intensity at g = 10.2 nm, confirming the perovskite 3C phase
forms a single intense phase and does so very rapidly at 120 °C,
whereas low-temperature processing leads to the formation of
competing phases with distinct halide composition which cause
halide-segregation when converted to the perovskite phase.
Previous UV-Vis absorbance studies of lead iodide and lead-
bromide solutions in DMF and DMSO have revealed significant
differences in the formation of lead-solvent complexes known
as iodiplumbates and bromoplumates. Lead bromide tends to

(@12
10

180
Time (s)

120

FAogMAG 15CS0,05Pbl5 5580 45

0 Time(s) 60

qy (nm)
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complex more weakly with solvents and forms metal-rich
clusters whereas lead iodide complexes strongly with DMSO.5%
56 |t is reasonable to assume that a slow drying sol precursor
containing a mixture of lead iodide and lead bromide in the
presence of DMSO and DMF should promote halide segregation
by preferential loss of solvent from the bromoplumbate sol
iodoplumbate highly solvated, thus
promoting the formation of Br-rich and I-rich regions of the as-

while sol remains
cast sol and leading to formation of Pbl; and other phases. Hot
casting enhances the drying kinetics while also providing
thermal energy in favor of the phase transformation of the
cation

thermodynamically favored mixed halide, mixed

perovskite phase.

max
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Fig. 2 In situ 2D GIWAXS intensity map of the FAosMA,.15Cso.0sPblyssBroas perovskite precursor inks showing ink-to-solid

transformation during blade coating (a) at 60°C and (b) 120 °C. (c) Schematic representation of the FAqsMA0.15CS0.05Pbl2.55Bro.as

perovskite thin film formation mechanism at low 60 °C and high 120 °C blade coating temperatures. (d) Representative 2D GIWAXS
snapshots taken at the final stage of blade coating perovskite films for FA.sMA.15Cs0.0sPbl2 55Brg 45 at 60 °C and 120 °C, respectively.

(e) Scattering vector g versus intensity distribution of FAqsMAg.15Cs0.0sPbl2.55Bro.as perovskite film at final stage of blade coating and

time evolution of the diffraction intensity related to perovskite 3C (100) phase (g = 10.2 nm™) for FA0.8MA0.15CS0.05Pbl2.55Bro a5

perovskite ink at 60 °C and 120 °C.

Morphology and Optoelectronic Properties

We have investigated the resultant thin film morphology of all
five formulations after coating and thermal annealing with the
help of SEM. At low magnification, the films appear to form
continuous and compact films with large domains across the
substrate (Fig. 3a). However, inspection at higher magnification
reveals several pinholes in FAPbls and FAPbI, 55Bro.4s films and
extended cracks between domains in FAg gsMAg.15Pbl; 55Bro.as
and FAosMAp.15Cso.05Pbls films. Under these blade coating
conditions, it appears that only FAgsMAg 15Cso.05Pbl2.55Broas
films exhibit high structural quality, free of pinholes or cracks.
The origin of these pinholes and cracks is not entirely
understood but is not entirely surprising given the volume
change that intermediate phases must undergo to transform
into the 3C phase. Furthermore, the thermal expansion
coefficient of hybrid perovskites tends to be an order of

magnitude higher than that of typical inorganic substrates®?,

This journal is © The Royal Society of Chemistry 20xx

causing cracking-induced stress relaxation during cooling, not
unlike other semiconductors exhibiting large mismatch of
thermal expansion coefficient.58

We investigate the structure and properties of the above
films (Fig. 3b, 3c, and S6), as well as additional films prepared at
an elevated coating temperature (150 °C, to overcome the
challenges of processing translation from low to high humidity
ambient conditions). This was found to promote the formation
of higher quality films than at 120 °C, which we attribute
tentatively and partly to humid ambient conditions in our lab (T
= 23 °C, RH = 50%), as well as to the higher processing
temperature which of the
thermodynamically favored phase and at the same time rapidly
dry the solution, thus kinetically inhibiting precursor
segregation. Optical photographs of all five representative
blade coated perovskite thin films at 120 and 150 °C are
summarized in Fig. S4a. The spectral absorbance of FAPbls and

promote formation
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FAPDbI,55Bross films do not exhibit a clear absorption onset
compared to the other perovskite systems. We attribute this to
incomplete perovskite phase conversion after blade coating at
150 °C and possible decomposition in humid ambient air, as
evidenced by the appearance of 2H, 6H and Pbl, phases in ex
situ XRD analysis (Fig. 3c and S6). the
FA0.8MA0.15Cs0.05Pbl3 thin exhibits a
characteristic perovskite absorbance onset at around 800 nm,

By contrast,
solid-state film
while the addition of a small quantity of Br- for the
FA0.85MA0.15Pbl2ssBross and FAosMAo.15Cso.05PblassBross films
resulted in a blue shift of the bandgap onset (absorbance onset
is around 770 nm). The variation of cations was found to have
little impact on the bandgap of the studied perovskites, but the
addition of Cs* into the perovskite structure increases the
absorbance of FAggsMAg.15Cs0.0sPbl2.s5Bro.as perovskite thin films
for A < 750 nm, owing to its propensity to form the 3C phase.
The FA.8MA.15Cs0.05Pbl2.55Bro.ss film shows the most intense 3C
phase reflection (14.0°) among all perovskite cases studied,
whereas FAPbls and FAPbI; s5Brg 45 films show evidence of non-
perovskite intermediate 2H and Pbl, phases when blade coating
at 120 °C. However, FAo.8sMAg.15Pbl2. 55Brg as,
FA0.8MA0.15Cs0.05Pbl2.55Bro 45, and FA0.8MA0.15Cs0.05Pbls
perovskite solutions formed the desired perovskite 3C phase
exclusively when blade coated at 150 °C, improving upon the
outcome of deposition at 120 °C.

We have
perovskite film influences its trap state density and charge
mobility space charge limited (SCLC)

(@

investigated how the composition of the

using current
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We collected the dark
characteristics for electron-only devices with glass/fluorine-
doped tin oxide (FTO)/compact titanium dioxide (c-TiO;)/blade
coated perovskite/[6,6]-phenyl-Cs1-butyric acid methyl ester
(PCBM)/silver (Ag) architecture for various perovskite thin films

measurements. current—voltage

(see Fig. S5 for the other perovskites).° Fig. 3d illustrates the
dark current—voltage characteristics of the representative
mixed-cation mixed-halide perovskite
FA0.8MA¢.15Cs0.05Pbl2.55Bro.45, indicating a linear ohmic response
at a low bias (< 0.11 V), a trap-filling regime (0.12 to 0.61 V) and
a trap-free SCLC regime (> 0.62 V). The trap state density was
determined by the trap-filled limit voltage using the following
2805 Vrry
qL?
€ is the relative dielectric constant, Vrf_ is the onset voltage of
the trap-filled limit region, g is the elemental charge, and L is
the thickness of the film.>® We found that the trap-state
densities are similar for FAPbl; and FAPbI, ssBross perovskite
films, which are on the order of 2 x 1016 cm~3. Trap densities
decrease slightly to 1.8x1016, 1.9x10%% and 0.9x10¢ cm=3 for
FA0.8sMA0.15Pbl2.55Bro.45, FA0.8MA0.15Cs0.05Pbls,
FA0.8MAo 15Cs0.05Pbl2.ssBro.as, respectively (Fig. 3e). These results
indicate that the introduction of Cs* and Br- simultaneously

equation: N; = , where gg is the vacuum permittivity,

and

remediates defects in the perovskite thin film. This is consistent
with in situ observations that a single perovskite 3C phase forms
during blade coating, resulting in ion uniformity throughout the
film, with the benefit of reduced charge recombination and
possibly increased FF in solar cell devices.

FA¢ sMA 15CS,05Pb1; 5581 0.45 FAqsMAg 15CS 0 05PDl5

10° FAggMA 15CS0.05PD1555Br o 45 1 rap. ‘_‘jenSity 25 §
Terap = 9.0 X 1015cm™3 @~ | Mobility g
u=23cm?y1s71 g 1 203

0 ] 7o) X
10 < 15 55
= &

101 108
10?4 g 2
VTEL = 0.11V < 5 N
Ohmic TEL _ Child 2

10" ~

0.01 0.1 1
Voltage (V)

Fig. 3 Comparison of FAPb|3, FAPb|2,55BI’0,45, FAo,gsMAO,15Pb|2,ssBr0,45, FAo,gMAo_15CSo_05Pb|3 and FAo_gMAo_;[sCSo_osPb|2,5sBro,45 films via
blade coating. (a) Top-view SEM images of perovskite films prepared using the blade coating method at 150 °C (top row shows low
maghnification while the bottom row shows higher magnification). (b, c) Absorption spectra and XRD patterns of blade coated
hybrid perovskite as-cast thin films with different precursor inks. (d) Dark /-V measurement of the electron-only device displaying
VreL kink point behavior for the representative FAosMAo.15Cso.0sPbl2ssBroas perovskite thin film. (e) Trap density and electron

mobility.
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The intrinsic electron mobility was estimated using the SCLC
method (Fig. 3e).50 The electron mobility is found to be 0.3
cm?2V-1s-1 for the FAPbIs film. Introduction of Br, MA*, and Cs*
together enhance the electron mobility significantly. The
electron mobility increases to 0.6 cm2V-1s-1 with the addition of
Br- and further increases for FAosMAo.15Cso.0sPbls and
FA0.8MA0.15Csp.0sPbl2ssBross films, to 1.9 and 2.3 cm?2V-1s1,
respectively. These further that the
microstructural benefits of Cs* and Br- addition also impact the
the the
FA0.8MA0.15CS0.05Pbl2.55Bro.45 ink eliminates all intermediate non-
perovskite phases and promotes the perovskite 3C phase

results show

carrier mobility of film. Meanwhile,

formation at elevated temperature, emulating the effects of
anti-solvent drip at room temperature.® 33 SCLC measurements
confirm that simultaneous introduction of Cs* and Br- in the
perovskite structure remediates trap states and enhances the
carrier mobility in the perovskite thin film.

Photovoltaic Device Performance and Stability

We fabricated planar n-i-p type perovskite solar cells in ambient
air (T=23 °C, RH = 50 %) using blade coated perovskite layers in
the following configuration (Fig. 4c): glass/ FTO/ c-TiO,/ blade
coated perovskite/ 2,2',7,7'-tetrakis-(N, N-di-
pmethoxyphenylamine) 9,9'-spirobifluorene (Sprio-OMeTAD)/
gold (Au)/ Ag. All solar cells were tested under the standard AM
1.5G (air mass 1.5 global 1 Sun) illumination in ambient air (T =
23 °C, RH = 50 %) with a scan rate of 0.1 Vs, and the
photovoltaic figures of merit are collected from 30—40 devices
for each condition (Fig. 4a), with the statistical distribution of
PCE shown in Fig. 4d and summarized in Table S1. The FAPbI;
device exhibits a PCE of 9.03 + 2.44 %, with short-circuit current
(Jsc) of 20.86 + 0.82 mA cm?2, fill factor (FF) of 60.63 + 1.87 %,
and open-circuit voltage (Voc) of 0.97 + 0.01V. We observed
statistically meaningful PCE improvements with a small amount
of Br- halide addition for the FAPbI, s5Bro.4s devices to 11.64 +
0.89 %. for the
FAo.8sMAo.15Pbl, ssBross devices further improves the PCE to
13.89 + 0.84 %. Incorporation of Cs* to vyield the
FA0.8MA0.15CS0.05Pbl2.55Bross film leads to an enhancement of
PCE to 16.40 + 1.22 %, which is the highest value among the five
perovskite  devices. Interestingly, without Br(i.e.,
FAo.8MA(.15Csp.0s5Pbls), PCE decreases to 14.10 + 0.83 %, which is
a solid proof of the critical importance of Cs* and Br-. This may
be attributed to the introduction of Br- which remediates

Addition of a small amount of MA*

defects in the FApsMAo.15Cso.0sPbl2ssBroas perovskite layer,
resulting in higher electron mobility and lower trap density (Fig.
3e). Moreover, this is with

consistent time-resolved

Journal of-Materials'Chemistry A

investigations that a single perovskite 3C phase forms in
FA08MA0.15Csp.05Pbl2ssBroas case (Fig. 1), with the benefit of
higher performance in solar cells. Representative reverse and
forward J-V scans of FAPbls and FAgsMAo.15CS0.05Pbl2.s5Bro.as
solar cells are shown in Fig. S7. Due to the synergistic addition
of Cs*and Br, it is clear that not only the PCE of devices increase
but the hysteresis of J-V curves massively reduces in
FA0.sMA0.15Cs0.05Pbl2.s5Bro.as solar cells. The poor performance
for the FAPbI; device results from bad film quality as shown in
Fig. 3a. The significant improvement in efficiency is mainly
attributed to the enhancement in FF and Jsc, partially due to
improved film quality and optoelectronic properties (Fig. 3).
These results highlight the need to have the coexistence of
small amounts of Cs* and Br-. We achieved a champion cell with
PCE of 18.20 %, Voc=1.09V, Jsc =22.50 mA cm=2 and FF =74.23
% for the FAgsMAp.15Csp.0sPbl2.55Bro.45 perovskite solar cell (Fig.
4b), which is one of the highest values reported to date for the
FA-rich perovskite devices fabricated at high-speed under
realistic conditions. The other representative J-V curves of the
remaining perovskite devices under AM1.5G illumination are
shown in Figure S4b. We further demonstrated promising light-
soaking stability of the cell, with a stabilized PCE of =17.70 %
under 8-minute continuous illumination (Fig. 4c). This stable
illumination stability is due to suppressed phase conversion
from the perovskite 3C phase to non-perovskite phases mainly
assisted by the addition of Cs* and Br-ions.®!

The environmental stability of the corresponding perovskite
solar cells was further evaluated. Solar cell devices without
encapsulation were exposed to an ambient environment with =
50 % relative humidity in the dark at room temperature. The
normalized PCEs versus time were recorded periodically and are
reported in Fig. 4e. The FAogMAp.15Cso.0sPbls
FA0.8MA0.15Cs0.05Pbl25sBroas  devices  exhibit
improved environmental stability in contrast to the other ones.
For example, the PCEs retain 36 %, 35 %, 38 %, 66 % and 63 %
of its initial value for the FAPbl;, FAPbl;55Broas,
FA0.8sMAo.15Pbl2.55Bro.45 FA0.8MA0.15Cs0.05Pbl3
FA0sMA0.15Cso.0sPbl2ssBroas solar cells after 36-day ambient
exposure in 50 % RH conditions without encapsulation. The far
stability of FA0.sMAo.15Cso.05Pbls
FA0.sMA0.15Cso.0sPbl2 ssBro.as devices is partially attributed to
fewer phase impurities present in the as-prepared films®! and

and
significantly

and

superior ambient and

to better phase stability since the addition of Cs* and Br
together with high-temperature processing helps to form an
entropically stabilized phase.® 53
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Fig. 4 Solar cell architecture and characterization. (a) Statistics of 30—40 devices for each FA1,.,MA\Cs,Pbls_.Br, perovskite solar
cell. (b) J/=V curve for the peak efficiency of 18.20 % obtained in the FA.sMA.15Cs0.0sPbl2.55Bro .45 perovskite solar cell under AM1.5G
illumination. (c) The stabilized power output of Jsc and PCE is monitored over time at the maximum power point with solar cell
architecture. (d) Comparison of photovoltaic PCE distribution employing blade coated perovskite solar cells prepared at 150 °C
(approximately 30—-40 devices for each composition were measured). (e) Recorded long-term environmental stability of the
corresponding FAPbIls, FAPbI,.s5Broas, FA0.ssMAg.15Pbla ssBroas, FA0sMA.15CS0.05Pbl2.ssBroas, and FAosMAo.15Cso.0sPbls perovskite
solar cells exposed in an ambient environment with 50 % relative humidity without encapsulation.

Conclusions

In summary, we systemically investigated blade coating of FA-
based mixed-halide mixed-cation perovskite films to assess how
they form without anti-solvent dripping but in the presence of
elevated processing temperatures. We focused our attention
on the roles played by Cs* and Br-additions on the crystallization
pathway in blade coating, associated halide segregation,
mobility, trap state
formation and solar cell performance. In situ time-resolved
GIWAXS measurements performed during blade coating of FA-

microstructure, morphology, carrier

based perovskite formulations at different temperatures reveal
a microstructural evolution that is extremely sensitive to the
cation and halide formulation as well as to the coating
temperature. FAPbI; forms the non-perovskite 2H phase from
the disordered colloidal sol. Addition of a small amount of Br- to
form FAPbIl;ssBroas strongly suppresses the 6H phase and

generates the desired perovskite 3C phase, but concurrently
with the Pbl; phase. Meanwhile, further addition of Cs* to form
FA0.sMAo.15Cs0.05Pbl2.55Bro 45 at elevated temperature eliminates
all intermediate non-perovskite phases and promotes the
perovskite phase formation. SCLC measurements confirm that
simultaneous introduction of Cs* and Br- in the perovskite
structure remediates trap states and enhances the carrier
mobility in the perovskite thin film. We go on to show that the
blade coated solar cell performance is closely linked to the
initial formulation of perovskite inks and the performance
results obtained are supported by in situ GIWAXS observation
of the microstructure evolution and whether a single perovskite
or multiple phases form.
FA0.8MAo.15Cs0.05Pbl2.55Bro.as solar cells blade coated in ambient
air yielded a peak efficiency of 18.20 %. To the best of our
knowledge, our study is the first one to use in situ GIWAXS to
shed light on the role of cation (FA*, MA*, and Cs*) and halide (I

non-perovskite

Please do not adjust margins
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, Br) mixing as well as the role of coating temperature on the

crystallization pathway of mixed-halide mixed-cation
perovskites during blade coating. This insight provides an in-
depth understanding of perovskite ink drying and phase
transformation without anti-solvent drip, which is critical and
very meaningful for perovskite ink design in the future to
achieve improved reproducibility in low-cost and large-scale

manufacturing of hybrid perovskite photovoltaics.
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