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Abstract

Perovskite photovoltaics have made extraordinary progress in power conversion efficiency (PCE)
and stability owing to process and formulation development. Perovskite cell performance benefits
from the addition of alkali metal cations, such as cesium (Cs*) and potassium (K*) in mixed ion
systems, but the underlying reasons are not fully understood. Here, we study the solidification of
perovskite layers incorporating 5, 10, to 20% of Cs* and K* using in situ grazing incidence wide-
angle X-ray scattering. We found that K*-doped solutions yield non-perovskite 4H phase rather
than the 3C perovskite phase. For Cs*-doped formulations, both 4H and 3C phases are present at
5% Cs", while the 3C perovskite phase forms in 10% Cs*-doped formulations, with undesirable
halide segregation occurring at 20% Cs*. Post-deposition thermal annealing converts the
intermediate 4H phase to the desirable 3C perovskite phase. Importantly, perovskite layers
containing 5% of Cs™ or K* exhibit reduced concentration of trap states, enhanced carrier mobility
and lifetime. By carefully adjusting the Cs*™ or K™ concentration to 5%, we demonstrate perovskite
cells with a =5% higher average PCE than cells utilizing a higher cation concentrations. The study
provides unique insights into the crystallization pathways towards perovskite phase engineering

and improved cell performance.



Introduction

Hybrid organic-inorganic metal-halide perovskites prepared via low-cost solution-processing
approaches have demonstrated remarkable optoelectronic properties, including a low exciton
binding energy, a small Urbach energy, and sharp absorption onset.[! Hybrid perovskites feature
the characteristic AMXs structure, where A* is a monovalent organic or inorganic cation, most
often methylammonium (MA®), formamidinium (FA"), cesium (Cs*), potassium (K*), rubidium
(Rb*), or their mixtures. M?* metal cations are limited to lead (Pb?*) and/or tin (Sn?*), and X" is a
monovalent halide anion such as chloride (CI), bromide (Br), iodide (I"), or their mixtures.[
Perovskite thin films are most commonly processed through a one-step spin-coating method,
whereby an antisolvent is dripped at an optimal time during spin coating, and the resulting film is
subsequently annealed to convert to the desirable perovskite phase. Planar heterojunction
perovskite photovoltaics prepared using the one-step spin-coating process and combining careful
interfacial engineering and contact passivation have recently surpassed the power conversion
efficiency (PCE) milestone of 25%.!

Substantial effort has been put into improving device PCE and stability™, which have
mainly been driven by the perovskite thin film morphology and microstructure, which in turn
influence optoelectronic properties including carrier mobility and trap state density. The research
focus of 3D hybrid perovskites has therefore evolved from the classic MAPbIs to mixed cation
(containing Cs*, Rb*and/or K*) and mixed halide (I and Br) perovskites which appear to improve
solar cell performance and long-term stability.[®! For instance, Segawa’s group reported that a
small amount of K* incorporated into the perovskite absorber was able to significantly improve
the PCE of solar cells and diminish current-voltage hysteresis.[l Saliba et al. presented, with the
addition of Cs*, the resulting triple-cation (Cs*/ FA*/ MA") perovskites are thermally more stable
and contain fewer phase impurities, which enable a stabilized PCE output of 21.1%.1®! However,
despite the simplicity of implementation of the one-step deposition process, the mechanisms
underlying microstructure development and phase transformation pathway, from precursor inks to
solid-state films, are remarkably complex and still poorly understood. This is partially due to
insufficient information on phase transformation behavior and the formation of intermediate
phases observed through ex situ characterization approaches. Thus, the capability to investigate

the solution processing of perovskite thin film deposition via in situ techniques becomes an



essential capability to shed light on the crystallization pathway and its relation to microstructure,
morphology, optoelectronic properties, and ultimately enable translation to scalable manufacturing
processes.

Recently, in situ grazing incidence wide-angle X-ray scattering (GIWAXS) has emerged
as a practical approach to study solid-state thin film formation and microstructure evolution during
solution casting of solution-based semiconductors.® In situ GIWAXS performed during solution-
based coating has also been utilized successfully to investigate crystallization behavior for 3D and
reduced dimensional perovskites via spin-coating and blade-coating.[*" 1% Gong et al. examined
classic MAPDIs ink during mini-slot-die printing by using in situ GIWAXS, which indicated the
formation of disordered solvated nanoparticles (sol), as well as solvated crystalline intermediates,
and the polycrystalline perovskite phase.[*l In the two-step perovskite deposition method, time-
resolved GIWAXS results reveal a sol-gel process involving three Pblz-solvent complexes
formation and appropriate solvated state of Pbl2 exposed to MAI can lead to rapid and complete
room temperature conversion into higher quality MAPDIs films with improved solar cell
performance.[*2l Most recently, FA*-dominated mixed cations and mixed halides perovskites (FA:-
xyMAxCsyPblszBr: and FA1xyMAxKyPbl3zBrz) have recently demonstrated superior device
performance and stability compared to the classic MAPblz and FAPbIs cases. The roles of Rb* and
Cs* addition alone or together have been shown to alter the phase transformation pathway and
promote the direct formation of the hybrid perovskite phase.[6 %131 However, the impacts of Cs*
and K* additions in perovskite inks on the phase transformation pathway, microstructure and
optoelectronic properties for fabricating high-efficiency perovskite solar cells have not been
understood comprehensively. Understanding phase transformation of MA*- and FA*-dominated
perovskites and their differences in the presence of small amounts of Cs* or K™ addition is essential
for future perovskite ink designs and to enable hybrid perovskite printed optoelectronic device

manufacturing.

Here, we study representative  FAoss-xMAo0sKxPbl2ssBross —and  FAo.ss-
yMA015CsyPbl255Bro.4s (x and y = 0.05, 0.1, and 0.2, respectively) perovskite inks and explore the
phase transformation via in situ GIWAXS measurements. The approach allows unveiling the
relationship between the solidification pathway and alkali metal cations doping. We adopt widely

employed nomenclature proposed by Gratia et al. for metal oxide perovskite polytypes.*4 K*-



doped films naturally form intermediate non-perovskite 4H phases without the desired 3C
perovskite phase. The 3D polytype non-perovskite 4H phase may structurally be derived from the
pure hexagonal close-packed 1D delta phase (infinite face-sharing Pbls octahedra) and metallate-
solvent complexes but is more complicated due to higher dimensionality. Heavier I~ anion
preferentially occupies the face-sharing position in hexagonal 4H perovskite polytype and the
crystallization pathway may be triggered by bromide to iodide exchange in the 2H phase, breaking
up the face sharing connectivity of the 2H phase.l** In contrast, 5% Cs* films form 4H and
polycrystalline 3C perovskite phases simultaneously. In the 10% Cs*-doped solution, the 3C
perovskite phase is the dominant microstructure during spin coating. However, perovskite halide
segregation occurs in high 20% Cs* concentration and results in poor device performance. Thermal
annealing treatment converts 4H into the desired 3C phase. Low concentration Cs* or K* in
perovskites remediates trap states, enhances carrier mobility, and increases carrier lifetime. Using
these insights, we achieved maximum/average PCEs of 20.8%/19.5% for
FA0.7sMA0.15Cs0.1Pbl2.55Bro.4s devices.

Results and discussion

To understand the impact of Cs* and K* alkali metal cation concentration on the phase
transformation behavior during spin coating, we perform time-resolved grazing-incidence wide-
angle X-ray scattering (GIWAXS) measurements on FAo.s5xMA0.15KxPbl2.55Bro.4s and FAo.ss-
yMA0.15CsyPbl2.55Bross (x and y = 0.05, 0.1, and 0.2 respectively) perovskite solutions in the
solvent mixture of N,N-dimethylformamide (DMF) and dimethyl sulfoxide (DMSQ) (4:1 volume
ratio). These in situ GIWAXS measurements excluded antisolvent drip as they aim at a more
profound understanding of different concentrations of K* and Cs* on the unquenched phase
transformation behavior in order to comprehend the roles of these alkali metal cations better. Fig.
la and b show the scattering intensity (integrated over each time slice, 0.2 s) with respect to q

(ordinate; 4 < q < 12 nm™) and spin-coating time (abscissa; 0 < t < 240 s). The length of the

. . . . . 4msina
scattering vector ¢ is determined by the following equation: ¢ = /qZ + q%,,, where q, = 7 L
ing . .
Gxy = 4”;” L and A is the wavelength.! The emergent waves with the momentum can be

described by in-plane exit angle ar and out-of-plane angle 6 (with respect to scattering plane).[*s]



Representative 2D GIWAXS snapshots collected at 40 s, 160 s, and 240 s during spin coating

without an antisolvent drip of all perovskite formulations are also shown in Fig. S1 and S2.

Fig. 1a demonstrates representative time-evolution of the scattering features with respect
to q during spin coating for FAo.s5xMA0.1sKxPbl255Bross (x = 0.05, 0.1, and 0.2) nominal
formulation. The intermediate non-perovskite phases such as hexagonal well-established Ramsdell
notation 2H, 4H, and 6H are often referred to as ¢ phase, while the cubic 3C perovskite phase is
referred to as o phase.l*®! In the case of 5% K* doped (x = 0.05) formulations, we observe the
scattering halo at low g values (q ~ 4 to 7 nm™),[% which is attributed to the sol consisting of
metallate-solvent complexes, such as between iodoplumbates and bromoplumbates and DMSO as
well as DMF solvent molecules.['”] The scattering from the sol can be seen to extend to ~180 s,
then decays rapidly, while the formation of the non-perovskite 4H (100) phase (q = 8.4 nm™)
appears at ~160 s. The (101) reflection of the 4H phase (q = 9.2 nm™) appears at a later time ~200
s, which suggests this polytype may be textured and a different orientation begins to form upon
further removal of solvent from the sol. The scattering intensity of the 4H reflections is weak,
indicating that the as-cast film is highly disordered. Furthermore, increasing [K*] resulted in a
considerably longer-lived sol state, which appears to be stabilized with the addition of this alkali
halide. This is indicated by the sustained sol scattering and the delayed onset of formation of 4H
(100) and (101) reflections, which is delayed to ~200 s. To sum up, as-cast formulations of FAo.ss-
xMA0.15KxPbl255Bro4s (x = 0.05, 0.1, and 0.2) yield the non-perovskite 4H phase exclusively,
without observation of the desired 3C (100) perovskite phase. The sol state appears to be stabilized
by the presence of K.

Substituting K* with Cs™ in FAo.s5yMA0.15CsyPbl2ssBross (y = 0.05, 0.1, and 0.2)
formulations results in vastly different solidification and crystallization pathways (Fig. 1b). The
disordered colloidal sol scattering is qualitatively similar to K* counterparts, albeit exhibiting
stronger scattering at 5% Cs*, and reduced scattering intensity with increasing [Cs*]. This indicates
that strong interactions exist between metallates and the solvent, as in the K* case.[® However,
unlike the K* case, Cs™ addition forms the desired 3C perovskite phase [(100) reflection at g = 10.1
nm™] concurrently with weak the non-perovskite 4H phase [(100) and (101) reflections] at the
~160 s mark. Importantly, increasing Cs* content from 5% to 10% appears to weakens the 4H (100)
and the 3C (100) reflections and suppresses the 4H (101) reflection. Upon further doubling the Cs*



content to 20%, the as-cast film appears to suppress the formation of the 4H phase to the benefit
of the 3D phase. However, GIWAXS measurements reveal the formation of a doublet peak for 3C,
which is consistent with the formation of a more I-rich phase (a1 phase at g = 9.8 nm™) than the
nominal formulation and a more Br-rich phase (a2 phase at g = 10.3 nm™) than the nominal
formulation (Fig. 1c). The formation of such a doublet is consistent with prior studies of mixed
halide systems and indicative of crystallization-induced halide segregation.6a 9 13
Bromoplumbates tend to complex more weakly with polar solvents such as DMF and DMSO and
form metal-rich clusters, whereas iodoplumbates complex strongly with DMSO.["] To explain
perovskite halide segregation, it is reasonable to assume that a slow-drying sol containing a
mixture of iodoplumbates and bromoplumbates complexed with DMSO and DMF promotes halide
segregation by preferential loss of solvent from Br-rich regions while I"-rich areas remain highly
solvated, thus promoting the formation of Br-rich and relatively Br-poor regions and leading to

the formation of phases with different halide composition, as previously shown.7-2€]

To compare the overall differences in phase formation and microstructure in the as-cast
films containing K™ and Cs* after 240 s of spin-coating, Fig. 1c illustrates the diffraction intensity
plots versus q at the end of the coating process, indicating the position and intensity of each
associated phase. In addition, photographs of as-cast thin films based on these solutions are
included as well (Fig. 1d). Comparing the formulations with 5% K* or Cs, it seems that 5% Cs*
addition modifies the non-perovskite 4H texture by reducing (100) reflection and intensifying the
(101) reflection. Concurrently, this promotes 3C phase formation, which does not occur with any
amount of K* addition studied herein. It is not surprising to find that as-cast films with 5% K*
appear light orange, whereas 5% Cs* renders a grayish due to perovskite phase formation.
Increasing the alkali halide content to 10%, we find that K* forms a different texture of 4H and
more overall scattering intensity, which is ascribed to the darker orange color of the sample. In
contrast, 10% Cs* weakens 4H (100) but 3C (100) reflection is present, resulting in a darker brown
color. Increasing alkali halides to 20%, we observe K* promotes the formation of 4H with (100)
and (101) reflections now more prominent and the sample taking on a deep orange color. In
contrast, 20% Cs* turns the as-cast film to a black color, which is a telltale sign of significant 3C
perovskite phase formation even without annealing and antisolvent drip. To sum up, all FAo.ss-
xMA0.15KxPbl255Bro.4s formulations studied yielded the non-perovskite 4H phase with sample

color ranging from light orange to deep orange with increased [K*]. In contrast, FAo.ss-
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yMA0.15CsyPbl2s5Bro.4s formulations promoted the formation of the 3C perovskite phase with
increasing [Cs™] up to 20% in as-cast films, albeit resulting in halide segregation due to
simultaneous formation of iodide- and bromide-rich perovskite phases.

Antisolvent treatment is a staple of the one-step spin-coating process and has been shown
to play an essential role in mediating the phase transformation of perovskite films, including to
yield higher quality films with better photovoltaic performance.® °" 131 We have previously shown
the antisolvent drip to promote immediate phase transformation and often results in a different
phase transformation outcome than as-cast films which have not been subjected to it.[®d Thus, it is
critical to investigate the role of antisolvent drip as well and the interplay of drip and alkali halide
additives, such as K* and Cs*. To do so, we have performed the exact same investigations for
FAo0.85-xMA0.1sKxPbl2.55Bro.4s and FAo.85-yMA0.15CsyPbl2ssBro4s (x and y = 0.05, 0.1, and 0.2)
formulations during spin-coated with the addition of a chlorobenzene (CB) antisolvent drip at ~20
s (Fig. 2a and b). Representative 2D GIWAXS snapshots collected at 10, 120, and 240 s during
spin coating with CB drip ~20 s of all perovskite formulations are once again summarized in
supporting information (Fig. S3 and S4). Fig. 2a shows the time-evolution of phase transformation
for 5, 10, and 20% K* cases with a CB drip at 20 s. We observe the low q scattering characteristic
of disordered precursor sol, which does not appear to be significantly disrupted by the antisolvent
drip, unlike K*-free systems previously investigated.[® Following CB drip, however, the 4H phase
appears after different delays following the drip and is delayed with increasing [K*]. In all cases,
the phases formed are associated with 4H, and the desirable 3C perovskite phase is not observed.
The role of K™ appears to be that of stabilizing the as-cast sol from being impacted by the

antisolvent drip.
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Figure 1. In situ time-resolved x-ray scattering intensity map of the various precursor formulations
showing ink-to-solid film transformation behavior during spin coating for (a) FAo.ss-
xMA0.15KxPbl255Bro4s and (b) FAo.ss-yMA0.15CsyPbl2ssBross (x and y = 0.05, 0.1, and 0.2
respectively). Together with (c) intensity distribution vs. scattering vector g for the same films at
the final stage of spin coating (t = 240 s). Scattering features associated with the disordered
colloidal sol, the non-perovskite 4H phase [(100): q = 8.4 nm™, (101): g = 9.2 nm™] are identified
along with (100) reflection of the 3C perovskite phase (q = 10.1 nm™). For 20% Cs*, an I-rich (a1
phase, g = 9.8 nm™) and Br-rich (a2 phase, q = 10.3 nm™1) 3C phases are identified, indicating

crystallization-induced halide segregation. (d) Photographs of the same as-cast thin films.

On the other hand, substituting K* with Cs* (Fig. 2b) has the opposite effect as the CB drip
promotes the formation of solid phases immediately. The non-perovskite 4H (100) reflection is
observed first, but this quickly gives way to the formation of the 3C perovskite phase together with
4H (101) reflection for 5% Cs* ink. The drip sees the 4H phase initially formed become consumed
by or convert into the perovskite phase. Importantly, the 3C perovskite phase’s (100) reflection,
which was not prominent without drip, is very prominent with drip and consists of a single type of

halide composition. Increasing [Cs*] to 10%, the 3C perovskite appears to form directly from the



disordered sol precursor without showing evidence of any other phases on the time resolution of
these measurements and no evidence of multiple 3C perovskite phases. However, it appears that
20% Cs" in the formulation is excessive and deleterious as this promotes the formation of two (100)
reflections for the 3C phase, associated to an I-rich (a1, g = 9.8 nm™?) and a Br-rich (a2, q = 10.3

nm™1) perovskite phases.
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Figure 2. Time-resolved GIWAXS intensity maps of the various perovskite precursor inks
showing ink-to-solid transformation during spin coating with antisolvent drip occurring at 20 s for
(@) FA0.85-xMA0.15KxPbl255Bross and (b) FAo.s5-yMA0.15CsyPbl2ssBross (x and y = 0.05, 0.1, and
0.2 respectively, from left to right). (c) Representative 2D GIWAXS images were taken after TA
for each thin film. (d) Intensity distribution plot versus the scattering vector g for K*- and Cs*-
containing (5, 10, and 20 %) perovskite thin films before and after TA. Scattering features
associated with the disordered precursor sol, the yellow non-perovskite 4H phase [(100): g = 8.4
nm*and (101): g = 9.2 nm ] are identified along with 3C perovskite phase [(100): ¢ = 10.1 nm™].
I-rich (a1 phase, g = 9.8 nm™) and Br-rich (a2 phase, g = 10.3 nm™1) 3C perovskite phase (100)
reflections are also identified.
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These results prove that halide segregation can be mitigated by the drip for low and
intermediate Cs* contents, but occurs for high concentration (20%) of Cs*, whether a drip is used
or not. This halide segregation leads to the coexistence of perovskite 3C phases exhibiting different
bandgap and energetics, which thus creates recombination sites with a negative consequence on
the performance of solar cells. Therefore, the choice of alkali metal cations, their concentration,
and the role of antisolvent drip have a tremendous impact on the phase transformation process and
microstructural outcome of the solution-coating process. This provides rational insights into the

design of perovskite formulations for usage in optoelectronic applications.

Fig. 2c shows representative 2D GIWAXS snapshots collected after thermal annealing (TA,
100 °C for 10 min) together with the intensity distribution plots vs. scattering vector q for these
perovskite films before and after TA (Fig. 2d). As expected, TA promotes the conversion of non-
perovskite phases into the 3C perovskite phase. However, TA does not reverse the halide
segregation observed in as-cast films with 20% Cs™. For all different K*-incorporated films (5, 10,
and 20%), the 3C phase forms but does not completely convert the 4H phase after TA, which is
likely to harm solar cell performance by reducing the volume of photoactive materials and acting

as recombination sites.

We summarize the microstructural findings for as-cast and thermally annealed samples
subjected to antisolvent drip in Table 1. K*-doped films, prior to TA, tend to form the 4H phase
from the disordered solvate without the desired 3C perovskite crystal formation. TA converts the
4H phase into the desirable 3C perovskite phase, highlighting the necessity of TA for completing
the perovskite phase conversion, as evidenced by ex situ GIWAXS and XRD analyses (Fig. S5).
In addition, replacing K™ with Cs*, non-perovskite 4H and 3C perovskite phases are dominant
microstructures at the final stage (240 s) in 5% Cs* film, while desired 3C perovskite phase
dominates in 10% Cs* case. However, for 20% Cs* ink, halide-segregated perovskite phases

dominate the microstructure.
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Table 1 Summary of dominant phases comparison before and after TA for FAo.ss-
xMA0.15KxPbl2.55Bro.4s and FAo.85-yMA0.15CsyPbl2.55Bro.4s (x and y = 0.05, 0.1, and 0.2 respectively)
hybrid perovskite thin films.

Thermal FA0.e5xMAg.15K«Pbl2 55Bro.4s FA0.85-yMA0.15CSyPbl2.55Bro.4s
Microstructure Annealing
(TA) x=0.05 x=01 x=02 y=005 y=01 y=02
3C
Phases oo M Moo ase X (@sa)
present 4H, 3C 4H, 3C
After 4H,3C  4H,3C 3C 3C
_____________ (0 & az) _ (21 & ap)
Non-perovskite  Before Yes Yes Yes Yes no no
phase(s) -——————————--—---—---—--
formed? After Yes Yes Yes no no no
________________________ Yes
Perovskite ___E_gff?f________[\l_? _____ no no no Yes (segregation)
?
phase formed After Yes Yes Yes Yes Yes Yes
(segregation) (segregation)

Due to the substantial differences in phase transformation behavior during spin coating as
a result of K*- and Cs™ addition, it is expected that these formulations will also impact the
morphology of perovskite thin films destined for solar cell devices. Therefore, we turn our
attention to studying the morphology of FAossxMA015sKxPbl2ssBross and FAo.ss-
yMA0.15CsyPbl2.55Bro.ss (x and y = 0.05, 0.1, and 0.2) formulations via optical and scanning electron
microscopy (SEM). Fig. 3a and 3c show comparative optical images of these films before and
after TA. K*-incorporated films appear with an orange color before TA and convert to black after
TA, consistent with the observed formation of the 3C phase (Fig. 2c and 2d), while these films are
known to retain a certain fraction of the 4H phase. Cs*-incorporated films are considerably darker
prior to annealing, showing evidence of conversion during antisolvent drip or direct formation of
the desirable 3C phase (Fig. 2 and 3c).

The morphology of Cs*-doped films is less sensitive to Cs* content and consists of compact
films with excellent substrate coverage (Fig. 3d). However, in K*-doped films, we observe
multiple pinholes, cracks, and occasional elongated crystals (white) with increasing K* content (10
and 20% K*-doped films in Fig. 3b). The top-view SEM image of FAo.ssMAo.1sPbl25sBro.ss
perovskite without K™ and Cs™ cations thin film is shown in Fig. S10a for comparison. The bright

regions in the SEM image could potentially indicate the presence of unconverted wide bandgap
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and more insulating 4H non-perovskite phase and may result in perovskite phase segregation,
which was observed in time-resolved GIWAXS results.[5 % 131 Most notably, some other papers
also reported these bright regions might be PbX2 (X = ClI, Br, and 1) and a moderate excess of Pbl2
crystals in the perovskite film might reduce recombination via defects and be beneficial to solar
cell performance.l*®) While all films exhibit the perovskite phase after annealing, these
micrographs clearly show that the phase transformation pathway, and in particular through direct
conversion to 3C phase thanks to Cs* addition, is most helpful to achieving compact films with
uniform grain size, which is expected to help avoid shorts and performance losses in solar cell

devices.

Before TA

| Before TA : Before TA %

) Before TA | A =

After TA b After TA
| g h |

Figure 3. Comparison of various 3D hybrid K*- and Cs*-containing (5, 10, and 20 %) perovskite
solid-state thin films. (a, c) Photographs of each perovskite thin film before and after thermal TA
for 10 minutes at 100 °C. (b, d) Top-view SEM images of each 3D perovskite film prepared from

various precursor inks.

We further evaluated the influences of K* and Cs* concentration on solid-state optical
properties of mixed-cation and mixed-halide perovskite films. Fig. 4a shows the optical

absorbance spectra of films with 5% to 20% K- and Cs*-doped cations. The concentration of K*
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has little impact on the absorption spectrum (bandgaps ~1.6 ¢V), while a higher concentration of
Cs" blue-shifts the spectra and increases the optical bandgap from ~1.6 eV to ~1.66 eV (as shown
Tauc plot in Fig. S13). We have also investigated the impact of the layer’s chemical composition
on charge carrier transport via space-charge limited current (SCLC) measurements (Fig. 4b).[2%
We collected dark current—voltage characteristics for electron-only devices based on various
concentrations of K*- and Cs*-containing perovskite thin films. Fig. S6 illustrates dark current—
voltage characteristics of the representative FA0.sMA0.15Cs0.05sPbl2.55Bro.4s (5% Cs*-doped film)
perovskite device, indicating a linear ohmic response at the low bias (< 0.27 V), a trap-filling
regime (0.28 V to 0.55 V) and a trap-free space-charge limited current (SCLC) regime (> 0.56 V).
The trap state density was determined from the trap-filled limit voltage using the following

equation:

_ 2808 VTFL
N, = 2oz 1)

where g0 is vacuum permittivity, er is relative dielectric constant (er = 46.9)?3, VreL onset voltage
of trap-filled limit region, q elemental charge, and L thickness of film.?2 We found that N
increases with increasing K* concentration from 5%, 10% to 20%, for FAoss-
xMA0.15KxPbl255Bro.s perovskite devices, yielding 2.60x10%, 3.10x10% and 4.44x10%® cm3,
respectively (Fig. S6a). The replacement of K* by Cs™ appears to reduce the concentration of traps
where Nt is determined to be 2.05x10%, 2.41x10%, and 2.66x10%® cm™ for 5%, 10%, and 20%
Cs*-containing perovskite layers, respectively (Fig. S6b). These results suggest that replacing K*
with Cs* remediates defects, which is expected to diminish charge recombination, which in the
case of solar cells may lead to increased fill factor (FF).

The intrinsic electron mobility was estimated using the SCLC method (Fig. 4b).[?%l The
electron mobility was further extracted using Mott—Gurney Law!?4l:

3
=l @)

9gg&y V2

where Jo is current density and V is applied voltage. The electron mobility is found to be 1.54 cm?
V1 st for the 5% K*-incorporated film. The introduction of higher K* content decreases the
electron mobility slightly to 1.12 and 1.13 cm? V' s in the presence of 10% and 20% K* films,
respectively. However, in the case of FA0.7sMA0.15Cso.1Pbl255Bro.ss device, the electron mobility
increases to 2.11 cm? V1 s71, which is higher than layers containing other Cs* concentrations, i.e.,

5% and 20%. Although the addition of a small concentration of both K" and Cs* alkali cations
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appears to enhance the carrier mobility, FAo.7sMAo.15Cso.1Pbl255Bro.4s exhibits the highest mobility
partially due to the reduced trap states.[°® 2 2]
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Figure 4. Comparison of various 3D hybrid K*- and Cs*-incorporated (5, 10, and 20 %) perovskite
solid-state thin films. (a) Absorption (b) trap densities and electron mobilities (c) steady-state
photoluminescence (PL) spectra and (d) time-resolved PL (TRPL) spectra for these perovskite thin

films.

Fig. 4c presents steady-state photoluminescence (PL) spectra for these samples, showing
the PL peak remaining at 768 (£4) nm for all films. The time-resolved PL (TRPL) analysis
performed for the six perovskite films together with a summary of the fitting parameters used is

shown in Table S1. The correlated parameters were fitted using a biexponential Eq. 2 (Fig. 4d)124
(t) = Arexp(—ti/t1) + A2exp(—t/t2) + B 3)

where 71 and 72 are slow and fast decay time constants, respectively, A1 and Az are their
corresponding amplitudes and B is a constant. The average carrier lifetimes evaluated are 472 ns,
311 ns, and 142 ns for 5%, 10%, and 20% K*-doped perovskite films, respectively. While 5%,
10%, and 20% Cs*-incorporated films have longer average carrier lifetimes evaluated are 697 ns,
819 ns, and 405 ns, respectively. We observe significantly longer lifetime for both 5% and 10%
Cs*-doped films. This observation implies that both 5 and 10% Cs*-doped perovskite films should
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exhibit smaller recombination losses, ultimately benefitting charge collection, FF, and open-

circuit voltage (Voc) of solar cells.[® 2]

Using the knowledge gained from the in situ and ex situ studies, we fabricated planar n-i-
p type FA0s5xMA0.15KxPbl2:55Bro.4s and FAo.85-yMA0.15CsyPbl255Bro.ss (x and y = 0.05, 0.1, and
0.2 respectively) perovskite solar cells with the layer configuration (see inset in Fig. 5b): glass/
indium-doped tin oxide (ITO)/ compact titanium dioxide (c-TiO2)/ perovskite layers/ 2,2',7,7'-
tetrakis-(N,N-di-pmethoxyphenylamine)-9,9’-spirobifluorene (Sprio-OMeTAD)/ gold (Au). All
solar cells were characterized under standard AM1.5G (air mass 1.5 global 1 Sun) illumination
with a scan rate of 0.1 V! s, We first collected data on 20-25 solar cells based on FAo.s-
xMA0.15KxPbl255Bro.ss (Fig. 5a and S7), and compared them with FAo.ssMAo.15Pbl2.55Bro.ss (i.e.
no K*and Cs") devices (Fig. S10b). Solar cells containing 5% K* exhibit an average PCE of 17.15
+ 0.62 %, with Jsc reaching approximately 22.95 + 0.96 mA cm, which is higher than devices
containing higher K* concentrations and FAo.ssMAo.15Pbl2.55Bro.ss (i.e. no K*and Cs*) devices
(average PCE = 16.88 + 0.84%). The lower PCE with increasing K* content is attributed to the
deteriorated layer morphology (Fig. 3) and optoelectronic properties (Fig. 4). In Fig. 5b, we
observed statistically meaningful improvements in device performance with replacement of K* by
Cs" cation: PCE improves from 17.15 + 0.62 % (5% K™ device) to 19.24 + 0.53 % (5% Cs* device).
PCE further improves to 19.45 + 0.40 % when further increasing Cs* to 10%. The average
photovoltaic parameters of all the 3D FAosxMA01sKxPbl2ssBross and  FAo.ss-
yMA0.15CsyPbl2.55Bro4s (x and y = 0.05, 0.1, and 0.2 respectively) hybrid perovskite solar cells are
summarized in Table S3 with all original J-V curves shown in Fig. S11. Higher PCE for the device
with 10% Cs* is mainly attributed to enhancement in FF and Jsc, consistent with observations of
improved film quality and optoelectronic properties (Fig. 3 and 4). This is not surprising
considering that we see observable differences in film morphology and microstructure when using
various perovskite precursor inks. These results suggest that tuning the composition of the
perovskite inks can help to enhance the photovoltaic performance of the resulting devices.

We also observe PCE decrease for devices with high Cs* concentration. The 20% Cs+
concentration leads to PCE decrease to 14.63 + 1.30 %. The PCE drop is in line with halide
segregation (Fig. 2 and 6) and lower carrier mobility and carrier lifetime (Fig. 4). The deterioration

of performance for devices with high K* and Cs™ highlights the need to control phase formation
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during film formation to eliminate non-perovskite phases and enhance PCE. We achieved a peak
PCE of 20.75 % with Voc = 1.18 V, Jsc = 23.68 mA cm? and FF = 72.93 % for the
FA0.7sMA0.15Cs0.1Pbl2s5Bro.4s perovskite solar cell (Fig. 5¢) in reverse scan with little hysteresis
(PCE = 20.03% in forward scan). The hysteretic behavior for all other perovskite solar cells with
K* and Cs* cations addition are shown in Fig. S12. Key performance parameters extracted from
the operating characteristics of the other perovskite devices are shown in Fig. S7a-b. In addition,
external quantum efficiency (EQE) of the champion device (Fig. 5d), showing an integrated Jsc =

22.51 mA cm, which is close to the measured Jsc.
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Figure 5. Solar cell architecture and characterization. (a) Statistics of 20-25 devices for each
FA0.85-xMA0.1sKxPbl255Bro.4s and (b) FAo.85-yMA0.15CsyPbl2.5sBross (x and y = 0.05, 0.1, and 0.2
respectively) perovskite solar cells. The inset figure shows a schematic diagram of representative
perovskite solar cells used in this work. (c) J-V curve for the peak efficiency of 20.75% in the
reverse scan (20.03% in the forward scan) obtained in the FA0.7sMA0.15Cs0.1Pbl2.55Bro.45 perovskite
solar cell under AM1.5G illumination. (d) External quantum efficiency (EQE) for the champion
cell.
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The environmental stability of the perovskite solar cells was also evaluated.
Unencapsulated devices were exposed to an ambient environment with ~50% relative humidity in
the dark at room temperature. The normalized PCEs versus time were recorded periodically (Fig.
S7c). Devices incorporate small amounts of K*and Cs* (5% for K* and 5% and 10% for Cs")
exhibit significantly improved environmental stability. For example, the PCEs retain 86%, 87%,
69%, 80%, 71% and 62% of its initial value for 5% Cs*, 10% Cs*, 20% Cs", 5% K, 10% K", and
20% K™ doped solar cells after 50-day ambient exposure (50% RH conditions without
encapsulation). The far superior ambient stability of 5% Cs*, 10% Cs*, and 5% K* doped devices
is partially attributed to fewer phase impurities present in filmst® and to better phase stability since

the addition of Cs*and K* helps to form an entropically stabilized phase.

To explain the observed differences in photovoltaic performance, we evaluated the electronic
transport properties by using non-contact, time-resolved terahertz spectroscopy (TRTS)?¢! for
FA0.85-yMA0.1sCsyPbl25s5Bross (y = 0.05, 0.1, and 0.2 respectively) films (Fig. 6). TRTS is an
ultrafast spectroscopic technique that utilizes a visible pump to generate carriers and a terahertz
probe to interrogate the dynamics of free charge carrier pairs. Fig. 6a shows kinetic sweeps
(varying pump-probe delay) of three Cs*-doped perovskite samples, representing the relaxation
kinetics of conduction by photogenerated charges. The strong temporal dependence of the
photoconductive signal indicates that we must be judicious in selecting relative time delay for
comparison. We selected 50 ps for measuring frequency-dependent conductivity to allow time for
relaxation and emulate thermalized conduction at the cost of signal intensity. Fig. 6b shows
complex, frequency-dependent photoconductivity data for each fit using the Drude-Smith model!?”]
for confined charge carriers. The flatter 10% and 20% Cs* responses suggest a more metallic-like
character with constant charge scattering within confined domains. The zero frequency value of
the real conductivity provides the most robust estimate of macroscopic conductivity and mobility
fitted from the Drude-Smith model. Table S2 summarizes the extracted conductivity and mobility
data with confidence intervals. These values indicate each sample exhibits mobility of =~ 1 cm?/V
s, in agreement with Fig. 4b, and that the 10% Cs*-doped perovskite is = 30 % more conductive
than the other counterparts, which might partially explain the differences in photovoltaic

performance. The thickness of each perovskite thin film was measured by ellipsometry (Fig. S8).
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To further explore the effects of Cs* cation content, X-ray photoemission spectra (XPS) was
utilized to investigate elemental composition (Fig. S9), including C 1s, Pb 4f, | 3d, Br 3d, and Cs
3d (fitted by Lorentzian-Gaussian peaks) for 5% and 20% Cs*-doped films. The Pb 4f for both
films show a sharp doublet located at 137.9 eV (Pb 4f72) and 142.8 eV (Pb 4fs2), which are
assigned to Pb?* metal ion. The peak positions of | 3ds/2and Br 3ds/2 located at 618.8 eV and 68.0
eV are also consistent with the literature.?® Both | 3ds;2and Br 3ds/2 core level spectra include one
single peak indicating these halides are present as only one chemical oxidation state in 5% and
20% Cs*-doped films. The increased alkali metal cation concentrations can be observed through

the higher intensity of Cs 3d peaks.
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Figure 6. Terahertz mobility of spin-coated Cs*-doped perovskite films determined by time-
resolved terahertz spectroscopy (TRTS) at room temperature. (a) Time-dependence of AE for the
Cs*-doped perovskite films at pump-probe delay times out to 50 ps using 400 nm pump excitation.
(b) Frequency-dependence of the real (circle/solid line) and imaginary (square/dashed line) parts

of their photoconductivity at a 50 ps time delay and modeled with the Drude-Smith model.

Conclusion

In summary, we investigated several FA-dominated mixed-cation mixed-halide formulations with
K" and Cs* doping impacts on microstructure transformation pathway via time-resolved GIWAXS
measurements, associated with morphology, charge carrier mobility, trap state formation, and solar
cell performance. K*-doped formulations tend to form intermediate non-perovskite 4H phases
from disordered solvate, rather than the desirable 3C perovskite-phase, during spin coating. TA
treatment suppresses the 4H phase and promotes the formation of the 3C perovskite. In contrast,

for Cs*-doped formulations, 4H and 3C phases coexist and dominate the microstructure in 5% Cs*-
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containing films, while the desirable 3C phase dominates in layers with 10% Cs*. Perovskite halide
segregation dominates in layers with 20% Cs* content. SCLC and TRPL results confirm that a
small amount of Cs* or K* introduction in films remediates trap states, enhances carrier mobility,
and increases carrier lifetime. Both 5% and 10% Cs* perovskite solar cells yielded a peak PCE of
over 20% with superior ambient stability. To our knowledge, the present work is one of the first
to exploit in situ GIWAXS to shed light on the role of alkali metal cations mixing, as well as the
role of antisolvent drip and TA on perovskite crystallization pathways. The essential new insights
provide an in-depth understanding of perovskite ink drying and phase transformation dynamics,
which is critically important for future ink design and the transfer of intricate perovskite processing

recipes to manufacturing-relevant processes.
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