
www.advenergymat.de

2003785  (1 of 10) © 2021 Wiley-VCH GmbH

Research Article

Formation of High-Performance Multi-Cation Halide 
Perovskites Photovoltaics by δ-CsPbI3/δ-RbPbI3 Seed-Assisted 
Heterogeneous Nucleation

Essa A. Alharbi, Thomas P. Baumeler, Anurag Krishna, Ahmed Y. Alyamani, Felix T. Eickemeyer, 
Olivier Ouellette, Linfeng Pan, Fahad S. Alghamdi, Zaiwei Wang, Mohammad Hayal Alotaibi, 
Bowen Yang, Masaud Almalki, Mounir D. Mensi, Hamad Albrithen, Abdulrahman Albadri, 
Anders Hagfeldt, Shaik M. Zakeeruddin, and Michael Grätzel*

DOI: 10.1002/aenm.202003785

1. Introduction

Over the last decade, organic–inorganic 
halide perovskite solar cells (PSCs) have 
garnered significant attention. Their high 
carrier mobility and long electron–hole 
diffusion length, small exciton binding 
energy, tunable bandgap, high absorp-
tion coefficient, and tolerance to defects 
make these materials suitable for a broad 
range of applications, ranging from 
photovoltaic devices to light-emitting 
diodes and lasers.[1–5] Recently, certified 
power conversion efficiencies (PCE) of 
PSCs have reached 25.5%.[6–13] The chem-
ical formula ABX3 of organic–inorganic 
halide perovskites stands for a monova-
lent A cation, that is, methylammonium 
(MA+  = CH3NH3

+), formamidinium 
(FA+  = CH(NH2)2

+), or Cs+ and Rb+), a 
divalent metal B cation (Pb2+, Ge2+, and 
Sn2+), and a halide anion X (I−, Br−, and 
Cl−). Tuning the perovskite bandgap and 

The performance of perovskite solar cells is highly dependent on the fabrication 
method; thus, controlling the growth mechanism of perovskite crystals is a 
promising way towards increasing their efficiency and stability. Herein, a multi-
cation halide composition of perovskite solar cells is engineered via the two-
step sequential deposition method. Strikingly, it is found that adding mixtures 
of 1D polymorphs of orthorhombic δ-RbPbI3 and δ-CsPbI3 to the PbI2 precursor 
solution induces the formation of porous mesostructured hexagonal films. This 
porosity greatly facilitates the heterogeneous nucleation and the penetration 
of FA (formamidinium)/MA (methylammonium) cations within the PbI2 film. 
Thus, the subsequent conversion of PbI2 into the desired multication cubic 
α-structure by exposing it to a solution of formamidinium methylammonium 
halides is greatly enhanced. During the conversion step, the δ-CsPbI3 also 
is fully integrated into the 3D mixed cation perovskite lattice, which exhibits 
high crystallinity and superior optoelectronic properties. The champion device 
shows a power conversion efficiency (PCE) over 22%. Furthermore, these 
devices exhibit enhanced operational stability, with the best device retaining 
more than 90% of its initial value of PCE under 1 Sun illumination with 
maximum power point tracking for 400 h.
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modulating the crystallinity by using elemental composition 
engineering in bulk or at the surface via incorporation of mul-
tiple A cations and halides improves their performance and 
stability.[7,14–17] Perovskite films are commonly fabricated using 
different techniques such as the one-step method (antisolvent), 
two-steps method (sequential deposition), thermal evaporation, 
vapor-assisted deposition, and blade coating.[18–22] In the case of 
the antisolvent method, a certain amount of non-polar solvent 
is dripped on the perovskite precursor solution during spin-
casting to initiate the nucleation and subsequent crystal growth 
of the perovskite. Achieving high reproducibility using this 
method is challenging, especially for large-area devices.[23] In 
contrast, sequential deposition starts first with the deposition 
of an inorganic component, such as PbI2, not soluble in alcohol 
solvents, followed by the coating of a layer of organic salts, 
which interact with the inorganic component, leading to their 
final conversion into a perovskite film. This has been demon-
strated as an effective method to fabricate dense and uniform 
perovskite films and devices with a high PCE and is considered 
a reliable strategy to upscale devices to large modules’ size, 
owing to the better quality and higher reproducibility.[19,24–27] 
One of the most promising perovskite composition is α-FAPbI3 
due to its broader light absorption range with its reduced 
bandgap.[28,29] However, the perovskite cubic alpha-phase of 
FAPbI3 is only thermodynamically stable above 400 K and turns 
into a yellow non-perovskite hexagonal phase (δ-phase) at room 
temperature.[30] It was found that the incorporation of smaller 
cations (such as MA+, Cs+, and rubidium (Rb)+)[7,14,16] or addi-
tives (such as phenylethylammonium (PEA)+, butylammonium 
(BA)+, and methylammonium chloride (MACl)),[31–34] leads to 
more stable devices with improved PCEs. Cs/FA double cations-
based perovskites have the potential to stabilize the perovskite 
phase and increase the thermal and moisture stability due to 
the contraction of the cuboctahedral volume.[35–37] For example, 
additives such as PEA+, BA+, MACl, or Rb+ were found to work 
as stabilizers or crystallization aids that preserve the desirable 
photoactive perovskite a-phase of FAPbI3 while improving the 
phase crystallinity and film quality.[38–40]

However, for the sequential deposition method, it is difficult 
to introduce Cs+ or Rb+ in the FAPbI3 lattice due to the low solu-
bility of CsX and/or RbX (X = I, Br, or Cl) salts in alcohol solvents. 
This prevents adding these salts together with MA/FA cations in 
the second step of the process, which employs typically isopro-
panol (IPA) to dissolve the A cation halide. There have been few 
reports of the incorporation of Cs+ in the perovskite fabricated 
with sequential deposition where either CsI or δ-CsPbI3 phase 
was added to PbI2

[41,42] which leads to perovskites with high 
crystallinity, excellent optoelectronic properties, and high perfor-
mance. However, to the best of our knowledge, Rb+ or Cs+/Rb+ 
mixtures so far have not been employed in the sequential deposi-
tion processes for the formation of perovskite films.

Herein, we report the systematic investigation of the role of 
multication-halide formulations in directing sequential deposi-
tion. For the first time, we examine the influence of δ-RbPbI3 
and δ-CsPbI3 1D polymorphs on the heterogeneous nucleation 
and conversion via the sequential deposition method and show 
the beneficial effect of quadruple cation formulation (RbCs-
MAFA) on the conversion of PbI2 films into perovskite. The 
introduction of a mixture of δ-RbPbI3 and δ-CsPbI3 1D poly-
morphs induces the formation of a porous microstructure in 

the PbI2 films, which facilitates the penetration of the A cations 
into the PbI2 and leads to its rapid and complete conversion 
into the photoactive a-phase perovskite.

2. Results and Discussion

We employed 1.15 m solution of PbI2 in 1  mL of dimethylfor-
mamide (DMF) and 200  µL of dimethyl sulfoxide (DMSO) as 
a starting solution. To this we added either 7 mol% RbPbI3 or 
10  mol% CsPbI3 or a mixture both, that is, 10  mol% CsPbI3 
and 7 mol% RbPbI3 from 1.15 m stock solutions of RbPbI3 and 
CsPbI3 in DMSO (see Supporting Information for experimental 
details). We label these solutions as PbI2 • 7% RbPbI3, PbI2 • 
10% CsPbI3, and PbI2 • (7% RbPbI3 + 10% CsPbI3), respectively. 
We used these solutions during the first step of the sequential 
deposition to impregnate mesoporous TiO2 layers and annealed 
them at 80 °C for 2–3  min. After letting the films cool down 
to room temperature, we exposed them during the second 
step of our sequential perovskite preparation to the organic 
halide salts (52.2  mg FAI, 5.2  mg MABr, and 5.2  mg MACl) 
dissolved in 1  mL isopropanol (IPA) and annealed them at 
100 °C for 10  min and thereafter at 150 °C for 20  min. Here, 
methyl ammonium chloride (MACl) was used as an additive to 
improve the perovskite crystallization which sublimed during 
the annealing of the perovskite. The optimized compositions 
for the double, triple, and quadruple A-cation perovskites are 
FA0.91MA0.09Pb(I0.91Br0.09), Rb0.07FA0.85MA0.08Pb(I0.92Br0.08)3, 
Cs0.09FA0.83MA0.08Pb(I0.92Br0.08)3, and Rb0.06Cs0.08FA0.78MA0.08
Pb(I0.92Br0.08)3, and these are labeled below as Control, Target-
Rb, Target-Cs, and Target-RbCs, respectively. We present details 
on our optimization procedure in Figures S2–S5, Supporting 
Information. Humidity plays a key role in the nucleation and 
crystallization process of organic–inorganic perovskites as it 
activates the reaction of PbI2 species with the halides.[43] Hence, 
the perovskite films were annealed under an ambient atmos-
phere with a relative humidity (RH) of 30±5%. Also, processing 
under RH of 30±5% leads to a compact polycrystalline texture 
with full surface coverage and large grain size, features that 
are distinct from the small grain size and pinholes obtained 
from the films that were processed at a low humidity of 8±4% 
(Figure S6, Supporting Information). This is explained by the 
fact that the presence of water facilitates the ionic dissociation 
of FAI/MABr and thus accelerates the reaction of PbI2 with the 
halides.[43] Furthermore, processing conditions are known to be 
critical to yield highly reproducible PSCs, especially using the 
sequential deposition method as they impact the morphology 
of the PbI2 precursor films, which is of crucial importance for 
the efficiency and stability of the final PSCs.[44,45] Employing 
30±5%  RH, our method allows for producing highly efficient 
PSCs with very good reproducibility. We additionally found that 
optimizing the thickness of the mesoporous layer plays a key 
role in the conversion of PbI2 into the perovskite (Figure S7, 
Supporting Information).

To understand the effect of δ-CsPbI3 and δ-RbPbI3 on the 
perovskite nucleation and growth we investigated the optical 
behavior of their precursor solutions. Figures 1a and  1d show 
their absorption spectra in solution and after deposition as solid 
films. Addition of the δ-RbPbI3 and δ-CsPbI3 polymorphs to 
the PbI2 precursor solutions produces a small red shift of their 

Adv. Energy Mater. 2021, 11, 2003785

 16146840, 2021, 16, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/aenm

.202003785 by B
ibliothèque D

e L
'E

pfl-, W
iley O

nline L
ibrary on [12/04/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



www.advenergymat.dewww.advancedsciencenews.com

© 2021 Wiley-VCH GmbH2003785  (3 of 10)

absorption and emission spectrum as well as a tail in the absorb-
ance attributed to light scattering. Previous studies showed that 
perovskite precursors form colloids in the mother solution.[46,47] 
The tailing of the absorbance towards longer wavelengths is 
likely to be caused by the formation of colloids with increased 
diameter. To gain further insight, we employed dynamic light 
scattering (DLS) measurements (Figure  1b and Figure S1a,b, 
Supporting Information), which confirmed the presence of 
colloids in the precursor solutions, the PbI2 particles having 
a size of ≈350 nm. Upon the addition of the 7% RbPbI3, 10% 
CsPbI3, or (7% RbPbI3 + 10% CsPbI3) precursor solutions the 
PbI2 colloids disappear and larger colloids of microscopic size 
(1480  nm) are observed. Furthermore, we confirmed the col-
loidal nature of the precursor solutions by observing the Tyn-
dall effect in solutions illuminated with laser beams of red 
and green wavelengths as shown in Figure  1c. We then per-
formed photoluminescence (PL) mapping measurements on 
solid films prepared from the precursor solutions. The results 
shown in Figure  1f, reveal the persistence of colloidal parti-
cles in the intermediate phase PbI2 films. The absorbance and 

photoluminescence of all these intermediate phase films red-
shift upon the addition of RbPbI3 and/or CsPbI3, showing the 
same trend as for the solutions (Figure  1d,e). We investigated 
the structure and the morphology of the perovskite and non-
perovskite precursor films using X-ray diffraction (XRD) and 
scanning electron microscopy (SEM).

The XRD patterns of the PbI2 films with and without the 7% 
RbPbI3, 10% CsPbI3, and (7% RbPbI3 + 10% CsPbI3) are shown 
in Figure 2a. The existence of 1D polymorphs of δ-CsPbI3 
phase in PbI2 layer after the introduction of 10% CsPbI3 can 
be observed at 25.5°. Figure 2a also shows some peaks at 21.5°, 
24.6°, 25.2°, and 25.6° belonging to 1D orthorhombic RbPbI3 
(PbI2 • 7% RbPbI3). The same peaks are observed for the mix-
ture of (7% RbPbI3 + 10% CsPbI3) together with the appearance 
of extra peaks at 25.5° and 28.8° belonging to the orthorhombic 
phase of CsPbI3.[48–55] It should be noted that the PbI2 peak at 
12.5°, which belongs to the (001) lattice phase of hexagonal 
(2H polytype) of PbI2

[56] is preserved in all compositions.
The XRD patterns of the corresponding perovskite films 

are shown in Figure  2b and Figures S8a, S9a, and S10a, 

Figure 1.  a) UV–Vis spectra, b) dynamic light scattering spectra, and (c) Tyndall effect of PbI2, PbI2 • 7% RbPbI3, PbI2 • 10% CsPbI3, and PbI2 • 7% 
RbPbI3 + 10% CsPbI3 precursor perovskite solutions, respectively. d) UV–Vis spectra of the same condition as films and e) corresponding photolumi-
nescence spectra and f) PL mapping of PbI2, PbI2 • 7% RbPbI3, PbI2 • 10% CsPbI3, and PbI2 • 7% RbPbI3 + 10% CsPbI3 films, respectively.

Adv. Energy Mater. 2021, 11, 2003785
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Supporting Information. The patterns of perovskites for the 
Control films reveal the presence of unreacted PbI2 at 12.5°, 
whereas the PbI2 peak was not observable for the Target-Cs 
and Target-RbCs perovskites (Figures S8a, S9a, and S10a, Sup-
porting Information). The suppression of the unreacted PbI2 
peak indicates that Target-Cs and Target-RbCs indeed under-
went complete conversion and exhibit enhanced crystallinity. 
Furthermore, the surface and cross-section morphology of the 
intermediate phase (first step) and of the final perovskite phase 
films on mesoporous TiO2 was investigated via SEM. Top-
view and cross-section SEM images of the PbI2 film without 
and with various inorganic non-perovskite dopings are shown 
in Figure 3a,b and Figures S8b, S9b, and S10b, Supporting 
Information. The pristine PbI2 and PbI2.7%RbPbI3 film show 
a compact morphology, while the PbI2.10%CsPbI3 and PbI2.
(10%CsPbI3.7%RbPbI3) films exhibit a high degree of porosity 
and formation of nanorods. Previous work attributes the 
nanorods in the PbI2.10%CsPb films to δ-CsPbI3.[57] The cross-
section of PbI2.7%CsPbI3 and PbI2.(10%CsPbI3.7%RbPbI3) 

show mesoscopic porous structure in contrast to the compact 
to pristine PbI2 and PbI2.7%RbPbI3 film. Such a mesoscopic 
network could be highly beneficial for facilitating the conver-
sion of PbI2 into the perovskite phase upon exposure to the 
organic salts.

The top-view SEM images of the perovskite films (Figure 3c) 
indicate that the presence of Cs+ or a mixture of Cs+/Rb+ cat-
ions there generates a drastic increase in the grain size as well 
as an improvement in the homogeneity of the microstructure. 
This increase in grain size and phase purity indicates that the 
Target-Cs and Target-RbCs intermediate phases in the PbI2 
layer promote the growth of perovskite grains via the increase 
of the porosity of the PbI2 films. The high porosity of PbI2 films 
enables the efficient penetration of FA/MA cations and the sub-
sequent conversion of the PbI2 films into the cubic α perovskite 
structure in agreement with the XRD characterization. By com-
parison, in the Control and Target-Rb perovskite films, several 
residual unreacted PbI2 particles are observable on the top of 
the perovskite layer, whereas there is no residual PbI2 in the 

Figure 2.  XRD patterns of a) non-perovskite for PbI2, PbI2 • 7% RbPbI3, PbI2 • 10% CsPbI3, and PbI2 • 7% RbPbI3 + 10% CsPbI3 films, respectively, 
(peaks marked with * and + are those assigned to PbI2 and the FTO substrate, respectively) and b) Control, Target-Rb, Target-Cs, and Target-RbCs 
perovskite films.

Adv. Energy Mater. 2021, 11, 2003785
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Target-Cs and Target-RbCs films. We concluded that the addi-
tion of δ-CsPbI3/ δ-RbPbI3 leads to a porous mesoscopic net-
work, which facilitates the conversion into alpha perovskite 
leading to improved optoelectronic properties.
Figure 4a shows the absorbance spectra of Control, Target-

Rb, Target-Cs, and Target-RbCs perovskite films. A blueshift 
is observed in the absorbance spectra upon CsPbI3 incorpora-
tion. The incorporation of the smaller Cs+ ions into the double 
cation crystal lattice reduces the effective radius of the triple cat-
ions (Csx(FA0.91MA0.09)1−x) as compared to double cations. As a 
result, the tolerance factor is driven towards a cubic lattice struc-
ture, and an increase in the optical bandgap is observed, which 
is consistent with previous work.[14] However, the undoped 
Control perovskite and rubidium-doped (Target-Rb) perovskite 

films show an unchanged absorbance onset (Figure 4a), which 
is in good agreement with previous reports,[47,58,59] as Rb+ ions 
are not incorporated into the perovskite lattice but rather act as 
film quality enhancer and/or surface passivation layer.[60–64]

Relative steady-state photoluminescence (PL) photon flux 
spectra are shown in Figure 4b, measured in the same measure-
ment geometry so that the relative intensities can be compared. 
The PL spectra show an emission peak at 1.53 eV for Control, 
and Target-Rb, while all Cs-containing compositions Target-Cs 
and Target-CsRb exhibit a blue-shifted emission (Figure 4b and 
Figures S8c, S9c, and S10c, Supporting Information). Further-
more, Target-Cs and Target-RbCs compositions show an emis-
sion peak at 1.55 eV, in agreement with the absorbance results 
as well as with external quantum efficiency (EQE) from the 

Figure 3.  a) SEM top view and b) cross-sectional images for PbI2, PbI2 • 7% RbPbI3, PbI2 • 10% CsPbI3, and PbI2 • 7% RbPbI3 + 10% CsPbI3 films, 
respectively, and c) SEM top view pictures for Control, Target-Rb, Target-Cs, and Target-RbCs perovskite film.

Figure 4.  a) Absorbance spectrum, b) steady-state photoluminescence (PL), and c) time-resolved photoluminescence (TRPL) measurements of the 
different perovskite films, the solid lines are monoexponential fits for t > 200 ns.

Adv. Energy Mater. 2021, 11, 2003785
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inflection point as shown in Figure S17, Supporting Informa-
tion. Target-RbCs show the highest PL signal indicating the 
lowest non-radiative recombination rate, followed by Target-Cs, 
Target-Rb, and Control.

Next, we carried out time-resolved photoluminescence 
(TRPL) measurements to evaluate the charge carrier dynamics 
(Figure  4c) for Control, Target-Rb, Target-Cs, and Target-
RbCs films. We performed our experiments at low fluences 
(<5nJ cm−2) so that bimolecular and Auger recombinations 
are negligible.[65] All the TRPL traces show a monoexponential 
decay after t > 200 ns. This decay is due to non-radiative bulk 
and interface recombinations. We cannot distinguish between 
these two mechanisms with this TRPL experiment, but we can 
give an upper limit for the monomolecular bulk recombination 
constant k1 assuming zero interface recombination velocity.  
In that way, the upper limits of k1 for Control, Target-Rb, 
Target-Cs and Target-RbCs are 2.58 × 106 s−1, 2.81 × 106 s−1, 
1.74 × 106 s−1, and 1.3 × 106 s−1, respectively. This suggests that 
there is a decrease in non-radiative recombination in Target-Cs 
and Target-RbCs perovskites, which is in good agreement with 
the steady-state PL measurements.

The elemental distribution of the composition with the 
longest carrier lifetime (Target-RbCs) was investigated using 
X-ray photoelectron spectroscopy (XPS). The XPS spectra 
(Figure 5 and Figures S11 and S12, Supporting Information) 
show that the elemental distribution differs between the surface 
(0 nm) and the bulk (30 nm) of the perovskite film (Table 1). As 
was expected,[61,62,66,67] rubidium cations are not easily incorpo-
rated into the crystal lattice but rather preferentially act as sur-
face defects passivation. In contrast to rubidium, the cesium 
cations are preferentially concentrated towards the bulk of the 
perovskite films. We note that the I/Br ratio is decreased to 
only ≈1%, which is in good agreement with the low bandgap of 
Target-RbCs (1.55 eV) estimated by PL and EQE measurements. 

Elemental ratios are summarized in Table  1 for the surface 
and the bulk. These results are consistent with previous rep
orts.[24,47,58,68–70]

To examine the photovoltaic performance of these perov-
skites, we fabricated complete devices in an FTO/c-TiO2/
mp-TiO2/perovskite/spiro-OMeTAD/Au architecture (see Fig-
ures S13–S15, Supporting Information, for a comparison of 
all compositions). Figure 6a shows the cross-sectional SEM 
images of the full devices based on Control, Target-Cs, and 
Target-RbCs perovskites. The champion Control perovskite 
device shows a PCE of 20.42%, open-cicruit voltage (VOC) of 
1.06  V, a short-circuit photocurrent (JSC) of 24.30  mA  cm−.2, 
and fill factor (FF) of 77%; the champion device for Target-Cs 
yields an enhanced PCE of 21.63%, with VOC  =  1.12  V, JSC  = 
24.80  mA  cm−.2, and FF of 78%, while Target-RbCs shows a 
PCE of 22.30%, JSC of 24.82  mA  cm−.2, VOC  = 1.15  V, and FF 
of 78% as shown in Figure  6b. The ideality factor nid was 
extracted from the illumination intensity as a function of the 
VOC (Figure S18, Supporting Information). The Control, Target-
Cs, and Target-RbCs devices show a nid of 1.56, 1.45, and 1.44, 
respectively. The improvement in VOC is in coherence with the 
PL, TRPL, and ideality factor which shows suppression in non-
radiative recombination. To the best of our knowledge, this 
is the highest efficiency to be achieved in RbCsFAMA-based 
PSCs fabricated via sequential deposition on a mesoscopic 
architecture.

The hysteresis for the best devices is shown in Figure S16, 
Supporting Information. In Target-Cs and Target-RbCs a small 
PCE difference between forward and reverse scans is observed, 
with hysteresis index (HI = (PCEbackward − PCEforward)/PCEbackward) 
of 0.07 and 0.02 respectively, whereas the Control device exhibits 
a higher hysteresis in current−voltage (J–V) scans with a HI of 
0.13. The higher difference of hysteresis in the Control device is 
mainly due to the higher trap density in the perovskite film.[7,14,61] 
Figure  6c shows the stabilized power output for the best per-
forming devices during maximum power point tracking (MPP) 
in ambient air (10% RH (relative humidity)) under 1 Sun illu-
mination for 130  sec. The stabilized PCE upon MPP tracking 
for Control, Target-Cs, and Target-RbCs are 19.5%, 21.2%, and 
22.1%, respectively.

The incident photon-to-current efficiency (IPCE) spectra 
and integrated current density are shown in Figure  6d. In 

Figure 5.  Scheme of the chemical composition at the surface and in the bulk of the perovskite layer from XPS measurement.

Table 1.  Chemical composition at the surface and in the bulk of the 
perovskite layer determined by XPS.

Depth Rb/Cs Br/I Cs/Pb Chemical composition

0 nm 0.903 0.0085 0.04 Rb0.04 Cs0.04FA0.91MA0.01Pb(Br0.01I0.99)3

30 nm 0.406 0.0077 0.06 Rb0.02 Cs0.05FA0.92MA0.01Pb(Br0.01I0.99)3

Adv. Energy Mater. 2021, 11, 2003785
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agreement with absorbance spectra, a small blue shift in the 
onset of the IPCE spectra is detected for Target-Cs and Target-
RbCs devices as compared to Control, while integrated current 
densities agree with the JSC-values derived from the J–V meas-
urements 24.04, 24.01, and 23.97 mA cm−2. The statistical dis-

tribution of the photovoltaic characteristics (JSC, VOC, FF, and 
PCE) from at least 20 devices of each composition is presented 
in Figure  6e. The statistical distribution shows Target-Cs and 
Target-RbCs-based devices are much more reproducible than 
Control-based devices.

Figure 6.  a) Cross-sectional SEM images, b) J–V curves of the devices, c) maximum power point tracking, d) IPCE spectra and photocurrent integrated 
over the standard AM 1.5G solar spectrum, e) J–V metrics of devices, and f) operational stability in a nitrogen environment at room temperature under 
continuous illumination (LED source, approximated 1 Sun) at maximum power point for Control, Target-Cs, and Target-RbCs.

Adv. Energy Mater. 2021, 11, 2003785
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Operational stability remains a major concern in PSCs.[69,70] 
Therefore, the devices based on Control, Target-Cs, and 
Target-RbCs were subjected to light soaking in simulated solar 
irradiation at their maximum power for 400 h under a nitrogen 
atmosphere at room temperature as shown in Figure  6f. 
Devices fabricated with Control, Target-Cs, and Target-RbCs 
perovskite retained ≈72%, ≈85%, and ≈92% of the initial perfor-
mance after 400 h, respectively. Shelf stability was monitored as 
well by keeping the devices at room temperature and at 30–55% 
RH for 400 h. As shown in Figure S19, Supporting Information, 
devices retained ≈55%, ≈70%, and ≈78% for Control, Target-Cs, 
and Target-RbCs, respectively. This showed that our strategy to 
produce quadruple cation perovskite not only improves perfor-
mance but also enhances the device stability.

3. Conclusion

In summary, we demonstrated the importance of the multi-
cation halide composition engineering of PSCs fabricated by 
sequential deposition. Utilizing a mix of fully 1D inorganic pho-
toinactive phase (δ-RbPbI3/δ-CsPbI3) resulted in an improve-
ment of the perovskite crystallization via the creation of a 
mesoscopic porous network in the PbI2 film, which enabled the 
facilitated penetration of the A-cations into PbI2 and the subse-
quent conversion into efficient α cubic photoactive perovskite 
structures. XPS revealed that rubidium cations are mostly 
located at the surface of the perovskite film as well as the ratio 
of MAPbBr3 is decreased to only ≈1%, which is in good agree-
ment with the low bandgap of Target-RbCs (1.55 eV) estimated 
by PL/EQE measurements. There is significant enhancement of 
the open-circuit voltage from 1.06 to 1.12 V, and 1.15 V, leading 
to a PCE of 20.42%, 21.63%, and 22.30% for Control, Target-Cs, 
and Target-RbCs, respectively. The Target-RbCs based device 
shows high operational stability and retains more than 90% 
of its initial PCE after 400 h illumination under MPP tracking. 
This work exemplifies the importance of tuning the crystalliza-
tion in PSCs and has the potential to stimulate other successful 
developments in the future.

4. Experimental Section
Solar Cell Preparation: Fluorine-doped tin oxide (FTO)-glass substrates 

(TCO glass, NSG 10, Nippon sheet glass, Japan) were etched from the 
edges by using Zn powder and 4 m HCl and then, were cleaned by 
ultrasonication in Hellmanex (2%, deionized water), rinsed thoroughly 
with de-ionized water and ethanol, and then treated in oxygen plasma for 
15 min. A 30 nm blocking layer (TiO2) was deposited on the cleaned FTO 
by spray pyrolysis at 450 °C using a commercial titanium diisopropoxide 
bis(acetylacetonate) solution (75% in 2-propanol, Sigma-Aldrich) diluted 
in anhydrous ethanol (1:9 volume ratio) as precursor and oxygen as a 
carrier gas. A mesoporous TiO2 layer was deposited by spin-coating a 
diluted paste in ethanol (1:6 wt. ratio) or (1:8.5 wt. ratio) or (1:10.5 wt. 
ratio) (Dyesol 30NRD: ethanol) (3000  rpm, acceleration 2000  rpm 
for 20 s) onto the substrate containing TiO2 compact layer, and then 
sintered at 450 °C for 30 min in dry air.

Fabrication of Perovskite Films: 1.15 m PbI2 or CsPbI3 or RbPbI3 
or a mixture solution precursor were stirred at 70 C for 12 h. PbI2, 
PbI2.x%CsPbI3 (x  = 0%, 5%, 10%, 15%, and 20%) or PbI2.x%RbPbI3 
(x = 0%, 7%, 10%,15%, and 20%) or PbI2. x%CsPbI3.y%RbPbI3 (x = 10% 
and y = 0%, 7%, 10%, 15%, and 20%) solutions were spin-coated on 

FTO/c-TiO2/meso-TiO2 substrate at 4000 r.p.m. for 45 s and then 
heated at 80 °C for 2–3  min to remove the solvents. After cooling 
down, the FAI/MABr/MACl mixture solution was spin-coated on 
top of the PbI2 or PbI2.x%CsPbI3 or PbI2.x%RbPbI3 or a mixture of 
PbI2.10%CsPbI3.y%RbPbI3 at 2500 r.p.m. for 45 s followed by annealing 
at 100 °C for 10  min and 150 °C for 20  min with a relative humidity 
≈30±5% to fabricate perovskite film. The HTM was deposited in by 
spin-coating at 4000 rpm for 30 s in a dry box with controlled humidity 
≈8±4%. The HTM was doped with bis(trifluoromethylsulfonyl)imide 
lithium salt (17.8  µl prepared by dissolving 520  mg LiTFSI in 1  ml of 
acetonitrile) and 28.8 µl of 4-tert-butylpyridine. Finally, an ≈80 nm gold 
(Au) layer was thermally evaporated.

Device Characterization: The J–V characteristics of the perovskite 
devices were recorded with a digital source meter (Keithley model 2400, 
USA). A 450 W xenon lamp (Oriel, USA) was used as the light source 
for photovoltaic (J–V) measurements. The spectral output of the lamp 
was filtered using a Schott K113 Tempax sunlight filter (Präzisions Glas & 
Optik GmbH, Germany) to reduce the mismatch between the simulated 
and actual solar spectrum to less than 2%. The photo-active area of 
0.16 cm2 was defined using a dark-colored metal mask.

Incident Photon-to-Current Efficiency (IPCE): IPCE was recorded under 
a constant white light bias of ≈5 mW cm−2 supplied by an array of white 
light emitting diodes. The excitation beam coming from a 300 W Xenon 
lamp (ILC Technology) was focused through a Gemini-180 double 
monochromator (Jobin Yvon Ltd) and chopped at ≈2  Hz. The signal 
was recorded using a Model SR830 DSP Lock-In Amplifier (Stanford 
Research Systems).

Scanning Electron Microscopy (SEM): SEM was performed on a ZEISS 
Merlin HR-SEM.

X-ray Powder Diffractions: These were recorded on an X’Pert MPD 
PRO (Panalytical) equipped with a ceramic tube (Cu anode, λ = 1.54060 
Å), a secondary graphite (002) monochromator and a RTMS X’Celerator 
(Panalytical).

UV–Vis Measurements (UV–Vis): UV–Vis were performed on a Varian 
Cary 5.

Photoluminescence Spectra (PL): PL were obtained with a Florolog 322 
(Horiba Jobin Ybon Ltd) in the wavelength range from 500 to 850 nm by 
exciting at 460 nm.

Time-Resolved Photoluminescence (TRPL): TRPL was measured with 
FluoroLog-3 (Horiba) spectrometer working in a time-correlated single 
photon counting mode with a lower nanosecond time resolution. A 
picosecond pulsed diode laser head NanoLED N-670L (Horiba) emitting 
<200 ps duration pulses at 670 nm with a maximum repetition rate of 
1 MHz was used as excitation source.

Long Term Light Soaking Test: Stability measurements were performed 
with a Biologic MPG2 potentiostat under a full AM 1.5 Sun-equivalent 
white LED lamp. The devices were measured with a MPP tracking 
routine under continuous illumination at room temperature. The MPP 
was updated every 10 s by a standard perturb and observe method. 
Every minute a J–V curve was recorded in order to track the evolution of 
individual J–V parameters.

X-Ray Photoelectron Spectroscopy (XPS): XPS was carried out using 
a PHI VersaProbe II scanning XPS microprobe with Al Kα X-ray source. 
The spherical capacitor analyzer was set at 45° take-off angle with respect 
to the sample surface. Bulk composition analysis was done after argon 
plasma etching. Data were processed using the PHI Multipak software.

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