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ABSTRACT: To bring hybrid lead halide perovskite solar cells towards the Shockley-Queisser
limit requires lowering the bandgap while simultaneously increasing the open circuit voltage.
This, to some extent divergent objective, may demand the use of large cations to obtain a
perovskite with larger lattice parameter together with a large crystal size to minimize interface
non-radiative recombination. When applying the two-step method for a better crystal control,
it is rather challenging to fabricate perovskites with FA™ cations, given the small penetration
depth of such large ions into a compact Pbl film. In here, to successfully incorporate such large
cations, we used a high concentration solution of the organic precursor containing small CI°
anions achieving, via a solvent annealing-controlled dissolution-recrystallization, larger than 1
um perovskite crystals in a solar cell. This solar cell, with a largely increased fluorescence
quantum yield, exhibited an open circuit voltage equivalent to 93% of the corresponding
radiative limit one. This, together with the low bandgap achieved (1.53 eV), makes the

fabricated perovskite cell one of the closest to the Shockley-Queisser optimum.



1. INTRODUCTION

Hybrid lead halide perovskites have become one of the most promising semiconductors in
the last decade owing to their excellent optoelectronic properties, simple solution processed
fabrication and broad application potential. In a short period of time perovskite based solar cells
have reached a remarkably good performance'- with certified power conversion efficiencies
up to 23.7%.! Although this figure is certainly impressive, it still lies more than one percentage
point below the efficiency from large area silicon laboratory cells® and more than ten percentage
points below the Shockley—Queisser efficiency limit for planar geometry single junction solar
cells.>’

An important step towards that latter limit requires lowering the band gap of the active
perovskite layer to 1.35 eV, i.e. by about 0.2 eV with respect to that of the standard
methylammonium lead iodide perovskite (MAPbI3, 1.57 €V). By increasing the size of the A*
cation in the perovskite ABX3 lattice, one may achieve an expansion of the lattice parameter,
which in most of the cases turns into a red shift in the absorption or a lower band gap
approaching the optimal 1.35 eV value. The smallest bandgap achieved for a hybrid lead halide
perovskite, 1.48 eV, has been reported when formamidinium (FA") is used as the A" cation.®’
However, the active (black) trigonal phase of FAPbI; that presents such band gap is unstable in
ambient conditions, where it undergoes a transition to an inactive (yellow) wide band gap
hexagonal phase.!? Improved stability has been demonstrated with mixed cation/anion hybrid
lead halide perovskites that incorporate several cations and/or anions among FA*, MA™, Rb*,
Cs*, Br, I', CI".I"* 116 Egpecially, introducing MA™ cations into FAPbI; enables stabilizing the
active trigonal phase while maintaining a smaller band gap than MAPbI;.!%1¢

Simultaneously with achieving a band gap as close as possible to 1.35 eV, Vo should be
increased towards its ideal value (or radiative limit), reached when photon emission from direct
conduction-to-valence band transitions in the perovskite layer is the sole charge recombination

mechanism in the cell at open circuit. It is realistic to assume that the optimal V. required for
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reaching Shockley—Queisser limit efficiencies is achievable in perovskite cells provided that
close to 100% external fluorescence quantum yields have been measured in single crystals of
MAPbI;.!” Towards such optimal Vo in perovskite solar cells, non-radiative contributions to
charge recombination in the perovskite layer must be minimized. In such layer, typically with
a polycrystalline structure, non-radiative recombination may occur especially on defects at
crystal interfaces. Passivation of these interface defects has been shown very recently to boost
the external fluorescence quantum yield of mixed cation/anion perovskites.'® An alternative to
such passivation process consists in growing large, high-quality crystals to maximize the
probability of bulk radiative recombination with respect to non-radiative recombination at
crystal interfaces. Indeed, it has been shown that an increase in the size of the crystals in the
perovskite layer decreases the probability of interface recombination, and recombination rate
values approaching the lower bulk rates can be achieved when crystals larger than 30 ym are
grown. !

In planar solar cells, a perovskite layer with large, high-quality crystals and a tuned band gap
may be grown following the “two-step” fabrication method, which provides a path for
controlling separately the crystal size and composition.??! This method contrasts with the
“one-step” method, which may offer less flexibility when a decoupled control of the crystal size
and composition is targeted, provided it involves simultaneously chemical transformation, mass
transport, nucleation and crystal growth.!%!> Note, however, that recent progresses in solvent
engineering have opened the way to an improved flexibility of the one-step method, suitable
for a practical fabrication of high-efficiency and high-stability devices.'®

In the first step of the two-step method, a crystalline Pbl, film is grown by spin-coating. In
the second step, an organic precursor solution is spun onto this film. After inter-diffusion of
this precursor into Pbly, perovskite crystals nucleate and grow to form the final layer. Because
the Pbl, film acts as a template for the nucleation-growth of the perovskite, controlling its nano-

structure is one of the keys toward an efficient tuning of the perovskite crystal size. Strategies
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for such a nanostructure control have already been reported, showing the way to achieve
compact or porous Pbl, films.?>?* Another key to grow a perovskite with large crystals is
enabling an efficient inter-diffusion of the organic precursor into the Pbl, crystal lattice. This
is a particularly critical aspect, because of the typically short penetration depth of the organic
precursor into this lattice, which may lead to an incomplete Pbl-to-perovskite chemical
conversion that can be detrimental for the solar cell performance.

In contrast with the one-step method that has been applied for a broad exploration of the
perovskite compositional space,'”!® the two-step method has been used mainly for the
fabrication of MAPbI; perovskites.?! One of the strategies found for maximizing the Pbl,-to-
MAPbDI; conversion efficiency consisted in using a porous Pbly film as template.?*** The
organic precursor solution infiltrates into the pores, where it reacts at the surface of the Pblx
crystals. Even if the penetration depth of the organic precursor into these crystals remains small,
their high surface-to-volume ratio in the porous film enables an efficient Pbl-to-MAPDI;
conversion. Using porous Pbl, films as template has also allowed to fabricate mixed
cation/anion hybrid lead halide perovskites, although with a much smaller number of reports
than for the MAPDI; ones.?¢*? Specially, porosity enables the efficient incorporation of the
larger FA" cations into the Pbl lattice.>? Unfortunately, porosity generally also sets an upper
limit to the final size of the perovskite crystals, which is affected by the dimensions and density
of the initial Pbly structures. Although realizing a multi-step deposition of the organic precursor
on porous Pbl, has been shown to relax this limitation,* using compact Pbl, films as template
for MA" cation incorporation instead of the porous one appeared as an ideal way to overcome
the upper limit imposed on the crystal size in MAPbI3 perovskites in a genuinely two-step
process.>* To achieve a complete conversion of the compact Pbl, into MAPbI3, using a highly
concentrated organic precursor solution was necessary. Indeed, for a too low concentration
(typically, less than 10 mg/mL), the conversion occurs only partially, and is localized at the

surface of the Pblo material where the formed perovskite acts as a barrier that prohibits the
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conversion of the Pbl, underneath.?> For a high enough concentration (typically, of a few tens
of mg/mL), such solution temporarily dissolves the Pbl, lattice as well as any already formed
surface perovskite layer. This facilitates the in-depth intercalation of the MA™ cations, which is
followed by the nucleation and growth of perovskite crystals. Such “dissolution-crystallization”
mechanism enables a deep Pbl,-to-MAPDI; conversion even if the Pbl> template is compact.
Note that the concentration needed to achieve such deep conversion may depend on the
experimental conditions, such as temperature or Pbl, thickness. In contrast, it is particularly
challenging to fabricate hybrid lead halide perovskites based on larger cations such as FA" using
a compact Pbl, film as template, where the penetration depth of such ions is smaller than that
of the MA" ones. In that case using a highly concentrated organic precursor is not sufficient by
itself, and as was recently pointed out in a review by H. Chen,?! the compositions of the template
and/or organic precursor solution need to be well controlled to achieve an optimal crystal
quality for the final perovskite layer.

In here, to grow a mixed cation (FA", MA™) hybrid lead iodide perovskite with large high-
quality crystals using the two-step method, we used a compact Pbl, film as template. To tackle
the challenge of promoting a complete conversion of compact Pbl, into large high-quality
perovskite crystals incorporating the large FA" cations, we considered adding small CI™ anions
into the highly concentrated organic precursor solution (> 60 mg/mL) together with realizing a
solvent annealing after the spin-coating of this solution. CI” anions have been shown to ease the
dissolution of Pbl, crystals required for an efficient cation incorporation®® and boost the

optoelectronic quality of the final perovskite,*” 3

and the realization of a post spin-coating
solvent annealing facilitates mass transport and the growth of perovskite crystals.***° We show
that, only when all these synthesis conditions are fulfilled together, a high-quality mixed cation
(FA", MA™) hybrid lead iodide perovskite is formed. Following such approach, we obtained

high-quality FAosMAo2Pbl; crystals larger than 1 pum in the lateral dimension of a perovskite

layer close to 400 nm - thick. The crystals in this layer presented a smaller bandgap than the
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MAPbI; perovskite owing to the successful FA™ cation incorporation and did not contain any
trace of the inactive wide bandgap hexagonal phase. The measured external fluorescence
quantum yield of such layer grown on top of TiO> was near 5 times larger than the one from a
layer with the same thickness grown also on top of TiO> but following a standard two-step
procedure using a porous Pbl> film as template. Measurements of the photovoltaic performance
on series of cells indicated that the most probable Vo value is 70 mV larger when the perovskite
layer is grown using a compact Pbl> film than when it is grown using a porous one. It is
estimated that the highest V. achieved in this work lags only 80 mV below the ideal, radiative
limit value, or in other words, it reaches 93% of the ideal value. Note that such V. is achieved
for a perovskite bandgap as low as 1.53 eV, making the proposed fabrication approach suitable
for tackling the challenge of simultaneously bringing V.. and bandgap close to their optimal

Schockley-Queisser values.

2. RESULTS

2.1. Compact Pbl: — templated growth for the fabrication of high-quality micro-
crystal FA1xMAxPbIs perovskites

To fabricate a high crystal quality FA1xMAxPblz perovskite by the two-step method, we
developed an approach (called hereafter “compact Pbl, — templated perovskite growth”) whose

main steps are depicted in Figure 1a.
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Figure 1. Two-step deposition: compact Pbl: — templated perovskite growth to achieve a high-quality micro-
crystal FAosMAo2Pbls perovskite layer. (a) This approach consists in spin-coating a FAI:MACI solution onto a
compact Pbl, film, followed by a solvent annealing (top panel). Because the initial Pbl, layer can be considered
as a single structure (bottom left panel, top-view SEM image), it does not limit the lateral growth of the perovskite
crystals whose lateral size reaches beyond 1 um (bottom right panel, top-view SEM image). (b) XRD pattern of
the fabricated perovskite layer. The position of the main diffraction peaks of Pbl, and a mixed cation hybrid lead
halide perovskite (FAPbIz with 15% MAI, from ref. 10) are shown at the top for comparison. (c) Transmittance
and fluorescence spectra of the fabricated perovskite layer.

Schematic diagrams of this approach are provided in Supporting Information S1. A high-
concentration FAI:MACI organic solution is spun onto a compact Pbl, film, followed by a
solvent annealing that consists in annealing the material under a solvent vapour.’>*" By
combining the effects of the highly concentrated organic precursor solution, Cl™ addition, and
solvent annealing, this approach enables an efficient inter-diffusion of the organic precursor
into the compact Pbl, lattice, and the formation of a perovskite layer with crystal lateral
dimensions larger than 1 pm as seen in the SEM image from Figure 1a.

As shown by the XRD pattern of the fabricated perovskite layer plotted in Figure 1b, the
compact Pbl; — templated growth approach enables the formation of perovskite crystals without
any trace of the hexagonal phase. The peak positions, weakly shifted toward large angles
compared with a reference FAossMAgsPbl; pattern,'” indicate slightly smaller lattice

dimensions i.e. a slightly higher MA" content. This is consistent with the expected composition,
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FA03MA2Pblz. Note that the proposed final composition does not include chlorine, which even
if introduced during the preparation, is usually not present with a significant concentration in
hybrid lead halide perovskites, owing to the small radius of the Cl™ anion that makes it easy to
exodiffuse from the crystal lattice.?® The XRD pattern also indicates that a small amount of Pbl,
is present, probably indicating a surface self-passivation of the perovskite crystals rather than
the presence of unreacted Pblo. This will be confirmed from cross-section SEM images in
section 2.3.

The transmittance and fluorescence spectra of the fabricated perovskite layer represented in
Figure 1c show, respectively, the perovskite absorption onset and the radiative recombination
peak both near 1.52 — 1.53 eV (810 nm). Such values confirm that the bandgap of the fabricated
perovskite layer is narrower than that of MAPbI; perovskites (1.57 €V), as targeted by the FA*
incorporation.

Note that, for the growth of crystals with the targeted large size and excellent optoelectronic
properties using the compact Pbl, — templated growth, a deliberate choice of specific and
suitable fabrication conditions, combining the Cl” anion addition to a highly-concentrated
organic precursor with a post-spin coating solvent annealing, is mandatory. As can be seen
again in Figure 2, in such conditions (FAI:MACI + solvent annealing) one can obtain perovskite
crystals with sizes above 1 um. These are significantly larger than the crystal sizes one may
achieve when following other more simple procedures where no CI™ anions are added to the
organic precursor (FAI:MAI + solvent annealing), or a standard thermal annealing is performed
instead of the solvent annealing (FAI:MACI + thermal annealing), or a standard thermal
annealing is performed with no Cl” anions (FAI:MAI + thermal annealing). Without CI" anion
addition, the dissolution of the compact Pbl, template required for FA" ion incorporation is not
efficient thus leading to a limited perovskite crystal nucleation. During a standard thermal
annealing, which is performed without solvent vapor, a poor mass transport takes place thus

limiting the growth of the perovskite crystals.
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Figure 2. Necessary combination of CI" incorporation to a highly-concentrated organic precursor and post-
spin coating solvent annealing to grow a micro-crystal FAosMAo.2Pblz perovskite layer with the compact
Pbl: — templated growth approach. This figure shows the top-view SEM images of the initial compact Pbl, film,
and of perovskite films formed from it after: FAI:MACI + solvent annealing; FAI:MALI spin-coating + solvent
annealing (no CI"); FA:MACI + thermal annealing (no solvent annealing); FAI:MAI + thermal annealing (no CI,
no solvent annealing). A micro-crystal perovskite is obtained only with the combination of Cl incorporation and
solvent annealing.

To establish a reference for the study of the fluorescence and photovoltaic properties of the
compact Pbl, — templated perovskites, we also grew FAosMAo:Pblz perovskite layers
following the “standard” approach based on using a porous Pbl, film as template. Schematic
diagrams of this approach are provided in Supporting Information S1. With this approach that
is called hereafter “porous Pbl, — templated growth”, the perovskite formed consists of smaller
crystals than the compact Pbl, — templated one, while presenting a similar position for its optical
absorption onset and radiative recombination peak. This is further discussed in Supporting

Information S2 and S3.

2.2. Impact of the perovskite crystal size on the fluorescence quantum yield

To evaluate the contribution of radiative and non-radiative recombination paths for
photocarriers in the compact Pbl, — templated and porous Pbl, — templated perovskite layers,
the external fluorescence quantum yield of such layers grown on a TiO, layer was measured

using an integrated sphere — based setup depicted in Figure 3a.
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Figure 3. External fluorescence quantum yield of perovskite layers fabricated by compact Pbl. — templated
and porous — Pbl> templated growth approaches. (a) Schematic representation of the external fluorescence
quantum yield measurement setup. A green pump laser beam (wavelength of 532 nm) is shined onto the sample
placed inside an integrating sphere. The sample consists of a perovskite/TiO- bilayer grown a glass substrate and
light impinges onto the perovskite through the glass and TiO,. The pump light unabsorbed by the perovskite and
the light emitted by it (wavelength near 810 nm) are detected selectively with a calibrated silicon detector by
introducing adequate spectral filters. The external fluorescence quantum yield was measured for different incident
photon fluxes, increasing up to the equivalent of 70 suns. Further details are given in the Experimental section. (b)
Measured external fluorescence quantum yield as a function of the incident photon flux. The compact Pbl, —
templated perovskite layer shows a higher external fluorescence quantum yield at all fluxes than the porous Pbl,
— templated one. The flux dependence of the external fluorescence quantum yield (increase-saturation) indicates
the predominance of a trap-filling mechanism for both kinds of perovskites.

As shown in Figure 3b, the perovskite layers fabricated by the two approaches present a high
external fluorescence quantum yield, with a photon flux — dependent (increase-saturation)
behavior that indicates that a trap-filling mechanism takes place.*'*> The different perovskite
crystal size achieved with the two approaches has a strong controllable impact on the external
fluorescence quantum yield. The compact Pbl, — templated perovskite layer, which has the
largest crystals, presents the highest external fluorescence quantum yield at all photon fluxes,
with values near 4% for a 1 sun — equivalent illumination, and near 20% at saturation, for a 70
sun — equivalent illumination. These are among the highest values found in the literature
without specific passivation treatment,'**** suggesting a particularly high contribution of
radiative recombination paths, i.e. a particularly low defect density. Note that the external

fluorescence quantum yield of the porous Pbl, — templated perovskite layer for a 70 sun —
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equivalent illumination reaches only 8%, suggesting the existence of another type of (non-

saturable) defects opening additional non-radiative recombination paths.

2.3. Impact of the perovskite crystal size on solar cell performance

The crystal size in the fabricated perovskite layers impacts the photovoltaic properties of solar
cells based on them. Whereas series of 50 cells were fabricated following each approach, we
first focused on comparing the nanostructure and photovoltaic properties of selected cells of
each type, as examples representative of the trends over the whole series. Cross-section SEM

images corresponding to cells of the two types are shown in Figure 4a.
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Figure 4. Structure and photovoltaic properties of solar cells based on perovskites fabricated with the
compact Pbl: — templated and porous — Pbl; templated growth approaches. (a) Cross-section SEM images of
selected solar cells produced by each approach. With the compact Pbl, — templated growth approach, the
perovskite consists of micro-crystals, with lateral dimensions beyond 1 um. The crystal height is only limited by
the layer thickness. With the porous Pbl, — templated growth, the grains show smaller lateral dimensions (a few
hundreds of nm). Furthermore, their height is smaller than the layer thickness. Instead, the layer consists of a stack
of crystals separated by transverse grain boundaries. The white contrasts at the top interface of the perovskite layer
stands for a thin and discontinuous Pbl, self-passivation coating formed during the perovskite annealing. The
absence of white contrast elsewhere in the perovskite layer supports the absence of unreacted Pbl,. This suggests
that the Pbl, signal in the XRD pattern of figure 1b originates only from the self-passivation at the top interface.
Further data and explanations are given in Supporting Information S4 (Figure S4). (b) Light-intensity dependence
of the V. of selected cells of both kinds, showing the relevant contribution of a trap-assisted recombination
mechanism. This mechanism has a weaker impact for the compact Pbl, — templated perovskite, yielding a higher
Vo at all light intensities. (c) J-V curves of the best cells of each kind, showing a higher V.. and PCE for the
compact Pbl, — templated cell. (d) V. distribution and (e) PCE distribution measured for series of cells of the two
types (compact Pbl, — templated and porous Pbl, — templated).
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These images further evidence the dependence of the perovskite crystal size on the fabrication
approach. In the compact Pbl> - templated cell, the perovskite crystals are not only particularly
large in the lateral directions (size superior to 1 um), but also along the direction perpendicular
to the substrate. Their height equals the thickness of the active perovskite layer, and the grain
boundaries between crystals are vertical. In contrast, in the porous Pbl: - templated cell, the
active perovskite layer consists of a stack of crystals separated by transverse grain boundaries.

The larger perovskite crystals in the compact Pbl, - templated cells and their lower non-
radiative recombination probability correlate with a higher V.. This is illustrated in Figure 4b
that shows the dependence of V. as a function of the incident photon flux below 1 sun, for a
compact Pbl — templated cell and a porous Pbl> — templated cell. A logarithmic relationship
with a slope superior to kT/q is obtained for the cells fabricated following both approaches.
This indicates the existence of a significant non-radiative trap-assisted recombination pathway.
A smaller slope (1.16kT/q) is obtained for the compact Pbl, - templated cell than for the porous
Pbl; - templated one (1.4kT/q) indicating less energy loss from non-radiative trap-assisted
recombination in the former case. Such lower loss enables a higher V. at all photon fluxes in
the investigated range.

While the perovskite fabrication approach impacts markedly the Vo of the cells, it affects
less their other photovoltaic parameters, in particular Js.. This is examplified in Figure 4c that
presents the optimal J-V curve of the best cell of each type. Both present similar Js. values,
which reflect a similar light harvesting performance that can be further analyzed from their
EQE spectra (Supporting Information S5, Figure S5a). In contrast, a markedly higher V. is
observed for the compact Pbl, — templated cell (1.13 V vs 0.99 V). This higher Vo is
responsible for the higher PCE of this cell (19.3% vs 17.5%). Note that the higher performance
of the compact Pbl, — templated cell is also evidenced after stabilization in steady-state

measurements, as shown in Supporting Information S5, Figure S5b, and that the compact Pbl,
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— templated cell shows a better stability than the porous Pbl, — templated one (Supporting
Information S6, Figure S6).

The most probable values of V., Jsc, FF and PCE obtained for the 50 cells of each type (Table
1) confirm that the examples above provide trends representative of the whole cell series. The
Voc of the compact Pbl, — templated cell series is 8.3% higher than that of the porous Pbl, —
templated ones. In contrast, a smaller relative difference in Jsc and FF between the two cell
series 1s found: it amounts to - 1.3% and 5.2%, respectively. Therefore, the 11.8% higher PCE
observed for the compact Pbl, — templated cell series results mainly from its higher Voc. Such
statistical correlation between V. and PCE is particularly clear from their distributions plotted
in Figures 4d and 4e. Both distributions peak at smaller values for the porous Pbl, — templated
cell series (0.97 V, 16.1%) than for the compact Pbl, — templated one (1.05 V, 18.0%), with a

small overlap between both series.

Device type Ve (V) Jsc (mA/cm?) FF (%) PCE (%)
Best 113 23.0 746 19.3
Compact PbLy - 5 4. ices  1.0540.04 22.840.5 75.942.3 18.0+0.4
- templated
Best 0.99 232 76.2 17.5
Porous Pbl: 55 40 ices  0.97+0.02 23.140.5 72.143.5 16.1+1.3
- templated

Table 1. Photovoltaic performance of the compact Pbl, — templated and porous Pbl, — templated solar cells. Best
device and statistics over 50 devices (most probable value + standard deviation).

3. DISCUSSION

Several recombination channels are responsible for the reduction in Vo, which remains, even

1-5,11-16

for the best perovskite solar cells, significantly lower than the ideal one. Among these

channels, the importance of non-radiative recombination'®4>:46

especially at interfaces,'®* has
been underlined. Here, we may assume that the main difference seen in Vo between the

compact Pbl, — templated and porous Pbl, — templated cells of the current work has its origin
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at the crystal interfaces within the bulk of the perovskite layer. For the larger crystals in the
compact Pblb — templated cells the total interface area is reduced and consequently the number
of surface charge trapping states is reduced, too. The rest of recombination channels should be
similar for both types of cells, as similar compositions for the preparation of the active layer
and the same charge transporting layers were used.

As shown in the Supporting Information S7, the interface trap recombination current density
can be directly compared to the current densities linked to direct recombination either radiative
or non-radiative. Then, given that the bandgap of both types of perovskites (and thus the ideal
Voc’s of the corresponding cells) are similar as discussed above, one may predict that the
difference in V. between both cells should be proportional to the natural logarithm of the

external fluorescence quantum yields ratio:

ompact
BV = VMo = Sin (T2) ()

ocC fporous

where k is the Boltzmann constant, q the electrical charge, T the cell temperature, Vo™ and
VocPo correspond to the open circuit voltages for the compact Pbl, — templated and porous
Pbl, — templated cells, respectively, while ™2t and {Po"S are the external fluorescence
quantum yields of the compact Pbl, — templated and porous Pbl> — templated cells, respectively.
At 1 sun the external fluorescence quantum yield ratio is taken equal to 5, as extracted from
Figure 3b. Then, using Equation (1) we may determine that the AVoc would amount to 40 mV,
which falls within one standard deviation of the difference between the most probable measured
Vo values (70 mV + 50 mV), as can be seen in Figure 4d. One should note that, in general,
there is a large dispersion in the reported Vo.’s from cells fabricated under the same exact
conditions, and that higher V’s than the one measured for the compact Pbl, - templated cells
have been reported in the past.!”> However, what is relevant is that the AV, we measured
amounting to 70 mV corresponds to the difference in the most probable values for the open

circuit voltages from two types of cells fabricated in similar conditions but, with a controllable
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and well-defined difference in the size of the crystals. This is a confirmation that the compact
Pbl, — templated growth path we followed leads to a significant and clearly measureable
increase in V. that can be directly linked to a measured increase in the external fluorescence
quantum yield. Such increases are enabled by the larger crystal size that reduces the interface
area and thus the density of interface non-radiative recombination pathways. Using Equation
(1) again, it is estimated that the highest V. (1.13 V) achieved in this work lags only 80 mV
below the ideal, radiative limit value that corresponds to a 100% external fluorescence quantum
yield for the perovskite crystals. This highest achieved V. value is equivalent to 93% of the
ideal one.

The trends found for FF and Jsc (Table 1) are consistent with theoretical expectations.
Theoretical works that quantified the dependence on Vo, FF and Jsc on trap density in perovskite
solar cells indeed show that, at the relatively low trap densities of the perovskites we fabricated,
a decrease in trap density induces a smaller relative increase in FF than in V., and no sizeable
effect on Ji.*>4” Changing the trap density has a smaller effect on FF because, at the maximum
power point, the photocarrier density in the perovskite is small so that traps are in excess. This
excess remains upon decreasing the trap density, so that photocarrier concentration in the
perovskite and thus the outgoing current experience a small increase only. Changing the trap
density has no sizeable effect on Jsc because, at short-circuit, the internal electric field of the
solar cell overcomes by far the coulombic field of the traps. Therefore, photocarriers do almost

not interact with the traps, so that decreasing the trap density has no effect on charge extraction.

4. CONCLUSION

Summarizing, we have developed a solution-processing fabrication approach based on the
two-step method to produce, in a well-controllable way, FAo sMAo2Pbls perovskite layers with
high-quality crystals larger than 1 um. By using a compact Pbl> layer as template for the

infiltration of the organic precursor, the limitations on the final perovskite crystal size intrinsic
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to the standard porous Pbl, - templated growth approach are overcome. We have shown that
specific conditions, including the use of a highly concentrated organic precursor solution, Cl°
addition, and a post spin-coating solvent annealing must be combined to enable the efficient
incorporation of the large FA" cation into the Pbl lattice, a full Pbl, — to — perovskite conversion,
and an efficient crystal growth. Note that such approach can also be applied to fabricate high
quality perovskites with other compositions, for instance the triple cation ones.

Owing to the efficient incorporation of FA" ions, the fabricated crystals present a smaller
band gap than the MAPbI3 perovskite. They show no trace of any inactive wide band gap
hexagonal phase. In relation with its larger crystal size than the porous Pbl, — templated
perovskite, the compact Pblo — templated perovskite shows a higher external fluorescence
quantum yield (near 4% under 1 sun — equivalent illumination, and near 20% at saturation under
70 — sun equivalent illumination). Such more intense fluorescence reveals a higher contribution
of radiative recombination, i.e. a lower non-radiative recombination probability.

Our results point at the importance of minimizing non-radiative recombination on defects at
interfaces within the active layer of perovskite solar cells. This enables obtaining a high
fluorescence quantum yield that correlates with a high Vee. Such minimization can be achieved
by reducing the total area of such interfaces by increasing the crystal size* as an alternative to
or in combination with processes for the passivation of defects at interfaces.!®*->* Note that
thanks to passivation, high fluorescence quantum yield and V.. were demonstrated with
relatively small crystals (sizes of a few hundreds of nm only).>® Other ways to achieve increased
fluorescence quantum yield and Vo have been reported in the literature, such as using a
perovskite with an in-depth heterogeneous composition.’! A similar effect might occur when
growing our mixed cation perovskite from a thicker porous Pbl, — template.’> However, the
most natural and direct approach to reach the radiative limit, and ultimately the Shockley-
Queisser optimum consists in growing large crystals with the suitable composition, followed

by an interface passivation.
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In this aspect, the compact Pbl, — templated growth approach we have used is particularly
relevant. It opens the way to increasing in a well controllable way the perovskite crystal size
over 1 um, together with incorporating large FA™ cations. This enables at the same time
bringing Vo towards its radiative limit value, and decreasing the bandgap below that of the
MAPDI; perovskites thus improving the absorption of near infrared photons and increasing Jsc.
The achieved V. reaches 93% of the radiative value. This corresponds to a V. loss (voltage
loss with respect to the electron charge times the bandgap of the perovskite, or qEz — Vo, see
details in Supporting Information S8) of 0.40 V, which, as shown in Figure 5, is one of the
lowest reported for hybrid lead halide perovskites.! 18 3355 Remarkably, such low Vo loss is
achieved with a perovskite with low bandgap of 1.53 eV. Therefore, the best device we
fabricated is among the closest from the (Eg, Voc loss) Shockley-Queisser optimum. In this aspect,

its performance is comparable with that of the best devices fabricated by two-step approaches.>*-
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METHODS

Solar cell fabrication. The commercial ITO glasses (15 Q/sq) were cleaned in cleaning agent,
deionized water, acetone, and isopropanol under sonication for 10 min in sequence, then treated
by UV-ozone plasma for 10 min. The ETL of titanium diisopropoxide bis(acetylacetonate)
(Sigma-Aldrich) stabilized TiO: nanoparticle solution (4-8 nm diameter, 20 wt% in water,
PlasmaChem GmbH) was coated on ITO substrate at 6000 r.p.m. and annealed at 150 °C for
30 min in air. The thickness of the ETL is around 50 nm. The perovskite layer was then
deposited by a sequential two-step spin coating method; first, 1.0 M of Pbl: (99%, Sigma-
Aldrich) in anhydrous N, N- Dimethylformamide (DMF) (99.8%, Sigma Aldrich) was spin
coated onto the ETL at 2500 r.p.m. for 30 s. To prepare a compact Pbl, film, the substrate was
moved to a hotplate immediately after the spin-coating and annealed at 100 °C for 10 min to
remove the remaining solvent; In contrast, to prepare a porous Pblx film, the as spun film was
kept at a closed environment (covered by a petri dish) to retard the solvent evaporation for 10
min and then annealed at 100 °C for 10 min. Second, after the Pbl> coated substrates cooling to
room temperature (25 °C), 0.3 M of CH(NH)21 (98%, Sigma Aldrich) in 1 ml isopropanol with
10 mol % of CH3NH;CI (Sigma Aldrich) was spin coated onto the Pbl at 2500 r.p.m. for 45 s,
and then annealed at 150 °C for 20 min without (thermal annealing) or with (solvent annealing)
the presence of small amount (5 uL) DMF in a closed environmental. The HTL solution was
prepared by dissolving 72.3 mg (2,2°,7,7-tetrakis-(N,N-dimethoxyphenylamine)-9,9’-
spirobifluorene) (Spiro-OMeTAD, Merck), 28.9 mL 4-tert-butylpyridine (99.9%, Sigma-
Aldrich) and 175 mL of a stock solution of 520 mg/ml lithium
bis(trifluoromethylsulphonyl)imide in acetonitrile (99.9%, Sigma-Aldrich) in 1 mL
chlorobenzene (99.9%, Sigma-Aldrich). The ~200 nm thick HTL was deposited by spin coating
the solution at 3000 r.p.m. for 45 s, and the solution concentration and spin coating speed were

varied to achieve thinner thickness. Finally, the Au (80 nm, 1 A-s') was deposited by thermal
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evaporation under a pressure of <5x10® mBar. The active area was 0.096 cm? measured by
optical microscopy.

Structural characterization. The XRD patterns of the perovskite films were characterized
with a Bruker D8 diffractometer in the Bragg-Brentano (0-20) configuration. The top-view
SEM images of the perovskite films were obtained by field emission scanning electron
microscopy (FEG-SEM, FEI Inspect F-EBL). For the cross-sectional observation of the device
structure, a Zeiss Auriga setup was used. It combines a Ga focused ion beam (FIB) for cross-
section preparation and scanning electron microscopy (SEM) functionalities for specimen
observation. A layer of Pt was firstly deposited on the surface to protect the top structure from
FIB milling. Then the materials were subsequently milled by Ga FIB at 30 kV, with currents of
1 nA for coarse milling and 50 pA for fine milling. The cross section was then observed by
SEM at 54° with acceleration voltage of 5 kV and an aperture of 30 um.

Fluorescence spectra and fluorescence quantum yield. The sample was placed inside a 4-
port integrating sphere, with the perovskite layer being in contact with the Spectralon sample
holder located at the port facing the input one. The incident light emitted by a continuous wave
(cw) Nd:YAG laser (532 nm), incoming from the input port, was therefore impinging onto the
sample from the side of the glass substrate so that it pumped the perovskite layer after crossing
the glass and TiO» layer. The sample was tilted of a few degrees from the incident beam to
ensure that the light reflected by it could not escape directly through the input port. A fibered
spectrometer connected to the 3™ port of the integrated sphere was used to record the perovskite
fluorescence spectrum. A calibrated Si detector connected to the 4" port of the integrating
sphere was used to perform the external fluorescence quantum yield measurements. To achieve
such measurements, suitable optical filters were placed alternatively between the port of the
integrating sphere and the detector to separate the contributions of the scattered/reflected light

(Ascat = 532 nm) and of the perovskite fluorescence (Anuo # 810 nm). After correcting for the
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filter transmittance, one obtains the scattered power Pscar and the fluorescence power Pruo for
the measured sample. After measuring the reference signals Pscat, ref and Pfo, ret (Spectralon
sample holder without sample), the external fluorescence quantum yield f (in %) was obtained

from the relation:

f= 1003 (freinet) )

The fluorescence quantum yield was measured for different values of incident photon flux,
controlled by using combinations of optical density filters mounted on filter wheels placed
along the optical path. The measurements were done with a gradually increasing photon flux,
and the beam was blocked by a shutter between each measurement. At the lowest photon fluxes
(a few sun — equivalent), an increasing transient of the fluorescence signal was observed on the
time scale of seconds. The power values were recorded after stabilization. At the highest photon
fluxes (several tens of sun-equivalent), no increasing transient was observed but a decrease in
the fluorescence signal was observed after near 10 s. In this case, the power values were
recorded immediately after opening the shutter. Note that, to ensure that steady state conditions
could be reached, the measurements were done in purely continuous conditions, i.e. without
any modulation nor lock-in amplification of the incident cw light.

Photovoltaic characterization of the solar cells. The current density-voltage (J-V)
characteristics were measured using a Keithley 2400 SourceMeter under the illumination of the
solar simulator (ABET Sol3A) at the light intensity of 100 mW-cm™ which was adjusted with
a monocrystalline silicon reference cell (Hamamatsu) calibrated at the Fraunhofer Institute for
Solar Energy Systems. The measurements were carried out in the ambient atmosphere with a
scanning rate of 10 mV-s™'. Both scanning directions (forward and reverse) were measured to
check the hysteresis effect of the device. The steady-state measurements were performed by

setting the bias voltage to the voltage at maximum power point (Vwmpp, determined from the J-

V curves) and then tracing the current density as function of time during 60 seconds. The device
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stability was studied by monitoring the J-V characteristics of the cells under 1 sun light
illumination, the illumination was carried out in the glovebox and the J-V measurement was
performed in air condition. EQE values were measured using a quantum efficiency
measurement system (QEX10, PV Measurements). The spectral response of the calibrated
silicon cell was used as a reference. Transient photovoltage (TPV) of the devices were measured
with an in-house-built set-up. The set-up comprises a LED lamp to provide steady state white
bias light, a 637 nm wavelength laser (Vortran Stradus) and an Agilent 4000X oscilloscope.
The LED lamp was used to get steady Voc of the device. The intensity of the laser was
controlled to keep the voltage transient amplitude under 5% of the steady state light bias. The

oscilloscope records the data using 1 MQ input impedance for the TPV measurement.
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