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1. Introduction

Progress in the performance of perovskite solar cells (PSCs) is
steadily advancing through device and compositional engineer-
ing. Different device architectures, various kinds of transporting
layers (TLs), and the versatile perovskite (PSK) composition have

constantly promoted the efficiency of PSCs.
Easy compositional modifications accom-
plished by simple solution processing rep-
resent a huge strength to satisfy
specific demands.[1,2] Among many PSKs,
MAPbI3 (MA¼methylammonium) is the
first and most studied PSK material, and
it is still under the spotlight, even though
its stability has been found to be relatively
lower with respect to many other composi-
tions engineered later. Not only the stability
of the material[3–6] but also the durability
of the interfaces with the TLs (electron-
TL and hole-TL) are the main concerns
for long-term stability of the cells.[7–13]

Partial replacement of MA with FA
(FA¼ formamidinium) in mixed lattices
improves the PSK durability[14] and reliabil-
ity. Anions are also mixed on purpose to
exploit specific benefits such as, mixing
bromides and iodides shifts the energy
gap upward[15] and increases the PSK
structural stability. Material engineering

with multiple cations–anions and even “hollow”[16] PSKs intend
to boost PSCs’ efficiencies toward new records and, more impor-
tantly, to solve issues that are delaying the appearance of such
technology in the market. It is in fact known that volatile organic
cations in the hybrid PSKs are responsible for the thermal and
environmental instabilities of the material.
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Herein, the convenient interplay between Eu incorporation and morphology
to form the perovskite (PSK) γ-phase of CsPbI3 at 80 !C (low temperature [LT]
γ-phase) is unveiled. In contrast, CsPbI3 without Eu exists in a mixture of γ-phase
and non-PSK δ-phase at 65 !C or in a fully δ-phase at 80 !C. Based on experi-
mental and theoretical findings, argued about a double beneficial role of Eu. On
one hand, it assists in the formation of the γ-phase either by substituting Pb or by
occupying interstitial positions in the CsPbI3 lattice. On the other hand, it
indirectly promotes the formation of a fine-grained layer at LT wherein the high
surface-to-volume ratio makes the establishment of the δ-phase unfavorable.
Strain accommodation in the fine-grained matrix and the formation of a gluing
intergrain-self-material during the kinetics of reaction (snowplow effect) coop-
erate in extending the lifetime of the LT γ-phase to #40 h at 65 !C compared to
only #10–15 min in the sample without Eu for the complete phase transfor-
mation. The disclosed phenomena draw a method for the stabilization of PSK-
CsPbI3 layers based on a self-generated thin frame of exceeding material filling
the gaps between small-sized grains that can be used hereinafter to further
extend the PSK lifetime.
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In this scenario, Cs-based inorganic PSKs draw a special atten-
tion for their fully inorganic composition that, in principle,
makes them more stable.[17] With respect to use of organic cat-
ions, volatilization issues that cause local mass reduction and
severe changes in morphology are minor concerns. In addition,
Cs-based iodide PSKs energy gap around 1.7 eV fit the require-
ment for PSCs to work in tandem with silicon solar cells.[18] In
the pragmatic energetic landscape,[19] it is often convenient to
mix Cs with other organic cations to tune the bandgap and to
gain a general benefit for the material reliability in devices. In
recent years, all-inorganic PSK solar cells have made progress
in terms of efficiency that has surpassed 19%.[20] However,
the phase stability of the material remains a challenge.

In addition to the non-PSK photoinactive δ-phase, CsPbI3
exists in three PSK photoactive (called black) lattice structures:[21]

cubic α-phase, tetragonal β-phase and orthorhombic γ-phase
stable at progressively descending temperatures, with the first
one observed above 300 !C. However, several approaches have
been followed to form the high temperature (HT) α-phase at lower
temperatures, attempts have been also made to use the γ-phase
that instead is stable at temperature relatively low (under
#180 !C). The γ-phase was even observed at room temperature
but after quenching from HTs starting from the α-phase.
Interestingly, it has been shown[22] that CsPbI3 is able to retain
its γ-phase, once formed, from room temperature (RT) down to
100 K. The authors conclude, on the basis of X-ray diffraction
(XRD) and pair distribution function analyses on single crystals,
that rattling of the Cs cations, lower coordination of a second Cs
site, and local octahedral distortion contribute to the thermody-
namic instability of the CsPbI3 γ-phase. Octahedral tilting is a con-
figurational parameter that increases while the CsPbI3 α-phase
moves to the CsPbI3 γ-phase. If this phase is left at RT, a full break-
ing of the PSK symmetry occurs and leads to the formation of the
non-PSK δ-phase (yellow phase).[23] Long-lasting accommodation
of the octahedral tilting is a way to preserve the PSK phase. This
strategy is adopted in PSK nanocrystals to stabilize the CsPbI3
α-phase at RT using phosphonic acid or ammonium ligands or
excess iodides or metal ions for doping.[24–28]

The structural stability related to the lowest formation energy of
the non-PSK δ-phase has hindered the maximum potential
of CsPbI3 PSCs.[29] It represents an intrinsic limitation unless
specific strategies are adopted to unbalance the equilibrium.
This in principle could be done via volume and/or surface energy
modifications, or alternatively by blocking the lattice in a PSK
configuration. One approach, as anticipated, consists of raising
the temperature of the δ-phase above 300 !C so as to activate
the polymorphic transition to the cubic α-phase followed by a fast
cooling to freeze a black PSK phase at RT as done by Straus et al.[30]

They used single crystals of CsPbI3 blocked into the γ-phase after
quenching from 370 !C in iced water. Nonetheless, long-lasting
stability of out-of-equilibrium phases still rises some concerns,
especially if the γ-phase grains have large size (low surface-to-
volume ratio). The use of additives represents another way to fol-
low, as done by Sutton et al.[29] by introducing hydroiodic acid (HI)
in the preparation procedure. This allowed forming the γ-phase at
100 !Cwith a fine-grainedmorphology compared with the γ-phase
quenched from HT (HT> 300 !C). The authors also highlighted
the importance of octahedral tilting and distortions on the stability
of the PSK lattice.

In other strategies, the stabilization of PSK CsPbI3 phases
passes through chemical substitutions to change the energetic
balance or to modify the cell volume via increasing the steric hin-
drance inside the unit cell[29] or through a morphological control
of the PSK grain size. Alternative strategies are reviewed in the
study by Ye et al.[31] where it is mentioned that stabilization of the
CsPbI3 phase is a consequence of a contraction of the PbX6 octa-
hedral volume (e.g., caused by Cs partial substitution with smaller
cations) or based on interstitial doping with B-cations. Cover
layers of various types and nature to stabilize the surface via pas-
sivation actions are also largely proposed in the literature.[31]

All these findings suggest exploring strategies that favor octa-
hedral accommodation via volume changes and/or doping
and/or lattice defects to increase the tolerance of a PSK atomic
arrangement. The choice of any strategy must, at the same time,
satisfy the need of a low thermal budget that preserves other
materials in the architecture and assure the integrability of
PSCs into tandem solar cells. Hereinafter, we distinguish proce-
dures that apply quenching from low temperature (LT) for
γ-phase formation from the methods of quenching from HT,
e.g., the one applied in the studies by Marronnier et al. and
Straus et al.[21,30]

In particular, LT formation and stabilization strategies should
address a reduction of the volume-free energy for γ-phase forma-
tion on one side. On the other side, a gain in the surface–to-
volume ratio balance to make unfavorable the establishment
of the non-PSK δ-phase. Producing more distorted octahedra
in stable γ-phase (e.g., I─Pb─I angle[22]), acting on the distortion
or controlling shape and dimension of the grains in the CsPbI3
would be really viable routes.

With this aim and based on previous pioneering technological
studies on the use of europium in the preparation procedure of
CsPbI3-based solar devices aimed at maximizing the photovoltaic
performances,[27] we undertake this investigation to unveil if and
eventually how europium atoms have a role in the formation and
stabilization of a PSK phase. The process control, lattice dynam-
ics, Eu incorporation/topology as well as its role in the stabiliza-
tion are totally unknown. We demonstrate the convenient
interplay between Eu incorporation and morphology to stabilize
the CsPbI3 γ-phase at LT without passing through technologically
unfeasible HT treatments. We set 80 !C for the γ-phase forma-
tion instead of HTs (T> 300 !C) found in the recent literature. In
addition, we covered a large range of postformation temperature
conditions, from $100 to 100 !C, to explore the γ-phase endur-
ance. The study focused on clearly stating the phase formed in
presence of Eu, its lattice arrangement andmorphology, the com-
petition among the phases, and finally, the structural stability of
thin films (#80 nm) with respect to single crystals, powders, and
thick layers stabilized in the PSK phase by other methods. A gen-
eral key-of-understanding is finally drawn that can be extended to
other case studies or used for future strategies.

2. Results and Discussions
2.1. LT Phase Formation

The experiment is based on a comparative investigation of
samples prepared with and without Eu. Samples “with Eu”
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are prepared with Eu/Pb¼ 5% mixture based on the technologi-
cal study reported in the paper by Jena et al.[27] For sample prep-
aration and reaction, we applied the protocol shown in Figure 1.
It is based on spin coating in ambient conditions (RT# 25 !C
and relative humidity #50%) of a stoichiometric solution of
PbI2 and CsI that in addition eventually contains EuCl3 with
Eu/Pb¼ 5 at% (Figure 1a). The substrate is either glass or
TiO2/fluorine doped tin oxide (FTO). After spin coating, the sam-
ple is placed on a heating stage at a fixed temperature (60 or
80 !C) for 20 s (Figure 1b) and, immediately after, encapsulated
under a dry-N2 atmosphere. While keeping the temperature
at 60–65 !C, the sample without Eu gains a dark-
yellow color. Applying, instead, a higher temperature (e.g., 80 !C)
produces pale-yellow colored samples typical of the δ-phase
(Figure 1c topside). The samples were analyzed with several ana-
lytical techniques as hereafter discussed.

Conversely, a temperature of 80 !C applied to the sample pre-
pared with Eu settles a fully black color. A lower temperature
(e.g., 60–65 !C) leaves, instead, the sample yellow. In Figure 1,
it is also represented that quenching the sample from 80 to 30 !C
after 20s of annealing (0.5–1 !C s$1) is mandatory to avoid fur-
ther evolution of the black phase to yellow. Temperature and
time effects will be explored in Section 2.5.

Even though the black color of the sample provides a qualitative
feedback on the formation of a PSK phase (cubic-α or tetragonal-β
or orthorhombic-γ), its precise identification needs quantitative
measurements. This sample was indeed initially labeled as “black
low temperature” (black-LT) PSK phase to be distinguished from
black HT (black-HT) PSK formed at T> 300 !C.

The first clue about the stabilization of the black phase at LT
that cannot be attributed to Cl atoms was provided by prelimi-
nary tests. In particular, when replacing small amounts of PbI2
with PbCl2 (5 mol%), or CsI with CsCl (5 mol%) and even add-
ing HCl (10 μL into 500 μL CsPbI3 solution), a yellow phase is
formed in all three cases[27] without CsPbCl3 detected.[32] In
contrast, the substitution of EuCl3 with EuI2 has produced

the black phase of CsPbI3 following the preparation procedure
shown in Figure 1a,b, with similar morphology and structure.
In the end, the beneficial main role of Eu was argued compared
with Cl. Although both EuI2 and EuCl3 produced a black phase
at LT, it has been observed that EuCl3 has a better solubility. We
have indeed chosen to carry out detailed cross-correlated inves-
tigation using EuCl3, like Jena et al.[27] had done for their pio-
neering technological study, with some focused comparative
experiments using EuI2.

2.2. LT γ-Phase Structure

The structure of the deposited materials was investigated by XRD
on samples encapsulated in dry-N2 immediately after quenching
to 30 !C to avoid humidity-related effects; moreover, the analyses
were repeated on different samples using glass or TiO2/FTO as
substrates.

Based on the XRD pattern shown in Figure 2a (upper panel),
the dark-yellow color of the sample prepared without Eu (refer-
ence) was attributed to a mixture of phases, with the features of
the non-PSK δ-phase at low angles and a diagnostic peak of a PSK
phase at 2θ# 20.3!. Figure 2a represents a hypothetical fitting
curve for δþγmix of phases (#50% each) with lattice parameters
of the black γ-phase reported in the second column of Table 1,
and those of the δ-phase being a¼ 10.421 Å, b¼ 4.604 Å,
c¼ 17.873 Å (refinement from the Pnma lattice structure
reported in the study by Straus et al.[22]). We notice that, for a
better fit of the peak at 2θ# 20.3!, the c axis should be increased
from 12.380 Å toward the values reported in the literature
(#12.5 Å)[21,22,29] with consequences that will be clear in the fol-
lowing discussion. In regard to the attribution of the peak at
2θ# 20.3! (α-, β-, or γ-phase), there are not enough details in
the diffraction pattern (differently from the ones of powder
and single crystals) to definitely decide (the layer is thin, and
the composition is a mixture of black þ yellow phases).

Figure 1. Schematic describing the approach to form a PSK CsPbI3 phase at LT. a) Spin coating under air condition. b) Quenching procedures
(0.5–1 !C s$1) under dry N2: without Eu precursor in the solution, 60 !C is the temperature to be used with the resulting material having a dark-yellow
color; with Eu precursor in the spin-coated solution, the formation temperature is raised to 80 !C and the resulting material has a black color. In this
second case, the sample is long lasting for days. c) Resulting materials: the black layer is 80–100 nm thick.
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The black color of the layer prepared with Eu (Figure 1c)
was invariant on different samples over glass as well as on
TiO2/FTO substrates and represents the first clue on the
formation of a uniform PSK phase all over the sample surface.
Different from the previous case, the related XRD pattern
contains enough information to shed light on which PSK poly-
morphism is dominant in the layer. As shown in Figure 2a
(lower panel), diagnostic peaks are found in the angular range
2θ¼ 14–22! whose position and shape were pivotal. It is par-
ticularly interesting that the feature with maximum at
2θ# 20.3! is a result of the superimposition of three peaks.
They were deconvoluted (pseudo-Voigt shape) and ascribed
to (200), (112), and (020) planes of the γ-phase. In this
range, α- and β-phases would instead have only one and two
peaks, respectively, and are indeed excluded. The complete
fitting curve and parameters extracted by standard Rietveld
refinement procedure can be found in the Supporting
Information (S1).

Table 1 shows the average values of the measured parameters
and the related standard deviations collected in different samples
on glass and TiO2/FTO.

Figure 2b,c shows the different morphologies of the two layers
prepared without and with Eu, wherein we notice the double
texture of the sample prepared without Eu (to be associated to
a double-phase composition as found in the diffraction pattern)
in contrast to the structural uniformity of the other sample
(single phase in the diffraction pattern). This homogeneous
fine-grained structure is consistent with the use of a low forma-
tion temperature (80 !C), while γ-phases quenched from HTs, as
done in the studies by Straus et al. and Sutton et al.,[22,29] have
large grains due to grain coalescence and ripening. To justify the
fine structure and the γ-phase formation at low T using Eu, the
formation of PbI2·dimethyl sulfoxide (DMSO) adducts[33] was
excluded to have a main role on the basis of the γ-phase instabil-
ity without europium (same solvents used) demonstrated by
XRD (see also the Ellipsometric results in Section 2.5).

Figure 2. Structural and morphological analyses after quenching with and without using Eu precursors. a) The XRD patterns have different features
depending on Eu presence: with Eu, an orthorhombic lattice structure is established that is fitted by a black γ-phase with lattice constants slightly modified
with respect to references values[21,22] (vertical red bars are markers of γ-phase planes with the labeled Miller indexes with lattice parameters b< a< c);
without (wo) Eu, the material is a mixture of PSK and a non-PSK δ-phase (mixed material). The crystallographic grain size extracted by the full width at half
maximum of the diffracted peaks is in the range 10–20 and 30–60 nm with and without Eu, respectively. b) SEM image of a mixed material without Eu, that
accounts for the dark-yellow color of the sample. The elongated grains (>1 μm) are the yellow δ-phase. c) Monophase nanostructured PSK layer with grain
diameter <100 nm, as grown using Eu in the preparation procedure. This fine-grain structure is consistent with the use of a LT (80 !C), while a γ-phase
quenched from HTs, as done in previous studies,[22,29] has large grains due to grain coalescence and ripening.

Table 1. Average lattice parameters and standard deviation measured on the thin layers with Eu/Pb¼ 5% prepared by spin coating on glass and on
TiO2/FTO substrates with respect to what reported in the literature for single crystals, powders, and thick layers after scratching.

Lattice parameters
of the orthorhombic
γ-phase [Å]

This work spin coated
layers quenched from

80 !C using Eu

Sutton et al.[29] powder
fast quenched from

347 !C in N2

Marronnier et al.[21] powder
quenched at 2.5 Kmin$1

from 370 !C with N2

Straus et al.[22] single
crystals quenched from
370 !C in iced water

Symmetry group Space group 62 Pnam(62) Pbnm(62) Pnma(62)

a 8.855& 0.025 8.856 8.620 8.864

b 8.570& 0.032 8.577 8.852 12.484

c 12.380& 0.016 12.472 12.500 8.578
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Figure 3a compares the two orthorhombic lattices of the
PSK γ-phase and non-PSK δ-phase with ground-state energies
that are 54meV apart per formula unit (i.e., 10.8 meV/atom,
216meV/unit cell) based on density functional theory (DFT)
calculations, remarking a spontaneous tendency to form the
δ-phase in bulk materials. This description of the atomic arrange-
ment in the two lattices denotes that shifting from one to the
other implies a relevant reorganization and diffusion of species,
with Cs as the biggest atom involved in the kinetics.

The overall thermal path sketched in the upper panel of
Figure 3b is applied and the pseudocubic lattice parameters cor-
respondingly extracted in the LT γ-phase and in the (HT) α-phase
during XRD in situ analysis on a representative sample. The
related data are shown in Figure 3c by colored stars. A peculiarity
of the LT γ-phase prepared with Eu is the c-value (the longest axis)
that is smaller than what reported for bulk materials, thick
layers or powders quenched from HT or from 100 !C (see
Table 1).[21,22,29] The associated cell volume is consequently
smaller by ΔV/V¼$(0.7–1.4)%. We found a similar result by
changing the precursor from EuCl3 to EuI2 as opposed to what
we measured in the samples without Eu. As a matter of fact, the
red fitting curve in Figure 2a (upper panel) does not match the
peak at 2θ¼ 20.3! using a,b,c, as shown in the second column of
Table 1. The detected peak is instead shifted leftward with the

c-axis that consequently moves to reference standard values
around 12.5 Å. This important finding implies that the γ-phase
formed without Eu in our thin layers is similar to the rest of the
cases reported in the literature (see Table 1).[21,22,29]

Moreover, we noticed that the c value measured on our film
at RT closely matches a case[22] measured at a temperature of
100 K (b/2) in that case. The other two reported lattice parameters
at 100 K are instead stretched upward and downward with respect
to what wemeasured. In that study, a double site occupancy for Cs
was proposed: CsA (Cs in A site) and CsB (Cs in B site), with CsB
beingmore centrally located in the polyhedron than CsA. It is there
additionally shown that at 100 K the degree of Cs occupancy in the
B-site is close to zero and the octahedral distortion is reduced (e.g.,
see the I─Pb─I angle as a parameter).[22] A question that indeed
arises is how Eu presence eventually acts on the octahedral coor-
dination configuration and if this has an impact on the volume
within the overall energy balance. This will be elucidated by
DFT calculations in Section 2.4.

2.3. Interplay between Eu Incorporation and Morphology
in the LT γ-Phase

We rise a second argument on the role of morphology, structure,
and local composition of the LT γ-phase. Pivotal insights are

Figure 3. a) Optimized γ and δ structures based on DFT calculations projected on the (001) and (010) planes, respectively. The calculated ground-state
energy (f.u.¼ formula unit) shows that the δ-phase is preferred with respect to the γ-phase in bulk systems and at LTs. b) In situ heating and cooling path
used to extract c) the lattice parameters of the material, with special regard to what occurs after quenching from LT (80–30 !C: green stars) and at HT
(370 !C) wherein a cubic α-phase is established (violet star). The pseudocubic lattice parameters of the PSK γ-phase formed using Eu and measured at
room temperature are compared with literature data (see also Table 1). On this basis, we find that the black-LT γ-phase lattice has a c-value slightly but
statistically smaller than the ones reported in the literature after quenching from HT (Marronnier et al.,[21] Straus et al.,[22] Sutton et al.,[29]) In this respect,
XRD and electron diffraction data are in full agreement.
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gained through transmission electron microscopy (TEM) analy-
ses with associated electron diffraction for phase identification
and local chemical probes for electron energy loss spectroscopy
(EELS) and energy dispersive X-ray spectroscopy (EDX) analyses.
For this investigation, the samples were dispersed on a carbon-
coated Cu grid by spin coating that avoided using standard
mechanical preparation procedures.

Figure 4a,b shows a mixture of small rounded grains of the
γ-phase and elongated grains of the δ-phase formed in the refer-
ence sample without Eu and identified through electron diffrac-
tion (SI2), in agreement with XRD and scanning electron
microscopy (SEM) findings (glass or TiO2/FTO substrates used).
In contrast, in the sample prepared with Eu, a uniform mono-
disperse layer made of small grains is found (Figure 4c) and univ-
ocally attributed to the orthorhombic γ-phase through electron
diffraction analyses such as the ones shown in Figure 4d
(large-area diffraction pattern) and Figure 4e (selected area dif-
fraction pattern). We notice that the lattice parameters evaluated

through those patterns (dark-green stars in Figure 3c) approach
the values found by XRD, with the c-axis smaller than the ones
reported in the literature (see Table 1).

As another important finding, we observe that the grains of
the γ-phase are surrounded by a shell of material (intergrain
region) that creates an interconnecting gluing network
(Figure 4c). This thin intergrain region, a few nanometers-large,
looks brighter with respect to the grains as it has thickness and/
or composition different with respect to the grain core. As a mat-
ter of fact, the EELS spectra taken inside this networking material
unveil the presence of Eu together with Cs and I species, as
shown in Figure 4f (light-blue line). The red spectrum is instead
acquired as a reference inside a PSK grain. The lack of signal
from Eu in this spectrum does not necessarily imply that Eu
is not present in the grain core because the EELS sensibility
is limited to few atomic percent. Hence, it rather states that
the content of Eu inside the grain is less than 1–2 at%. A closer
inspection on the shape of the ELLS spectrum of europium taken

Figure 4. a,b) Plan-view TEM images of the LT γþ δ-mixed material prepared without Eu characterized by rod-like grains (δ-phase) and rounded grained
(γ-phase) as further shown in SI2, Supporting Information. c) Plan-view TEM image of the LT γ-phase prepared with Eu and characterized by small grains,
5–20 nm in diameter, radially arranged in larger aggregates. An intergrain material is also found. d,e) Electron diffraction patterns taken over large and
selected areas that describe a pure γ-PSK lattice. The large density and specific location of the many diffraction rings in the large-area diffraction pattern
unequivocally denotes the orthorhombic nature of the lattice. Specific interplane distances are labeled in orange (numbers are in Å) in the selected-area
diffraction pattern and the related zone axis is also indicated, all diagnostic of an orthorhombic γ-phase. f ) EELS indicating that Eu takes part to the
material, especially at the grain boundaries. The inset is the detail of the europium spectrum that fits the one of Eu2þas reported in the study by Li et al.[33]
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at the boundary of the grains and compared with spectra reported
in the literature such as in the study by Mundy et al.,[34] has
highlighted that Eu2þ charge states are mostly established inside
the sample (inset in Figure 4f ). This finding implies that Eu
gains the 2þ state during reaction whatever the initial charge
was in the mother solution (3þ in the solution containing
EuCl3) and that the detected charge state accounts for the estab-
lished coordination in the solid state.

We then proceeded with a spatial-resolved chemical analysis to
unveil the local composition of the layer. For this purpose, we
exploited the fact that the LT γ-phase prepared with Eu partially
and slowly transforms into the δ-phase over long aging times.
Although the transformation was not as fast as in the case with-
out Eu (see Section 2.5), partial degradation can be reached that
leaves the two phases coexisting on the same sample. This mixed
composition allowed performing simultaneous investigations of
two phases in a same sample using scanning transmission elec-
tron microscopy (STEM) and EDX analyses.

Typical probed areas are shown in Figure 5a,b representing
δ-phase and LT γ-phase regions, respectively, taken via STEM
on the same sample. We used the relative percentage of Cs/Pb
and Eu/Pb measured by EDX to discriminate the composition of
the γ-grains from the composition at the intergrain regions
(Figure 5c). A representative EDX spectrum taken in the inter-
grain region is shown in Figure 5d: it contains I, Pb, and Cs
intense peaks and a small Eu peak. This is a second direct evi-
dence about Eu taking part in the PSK layer. Further insights in
this respect are paramount to understand its role.

On the basis of data in Figure 5c, we draw preliminary con-
clusions as follows: 1) the grains of the γ-phase prepared with Eu
have an average content of Eu slightly above the threshold of
detectability, with the benchmark represented by the CsPbI3 γ-
phase that did not contain Eu in the mother solution (wo Eu
in Figure 5c); 2) associated with this, a relative deficiency of
Cs with respect to Pb content is found in the γ-grains with
Eu; 3) the Eu/Pb ratio in the intergrain region settles around
5–10%, with the upper limit associated to regions with Pb defi-
ciency rather than with Eu over stoichiometry (e.g., Eu/
Pb¼ 0.15/0.85, see caption of Figure 5). The Cs or Pb deficiency
shown by our EDX measurements could also imply an improved
energetic equilibrium between the PSK and the yellow phase,
which can aid in the stabilization of the former.[35] Together with
this, a large dispersion of values on the Cs content has been
found denoting a nonuniform distribution of species (and com-
position) in the intergrain regions. In particular, Cs abundance
was occasionally found associated with Cl (e.g., Cl/Cs¼ 29/9),
but this set of data was intentionally excluded from the data
representation in Figure 5c (see Figure S3, Supporting
Information) to make the intergrain comparable with the core
regions wherein Cl was never found.

All those findings imply two main consequences: 1) Eu is
mostly pushed outside the grains during formation; 2) part
of the initial amount, around or even under 1 at%, can be left
inside or at the grain periphery, substituting Pb or in other
(e.g., interstitial) positions.

This last scenario would be compatible with a local compensa-
tion of charge between Eu (addition) and Cs (depletion) cations.
The excess of Cs, as shown, stays in the intergrain space.
Among the possible reason why Cs is less prone to enter the

lattice, we include the large size of Cs and the presence of small
Cl anions that are kinetically competitive to I in the interaction

Figure 5. Dark-field STEM images of a) δ-phase grains, b) γ-phase grains of
the CsPbI3 sample taken on the same sample. The green box indicates typical
probed region by EDX mapping (each pixel contains a spectrum; pixel size
#2 nm2), while the small red boxes indicate the intergrain region in both PSK
phases. c) Statistical study of the cations ratio (Eu/Pb and Cs/Pb) in the dif-
ferent regions of the same sample (δ-grain, γ-grain, and inter-grain) with Eu
compared with the reference case, i.e., the δ-grain without Eu (wo Eu). Each
spot inside the box plots is the sum of different spectra (10–12 at least) of the
respective probed region taken over an area as large as 800' 800 nm2. d) A
representative EDX spectrum taken in the intergrain region and the related
fitted curve, with labeled the emission edges (L) of the species (I, Cs, Eu, and
Pb) assigned to the peaks. The intergrain region has not a uniform composi-
tion and ismostly amorphous.We note that in the data representation: 1) the
Cs/Pb boxplot does not include grains with Cs–Cl abundance (e.g., Cl/Cs¼
29/9); 2) the Eu/Pb ratio can be locally above 5% due to Pb deficiency (e.g.,
Eu/Pb¼ 0.15/0.85) rather than to Eu over stoichiometry.
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with Cs during the reaction process. As a matter of fact, Cs and Cl
have been preferentially found together in some intergrain
regions, both relatively more abundant with respect to the other
species.

We additionally found that, similarly to the case in which
EuCl3 is added in the mother solution, a γ-monophase made
of small-sized grains glued by an intergrain network (Figure S4,
Supporting Information) is formed when 5 at% EuI2 (with
respect to the stoichiometric CsPbI3) is used.

All those findings lead us to generalize that exceeding
(together with slower) species are progressively accumulated
by a snowplow process toward the grain periphery during grain
growth and consequently create a gluing network of self-material
(i.e., species that in principle could take part to the PSK lattice
structure, without additives of different nature) among the
grains. Its presence has a role in retaining the small grain size
by likely reducing the growth rate and/or inhibiting ripening and
coalescence processes. The phenomenon could also be at the root
of the use of HI additives that produces small CsPbI3 γ grains, as
reported in the study by Sutton et al.[29] A similar size effect with
a gluing network is exploited in the literature to stabilize CsPbI3
α-phase nanograins by colloidal synthesis.[36] Size-related effects
for the γ-phase are also extensively discussed in the study by
Zhao et al.[37] In all reported cases, likewise in our case, the

interplay between surface energy costs and volume energy gain
is the cornerstone to extend the lifetime of PSK CsPbI3 phases.

Our next purpose is disclosing how Eu takes part and/or pro-
motes the described layer structure with the consequent stabili-
zation of the γ-phase. The phenomenological description is, in
this respect, enriched by the data in Figure 6.

Figure 6a shows a high-resolution high-angle annular dark-
field (HAADF)-STEM image of small grains whose core is well
ordered (crystalline lattice). It is made of rows of aligned atoms
that are distinguished on the basis of the location of Pb or Cs
together with iodine species (zone axis (1–12)). The related fast
Fourier transformation (FFT) together with the lattice recon-
struction univocally identify the γ-phase of CsPbI3 without any
byproduct. An outer shell is also visible in the HAADF-STEM
image wherein the lattice order is less defined or even lost.
Spatial-resolved EDX analyses in Figure 6b, mediated over 32
spectra (4' 4 nm2 each) and taken in the three regions (grain
core, grain shell, and intergrain), shows that Eu is mostly distrib-
uted along the grain shell wherein the lattice order is reduced
with respect to the ordered crystalline grain core. Those bound-
aries create an interconnective tissue from one grain to another
above a background region (darker in the image) that we called
snowplow self-material. It collects species such as Pb, I, Cs, and
Eu, as shown in Figure 5 (intergrain region), with the addition of

Figure 6. a) HAADF-STEM image of small grains in the γ-phase framed by a gluing matrix of self-material. The related atomic configuration and FFT are
correspondently shown in the right panel. b) EDX spectra taken in the three regions labeled in (a). c) Representation of the surface-to-volume energy
interplay for this fine-grainedmorphology that is in favor of the γ-phase in contrast with the case of larger grain morphologies (e.g., without Eu). In the first
case, a kinetic barrier has to be overcome to allow the phase transition toward the δ-phase.
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Cl. In this intergrain region, abundance of Eu and/or deficiency
of Pb is found. We additionally note that the composition of
this snowplow material is not uniform, with Cl and Cs often
more abundant in some locations (Figure S3, Supporting
Information). This result confirms that Cs diffusion during reac-
tion compete with Cs–Cl interaction/reaction. It likely causes Cs
deficiency at the grain boundaries wherein Eu can compensate
the positive lack of charge by establishing iodine bonding
together with Pb in a distorted (amorphous) arrangement. We
could even argue that the other way around or that both phenom-
ena are acting, namely less Cs participating to the reaction and
Eu coordination with iodine in a distorted CsPbI3 matrix syner-
gically cooperate.

Further CsPbI3 grain growth is inhibited by the presence of
the intergrain frame. The retention of this fine-grained γ-phase
during time after reaction (i.e., after quenching from 80 to 30 !C)
occurs due to a convenient balance between the surface energy
cost (in favor of the γ-phase) and the bulk energy gain (in favor of
the δ-phase). In this complex scenario, Eu primarily serves to
locally balance the missing charge. As a second effect of this
small-grain configuration with the intergrain gluing self-
material, a kinetic barrier to move LT γ-phase to δ-phase is estab-
lished to upset the atomic arrangement. All those effects are
shown in Figure 6c. As an additional positive achievement,
the small size of the grains with their damping intergrain shell
provides the lattice with a degree of “octahedral flexibility” that
allows maintaining a slightly distorted lattice (c-reduction as mea-
sured by XRD) for a better accommodation of the γ-phase.

2.4. DFT Calculations for the Interpretation of the Role of Eu

Based on the experimental evidence, we carried out DFT calcu-
lations to investigate if the presence of Cs vacancies, related to
the experimentally observed Cs deficiency, along with the

introduction of Eu interstitials changes the electronic character-
istics of the CsPbI3 PSK at the bandgap region near the grain
shell. This aspect is important as it clarifies if Eu2þ cations, upon
the hypothesis that they do not solely substitute Pb2þ, introduce
electronic states which are detrimental for the operation of PSK
solar cells. We approximated the EDX stoichiometric data
(Figure 5c) by considering orthorhombic CsPbI3 supercells hav-
ing a 12.5% of Cs vacancies and 6.25% of Eu adatoms, where
Eu2þ occupies vacant spaces left from the deficiency of Csþ.
The resulting system is a Cs0.875Eu0.0625PbI3 alloy. We developed
different configurations that correspond to this stoichiometry
(see Figure S5, Supporting Information) and investigated if the
configurational variability also reflects different structural and
electronic properties for the system. Upon structural relaxation
of the atomic positions and the lattice parameters, we noticed that
all configurations shared the following characteristics: a) the PSK
lattice was preserved notwithstanding the high concentration of
defects and impurities; b) the volume of the Cs0.875Eu0.0625PbI3
alloy was smaller than the volume of the ideal CsPbI3 PSK
due to the smaller ionic radius of Eu2þ with respect to Csþ along
with the presence of Cs vacancies. Such volume contraction
agrees with the XRD data of Figure 2 and Table 1; c) in all con-
figurations the Eu2þ cation formed an octahedral EuI6 network
with neighboring I$ atoms (see Figure 7a), in agreement with
the shape and position of most of the EELS spectra of europium
(Figure 4f ). This evidence is important as it implies that Eu, once
integrated within the solid-state PSK lattice, forms bonds with
iodine anions by preferring the 2þ oxidation state.

Hence, Eu-centered octahedra share the same apical iodine
atoms with Pb-centered octahedra. We point out that the EuI6
octahedra are rather distorted with their I─Eu─I angles signifi-
cantly deviating from the ideal 90! value. To understand if this
cation mixing can give rise to deep-level states within the
CsPbI3 bandgap, we calculated the density of states for the alloy

Figure 7. a) Schematic representation of a Cs0.875Eu0.0625PbI3 alloy, where Pb-centered octahedra (gray) share the same apical iodine atoms with Eu-
centered octahedra (violet). b) Density of states as a function of energy for the Cs0.875Eu0.0625PbI3 alloy shown in (a).
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configuration that has the lowest formation energy within the
studied configurations (Figure S5a, Supporting Information).
Results showed that the electronic states deriving from Eu atoms
are outside the bandgap and far from the band edges (Figure 7b).
It is interesting to note that each Eu2þ cation in this system effi-
ciently compensates two Csþ vacancies, maintaining the overall
charge level of the system unchanged. Therefore, no deep-level
states were observed within the bandgap area, showing that Cs
deficiency along with the addition of Eu during the growth pro-
cess do not significantly modify the intrinsic optoelectronic prop-
erties of the CsPbI3 crystal, even at the defected grain peripheries.

2.5. LT γ-Phase Endurance

The kinetic change from LT γ-phase to δ-phase has been investi-
gated by in situ experiments using spectroscopic ellipsometry
technique to explore the endurance of CsPbI3 samples with
Eu in comparison with the ones without Eu. In these latter sam-
ples, similar to what was found by XRD (Figure 2), a mixture of
LT γ-phase and δ-phase is unavoidably formed as attested by fea-
tures in the dielectric function.

In Figure 8, we show the imaginary part of the dielectric func-
tion for CsPbI3 samples with and without Eu measured at 30 !C
after formation at LT (80 and 65 !C, respectively) and after post-
formation annealing.

The dielectric function has been obtained from modeling the
spectroscopic ellipsometry data.[15,38] The LT γ-phase of CsPbI3

with Eu has a negligible absorption inside the bandgap (below
1.7 eV) indicating the absence of defects contributing into the
gap. Similarly, in the δ-phase formed after postreaction anneal-
ing at 80 !C for 400min, we do not observe states inside the gap
that has consistently moved to 2.7 eV. In contrast, the sample
without Eu shows in both cases (after formation and after post-
annealing), an intense absorption under Egap attesting that a
broad band of defects exists inside the gap.

A quantitative understanding of the previous data from the
point of view of allowed interband energy transitions is possible
thanks to the critical point (CP) analysis.[15,39] This analysis relies
on the singularities in the electronic densities of states corre-
sponding to CPs in the dielectric function.[40–43] These points
are identified by calculating the second derivative of the mea-
sured dielectric function (Figure 8) and fitting simultaneously
the real and imaginary parts using a least-squares procedure with
the following equation

∂2ε
∂ω2 ¼ nðn$ 1ÞAeiΦðω$ E þ iΓÞðn$2Þ (1)

where E, Γ, A, Φ, and n (n different from Φ) describe the shape
(energy threshold, amplitude, broadening, excitonic phase angle,
and singularity dimension, respectively) of the dielectric function
around each transition point. The LT γ-phase is characterized by
CPs at 1.78 eV (the gap, that is not modified by Eu), 2.58 and
3.37 eV, whereas the δ-phase is characterized by CPs at around
2.95 (the gap) 3.36, and 4.3 eV. The two phases share a CP
around 3.36–3.37 eV.

We determined the stability extent of the LT γ-phase with
Eu by increasing the temperature from 30 !C to a set of values
(80, 90, or 100 !C). During the isothermal annealing (see repre-
sentative measurements at 80 !C in Figure 9a) the CsPbI3 with
Eu sample slowly transforms into the δ-phase.

When the same approach was used in the sample without Eu,
the transformation was so rapid that we were forced to work at
only 65 !C to have sufficient time to carry out the ellipsometric
measurements (see Figure 9b) and appreciate the transforma-
tion. According to this, solar cells without Eu have poor charac-
teristics, whereas the ones with Eu can be measured and
characterized, as shown in the study by Jena et al.[27] and
Figure SI6, Supporting Information. Thanks again to the CPs
analysis, we established a precise time scale of the phase transi-
tion for each material. To this scope, among all CPs, we show
only the most significant ones at the energy gap of the LT γ-phase
(#1.78 eV) and the energy gap of the δ-phase (2.95 eV) (see
Figure 9c,d).

From that analysis we concluded that: 1) with Eu, the absorp-
tion onset (Egap) of the LT γ-phase around 1.8 eV has a blue shift
and decreases in amplitude during the isothermal cycle. When
this point reaches the value of 1.83 eV, its amplitude becomes
zero (i.e., complete disappearance) because the sample is fully
transformed in the δ-phase. This transition takes 400min at
80 !C; 2) with Eu, the degradation process from γ to δ-phases
has a temperature-dependent incubation time (100min at
80 !C) in which the gap of the γ-phase remains constant (and this
roughly corresponds to the absence of the δ-phase or to its very
early nucleation); 3) the phase transition from γ to δ phases

Figure 8. Imaginary part of the dielectric function as obtained from spec-
troscopic ellipsometric measurements on CsPbI3 with Eu and without Eu
after formation at LT (80 and 65 !C, respectively) and subsequent quench-
ing to 30 !C compared with data after postformation annealing and
quenching to 30 !C.
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occurs in the same time scale at a temperature of 100 !C using Eu
and at 65 !C without Eu, that is with 35 !C of gain in stability.

Using the same calculation of the Egap by the CP analysis,
Figure 10 shows how the energy gap of the LT γ-phase (with Eu)
moves with temperature while the sample is cooled under RT
step by step. A continuous trend of Eg that reduces with T is
found down to $100 !C, with the γ-phase preserved. As a second
important finding is that the initial value of Eg is fully recovered
after T was getting back to 30 !C.

The data in Figure 10 extend what is already known on the
continuous and reversible structural behavior of the γ-phase of
CsPbI3 below RT[22] by demonstrating that the optical bandgap
is also reversibly recoverable. As a step beyond, it suggests that
the two possible thermally activated Cs positions found in the
study by Straus et al.[22] are reversibly occupied by changing
the temperature, and particularly moving below and reapproach-
ing again room temperature. Based on ellipsometric data and
according to the study by Straus et al.,[22] we argue that the

Figure 9. Imaginary part of the dielectric function of CsPbI3 a) with Eu and b) without Eu during isothermal annealing at 80 and 65 !C, respectively. Time
dependence of Egap of the LT c) γ-phase and d) δ-phase of CsPbI3 with Eu (black lines) and without Eu (red lines) for different temperatures.

Figure 10. Gap behavior and its full recovery after cooling down in CsPbI3 with Eu samples that show the stability of the optical response of the material.
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LT γ structure[15] with its I─Pb─I bond angles[30] elastically and
reversibly move during the back and forth temperature pathways.

3. Conclusion

A purely orthorhombic γ-phase of CsPbI3 was established at
80 !C equivalently on glass as well as on TiO2/FTO substrates
using 5% atomic ratio between Eu and Pb in the mother solution.
This was stabilized at 30 !C by a simple quenching procedure
and called LT γ-phase. The procedure comprises a spin-coating
step followed by a heating to 80 !C cooling to 30 !C procedure at
rate of #0.5–1 !C s$1 in dry-N2 environment. The resulting layer
is made of nanograins with diameter in the range 5–20 nm, inter-
estingly separated by an intergrain matrix holding the PSK phase
network. When compared with a similar layer prepared without
Eu, that is initially a mixture of LT γ-phase and a predominant
δ-phase of CsPbI3, the sample with Eu in its pure LT γ-phase
exhibited a hugely longer lifetime in the range 65–100 !C.

The structural features of that sample in the LT γ-phase, dis-
entangled through a combination of advanced analytical techni-
ques coupled with DFT calculations, evidence multiple roles
played by Eu with a common thread that could be further
extended to the use of other additives.

It has been found that only part of the available Eu amount is
incorporated into the nanograins of the LT γ-phase. In addition to
Eu that replaces Pb, Eu atoms also occupy interstitial sites in the
orthorhombic γ-phase establishing distorted sixfold coordination
with iodine species. This configuration agrees with our finding
on a Cs-deficient stoichiometry, with Eu compensating the local
charge in the lattice. This consequently leads to cell volume con-
traction, which is consistent with experimentally measured
1–2% contraction of the cell volume, also supported by DFT
calculations.

The Cs–Eu–Pb interplay in the atomic arrangement is compat-
ible with the existence of an outer grain shell wherein the ideal
lattice order is lost and distorted atomic arrangement becomes
accessible or even convenient. As a matter of fact, an intergrain
transition region is found wherein the overall composition devi-
ates from the one at the grain cores. In the composition, excess of
Eu is the main finding indicating that, in the growth process, part
of the host atoms is incorporated, whereas the rest is displaced
through a snowplow effect, i.e., a kinetic process that tends to
accumulate Eu atoms toward the outer part of the grains. As a
further kinetic effect, abundance of Cl and Cs is found at the
intergrain region. The exceeding material (with local unbalanced
stoichiometry) creates a barrier that inhibits a further increase in
the grain size. This, in the end, allows keeping high the surface-
to-volume ratio that is known to be beneficial for the γ-phase to be
stabilized against the non-PSK counterpart in the δ-phase.[44] The
narrow intergrain frame has a further valence in retarding mass
exchange and in prolonging the γ-phase stability.

The gained insights have a more general valence as bench-
mark to engineer self-materials through snowplow methods at
LTs able to frame and freeze pure fine-grained structures of black
CsPbI3 phases. Charge compensation of cation deficiency is also
encouraged in the preparation recipe. Our findings concurrently
pave the way to further extend the black-phase stability at room
temperature for more reliable solar cells.

4. Experimental Section

PSK Film Fabrication: A solution of 1 M PbI2 (Tokyo Chemical Industry)
and 1 M CsI (Tokyo Chemical Industry) was prepared by mixing them in
a composite solvent made of dimetilformammide (DMF) and DMSO
(3:1 v/v). EuCl3 (Sigma-Aldrich) solution of 0.1 M concentration was made
in same mixed solvent of DMF and DMSO (3:1 v/v). The solutions were
stirred at room temperature for 1 h. Then, 1mL of the PbI2/CsI solution
was mixed with 0.5 mL of the EuCl3 solution to reach the desired stoichi-
ometry and then stirred for 1 h. The PSK film was deposited by spin coating
the precursor solution on glass substrates in two steps: 1000 rpm for 10 s
followed by 5000 rpm for 25 s in ambient environment. The CsPbI3 with
Eu/Pb¼ 5% film was then annealed at 80 !C on a hot plate for 20 s and
cooled to 30 !C at 0.5–1 !C s$1 to form the LT γ -phase. The final layer on
glass had a thickness of #80 nm. The composition of the mother solution
was chosen according to the results of the study by Jena et al.,[27] based on
the best solar cell performances achieved.

X-Ray Diffraction: XRD patterns were collected using a D8Discoved
(Bruker AXS) diffractometer equipped with a high-precision goniometer
(0.0001 Å), a thin film attachment (long soller slits), and a Cu Kα source
(instrumental broadening 0.07!). An Anton Paar heating stage was used
for in situ experiments equipped with a polyether ether ketone dome to
keep the samples at controlled temperatures in controlled atmospheres.
The temperature values (measured by a thermocouple) were crosschecked
using commercial thermostrips (Racetech-Thermal indicator strips) and
were consequently given with an error bar of &1 !C. In situ XRD analyses
were carried out in air or nitrogen, which were used to fill the dome at a
pressure slightly above the atmospheric one (þ0.3 bar). During cycles, the
acquisition time corresponded to the use of a step size of 0.01! and acqui-
sition time 1 s per step. After the sample was raised up to a temperature,
the alignment procedure was repeated to consider the thermal expansion
of the sample and of the silver paste used to increase the heating
exchange.

Spectroscopic Ellipsometry: We used a V-VASE, J. A. Woollam spectro-
scopic ellipsometry for optical characterization. Ellipsometric data were
collected at different angles below and above the Brewster angle of the
glass substrate, over a wide range of wavelengths 245–1240 nm (1–5 eV)
with step of 10 nm or less depending on the curve steepness. Then we
built a Kramers–Kronig consistent optical model based on multiple
Tauc–Lorentz oscillators to determine the real and imaginary parts of
the dielectric function. Measurements were collected using a N2-filled
chamber to prevent PSK degradation in air. The cell setup allowed to vary
the temperature in the range 30–325 !C with an Instec MK100 heater/
cooler system with an accuracy of 0.1 !C.

Scanning Electron Microscopy, STEM, EDX, and EELS analyses: The mor-
phology of the CsPbI3 layers was checked with a scanning electron micro-
scope (SU8000, HITACHI).

STEM analyses were carried out with a Cs-corrected JEOL ARM200C at
200 keV, equipped with GATAN Quantum EELS and JEOL energy disper-
sive X-ray spectrometer (EDXS). High-resolution images were acquired in
scanning mode using the HAADF signal. Spectrum images were obtained
with parallel HAADF, EELS, and EDXS acquisition. All the data analysis and
elemental quantification were carried out with Gatan Microscopy suite
v3.01. TEM samples were prepared via spin coating and annealing over
a carbon-coated TEM grid directly stacked on a standard glass substrate.
After annealing, the sample was quickly transferred to the TEM holder and
introduced in the vacuum chamber. For TEM analyses, we initially used a
low dose rate (#1–10 e$/A2' s) to settle a safe electron beam conditions
but progressively we increased that value ones verified that the material
was not damaged under prolonged acquisitions. The dose rate finally used
was is in the range (1–10)104 e$/A2' s.

DFT calculations: DFT calculations were carried out with the Quantum
espresso code[45] using the Perdew–Burke–Ernzerhof[46] exchange-
correlation functional and ultrasoft pseudopotentials. To reproduce the
experimental stoichiometry observed through the EDX measurements,
we considered a (2' 2' 1) CsPbI3 orthorhombic supercell having a
12.5% of Cs vacancies and 6.25% of Eu adatoms. Three different config-
urations of the resulting Cs0.875Eu0.0625PbI3 alloy were considered
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(see Supporting Information) and the electronic properties were calcu-
lated only for the system having the minimum energy configuration
(Figure S5a, Supporting Information). Convergence was achieved with
a plane-wave cutoff kinetic energy of 49 Ry and an augmented charge den-
sity cutoff of 258 Ry. The supercells comprised 79 atoms, whereas equi-
librium atomic positions and lattice parameters were obtained by an
unconstrained variable-cell optimization of the structure. A (4' 4' 6)
Monkhorst–Pack grid[47] was used for the sampling of the Brillouin zone.
The VESTA software[48] was used for visualization.

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