Downloaded viaCSIC on May 10, 2019 at 14:28:35 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

I3
MATERIALS @& Cite This: Chem. Mater. XXXX, XXX, XXX=XXX pUbS-aC5~Or9/Cm

Huge Photostability Enhancement in Bismuth-Doped
Methylammonium Lead lodide Hybrid Perovskites by Light-Induced
Transformation

Javier Bar:colomé,f’.“t Esteban Climent-Pascual,”® Carlos Redondo—Obispo,|| Carlos Zaldo,"
Angel L. Alvarez,” Alicia de Anclrés,*’Jr and Carmen Coya*’”

Instituto de Ciencia de Materiales de Madrid, Consejo Superior de Investigaciones Cientificas, C/Sor Juana Inés de la Cruz 3,
28049 Madrid, Spain

J:Departamento de Fisica de Materiales, Universidad Complutense de Madrid, Plaza Ciencias 1, 28040 Madrid, Spain

SEscuela Técnica Superior de Ingenierfa Industrial, Universidad Politécnica de Madrid, C/José Gutiérrez Abascal 2, 28006 Madrid,
Spain

IEscuela Técnica Superior de Ingenierfa de Telecomunicacion (ETSIT), Universidad Rey Juan Carlos, C/Tulipan s/n, 28933
Mostoles, Spain

© Supporting Information

ABSTRACT: The doping strategy of hybrid perovskites is being - ) PR
extensively explored not only for higher efficiency but also to overcome undoped Bi doping 4[Bi3]
issues in photovoltaic materials such as self-degradation pathways in an ,T\ . R
ambient atmosphere or under visible irradiation. Here, Bil; is introduced T - Bilo) "

in the synthesis of MAPbI, films (MA: CH;—NH;") to stabilize the tetev | W< | VLS

material. Around 25% of nominal Bi** is accommodated in the W L 113eVy Y

perovskite structure, producing a shrinking of the unit cell and a small ¥ \—’—‘

increase of the band gap. The presence of empty Bi gap states quenches )

the 770 nm red interband emission and results in a near-infrared Undoped Bi doped
100 W/cnm? 180 W/cm?

—

Irradiation time (s)

emission at 1100 nm. However, high enough visible irradiation density
induces a progressive segregation of Bi** out of the perovskite lattice and
promotes the re-emergence of the red emission. This emission is blue-
shifted, and its intensity increases strongly with time until it reaches a saturation value which remains stable in the transformed
films for extremely high power densities, around 1000 times higher than for undoped samples. We propose that the underlying
processes include the formation of Bil; and BiOI, probably at the surface of the crystals, hampering the usual decomposition
pathways into Pbl, and PbO, for undoped MAPbI;. These results provide a new path for obtaining highly stable materials
which would allow an additional boost of hybrid perovskite-based optoelectronics.

1.6 eV PLint.

1. INTRODUCTION

Hybrid organic—inorganic perovskites solar cells have reached
efficiencies as high as 22% for laboratory devices,"” becoming
comparable to established thin-film photovoltaic (PV)
technologies, such as those based on CdTe and CIGS, in an
astounding short time. Their predicted efficiency limit of 31%
along with their capability for cost-effective and low-temper-
ature processing, such as spin coating and printing, have
boosted the research on this subject in recent years. However,
yet important challenges need to be overcome before reaching
industrial maturity, especially the poor stability in ambient
conditions of most standard CH;NH,Pbl; (MAPDIL,).
Moisture and O, are established as the major aging agents,

devices, Pb>* is a toxic cation’ not compatible with green
technologies. This context has boosted the research activity
aimed at replacing lead with eco-friendly alternatives through
doping strategy. This is a challenging issue due to the
demanding requirements for incorporating dopants that satisfy
the octahedral coordination while keeping the stability of the
perovskite structure, which can be estimated using the
Goldschmidt’s geometrical tolerance factor,” so that the same
underlying crystal structure is maintained as well as good PV
performance of the device.

In this context, tin-based perovskites and other alternative
isovalent compositions, namely, MASnl;, MAPb,_.Sn,I;,
MASn,Pb,_,Br;, FA;sMA,,Sn,Pb,_I;, or CsSnBr,I;_,, have

causing the perovskite thin films to degrade in few days.*
Recently, it has been demonstrated that laser illumination in
ambient atmosphere of MAPDI; gives rise to the appearance of
PbO, phase and that moisture produces its decomposition to
PbL,.’ In addition, despite the small amount present in the
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been indeed reported. However, under ambient con-
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ditions, Sn** is even less stable than Pb** and oxidizes easily to
Sn**® In addition, the devices based on Sn present much
worse PV behavior than the lead halide perovskite.” Experi-
ments with other isovalent cations such as Sr**, Cd**, and Ca**
have resulted in an important deterioration of the PV
performance,''~"® except for the also toxic Hg-containing
hybrid MAPb,_ Hg,I; salts, that exhibited improved solar cell
performance at mercury amount around 10%."*

Another strategy is doping with heterovalent ions following
the path of traditional semiconductors. Bi** doping is an
interesting option because of the similar ionic radii of Bi**(VI)
(1.03 A) and Pb**(VI) (1.19 A) and isoelectronic config-
urations of both ions. Wang et al. reported Bi-doped MAPbI;
crystals which maintained the same crystal structure up to a
molar 10 at. % of dopant in the precursor solution (1.6 at. % in
the crystal) and exhibit increasing carrier lifetimes with Bi**
doping and a 140 meV red shift of the absorption edge."
Bismuth-doped MAPDI; perovskites exhibiting near-infrared
wide emission and a quenching of the red interband emission
have also been reported.'®'” Surprisingly, no changes in the
crystal structure or lattice parameters neither in the wavelength
of the red emission maximum are reported. Bismuth—silver
halide double perovskite'®'? and nonperovskite hybrid
bismuth—iodide compounds, MA;Bi,I;, have also been
synthesized as crystals and thin films.”>*" The latter material
exhibits a very different crystal structure with poorer
optoelectronic performances compared with MAPbI; but
with higher tolerance against water and low toxicity so that
it has been proposed as an absorber layer in tandem solar
cells.””

In the present work, we report on Bi-doped MAPDI,,
MAPbL,/(x at. %)Bi, thin films with nominally 0 < x < 33. A
detailed analysis of the X-ray diffraction (XRD) data is
performed, obtaining important information about the impact
of Bi doping on the film structure and growth habits and
allowing the estimation of the actual doping. The combination
of the structural information with results from optical
spectroscopies indicates that Bi induces a small widening of
the energy band gap and introduces electron traps below the
conduction band that quenches the interband red emission and
originates a near-infrared (NIR) emission. The stability of the
films upon laser illumination was tested under ambient
conditions, which are more stringent and closer to real
operational conditions compared with the vacuum or N,
atmosphere. At high irradiation power densities, the doped
films undergo permanent modifications far away from the
irradiated region, showing a recovered interband red emission
with extraordinarily improved stability. The results are
explained by the visible light-induced Bi ion segregation out
of the perovskite lattice, promoting the re-emergence of the
red interband emission, although blue-shifted and stable for
extremely high power densities and periods of time compared
with those of undoped samples. We propose a mechanism
responsible for the observed effects where Bi migration and
phase transformations, including Bil; and BiOI formation, are
involved. This work sheds light in the understanding of the
photochemical/physical mechanisms upon irradiation and
provides a new path for the fabrication and processing of
highly stable PV materials which would allow an additional
boost of the hybrid perovskite-based optoelectronics.

2. EXPERIMENTAL SECTION

The synthesis of Bi-doped MAPDIj; thin films is described in detail in
the Supporting Information. Briefly, precursor solutions were
prepared with amounts of MAI, Pbl,, and Bil; in dimethylformamide
(DMF) according to the stoichiometric formula MAPb, _, 5,[ T 5,BiI5
(where [] stands for cation vacancy), x = 0, 8, 13, 18, and 33 at. % in
the precursor solutions. These precursor solutions were used to obtain
thin films by spin coating in an inert atmosphere. For simplicity, the
obtained samples from the above solutions are named #0, #1, #2, #3,
and #4 respectively. Table S1 provides a summary of the samples,
including the nominal and incorporated compositions and the used
nomenclature.

XRD data were collected at room temperature (RT) on a Bruker
D8 FOCUS diffractometer (Cu Ka) over a 20 range between 10 and
50° with a step size of 0.02°. The profile shape and lattice parameters
were refined by the profile fitting (Le Bail fit) procedure using the
FullProf program integrated in the WinPLOTR software.*®
Diffraction maxima were fitted with the Thompson—Cox—Hastings
pseudo-Voigt function starting from the instrumental resolution
values for the profile parameters. These starting profile parameters
were obtained by fitting data obtained for alumina Standard Reference
Material with smaller broadening effects and supplied by NIST. The
background was characterized by using a 12-coefficient polynomial
function. The average crystallite size and microstrain were evaluated
using the Williamson—Hall method. Scanning electron microscopy
(SEM) images were collected using a Philips XL30 ESEM scanning
microscope with the secondary electrons detector. Energy-dispersive
X-ray (EDX) compositional mapping was recorded in a Leica 440
Stereoscan SEM using a XFlash 4010 detector. To reduce the
contribution from the substrate, the equipment was operated at low
voltage (8 kV) and low current (1.5 nA). EDX fluorescence
spectrometry (EDXFS): the chemical composition of the samples
was studied by EDXFS carried out at the Spanish beamline BM2SA
SpLine at the European Synchrotron Research Facility (ESRF).
Measurements were performed by means a 13-element Si(Li) solid-
state fluorescence detector and a Si(111) monochromator, with an
energy resolution of AE/E = 14 X 107*. The used excitation energy
was 20 keV over an irradiated area of 1 mm> The energy-dispersive
spectra collected during 1200 s for each sample were fitted using the
PyMCA software.”* Optical spectroscopies: the absorption spectra of
the films were taken by a double-beam UV—vis Varian spectropho-
tometer (Cary 4000). The main optical transitions were obtained
from the second derivative of the optical absorption spectra. The RT
micro-photoluminescence (PL) spectra in the visible region (500—
800 nm) were measured using the 488 nm excitation wavelength of an
Ar" laser in backscattering geometry with an Olympus microscope
and a Jobin-Yvon HR-460 monochromator coupled to a Peltier-
cooled Synapse CCD. The light was collected from <1, S, and 25 pm
diameter spots (corresponding to X100, X20 and X4 objectives).
Different neutral optical filters were used to reduce the incident power
on the samples (from 18 mW/cm? to 5500 W/cm? were used). Each
point in the PL images corresponds to the integrated intensity in the
720—800 nm range of the spectrum corresponding to each position
on the sample. For PL time evolution, whole spectra are obtained at
different times and either the succession of the spectra (as a 2D
image) or the integrated intensity of each spectrum in the 720—800
nm range are plotted versus time. PL spectra in the NIR (NIR PL)
were acquired after excitation with a chopped Ar" laser at 488 nm
(100 mW/cm?) focused in 200 pm diameter spots with a Czerny
Turner SPEX 0.34 m spectrometer and a 77 K cooled Ge photodiode
connected to a lock-in amplifier. NIR PL time evolution was
measured at 30 W/cm? incident power at 1100 nm with wide slits
allowing ca. 40 nm spectral width. All NIR PL spectra were corrected
by the spectral response of the experimental set-up. Lifetimes of NIR
emission were measured by using a MOPO laser system tuned at 488
nm and detected with a Peltier-cooled NIR Hamamatsu photo-
multiplier plus a Tektronix model TDS 520 (500 MHz) oscilloscope.
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3. RESULTS AND DISCUSSION

3.1. Morphology, Composition, and Structure. Pre-
cursor solutions (MAPbI,, MAPbL,/(8 at. %)Bi, MAPbI,/(13
at. %)Bi, MAPbL,/(18 at. %)Bi, and MAPbL,/(33 at. %)Bi),
named #0, #1, #2, #3, and #4, respectively, exhibit a reddish
color, but cured films present a dark brown color, similar to the
reference MAPbI;, with a mirror-like and homogenous
appearance (Figure S1). As shown below, sample #4 presents
the formation of significant amounts of MA;Bi,I; secondary
phase, and therefore, it will not be considered in the general
discussion except for the trends in the XRD results with Bi
incorporation. SEM images (Figure 1la) reveal that the

Intensity (arb. units)

Figure 1. (a) SEM images of #0, #1, #2, and #3 thin films with the
same magnification. (b) EDXFS spectra showing the main signals for
Pb and Bi ions.

introduction of bismuth drastically changes the morphology
of the films. The films show the formation of rod-like
structures whose aspect ratio (length/width) decreases
significantly with the increasing Bi content, mainly by
increasing their width, leading to an increase in the volume
of the grains and the density of the films. The profilometry
measurements indicate that the thickness decreases as the
amount of bismuth increases. For thin films obtained from
precursor solutions, that is, (MAI + [PbL,],_;, + [Bil;],) at a
concentration of 25 wt % in anhydrous DMF (see Supporting
Information), we obtain 345, 320, 290, and 280 nm for #0, #1,
#2, and #3 thin films, respectively.

The Bi content within the samples was estimated by EDXFS
(Figure 1b) of the thin films. The EDXFS spectra show that
the bismuth content increases according to #1 < #2 < #3,
however always below the nominal composition. Relative Bi/
Pb ratios of 0.04, 0.10, and 0.14 were obtained for samples #1,
#2, and #3, respectively. These values are smaller than the
nominal Bi/Pb ratios of 0.09, 0.17, and 0.25, respectively, and
correspond to approximately 45—58% of the nominal ones
(Table S1). It is worth noting that these measurements
account for the whole Bi content in the films which, as we shall
see later, is different from that of substitutional Bi inside the
MAPDI; perovskite.

The phase purity, symmetry, lattice parameters, average
crystalline domain size, and microstrain of the samples were
evaluated by means of XRD. Figure 2a,b shows these patterns
for the five thin films (#0—#4).

The reflections have been indexed on the basis of the
tetragonal I4cm space group proposed by Stoumpos et al. for
MAPbI; single-crystal” who considered a polar tetragonal
structural model, where the C—N bonds of the methylammo-
nium cations are fixed parallel to the c-axis. XRD patterns for
the pristine MAPbI, (#0) and for sample #1 indicate that pure
I4cm tetragonal perovskite materials were obtained. However,
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Figure 2. (a) XRD (Cu Ka,/a,) patterns of the films (#0—#4) at 298
K, the asterisk indicates the presence of Pbl, for #0 film. (b) Details of
two regions, indexed with the tetragonal I4cm space group, showing
the large decrease of (220) intensity upon Bi doping. The red and
blue vertical marks indicate the Bragg reflections of the MAPbI; and
MA,;Bi,], phases, respectively. (c) Variation of the pseudocubic lattice
parameters and (d) of the volume with bismuth content in the
tetragonal Bi-doped MAPDI;. The standard deviations are included.
The dashed lines are guides to the eye.

the XRD patterns for the samples with higher nominal bismuth
contents (#2—#4) revealed the presence of MA;Bi,1, (Figure
2a; blue vertical marks), reaching the maximum fraction for
sample #4. The reflections corresponding to the zero-
dimensional MA;Bi,], phase were indexed to a P6;/mmc
hexagonal cell.”> Additional XRD patterns recorded at low
angle (20 < 10° not shown) did not evidence other
intermediate or hydrate phases.

The heterovalent substitution of the divalent cation Pb** for
the trivalent cation Bi** induces the formation of cation
vacancies (V4 or Vp,) and/or iodine interstitials (I;). Anion
interstitials in perovskites are usually difficult to accommodate
because it is a compact structure, but such interstitials
associated with undercoordinated lead sites (I vacancies)
have been reported to be present at §rain boundaries and
surfaces for these halide perovskites.””** Our XRD analysis
shows that Bi’* can be accommodated in the perovskite
structure, but for high doping levels, an important fraction of
the Bi promotes the formation of the lead-free MA;Bi,I, phase.
It is important to note that only the undoped MAPDI; film
exhibits the presence of a small amount of Pbl, (Figure 2a;
asterisk), usually observed in films. Pbl, is not detected in any
of the bismuth-doped films.

No variations in lattice parameters of the perovskite
structure induced by Bi doping have been reported so far,
probably related to the difficulty of effectively incorporating
bismuth into the MAPDI; crystal structure. Here, we present
the bismuth content dependence of the pseudocubic lattice
parameters and cell volume, which is depicted in Figure 2c,d
for a large number of films corresponding to different
fabrication batches. The pseudocubic parameters are defined

asa, = a,/ J2 and Cpe = ¢,/2, and their values were obtained

from the tetragonal lattice parameters (a, and c,) refined from
the XRD data by the profile fitting method (Figure S2). The
variations are small but clearly larger than the errors indicated
in Figure 2c. In Figure S3, the cell volume is plotted versus the
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nominal Bi content, while in Figure 2c,d we show the lattice
parameters and volume as a function of an estimation of the
substitutional bismuth content. Taking into account the
differences in the valence state and ionic radii (Pb**(VI) =
1.19 A and Bi**(VI) = 1.03 A), it is possible to obtain a rough
estimation of the Bi content inside the perovskite structure
considering that the pseudocubic cell volume should decrease
by about 0.20% every 1.10 X 10*° Bi atoms cm™ (2.5 at. %
Bi** at Pb** octahedral position) in the cell As a first
approximation, the possible effect of expected compensation
defects (vacancies or interstitial sites) has not been considered
in this assumption. In that way, the estimated concentration of
substitutional Bi** at Pb*" sites is 2, 4, 5, and 7 at. % for #1, #2,
#3, and #4 films, respectively (Figure S3). Both lattice
parameters and cell volume slightly decrease with the
increasing bismuth content up to 7 at. %, which is a doping
level much less than expected considering the nominal bismuth
compositions (up to 33 at. % in the precursor solutions). This
shows that there is a chemical phase separation for all of the
prepared thin films, with only 20—25% of the nominal bismuth
accommodated at the corner-sharing octahedra of the I4cm
tetragonal perovskite. The remaining bismuth should be
located at the isolated pairs of face-sharing octahedra in the
lead-free phase MA;Bi,l; (P6;/mmc) or be present in some
spurious phases such as unreacted Bil; precursor, but the latter
possibility was not observed in our XRD study. To better
understand the impact of bismuth incorporation in the
structure, both crystallite size and microstrain were estimated
for each bismuth content using the dependence of fwhm X
cos(#) versus sin(@) according to the Williamson—Hall
procedure (Figure 3a).
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Figure 3. (a) Williamson—Hall plot for #3 film, black and blue dashed
lines indicate the 00! (blue) and average hk! (black) fits. Bismuth
content dependence of the average crystalline domain size (b),
microstrains (c), and (110) PO fraction (d) for the tetragonal doped
MAPDI; #0—#3 films.

This method allows for the simultaneous determination of
the average crystalline domain size and possible effect of
bismuth distribution inhomogeneities from the width of the
diffraction maxima (the details of the procedure are described
in the Supporting Information). The first result is that strain is
almost negligible (Figure S4 and Table S2 in Supporting
Information) and that the peak width is mainly due to the
average crystal size that presents some variation upon doping
(Figure 3b). Looking in more detail, it is possible to detect
from the Williamson—Hall plots (blue dashed lines in Figures
S4 and 3a) that, for high Bi content, the 00/ reflections present
higher strain values (Figure 3c). This can be explained
considering a distribution of interplanar spacings for the (001)
planes due to a more marked inhomogeneity along c-axis upon
bismuth doping, which could also be the cause for the higher
data dispersion of c-lattice parameters in Figure 2c.

The almost constant crystallite size (~90 nm) obtained from
XRD is not contradictory with the change in the aspect ratio of
the grains observed with imaging techniques (as optical, SEM,
or atomic force microscopy) because, in the first case, the size
corresponds to the coherently diffracting domains within the
grains. At higher doping levels, the estimated microstrain
increases for the (00!) oriented grains and the crystallite size
decreases slightly. However, the perovskite structure remains
up to 7 at. % (maximum bismuth content, sample #4). Bi
doping has a strong influence on the film morphology and also
on its texture. As the bismuth content increases, the XRD
patterns show that the (110) preferred orientation for the
perovskite structure decreases (Figure 3d). The huge intensity
decrease of hh0 peaks upon doping seen in Figure 2b can be
explained by the reduction of the preferential orientation (PO)
fraction from 57% for the undoped sample down to 25% for 5
at. % Bi-doped film (#3). This is probably related to the
appearance of the MA;Bi,I, spurious phase for high nominal
bismuth contents and to the disorder along the c-axis as Bi is
introduced. Both combined events may contribute to the
increase of the polycrystalline fraction in the films and also to
the observed change in morphology.

3.2. Optical Band Gap. The optical absorption of the
samples has been obtained in the 350—2500 nm (3.54—0.5
eV) range (Figure 4). The absorbance spectrum of MAPbI,
(#0) agrees with the published results, with an absorption
coefficient around 10° cm™ (Figure S5a).”” Note that the

2" deriv.

Absorbance (arb.units)

2
Energy (eV)

Figure 4. Absorbance and its second derivative (upper panel) for each
thin film: #0 black solid line; #1, red solid line; #2, green solid line; #3
blue solid line.
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surface roughness of the samples can lead to large errors in the
identification of the optical band gap E,.

In fact, typical Tauc plots (Figure SSb) also have been
demonstrated to miscalculate E, and cannot in general be
straightforwardly applied to materials with complex band
structures, even though it is a useful tool to qualitatively
observe changes in the gap or the character of the
transition.”” " To estimate the optical transition energies,
we have employed the second derivatives of the absorbance
spectra because the minima correspond to absorption maxima
and therefore to electronic transitions.”> The second
derivatives of the optical absorption spectra measured for the
films #0—#3 exhibit two local minima, one at 1.6 eV and the
second in the range of 2.4—2.5 eV, corresponding to direct
semiconductor-type transitions at the R and M points in the
pseudocubic Brillouin zone, respectively.””** The same values
found for the first main optical transition at 1.6 eV for #0
(£0.03 eV), #1 (£0.05 eV), #2 (+0.05 eV), and #3 (+0.06
eV) [in parenthesis the errors estimated from the full width at
half-maximum (fwhm) of the second derivatives] indicates that
Bi introduction does not induce appreciable changes on E,.
However, a weak band around 1.4 eV (arrow in Figure 4) may
be associated with Bi empty states. Thus, up to 18 at. % in the
precursor solution (S at. % Bi in the perovskite), the
introduction of Bi does not lead to noticeable changes in the
E, values compared with undoped MAPDI;, and therefore, no
changes in the visible emission characteristics are anticipated.

3.3. Photoluminescence. The PL emission in undoped
MAPDI; has been extensively studied and reported to exhibit a
complex evolution with illumination power and time.”” It is
also dependent on the ambient conditions, especially sensitive
to humidity and oxygen, and evolves differently according to
the nature of the substrate on which the MAPDI; film has been
grown by favoring the formation of different state traps in the
material.”** The presence of defects, particularly halide
vacancies, photoinduced defects and, in general, trap states
and their evolution with the previously described factors, play
an important role in the nonradiative processes influencing the
recombination dynamics.*>*® deQuilettes et al.”® showed that
major PL changes in vacuum are related to field assisted
photohalide migration that gives rise to a decrease in the
density of trap states, indicating also that other complex mass
transport mechanisms may simultaneously occur.

To study the behavior and stability of the Bi-doped films
upon irradiation under ambient conditions, their PL was
measured for different power densities with a 488 nm laser. For
comparison purposes, the evolution of the undoped MAPDI;
film (#0) was measured under the same conditions (Figure
S6a—e). The undoped film shows the expected red PL at 770
nm whose intensity increases at different rates depending on
the power density (Figures Sab and S6d). At low power
densities (18 mW/cm?) the emission is stabilized after 300 s.
The PL enhancement is related to the reduction of the traps
density that, according to ref 26, is induced by the migration of
the iodine out of the irradiated region. Increasing power
density increases the rate at which the maximum intensity is
reached but also induces an irreversible degradation in the
samples because of the gradual transformation to PbO,, as can
be evidenced through its Raman spectrum.’ For 180 mW/cm?,
the degradation starts after only 100 s (Figure Sb). It is
important to note that the emission wavelength maximum does
not change (770 nm, 1.61 eV) for the undoped sample in spite
of the large changes occurring in the whole process.
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Figure S. Evolution of PL intensity (integrated in the range 720—800
nm) with irradiation time for (a) 18 mW/cm? and (b) 180 mW/cm?
incident power (488 nm, 25 um spot) for the undoped (#0, black
circles) and Bi-doped (#3, red triangles) MAPDI, films. (c) PL spectra
evolution with time up to 3000 s for #1, #2, and #3 films under
irradiation with 180 W/cm?* (5 um spot). Note the very different
intensity scales for the three samples. The evolution of #0 film has
also been included for comparison. Because of the fast degradation of
this sample, the irradiation power was limited to 100 W/cm?* and the
time scale is reduced to 550 s.

The phenomenology for the Bi-doped samples is drastically
different. The 1.61 eV (770 nm) PL is initially absent in all
cases (Figure S6f). In contrast, a NIR emission peaking around
1.13 eV (1100 nm), plotted in Figure S7a, is detected for the
#1—#3 samples exhibiting equal average lifetime (Figure S7b).
This NIR PL is absent for undoped samples. According to
calculations, the incorporation of Bi* introduces empty states
in the gap relatively close to the conduction band, at around
1.1 eV from the valence band.”” These empty states act as
electron traps and would be responsible for the quenching of
the red luminescence and originate the observed NIR
emission.

Interestingly after irradiation of Bi-doped samples for some
time, which depends on the Bi doping and on the optical
power density on the sample, the red emission band emerges.
In contrast to undoped MAPDI; thin film, the Bi-doped
samples do not present any visible emission even after several
minutes illuminated at 18 mW/cm” (Figure Sa). However,
increasing power density (e.g, 180 mW/cm® in Figure Sb)
induces the emergence of an initially extremely weak PL band
at slightly higher energy, around ~1.65 eV (745—750 nm),
than that of the undoped film, 1.61 eV (770 nm). The intensity
of this red band increases noticeably with irradiation time and
its wavelength shifts to larger values up to 1.63 eV (760 nm)
but never reaching that corresponding to undoped MAPDI;
(Figure S6f). Figure Sc illustrates the general behavior of the
PL emission of Bi-doped samples at high irradiation density
(180 W/cm?) during 3000 s. The maximum reached intensity
increases drastically with Bi content, although never achieving
the maximum values obtained in the undoped films, and
presents almost identical final wavelength for all samples, 760
nm. The small shift to higher energies of the emission band
(0.02—0.04 eV) is compatible with the unchanged band gap
measured by absorption spectroscopy considering its un-
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certainty (1.61 + 0.0S eV) (Figure 4); however, it disagrees
with the reported band gap red shift of Bi-doped perov-
skites.”~"” This red shift has nevertheless been very recently
refuted due to problems related to reduced transmittance of
the films and to the presence of defect states,””*" in agreement
to our observations. The blue shift of the emission band
indicates a very small increase of the gap which can be
explained by the structural impact of Bi incorporation into the
perovskite lattice. Indeed, as shown in Figure 2, the lattice
parameters and unit cell volume decrease upon doping which
may produce an increase of the band gap and therefore of the
interband emission energy. An increase of the band gap upon
volume reduction also happens in the tetragonal to
orthorhombic transition at low temperature in MAPbI,.*"~*'
Figure 6b shows a top view cross-polarized optical image of
sample #3 after being irradiated for 4600 s with 180 W/cm*

a)
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Figure 6. (a) Time evolution of the PL intensity (integrated in the
range 720—800 nm) under 180 W/cm? irradiation of #3 MAPbDL,/Bi
film; (b) cross-polarized optical image after 76 min illumination, the
blue circle indicates the laser spot (25 um); (c,d) PL images of the
region indicated with a yellow rectangle in (b) with different intensity
scales (40 000 and 2000) and (e) profile of the integrated intensity
(in the range 720—800 nm) along the upper edge of the yellow
rectangle in logarithmic scale (10® to 10°).

power density (1000 times higher than in Figure Sb). The blue
circle indicates the size of the laser spot (25 pm diameter, X4
objective). The image (obtained with X20 objective, 5 ym
laser spot) shows a large area of transformed material
composed of a dark region centered at the laser spot
surrounded by a brown-yellow ring and, farther from the
center, a concentric area of brighter grains. The PL intensity
versus time during this process is plotted in Figure 6a showing

first the rapid raise (up to around 1000 s) and then a slow
degradation.

After the transformation, the red PL was checked again in
the region of the sample indicated with a yellow rectangle (500
pum X 40 pm) using a X20 objective (S ym diameter spot) and
a lower power density (100 W/cm?) to reduce the alteration of
the sample by this second measurement (note that the measure
time is now short: 2.5 s per point). Figure 6c—e shows the PL
intensity map with two different scales and the corresponding
horizontal profile along the top of the PL images, in
logarithmic scale. Directly at the location of the laser spot
(blue circle in Figure 6b, 25 um diameter), the intensity is
depleted due to the degradation of the sample over time
(Figure 6a); however, the surrounding area, comprising a ring
with an outer diameter of ~70 ym (dark central region in the
cross-polarized image) shows a very high intensity. In fact, the
enhancement of the PL signal extends much farther, with a
significant PL intensity observed in a region of around 300 #m
(blue rectangle in Figure 6), corresponding to the brown-
yellow ring in the cross-polarized image. Note that bright
isolated grains are observed, most probably suggesting that the
whole grain is involved in the transformation. This is
consistent with the discontinuous evolution (steps) of the
first stages of PL with time (Figure S8). The brighter aspect in
the cross-polarized images is related to the ability of the sample
to depolarize the incident white light, revealing that trans-
formations are occurring very far from the initial laser spot and
that these are maintained after switching off the laser. These
results strongly suggest that ion migration is involved in the
process.

The observed trends can be explained with a model based
on the segregation of Bi out of the perovskite lattice upon
irradiation and its consequence on the MAPbI; cell volume.
Figure 7 sketches the processes occurring for Bi-doped samples
showing the MAPDI; unit cell volume decrease upon the

Bi incorporation Irradiation
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Figure 7. Schematic of the variation of the MAPbI; cell volume upon
Bi doping and its influence on the optical properties. The
incorporation of substitutional Bi** (green spheres) decreases the
cell volume of the MAPbI;, increasing its band gap. The Bi ions
introduce empty states inside the band gap responsible for the NIR
emission and band-to-band emission quenching. During photo-
irradiation, the migration of Bi is activated. The decrease in the Bi
content causes the partial recovery of the original cell volume and
band gap, while reducing the amount of accessible states in the defect
band, allowing the interband process to become dominant. The
possible defects induced by heterovalent doping are not shown.
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incorporation of substitutional Bi*" and consequent band gap
widening. The Bi states inside the band gap are responsible for
emergence of the NIR emission at 1.13 eV which competes
with usual red emission causing it to quench. However, during
photoirradiation at high enough power densities, the
segregation of Bi is activated by its migration out of the
nanocrystallites (~90 nm) toward their surface, decreasing the
Bi content inside the MAPDI; crystal down to a certain value,
common for all doped samples.

This reduction of Bi doping causes the partial recovery of
the original cell volume and band gap (still slightly smaller/
larger than original values, respectively), while reducing the
amount of accessible states in the defect band so that the
interband radiative recombination process is recovered. As a
consequence, the red emission wavelength is shifted from the
extremely weak 1.65 eV (750 nm) emission to a much more
intense emission around 1.63 eV (760 nm) and, in parallel, the
intensity of the NIR emission at 1100 nm decreases (Figure
8a). Heavy cation mobility, such as Pb>* in alkali halides, has
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Figure 8. (a) Time dependence of the 1100 nm NIR PL band (inset)
for film #3 upon illumination at 30 W/cm?* (red line) and (b) PL
images of the 770 nm band obtained in the same area, at times
indicated by arrows in (a) showing the huge intensity increase (note
also the increased intensity scales from 1 to 6) while NIR PL intensity
declines. (c) Integrated intensity evolution in the 720—800 nm range
with illumination time of undoped, #0, and Bi-doped film #3, for 100
and 180 W/cm?, respectively.

been reported to be possible because of the presence of cation
vacancies and temperature.*” While a certain degree of local
heating can be expected at the laser spot for high power
densities, here it has been ruled out as the main driving force
for Bi’" migration: one of the samples (#3 film) was heated at
increasingly higher temperatures in an ambient atmosphere
(same conditions as in the irradiation experiments) and its PL
was measured using low power densities to avoid further
transformation with the laser. However, the huge increase in
PL intensity was not detected at any measured temperature.
Moreover, at around 120 °C, the film degraded, its color
changed (see Figure S10), and the 770 nm PL was totally lost,
and PL can no more be induced by laser irradiation.

A remarkable aspect of these Bi-doped MAPDI; films is that
the resulting materials after illumination are extraordinarily
resistant to further light modifications. The evolution of the PL
intensities with illumination time at high power densities are
plotted in Figure 8b,c for the undoped MAPbDI;, #0, and Bi-
doped #3 films. While the degradation of the undoped film, #0,
begins only after 30 s, in Bi-doped #3 film, once the
transformation has occurred, the maximum intensity is stable
at least for 1000 s. Film #3 has been tested with laser densities
up to 2500 W/cm? after the local transformation. The intensity
is maintained for some time, at least 30 s, up to the higher
densities while in undoped film, at the laser spot, a hole in the
film is immediately formed.

We propose a possible mechanism to explain this out-
standing increased stability as well as the strong dependence of
the maximum luminescence intensity on the initial Bi doping
of these samples. Assuming that the final Bi content inside the
illuminated region is similar for all of the doped samples, as
proposed, the sole segregation of Bi as, for example, metallic
Bi’ should lead to similar maximum luminescence intensities
independent of the initial Bi content, contrary to our
observations. However, Bi can also be segregated as
rhombohedral Bil;, capturing three iodine ions either from
the MAPDI, lattice or from residual Pbl, as follows

irradiation

Bip, + 31, ——— Vp, + Bil, (1)
irradiation
Bip, + I} + Pbl, —— Pby, + Bil, ()
o irradiation ” . .
Bip, —— Vp, + 3V + BlI3 3)

Bipy, + 2PbL, + Vp, + Vi + MAY,

irradiation

——— Pby, + MAPbL, + Bil; (4)

The Kroger—Vink notation has been used here, where o, ’, X
(positive, negative, or neutral) indicates the charge of the given
defect in comparison to that of the atomic position it occupies.
Reactions 1 and 2 are mediated by iodine interstitials (I,),
while reactions 3 and 4 involve iodine vacancies (V;). Reaction
3 is very unlikely because it involves the creation of four
different vacancies in the material. Reactions 1, 2, and 4 on the
other hand involve either the annihilation of I, which is
associated with deep trap states™** or the decomposition of
PbI, secondary phase. Both species are expected to negatively
affect the luminescence of pure MAPbI;. The existence of
iodine interstitials is still subject of debate because the tight
packaging of the perovskite structure usually hinders its
formation because of the steric impediment. However, some
theoretical works have estimated I; formation energies which
are low enough to allow a significant presence of this kind of
defect,*® while the homogenization and enhancement of the
PL intensity upon light illumination (so called light soaking)
have been attributed to I; migration and redistribution.”® Both
reactions 1 and 2 and reaction 4 would lead to an
improvement of the MAPDI; structure and subsequent PL
emission properties which would depend on the initial Bi
content, while the presence of residual Bi doping will limit the
maximum intensity below the pristine MAPbI;, as observed.
This process can also explain the extraordinary stability under
irradiation of the Bi/MAPbI; films compared with the
undoped samples because Bil; formation and its subsequent
oxidation to tetragonal BiOI* would compete with the
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formation processes of Pbl, and PbO, phases during the
degradation of pure MAPbI,.” The here observed PL band at
1.63 eV cannot be associated with Bil; because this compound
presents a weak PL emission above 1.8 eV.

The formation of rhombohedral Bil; and of BiOI during
irradiation is difficult to assess by macroscopic techniques such
as XRD because of the small and highly localized region where
the transformation is produced; however, Bil; is known to be a
birefringent material,”® which could explain the bright ring
around the laser spot observed in the cross-polarized image of
Figure 6b, not detectable in nonpolarized images (Supporting
Information Figure $9). The darker central region in the cross-
polarized images is most probably the result of the trans-
formation of Bil; into BiOI upon irradiation. This trans-
formation has been observed when recording Raman spectra of
Bil; powder: the Bil; Raman spectrum was not detected at all
during the measurements, whereas a peak around 147 cm™,
characteristic of BiOI,"” was obtained instead. This peak first
increases with successive measurements and then is stabilized
(Figure S11) while no PL signal is detected. The light-induced
transformation of Bil; into BiOI should lead to a decrease in
the amount on I in the darker central spot, as confirmed by
EDX compositional mappings (see Figure S12), by the
sublimation of highly volatile I, molecules, thus decreasing
the global content of I in the irradiated area. On the contrary,
the Bi content remains constant because Bi is segregated
toward the crystallite surfaces within the physical grains where
it transforms into Bil; and BiOL

4. CONCLUSIONS

In summary, we report on novel effects induced by
heterovalent doping of MAPbI; with Bi** not observed so
far. Bi doping has a strong influence on the film morphology,
reducing the aspect ratio (length/width) of the rods and
increasing the apparent density. XRD analysis shows that only
a fraction around 25% of the Bi** present in the solution is
accommodated in the perovskite structure. The tetragonal
structure remains stable at least up to 7 at. % Bi incorporation
with a reduction of the lattice parameters that is used to
estimate the Bi** fraction at Pb*" sites. Bi produces an
important reduction of the (hh0) preferred orientation from 57
to 25% from undoped to doped films while the crystal domain
size is almost unchanged. At doping levels >4 at. %, the
crystallite size decreases slightly and the obtained microstrain
increases for the (00!) grains probably associated with a larger
distribution of d-spacing for (00!) planes because of higher
inhomogeneity along c-axis upon bismuth incorporation.
Regarding optical properties, Bi introduction in the MAPbI;
lattice only slightly increases the main optical gap; however, for
the PL properties, the phenomenology for the Bi-doped
samples is drastically different from that of MAPDI,. Initially,
the typical red band-to-band transition around 1.61 eV nm is
totally quenched upon doping while a NIR emission at 1.13 eV
is detected because of the Bi 6p empty states below the
conduction band that act as electron traps. However, for high
power irradiation densities, the red emission band raises with
time, at a rate which is dependent on irradiation power density
and Bi content. The observed trends can be explained using a
model based on the migration of Bi** out of the perovskite
lattice upon irradiation and its effect on the MAPDI; cell
volume and band gap energy. Visible light fosters the
progressive migration of Bi ions out of the perovskite lattice,
thus allowing the emergence of the band-to-band emission that

is blue-shifted compared with undoped films because of the
band gap increase related to the reduction of the unit cell
volume. The red band intensity strongly increases with time
and progressively shifts up to 760 nm (1.63 eV) because of the
migration of Bi out of the perovskite lattice, thus reducing
again the band gap at a value however larger than that of
undoped samples (1.61 eV). The radiation produces
modifications in the film that are observable in cross-polarized
optical images long time after the radiation is switched off and
over an extension more than 10 times the laser spot size.
Another remarkable aspect of these Bi-doped MAPDI, films is
that the resulting material after illumination is extraordinarily
resistant to light modifications, being stable for extremely high
power densities > 100 W/cm® compared with undoped
samples (0.1 W/cm?®). We propose that the origin of this
increased stability is related to Bi migration that favors
different reactions, leading to the formation first of Bil; and
then to the stable bismuth oxyiodide compound (BiOI),"* at
the surface of the grains which hinders the usual decom-
position mechanisms into Pbl, and PbO, in undoped MAPDI,.
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