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Carrier Trapping Deactivation by Halide Alloying in
Formamidinium-Based Lead lodide Perovskites

Jesus Jiménez-Ldpez, Daniele Cortecchia, E. Laine Wong, Giulia Folpini, Antonella Treglia,
Ada Lili Alvarado-Leanos, Chun-Sheng Wu, Andrea Olivati, and Annamaria Petrozza*

Formamidinium lead iodide (FAPbI,) is the benchmark material for the most
efficient near-infrared perovskite light-emitting diodes (LEDs) and a promising
gain medium for perovskite-based coherent light sources. Thus, it is crucial to
understand and control its defect chemistry to harness the full potential of its
exceptional radiative recombination properties. Here, this topic is addressed
by tailoring the I~ to Br~ ratio in the perovskite composition. It is found that
introducing small Br~ quantities improves the yield of radiative recombination
with a beneficial impact on both spontaneous and amplified spontaneous
emission (ASE) and improves the semiconductor photostability leading to
reduced luminescence efficiency roll-off and enhanced radiance in LEDs. By
employing photoemission electron microscopy (PEEM), this improvement in
optoelectronic performance can be directly correlated to a reduced
hole-trapping activity achieved by replacing iodide with bromide, thus,

spotlight to become the next photovoltaic
and photonic technology on the market.
Among the different chemical composi-
tions, formamidinium lead iodide (FAPDI,)
offers the highest photovoltaic efficiency!!!
and is the current state-of-the-art composi-
tion for near-infrared emitters.[?! The high
radiative recombination yield and record
performance in LEDs[?><] make it appeal-
ing also for coherent emission and an ex-
cellent candidate for the realization of the
long sought-after perovskite-based electri-
cally pumped lasers.[}] Despite its many
advantages, the investigation into FAPDI;-
based laser has lagged behind other per-
ovskite candidates, such as MAPbIL,!* and

providing a convenient yet powerful synthetic approach to control the defect
chemistry of the material and fostering its implementation in advanced

photonic platforms.

1. Introduction

Outstanding optoelectronic properties and cost-effective fabri-
cation procedures have put metal halide perovskites in the
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multidimensional perovskitesl®! due to its
phase instability!® in ambient conditions.
For the development of LEDs, a typical syn-
thetic approach to overcome phase instabil-
ity involves the use of a large excess of FA*
to promote the formation and stabilization
of the black a-phase.[?*d] Furthermore, the
excess FA* has been reported to passivate deep trap states at the
grain boundaries.’] It is possible that these particularities in the
synthetic conditions of perovskites may lead to differences in the
defect chemistry of these materials. Interstitial iodide, which in-
troduces electron and hole deep traps,!®! has been recently recog-
nized as a point defect strongly influencing lead halide perovskite
semiconductors. While the electron traps are long-lived and in-
active upon steady-state excitation, the short-lived hole traps are
detrimental species affecting the device performance of iodide-
based lead perovskites.[®*"] Partial substitution of I~ with Br~ has
often been noticed to improve the radiative emission of the semi-
conductors with varying outcomes. Some works reported the for-
mation of micrometer-sized Br~ rich domains giving rise to en-
ergy funneling mechanism, promoting radiative recombination
processes.l’l Nonradiative carrier recombination might be fur-
ther reduced due to the partial inhibition of FA* rotational modes
associated with a preferred orientation of FA* toward the Br~ an-
ions in the unit cell that are able to form stronger hydrogen bonds
compared to I7.[1% Nevertheless, direct evidence of these effects
has remained elusive and the practical implications for the ma-
terial and device performance are not well understood.

In this work, we study the effect of Br~ addition on the defec-
tivity of FAPDbI, and its impact on photonic applications. We find
that Br~ is incorporated in the crystal structure of the host FAPbI,
without evident phase segregation. Br~ nominal concentrations

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 1. A) Top view SEM images of (FAPbI;) ., (FAPbBr;), with X = 0 (left) and X = 0.24 (right). Scale bar is 1 um. B) XRD patterns for the different
(FAPbI3) . (FAPbBr3), compositions. C) UV-vis absorption spectra for the different (FAPbI;) ., (FAPbBr;), compositions.

in the range X = 0.08-0.24 lead to spectrally stable perovskite
compositions, with an enhancement of the radiative recombi-
nation efficiency, higher photoluminescence quantum yield, in-
creased brightness, and reduced roll-off in LEDs. In turn, opti-
cal gain is also positively affected in formulations with optimal
Br~ /I ratio, yielding a lower threshold of optically pumped ASE,
which remains stable under applied bias. Photoemission elec-
tron microscopy reveals that the incorporation of a small nom-
inal amount of Br~ during the thin film growth photostabilizes
the perovskite by affecting the activity of those defects responsi-
ble for carrier trapping and material degradation.®®! Our findings
highlight the key role of bromide addition providing an effective
defect-engineering strategy to improve the optoelectronic qual-
ity of FAPDI, and further enhance its performance for photonic
applications.

2. Results and Discussion

2.1. Bromide Incorporation into Formamidinium Lead lodide
Perovskite

We fabricated formamidinium-based lead halide perovskite films

with high crystalline and optoelectronic quality. The synthesis of
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these perovskite films is based on previous reports in which the
use of large formamidinium (FA*) cation excess in combination
with the use of 5-aminovaleric acid iodide (5-AVAI) as an additive
is used to promote the formation of isolated perovskite domains
with cubic « perovskite phase.[?2] We mixed different ratios of
pure iodide formamidinium perovskite (FAPbI;) in combination
with pure bromide formamidinium perovskite (FAPbBr;) to give
the final mixed-halide formamidinium perovskite compositions
[(FAPDL),, (FAPbBr,),, where x = 0, 0.04, 0.08, 0.16, 0.24, 0.36,
0.5, 0.76, 1].

All the (FAPDI,),,(FAPbBEr;), films present similar morpholo-
gies (Figure S1, Supporting Information). As expected, with
this synthetic approach, we observed the formation of faceted
nanoplatelets!??] with a similar distribution of sizes from 90
to 250 nm independent of the halide composition (Figure 1A;
Figure S1, Supporting Information). The XRD patterns show that
all the perovskite compositions except for X = 0.36 and X = 0.5
present XRD peaks of high crystallinity, characteristic of the cubic
a crystallographic phase (Figure 1B; Figure S2, Supporting Infor-
mation). For FAPbI,, these peaks are located at 13.9° and 28° cor-
responding to the (001) and (002) crystallographic planes, shift-
ing to 14.8° and 29.8°, respectively, for FAPbBr; due to the lattice
contraction associated with the smaller size of the Br~ anion. The
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Figure 2. A) Photoluminescence spectra of (FAPbI;),., (FAPbBr3), samples measured under 450 nm excitation. B) Photoluminescence peak position,
and C) full-width at half maximum of the photoluminescence spectra obtained from the fitting of the PL spectra in (A). The line in (B) is the fit to Vegard'’s

law expression.

very low crystallinity of X=0.36 and X= 0.5 is correlated with the
phase instability within these halide ratios in pure FA* halide
perovskites, in agreement with previous reports.!!) Only the «
black phase (XRD peaks between 26 = 14° and 15° depending on
the perovskite composition, Figure S2, Supporting Information)
with no characteristic XRD peaks associated with the detrimental
& yellow phase is obtained using this synthetic procedure, even
with the use of low annealing temperatures (100 °C). The smaller
than expected shift in the (001) XRD peak (Figure 1B) based on
the nominal stoichiometric composition suggests that not all the
bromide in the precursor solutions is incorporated into the per-
ovskite lattice. Following the FWHM of the (001) XRD peak, it
slightly broadens with the increase in Br~ content up to X = 0.24
(FWHM (X = 0)=0.29; FWHM (X = 0.24)= 0.31). Given the sim-
ilar grain sizes, we assigned this peak broadening to chemical
heterogeneity, 2] which also confirms the Br~ incorporation into
the crystal structure.

The UV-vis absorption spectra of the samples with x < 0.24
(Figure 1C) resemble the spectra of pure iodide FAPDI;, with
a sharp absorption edge located at ~#800 nm.["'13] However, the
band edge starts shifting to higher energies, associated with an
enlarged bandgap due to the incorporation of Br~ in the lattice
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(Figure S3, Supporting Information). This shift is very small for
perovskite compositions below X = 0.16 and starts to be more
noticeable for X = 0.24. Consistent with our XRD analysis, sam-
ples X = 0.36 and X = 0.5 show less sharp absorption onsets,
which will indicate higher Urbach energies (E;), characteristic of
samples with a high structural disorder and low crystallinity.**!
Pure bromide samples, X =1, as expected, present excitonic prop-
erties, characteristic of this material system, associated with the
higher exciton binding energy of bromide perovskites compared
to the iodide counterparts.['”]

The photoluminescence (PL) spectra of these samples (Figure
2A; Figure S4A, Supporting Information, for the nonnormalized
PL spectra) show a shift of the PL peaks toward higher energies
(Figure 2B; Figure S4B, Supporting Information) as a function of
the Br~ ratio, from 1.54 eV for X= 0, FAPDI;, t0 2.29 eV for X=1,
FAPDBr;. This PL shift follows Vegard’s law!'®l (Note S1, Sup-
porting Information). We obtained a bowing parameter, b = 0.9.
However, one would expect smaller deviations from the linear-
ity of the PL peak with the Br~ content!'3*1617] (Figure 2B). This
is not our case, especially in compositions close to X = 0, con-
firming that only a small fraction of Br~ in the perovskite precur-
sor solution is effectively incorporated into the perovskite lattice.
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Similar trends are observed if the perovskite synthesis is done
with PbBr, as the only source of Br~, avoiding the large excess of
FABr added in the perovskite precursor (Figure S5, Supporting
Information). Several possible explanations for this behavior can
be found in the literature. Long et al.'®! found out that in triple
cation perovskite compositions, FABr evaporates during the an-
nealing step, even with mild annealing temperatures. Meggiolaro
et al.B] suggested that Br~ could substitute two different I~ po-
sitions in pure iodide perovskite, either an interstitial iodide or a
lattice iodide. They calculated that Br~ will preferentially substi-
tute interstitial I~ first instead of lattice I". Another explanation is
the one suggested by Diez-Cabanes et al.,['l where they observed
that the PL peak shifts in energy in mixed-halide perovskite films
with an apparently homogeneous emission, due to the formation
of spatially separated halide phases on a nanometric scale.

The full width at half maximum (FWHM) obtained from
the PL spectrum can be directly correlated with the Urbach
energy,!4>2] allowing for a reliable comparison of the phase sta-
bility and structural order. The FWHM shows similar values from
X =0 to X = 0.24, indicating that the small addition of Br~ into
the perovskite lattice results in phase-stable perovskite of higher
structural order. This is further confirmed with photothermal de-
flection spectroscopy (PDS) measurements.!'*3) The Urbach en-
ergies (Ey) are obtained from the fitting of the absorption onset
of the PDS measurements, allowing a direct correlation with the
degree of disorder of the semiconductor.'*] We obtained very
similar Urbach energies (Figure S6, Supporting Information, Ej;
values between 37 and 38 meV for all the perovskite composi-
tions), confirming that phase stable perovskites are obtained for
compositions ranging X = 0-0.24, despite adding Br~ to the per-
ovskite structure. Higher Br~ concentrations (X > 0.24) result
in higher values of FWHM, as expected, from the low stability
that we have previously described. In addition to that, we also
observe that the incorporation of Br~ into the perovskite lattice
forms a single phase homogeneously distributed throughout the
film, without the formation of micrometer-sized domains where
carriers might funnel from the Br-rich to the I-rich domains.l’
Using PL mapping (Figure S7, Supporting Information), we ob-
serve a homogeneous emission in a micrometer scale in all the
film, which blueshifts with higher Br~ contents. In addition, for
perovskite compositions X < 0.24 the introduction of Br~ does
not result in spectral instabilities (Figures S8 and S9, Supporting
Information), as it is to be expected in mixed halide compositions
due to halide segregation upon photoexcitation of the samples,
creating I-rich and Br-rich phases in the film.[?!] The stability of
these samples is explained due to the use of excess FA* salts,
which passivate defects at the grain boundaries,”! suppressing
halide migration, as previously suggested by Zhou et al.[??]

After a careful analysis of the structural and optical properties
with different Br~ ratios, we can conclude that the incorporation
of small nominal Br~ quantities, up to X < 0.24, results in FA-
based perovskite films showing one single phase of high optical
and crystalline quality.

2.2. Bromide Effects on Emissive Properties
After having identified the optimal Br~ ratios to minimize the

structural disorder, we explore how Br~ affects the emissive prop-
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erties at different carrier injection regimes focusing on the most
stable compositions with the highest optical quality X = 0, 0.08,
0.16, and 0.24 (Figure 3A,B). At low excitation densities, where
trap-assisted recombination is predominant, the inclusion of
small Br~ quantities (X = 0.16 and 0.24) leads to higher PLQY
associated with a reduced carrier trap activity. Additionally, we
measured the absolute values of PLQY at an excitation density of
10 c¢m~3 (Figure 3B), where trap-assisted nonradiative recom-
bination still dominates.[?*) PLQY values increase from 20.7%
for X = 0 to 28.4% for X = 0.16. Therefore, incorporation of Br~
into FAPDI; results in an improved radiative recombination via
a reduction of the trap-induced nonradiative recombination. At
higher excitation density (>10'® cm~) Auger—Meitner recombi-
nation becomes the predominant mechanism,[*? resulting in
similar PLQY for all the samples (Figure 3A).

We also explored the gain characteristics of these mate-
rials. For this purpose, we checked their ASE performance
(Figure 3C-F). Fluence dependence measurements of materials
showing ASE are described by two different regimes (Figure 3E),
a linear increase of the PL with the fluence followed by a super-
linear increase once ASE dominates together with the narrow-
ing of the emission bandwidth (Figure 3F). Figure 3C,D com-
pares the best (X = 0.24) and worst (X = 0.08) ASE-performing
samples. All the ASE spectra are shown in Figure S10 (Support-
ing Information). We observe a reduction of the ASE thresholds
from 15.8 pJ cm™ for FAPDI, to 12.3 and 12.5 yJ cm™ for the
samples with X = 0.16 and 0.24, respectively. A higher thresh-
old of 18.6 pJ cm~2 was found for X = 0.08. Apart from the lower
thresholds, we also observe a steeper slope in the case of X=0.16
and 0.24, and, at every laser fluence, higher ASE intensities for
X=0.16 and X = 0.24 (Figure S11, Supporting Information). The
fitted FWHM of the PL peaks shows the expected spectral nar-
rowing characteristic of ASE (Figure 3F). All the samples present
similar spectral narrowing from 50 to ~7 nm over the broader PL
spectrum.

Overall, the introduction of Br~ results in better emissive prop-
erties of the material. However, the best performances require a
minimum Br~ content for this passivation to take place, which
starts to be observable at X = 0.16.

2.3. Bromide Incorporation Effects on Perovskite Light-Emitting
Diodes (PeLEDs)

We fabricated PeLEDs with the following architecture (Figure
4A; Figure S12, Supporting Information, for the cross-section)
ITO/ZnO:PEIE/(FAPbL,), (FAPbBr,) /TFB/MoO,/Au, where
ZnO nanoparticles modified with a thin layer of PEIE to modify
the work function and to reduce the chemical activity of ZnO is
employed as the n-type injection layer and TFB is employed as
the p-type injection layer. A large excess of FA™ was employed
(2.45:1, FA*:Pb**, molar ratio) to promote the crystallization
of the a-FAPDI; perovskite phase,?*?*] and to passivate traps
at the surface of the perovskite grains.”] We also employed
5-AVAI or 5-AVABr that reacts with the basic ZnO, following a
deprotonation reaction leading to the formation of a very thin
insulating layer at the ZnO/perovskite interface,?? inhibiting
the ZnO activity!?*®] responsible for the degradation of the
perovskite grains.
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Figure 3. A) Relative PLQY as a function of excitation density for the targeted samples, X =0, X=0.08, X = 0.16, and X = 0.24, measured under a 515 nm
excitation laser pulse at a 500 kHz repetition rate. B) Absolute PLQY values obtained with a 560 nm CW laser at an excitation density of 10'> cm~3. C,D)
Fluence-dependent PL of x = 0.08 and X = 0.24 measured under 532 nm excitation laser pulse and 1kHz repetition rate. E) Peak intensity, and F) FWHM

as a function of the excitation fluence.

Perovskite LED electroluminescence behaves similarly to the
observed PL. A sharp and narrow electroluminescence peak is
observed at 804 nm for FAPbI, (X = 0), showing a progres-
sive blue-shift with the insertion of Br~ (Figure 4B) that once
again is lower than expected for high iodide concentration val-
ues based on the nominal stoichiometric compositions. Also,

Adv. Funct. Mater. 2023, 2308545 2308545 (5 of 11)

it should be noted that the electroluminescence spectra peak
position of X = 0.24 remained stable independently of the ap-
plied voltage (Figure S13, Supporting Information). Next, we an-
alyzed the LEDs EQE characteristics, highlighting the reduced
roll-off with the increased Br~ concentration in the perovskite
composition (Figure 4C). Roll-off is used in LEDs to describe

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH

85U8017 SUOWWOD BRI 3(dedl|dde au) Aq peusenob ae Sapiie YO 8sN Jo Sa|nJ Joj Akeiqi8UlIUQ AB]IM UO (SUORIPUOD-PUR-SULIBI WD A8 | 1M Ale.d1jBu [UO//:SdNL) SUORIPUOD Pue SIS 1 8Ly 88S *[7202/T0/22] Uo Aiqiaulluo Ae|im uewnooq 3 1edid IWesIS ealy Aq SyS80EZ02 W IPe/Z00T OT/I0pAL0D" A8 |1 Aeiq 1 pul|uo//Sdiy Wwolj pepeojumod ‘0 ‘820£9T9T


http://www.advancedsciencenews.com
http://www.afm-journal.de

ADVANCED
SCIENCE NEWS

ADVANCED
FUNCTIONAL
MATERIALS

www.advancedsciencenews.com

A

MoOx / Au

Perovskite

Perovskite

ZnO : PEIE

ITO

C 16_ T T T T T ]
14 >
124
;\310-
w 8+
@]
W 64
4] —o—Pure I, X=0
X=0.08
2 —o—X=0.16 i
——X=0.24
0 4
0 100 200 300 400 500

Current Density (mA cm™)

T T T T T T T
7x10°1 X = 0.24 .
Applied bias (V)

6X105- —05 4
—1.0
5x10° 4’5 ]

Photoluminescence Intensity (a.u.)

700 725 750 775 800 825 850 875 900
Wavelength (nm)

D A

www.afm-journal.de

T T T

——Pure I, X=0
X=0.08
——X=0.16
—X=0.24

-
o
1

o
o
L

Electroluminescence Intensity (norm.)
o
(&)}
1

T T T
750 800 850 900
Wavelength (nm)

~
o
o

2004 ——Pure I, X=0
X=0.08
o ——X=0.16
E150{o-Xx=0.24

k.
»n
\;, 100 + q
[0}
o
g
S 504 E
@
[hd
O —
T T T T
0 1 2 3 4
Voltage (V)
F 25— T T T T — 7x10°
X=0.24
— —o— Current Density
2.0 —-PL —~
E 700pW I 6x10° g
E 1.54 >
= c
2. - 5x10° 2
S 104 £
2 3
< o
g 0.5 L 4x10° -
o
0.0+
T T T T T T 3x1 05
0 2 4 6 8 10
Voltage (V)

Figure 4. A) Scheme showing the employed PeLED architecture. B) Normalized electroluminescence spectra obtained at 2.5 V. C) External quantum
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PL peak intensity of X = 0.24 as a function of applied bias. The PL values are taken from the maximum emission at 804 nm. The highlighted area is the

voltage range shown in Figure 4E.

the efficiency losses when higher current densities are applied
to the device.3¥2%] For perovskites, roll-off has been assigned to
increased Auger-Meitner recombination,?’] charge carrier injec-
tion imbalance,!?®! electric field induced quenching,?”?! or Joule
heating.!’#2°] Recent studies have also demonstrated the corre-
lation between ion migration and roll-off in devices.[**] Not only

Adv. Funct. Mater. 2023, 2308545 2308545 (6 of 11)

we observe better performances correlated to reduced roll-off, but
we also reported higher efficiencies compared to pure I~ sam-
ples (15.1% for X = 0.24 and 14.0% for X = 0). The maximum
radiance values, obtained in every case at higher current den-
sities, also increase with the increasing Br~ content, and corre-
sponding roll-off reduction, (Figure 4D; Figure S14, Supporting
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Figure 5. A) Spatially integrated PEEM image of X = 0, before (top left) and after (top right) light soaking. Normalized photoemission spectra (bottom)
obtained from the images shown above. B) Spatially integrated PEEM image of X = 0.24, before (top left) and after (top right) light soaking. Normalized

photoemission spectra (bottom) obtained from the images shown above.

Information), from 87 W sr~! m~2 for FAPbI,; (X=0), to 101, 145,
and 207 W sr~! m~2 for X = 0.08, 0.16, and 0.24, respectively.
The identification of low-defectivity compositions with low
ASE threshold and reduced roll-off in LEDs allowed us to further
investigate the gain characteristics of the material under electrical
bias in a full-device configuration,3!! (Figure S15A, Supporting
Information) which is of high relevance toward the development
of electrically pumped lasers. Here, we selected X = 0.24, which
gives the best results in terms of device efficiency and roll-off, and
further optimized the device to improve the light confinement
into the perovskite layer and reduce optical losses at the metal
electrodel3? by increasing the thickness of the TFB layer (see
the full details in Experimental Section). Even though this affects
the charge transport, leading to J-V curves with lower currents
(Figure S15B, Supporting Information), we found it to be a nec-
essary step to preserve the optical gain properties. In Figure S15C
(Supporting Information), we show the optically pumped ASE on
complete devices, with persisting and stable ASE observed over
periods of more than 20 min (Figure S15D, Supporting Informa-
tion). Upon application of a positive bias in the range 0-3.5 V
(Figure 4E), both luminescence and ASE are enhanced. In this
range, the contribution of electroluminescence to the lumines-
cence signal is negligible (Figure S15E,F, Supporting Informa-
tion); however, when the exponential part of the -V curve starts
to be prominent, meaning that charges are flowing into the de-
vice, the EL starts to be observable and concurrently the ASE de-
creases in intensity (Figure 4F; Figure S16, Supporting Informa-
tion). In agreement with previous reports,31233] we correlate the
improved ASE performance in the voltage range 0-3.5 V with the
redistribution of mobile ions: under bias, the negative and posi-
tive ions are dragged from the hole and electron transport layer
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interfaces, respectively, where they accumulate creating regions
of increased nonradiative recombination. Ions redistribute in the
bulk of the perovskite, and therefore, radiative recombination is
promoted.[**! The effect of ionic redistribution further stresses
the crucial need to control the defect density in order to enhance
the recombination properties and improve the gain characteris-
tics of the perovskite.

2.4. Bromide Influence on Defect Activity

We investigated the mechanism behind the improvement in
optoelectronic properties with halide alloying in FA-based per-
ovskites. First, we measured the photoemission spectra of the
samples containing X =0 and X = 0.24 (Figure 5; Figures S17 and
S18, Supporting Information) with a photoemission electron mi-
croscope (PEEM). Using PEEM it is possible to space-resolve the
energetic positions of the valence band and the intragap states,
making it a useful technique to study defects and their associated
energetic levels in perovskite and correlate it to the morphologi-
cal characteristics of the sample.3%

Figure 5 shows the spatially integrated PEEM images, which
give an estimate of the total number of photoemitted electrons
in the area of interest, before and after light soaking, i.e., after
long periods of light illumination (Figures S16 and S17, Support-
ing Information). First, it is possible to observe that X = 0.24
has a much better photostability compared to pure I7, X = 0
samples (Figure 5). In both samples, at the beginning of the
experiment, a single photoemission peak is detected, correlated
to the valence band position. The second feature, previously
associated with deep hole traps by Stranks and co-workers, 3]
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becomes visible only after light soaking, and it is much more in-
tense for X = 0. After light soaking, we observed the formation of
dark areas (Figure 5) associated with a higher defect density and
film degradation (Figure S17, Supporting Information) in X =0,
which are not present in X = 0.24. The incorporation of Br~ re-
sults in more homogeneous photoemission, which is related to
the improved photostability of the material.

In Figures S16 and S17 (Supporting Information), we show
the spatially resolved PEEM images, which have been referenced
to Au markers to determine their respective binding energies.[3*l
The introduction of Br~ results in two different effects. First, the
work function is reduced. Second, the intensity of the feature as-
sociated with hole traps is lower in intensity in the Br~ containing
sample, X =0.24, compared to the pure I~, X=0, sample (Figures
S17 and S18, Supporting Information). Furthermore, the onset
of the trap-associated energetic levels is shifted to higher bind-
ing energies, ~0.3 eV in X = 0.24 (Figure S18, Supporting In-
formation). This value, 0.3 eV, was pointed out to be the energy
difference between the deep hole trap levels associated with in-
terstitial I~ and the shallower hole trap levels from the interstitial
Br~, which would be the reason behind the deactivation of such
trap states.®3 However, we do not observe this shift in energy
when X = 0.08 (Figure S18, Supporting Information). This indi-
cates that higher Br~ concentrations are required to deactivate the
deep trap states associated with interstitial iodide. Using PEEM,
we have direct evidence of the reduced trap activity and the de-
activation of specific trap levels after halide alloying, resulting in
photostable materials with improved optoelectronic properties.

To further confirm the healing effect over the deep hole traps
with the small addition of Br~, we performed time-resolved pho-
toluminescence (TRPL) and observed longer PL lifetimes in Br-
containing samples (Figures S19 and S20, Supporting Informa-
tion). We perform these measurements at excitation densities
below trap filling (10 cm™), as shown by the monoexponen-
tial PL decay associated with dominant trap-assisted recombina-
tion (Figure S20, Supporting Information). The longer PL life-
time for X = 0.08 and X = 0.24 (2.4 pys compared to 1.6 us
for X = 0) stands to show the reduced defect activity upon Br~
addition.

We suggest the following mechanism to explain the improved
photostability of the material. Interstitial iodide introduces two
types of deep defect levels, long-lived electron traps and short-
lived hole traps. While the long-lived electron traps are inac-
tive, the short-lived hole traps are detrimental, leading to in-
creased nonradiative recombination./®*"! Apart from that, the car-
rier capture at the interstitial iodide positions leads to the for-
mation of the neutral interstitial iodide species (I,°), which will
react to form I,. Then, I, will be expelled from the film, lead-
ing to photodegradation in the perovskite film.[®] When small
amounts of Br~ are added to pure I~ perovskite compositions,
Br~ tends to substitute the interstitial iodide positions before
reaching the lattice iodide positions.® The substitution of io-
dide with bromide at the interstitial positions has two major ef-
fects on perovskite: 1) Deactivation of the deep trap levels leading
to nonradiative recombination (interstitial bromide energy lev-
els are shallower compared to interstitial iodide). 2) The substi-
tution of interstitial iodide with bromide interstitial inhibits the
photogenerated I, formation, obtaining more stable perovskite
compositions.
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3. Conclusion

In this work, we have investigated the defect chemistry of FAPbI,
upon alloying with Br~: the FA-based perovskite forms sta-
ble phases with perovskite compositions (FAPbI,), ,(FAPbBr;),
ranging from X = 0 to X = 0.3. Within this range, Br~ is homoge-
nously incorporated as a solid solution with the iodide-based per-
ovskite host and we did not observe evidence of phase segrega-
tion. After identifying the most stable perovskite compositions,
we found that X=0.16 and X = 0.24 result in higher PLQY values,
with improvement in both spontaneous and amplified emission
and better photostability leading to improved efficiency roll-off
and higher radiance in LEDs. By employing photoemission elec-
tron microscopy we were able to directly probe the impact of Br~
alloying on the energetic landscape of the material correlating
the improved performance to a reduced activity of hole trapping,
which acts as a deep defect level causing detrimental nonradiative
recombination of charge carriers. Importantly, the Br=/I~ inter-
stitial substitution can well explain the enhanced photostability of
the material, for two possible concomitant reasons. In fact, it not
only reduces the density of deep electronic defect states, but also
removes those which can lead to material degradation, the inter-
stitial iodide. The trapping of carriers at these defects results in
neutral Ii® species (a coordinated I, radical). The probability of
forming I, moieties increases with the presence of the I,” radi-
cals, via bimolecular processes (e.g., 2I,~ — I, + 2I7) or the cap-
ture of a second carrier (e.g., I,” + 1h* — I,). Finally, I, is released
at the surface and at the grain boundaries, which triggers mate-
rial degradation in pure-iodide perovskites. Such a process is less
efficient when bromide is added given the higher probability of
oxidation of the iodide site.3°] Our findings show that Br~ alloy-
ing in FAPDI, represents a valuable and synthetically straightfor-
ward strategy to control the defect chemistry of the material to
harness the full potential of the material for both coherent and
incoherent perovskite photonic platforms.

4. Experimental Section

Materials: Lead iodide (Pbl,, 99.99%), lead bromide (PbBr,, 98%),
5-aminovaleric acid iodide (5-AVAI, 97%), and 5-aminovaleric acid bro-
mide (5-AVABr, 98%), were purchased from Tokyo Chemical Industry
(TCl). Formamidinium iodide (FAl) and formamidinium bromide (FABr)
were purchased from Greatcell Solar Materials. Poly(9,9-dioctylfluorene-
alt-N-(4-sec-butylphenyl)-diphenylamine) (TFB) was purchased from Os-
sila. N,N-Dimethylformamide (DMF, anhydrous 99.8%), dimethyl sulfox-
ide (DMSO, anhydrous 99.9%), chlorobenzene (CB, anhydrous 99.8%),
m-xylene (anhydrous 99%), 2-methoxyethanol (99.9%), and polyethylen-
imine, 80% ethoxylated solution (PEIE, 37% in H,O) were purchased from
Sigma-Aldrich.

ZnO Nanoparticles Synthesis:  ZnO nanoparticles (ZnO NPs) were syn-
thesized following a solution-precipitation method. In short, 3 mmol
of zinc acetate dihydrate (Zn(CH;COO), - 2H,0, 98% Sigma—Aldrich)
were dissolved in 30 mL of DMSO (99% Sigma-Aldrich) at 30
°C. Then, 5.6 mmol of tetramethylammonium hydroxide pentahydrate
((CH3)4N(OH) - 5H,0, 95% Sigma-Aldrich) were dissolved in 10 mL of
ethanol (anhydrous, 99.8% VWR), and were added dropwise to the zinc
acetate solution and left it stirring at 30 °C for 24 h. Then, ZnO NPs were
precipitated with ethyl acetate (anhydrous, 99.8% Sigma-Aldrich), washed
with ethanol, and precipitated again with ethyl acetate. Then, the ZnO NPs
were dispersed in ethanol. Finally, they were filtered using a 0.45 um PTFE
filter.
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Perovskite Precursor Solution Preparation: Perovskite precursor solu-
tions (FAPbI;),, (FAPbBr;), with x = 0, 0.04, 0.08, 0.16, 0.24, 0.36, 0.5,
0.76, 1; and a final [sz*] = 0.15 were prepared to mix different volume
ratios of FAPbl; and FAPbBr; solutions (1 — xFAPbI;:xFAPbBr3, vol:vol),
in both cases using a concentration of [Pb%*] = 0.15 and a molar ratio
FAX:PbX,:5-AVAX (2.45:1:0.3) where X =1 or Br, dissolved in DMF:DMSO
(9:1, vol%).

Alternatively, (FAPbl3)q, (FAPbBr;), with x = 0.08, 0.16, 0.24 were pre-
pared using just PbBr, as the Br source. The final [Pb?*] was 0.15 m and
the molar ratio FAI:Pbl,:PbBr,:5-AVAI (2.45:1 — y:y:0.3; y = 0, 0.12, 0.24,
0.36) dissolved in DMF:DMSO (9:1, vol%).

All the solutions were left stirring overnight at room temperature prior
to film fabrication.

Perovskite Film Fabrication: Glass substrates were ultrasonicated in
water/Hellmanex solution, water, acetone, and IPA for 15 min each. They
were dried with a strong N, flow, and treated with O,/plasma for 10
min before the deposition of any layer. ZnO solution was spincoated at
4000 rpm for 40 s and annealed at 150 °C for 30 min. Then, the films
were allowed to cool down before the deposition of the PEIE solution
(3.9 mg/ml in 2-methoxyethanol) via spin-coating at 5000 rpm for 50 s.
The films were annealed at 100 °C for 10 min and immediately transferred
to a N,-filled glove box. The perovskite layer was prepared by spin coating
80 uL of the perovskite precursor solution at 500 rpm for 3 s followed by
a second step at 8000 rpm (or 2000 rpm to fabricate thicker samples for
the ASE characterization) for 45 s. And 30 s before the end of the spinning
process, 120 pL of chlorobenzene were spincoated on top of the spinning
substrate. The substrates were annealed at 105 °C for 20 min.

For spectroscopic characterization, samples were encapsulated using a
glass cover and a UV-curable epoxy resin to avoid the influence of oxygen
and humidity.

Perovskite Light Emitting Diodes (PeLEDs) Fabrication: 1TO substrates
were etched with powder Zn and 2 m HCI. The etched films were cleaned
with ultrasonication in water/Hellmanex solution, water, acetone, and IPA
for 15 min each. The substrates were dried with a strong N,-flow, and
treated with O, /plasma for 10 min before the deposition of any layer. ZnO
NPs were spincoated at 4000 rpm for 40 s and annealed at 150 °C for
30 min. Substrates were allowed to cool down before the deposition of
PEIE (3.9 mg/ml in 2-methoxyethanol) at 5000 rpm for 50 s, with the fol-
lowing annealing at 100 °C for 10 min. The substrates were immediately
transferred to an N,-filled glove box. The perovskite precursor solution
was spincoated at 500 rpm for 3 s followed by 8000 rpm for 45 s. And
30 s before the end of the spin coating process, 120 pL of chlorobenzene
was dropped on top of the spinning substrate. Then, TFB (10 mg/ml in m-
xylene) was spincoated at 2000 rpm for 40 s. Finally, 10 nm of MoO; and
100 nm of Au were thermally evaporated at ~10~® mbar using a shadow
mask to give a final active area of 0.1 cm?.

Devices were encapsulated using a cover glass and a UV-curable epoxy
resin to avoid the influence of humidity and oxygen.

PeLEDs used for the measurement of ASE under applied bias were op-
timized in order to promote the optoelectronic properties of the material
and reduce optical losses at the electrode. For this reason, [Pb%*] = 0.5 m
solutions were employed while keeping the same molar ratio with the
rest of the reagents. Also, a thicker layer of TFB was achieved by us-
ing 40 mg mL solutions in m-xylene. Both in the case of perovskite
and TFB, the spin coating conditions were identical to the previous
methods.

Morphological and Structural Characterization: Scanning electron mi-
croscopy (SEM) images were obtained using a MIRA3 TESCAN with
an accelerating voltage of 5 kV. To avoid charging effects during the
image acquisition, samples were prepared on top of ITO conductive
glass.

X-ray diffraction (XRD) patterns of the samples were acquired us-
ing a Bruker D8 Advance diffractometer with Bragg—Brentano geometry
equipped, with Cu Ka radiation (4 = 1.544060 A), operating at 40 kV and
40 mA. The diffraction patterns were acquired at room temperature, with
a step size of 0.04° and 1s of acquisition time.

Film thickness was determined using a surface profiler Dektak 150
(Veeco).
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Spectroscopic Characterization: ~Steady—state UV-vis absorption was
measured on encapsulated samples fabricated on glass using a UV-vis—
NIR spectrophotometer Lambda 1050 (Perkin Elmer).

Steady—state PL was measured using a CW 450 nm diode laser (Oxxius).
Photoluminescence was collected on reflection mode at a right angle and
focused on an optical fiber connected to an Ocean Optics Maya Pro 2000
spectrometer. Measurements were done at room temperature in air on
encapsulated samples. PL stability measurements were acquired for a pe-
riod of 30 s, or, alternatively, 10 min with spectrum acquired every minute.
The PL stability plots were represented using the scientific color maps
package.[36]

Absolute photoluminescence quantum yield (PLQY) was performed
using an integrating sphere (Labsphere) and a CW 560 nm diode laser
(Oxxius). The emitted light was collected with an Ocean Optics Maya Pro
2000 Spectrometer coupled with an optical fiber to the integrating sphere.
The measurements were done on encapsulated samples in air at room
temperature. PLQY values were calculated using the method described by
DeMello et al.[5]

Fluence-dependent PLQY was acquired with a Yb:KGW laser (Light Con-
version Pharos, 1030 nm) using the second harmonic (515 nm, 300 fs
pulse duration, 500 kHz repetition rate) tightly focused on sample to
achieve a fluence range between 0.275 and 300 p cm~2, and collecting the
emitted PL with an optical fiber coupled to a spectrometer (Ocean Optics
Maya Pro 2000).

Micro-photoluminescence was acquired using a Nikon LV100ND up-
right commercial microscope, and a Nikon C-LHGFI mercury-vapor lamp
as the excitation source. Optical and PL images were taken by a Nikon DS-
Fi3 digital camera, while complete hyperspectral PL maps were measured
by a Nireos HERA Vis—NIR—Hyperspectral Camera. The PL maps were
represented by using the scientific colour map packages.[¢!

Time-resolved photoluminescence (TRPL) using the second harmonic
of Innolas Picolo (Ne:YVOy,, 532 nm, 1 kHz). The PL was detected with an
Andor iStar 320T ICCD camera coupled to a Shamrock 303i spectrograph,
using temporal step sizes from 5 to 100 ns and a fluence of 1.4 n) cm~2.

The ASE was characterized by measuring the photoluminescence at
higher excitation densities. The films were excited with a Q-switched
Nd:YVO, laser (Innolas Picolo, 1064 nm) using the second harmonic
(532 nm, 900 ps pulse width, 1kHz repetition rate). The beam was focused
to a spot size of 870 um, at quasi-normal incidence, and the resulting lumi-
nescence was collected with a fiber spectrometer (Ocean Optics Maya Pro
2000). All measurements were conducted on encapsulated samples. The
ASE threshold was estimated from the fluence-dependent PL intensity, via
the crossing of two linear fits close to the change of slope.

The ASE under a dc bias voltage was measured on an LED architecture,
focusing the laser pump in the diode area. The laser setup conditions were
identical to the measurement without an applied bias. The dc bias voltage
was given using a Keithley 2401 source meter.

Photoemission electron microscopy (PEEM) and spectroscopy (PES): Be-
fore measurements, ~#30 nm thick sub-millimeter-sized gold markers were
evaporated on all samples. The samples were then transferred from the
glovebox to the microscope chamber using a nitrogen-filled container. All
the measurements were carried out at room temperature in the ultrahigh
vacuum chamber (=107 torr) of the microscope. The energy-resolved
images and the spatial-resolved spectra were measured with 6 eV fem-
tosecond pulses at 500 KHz repetition rate, with a field-of-view of 10 um,
and with the hemispherical energy analyzer set to an energy resolution of
~ 250 meV. The photoemission spectra were referenced to the Fermi edge
of nearby gold markers

Photothermal Deflection Spectroscopy (PDS): In the PDS, setup each
sample was deposited on a quartz substrate and placed in a cuvette filled
with a fluorinated liquid (tetradecafluorohexane) whose refractive index
had a considerable temperature dependence.

The sample was then pumped with a laser beam selected by a SuperK
SELECT acousto-optic tunable monochromator from a SuperK Extreme
supercontinuum laser (NKT photonics) and then modulated at 4 Hz by a
chopper to enable the lock-in detection; when the samples absorb it re-
leases a part of the excitation by heat losses into the liquid generating a
thermal lens (mirage effect). The probe laser (HeNe from JDSU), aligned
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closed and parallel to the sample surface was then deflected due to the
change in refractive index of the liquid, and the amplitude of this deflec-
tion is measured by a quadrant detector (PDQ80A, Thorlabs). The deflec-
tion amplitude was linearly proportional to the absorbance of the sam-
ple so the absorption spectrum could be retrieved by varying the pump
wavelength.[37]

The excitation laser beam passed through long-pass filters to prevent
leakage of stray light and its intensity was measured by a photodiode to
normalize the intensity of the deflection signal.

Device Characterization: Current—voltage (I-V) characteristics of the
LED were acquired using a Keithley 2614B source meter in combina-
tion with a photodiode of known responsivity (OSI Optoelectronics, UV
100DQC). Measurements were done applying bias with a step voltage of
50 mV to the diode and the emitted light was collected by the photodiode
placed at 10 cm from the device. The electroluminescence was registered
with an Ocean Optics Maya 2000 Pro spectrometer. Device efficiencies
were calculated assuming a Lambertian distribution of emission.

Supporting Information

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