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Localized compositional heterogeneity is correlated with
non-radiative losses in Br/Cl mixed perovskites

Until now, one of the major challenges preventing real-world applications has
been the poor performance of blue emitters for perovskite light-emitting diodes.
We find that even in the most advanced mixed halide blue emitters, localized
heterogeneity exists, which works as a crucial yet overlooked factor that limits the
performance of mixed halide blue perovskite emitters. We reveal the origination of
heterogeneity by in situ measurements and propose a “cation alloying” strategy to
mitigate the local heterogeneity.
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SUMMARY

Compositional heterogeneity is commonly observed in mixed bro-
mide/iodide perovskite photoabsorbers, typically with minimal ef-
fects on charge carrier recombination and photovoltaic perfor-
mance. Consistently, it has so far received very limited attention in
bromide/chloride-mixed perovskites, which hold particular signifi-
cance for blue light-emitting diodes. Here, we uncover that even a
minor degree of localized halide heterogeneity leads to severe
non-radiative losses in mixed bromide/chloride blue perovskite
emitters, presenting a stark contrast to general observations in pho-
tovoltaics. We not only provide a visualization of the heterogeneity
landscape spanning from micro-to sub-microscale but also identify
that this issue mainly arises from the initially formed chloride-rich
clusters during perovskite nucleation. Our work sheds light on a
long-term neglected factor impeding the advancement of blue
light-emitting diodes using mixed halide perovskites and provides
a practical strategy to mitigate this issue.

INTRODUCTION

Compositional heterogeneity is a prevalent characteristic in state-of-the-art metal
halide perovskites, mostly arising from the combined use of various cations and an-
ions. Unlike conventional semiconductors such as silicon and gallium arsenide, pe-
rovskites have demonstrated exceptional tolerance to heterogeneity.' ™ This unique
property is evident from the excellent photovoltaic performance and high photo-
voltage in mixed halide/cation perovskite photoabsorbers, despite the fact that
distinct chemical and structural heterogeneities spanning from nano- to micrometer
scale are clearly visible. Detailed investigations suggest that the observed heteroge-
neity in perovskite photoabsorbers is not necessarily correlated with carrier mobil-
ities and charge trapping.® In fact, recent studies pointed out that it could even
be benign.”? In brief, the nanoscale compositional gradients present in perovskite
photoabsorbers facilitate carrier recombination away from defect-concentrated
clusters through carrier funneling processes, thus making charge recombination
more radiative.”

Although the impacts of compositional heterogeneity have been extensively studied
in those low-bandgap perovskites for photovoltaic applications, there has been
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PROGRESS AND POTENTIAL

Tuning the bromide/chloride ratio
is one of the most popular
strategies for producing ideal
blue/deep blue
electroluminescence. However, it
is widely noted that
photoluminescence quenching
becomes severe with increasing
chloride content in mixed halide
blue perovskite emitters,
featuring as the most critical issue
impeding the breakthrough of
blue perovskite light-emitting
diodes (PeLEDs). This problem is
generally attributed to the
intrinsic defect intolerance of
chloride perovskites, despite the
fact that PLQY values approaching
unity have been demonstrated in
CsPbCl; nanocrystals. This
paradox indicates that there are
likely additional factors limiting
the performance of mixed halide
blue PeLEDs. Here, we prove a
crucial yet overlooked factor
localized compositional
heterogeneity that limits the
performance of mixed halide blue
perovskite emitters. Also, we
propose a practical approach to
mitigate this issue. Our findings
provide a guideline for the
development of blue PeLEDs.
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limited attention given to wide-bandgap chloride/bromide mixed perovskites. The
latter is particularly important for developing blue perovskite light-emitting diodes
(PeLEDs). Notably, the primary blue specified by Rec. 2020 standards requires Com-
mission Internationale de I'Eclairage (CIE) coordinates of (0.131, 0.046), correspond-
ing to a mixed halide perovskite with nearly equal amounts of bromide and chloride
ions (e.g., CsPbBry sCly 5).7"" Such stoichiometry suggests potentially more severe
heterogeneity compared with that in commonly used perovskite photoabsorbers
(with bromide fractions typically less than ~17%).'*"'* Additionally, it is worth noting
that compositional heterogeneity is associated with defect generation in conven-
tional semiconductors, while chloride-mixed perovskites are much less tolerant to
ionic defects compared with bromide/iodide ones.”>™'® As such, the influence of
the chemical heterogeneity on charge carrier recombination in mixed chloride/bro-
mide perovskites may differ significantly from that in perovskite photoabsorbers,
and thus a deep and thorough understanding is highly required.

Here, we demonstrate that even a slight degree of compositional heterogeneity is
crucial enough for triggering severe non-radiative losses in mixed bromide/chloride
perovskites, featuring as one of the most critical issues hindering the development of
blue PeLEDs. We also find that homogenizing the perovskite nucleation and subse-
quent grain growth can significantly mitigate defect generation associated with local
heterogeneous halide distribution, resulting in improved quantum efficiencies of
blue emitters and related devices. Overall, our work offers valuable insights into
the rational engineering for high-efficiency blue PeLEDs with mixed halide strategy.

RESULTS

We select two representative mixed halide blue perovskite emitters to investigate
the impact of local heterogeneity on radiative recombination, with a precursor stoi-
chiometry of Cs*:(FAg 3./Rb,)*:Pb?*:[Brg ¢/Clo 4]~ = 1.2:0.3:1:3.5, where x= 0.1 or 0.
Unless otherwise stated, a chelating additive, 3,6,9,12,15-pentaoxaheptadecane-
1,17-bis-amine (NH,-PEGs-NH,), is used to passivate the defects and retard the
perovskite crystallization, which thus contributes to improved thin-film quality (Fig-
ure $1)."7?° We added excess CsBr for all precursor solutions to eliminate the
non-perovskite phase and reduce vacancy defects further.'?" The reasons for
choosing these two perovskites are because (1) they are of high chloride contents,
similar chemical stoichiometry, crystal structure, grain size, and morphology (Fig-
ure S2), and (2) we observe signs of the different chemical heterogeneity, that is,
one shows completely symmetrical photoluminescence (PL) spectrum but a tiny
high-energy emission shoulder is visible in another case evident in the logarithmic
coordinates (Figure 1A). We refer the former (i.e., x = 0.1) and latter (i.e., x = 0) to
target and control samples respectively. Such a weak high-energy component in
control samples can hardly be observed in the linear coordinates (Figure S3) and
the full width at half maximum (FWHM) of the emission linewidth remains unchanged
(~16.0 nm), suggesting a very small degree of compositional heterogeneity despite
high chloride content. Notably, a previously developed vapor-assisted crystalliza-
tion technique is used in both cases to control the heterogeneity at an acceptable
level which no longer affects the spectral stability of the resulting blue-emitting de-
vices during operation.'? We provide the details of samples with severe heterogene-
ity (without vapor treatment), including FWHM of emission, Urbach energy (Ey), and
device characteristics in Figure S4, with detailed discussions summarized in Note S1.

As charge/energy transfer among the phases with different bandgap depends on
the temperature, temperature-dependent PL measurement can resolve the hidden
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Figure 1. Heterogeneous optical properties

(A) Steady-state PL spectra in logarithmic coordinates.

(B and C) Temperature-dependent PL of control (B) and target samples (C).

(D and E) Transient absorption of control (D) and target films (E) with pump excitation at 350 nm. Here, three photobleaching bands are visible in the

control samples (labeled as PB1, PB2, and PB3) but only one in the target sample (PB1).

(F and G) Comparison of temporal dynamics of photobleaching bands in control (F) and target samples (G).

emission features from high-energy species.?” By following the evolution of PL
spectra with decreasing temperatures (from 300 to 10 K), we observe the buildup
of two high-energy emission bands peaking at ~428 and ~452 nm in the control
samples (Figure 1B), suggesting the presence of high-energy species. In contrast,
no additional PL peak is visible in the target samples (Figure 1C). In addition, we
observe gradually narrowed emission linewidth, red-shifted emission peaks, and
enhanced PL intensity in both cases with decreasing temperature (Figure 1; Fig-
ure S5), owing much to the reduced electron-phonon coupling and thermal acti-
vated non-radiative losses.”’

To investigate the kinetics of exciton transfer between different phases, we conduct-
ed transient absorption (TA) measurements. We used a 350 nm ultraviolet femto-
second pulse laser as the pump source, which allowed us to generate strong signals
from high-energy species (see more in Note S2 and Figure Sé). For the control films,
we observe a broad photobleaching signal with distinct high-energy shoulders
emerging at early delay times (0.4 ps, labeled as PB2 and PB3). In addition, along
with the increase of the delay time, the high-energy photobleaching PB2 and PB3
rapidly vanished, accompanied by the buildup of PB1 (Figure 1D). The fitting analysis
of the time traces consistently yielded decay times of approximately ~0.27 ps for
PB2 and ~0.25 ps for PB3, along with a rise time of ~0.28 ps for PB1 (Figure 1F).
The well-matched decay and rise kinetics indicate fast exciton transfer from PB2
and PB3 to PB1. In comparison, we observe only slightly broadened photobleaching
bands, with a slow rise time of ~0.45 ps, suggesting the absence of exciton transfer
and thus a much better compositional heterogeneity in the target samples.
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Figure 2. Landscape of local compositional distribution
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(A) The histograms for photon energies of the emission peak extracted from (B) and (C). The dashed lines denote the normal fitting results.

(B and C) Hyperspectral microscopy of control (B) and target films (C). Scale bar: 50 pm.
(D) PL emission extracted from different regions (a, b, ¢) in (B) and (C).

(E and F) Hyperspectral PL intensity mapping for control (E) and target films (F) collected at 453 nm under cryogenic temperature (~80 K). Scale bar:

50 um.

(G) The averaged area fraction of Br-rich area extracted from five different sub-regions of Br:Pb binary n-XRF maps (Figures S11 and S12).

(H and 1) n-XRF maps of Br for control (H) and target samples (I). Scale bar: 1 um.

To visually capture the local compositional heterogeneity, we use a wide-field,
hyperspectral microscope to assess the spatially resolved luminescence properties
at the microscale. We first measure the samples at room temperature (Figures 2A—
2D). The histogram for the emission peak energies extracted from the hyperspectral
images is shown in Figure 2A. Compared with the target samples, the control films
display much more distinct discrepancies in emission peak wavelength across the
entire mapping and hence a much wider distribution of energies. The shifts of the
emission peak toward high photon energies can be as large as ~0.01 eV compared
with the bin with the highest frequency. We further extract the PL spectra from two
representative areas (20 X 20 um) of the control film with contrasts in peak values, as
well as an arbitrarily selected area for the target samples (Figure 2D). Compared with
the control ones, the latter case displays symmetrical emission features even at
microscale, confirming a homogeneous emission feature even at microscale.
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To gather more information about the local scale of heterogeneity, we next conduct
the hyperspectral microscope measurements at cryogenic temperature (~80 K),
which excludes the impact from energy/charge transfer between different domains
on optical properties in space. We show the PL intensity mapping images collected
at453 nm (Figures 2E and 2F), which is at the tail of the emission spectra. Compared
with the target samples, much more bright emissive areas are visible in the control
ones, further demonstrating the presence of localized heterogeneity. Importantly,
we emphasize that even in the control samples, these heterogeneous emission fea-
tures are relatively mild if compared with previously reported mixed halide perov-
skite photoabsorbers.” Furthermore, it is worth noting that the area exhibiting het-
erogeneous emission is extremely small. This suggests that the heterogeneity occurs
in more localized regions that are beyond the resolution limit of our optical imaging
technique.

With this in mind, we proceed to investigate the local fluctuation of the elements by
synchrotron-based nano-X-ray fluorescence (n-XRF) measurements, aiming to
gather more information about the length of heterogeneity at the sub-micro- or
nanoscale as well as to reveal the origination of heterogeneity. The variation in
elemental distribution is extracted by tracking the characteristic Cl L, Br K, Rb K,
and Pb L lines in n-XRF (Figure S7). The size of each pixel is about 60 X 60 nm. As
the signals of Cl and Rb are too weak to be accurately assessed, we mainly focus
on the distribution of Br and Pb (Figures 2H and 2I; Figure S8). We show the Br
maps as an example, from which the Br-concentrated aggregates with sizes ranging
from ~200 to 300 nm clearly visible in control samples (Figure 2H). By contrast, the
target samples give a higher uniformity of elemental distribution (Figure 2I). The dis-
crepancies in localized elemental distribution between the samples are also visible in
the intensity histogram extracted from the n-XRF maps (Figure S9). All these results
confirm that the perovskites in target samples show higher uniformity of halide con-
tent across the entire film.

It is worth mentioning that the regions with higher Br contents in control films are
often accompanied by a high amount of Pb, suggesting a potential impact of
different perovskite thickness (Figure S8). To avoid this impact on our analysis, we
resolve the fraction of Br-rich area with the binary (0 or 1) Pb: Br maps, which helped
establish the correlation between chemical heterogeneity and high-energy optical
components in the PL measurements. The binary maps are shown in Figure S10
and the detailed methods for the n-XRF analysis are summarized in Note S3. Our
calculation yields a lower ratio of Br-rich area in control films (45.87%) with respect
to target ones (49.53%). This, in turn, indicates the high contents of Cl-rich perov-
skites in the former. To assess the localized halide fluctuation further, we proceed
to resolve the fraction of Br-rich/deficient areas of five sub-regions for each sample.
Figure 2G displays the statistics of the normalized proportion of Br-rich areas from
the corresponding binary maps. Accordingly, we find that statistically the control
films are of a strong tendency to have Br-deficient area as suggested by the larger
SD compared with the control case, further confirming the presence of Cl-rich clus-
ters. The detailed results are summarized in Figures S11 and S12 and Table S1.

Having confirmed the differences in localized compositional homogeneity, we pro-
ceed to quantify theirimpact on the energetic heterogeneity by probing Ey. Alow Ey
value is commonly associated with a clean semiconductor.?* Our fitting yields a
much larger Ey value of ~84.8 meV compared with that of the target samples
(~62.0 meV) (Figure S13). Although the latter is still strikingly higher in respect to
pure phase perovskites which typically show an Ey value of 13.5-28.0 meV,?*?
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Figure 3. Impact of local compositional heterogeneity of halides on radiative recombination and trap states

(A) Fluence-dependent PLQYs.
(B) PL lifetime measured by TCSPC.

(C and D) Derivatives of temperature-dependent capacitance versus frequency plots for control (C) and target (D) devices. The blue arrows indicate
temperature change from 350 to 225 K. The sets of capacitive responses are labeled as B and v, respectively. The blue square highlights the vanished y

set of responses in the target samples.
(E) EL spectra and the device architecture (inset).
(F) Histograms of peak EQEs for the control and target devices.

the sharp contrast between our samples suggests a largely reduced electronic het-
erogeneity in the band edge as a consequence of improved local chemical
homogeneity.

A clean sub-bandgap tail is usually linked to few defects and excellent PL proper-
ties.?"?* We thus perform external PLQYs as a function of excitation fluence and
time-resolved PL (TRPL) measurements to evaluate the impact of the compositional
heterogeneity on radiative recombination. For both control and target samples, the
PLQYs are increasing with enhancing excitation fluence, suggesting a competition
between the first-order trap-assisted non-radiative recombination and bimolecular
recombination in which the latter gradually becomes dominant. The target films pre-
sent an overall enhancement of PLQYs across the entire range of excitation fluence,
with a high peak PLQY of 34% compared with 7% of the other case (Figure 3A). In
addition, the TRPL measurements demonstrate a prolonged PL lifetime of
~207 ns for the target samples compared with the control ones (~143 ns) (Figure 3B).
Both indicate a mitigated charge trapping in the target samples with better
homogeneity.

To further evaluate the defect generation and thus the quality of the samples, we
measure thermal admittance spectroscopy (TAS), which is able to probe the dy-
namics of ionic and electronic defects. The capacitance-frequency plots and their
derivations are shown in Figures S14 and 3C and 3D, respectively. Two sets of re-
sponses are clearly visible at high and low-frequency regions respectively. We refer
the set of faster responses to B and the slower ones to 7. In light of the response
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dynamics, as well as our previous studies on deep-level transient spectroscopy
(DLTS) temperature-dependent conductivity, both B and y responses can be as-
signed to mobile ionic defects.”’:?® We show the Arrhenius plots of B responses in
Figure S15, from which we deduce the ion migration activation energy (E ), ion diffu-
sion coefficient (D,yg), and concentration of total ionic defects (N) (Table S2; see the
theoretical derivation formula of TAS in Note S4).? The most striking difference hap-
pens to N, which roughly decreases to a quarter in target devices (6.60 x 10"*cm~3)
compared with that of control ones (2.44 x 10'* cm~3). Accordingly, further analysis
on thermodynamic properties yields an absolute formation entropy (S¢) value of ionic
defect pairs of 23.0 eV K=", which is higher than that of control sample (21.7 eV K.
Such a difference implies more ordered perovskite crystal structures and fewer de-
fects in target samples. More important, the y signals for target devices are too
weak to be assessed, suggesting that at least one class of ions becomes much less
mobile. We thus conclude that ion migration is significantly inhibited in target sam-
ples, which is in turn a further sign of fewer point defects that usually work as ion hop-
ping channels.?® All these results imply that the films with better homogeneity are of

fewer defects, analogous to silicon and IlI-V semiconductors.*3'~3

The reduced defect concentration achieved by high compositional homogeneity
also gives rise to superior PeLED performance. Our device architecture is composed
of indium tin oxide (ITO)/nickel oxide nanocrystals (NiO, NC; ~10 nm)/poly(9-vinyl-
carbazole) (PVK): polyvinylpyridine (PVP; ~10 nm)/blue-emitting perovskites/
2,2',2"-(1,3,5-benzinetriyl)tris(1-phenyl-1H-benzimidazole) (TPBi; 45 nm)/lithium
fluoride (LiF; ~1 nm)/aluminum (Al, ~100 nm) (Figure 3E, inset). The devices with
target films yield a bright blue emission peaking at ~477 nm with a narrow FWHM
of 16.0 nm and CIE coordinates of (0.105, 0.130) (Figure 3E; Figure S16), slightly
blue-shifted compared with the control devices (479 nm, Figure 3E). The champion
device for the target gives a peak external quantum efficiency (EQE) as high as 12.0%
(Figure S17B). The peak EQE histogram for target devices shows an average EQE
value of 9.9% with a low relative SD of 0.99%, in comparison with the control devices
showing an average value of 4.3% with an SD of 0.51% (Figure 3F). The characteris-
tics of representative control and target devices are summarized in Figures S17 and
S18 and further discussed in Note S5.

Having unveiled the detrimental effects of local chemical fluctuation on perovskite
film quality and device performance, the next question that arises is how to
achieve a high homogeneity in mixed halide blue perovskite emitters. Considering
the excellent performance of our target samples, a deep and thorough under-
standing of its crystallization process could give a general guidance toward
rational material engineering. Apparently, the key component of our case includes
a minimal amount of Rb ions as it is the only difference between these two sam-
ples. The first possibility is that the Rb ions could narrow the compositional distri-
bution of mixed halide plumbates (e.g., [PbX3]7) in the solution, and thus homog-
enize the structures of perovskite during nucleation. Such an effect has been
previously demonstrated by loading polymer additives into perovskite precursor
solution.'® We thus performed high-performance liquid chromatography electro-
spray ionization time-of-flight mass spectrometry (HPLC-ESI-TOF-MS) to charac-
terize the constituents in the precursor solution with or without Rb*. However,
both indicate the co-existence of various halide plumbates, including [PbCl,Br]~,
[PbCIBr;]~, and [PbBr3]™ (Figure S19). Furthermore, no significant difference in in-
tensity of the respective fragment ion is observed between the two samples. As
such, we believe that Rb* addition has a very limited effect on the coordination
environment of Pb?* in the precursor solution.
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(A-F) Evolution of transmittance (A and D), PL spectra (B and E), and GIWAXS scattering intensity versus g (C and F) as a function of time for control (A-C)
and target perovskite films (D-F) during vapor-assisted crystallization treatment. The dashed lines in (A) and (D) denote the excitonic features.

(G and H) PL evolution of K* (G) and Na™ films (H).

(I) Asummary of peak EQEs of devices prepared with K or Na* addition; the boxes in Figure 4] denote a region containing 25%-75% of the data points;
the lines and the squares within the boxes indicate the mean and median values, respectively; the top and bottom lines out of the boxes suggest the

maximum and minimum values, respectively; the curves denote the Gaussian distribution.

Alternatively, it is possible for Rb™ to affect the crystallization process during the
stage of film formation. We use various in situ measurements to track the crystal
growth during the vapor treatment, which is believed to be the most critical proced-
ure for determining the film quality (as discussed in Note 51)."% The samples without
Rb* are investigated as well for comparison. We show the evolutions of transmit-
tance and PL characteristics as a function of time in Figures 4 and S20. The most
obvious difference appears in the initial stage (0 s) where the target films show
only one excitonic feature close to the absorption onset along with a single and nar-
row PL emission (Figures 4D, 4E, and S20B). By contrast, an additional excitonic peak
away from the onset is visible in transmittance spectra of control samples (Figure 4A),
accompanied by a distinct PL shoulder that emerged at shorter wavelengths (Fig-
ure 4B; Figure S20A). These correspond well to the optical features of Cl-rich do-
mains in control perovskite films. Following the evolution of time, the high-energy
features are gradually diminished until hardly discernible, along with a slightly

Matter 7, 1054-1070, March 6, 2024 1061




¢? CellPress

OPEN ACCESS

reduced bandgap of the major component. These observations are consistent with
our previous finding that a vapor-assisted Br/Cl exchange process governed by
chemical equilibrium is occurring to homogenize the halide distribution.'” We
thus speculate that the chemical heterogeneity in the perovskites comes from the
initially formed Cl-rich clusters during perovskite nucleation, which can hardly be
healed entirely despite the vapor treatment and thermal annealing.

The formation of Cl-rich clusters is further confirmed by transmittance electron mi-
croscopy (TEM) measurements. We prepared the precursor samples by drop-casting
the respective solution on copper grids without thermal annealing. We note that the
perovskite nano-grains or clusters are readily found across the entire region in con-
trol samples. We show a representative TEM image in Figure S21A, from which the
halide fluctuation can be visualized by resolving the lattice space of different crystals.
Notably, most of the areas in target ones are covered by amorphous substances with
few nanocrystals embedded, suggesting that perovskites are more difficult to form
with Rb ions (Figure S21B).

We next perform in situ grazing-incidence wide-angle X-ray scattering (GIWAXS)
measurements to further investigate the differences in crystallization process. The
evolution of integrated scattering intensity as a function of time is shown in
Figures 4C and 4F. For both cases, we observe gradual saturations of scattering in-
tensity over time as a result of perovskite crystallization. The control films show two
distinct scattering signals from the very beginning, with g values of ~15.3 and
~21.5nm™ ", assigned to (110) and (200) planes of the perovskites, respectively. In
comparison, these scattering peaks can hardly be well distinguished until 100 s of
the treatment for target cases. These results are consistent with the TEM results,
collectively indicative of a retarded perovskite crystallization with Rb™ addition.

To generalize our findings, we proceed to investigate the impact of other alkali
cations on grain growth and device performance, including potassium and sodium
(K™ and Na™). Similarly, the K" and Na™ addition do not alter the crystal structure
as suggested by the X-ray diffraction (XRD) patterns (Figure S22). The results of in
situ PL measurements are shown in Figures 4G and 4H and Figure S23. Notably,
the addition of K* exhibits a similar effect to the Rb* case, where no distinct signs
of Cl-rich clusters are observed throughout the entire crystallization process.
Conversely, the addition of Na* has a limited impact on homogenizing the grain
growth, as evident from the emergence of clear high-energy components in the
PL spectra. Figure 41 shows a summary of peak EQEs of K" and Na* devices. The
former offers a decent averaged EQE value of ~7.5%, much higher than that of
the latter (~3.3%). The J-V characteristics of their champion devices are shown in
Figure S24. The comparison of K™ and Na™ samples further confirm the detrimental
effects of heterogeneous grain growth on device performance. In addition, we note
that the performance of K™-devices is slightly lower compared with those of Rb™ de-
vices (target). We speculate that Rb ions are of better ability in homogenizing the
grain growth, as indicated by the narrower PL emission compared with that of K*
samples during the initial stage of crystallization (Figures 4E and 4G).

DISCUSSION

Taking all the results mentioned hereinbefore, we can explain a complete picture of
how local compositional heterogeneity affects mixed Br/Cl perovskites and the way
to solve it. In conventional lll-V semiconductors, non-intentional compositional het-
erogeneity is usually coupled with dislocations, which are also believed to be the
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gathering centers for vacancy dominant point defects.*~*” Similar chemical hetero-
geneity spanning from nano- to micrometer scale is also demonstrated in perov-
skites.”*?* However, away from the consensus learned from conventional semicon-
ductors, perovskites are believed to be tolerant to the chemical heterogeneity that
has a limited effect on device performance. One excellent example is the golden
recipe of alloying perovskites, i.e., FAg79MAqg 16Cso.05Pb(lo83Bro.17)3, which are
widely used for producing high-performance solar cells with minimal voltage losses
despite distinct compositional heterogeneity.*>* These results differ from the cur-
rent observations that the chemical heterogeneity is critical for non-radiative losses
in mixed Br/Cl perovskites. One reasonable explanation is that the defects in Cl-rich
perovskites are of a much stronger tendency to create deep-level traps with respect
to Br/l counterparts because of their large bandgap, therefore eventually leading to
a completely different effect of local heterogeneity.*>'¢*¥:*? |n addition, consid-
ering that nano-crystals usually are of excellent compositional homogeneity, our
findings also rationalize the general observations that the PLQY gap between mixed
Br/Cl perovskite thin films and nano-crystals is much larger than that between those

of Br/l anions. 2404

Our results also point out that the compositional heterogeneity mainly arises from
the heterogeneous crystal growth that Cl-rich perovskite clusters crystalize ahead
of those approaching chemical equilibrium. This is caused by the distinct discrep-
ancies in the solubility of CsPbX5 with different chloride contents. Such clusters
are partially preserved in the resulted perovskites despite the following elemental
homogenizing process during vapor-assisted crystallization. Instead, Rb™ addition
leads to an amorphous intermediate state, suppressing the origination of heteroge-
neity, i.e., chloride clusters, from the first place and thus leading to improved homo-
geneity of perovskites. We believe that this effect is achieved by formation of Cs/Rb
cation alloy which alters the supersaturation of Cl-rich domains and/or enlarges the
formation energy of perovskites. It thus leads to the changes in nucleation kinetics,
as indicated by simultaneously retarded perovskite crystallization. With this in mind,
one can expect that the Rb ions should be evenly distributed within the films instead
of being Rb-rich clusters as reported previously.**** Our energy-dispersive X-ray
spectroscopy (EDX)/scanning transmission electron microscopy (STEM) and n-XRF
tests consistently show no evidence of any Rb-concentrated clusters (Figures S8E
and S25), despite the strong X-ray response signals of Rb. This speculation is further
evident by the gradually decreased effects from Rb™ to Na™, as a larger mismatch in
ionic radius with Cs* makes more difficulties in the formation of cation alloy and rele-
vant alloy perovskites. However, we acknowledge that our target perovskites still
exhibit some degree of local heterogeneity, as suggested by the large Ey (~62.0
meV). Therefore, additional material engineering toward more homogenized
elemental distribution would be highly desired for achieving high-performance
blue PeLEDs. The influences of crystallization process on local compositional homo-
geneity and relevant thin-film quality are depicted in Figure 5.

Conclusions

In conclusion, our study has revealed that local chemical heterogeneity in mixed bro-
mide/chloride perovskites plays a detrimental role in causing substantial non-radia-
tive losses. This critical issue mainly stems from the non-equilibrium perovskite crys-
tallization that chloride-rich perovskite clusters form initially and are preserved
during the whole process of grain growth. We have proposed and demonstrated
that retarding perovskite crystallization is crucial for suppressing cluster formation
and achieving improved homogeneity. Our results have highlighted that further
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rearrangement

Crystalization

Figure 5. Schematic illustration highlighting the impact of the crystallization process on the local compositional heterogeneity of perovskites and the

corresponding thin-film quality

The dash squares depict the crystallization process in control and target samples (i.e., with Rb/K addition). The upper panel suggests a fast nucleation of
Cl-rich perovskite clusters, which are partially retained in perovskite films even after the halide-rearrangement process facilitated by vapor-assisted
crystallization. The lower panel demonstrates a different scenario, where the intermediate phases undergo a direct conversion to perovskites with high

homogeneity. The differences in the crystallization processes between the two scenarios ultimately lead to variations in the luminance properties of the

thin films.

investigations on homogenizing local chemical compositions are highly demanded
for developing more efficient blue PeLEDs.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources should be directed to and will be ful-
filled by the lead contact, Feng Gao (feng.gao@liu.se).

Materials availability
This study did not generate new unique materials.

Data and code availability
All data are available upon reasonable request.

Materials

Lead bromide (PbBry; 99.999%), lead chloride (PbCly; 99.999%), PVP (average
Mw ~55000), PVK (average Mn 25,000-50,000), and all the solvents were purchased
from Sigma-Aldrich. Cesium bromide (CsBr, 99.999%) and rubidium bromide (RbBr,
99.8%) were purchased from Alfa-Aesar. 3,6,9,12,15-Pentaoxaheptadecane-1,17-
diyl-bis-amine (NH,-PEGs-NH,) was obtained from Bidepharm. Formamidinium bro-
mide (FABr) was purchased from Greatcell Solar. TPBi was purchased from Xi‘an Yuri
Solar Co., Ltd. Aluminum, gold, and tungsten wire baskets were purchased from
ZhongNuo Advanced Material (Beijing) Technology Co., Ltd.
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Preparation of the perovskite solution

The perovskite precursor solution was prepared by mixing the precursor compo-
nents with a stoichiometry of Cs*:(FAg 3.,/Rb,)*:Pb?*:[Brg ¢/Clo4]™ = 1.2:0.3:1:3.5,
where x = 0.1 or 0 in dimethyl sulfoxide (DMSO). The precursor concentration is
0.15 M as determined by Pb2" in the precursors. The ratio of Ro™ in the precursor
has been carefully optimized (Figure S26). The solution was stirred at 90°C overnight
before use.

Device fabrication

ITO-coated glass substrates were sequentially cleaned with detergent and TL-1 (a
mixture of water, 25% ammonia, and 28% hydrogen peroxide, 5:1:1 by volume).
The ITO substrates were then treated with ultraviolet ozone cleaner for 20 min.
Then NiO, layers were deposited on the substrates at the speed of
3000 rpm for 30 s, followed by annealing at 130°C for 20 min in the air. Afterward,
the NiO,-coated substrates were transferred to the nitrogen-filled glove box. The
PVK layer (dissolved in chlorobenzene, 4 mg mL™") was spin-coated at 3,000 rpm
for 30 s, followed by annealing at 150°C for 30 min. To improve the surface wetting,
a thin layer of PVP (dissolved in isopropyl alcohol, 2.5 mg mL~") was spun on the top
of the PVK at 3,000 rpm for 30 s and annealed at 90°C for 10 min. After cooling to
room temperature, the perovskite films were prepared using a previously reported
vapor-assisted crystallization technique.’? In brief, after spin coating (3000 rpm for
30 s), the wet precursor films were directly transferred into a Petri dish with 20 pL
DMF. After 20 min of vapor treatment, the perovskite films were annealed at 70°C
for 8 min. Next, the electron transport layer TPBi and LiF were deposited by using
thermal evaporation under a base pressure of ~1077 torr. Finally, the 100 nm Al
metal electrode was deposited through shadow masks. The active area of our de-
vices is 7.25 mm?, defined by the overlapping area of the top Al contacts with the
ITO bottom electrode.

Device characterization

The characteristics of the current density-voltage-luminance and EL spectra without
encapsulation, in a nitrogen-filled glovebox at room temperature. A Keithley 2400
digital source meter and integration sphere (FOIS-Ocean Optics) coupled with a
QE Pro spectrometer (Ocean Optics) were used for the EL measurements, controlled
by ahomemade LabVIEW program. The absolute spectral radiant flux was calibrated
using a standard Vis-NIR light source (HL-3P-INT-CAL plus; Ocean Optics). All the
devices were tested on top of the integration sphere, where only forward light emis-
sion could be collected. The devices were swept from zero bias to forward bias with a
step voltage of 0.05 V, lasting for 50 ms at each voltage step for stabilization. The
operational lifetime of devices and spectral stability were measured using the
same test system.

Perovskite film characterization

All the perovskite samples were deposited on ITO/NiO,/PVK/PVP substrates under
identical conditions as for the PeLEDs unless otherwise stated. Top-view scanning
electron microscopy (SEM) images were tested by using Zeiss Gemini. Steady-state
PL spectra of the perovskite films were recorded by a fluorescent spectrophotometer
FL-7000, HITACHI with a 200 W Xe lamp as an excitation source. UV-vis absorbance
spectra were collected using a PerkinElmer model Lambda 900. XRD patterns were
measured by using a Bruker D8 Advance with the working voltage of 40 kV and cur-
rent of 40 mA, step length of 0.02°, scanning speed of 0.1 s/step, scanning range:
10°-50° with an X-ray tube (Cu K,, A = 1.5406 A).
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In situ PL and transmittance measurements were performed by a homemade system
using QE Pro as the spectrometer. For in situ PL tests, a 365 nm UV lamp as the exci-
tation source. In situ transmittance tests were performed by using a solar simulator
(AM 1.5G). An ND filter was used to decrease the light intensity to balance the SNR.
The system configuration is depicted in Figure S27. The fluence-dependent PLQE
were measured with a setup consisting of a 405 nm CW laser, integrating sphere
(Edinburgh Instruments), and spectrometer (Andor; Oxford Instruments). All PL
data were recalibrated by a standard lamp (HL-3-P-CAL; Ocean Optics).

Time-correlated single electron counting (TCSPC) measurements were measured
using an Edinburgh Instruments FLS1000 with a 405 nm pulsed picosecond laser
(EPL-405). We used a three-index fit exponential equation to model and fit the PL
decay curves with the following formula, providing a mathematical means to extract
the average lifetime:

A1) = A exp (— 11) + A exp (— 12) +As exp (— 13) (Equation 1)

TEM of precursor films was performed using a TECNAI G2 F20 transmission electron
microscope with an accelerating voltage of 200 kV and a Gatan SC200 charge-
coupled device (CCD) camera.

STEM and EDX

The cross-sectional samples for STEM tests were made by an FEI-Focused lon Beam
(FIB) system (Helios Nanolab 600i). The high-angle angular dark field (HAADF)
images were obtained by an FEI Titan-G2 Cs-corrected TEM with an accelerating
voltage of 300 kV. The EDX mapping images were collected by four silicon drift
windowless detectors (Super-EDX) in the microscope with an energy resolution of
137 eV.

Hyperspectral microscopy characterization

Hyperspectral images were captured using an IMA-VIS system developed by Photon
etc. All the samples were measured using a 20x Nikon air objective and a 405 nm
continuous-wave (CW) laser with an excitation intensity of 1 W cm™2. All the samples
were encapsulated with glass slides and UV-curable glue to avoid the influence of
oxygen and humidity. The deposition process of all the samples used was consistent
with the device manufacturing process. Multispectral image slices were obtained by
scanning the angle of the grating relative to the emitted light from the sample, and
the resulting three-dimensional data were stored in a hierarchical data format
(HDF5). The spectral resolution is guided by the bandwidth of the holographic
grating in the setup and is around 0.2 nm. For all the perovskite sample measure-
ments, one second’s integration time per wavelength slice and a step size of 2 nm
across the wavelength were used.

The emitted light from all the samples was incident on a volume Bragg grating, which
splits the light spectrally onto a CCD. The detector was a 1,040 x 1,392 resolution
silicon CCD camera kept at 0°C by a thermoelectric cooler with an operational wave-
length range of 400-1,000 nm.

TA spectroscopy

TA measurements were performed using a Helios setup. The transient dynamics in
fs-ns time region (50 fs - 7 ns) was acquired by Helios that works in a nondegenerate
pump-probe configuration. The pump pulses were generated from an optical para-
metric amplifier (OPerA Solo) that was pumped by a 1 kHz regenerative amplifier
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(Coherent Libra, 800 nm, 50 fs). The samples are excited either with a 350 or 400 nm
lasing pump source. A mode lock Ti-sapphire oscillator (Coherent Vitesse, 100 fs, 80
MHz) was used to seed the amplifier. The probe pulses were a white light continuum
generated by passing the 800 nm femtosecond pulses through a 2 mm CaF; plate
for UV part (250-650 nm).

GIWAXS

The GIWAXS measurements were performed in the Shanghai Synchrotron Radiation
Facility (SSRF). The diffraction patterns were collected by a two-dimensional Rayonix
MX225 detector with a distance of 293.3 mm between the perovskite samples and
the detector. The wavelength of the X-ray was 1.24 A (10 keV). All the samples
were protected with nitrogen during the measurements. To accurately capture the
detailed changes during the crystallization process of the sample, an exposure
time of 10 s was adopted with an incidence angle of 0.2°. To avoid the interference
of the Petri dish on the X-ray scattering signal during the in situ measurement, all
samples were placed in a self-made setup using a cropped Petri dish with a polyure-
thane tape to simulate the actual sample solvent annealing process, where 20 L of
dimethylformamide (DMF) was dropped at the beginning of the measurement.

Impedance spectroscopy

All the devices were measured using a setup consisting of the Zurich Instruments
MFLI lock-in amplifier with MF-IA and MF-MD options, a cryoprobe station Janis
ST500 with a Lakeshore 336 temperature controller. The impedance spectroscopy
measurements were carried out in the temperature range from 350 K to 225 K
with 5 K steps, using liquid nitrogen for cooling. The capacitance in a C||R equiva-
lence model was measured by applying an AC voltage with an amplitude of V,. =
20 mV and varying the frequency from 3.1 Hz to 3.2 MHz. More details for theoretical
models are summarized in Note S4.

Nanobeam X-ray fluorescence characterization

The elemental distribution of the perovskite film was investigated using synchrotron-
based nanoprobe X-ray fluorescence at the NanoMAX beamline, at the MAX IV Lab-
oratory in Lund, Sweden. The beam has a spot size of about 60 x 60 nm (vertical x
horizontal), focused using a set of KB mirrors. The beam energy was fixed at 16.0 keV
with an incident flux of 9.2 x 108 photons/s during the experiment. The step size for
the measurement was 60 nm and the exposure time was about 50 ms per point. All
the samples were deposited the same as the substrate of PeLEDs except that to
deduct the noise signal of ITO glass. In this case, polished silicon wafers were
used instead. All the samples were kept in a sealed container with nitrogen filled
before measurement and accompanied by the nitrogen flow during the measure-
ment. The n-XRF measurement was conducted with the backside Al contact facing
the incident X-ray beam, with a full fluorescence spectrum collected point-by-point
during mapping. All the measurements were performed in transmission geometry,
with the sample facing the incident X-ray beam. A RaySpec single-element silicon
drift detector (SDD), coupled with an XSPRESS3 pulse processor, was used to collect
the X-ray fluorescence spectra, and PyMCA software was used to fit the data. The
details for data interpretation and process are summarized in Note S3.

Before starting the formal measurement, we balanced the beam damage and the
clarity of the data by adjusting the exposure time and incident flux. To avoid the
test results being affected by the beam damage, we appropriately reduced the
incident flux below the safe value to ensure that there is no obvious beam
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damage before and after the measurement. From the above, we assert that the
beam damage does not influence the conclusions from the analysis on our
XRF maps.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.matt.
2023.12.019.
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