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Abstract

Ruddlesden-Popper halide perovskite (RPP) materials are of significant interest for light
emitting devices since their emission wavelength can be controlled by tuning the number of
layers n, resulting in improved spectral stability compared to mixed halide devices. However,
RPP films typically contain phases with different n and the low n phases tend to be unstable
upon exposure to humidity, irradiation, and/or elevated temperature which hinders the
achievement of pure blue emission from n=2 films. In this work, two spacer cations are used
to form a RPP film with mixed cation bilayer and high n=2 phase purity, improved stability
and brighter light emission compared to single spacer cation RPP. The stabilization of n=2
phase is attributed to favorable formation energy, reduced strain and reduced electron-phonon
coupling compared to the RPP films with only one type of spacer cation. Using this approach,
pure blue LEDs with CIE coordinates of (0.156, 0.088) and excellent spectral stability are

achieved.
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Halide perovskite LEDs, including those based on Ruddlesden-Popper perovskites (RPP),
have been attracting increasing attention. RPP have a general formula R,A,,.1B,X3..1, where
R" is the bulky amine spacer cation, A* is an organic cation, B*" is a metal cation, X" is a
halide anion and n is the number of perovskite layers between the spacer cations. RP
perovskites have been extensively studied”?” since the choices of R and n enable wider
tunability of properties compared to 3D perovskites ABX;. Emission tuning by changing n
instead of using halide mixtures enables improved color stability compared to mixed halide
LEDs which commonly exhibit peak shifts with time and/or bias due to phase segregation.
34281 However, while exfoliated RPP single crystals exhibit clear dependence of properties on
the number of layers n, thin films typically consist of a mixture of phases with different

10.1721.2325.261 and the phase pure films (achieved for one spacer cation via melt-processing

nliL
instead of commonly used spin-coating) have been scarce.® The existence of multiple n
phases is undesirable for LED applications since it can lead to emission peak shift with
increasing bias.”” Thus, considerable efforts have been made to control the phase composition
and layer orientation in RPP thin films, especially those containing common spacer cations
such as butylammonium (BA)'¢%1%2423 and phenethylammonium (PEA).!'*19202:3 Degpite
these efforts, the differences in behavior (processability, stability and emission efficiency) of
the RPP with BA and PEA spacer cations are not well understood, and the blue emitting RPP
typically contain multiple peaks in either absorption or emission spectra,?-**?>%%! indicating
that phase purity has not been achieved. Furthermore, energy funneling phenomenon,™'”*"!
which involves energy transfer from lower n (higher energy) to higher n (lower energy)
domains resulting in a brighter, but red shifted emission, represents further difficulty in
obtaining pure blue emission from n=2 RPP emitters. Therefore, green emission? or at best

[23]

sky blue (~490 nm) emission,"*” is usually obtained in LEDs even for predominant n=2

composition of the film'*"! and suppressed formation of n=1 phase using processing additives.
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(3] Consequently, there have been only a few reports on RPP LEDs with deep blue to pure
blue emission (center emission at ~450-465 nm), and the reported efficiencies have been low
(~10°% for devices emitting <460 nm,"**" and 0.15% recently achieved for ~465 nm, <n>=3,
(28], Experimental efforts to obtain pure phase n=2 films with pure blue emission are further
hampered by inadequate theoretical understanding of the RPP formation and the effects of the
spacer cation on the material properties, in particular those which can affect the emission

131 and strain relaxation® which affects trap

efficiency, such as electron-phonon coupling
density. Formation energies, bandgaps, etc. reported until today have been calculated by
density functional theory (DFT) at 0 K.>'***) Furthermore, electron-phonon coupling in RPP
has so far been (only) indirectly addressed, either by means of structural arguments,”" or
based on average displacements through molecular dynamics.™ Performing DFT calculations
at room temperature enables improved understanding of the effect of spacer cation on RPP
properties that can be compared to real experimental conditions and offers an insight into the
feasibilty of stabilization of n=2 perovskite phase by the alternative mixed-cation approach.
In this work, high phase purity n=2 films with improved light emission in deep-blue
region and improved ambient and thermal stability are achieved in a RPP material which
incorporates two different spacer cations (BA and PEA) forming a mixed bilayer, which
embodies the processing advantages of BA, as well as high brightness and improved ambient
stability of PEA. While the addition of a second spacer cation in solar cells based on higher n
perovskites can lead to reduced recombination losses,"***”" improved morphology and crystal

orientation,”’ improved ambient stability™®

and reduced phase segregation under laser
irradiation,”®® the underlying mechanism has not been understood. To elucidate reasons
responsible for the observed phenomena, we performed comprehensive theoretical
computations, taking advantage of DFT ab-initio molecular dynamics, including van der

Waals forces, to improve the evaluation of formation enthalpies and quantify electron-phonon

(e-ph) couplings. Formation enthalpies are obtained from NVT ensemble molecular dynamics
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at 300 K of each product and reactant, and therefore, in contrast to common static 7=0 K
approaches, room temperature contributions are also included. Estimation of e-ph couplings is
obtained from Fourier transform of time dependent band gaps in NVE ensemble molecular
dynamics (see Methods for more details). Theoretical simulations are combined with
comprehensive experimental characterisations of the RPP films with pure BA, PEA and
mixed BA,PEA spacer cations, and LEDs based on phase pure n=2 films are demonstrated. In
terms of efficiency both (BA¢sPEA¢s):>MAPb,Br; and BA,MAPb,Br; devices exhibit
comparable values of the order of 10?% which is an order of magnitude higher compared to a
previous report with multiple emission peaks for BA;MA,,1Pb,Brs,...”"! However, due to the
thermal instability of n=2 phase, EL of pure BA based devices is shifted to 468 nm, resulting
in a sky-blue emission with CIE coordinates of (0.132, 0.104). In the case of
(BAosPEA5).MAPb,Br; devices, the improved stability of n=2 phase results in emission
centered at 456 nm with CIE coordinates (0.156, 0.088) which are very close to the NTSC
pure blue standard (0.14, 0.08).

The results of DFT calculations are summarised in Figure 1, Tables S1, S2, S3 and
Figure S1, Supporting Information. The calculations show that the formation enthalpies of
both BA,MAPb,Br; and mixed cation (BAsPEA,5),MAPb,Br; exhibit the same trend (Figure
1a); in both cases n=2 phase is characterized with the lowest formation enthalpy, compared to
n=1 and n=3, indicating that the crystallization of n=2 phase should be possible without the
formation of any lower or/and higher n impurities. From an experimental point of view, an
appearance of higher n would have been especially bothersome since it often leads to the
redshift in emission due to energy funneling. Nevertheless, the calculations showed that the
formation enthalpy of n=3 mixed phase is much higher compared to n=2. While this does not
preclude the formation of n=1 and n=3 phases under some experimental conditions (especially
taking into account the formation of solvent intermediates, solubility differences and their

effect on crystallization), it is a clear indication that there exist conditions under which it is
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possible to obtain phase-pure films. On the other hand, our theoretical estimation suggests that
a mixture of phases should be expected in the case of PEA-based perovskite. Figure 1a shows
that n=1 phase has the lowest formation enthalpy but we can notice that the formation
enthalpies for different values of n are also quite similar. Our calculations agree with reported
trend for the  experimentally  determined enthalpies of  formation  of
(BA)2(MA),-1Pb,I5,+1 which show that the formation enthalpies for structures with an even
number of layers are significantly more exothermic than those for odd values of n, i.e. the
formation enthalpy of n=2 is more negative than that of n=1 and n=3.5*

Additionally, it is important to highlight that lower n (n=1, 2) RPP typically exhibit
strain due to the lack of rotational degrees of freedom of surface octahedra which prevents
strain relaxation.” Our DFT calculations, see Figure 1b and Table S3, show that
(BAosPEA5)>:MAPb2Br; exhibits the smallest strain, compared to pure BA and pure PEA
spacer cations, which is expected to result in reduced formation of defects and enhanced light
emission. Finally, as shown in Figure 1c, smaller e-ph coupling was found for n=2 BA-PEA
mixed RPP, compared to pure BA and PEA, which might contribute to the emission
enhancement and/or improved stability of photoluminescence and electroluminescence. As
shown in Figure S1, e-ph coupling is due to low frequency vibrations of inorganic frame'?
(<200 cm™) and coupled vibrations of organic cations.

Figure 2 shows the absorption and PL spectra and XRD patterns of BA,MA,.
1Pb,Brss1, PEASMA,Pb,Brs,i and (BAosPEAos)MAPDb,Br; thin films prepared from
solutions corresponding to n=2 stoichiometry. In the case of BA-perovskite, high phase purity
of n=2 phase is evident from the absorption spectra as well as a prominent blue emission in
the PL spectra (Figure 2a). Asymmetric line shape does not necessarily indicate the presence
of additional phases since it is commonly observed in n=1 RPPs which only have one phase,
and it occurs due to strong exciton-phonon coupling.””' The formation of pure phase BA films

is also supported by the estimation of formation enthalpy as shown in Figure la. The

6



WILEY-VCH

enthalpies are calculated from the molecular dynamics simulations and therefore, in contrast
to common static T=0 K approaches, room temperature contributions are also included. It can
be observed that both temperature contributions as well as contributions of van der Waals
forces are very significant (Figure 1a, Table S1) thus quite a different stability landscape
would have been obtained if those contributions are marginalised. Additionally, XRD also
confirmed that the only phase present is BA,MAPb,Br; (n=2) (Figure 2d). The structure has
been refined in Ama2 space group exhibiting the periodicity 38.72(3) A along the c-direction.
The value of c parameter is slightly smaller, as expected due to the smaller radii of Br,
compared to its iodine analogue BA,MAPb;I; reported by Stoumpos et al.”

For PEA-based RPP films prepared with solution stoichiometry corresponding to n=2, we
observe a significant presence of the n=1 phase in the absorption spectra together with the
excitonic features corresponding to n=2 and n=3 (Figure 2b). The presence of multiple n
phases is common for PEA,MA,, 1Pb, Xz, " 2> 23 The prominent presence of n=1 phase is
additionally confirmed by XRD. For the full pattern decomposition shown in Figure 2e, the
unit-cell parameters of iodide analogue™*” has been used as a starting structural model. The
refinement showed that that c-parameter of PEA,PbBr, amounts to 17.53(1) A which is
slightly smaller than 17.69 A reported in the case of PEA,PbL,” Although n=1 is dominant
phase, the observed luminescence from PEA-based samples is green, which is attributed to
energy funneling, i.e. the energy transfers to a small amount of the highest n phase. The fact
that PEA sample showed the presence of n=1-3 phases, while the BA exclusively contains
only n=2, is attributed to the negligible differences in the formation enthalpies for n=1, 2 and
3 phases at RT in the case of PEA (Figure 1a). Additionally, both the T-shaped™' and it
stacking arrangements'“!! of PEA molecules within the spacer bilayer have been considered;
computational structural relaxation favours T-shaped arrangement as minimum energy
structure for n=1, while for higher n minimum energy structure contains n-n ordered PEA

molecules (Table S2, Supporting Information). As a consequence, e-ph coupling for n=2 and
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n=3 is 1-order of magnitude larger than the coupling for n=1. This indicates that previously
reported tremendous difference in PLQY for PEA perovskites compared to BA (17% for BA-
based and 79% for PEA-based 2D perovskite)™'*' would only hold for n=1 (excluding any
contributions of energy funneling effect to the emission in films with multiple n phases).

From the absorption spectra of (BAosPEAs5):MAPb,Br; shown in Figure 2c we can observe
that, similar to BA- and opposite from PEA-based samples, we obtain high phase purity
material corresponding exclusively to n=2. This is different from a previous report, where the
addition of up to 60% of iso-propylammonium bromide failed to result in the formation of
phase-pure PEA-based RPP.” Structural features of prepared mixed BA-PEA n=2 perovskite
thin film have additionally been investigated by XRD as shown in Figure 2d and Figure S2.
Figure S2 shows XRD pattern of (BAosPEAys).MAPb,Br; compared to the BA;MAPb,Br;
pattern and to the pattern calculated from published structure PEA,;MAPb,I;.” Ideally, one
should make this comparison by using the pattern PEA,;MAPb,Br; instead of PEA,MAPb,I;,
however in the scope of our work n=2 PEA bromide-based perovskite has not been obtained
(we obtained n=1 as a dominant phase), nor is bromide-based structure known from the
literature. Nevertheless, it is reasonable to assume that PEA-based bromide perovskite would
show only small shifts in line positions compared to iodide analogue. From Figure S2 it is
obvious that mixed compound has indeed formed, since the XRD pattern of mixed perovskite
is different compared to those of its end members (BA- and PEA-based perovskite).
Additionally, significant line broadening can be noticed in XRD pattern of mixed- compared
to single cation- perovskites that likely arose from the competition of the two ammonium
cations to occupy the allocated positions in the perovskite lattice. Full pattern decomposition
(Figure 1f) has been performed by using the structural model as obtained by the DFT. DFT
optimization of cell parameters as well as all atomic coordinates have been performed on the
starting model that is built by considering the unit cell of PEA perovskite in which every

second PEA molecule is substituted by BA molecule. Combined DFT and XRD study
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revealed that new mixed BA-PEA material crystallizes in a triclinic system, space group P1
with lattice parameters a=8.411(3) A, b=8.176(2) A, ¢=21.991(5) A, @=97.37(1)°,
$=100.04(2)° and y=89.28(1)°. Determined c-parameter of (BAosPEAs)MAPb,Br;is similar
to the c-parameter of parent PEA structure (22.76 A for iodine analogue).™ This is expected
if one considers that the assembly of mixed spacer bilayer has to be dominated by the longer
ammonium cation. The presence of both PEA and BA cations has also been confirmed by
NMR measurements, as shown in Figure 1g. The molar ratio of PEA:BA:MA was calculated
to be 1:1:1 which agrees with the stoichiometry of (BAosPEA,s):MAPb,Br; We also
investigated the composition of the films prepared with different ratio of PEA and BA. For
lower PEA content (i.e. 0.25, 0.50), only n=2 excitonic feature in the absorption spectra, as
shown in Figure S3, Supporting Information. With increased PEA content (0.75), we can
observe the appearance of n=1 phase. Those findings indicate that the ratio of two cations
might play a determining role in the stabilization of n=2 mixed perovskite material. While the
incorporation of PEA cations leads to enhanced PL and improved thermal stability of BA-
PEA perovskite compared to pure BA perovskite, once PEA content becomes too large, the
stabilizing effect diminishes thus resulting in the crystallization of multiple n mixture. This
behaviour is likely to be caused by the fact that PEA cation, unlike BA, is often disordered. **'
The concept of having perovskite material containing two different cations in spacer bilayer
can also be demonstrated for n=1 as shown in Figure S4, Supporting Information. In
agreement with calculated formation enthalpies of BA,PbBrs and PEA,PbBr,, that are lower
than the formation energy of (BAosPEAys),PbBrs, we obtained a mixture of all three phases.
Deposition method altering crystallization kinetics and favouring more rapid nucleation, such
as vacuum drying, blow-drying and the use of anti solvent reduce the proportion of BA,PbBr,
and PEA,PbBr, phases, as shown in Figure S5, Supporting Information. Thus, we clearly

show that mixed spacer cations lead to the formation of distinctly different crystal structure.
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Our theoretical calculations also predict superior optical properties due to lower strain
and lower e-ph coupling in mixed cation samples. Experimentally, we indeed obtained higher
luminescence from the (BAosPEAs),MAPb,Br; compared to BA,MAPb,Br; films, while the
films have comparable thickness (174+12 nm and 185+16 nm, respectively). However,
luminescence intensity is also dependent on the native defects in the films, which are affected
by the deposition conditions. Therefore, we performed comprehensive optimization of the
film deposition conditions for (BAosPEA¢s)MAPb,Br; and BA;MAPb,Br; films, including
investigating the factors known to affect crystallization and/or optical quality, such as the
effects of precursor purity, solvents and/or additives used, and the use of anti solvents.!"##304*-
“I'The details are given in Supporting Information, Note 1 and Figures S6-S12.

Figure 3 clearly illustrates advantages of the utilization of n=2 mixed perovskite for
blue-emitting applications over pure n=2 BA material. From the PL spectra of optimized films
shown in Figure 3a we can observe that mixed spacer cation films exhibit higher PL intensity
compared to BA sample. The enhancement of emission is also confirmed by obtained values
of photoluminescence quantum yield (PLQY), 2.80+0.28% for (BAosPEA,s)>MAPb,Br; thin
films and 1.66+0.52% for BA;MAPb,Br; thin films (averages of 5 samples each). To further
characterize the samples, we performed time-resolved photoluminescence (TRPL)
measurements, as shown in Figure S13 and summarized in Table S4. The PL decay curves
can be described with a commonly used bi-exponential decay, and the two samples exhibit

=<

similar average lifetimes *,, From the measured PLQY and determined *~,, we can
estimate radiative recombination rate K. as k.ae=PLQY/ = 4,.'”’ The obtained results of 2.55
-410° s and 5.0 </10° s™" indicate higher radiative recombination in (BA,sPEAs):MAPb,Br;
thin films, despite lower grain sizes compared to BA;MAPb,Br; thin films, as shown in SEM
images of films on ITO substrates in Figure S14a and S14b, Supporting Information.

We also investigated environmental (Figure 3b, 3c and 3f) and thermal stability

(Figure 3d and 3e) since those aspects have significant impact on the device applications. It is
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known that the emission of lead halide perovskites can shift under UV or laser irradiation in
ambient, as documented in mixed halide 3D perovskites,”” perovskite nanoplatelets,*’ and
Ruddlesden-Popper perovskites."? Mixed perovskite films do not show any shifts of emission
peak under 325 nm laser illumination when encapsulated, as shown in Figure 3f, similar as
in the case of BA-compound shown in Figure S15, Supporting information. In ambient
conditions, we observe red shift of the emission peak and the reduction of the emission
intensity over time as shown in Figure 3b and 3c for both BA- and mixed perovskite. That is
consistent with previously reported phenomena of photobleaching and transformation in n=2
MAPbHBr nanoplatelets.*”! The same behavior is also observed in BA,MAPb,Br; single
crystals, as shown in Figure S15, Supporting Information. The transformation phenomenon,
i.e. the appearance of features corresponding to different n values, has been attributed to
humidity.”" Humidity also induces the change of the phase composition over time without
UV illumination."®** Nevertheless, the observed red shift in mixed cation films is smaller and
slower when exposed to UV laser in ambient clearly illustrating the improved environmental
stability compared to pure BA films. In addition to improved ambient stability, mixed cation
films also exhibit enhanced thermal stability, which is important for LED applications due to
Joule heating during operation.” While annealed BA,MAPD,Br; films show additional peaks
in both PL (Figure 3d) and absorption spectra (Figure S16, Supporting information)
corresponding to n=3 (PL) and n=1 (absorption) phases, annealed (BAosPEA,s)>MAPb,Br;
films remain stable at elevated temperatures as evidenced from Figure 3e. Enhanced thermal
stability is also critical for successful fabrication of blue-emitting LEDs since the temperature
rises up to ~70°C during the deposition of Cs,CO; and even up to ~95°C during the deposition
of LiF layers of the electrode. This leads to emission peak shifts, as illustrated in Figure S17,
Supporting Information. Such pronounced red shifts of EL spectra compared to PL spectra, as
observed for BA film, are typically observed in films with inferior ambient and thermal

stability, while mixed spacer cation films can retain blue emission.
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Due to their promising optical properties, we have investigated the application of
optimized (BAosPEAs)MAPb,Br; films to obtain deep-blue LEDs. Device architecture is
shown in Figure S18, Supporting Information, while SEM of the (BA(sPEA,s),MAPb,Br,
and BA,MAPbD,Br; on the hole transport layer (HTL) and I-V curves of hole-only devices are
shown in Figure S14c, S14d and S19, Supporting Information. Both BA-PEA and pure BA
samples exhibit comparable efficiency of the order of 10°% (Figure 4a and 4b) and in both

(21232628] and it can

cases the EQE exhibited a roll-off, which is common in perovskite LEDs,
be attributed to non-radiative defects™”™ and Auger recombination.”® The efficiency could
likely be further improved with optimization of the film morphology on the HTL, since the
films on ITO exhibit lower surface roughness and fewer defects (aggregates, pinholes). It can
be seen that BA,MAPD,Br; devices exhibit a maximum EQE of 0.026% (average value of
0.013+0.009% for five devices). However, due to inherent instability of BA-based films
when exposed to elevated temperature during electrode deposition in LED fabrication, the EL
emission peak has shifted to 468 nm, with corresponding CIE coordinates of (0.132, 0.104).
In contrast, the peak position of mixed BA-PEA device is centered at 456 nm with CIE
coordinates of (0.156, 0.088) which is very close to the NTSC blue standard of (0.14, 0.08).
The mixed cation devices exhibit a very small shift between PL and EL spectra, as shown in
Fig. 4c, but the pure blue emission is obtained in both cases. Furthermore, there is an obvious
peak shift between PL and EL spectra of BA-based devices (Figure 4d), and the emission
shifts from pure blue PL to sky-blue EL. The maximum EQE of (BAosPEA,s5)MAPb,Br7 is to
0.015% (average value of 0.012%=0.001 which is two times higher than previously reported
blue emission LED from the BA-based RPP exhibiting multiple peaks with dominant

emission at ~450 nm, poor spectral stability and the efficiency of 0.0054%"?"

indicating
significant progress towards the achievement of pure blue emission in a quasi-2D RPP emitter

without halogen mixing. Moreover, despite the fact that high spectral stability in blue-

emitting perovskite LEDs has been scarce,”* both of our devices exhibit excellent spectral

12
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stability over time as well as bias voltage, as shown in Figure 4e, 4f for
(BAosPEA5):MAPb,Br; and Figure S19 b and c, Supporting Information for BA,MAPb,Br.
Furthermore, both BA and BA-PEA based devices exhibit exponential decay of emission
intensity, as shown in Figure S20, Supporting Information. The obtained time constants =
and the corresponding Tsy are ™ =47.3 s and T5=70.6 for BA-based device, and = =100.7 s
and Ts=91.4 for BA-PEA based device, illustrating the improved stability of mixed cation
film. The obtained value of Ts, of ~1.5 min is comparable to that typically reported for blue
perovskite LEDs (several minutes, longer Ts, for longer wavelength).”*?® Finally, it should
also be noted that the mixed cation approach is not only applicable to BA-PEA cation
combination, but also to other cations. The generalization of mixed spacer cation approach for
stabilization of n=2 phase is demonstrated for different spacer cation combinations
(benzylammonium (BZA) and BA, 4-fluoro-phenethylammonium (FPEA) and BA), as shown
in Figure S21, Supporting Information.

Thus, we demonstrate the use of two different spacer cations to obtain an RPP with a
mixed bilayer which exhibits distinct advantages over RPP materials with a single spacer
cation, in terms of phase purity, light emission intensity, as well as ambient and thermal
stability. Based on comprehensive DFT calculations including ab-initio molecular dynamics,
we attribute improved properties to more favorable formation enthalpy of n=2 phase, lower
strain and lower e-ph coupling. The approach is applicable to other combinations of spacer
cations, although the optimization of deposition conditions can be needed to enhance phase

purity.
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Figure 1. a) Formation enthalpies for BA;MA,..Pb,Brs,i, PEA;MA,. Pb,Brs.; and
(BAosPEA(5):MA,.Pb,Brs,.1. Full symbols represent enthalpies calculated at RT while the
hollow symbols show enthalpies calculated at 0 K. b) Strain for BA,MAPb,Br,
PEAzMAszBH and (BAO,5PEA0,5)2MAPb2Br7 C) E-Ph COUpliDg for BAzMAszBr7,
PEAzMAszBI‘7 and (BAQ_sPEAo,s)zMAszBI‘z d) structure Of (BAQ,5PEAO,5)2MAPb2BI‘7
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Figure 2. Absorption and PL spectra a) BA;MAPb,Br;, b) PEA;MA,..Pb,Brs,«1 and c)
(BAosPEA5)>MAPb,Br; films prepared with precursor solution of n=2 stoichiometr;. XRD
patterns of d) BAQMAszBF7, E) PEAzMAn_lpanI‘3n+1, and f) (BA0_5PEA0_5)2MAPb2BI'7 films

prepared with precursor solution of n=2 stoichiometry;

g) H-NMR spectrum of

(BAosPEA5)>MAPb,Br; mixed perovskite film dissolved in DMSO-d6. The peaks were
assigned with corresponding atoms.
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Figure 3. a) PL spectra of BA;MAPb,Br; and (BA¢sPEAs5)>MAPb,Br; thin films with
optimized deposition conditions; the inset shows corresponding photos. PL spectra after
different durations of laser exposure in ambient for b) BA,MAPb,Br; and )
(BAosPEA5)>MAPb,Br; films; Corresponding peak colours are indicated. PL spectra of as-
deposited and annealed d) BA,MAPb,Br; and e) (BA¢sPEA5).MAPb,Br7 films; f) PL spectra
of encapsulated (BAysPEA5).MAPb,Br films after different durations of laser exposure.
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Figure 4. a, b) I-V and EQE versus voltage bias for BA,MAPb,Br; and
(BAosPEA,5):MAPb,Br; devices, respectively; c, d)) EL and PL spectra of BA;MAPb,Br;and
(BAosPEA5).MAPb,Br; devices, respectively. The insets show corresponding photos. e) EL
spectra of (BAosPEA(s5)MAPDb,Br; device after different time intervals. f) EL spectra of
(BAosPEA,5):MAPb,Br; device under different voltage bias.
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Ruddlesden-Popper halide perovskite (RPP) materials are promising candidates for light
emitting devices with tunable emission wavelength. However, pure blue emission n=2 RPP
films are unstable for LED applications. The stabilization of n=2 phase is demonstrated by
employing two spacer cations to form a mixed cation bilayer structure. Pure blue LEDs are
achieved with excellent spectral stability.
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