RESEARCH ARTICLE

W) Check for updates

FUNCTIONAL

www.afm-journal.de

The Role of the Organic Cation in Developing Efficient
Green Perovskite LEDs Based on Quasi-2D Perovskite

Heterostructures

Alexandra J. Ramadan,* Woo Hyeon Jeong, Robert D. J. Oliver, Junke Jiang,
Akash Dasgupta, Zhongcheng Yuan, Joel Smith, Jae Eun Lee, Silvia G. Motti,
Olivia Gough, Zhenlong Li, Laura M. Herz, Michael B. Johnston, Hyosung Choi,
Jacky Even, Claudine Katan, Bo Ram Lee,* and Henry J. Snaith*

Two dimensional/three-dimensional (2D/3D) metal halide perovskite
heterostructures have attracted great interest in photovoltaic and
light-emitting diode (LEDs) applications. In both, their implementation
results in an improvement in device efficiency yet the understanding

of these heterostructures remains incomplete. In this work the role of organic
cations, essential for the formation of 2D perovskite structures is unraveled,
in a range of metal halide perovskite heterostructures. These heterostructures
are used to fabricate efficient green perovskite LEDs and a strong dependence
between cation content and device performance is shown. The crystal
structure, charge-carrier transport and dynamics, and the electronic structure
of these heterostructures are studied and it is shown that the presence

of crystalline 2D perovskite inhibits electron injection and ultimately lowers
device performance. This work highlights the importance of optimizing the
composition of these heterostructures in ensuring optimal device performance
across all parameters and suggests that developing routes to inject charge-
carriers directly into 2D perovskite structures will be important in ensuring the
continued development of perovskite LEDs based on these heterostructures.

1. Introduction

Metal halide perovskite light-emitting
diodes (PeLEDs) are set to be a highly
exciting new technology due to their
highly efficient!!! tunable narrow emission
spectra,?l and their compatibility with
low-cost fabrication processes.’] Since
initial reports,!*’] vast increases in effi-
ciency, stability,!’! and a broad range of
feasible colors have been reported.[®11]
Considerable research interest has been
directed to optimizing the formation of
the perovskite emitter, to enhance the
performance of corresponding PeLEDs.
Within the broad category of thin film
perovskite emitters two-dimensional/three-
dimensional (2D/3D) heterostructures,
hereafter referred to as quasi-2D, have
been proven as a promising approach for
developing highly efficient PeLEDs.[12716] In

this approach, large organic cations known
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to form layered, or 2D perovskite structures (such as
Ruddlesden—Popper structures) are mixed with precursors
based on smaller cations known to induce a 3D perovskite (e.g.
CsPDbBr;) and so a mixture of 2D and 3D structures are spon-
taneously formed in the fabrication of the perovskite emitting
layer.l'18] This approach typically results in PeLEDs with a high
external quantum efficiency of electroluminescence (EQEy, ), the
figure of merit by which we judge the performance of PeLEDs.
This approach has been demonstrated to produce high efficiency
PeLEDs across all colors with impressive EQE, values reported
for blue (>13%),[01922] green (>28%),7?} and red (>25%)24%°]
and near infra-red (>23%)26%7] emission. Despite the impres-
sive efficiencies achieved, device operational lifetime remains
a key issue and the demonstrated half-life of state-of-the-art
PeLEDs remains starkly lower than that of organic LEDs.[228]
The potential sources of these instabilities are numerous rang-
ing from inherent materials instabilities to the influence of
device operation (e.g., ion migration, joule heating, etc.).[2*-31]
In the case of the perovskite emitting layer itself, it has been
demonstrated that the quasi-2D heterostructures themselves can
be catastrophic for operational PeLED stability.*?] If we are to try
to overcome the instabilities of these quasi-2D heterostructures
and greatly enhance their PeLED device operational stability, it is
critical that we develop a comprehensive understanding of these
structures, their energetic landscape, and the charge-carrier
dynamics within/across them. Indeed, the recent demonstration
of exceptional perovskite photovoltaic device stability through
the implementation of these heterostructures is incredibly
encouraging and suggests that these instabilities are not an
inherent feature of these interfaces.[3334

In this work, we comprehensively investigate the role of or-
ganic cations within a quasi-2D perovskite emitting layer. We
study the structure, charge-carrier dynamics, and energetic align-
ment of these heterostructures and directly correlate these prop-
erties to the performance of corresponding PeLEDs. We find that
the addition of the organic cation increases PeLED performance
up to a critical point. We uncover that the improved performance
is largely due to a quantum confinement effect increasing the
effective charge-carrier density in the 3D perovskite regions, so
radiative recombination outcompetes non-radiative recombina-
tion pathways. After a critical point, when higher amounts of
organic cation are introduced, the PeLED performance deterio-
rates rapidly which coincides with crystalline 2D perovskite be-
ing detectable with X-ray scattering measurements. From pho-
toelectron spectroscopy and unipolar current injection measure-
ments, we discover that the 2D perovskite introduces substantial
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electron-injection barriers in the perovskite material which ex-
plains the dramatic reduction in PeLED performance with high
concentrations of 2D cations. Our work demonstrates that re-
searchers need to suppress the formation of crystalline 2D per-
ovskite and overcome electron-injection barriers to enhance the
performance of quasi-2D PeLED devices.

2. Results and Discussion

To correlate significant changes in the properties of the per-
ovskite with the influence of the organic cation, a range of dif-
ferent perovskite compositions were prepared with CsPbBr; em-
ployed as the 3D perovskite and the organic cation butylam-
monium bromide (BABr) to induce 2D perovskite formation.
The resulting perovskite systems are discussed throughout with
the general formula (BABr),(CsPbBr;),_, where the values of
x were determined from the precursor molarities. Full precur-
sor masses can be found in Table S1 (Supporting Informa-
tion). The (BABr),(CsPbBr;),_, perovskite layers investigated in
this work were fabricated through a spin-coating process and
the post-deposition annealing process was based on the encap-
sulation growth method detailed in the work by Liu and co-
workers.[12] Full details of the fabrication process can be found
in the experimental methods. Figure 1 and Figures S1 and S2
(Supporting Information) show the performance of characteris-
tic LEDs based on the (BABr),(CsPbBr;),_, emitting layers. A
cross-section scanning electron microscopy image of the device
architecture employed in this work is shown in Figure la and
is as follows: ITO/poly(3,4-ethylenedioxythiophene) polystyrene
sulfonate (25 nm), (PEDOT: PSS)/polyvinylcarbazole (PVK)
(15 nm)/perovskite (40 nm)/(1,3,5-benzinetriyl)-tris(1-phenyl-1-
H-benzimadizole (TPBi) (40 nm)/LiF (1 nm)/Al (70 nm).

The electroluminescence (EL) spectra are presented in
Figure 1b. As the organic cation content is increased, the EL
peak position is blue shifted, as has been previously reported.l*?]
Across the compositional range the emission shifts from 518 nm
(x = 0.17) to 495 nm (x = 0.58). In each condition, the full width
at half maximum (FWHM) of the EL spectra is narrow (<30 nm,
see Table 1), indicating good color purity of the PeLEDs. Figure 1c
shows the EQEy; as a function of the injected current density.
A gradual increase in the peak EQEy, is observed with higher
amounts of organic cation. We achieved a maximum EQEy, of
16.5% when 50% of BABr is incorporated in the perovskite emit-
ters (detailed device parameters can be found in Table 1). How-
ever, a critical point in the perovskite composition emerges af-
ter which additional incorporation of BABr into the perovskite
emitter begins to negatively impact the device performance (x
>0.5). Figure 1d shows the voltage dependence of the current
density and luminance (J-V-L) curves of representative devices
for each (BABr), (CsPbBr;),_, composition. With increasing or-
ganic cation content, a reduction in the current density is ob-
served which is broadly concomitant with a reduction in the lu-
minance of the LEDs.

To understand the significant loss in device performance ob-
served for the highest BABr content, thin films of the perovskite
emissive layers were fabricated onto glass substrates and we in-
vestigated the inherent structural and morphological properties
of the perovskite.
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Figure 1. a) Cross-sectional scanning electron microscopy image showing the architecture of light emitting diodes based on (BABr), (CsPbBr;);_, and the
corresponding b) electroluminescence spectra c) external quantum efficiencies with respect to current density and d) current density-voltage-luminance

characteristics.

Across the compositional range explored in this work, three
distinct structural regimes can be observed. Figure 2 shows graz-
ing incidence wide-angle X-ray scattering (GIWAXS) 2D diffrac-
tion patterns demonstrating these regimes, patterns for other
compositions can be found in Figure S3 (Supporting Informa-
tion). At the lower organic cation compositions (x = 0.17-0.42),
the structure observed matches the 3D CsPbBr; crystal struc-
ture as shown in Figure 2a where we take the x = 0.17 ma-
terial as a representative case. At the optimal composition for
maximizing PeLED EQE, (where x = 0.5) we find evidence of
a mixed-phase film with both the CsPbBr; phase and an addi-
tional weak scattering ring at Q ~ 0.93 A~! (26 = 13.2°) shown
in Figure 2b. Previous similar compositional series have not ob-
served this reflection.'*3*) and whilst Cs,PbBr has previously
been noted as a secondary phase in similar materials, reflections
would be expected at 260 = 12.6 and 12.9° so the origin of this peak
is unclear.(%¢]

Finally, the composition with the highest organic cation com-
ponent (x = 0.58) has the most starkly different structure from

that of the other systems investigated in this work (Figure 2c).
Here the dominant scattering is from the n = 2 BA,CsPb,Br,
Ruddlesden—Popper phase, together with a few broad contribu-
tions, and a shoulder at 13.2° which is most likely from the same
origin as in x = 0.5 (a comparison is given in Figure 2d). The n =
2 structure is essentially horizontally oriented, with an in-plane
disorder of its lattice.

The morphology of these (BABr),(CsPbBr;),_, thin films was
investigated using atomic force microscopy (AFM) (FigureSS5,
Supporting Information). There is a clear change in morphol-
ogy of the thin films with increasing organic cation content,
which follows a similar trend to the structural changes shown
in Figure 2. For thin films of materials with x = 0.17 and 0.31, a
uniform morphology composed of small grains is observed. For
thin films with x = 0.42 and 0.5, similar morphologies are ob-
served with several larger grains surrounded by very small, uni-
form grains. Despite the appearance of these larger grains, the
root mean squared roughness of these films remains low (R, =

q
3.38 nm (x = 0.42) and 3.98 nm (x = 0.5)). In these films, the

Table 1. Summary of representative device performance for (BABr), (CsPbBr;),_, light emitting diodes.

Perovskite composition Max EQEg, Max luminance [cd ) @ max EQEg [mA Turn-on Voltage [V] @ EL peak @ max FWHM of EL
[%] @ bias m~2] @ bias cm™?] @ bias 0.lcd m~2 EQEg [nm] peak [nm]
(BABI) g1 (CSPbBI3) 053 2.20@4.6 5396@5.2 46.41@4.6 3.0 518 20.7
(BABI) 31 (CSPbBIs) 00 6.77@3.6 5270@5.0 6.35@3.6 3.0 515 21.7
(BABr)g 4, (CsPbBr3) g s 1291@3.0 3720@4.8 0.04@3.0 3.0 513 21.9
(BABr)g 5 (CsPbBr,) s 16.46@3.0 1685@5.4 0.01@3.0 3.0 507 23.7
(BABI) 55 (CSPBBI3) 047 419@3.2 58@5.6 0.03@3.2 3.0 495 289
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Figure 2. Grazing incidence wide angle X-ray scattering patterns (GIWAXS) of BABr-containing CsPbBr; films. 2D GIWAXS patterns from a)
(BABI).17(CsPbBr3)g g3, b) (BABr)g5(CsPbBr3)os and ) (BABr)q 55 (CsPbBrs)g 4, films (remaining compositions are shown in Figure S3, Supporting
Information). The Debye-Scherrer ring at Q ~ 0.4 A" and broad ring at Q ~1.3 A”! are backgrounds from a polyimide window and epoxy substrate.
d) 1D azimuthally integrated profiles of the 2D data for all compositions illustrating CsPbBr; in all cases, with additional peaks for the two highest
concentrations and significant scattering intensity from BA,CsPb,Br; for the x = 0.58 composition. Additional 2D GIWAXS images prior to background

subtraction are given in Figure S4 (Supporting Information).

majority of grains are uniform and smooth which results in the
outliers appearing large; the low roughness values highlight that
these large grains are not significant to film roughness. Another
third morphological regime is observed for the composition with
the highest organic cation content (x = 0.58). Here the thin film
is composed of small (<100 nm) grains without any stark differ-
ences across the film surface. This change in morphology coin-
cides with the changing structure, and deterioration of PeLED
performance, for this composition (BABr),se(CsPbBr;),4,. Al-
though significant, this change in morphology is unlikely to
explain the trend in PeLED performance, thus we proceed to
study the photophysical properties of the (BABr),(CsPbBr;),_,
thin films.

Figure 3a shows absorbance and photoluminescence
(PL) spectra for representative films of all compositions of
(BABr),(CsPbBr;),_,. Figures S6 and S7 (Supporting Infor-
mation) show these plots independently for clarity. In both
measurements, we observe a blue-shifting of the absorption
onset and PL peak with increasing organic cation content.
This correlates with the observed blue shift in the electrolu-
minescence spectra of the PeLEDs. This blue-shifting of the

Adv. Funct. Mater. 2024, 34, 2309653 2309653 (4 of 9)

absorption is concomitant with the absorption onset becoming
shallower, indicative of increased electronic disorder. Taken
together with the GIWAXS measurements in Figure 2 there is
strong evidence that an increase in cation content results in an
increase in both the structural and electronic disorder present
within the thin films. The blue-shifting of the absorption onset
and emission peak position suggest the presence of quantum
confinement resulting from a reduction in the grain sizes within
the film with increasing organic cation content. Clear evidence
of absorption and emission from 2D perovskite structures is
observed in (BABr),(CsPbBr;),_, thin films with x = 0.5 and
0.58 with peaks corresponding to the n = 2 (BA,CsPb,Br,)
and n = 3 (BA,Cs,Pb;Br,,) compositions.’’l The GIWAXS
data (Figure 2) only shows clear evidence for the presence of
2D perovskite structures in the x = 0.58 composition, where
the n = 2 (BA,CsPb,Br,) structure is observed. The lack of
corresponding evidence for the n = 3 (BA,Cs,Pb;Br,) structure
in the diffraction patterns for both x = 0.5 and x = 0.58, and n
= 2 for x = 0.5, suggests that these structures are most likely
present in very small domains which are not large enough to be
detected by the diffraction measurements.*®! The blue-shifting

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 3. a) Absorbance (Abs) and photoluminescence (PL) spectra and b) electroluminescence (EL) and photoluminescence spectra, excited at 400 nm
¢) intensity-dependent photoluminescence quantum yield (PLQY) measurements, excited at 450 nm, and d) time-correlated single photon counting

(TCSPC) measurements, excited at 400 nm (repetition rate 500 kHz) with a laser fluence of 100 njcm™

deposited on glass.

of the absorbance, photoluminescence, and electrolumines-
cence spectra coupled with the thin film morphologies shown
in the AFM images offer further evidence for very small grain
sizes within the thin films, on the order of 10s of nanometers.
The PL spectrum for thin films of (BABI),s5(CsPbBr;), 4, is
broad, consisting of contributions from both a blue-shifted 3D
CsPbBr; structure and the aforementioned 2D structures.!*]
Whilst photoluminescence provides valuable insights into the
charge-carrier properties of metal halide perovskite material.
It is important to note that there is a significant difference in
the processes occurring within a thin film under illumination
compared to when it is being used as an emitting layer within an
LED. In photoluminescence measurements, electron-hole pairs
are generated within the bulk of the material and near each other
spatially. Conversely, in electroluminescence measurements,
electrons and holes are injected separately at opposite sides of
the emissive layer. Therefore, it is important to compare the
insights from each technique to gain a holistic understanding of
the material’s photophysical properties. Figure 3b compares the
EL and PL spectra for all compositions. With the exception of
(BABT) 54(CsPbBz3), 4, the PL and EL character of all perovskite
compositions are in close agreement with a very slight blue
shifting of the EL relative to the PL, indicative of similar radiative
recombination process under illumination or charge injection.
The PL emission ranges from 517 nm (x = 0.17) to 495 nm (x =
0.58) matching the PeLED characteristics described earlier. The
EL of (BABTr),s3(CsPbBr3), 4, is strikingly different from its PL

Adv. Funct. Mater. 2024, 34, 2309653 2309653 (5 0f9)

2 of representative thin films of (BABr), (CsPbBr;);_

spectrum. Predominantly, the PeLED emission from this system
appears to come from small 3D perovskite domains undetected
in diffraction measurements, however there is a slight shoulder
to the emission peak around 470 nm correlating to emission
from BA,Cs,Pb;Br,, (n = 3). Conversely, the PL emission is
broad, comprised of contributions from the n = 2, n = 3 and
3D perovskite which indicates that the emission pathways are
substantially different for the (BABr),s3(CsPbBr;), 4, perovskite
under illumination. This disparity between the PL and EL
spectra indicates that the steady-state combined electron and
hole density within the 2D phases following electronic charge
injection is very low. To investigate the distribution of the 2D
and 3D perovskite structures photoluminescence spectroscopy
measurements were performed with the perovskite thin films
excited from both the front and back side of the samples
(Figure S8, Supporting Information). In compositions where
there is clear evidence of 2D perovskite structures (x = 0.5 and
0.58) we observe little difference between the PL spectra when
excited from the front (film) or back (substrate) side of the thin
films. Conversely, for the x = 0.17 composition the PL signal
when excited from the front side is blue-shifted relative to the
backside. This suggests a lack of uniformity in the perovskite
thin film structure resulting in a marginally wider bandgap
material at the top perovskite surface compared to the perovskite
thin film at the substrate interface.

To quantify the radiative efficiency of the perovskite compo-
sitions and to further understand the influence of the organic

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

95UB017 SUOWIWIOD 8A 118810 3|t [dde ay) Aq peuenob ae ool VO ‘85N JO Sa|n. 10y AfeidTaUIIUQ AB]IM UO (SUONIPUOD-pUe-SWe)LI00"AB| IM Afe.d | jpuluoy/:sdny) SUORIPUOD pue swie 1 8y} 88S *[202/70/80] Uo AriqiTauluo A (Im ‘Ariqi Aisieniun BuedueH Aq £59605202 W JPe/Z00T OT/I0p/LL0o" 8] im Afe.d 1 jpul|uoy/sdny Wwolj pepeojumod ‘T ‘vZ0Z ‘820£9T9T


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

ADVANCED
SCIENCE NEWS

FUNCTIONAL

www.advancedsciencenews.com

cation on the charge-carrier dynamics, intensity-dependent pho-
toluminescence quantum yield (PLQY) and time-resolved photo-
luminescence measurements were carried out.

Figure 3c shows the intensity-dependent PLQY measurements
of thin films of (BABr), (CsPbBr;),_, on glass. All compositions,
except for x = 0.17, show high PLQY values (>20%) across a wide
range of intensities with only a small variation in the absolute
PLQY value. The PLQY follows a similar trend to the EQE; of
the PeLEDs with some slight differences. As the organic cation
content increases up to x = 0.5 so does the PLQY, with the highest
measured PLQY (45.1%) corresponding to the composition with
the highest EQEy; (x = 0.5). Once this critical point has been
reached, additional organic cation content within the perovskite
has a detrimental impact on the PLQY suggesting that past this
compositional point the organic cation is starting to negatively
impact the radiative efficiency of the perovskite thin films, con-
sistent with the reduction in PeLED performance. A small vari-
ation in the absolute PLQY value across a broad range of inten-
sities is generally indicative of charge-carrier recombination in
the bimolecular regime (Figure S9, Supporting Information).*!
However, as will be discussed in more detail, we believe that the
charge-carrier recombination studied in this work is excitonic in
nature.

Figure 3d shows the transient PL decays, measured using
time-correlated single photon counting (TCSPC), at a laser flu-
ence of 100 nJem~. Additional fluences and excitation wave-
lengths are shown in Figures S10 and S11 (Supporting Informa-
tion) respectively. The transients were fit with stretched exponen-
tials, full details are provided in the Supporting Information.*!]
The PL transients, irrespective of fluence or wavelength, are com-
posed of two distinct components: an initial fast decay at early
times with a long decay tail. The radiative recombination rate for
free carriers is expected to scale as a product of injected electron
(n) and hole (p) number density, assuming equal photogenera-
tion of electrons and holes, hence should increase as n? with in-
creasing fluence. In contrast, radiative recombination of excitons
is a “monomolecular” process, and the rate simply scales with ab-
sorbed photon density. The consequence in transient PL decays is
that free-carrier recombination is expected to result in an increas-
ing decay rate with increasing fluence, whereas exciton recombi-
nation should result in a decay rate insensitive to fluence, until
very high fluence when exciton/exciton or exciton/free-carrier in-
teractions start to become significant. We note that the rate of ex-
citon formation from free carriers would be fluence dependent,
however this process occurs on timescales that are too fast to be
resolved in our experiment. For our material here, the fast de-
cay component is approximately constant for all fluences. This
observation in conjunction with the intensity-dependent PLQY
studies, wherein no change in PLQY signal was observed with
increasing excitation intensity (and therefore an increase in ex-
cited charge-carrier density), suggests that this early decay is re-
lated to the rapid recombination of excitons in the 3D perovskite
structure. The long decay tail is most likely due to residual free
carriers which, unlike excitons, need to travel through the per-
ovskite to encounter their counterpart to recombine radiatively.
The long decay tail has a shallow gradient and is fluence de-
pendent as shown in Figures S10 and S11 (Supporting Informa-
tion). This is denotative of slow non-radiative recombination and
therefore long lifetimes for free charge carriers. Broadly this, in
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conjunction with the high PLQY values, indicates that the per-
ovskite thin films are of a high quality, with a low trap density.
Additionally, as the organic cation composition increases, the ini-
tial decay becomes faster, suggesting that a greater proportion
of photogenerated carriers are bound excitons or rapidly relax
into bound excitons. This suggests that as we add more organic
cations, which result in 2D structure formation, the domains of
the 3D perovskite get smaller resulting in quantum confinement
and therefore higher exciton binding energies in the 3D per-
ovskite structures. This was also consistent with the blue-shifted
PL seen in Figure 3a. To differentiate between the contributions
of the 2D and 3D perovskite structures to the charge-carrier dy-
namics, we repeated these measurements using a 470 nm laser
excitation with a similar fluence (Figure S11, Supporting Infor-
mation). This excitation wavelength was chosen as it is unable to
excite the n = 2 and n = 3 2D perovskite structures. For all com-
positions where x > 0.17 there is no change in the PL transients
compared to those measured with a 400 nm excitation suggest-
ing that the 2D structures are either not absorbing a significant
fraction of the light, or any excitons formed in the 2D domains
rapidly energy transfer to the 3D domains where they relax into
the excitonic states of the 3D phase.

Transient absorption spectroscopy (TAS) was conducted on
three compositions of the (BABr),(CsPbBr;),_, quasi-2D het-
erostructure films to investigate the influence of the organic
cation (BABr) on the charge-carrier dynamics occurring in these
materials. Figures S12—S14 (Supporting Information) show the
2D maps of TA transients as a function of delay and wavelength.
When the organic cation component x was 0.17, the ground state
bleach (GSB) was centered at 510 nm, suggesting that this GSB
signature is mainly dominated by the 3D phase. As x was in-
creased to 0.5, a notable blue shift of the GSB to 500 nm was
observed, suggesting that the more quantum confined 2D/3D
phase had been formed. When x was further increased to 0.58,
a broader GSB centered at 510 nm was observed. This implies
the coexistence of a range of 2D and 3D phases, consistent with
the photoluminescence and absorption measurements. Experi-
mental limitations did not allow us to monitor the photobleached
associated with the wider bandgap phases in the UV region, how-
ever, the dynamics of the 3D phase provides a good indication of
transfer mechanisms. To investigate the charge transfer process
from 2D to 3D phases, we fitted TA transients for each compo-
sition at the wavelength of 510 nm with a stretched exponential
function, i.e. using the function

AL Al (1)

where A is the amplitude, 7 is the lifetime, g is the stretched ex-
ponent and ¢ is the delay.

As apparent from the fits in Figures S15-S17 (Supporting In-
formation), and the extracted fitting parameters listed in Table
S2 (Supporting Information), when x was increased from 0.17 to
0.5, the lifetime (7r) increased from 132 + 2 ps to 162 + 8 ps.
This substantial increase in = can be attributed to the charge-
carrier transfer from the n = 2 and n = 3 2D phases to the 3D
phase as such charge-carrier feeding results in an apparent de-
lay in the decay of charge-carrier density in the 3D phase.[*? The
slight increase in 7 between x = 0.5 and x = 0.58 suggests that an
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Figure 4. a) 2D/3D heterostructure model composed of CsPbBr; interfaced with BA,CsPb,Br; (see Supporting Information for details) b) Ultraviolet
photoelectron spectroscopy (UPS) measurements of thin films of model systems CsPbBr; and BA,CsPb,Br; on ITO glass with and without the 18-
crown-6 additive used in this work. c) representative energy level diagrams of 2D/3D heterostructure interface constructed using the valence band
positions extracted using linear fitting of the UPS and measured optical bandgaps from absorbance measurements and d) unipolar charge carrier

injection measurements for BABrg 5 (CsPbBr3) 5.

analogous charge-carrier transfer mechanism from the 2D phase
to the 3D phase is responsible for the prolonged r within the 3D
phase. We highlight that the timescale probed by our experiment
is not affected by differences in the first-order defect-assisted re-
combination, which can vary from sample to sample because of
fluctuations in crystallinity and defect density.

The role of the organic cation must extend beyond inducing
quantum confinement since confinement alone could not ex-
plain the trend in PeLED performance observed. The negative
impact of high levels of organic cation in terms of device per-
formance is significant whereas the photoluminescence mea-
surements do not suggest a large detrimental change in charge-
carrier dynamics and recombination when we add the highest
content of 2D forming cations.

To study the influence of cation content on the inherent en-
ergy level alignment of the composite thin films, ultraviolet pho-
toelectron spectroscopy (UPS) measurements were carried out
on thin films of the perovskite on ITO glass. The data and fits
used to extract the valence band energy and work function are
shown in Figures S18-S20 and Tables S3 and S4 (Supporting In-
formation). Where the presence of the n = 2 (BA,CsPb,Br,) and
n = 3 (BA,Cs,Pb,Br,,) structures has been observed for a spe-
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cific composition, there is a resulting deepening of the measured
valence band energy. This is perhaps unsurprising since the n
= 2 (BA,CsPb,Br,) and n = 3 (BA,Cs,Pb;Br;,) structures have
been previously reported as possessing wide bandgaps 2.97 eV
(n=2) and 2.77 eV (n = 3).’”) The complex nature of these het-
erostructures makes it difficult to deconvolute the influence of
the various compositions on the electronic structure of the per-
ovskite emitter. We, therefore, investigated thin films of CsPbBr;,
BA,PbBr, and BA,CsPb,Br, as model systems, to develop an
understanding of the energetic landscape within the perovskite
emitting layer in the PeLEDs. We investigated these systems with
and without the 18-crown-6 used in the perovskite fabrication in
this work, to facilitate comparison to literature reports, and using
both the linear and logarithmic fitting methods seen in Figure 4b
and Figures S21-S23 (Supporting Information). Our measured
valence band maxima and bandgap for CsPbBr, align with those
reported in the literature.[*>*4] Conversely, our measured valence
band maxima for BA,PbBr, (Figure S22 and Table S4, Support-
ing Information) are significantly different from those reported
by Silver and co-workers however our thin films are fabricated
significantly differently and we believe that this accounts for
these differences.*’] Absorbance and photoluminescence spectra

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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corresponding to these model systems can be found in Figures
S24-S25 (Supporting Information). We observe small offsets be-
tween the measured valence band positions of CsPbBr; and
thBA,CsPb,Br, 2D structure Figure 4c. Due to the significant dif-
ference in bandgap between the 2D and the 3D perovskite struc-
tures, the close alignment of the valence band positions suggests
that the majority of the energy level misalignment is occurring
between the conduction bands of the CsPbBr; and the 2D per-
ovskite structure. Such a situation presents a barrier to electron
transport across a 2D/3D heterostructure as we illustrate in the
energy level schematic shown in Figure 4c. Indeed, from a DFT
calculation performed on the 2D/3D heterostructure model rep-
resented in Figure 4c (see Supporting Information for details),
we found a small energy difference of 0.1-0.2 eV between the
valence band electronic states in the 2D (n = 2) and 3D regions
(Figure S26, Supporting Information). Interestingly, this differ-
ence increases when separated 2D (n = 2) and 3D slabs are con-
sidered in the simulation (Figure S27, Supporting Information).
We attribute this to surface dipole compensation at the interface
between the two regions of the 2D/3D heterostructures, an ef-
fect already observed in the simulation of iodine-based 2D/3D
heterostructures.*®!

To confirm the above band alignments and examine po-
tential barriers to charge injection and transport within our
various perovskite emitter compositions we fabricated unipo-
lar diodes and performed unipolar current injection measure-
ments. Devices with the following architectures were fabri-
cated for the respective charge-carrier types: electron-only de-
vices (ITO/ZnMgO nanoparticles/perovskite/TPBi/LiF/Al) and
hole only devices (ITO/PEDOT:PSS/PVK/perovskite/MoO, /Ag).
Figure 4d shows representative characteristics of electron and
hole-only devices incorporating the best performing composition
(x=0.5). Devices related to additional compositions can be found
in Supplementary Figure S28 (Supporting Information). For the
electron-only devices, we observe a current density at least one
order of magnitude lower than that observed in the correspond-
ing hole-only devices. This suggests that the injection of electrons
into this perovskite is particularly challenging and may be indica-
tive of a higher density of electron traps compared to hole traps in
the perovskite or at the interfaces. These unipolar charge injec-
tion measurements confirm a significant barrier to electron injec-
tion and/or transport as suggested by the UPS measurements.

It is clear from our results that there is a strong correlation
between the formation of regions of crystalline 2D perovskite
and a reduction in PeLED device performance. Ultraviolet photo-
electron spectroscopy measurements and single carrier devices
present strong evidence that the observed 2D structures dis-
persed throughout the perovskite films result in a significant
barrier to electron injection. The performance of corresponding
PeLEDs supports this notion, with a reduction in current density
and an increase in required turn-on voltage observed with these
2D structures. This together suggests that crystalline 2D regions
present a significant barrier to charge injection.

3. Conclusion

In this work, we have studied the effect of increased 2D perovskite
components in quasi-2D perovskite light-emitting diodes. Us-
ing AFM and X-ray scattering techniques, we identified that the
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2D component results in a reduction in grain-size which corre-
sponds to a concomitance blue-shift in the PL peak position. The
dramatic reduction in performance from the highest 2D com-
ponent (BABr), s (CsPbBr;), 4, can be explained by a small drop
in PLQY and a substantial electron injection/transport barrier,
confirmed by photoelectron spectroscopy, induced by crystalline
Ruddlesden—Popper phases which first appear at this composi-
tion. To increase the performance of quasi-2D PeLEDs further,
the field must suppress the formation of crystalline 2D perovskite
within the emitter layer whilst promoting the growth of struc-
tures that passivate traps. Furthermore, improving the electron
injection contact, to enable direct injection into the 2D structures,
is likely to be an important area of future research.

Supporting Information

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