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ABSTRACT: Metal halide perovskites with quasi-2D crystal structures have
shown excellent electroluminescent properties due to the inherently confined
charge diffusion and efficient radiative recombination. But quasi-2D
perovskite films can exhibit complex phase characteristics that need to be
tailored for achieving high-performance light-emitting diodes (LEDs). Here,
we report a unique quasi-2D perovskite thin film structure featuring a 3D
perovskite bottom sublayer underneath a mixed 2D—3D perovskite
composite upper sublayer, as imaged by low-dose scanning transmission
electron microscopy. We demonstrate that the incorporation of a potassium
bromide additive can trigger the self-assembly of multiphase perovskite
grains toward this bilayer microstructure, probably due to its ability to create
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heterogeneous nucleation templates for the crystallization of 3D perovskite grains on the precursor—substrate bottom interface. The
external quantum efficiency of quasi-2D perovskite LEDs is significantly improved by this bilayer film microstructure. By probing the
carrier dynamics using transient absorption spectroscopy, we attribute the LED performance enhancement to the accelerated carrier
transfer and recombination across the bilayer film microstructure.

In the recent years, perovskite-based LEDs (PeLEDs) have
attracted enormous research interest and the field has
witnessed their rapid development along with the progress in
understanding their composition and microstructures.' ® The
highest external quantum efficiency (EQE) of PeLEDs has now
reached 28%.” Conventional 3D perovskites have been used in
the early stage of PeLEDs, but the performance has been
relatively limited. In this regard, quasi-2D perovskites have
attracted more attention and possess the advantages of
shortened charge diffusion lengths and higher exciton binding
energies.”'’ In particular, quasi-2D perovskites are inherently
formed with mixed 2D and 3D (perovskite layer number n =
o0) phases of various layer numbers (n) when processed into
thin films. The charge funneling from 2D phases to the 3D
phase can compete with the trap filling, which is of vital
importance for suppressing nonradiative recombination and
improving electroluminescence (EL) efficiencies.' "> Never-
theless, the solution growth of different quasi-2D perovskite
phases is relatively complex, frequently leading to unfavored
microstructures that strongly influence the charge-carrier
dynamics.>~"® Therefore, there is a need for the rational
design of quasi-2D perovskite film microstructures via tailored
synthesis.

In general, the following principles may be followed for
designing high-performance quasi-2D PeLEDs: (i) lower-n 2D
phases should be suppressed because their low conductivities
hinder the charge injection and charge funneling to the 3D
phase; (ii) lower-n 2D phases should form intimate contact
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interfaces with 3D or higher-n 2D phases to favor the charge
transfer. (iii) The emission centers, which are primarily based
on 3D phases,”'” should locate closer to the hole injection
layer (HIL) in a p-i-n PeLED device, as the potential barrier of
hole injection is usually larger than that of the electron
injection.” While there are some studies addressing the first
two,' >’ the third design principle has been rarely considered.
In this work, we introduce potassium bromide (KBr) as a
solution-processing additive for the attainment of our quasi-2D
perovskite film goal. Note that we have chosen a typical quasi-
2D perovskite precursor composition of
PEA,(FA;9Csg1),Pb;Bry, for the proof-of-concept demonstra-
tion. We consider two possible beneficial factors related to KBr
additive for the film synthesis. First, KBr exhibits a 3D cubic
crystal symmetry with a lattice parameter of around 0.6 nm,
which is close to that of the 3D cubic FA-Cs tribromide
perovskite phase (FAgoCsy PbBr;). During the solution
crystallization, some KBr phases possibly precipitate first at
the precursor—substrate bottom interface. They serve as
nucleation templates for the sequential growth of larger 3D

Received: July 31, 2022 i
Revised:  November 2, 2022 -
Published: November 15, 2022

https://doi.org/10.1021/acs.chemmater.2c02340
Chem. Mater. 2022, 34, 10435—10442


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tanghao+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Qi+Wei"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Songhua+Cai"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bingchen+He"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhenhuang+Su"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhipeng+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yalan+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hua+Zhou"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hua+Zhou"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gang+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yulan+Huang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jiahao+Ren"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yuanyuan+Zhou"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Guichuan+Xing"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.chemmater.2c02340&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c02340?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c02340?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c02340?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c02340?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c02340?fig=abs1&ref=pdf
https://pubs.acs.org/toc/cmatex/34/23?ref=pdf
https://pubs.acs.org/toc/cmatex/34/23?ref=pdf
https://pubs.acs.org/toc/cmatex/34/23?ref=pdf
https://pubs.acs.org/toc/cmatex/34/23?ref=pdf
pubs.acs.org/cm?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.chemmater.2c02340?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/cm?ref=pdf
https://pubs.acs.org/cm?ref=pdf
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://acsopenscience.org/open-access/licensing-options/

Chemistry of Materials

pubs.acs.org/cm

@ Al

EIL QO 0 O O

(e) (f)
1.0 n= —— w/o KBr

08 ——w/ KBr »;
2 s
© 0.6

£ z
2 g
< S

-

400 450 500 550 0 12

Wavelength (nm)

1416
26 (9)

15 10 -5 0 5
g, (nm-)

18 20

Figure 1. (a) Schematical structure of the KBr-incorporated quasi-2D perovskite film. (b) Low-magnification cross-sectional scanning transmission
electron microscopy-high-angle annular dark field (STEM-HAADF) image of the KBr-incorporated quasi-2D perovskite film. (c—d) High-
resolution STEM-HAADF image taken from (c) the 2D—3D mixed-phase region in the upper sublayer and (d) the 3D perovskite grain in the
bottom sublayer as labeled in (b). (e) UV—vis absorption spectra and (f) X-ray diffraction (XRD) patterns of KBr-free and KBr-incorporated quasi-
2D perovskite films. (g) Grazing-incidence wide-angle X-ray scattering (GIWAXS) pattern of the KBr-incorporated quasi-2D perovskite film.

perovskite grains on the HIL that will then become near-HIL
emission centers. KBr may be also dispersed in the precursor
solution, initializing the hetero §eneous nucleation of finer 3D
perovskite within the film bulk.” Second, K" ions can passivate
ionic defects in perovskites through strong interactions with
halide anions, which can not only mitigate nonradiative
recombination in 3D perovskites but also increase the film
conductivity to facilitate carrier injection.”' ~** Based on these
two factors, we observe that the KBr incorporation in the
precursor solution leads to the evolution of a quasi-2D
perovskite film structure with a bottom sublayer of aggregated
3D perovskite grains and an upper sublayer of a 2D—3D phase
mixture. PeLEDs adopting this interesting film structure show
significant enhancement in EQE compared to the regular
quasi-2D perovskite film structure, which is attributed to
accelerated carrier transfer as reflected from comprehensive
transient absorption (TA) spectroscopic studies. This work
presents an opportunity leveraging the versatile film micro-
structures of quasi-2D perovskites for innovations toward
optoelectronic device advances.

B MICROSTRUCTURAL CHARACTERIZATION

Figure la schematically illustrates the unique device structure
of KBr-incorporated PeLED, where the perovskite film with a
bilayer microstructure is sandwiched between the poly(3,4-
ethylenedioxythiophene)-poly(styrenesulfonate) (PE-
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DOT:PSS) HIL and 2,2',2”-(1,3,5-Benzinetriyl)-tris(1-phe-
nyl-1-H-benzimidazole) (TPBi) electron injection layer. In
the perovskite layer, the 2D—3D mixed perovskite upper
sublayer stacks on the 3D perovskite bottom sublayer. The
energy level diagram for this device structure is schematically
shown in Figure S1. The conduction band minimum of TPBi is
higher than that of perovskite. Thus, the electron injection
from TPBi to perovskite is energetically facile. However, the
valence band maximum of PEDOT:PSS is higher than that of
perovskite, creating a potential barrier that hinders the hole
injection. Such a potential barrier can be reduced when a 3D
perovskite layer is inserted between PEDOT:PSS and 2D
perovskite phases. Also, 3D perovskite is known to exhibit a
relatively higher conductivity,”® which can further facilitate the
hole injection. Based on these considerations, we expect the
radiative recombination can be boosted in both the 3D
perovskite bottom sublayer and mixed 3D—2D perovskite top
sublayer, as schematically illustrated in Figure la.

Scanning transmission electron microscopy (STEM) char-
acterization is used to confirm the cross-sectional micro-
structure of perovskite films. We used focused ion beam (FIB)
to prepare the PeLED device cross-section specimen followed
by the deposition of a 10 nm thick amorphous carbon layer to
improve the sample stability under an electron probe. This
method has been previously demonstrated for reliable atomic-
scale characterization of perovskites.”Figure 1b is a typical
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low-magnification STEM image showing the cross-section of a
KBr-incorporated PeLED device with each layer delineated.
Based on the image contrast, we observed the mixture of thin
lamella (in lower contrast) and relatively smaller grains (in
higher contrast) distributes at the upper part of the film, while
large grains (in higher contrast) mainly locate at the film
bottom. To determine the phases of these lamella and grains,
we acquired low-dose high-resolution STEM images (Figure
1c,d) at two typical locations in the top and bottom sublayers
of perovskite (labeled in Figure 1b). The electron beam
current for the imaging is as low as less than S pA. For the top
sublayer (Figure 1c), the lattice fringes of the observed thin
lamella show an interlayer distance of 2.33 nm, corresponding
to that of the n = 3 phase. Beside the 2D perovskite lamella, 3D
perovskite grains with a measured interplane distance of 0.60
nm is shown. For the bottom sublayer (Figure 1d), owing to
the enhanced crystallinity and sample integrity, the atomic-
scale crystal structure of the grain is even visualized,
unambiguously demonstrating the 3D perovskite phase (Figure
1d). These 3D perovskite grains are closely packed in the
bottom sublayer, showing a quasi-polycrystalline morphology
(Figure S2). These results confirmed the consistence between
the real and schematic microstructures of the KBr-incorporated
perovskite film. For comparison, a control quasi-2D perovskite
film (in the device setting) is also prepared without KBr
incorporation. The thicknesses of both perovskite films are
similar (~170 nm) as measured by a step profiler (Figure S3).
The microstructure of the KBr-free perovskite film is also
imaged using STEM (Figure S4). As expected, it exhibits a
uniform mixture of low-contrast 2D and high-contrast 3D
phases within the entire film. No distinguishable 3D perovskite
bottom sublayer is observed. The bilayer microstructure can be
also reflected from the significant differences between the
photoluminescence (PL) characteristics of KBr-incorporated
films measured from bottom and top sides (Figure SS).

The phase distributions in the perovskite films with and
without KBr incorporation were also revealed using UV—vis
absorption spectroscopy. As shown in Figure le, the
absorbances of the two films are similar in the sub-470 nm
wavelength range, but in the wavelength range of 470—530 nm,
the absorbance of the KBr-incorporated perovskite film is
obviously higher, which can be attributed to more populated
higher-n phases. Figure 1f compares the XRD patterns of the
films with and without KBr incorporation. The diffraction
peaks at around 11.2° to 15.1° are characteristic of 2D
perovskites and the diffraction peak at 14.9° corresponds to
(100) reflection of the 3D perovskite.*”” For the KBr-free film,
the XRD peak intensities for 2D perovskites are close to those
for 3D perovskites. Once KBr is incorporated, the relative
intensities of XRD peaks for the low-n 2D perovskites become
significantly weaker than those for 3D perovskites. This further
confirms that KBr incorporation suppresses the formation of
2D perovskites in the film. This is consistent with the STEM
observation showing 3D perovskite grains as the dominant
“building block” for the KBr-incorporated perovskite film. The
GIWAXS pattern of the KBr-incorporated perovskite film is
shown in Figure 1g, revealing strong texture characteristics for
both 3D perovskite grains and 2D perovskite lamellas, favoring
carrier injection and transport."> In contrast, highly random
lamella or grain orientations were observed for the KBr-free
perovskite film (Figure S6). The thermal stability of the
perovskite film is also improved with KBr incorporation, which
attests to the 3D perovskite dominated film composition. It is

known that the van der Waals bonding in 2D perovskites is
weaker than the ionic bonding in 3D perovskites.”® In-situ
GIWAXS patterns were collected for both films being annealed
in a nitrogen atmosphere at an elevated temperature of 100 °C.
As shown in Figure S7, the (100) diffraction peak of the KBr-
incorporated film can maintain 70% of its initial intensity for
1500 s as compared with only 300 s for the KBr-free case. The
exact formation mechanism of the KBr-induced bilayer film
microstructure is not clear at this time, since it can involve
complex phase formation and transformation during the spin-
coating and annealing steps. In the future, we hope to leverage
in-situ, multimodal characterization to clarify the mechanism
and tailor the bilayer film microstructure in a more precise
manner, which is within the scope of frontier fundamental
research on perovskites.”’

Optical Properties. The PL spectra of KBr-free and KBr-
incorporated perovskite films are shown in Figure S8a. The PL
intensity is increased after the KBr incorporation, which may
can be attributed to increased emission centers and lower trap
density. The PL quantum yields (PLQYs) of both films are
further compared. Figure S8b shows the PLQY statistics based
on 10 measurements for each type of film samples. The KBr
incorporation improves the average PLQY from 39 to 45%.
TRPL spectra of both films were tested (Figure 2a), which can
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Figure 2. (a) Time-resolved PL (TRPL) spectra for KBr-free and
KBr-incorporated perovskite films under low pump fluence excitation.
(b) Pump fluence-dependent PL intensity, the fitted trap-state density
for KBr-free and KBr-incorporated is 1.67 X 10’ cm™ and 7.43 X
10" cm™3, respectively. (c,d) Temperature-dependent PL emission of
KBr-incorporated perovskites from 40 to 300 K. (e) Evolutions of PL
emission peak energy with temperature extracted out from (c,d). (f)
Plots of PL emission peak full width at half maximum (FWHM) as a
function of temperature for KBr-free and KBr-incorporated perovskite
films.

https://doi.org/10.1021/acs.chemmater.2c02340
Chem. Mater. 2022, 34, 10435—10442


https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.2c02340/suppl_file/cm2c02340_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.2c02340/suppl_file/cm2c02340_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.2c02340/suppl_file/cm2c02340_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.2c02340/suppl_file/cm2c02340_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.2c02340/suppl_file/cm2c02340_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.2c02340/suppl_file/cm2c02340_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.2c02340/suppl_file/cm2c02340_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.2c02340/suppl_file/cm2c02340_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c02340?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c02340?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c02340?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c02340?fig=fig2&ref=pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.2c02340?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemistry of Materials

pubs.acs.org/cm

be described using biexponential functions (see fitting
parameters in Table S1). The KBr-incorporated perovskite
film shows a much longer average carrier lifetime (Tavg: 7.8 ns;
as compared to 2.8 ns for the KBr-free case), further
confirming the reduced trap density and thus nonradiative
recombination. Pump fluence-dependent PL spectra were
acquired to quantify the trap densities of both films (Figure
2b). Under a low pump fluence, the relationship between the
initial photogenerated carrier density (n.) and PL intensity can
be described using the equation,

n.=npp(l — e ™% 4+ 1, /k

where npp is the trap density, k is a constant that refers to the
radiative recombination coefficient. The value of trap density
(nrp) can be obtained by fitting the experimental data with this
equation.”"” Based on this, the trap densities of KBr-free and
KBr-incorporated perovskite films are quantified as 4.5 X 10'°
ecm™ and 2.2 X 10" cm™>, respectively.

To further understand the enhancement of PL properties by
KBr incorporation, we carried out a low-temperature PL
analysis. Figure 2c,d shows the normalized temperature-
dependent PL spectra of KBr-free and KBr-incorporated
perovskite films, respectively. For both films, with the increase
of temperature from 40 to 300 K, the PL peaks gradually blue-
shift and the FWHM increases. In general, the temperature
dependence of the bandgap can be described by the following
expression:

E(T) = Eq + ApgT = Ay ———<—— + 1
on(if) - 8
Two factors contribute to the photon energy shift in
perovskites. The first factor is the thermal expansion (TE) of
the lattice (the first term in equation) with the increase of
temperature. The interaction between the p orbit of Br and the
s orbit of Pb will be reduced due to the thermal induced
expansion, and thus resulting in a decrement of the valance
bandwidth. The second factor is the exciton—phonon (EP)
interaction. In eq 1, E; is the unrenormalized bandgap, Arg is
the weight of the TE, Agp is the weight of electron—phonon
interaction, and E,, is the average optical phonon energy. The
fitted Arg, Agp, and E,,, for both samples are listed in Table S2.
Figure 2e shows the temperature-dependent FWHM of the
KBr-incorporated perovskite film. It clearly shows that the
linear-increased PL peak can be derived from the domination
of TE at low temperature, while EP interaction is negligible
due to the insubstantially populated optical phonon modes. In
a higher temperature region, the optical phonon modes are
appreciably populated, leading to a severe negative influence.
The Agp is reduced from 251 to 153 meV by doping KBr in
perovskites, which indicates that the TE of lattice plays a
significant role in the photon energy shift in KBr-incorporated
perovskite rather than the KBr-free perovskite. The reduced
Agp indicated that the EP coupling was weakened in the KBr-
incorporated perovskite.
We then estimated the relative strength of the Frohlich
coupling in perovskite samples by using a simplified model to
fit the experimental data:

"o
N(Tr)=T,+_— 10
0 exp(fz(uLO/kBT) +1 (2)
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where, I'y is a temperature invariant parameter as previous
been used for quantum wells and y;  is the longitudinal optical
(LO)-phonon coupling strength. We assumed #iw, ¢ is the LO
phonon energy. The broadening of perovskite emission above
100 K was fairly linear in both KBr-free and KBr-incorporated
films. Through eq 2, we estimated the relative strength of the
Frohlich phonon coupling arising in two recombination
pathways in perovskite films. y;o is revealed to be 87.5 +
1.18 meV for the KBr-free perovskite and 55.7 + 0.67 meV for
the KBr-incorporated perovskite. Moreover, the comparison of
temperature-dependent PL intensities from KBr-free and KBr-
incorporated perovskites is shown in Figure S9. The thermal
activated PL quenching is described by an Arrhenius
expression: I = Io(1 + Ae ,/%;T). The exciton binding energy
(BEp) can be determined by fitting the temperature-dependent
PL intensity. With the increase of temperature, heat induced
exciton disassociation leads to the decrease of PL intensity. I; is
the PL intensity at 0 K and Kj is the Boltzmann constant (1.38
x 1072 J/K). The E, of the KBr-incorporated perovskite film
is 122 meV, slightly lower than that of the KBr-free perovskite
film (142 meV). In the low-temperature region, the PL
intensity of the KBr-incorporated perovskite is consistently
higher than that of the KBr-free perovskite. Typically,
electron—phonon coupling is thought to show an impact on
the electronic transition rate. For instance, the stronger
electron—phonon the coupling strength, the more pronounced
the vibrational modes coupled with the electron excitations,
corresponding to faster nonradiative recombination and poor
light emission.’” The modulation of EP interactions favors PL
emission by converting excitons in EP interactions into
radiative recombination. Through low-temperature PL anal-
ysis, the weaker electron—phonon interactions in the KBr-
incorporated perovskite certainly contribute to the better light
emission properties (which means less nonradiative recombi-
nation). Moreover, reduced electron—phonon coupling in
perovskites could improve the mobility and their stability
against electric fields in the corresponding crystals, which may
be also beneficial to application in light emission devices.”'

Charge-Carrier Dynamics. TA is then employed to
investigate the phase distribution and charge-carrier dynamics
in quasi-2D perovskite films (Figure S10). The PB peaks at
43S, 467, 489, and ~525 nm are corresponding ton =2, n =3,
n =4, and n = oo perovskite phases, respectively. For the KBr-
free film, the n = 2 peak was much stronger than the n = oo
peak. While for the KBr-incorporated perovskite film, the n =
oo peak was relatively stronger, indicating the increased
amount of 3D phase after the incorporation of KBr.

The detailed bleaching kinetics of n =2, 3, and 4 and n = oo
phases in two perovskite films were extracted and fitted with a
multiexponential function (Figure 3). Fitted parameters of n =
3 and n = oo PB kinetics are shown in Tables S3 and S4. For all
samples, PB peaks of all phases rose rapidly within 0.2 ps after
pumped by the excitation laser. Then, n = 2, 3, 4 peaks
decreased gradually and the 3D peak kept rising simulta-
neously till ~70 ps. It indicates the charge funneling from 2D
phases to the 3D phase, which can be divided clearly into a
rapid step and a slow step. The EL property of the quasi-2D
perovskite film is strongly dependent on the charge funneling
process. Due to the limited conductivity of 2D perovskites, the
charge transfer from the inert to the surface is slow. Therefore,
the rapid step (0.2—0.5 ps) is dominated by the charge transfer
at the 2D/3D interface, while the subsequent slow step (0.5—
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Figure 3. (a) Schematic illustration of the charge-carrier funneling
behaviors in a quasi-2D perovskite film containing various 2D and 3D
(ie, n = 00) phases. (b—e) Photobleaching (PB) kinetics of n = 2 (b),
n=3(c),n=4(d),and n = oo (e) phases in KBr-free and KBr-
incorporated perovskite films.

70 ps) is mainly ascribed to the charge transfer from the inert
2D phases to the 3D phase.

In the rapid funneling step, n = 2, 3, and 4 peaks of the KBr-
incorporated film decreased to 76, 31, and 5% of their
maximum values, respectively, while n = 2, 3, and 4 peaks of
the KBr-free film decrease to 81, 65, and 29% of their
maximum values, respectively. Meanwhile, n = oo peaks of
KBr-incorporated and KBr-free films rose to 90 and 86% and
the n = oo peak of the KBr-incorporated film rose relatively

faster. Based on these comparisons, several conclusions can be
drawn. First, the charge transfer from higher-n phases to 3D
phase was much more efficient than lower-n phases to the 3D
phase in this step. Second, the rapid charge funneling process
in the KBr-incorporated film was more efficient than that in the
KBr-free film, which was reasonably induced by the suppressed
low-n phases in the KBr-incorporated perovskite film. In the
subsequent slow funneling step, n = 2, 3, and 4 peaks of both
films kept decreasing. In addition, n = oo peaks of KBr-
incorporated and KBr-free films rose to their maximum at 70
and 2§ ps, respectively. It means the charge funneling process
lasted longer in the KBr-incorporated film. In this way, more
charge carriers could be injected into 3D emission centers in
the KBr-incorporated film. After the charge funneling process,
charge carriers in n = oo phase recombined and produced
green emission gradually. The radiative recombination lifetime
of the KBr-incorporated perovskite film was longer than that of
the KBr-free perovskite film, confirming the structural benefits
from the bilayer film microstructure.

Device Performance. PeLEDs were fabricated with a
device structure of indium tin oxide (ITO) /PEDOT:PSS/
perovskite/TPBi/LiF/Al. Figure 4a,b compares the current
density—voltage (J—V) and luminance—voltage (L—V) curves
of KBr-free and KBr-incorporated PeLEDs, respectively. When
the driving bias is lower than 4.5 V, the J and L of KBr-
incorporated PeLED were higher than those of the KBr-free
PeLED, indicating a lower charge injection barrier in the KBr-
incorporated PeLED. When the driving bias is higher than 4.5
V, the current density of the KBr-free PeLED become
comparable with that of KBr-incorporated PeLED. Never-
theless, the luminance of the KBr-free PeLED starts to be
lower than that of KBr-incorporated PeLED, and the difference
becomes even larger with an increase of V. This may indicate
reduced Auger recombination in KBr-incorporated PeLED.*”
The CE and EQE of the best-performing KBr-free PeLED and
KBr-incorporated PeLED are compared in Figure 4c,d. The
highest CE and EQE of KBr-free PeLED were 27.9 cd/A and
8.2%, which are improved to 46.9 cd/A and 13.8% by KBr
incorporation, respectively. The statistical distributions of
PeLED performance are presented in Figure 4e based on the
EQEs of 50 devices for each case, confirming the
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Figure 4. (a) J—V curves, (b) L—V curves, (c) current efficiency (CE)-V curves, (d) EQE-V curves, and (e) EQE statistics of KBr-free and KBr-
incorporated PeLEDs. (f) EL spectra of the best-performing KBr-incorporated device under various bias.
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reproducibility of the KBr-induced improvement. Notably,
KBr-incorporated PeLEDs exhibit a narrow EQE distribution
with a small variation of only 0.5%. Figure 4f shows the EL
spectra of the champion device under various driving biases.
The emission peaks are centered at 528 nm, and the FWHMs
are as low as around 22 nm, demonstrating high green color
purity.

B CONCLUSIONS

In closing, KBr incorporation in the solution processing of
quasi-2D perovskite films significantly improves the perform-
ance of resultant PeLEDs. The beneficial modulation of the
film microstructure and phase distribution underpins the
device improvement. With KBr incorporation, a smaller
content of 2D perovskite phases can be achieved in the film
while the growth of 3D perovskite phases can be promoted at
preferred film regions. This contributes to facilitating the
charge injection, increasing emission centers, and reducing trap
densities. In addition, the 3D perovskite layer at the film
bottom region is favorable for hole injection. As a result, the
KBr-incorporated PeLEDs can deliver a high quantum
efficiency of 13.8% with excellent device reproducibility. This
work points out to numurous research opportunities on
microstructural innovations in quasi-2D perovskite films for
more efficient light emission.

B EXPERIMENTAL SECTION

Chemical and Materials. PbBr, (99.8%), formamidinium
bromide (FABr, 99.8%), cesium bromide (CsBr, 99.8%) phenylethyl-
amine bromide (PEABr), PEDOT:PSS 4083, and TPBi were
purchased from the Xi’an Polymer Light Technology Corp., China.
Lithium fluoride (LiF) and KBr (99.99%) were purchased from Sigma
Aldrich, USA. Dimethylsulfoxide (DMSO, 99.8%) and chlorobenzene
(CB, 99.8%) were purchased from Acros Organics, USA. All
chemicals are used as received without further purification.

Preparation of Quasi-2D Perovskite Films. For preparing the
control quasi-2D perovskite precursor solution with a Pb**
concentration of 0.48 M, 64.6 mg PEABr, 6.8 mg CsBr, 36.0 mg
FABr, and 176.2 mg PbBr, were dissolved in 1 mL DMSO solvent.
For preparing the KBr-incorporated perovskite precursor solution, 5.8
mg KBr was added into the control precursor solution. The solutions
were stirred for at least 60 min and filtered with 0.22 um filters before
use. Quasi-2D perovskite films were deposited by spin-coating the
precursor solution at 3000 rpm for 120 s and during this step, and 100
uL CB was dropped at 30 s after the start of the spin-coating. The
spun films were then transferred to a hot plate and annealed at 90 °C
for 60 min.

Structural Characterization. For TEM characterization, the
cross-section specimens of perovskite films were prepared using a
dual-beam FIB nanofabrication platform (Helios 600i, Thermo
Fisher). A Pt protection layer was first deposited on the top surface
of the sample followed by etching the surrounding area to form the
specimen lamella. The operation voltage of gallium ion beam is 30 kV,
and the working current is 0.1 to 24 nA for lamella processing. The
lamella was then lifted out from the substrate and in-situ transferred
to a TEM half-ring lift-outgrid inside the FIB chamber. The
observation area of the lamella was thinned to less than 100 nm
with a 40 to 790 pA gallium ion beam. To minimize the damage
induced by ion implantation to the sample lamella, a fine milling and
polishing process was adopted by using a gallium ion beam with
acceleration voltage down to 1 kV and 72 pA working current to
remove the surface amorphous layer. After FIB preparation and
polishing procedures, the as-prepared cross-section perovskite speci-
mens were transferred to a high vacuum sputter coater for protection
layer deposition. Amorphous carbon layers with a thickness of 10 nm
were coated on both sides of the cross-section specimen using pulsed
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carbon evaporation at 8 X 107> mbar. STEM observations of the
perovskite cross-section specimens were carried out in an aberration-
corrected scanning electron microscope (Titan G2 60-300, Thermo
Fisher equipped with a field emission gun) with 300 kV acceleration
voltage. The beam current of the electron probe was reduced to S pA
to minimize the damage to perovskite during high-resolution imaging.
The probe convergence angle was 24.5 mrad, and the angular range of
the HAADF detector was from 79.5 to 200 mrad. Static GIWAXS
measurements were performed at the BL14B1 beamline of the
Shanghai Synchrotron Radiation Facility using X-ray with a
wavelength of 1.24 A and a grazing-incidence angle of 0.2°. A 2D
XRD pattern was obtained by MarCCD at an exposure time of 10 s at
about 342 mm from the sample. The XRD patterns were analyzed
using FIT2D software and displayed in the scattering vector g
coordinates. In-situ GIWAXS measurements to monitor the stability
of perovskite films were performed at beamline sector 12-ID-D at the
Advanced Photon Source in Argonne National Laboratory, with 20
KeV incident X-rays and a Pilatus 100 K detector located at ~135 mm
from the samples. To reduced air/moisture exposure effects, all
samples were mounted in a sealed thin film cell with inert He gas
flowing during the stability measurements. The scattering patterns
were obtained at an X-ray incident angle of 0.15—0.18 degrees with
respect to the sample plane. The surface profiles we tested with a step
profilometer (Dektak XT, Bruker, Germany).

Spectroscopic Characterization. UV—vis optical absorption
spectra were recorded using a spectroscope (JASCO V-770EX,
Japan). J-V—L curves were collected by a spectrometer (Photonic
Multichannel Analyzer PMA-12, Hamamatsu, Japan) in combination
with a source meter (Keithley 2400, Tektronix, USA). PL spectra
were acquired by a Princeton spectrometer (Acton SpectraPro SP-
2300, Teledyne Princeton Instruments, USA) with a femtosecond
laser (400 nm, 0.12 uJ-cm™2). TRPL spectra were recorded with a
Hamamatsu streak camera system which has an ultimate temporal
resolution of 1 ps. TA spectra were measured by the HELIOS TA
system. In the measurements of PL, TRPL, and TA spectra, the laser
source was the Coherent Legend regenerative amplifier (100 fs, 1
kHz, 400 nm) seeded by a Coherent Vitesse oscillator (100 fs, 80
MHz). The excitation beams were incident from top surfaces of
perovskite films. The pump fluences in PL, TRPL, and TA
measurements were 0.12, 0.12, and 0.32 puJ/cm? respectively.
PLQY values were recorded with a commercialized system (XPQY-
EQE-350-1100, Guangzhou Xi Pu Optoelectronic Technology Co.,
Ltd., China) with 405 nm laser excitation.

Fabrication and Testing of PeLED Devices. Patterned ITO
glasses were sequentially washed with diluted detergent, deionized
water and ethanol followed by oxygen plasma treatment for 10 min.
The PEDOT:PSS suspension was spin-coated onto ITO glasses at
4000 rpm for 40 s and then at 120 °C for 30 min in ambient
atmosphere. Then, the PEDOT:PSS-coated ITO glass substrates were
transferred into a nitrogen-filled glove box. Perovskite films were
deposited onto the PEDOT:PSS layer as described above. Finally,
TPBi (40 nm), LiF (1 nm), and Al (80 nm) were sequentially
deposited using thermal evaporation with a shadow mask. The active
device area is 2 X 2.5 mm* The J—V—L curves of PeLEDs were tested
with a source meter (Keithley 2400, Tektronix, USA) and a
spectrometer (Photonic Multichannel Analyzer PMA-12, Hamamatsu,

Japan).
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