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Deciphering Structure and Charge Carrier Behavior in

Reduced-Dimensional Perovskites

Kun Sun, Renjun Guo,* Shangpu Liu, Dengyang Guo, Xiongzhuo Jiang, Linus F. Huber,
Yuxin Liang, Manuel A. Reus, Zerui Li, Tianfu Guan, Jungui Zhou, Matthias Schwartzkopf,
Samuel D. Stranks, Felix Deschler, and Peter Miiller-Buschbaum*

Reduced-dimensional perovskites (RDPs) have advanced perovskite optoelec-
tronic devices due to their tunable energy landscape, structure, and orientation.
However, the origin of structural and photophysical property changes

when moving from low-dimensional to high-dimensional RDPs remains to

be understood. This study systematically reveals structural and photophysical
properties of slot-die-coated Dion-Jacobson (D)) and Ruddlesden-Popper

(RP) RDPs with different dimensionalities. RP RDPs with lower dimensionality
(n = 2) exhibit a dominant n = 2 phase, preferential out-of-plane orientation,
and longer charge carrier lifetime compared with D] RDPs. In addition, the
formation kinetics of RDPs with higher dimensionality (n = 4) are unraveled by
in situ X-ray scattering, showing the favorable formation of the lower-n phase
in RP RDPs. The formation of these lower-n phases is thermodynamically

and stoichiometrically favored, while these phases are likely in the form

of an “intermediate phase” which bridges the 3D-like and lower-n phases in
D) RDPs. D) RDPs with higher dimensionality demonstrate comparable phase
purity, preferential orientation, spatially vertical phase homogeneity, and longer
charge carrier lifetime. As such, D)-based perovskite solar cells (PSCs) (n = 4)
demonstrate better photostability under operational conditions than RP-based
PSCs. Thus, the work paves the way for the utilization of RDPs to upscale PSCs.

1. Introduction

Reduced-dimensional (2D and quasi-2D)
perovskites (RDPs) with intriguing phys-
ical and structural properties,['?! have
emerged as promising candidates in
photovoltaics,>! light-emitting devices,!”]
and  next-generation  optoelectronics
devices.®] RDPs are perovskite quan-
tum wells (QWs) separated by bulky
organic cations, in which the width (n)
of the RDPs is determined by the thick-
ness of the [PbI;]4~ octahedra. Two typ-
ical RDPs, i.e., Dion-Jacobson (DJ) and
Ruddlesden-Popper (RP) perovskites, have
the chemical formulas of LA ;Pb I .,
and L",A ,Pb,I; ,,, where L, L” and
A refer to the divalent, monovalent or-
ganic spacer cations, and monovalent
cations, respectively. In general, a num-
ber of factors, e.g., the stoichiometry of
the perovskite precursor,®! ligand type
and size,"%1" additives,[">13] fabrication
methods,['*15] jointly affect the phase

K. Sun, X. Jiang, L. F. Huber, Y. Liang, M. A. Reus, Z. Li, T. Guan, R. Guo

P. Miiller-Buschbaum

Institute of Microstructure Technology

TUM School of Natural Sciences
Department of Physics

Chair for Functional Materials

Technical University of Munich
James-Franck-Str. 1, 85748 Garching, Germany
E-mail: muellerb@ph.tum.de

R.Guo

Laboratory of Zhongyuan Light

School of Physics

Zhengzhou University

100 Kexue Avenue, Zhengzhou 450001, China
E-mail: renjun@zzu.edu.cn

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adfm.202411153
© 2024 The Author(s). Advanced Functional Materials published by
Wiley-VCH GmbH. This is an open access article under the terms of the
Creative Commons Attribution License, which permits use, distribution
and reproduction in any medium, provided the original work is properly
cited.

DOI: 10.1002/adfm.202411153

Adv. Funct. Mater. 2024, 2411153 2411153 (1 of 11)

Karlsruhe Institute of Technology
Hermann-von-Helmholtz-Platz 1

76344 Eggenstein-Leopoldshafen, Germany
S. Liu, F. Deschler
Physikalisch-Chemisches Institut
Universitat Heidelberg

Im Neuenheimer Feld 229, 69120 Heidelberg, Germany
D. Guo, S. D. Stranks

Chemical Engineering and Biotechnology
University of Cambridge

Cambridge CB3 0AS, UK

J. Zhou, M. Schwartzkopf

Deutsches Elektronen-Synchrotron DESY
NotkestraRe 85, 22607 Hamburg, Germany

© 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH


http://www.afm-journal.de
mailto:muellerb@ph.tum.de
mailto:renjun@zzu.edu.cn
https://doi.org/10.1002/adfm.202411153
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadfm.202411153&domain=pdf&date_stamp=2024-08-28

ADVANCED
SCIENCE NEWS

FUNCTIONAL

www.advancedsciencenews.com

distributions of RDPs. A mixture of multiple dimensionali-
ties of RDPs with random crystal orientation is expected to
build up during the film formation process.*1%’] Such phase
impurities may introduce an inhomogeneous energy landscape
and impede charge transport.l"®2% Therefore, it is imperative
to investigate the phase distribution and crystal orientation
of RDPs, which necessitates studying their growth kinetics,
as these characteristics are determined during film growth.
However, despite some pioneering work on the growth kinetics
of RP RDPs,[222] 3 comprehensive study combining the growth
mechanisms of both, RP and D] RDPs in a large-scale deposition
is still missing.

In addition to the growth kinetics, the organic cations heavily
influence the structural distortion and interlayer screening, re-
sulting in their different photophysical properties, e.g., binding
energy and charge carrier mobility.?3] In particular, the coupling
of inorganic anions and organic spacers in RDPs facilitates the
electron-phonon reaction, resulting in high nonradiative charge
recombination and shorter charge carrier lifetimes.[>*] Therefore,
understanding the function of organic ligands on the phase pu-
rity, growth mechanism, and charge carrier dynamics is benefi-
cial for directing the usage of RDPs in 2D/3D heterojunction and
quasi-2D solar cell applications.

To fill this gap and enable the advancement of large-
scale deposition of RDPs, we focus on the slot-die
coated RP and D] RDPs with varying dimensionalities
(n = 2 or 4), ie, (PEA),MA ,Pb I, ., (PEA: phenethy-
lammonium) and (PDMA)MA _,Pb 1, ., (PDMA: 14-
phenylenedimethanammonium), owing to their chemical
similarities and extensive applications in the field.[>>?°] Using
grazing incidence wide-angle X-ray scattering (GIWAXS), we
determine the phase distribution and orientations of respective
RDPs, highlighting the different phase composition in RDPs
with higher dimensionality. We further monitor the film growth
of RDPs (n = 4) during slot-die coating with in situ scattering
techniques, showing the stoichiometry-determined phase for-
mation. With the help of transient absorption (TA) spectroscopy,
we unravel the phase purity, charge carrier behavior, and energy
transfer in respective RDPs. We further test the intrinsic stability
of perovskite solar cells (PSCs) based on RP and DJ (n = 4) RDPs
under the protocol of ISOS-L-11 with operando GIWAXS, show-
casing the overall better stability of DJ-based PSCs. Our work
leverages the understanding of structural-photophysical prop-
erties in RP and DJ materials with different dimensionalities,
thus advancing the utilization of 2D perovskites as passiva-
tion layers and promoting the fabrication of efficient quasi-2D
PSCs.

2. Result

Multiple n-value phases of RDPs are naturally formed during the
crystallization, resulting in an inhomogeneous energy landscape
and inefficient energy transfer.>?’] Identifying the phase distri-
butions and their orientations enables a deeper understanding
of the charge carrier dynamics. Therefore, we perform GIWAXS
measurements at different incident angles («;, 0.2°-0.6°) to in-
vestigate the vertically spatial phase distribution (Figure 1; Figure
S1, Supporting information). We find that the lower-n phases
(normally below 1 A~') and 3D-like phase (%1 A~!) of RP and
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D] RDPs (n = 2) present with the increase «;, indicating that
these phases are distributed homogenously throughout the film.
The reshaped 2D GIWAXS data at a; = 0.6° (Figure S2, Support-
ing information) illustrate that the RP RDPs exhibit a preferen-
tial orientation (Bragg peaks) along the out-of-plane direction. In
contrast, D] RDPs appear to be predominantly isotropic with a
partially vertical orientation.

In terms of high-dimensional RDPs, with an increased scat-
tering depth, the peak of lower-n phases in RP RDPs (n = 4) be-
comes more prominent (Figure 1E; Figure S3A-C, Supporting
information), corroborating that lower-n phases are prone to be
present in the interior of the RP film and their phase heterogene-
ity along the vertical direction. In contrast, the signals of lower-n
phases in D] RDPs (n = 4) are indiscernible (Figure 1F; Figure
S3D-F, Supporting information), meaning an insufficient pres-
ence of lower-n phases in D] RDPs and their spatially vertical
phase homogeneity. This structure variance in RP and D] RDPs
illustrates that D] RDPs with higher dimensionality are prone
to form phase-pure perovskite. On the other hand, the signals
at lower «; in both RP and DJ RDPs (n = 4) are predominantly
3D-like phases, manifesting that the 3D-like phase tends to stack
at the air-substrate interface. In addition, the PL spectra (Figure
S4, Supporting information) excited from front and back (glass
side) show that the intensities at peak ~570 nm (back) are higher,
implying that the lower-n phases are mainly located at the bot-
tom of the films, in agreement with GIWAXS data. In light of
the favorable formation of a 3D-like phase and phase distribution
along the vertical direction,/?!! we can deduce that the nucleation
of RDPs (n = 4) starts at the air-precursor interface. Knowing
where the nucleation and crystallization take place and locating
these n-value phases enable suppressing the lower-n phase and
realizing a homogenous energy landscape. Furthermore, with the
increased dimensionality, the orientation of perovskite crystals
becomes less pronounced, shifting from a predominantly verti-
cal or partially vertical alignment to a more isotropic orientation.
Notably, D] RDPs show distinct orientations at y = 0°,45° and
80° (Figure S5, Supporting information) compared to RP RDPs
(oriented mainly at y = 0°). In addition, to retrieve the crystal
orientation distribution, we calculate the material quantity by cor-
recting the intensity with a factor of siny (Figure S5, Supporting
information).[?8! We notice an increase in oriented crystal con-
tribution in DJ RDPs (43%) in comparison to RP RDPs (23%),
suggesting their preferential orientation and potentially higher
efficiency for charge transport.

Taken together, the schematic illustration of the respective
RDPs is depicted in Figure 1. In short, the 3D-like phase
and lower-n phases of RP and DJ (n = 2) are homogenously
distributed throughout the film, where the RP and DJ crys-
tals are vertically oriented and partially vertically oriented, re-
spectively. With increasing dimensionality, the texture becomes
weaker in both RP and DJ RDPs. Moreover, we notice multi-
ple n-values phases coexist in RP film (n = 4), with stacking
of substrate/lower-n phase/3D-like phase, whereas the lower-n
phase is invisible in D] RDPs. These results indicate that RP
RDPs with lower dimensionality have a preferential orientation
along the out-of-plane direction compared to DJ, which facilitates
charge transport. In contrast, D] RDPs (n = 4) demonstrate an
improved phase purity and a more pronounced orientation dis-
tribution (43%) compared to RP RDPs (23%).
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Figure 1. Phase distributions and schematic illustration of RDPs film. Angular-dependent pseudo-XRD was extracted from 2D GIWAXS data with varying
incident angles, in which the different phases of RDPs and the ITO peak are indicated. A) RP RDPs (n = 2) and B) D) RDPs (n = 2). Schematic illustration
of the structures of RDPs (n = 2). C) RP RDPs, where the crystals are vertically oriented, and D) D) RDPs, in which the 3D-like phase and lower-n phase
are partially vertically oriented. Angular-dependent pseudo-XRD of E) RP RDPs (n = 4), showing the increased quantity of lower-n phases with increasing
depth and F) D) RDPs (n = 4). Schematic illustration of the structures of RDPs (n = 4). (G) RP RDPs, showing that the majorities are randomly oriented
and the lower-n phase is distributed in the interior of the film, and H) D) RDPs, exhibiting their phase purity and orientations at y = 0° and 45°.
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Figure 2. Growth kinetics of RP and D) RDPs (n = 4) on ITO substrates. 2D color plots of radially integrated line profiles of in situ GIWAXS data, where
the prominent peaks are indicated. A) RP RDPs film and B) DJ RDPs film. The normalized integrated intensity of the selected Bragg peaks as a function
of time for C) RP and D) DJ RDPs. This shows the conversion of precursor (broad peak at g ~ 0.5 A=") to the final quasi-2D perovskite film, where the
Bragg peaks of g ~ 0.56 and q ~ 1.0 A~ represent the lower-n phase (040) and 3D-like phase of RDPs. The color background indicates the different

regimes of RDPs growth.

To disclose the structural and orientational disparities in
RDPs (n = 4), we perform synchrotron-based in situ GIWAXS
(Figure 2A,B) to monitor the growth kinetics during film growth.
We observe two broad isotropic rings at ~0.5 and ~1.9 A~! in
both RP and DJ RDPs (n = 4, Figures S6A and S7A, Support-
ing information) for the first 40 s, representing the colloidal
precursor sol-gels. Selected 2D reshaped GIWAXS data (Figures
S6 and S7, Supporting information) of RP and D] RDPs show
the representative features at different timescales during film
growth. After 40 s, the broad rings start to diminish, and the 3D-
like phase appears. We do not observe any intermediate phase
(e.g., 2MAI o PbI, « 2DMF) during film growth, likely due to
the higher substrate temperature, which suppresses the forma-
tion of an intermediate phase.l*’! To quantify the conversion of
the precursor and the formation of RDPs, the peak intensities
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of the precursor, 3D-like phase, and n = 2 phase (g ~ 0.56 A™")
are extracted and plotted (Figure 2C,D). The conversion rate of
the precursor peak mirrors the formation of the 3D-like phase,
indicating a direct transition from precursor to RDPs in both
studied cases. Interestingly, the emergence of the 3D-like phase
(at ~40.2 s) precedes the formation of the n = 2 phase in RP
RDPs (~45.6 s). This difference is related to the stoichiometry
and formation energy, i.e., the formation of the 3D-like phase
is more thermodynamically favored compared with lower-n
phases.l3

In addition, we find that many lower-n phases coexist in RP,
while these signals are indiscernible in D] RDPs, in accordance
with angular-dependent GIWAXS data. Such phenomena are
correlated with three factors: a) The stoichiometries of RDPs
(n = 4), particularly the concentration of long ligands in relation
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to MA*, determine the formation of lower-n phase such that the
formation of lower-n phases in RP RDPs is more favorable com-
pared to D] RDPs. To test this, we monitor the growth of RP RDPs
(n = 2) under the same conditions with in situ GIWAXS (Figure
S8, Supporting information). It is found that lower-n phases (q =
0.28 A1) are formed prior to the formation of a 3D-like phase,
which is ascribed to the higher concentration of long ligands
than that of MA*; b) We infer that there might be an insuffi-
cient presence of lower-n phase or some 'intermediate phases”
bridging the 3D-like phase and lower-n phases in D] RDPs,
likely not yielding the signal of lower-n phase in GIWAXS;??!
¢) The lower formation energies of the lower-n phases in
RP RDPs facilitate their formation in comparison to their D]
analogs.[?1-33]

The schematic illustrations (Figure S10, Supporting informa-
tion) summarize the formation kinetics of RP and DJ RDPs
(n = 4), showing the individual events that occur during the film
growth. In terms of RP formation, first, the solvent-perovskite
complex provides the scaffold that can facilitate the nucleation
and the construction of the QWs,**! followed by the formation
of a weakly-textured 3D-like phase at the air-film interface. Con-
tinuous nucleation leads to the formation of lower-n phases that
consume a large portion of long ligands, which in turn leave the
short-chain precursors and promote the further growth and re-
orientation of the 3D-like phase. Considering the different for-
mation rates of lower-n and 3D-like phases in RP and the loca-
tion of these lower-n phases (i.e., the interior of the film), further
efforts should be devoted to employing buried interface engineer-
ing, e.g., using ligands that can anchor lower-n phases to achieve
controllable the growth and the orientation of these phases. In
contrast, D] RDPs undergo a direct transformation from precur-
sor to 3D-like phase and 'intermediate phase.” It is also worth
mentioning that the film formation processes of slot-die coat-
ing and one-step spin-coating for RDPs are quite similar, as they
both involve three stages: sol-gel, 3D-like perovskite, and 2D per-
ovskite formation./?!]

To further determine the phase purity and the charge car-
rier behavior of RDPs with different dimensionalities, we utilize
ultraviolet-visible (UV-vis) and ultrafast TA spectroscopy. Multi-
ple absorption features of respective RDPs are disclosed in Figure
S9 (Supporting Information). Interestingly, D] RDPs (n = 4)
show only small signals of lower-n phases, corroborating the mi-
nor presence of lower-n phases compared to the predominant
3D-like phase. Figure 3A-D shows TA contour plots as a func-
tion of pump-probe delay time. For RP RDPs, distinct ground
state bleach peaks (GSBs) at %567, 607, 640, and 718 nm corre-
spond to the n = 2, 3, 4, and 3D-like phases (GSB, _ ), whereas
for DJ RDPs, the GSBs peaks of n = 2, 3, and 3D-like phases
are located at ~564, 609, and 746 nm, respectively. The temporal
evolution of TA spectra shows GSBs features with high-energy
tails near the band edge as well as the photo-induced absorption
(PIA) signals.*® As shown in Figure 3E,F, RP RDPs (n = 2) have
a dominant GSB,, _, peak, whereas D] RDPs (n = 2) have a broad
phase distribution. In addition, in comparison to D] RDPs (n =4)
which have a relatively uniform phase distribution, features with
lower n phase in RP RDPs (n = 4) are enhanced (Figure 3G,H).
We also notice a redshift of the 3D-like phase in both RP and DJ
with higher dimensionality, which might be caused by hot car-
rier cooling or energy transfer from the 'intermediate phase” to a
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3D-like phase.[**37] To quantitively evaluate the relative contents
of each phase, we integrate the respective GSB peak at a time
delay of 1 ps and normalize to the maximum value (Figure 31,
detailed analysis in Table S1, Supporting information). Notably,
we find that the RP RDPs with lower dimensionality demon-
strate a dominant n = 2 phase (85%) compared with D] RDPs
(40%), suggesting their phase purity. RDPs with higher dimen-
sionality show an opposite trend, where D] RDPs consist of a
large population of larger-n phases (n > 3, 60%) compared to RP
RDPs.

To compare the charge carrier behaviors in the respective
RDPs, we take the TA kinetics of the representative GSBs (i.e., the
GSB, _, peak for RDPs with lower dimensionality and GSB, _
for RDPs with higher dimensionality) and plot them against de-
lay time (Figure 3],K). We find that the TA decay in the GSB, _,
region of DJ (n = 2) RDPs is faster than that of RP RDPs, whereas
the decay of GSBs (3D-like phase) of RP (n = 4) RDPs is faster
than that of D] RDPs. The complex charge carrier dynamics be-
tween different phases can be only fitted qualitatively, i.e., with-
out a firm physical model (detailed analysis in Table S2, Support-
ing information). In the case of GSBs,_, of RDPs (n = 2), RP
RDPs exhibit an average lifetime of 167.6 ps, which is higher
than that of D] RDPs (11.91 ps). The faster decay in DJ might
relate to energy transfer from lower-n phases to higher-n phases,
arising from the large population of isotropic lower-n phases.!!
Contrary to GSBs (n = 2), the average lifetime of GSBs, _  in D]
RDPs (n = 4) is 893.21 ps, which is two times higher than that of
RP RDPs (391.86 ps) and likely related to their larger population
of radiative recombination channels. In addition, the GSBs peaks
of lower-n phases undergo fast decay accompanied by a rising
signal of larger-n phases (Figure S11, Supporting information),
indicating charge carrier transfer and accumulation in larger-n
phases.3#1]

In addition to examining the structure and charge carrier
behaviors of RDPs with different dimensionalities, confocal-PL
measurements (Figure 4) are utilized to map out the lifetime and
film heterogeneity of respective RDPs. Prior to showing the con-
focal PL results, we also examine the surface morphology and
roughness of the respective RDPs to rule out the effects of mor-
phology defects (Figure S12, Supporting information). The root-
mean-square roughness (RMS) of lower-dimensional RP RDPs
(26.9 nm) is lower than that of D] RDPs (31.9 nm). For RDPs
with increasing dimensionality, RP (n = 4) exhibits an RMS of
12.3 nm compared to DJ (17.4 nm). Unlike RDPs (n = 4), those
with lower dimensionality, particularly D] RDPs, exhibit distinct
film heterogeneity (Figure 4A,B). The dark regions in Figure 4B
correspond to reduced average PL lifetime, indicating a higher
concentration of defects serving as non-radiative recombination
centers over micrometer length scales.*?] In contrast, we ob-
serve film homogeneity in RDPs (n = 4, Figure 4D,E). In addi-
tion, we extract the average radiative lifetime of respective RDPs
(Figure 4C,F), where RP RDPs (n = 2) exhibit a longer average
radiative lifetime (10.6 ns) compared to DJ RDPs (3.0 ns), indi-
cating a decrease in the nonradiative recombination loss of RP
RDPs with lower dimensionality. Interestingly, when increasing
the dimensionality, we observe a different trend, that is, D] RDPs
(n = 4) reveal a longer average radiative lifetime of 37.6 ns, which
is four times higher than that of RP RDPs. This indicates that
DJ RDPs (n = 4) exhibit a reduced non-radiative recombination
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Figure 3. Charge carrier behavior of RDPs. Transient absorption maps of A) RP RDPs (n = 2), B) D) RDPs (n = 2), C) RP RDPs (n = 4), and D) D) RDPs
(n=4), where the RDPs were deposited on glass substrates. TA spectra at selected time delays after excitation of E) RP RDPs (n = 2), F) D) RDPs (n=2),
G) RP RDPs (n = 4), and H) DJ RDPs (n = 4). TA spectra were collected following photoexcitation at 430 nm with pump fluence of ~200 p) cm=2. 1)
Relative contribution from different phases of respective RDPs to the TA signal, as calculated from the amplitudes of the respective GSBs in TA spectra
at 1 ps. Recombination dynamics at J) GSB,, _, of RDPs (n = 2) and K) GSB,, _ ., of RDPs (n = 4).

compared with RP RDPs. It should be noted that due to differ-
ences in detected spectral ranges, applied excitation fluences, and
local diffusion effects,!*}] direct comparison of charge carrier life-
times obtained from confocal PL and TA spectra measurements
is less feasible.

Collectively, a systematical study of structural and photo-
physical properties of RDPs with representative dimensional-
ities (n = 2, 4) would contribute significantly to the utiliza-
tion of RDPs in solar cell applications. RP RDPs with lower di-
mensionality exhibit a dominant n = 2 phase, vertical orienta-
tion, longer charge carrier lifetime, and homogeneity, as con-
firmed by GIWAXS and TA. These characteristics could poten-
tially make them more suitable as passivation layers in 2D/3D
PSCs. Conversely, D] RDPs with higher dimensionality demon-
strate phase purity, a higher contribution of oriented crystals,
spatially vertical phase homogeneity, and longer charge carrier
lifetimes, rendering them more suitable for PSCs compared to
RP RDPs. In addition, based on the optoelectronic properties
of RP and DJ RDPs with higher dimensionality along with the
band structures retrieved from the literature,!*3%3’] we propose
an energy level diagram (Figure S13, Supporting information).
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We observe an energy alignment mismatch between the n<3
phase and hole transport layer (HTL), resulting in inefficient hole
extraction. Therefore, reducing the contribution of the lower-
n phase can facilitate the hole transport in inverted quasi-2D
PSCs.

We further use PL to investigate the intrinsic stability of RDPs
(n = 4) under light illumination (Figure 5A,B). The peak corre-
sponding to the 3D-like phase shows a redshift in both cases,
along with brightening for the first 30 min, indicative of a de-
crease in trap density.** After illuminating for 60 min, we ob-
serve a blueshift in RP RDPs from 752.2 to 749.7 nm (Figure 5C)
and a slight blueshift in D] RDPs from 771.2 to 770.3 nm, sug-
gesting that the population fraction of “intermediate phase” is
increasing. To evaluate the device stability under light illumina-
tion, we monitor devices under the protocol of ISOS-L-11 and
concurrently track the phase evolution of RDPs with operando
GIWAXS.I*] The devices are fabricated with an inverted archi-
tecture of ITO/PEDOT:PSS/RDPs/PC61BM/BCP/Ag. The cham-
pion device performance of RP and DJ are shown in Figure
S14A (Supporting Information), in which the champion device
of RP exhibits a power conversion efficiency (PCE) of 8.84%, a
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Figure 4. Film homogeneity and average radiative lifetime of RDPs. Confocal PL maps of encapsulated perovskite films with a 404 nm excitation (10 MHz;
0.7y cm~2 per pulse), with scale bars (2 um). A) RP RDPs (n = 2), B) D) RDPs (n = 2), D) RP RDPs (n = 4), and E) D) RDPs (n = 4). Statistics of average
photoluminescence lifetime of (E) RDPs (n = 2) and F) RDPs (n = 4). Time-resolved PL measurements of (C) RDPs (n = 2) and F) RDPs (n = 4) using

a 404 nm excitation.

short-circuit current (J5¢) of 13.67 mA cm~2, an open-circuit volt-

age (Vo) 0f 0.92V, and a fill factor (FF) of 70.02%. The DJ-based
device displays a PCE of 11.16%, a Js- of 14.73 mA cm™2, a V.
of 1.04 V, and a FF of 72.42%. We notice that DJ-based devices
exhibit excellent reproducibility and narrow performance distri-
butions (Figure S14B-E, Supporting information) in compari-
son to RP-based devices. Together with GWIAXS and TA data,
we identify three main factors that lead to the variations in de-
vice performances, i.e., phase purity, crystal orientation, and en-
ergy transfer. On the one hand, the prevalence of lower-n phases
in RP RDPs, particularly the isotropic ones, is detrimental to
charge transport, resulting in charge recombination and the loss
of short-current density.*! On the other hand, the inhomoge-
neous energy landscape caused by the phase impurities leads to
inefficient energy transfer from lower-n phases to 3D-like phases.
The energy disorder, including band structure, charge transport,
and phase distribution disorder, deteriorates the V..’ In ad-
dition, we speculate that the non-radiative recombination at the
interface of the 3D-like phase and lower-n phase constrains the
FF.

The solar cell performance as a function of time is mapped
out in Figure 5E,G. After 150 min of continuous illumination,
the DJ-based device shows negligible degradation (Figure S15,
Supporting information), whereas the RP-based device remains
at 89% of its initial PCE. Synchrotron-based operando GIWAXS
as a function of time is shown in Figure S16 (Supporting In-
formation). Figure 5F,H demonstrates that the peaks located
at ¢ % 1.0 A" of RP and DJ-based devices decrease in inten-
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sity and shift to a higher g value, manifesting a lattice com-
pressive strain in all directions. To quantitatively analyze the GI-
WAXS, we use a Gaussian profile to fit the peak of g ~ 1.0 A~
(Figure 5I). Interestingly, we notice an appreciable increase of
strain in the first 40 min in the RP device, followed by a slower
increase of strain for the next 60 min. This behavior is in line
with the degradation of solar cell performance. Moreover, the
strain can also affect the interfaces between different phases
in RP, consequently resulting in the degradation of FF. Over-
all, the RP-based device displays a compressive strain of 0.62%
after 150 min of continuous illumination, which is four times
higher than that of the DJ-based device (0.13%). In particular,
we observe a larger strain along the out-of-plane direction com-
pared to the in-plane direction in the RP-based device (Figures
S17 and S18, Supporting information). This strain variation in
RP and DJ-based devices is correlated with the existence of in-
terfaces induced by phase impurity and their atomic structural
rigidity, where the adjacent Pbl, octahedra of DJ RDPs is di-
rectly connected by the long ligand, resulting in a reduced thick-
ness of Ieeel distance (7.18 A),[*] a lower structural distortion
and thus enhanced structural rigidity compared to RP RDPs
(~8.47 A).5051

3. Conclusion

In summary, we unravel the structural-photophysical proper-
ties of slot-die-coated RP and DJ RDPs with modifying dimen-
sionalities. GIWAXS data confirm that RP RDPs with lower

© 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 5. Stability of RDPs (n = 4) films and their device under continuous light illumination. The 2D contour plots of normalized photoluminescence
as a function of time for A) RP RDPs, B) D) RDPs, and C) peak positions of the 3D-like phase of RP and DJ RDPs versus time. D) A schematic illustration
of devices operated under AM 1.5 G illumination with concomitant GIWAXS measurement. The solar cell performance as a function of time under
the illumination of E) RP-based PSCs and G) DJ-based PSCs. F) Zoom-in pseudo-XRD acquired from 2D GIWAXS data of F) RP-based device and H)
DJ-based device as a function of time. 1) Evolution of strain derived from (F) and (H). The strain is defined by the g shift relative to the original q value,

i.e., calculated by (q;—qg)/qq, Where t and qq represent the time of light illumination and the initial q value, respectively.

dimensionality exhibit a uniform phase distribution and pref-
erential orientation along the out-of-plane direction, which fa-
vors charge transport in solar cells. In addition, they have a
longer charge carrier lifetime and better film homogeneity in
comparison to D] RDPs, demonstrating the potential to form
an ideal 2D/3D heterostructure with desired phase and orien-
tation. In situ GIWAXS discloses the growth kinetics of respec-
tive RDPs, showing that the formation of lower-n phases is gov-
erned by stoichiometry and the formation energy. Thus, the for-
mation of lower-n phases in RP RDPs is more favorable than in
DJ RDPs. This highlights the potential of D] RDPs in narrow-
ing the phase distribution and thereafter a homogenous energy

Adv. Funct. Mater. 2024, 2411153 2411153 (8 0f11)

landscape. When the dimensionality increases, D] RDPs demon-
strate highly concentrated phase distributions, pronounced ori-
entation, spatially vertical phase homogeneity, and longer charge
carrier lifetime, which enhances their device performance and
stability under light illumination. Despite solvents and the film
deposition method affecting the kinetics and leading to variations
in structural properties, our work demonstrates that a rational
design of the device architecture - by combining RP RDPs with
lower dimensionality as the interface passivation layer and DJ
RDPs as the active layer - can alleviate phase impurities and crys-
tal random orientation, potentially achieving highly efficient and
large-scale reduced-dimensional PSCs.

© 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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4. Experimental Section

Materials: Lead iodide (Pbl,, 99%), phenethylammonium iodide
(PEAI, 98%), methylammonium iodide (MAI, 99%), N,N-anhydrous
dimethylformamide (DMF, 99.8%), dimethyl sulfoxide (DMSO, 99.9%),
2-propanol (IPA, 99.9%) [6,6]-phenyl C61 butyric acid methyl ester
(PC61BM, 99.5%), and chlorobenzene (CB, 99.8%) were purchased from
Sigma-Aldrich. 1,4-phenylenedimethanammonium (PDMAI,, 99.5%) was
purchased from Xi'an Polymer Light Technology Corporation. Poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS, BaytronP-
VPAI4083) and bathocuproine (BCP, 99%) were purchased from Ossila
and TCI, respectively. All materials were used as received without any other
refinement unless otherwise specified.

Precursors  Preparation and  Film  Deposition: The 2D RP
((PEA);MA, 1Pb,l3,,1) perovskite and DJ (PDMA)MA, Pb,l3,,4
perovskite solutions were prepared by dissolving the appropriate stoi-
chiometric quantities of Pbl,, MAI, and PEAI or PDMAI, in a mixture of
DMF and DMSO (9:1, v/v), where the concentration of Pb?* is 0.5 m. The
solutions were stirred at 70 °C until fully dissolved and cooled down to
room temperature before use. The patterned ITO (75x25 mm) or glass
substrates were rinsed in the sequence of diluted Hellmanex 11 (2:98), DI
water, acetone, ethanol, and isopropanol in the ultrasonic bath for 15 min
each. The substrates were treated with an O, plasma before further
processing. Subsequently, the perovskite precursor was slot-die-coated
on a preheated substrate (70 °C) with a coating speed of 5 mm s~'. The
pumping speed was 110 uL min~', and the gap height was 200 um. The
N, knife was set at a 45-degree angle against the printing direction with
a pressure of 10 psi. Afterward, the samples were annealed at 100 °C for
10 min. Details about the slot-die coater can be found elsewhere.[52]

Device Fabrication: The inverted solar cells had a device struc-
ture of ITO/PEDOT:PSS/perovskite/PC61BM/BCP/Ag. The PEDOT:PSS
was filtered and spin-coated on O,-plasma treated ITO substrates at
4000 rpm for 30 s, and then annealed at 150 °C in air for 30 min.
Afterward, the perovskite was deposited as described above. The
PC61BM solution (20 mg mL™! in CB) was dynamically spin-coated
on ITO/PEDOT:PSS/perovskite layers at 3000 rpm for 30 s. Afterward,
the BCP (0.5 mg mL™" in IPA) solutions were dynamically deposited at
3000 rpm for 30 's. Finally, a 100 nm thick Ag was evaporated under a vac-
uum of 1x 1076 Pa.

Materials Characterization—GIWAXS:  All GIWAXS data (in and ex
situ) were collected at beamline P03 at PETRA Il synchrotron (DESY,
Hamburg).[®] In situ, 2D GIWAXS data was collected under an inci-
dence angle of 0.4° with an X-ray beam energy of 11.8 keV and recorded
on a LAMBDA 9 ™ detector (X-Spectrum). In the kinetic study of the
film growth, the perovskite layer was slot-die coated on heated ITO sub-
strates (70 °C), and the data was recorded with an exposure time of 0.2 s.
Operando 2D GIWAXS data was collected under an incident angle of 0.6°
with an X-ray beam energy of 11.83 keV, whereas an exposure time of
1's was used. The operando GIWAXS measurement on the quasi-2D per-
ovskite solar cells was done via the ISOS-L-1I protocol (i.e., under the
continuous bias scan and light illumination).[#>4] In addition, the en-
tire chamber was connected with cooling water (25 °C) to preclude the
temperature-induced degradation.[**] Angular-dependent X-ray scattering
data was collected with an X-ray beam energy of 12.92 keV with a sample-
to-detector distance (SDD) of 279.25 mm. The scattering depth was cal-
culated using https://gixa.ati.tuwien.ac.at/tools/penetrationdepth.xhl.[>¢]
The positions of the beam center and SDD in all measurements were
calibrated by fits to the patterns of LaBg and CeO, with the DPDAK
package.[’”] The reshaped 2D GIWAXS data, the line cuts, and the az-
imuthal integration of the scattering data were processed with the Python
tool INSIGHT (20, 49). The correction of SDD was done by calibrating the
ITO peakto g =2.132 A=1. The GIWAXS data was indexed according to the
literatures.[#%58] The lees| distance was calculated based on the structures
of RP and D] in these literatures.[>>1]

Materials Characterization—Film characterization: The optical absorp-
tion spectra were measured with an ultraviolet/visible (UV/Vis) spec-
trophotometer (Perkin Elmer Lambda 35). Atomic Force Microscopy
(AFM) measurements were carried out with an AFM instrument
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(Nanosurf, FlexAFM, Switzerland). The photoluminescence spectra were
detected by a fluorescence spectrometer (PerkinElmer LS 55) with an exci-
tation wavelength of 450 nm and a slit width of 15 nm. Photoluminescence
mapping was performed using a confocal time-correlated single-photon
counting (TCSPC) setup (PicoQuant, MicroTime 200). A 404 nm pulsed
laser with an average power of 100 mW cm™2 (0.1 ) cm~2 per pulse),
operating at repetition rates of 10 MHz for various perovskite films, was
focused onto the sample using a X100 objective. The resulting data were
smoothed by averaging nearby data points spatially and temporally. PL
was collected across a region of 10 um x 10 um.[*°] The average radiative
lifetime was used as a means to mathematically quantify the lifetime and
statistically compare the decay times between samples, but it was stressed
that any physical model on this was not invoking.

Materials ~ Characterization—Transient  Absorption — Characterization:
Commercial TA spectrometers (Ultrafast Systems, HELIOS, and EOS)
were used. The relative content of the respective phase in RDPs can be
quantified by the amplitude of the GSBs peak signal as:[¢°]

[, AAdE

[, AAdE M

Pni

wherep,; and AA s the relative content of the respective phase and the am-
plitude of the GSBs signal of each phase, respectively. All TA data were col-
lected for photoexcitation at 430 nm with a pump fluence of ~200 pj cm~2.

Materials Characterization—Solar cell characterization: The current
density—voltage (J-V) measurement was conducted with a Keithley 2611B
source meter under the light illumination of the solar simulator (class ABA,
Newport) at a light intensity of 100 mW cm™2, where the light intensity
was calibrated by a reference solar cell (Fraunhofer ISE019-2015). The so-
lar cells were measured with a scan rate of 50 mV S~ (voltage steps of
10 meV and a delay time of 100 ms). The solar cell devices were measured
by masking the active area with a metal mask of 0.079 cm?.

Supporting Information

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