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Inter-Layer Diffusion of Excitations in 2D
Perovskites Revealed by Photoluminescence Reabsorption
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2D lead halide perovskites (2DPs) offer chemical compatibility with 3D
perovskites and enhanced stability, which are attractive for applications in
photovoltaic and light-emitting devices. However, such lowered structural
dimensionality causes increased excitonic effects and highly anisotropic
charge-carrier transport. Determining the diffusivity of excitations, in
particular for out-of-plane or inter-layer transport, is therefore crucial, yet
challenging to achieve. Here, an effective method is demonstrated for
monitoring inter-layer diffusion of photoexcitations in (PEA),Pbl, thin films by
tracking time-dependent changes in photoluminescence spectra induced by
photon reabsorption effects. Selective photoexcitation from either substrate-
or air-side of the films reveals differences in diffusion dynamics encountered
through the film profile. Time-dependent diffusion coefficients are extracted
from spectral dynamics through a 1D diffusion model coupled with an
interference correction for refractive index variations arising from the strong
excitonic resonance of 2DPs. Such analysis, together with structural probes,
shows that minute misalignment of 2DPs planes occurs at distances far from
the substrate, where efficient in-plane transport consequently overshadows
the less efficient out-of-plane transport in the direction perpendicular to the
substrate. Through detailed analysis, a low out-of-plane excitation diffusion

1. Introduction

In recent years, metal halide perovskites
(MHPs) have garnered significant atten-
tion owing to their outstanding perfor-
mance in thin-film solar cells and a broad
range of other applications. Power con-
version efficiencies of lab-scale perovskite
solar cells now match those of the very
best silicon solar cells, and frequently
exceed 26%.11 Such remarkable perfor-
mance is enabled by the excellent opto-
electronic properties of MHPs, including
high charge-carrier mobility, strong absorp-
tion coefficients, and low density of detri-
mental defects, which — coupled with the
large bandgap tunability and low cost for
device preparation — has created a new
paradigm for thin-film solar cells.?”! To
date, the material and operational insta-
bility of thin-film solar cells based on
such bulk, 3D MHP semiconductors there-
fore remain the only significant techni-
cal hurdle to their commercial success.®*]

coefficient of (0.26 + 0.03) x10~* cm? s~! is determined, consistent with a

diffusion anisotropy of ~4 orders of magnitude.

J. Du, M. Righetto, M. Kober-Czerny, S. Yan, K. A. Elmestekawy,
H. ). Snaith, M. B. Johnston, L. M. Herz

Department of Physics

Clarendon Laboratory

University of Oxford

Parks Road, Oxford OX1 3PU, U.K.

E-mail: marcello.righetto@physics.ox.ac.uk; laura.herz@physics.ox.ac.uk
L.M.Herz

Institute for Advanced Study

Technical University of Munich

Lichtenbergstrasse 2a, D-85748 Garching, Germany

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adfm.202421817
© 2025 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.202421817

Adv. Funct. Mater. 2025, 35, 2421817 2421817 (1 of 11)

To improve the stability of perovskite
solar cells, layered 2D perovskites (2DPs)
have been blended and interfaced with
3D MHPs, thereby resulting in improved
defect passivation and enhanced stability
under humid-air conditions.['®!!] The structure of 2DPs com-
prises alternated perovskite octahedral inorganic layers and
hydrophobic large cation layers, giving rise to a 2D stacked
structure.['>13] The enhanced chemical stability of 2DPs can be
attributed to their hydrophobic large cations, which shield the
3D MHPs structure from moisture.'*1*] However, these large
cations also fundamentally reshape charge-carrier interactions
in 2DPs with respect to their 3D perovskite (3DP) counterparts,
through electronic and dielectric confinement effects, resulting
in exciton binding energies in excess of 200 meV.['31¢] Further-
more, the layered structure of 2DPs imparts strongly anisotropic
optoelectronic properties, and may hinder the movement of
charge carriers in the direction perpendicular to the 2D per-
ovskite planes, but the degree of anisotropy is still strongly de-
bated in the literature.l'”'8] These novel properties of 2DPs have
in turn proven promising for alternative applications in light-
emitting diodes and lasers,['?%] as well as in polarization optical
devices.?!l However, for both solar cell device and light-emitting
diode operation, their anisotropic charge-carrier transport
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properties may have a negative impact, thus potentially setting
a trade-off between stability and efficiency.

Efficient charge-carrier transport is vital for high-efficiency
solar cells in planar heterojunction architectures, in particular
in the direction toward charge-collecting electrodes. While free
electron-hole pairs dominate the excited-state dynamics of 3D
MHPs, the high exciton binding energy in 2DPs, well above the
thermal energy at room temperature (=26 meV), implies that ex-
citons become the dominant photophysical species,!?223] though
recent reports have revealed a free charge-carrier population far
in excess of that expected from the simple Saha equation.?*l As
a result, conventional spectroscopic measurements of charge-
carrier transport, such as optical-pump terahertz-probe (OPTP)
or time-resolved microwave conductance (TRMC) measure-
ments, which mostly only probe the mobility and dynamics
of the residual free charge carriers in 2DPs, are unable to
directly record the majority of photoexcited species in these
materials.[?#?°] In the past few years, photoluminescence (PL)-
based methods detecting radiative processes—such as exciton de-
cay and electron-hole bimolecular recombination-have been de-
veloped to track the diffusion of charge carriers. In these meth-
ods, charge-carrier diffusion processes are studied by monitoring
the time-dependent expansion of the PL emission distribution in
real space following a focused excitation using pulsed laser.!?¢]
Here, the diffusion coefficients of excitations in 2DPs are ex-
tracted by fits to the measured time-dependent “mean square dis-
placement”, based on equations describing population and trans-
port dynamics. Such PL-based methods, however, often fail to
capture the anisotropy of excitation diffusion in 2DPs as they
are mostly sensitive to the dominant in-plane diffusivity. Re-
cently, Cho et al.l?’l proposed a method based on photon reab-
sorption to track charge-carrier diffusion normal to the plane of
thin perovskite films, and found this to be effective for 3DPs.
However, the short lifetime of excitons in polycrystalline 2DPs, 8]
prevented the extraction of out-of-plane excitation diffusion con-
stants for 2DPs in this study. Therefore, an accurate determina-
tion of out-of-plane diffusion coefficient for 2DPs, as well as for
other layered materials such as transition metal dichalcogenides
and 2D covalent organic frameworks, remains a challenge.

In this work, we investigated out-of-plane diffusion of exci-
tations in thin films of the 2D Ruddlesden—Popper perovskite
(PEA),PbI, whose inorganic lead-iodide octahedral layers exhibit
strong preferential orientation along the substrate plane. We
demonstrate a method to track charge-carrier diffusion based
on the spectral changes resulting from reabsorption of PL pho-
tons emitted by the 2DP and accurately determine the out-of-
plane diffusion coefficient of photoexcitations. We are able to
overcome the limitations of short excitation lifetime in polycrys-
talline 2DPs by implementing time-resolved photon detection
based on an intensified charge-coupled device (iCCD) camera ca-
pable of measuring full luminescence spectra with high ampli-
fication and sensitivity. Crucially, by accessing the full PL spec-
trum here, as a function of time over the range from 1 to 200 ns,
we are able to identify and account for spectral features arising
from excitonic resonances and the different refractive indices of
materials interfacing either side of the 2DP film. By accurately
accounting for these effects through an interference model, we
are able to determine the average energy of emitted PL photons
as a function of time, which is influenced by photon reabsorp-
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tion effects and therefore the diffusion of excitations through
the film depth profile, for different excitation and detection con-
figurations. We determine the out-of-plane diffusion coefficient
of excitations from such data, by developing a model based on
the 1D diffusion equation to capture the temporal evolution of
the average PL energy. We observe an interesting excitation-
configuration-dependent change in diffusion coefficients, which
we reveal to be caused by variations in the nanostructural orien-
tation of 2DP planes with respect to the substrate, as a function of
film depth. We further highlight the strongly anisotropic nature
of transport in 2DPs by comparing the determined out-of-plane
diffusion coefficient in (PEA),PbI, with well-established values
for in-plane motion in the literature. Such comparisons indicate
strongly anisotropic diffusion of photoexcitations in (PEA),Pbl,
thin films with an anisotropy ratio of almost four orders of mag-
nitude. Our findings further highlight the potential of PL reab-
sorption methods for the study of out-of-plane diffusion of pho-
toexcitations in layered semiconductors, which allows for funda-
mental understanding and optimized implementation in macro-
scopic and nanoscale optoelectronics devices.

2. Results and Discussion

2.1. Principle of Photon Reabsorption

Photoluminescence reabsorption processes have been widely ob-
served to contribute to the excited-state dynamics of 3D and
lower-dimensional perovskites.[232] In the reabsorption process,
a large fraction of the photons emitted as a result of exciton de-
cay or free electron-hole recombination are reabsorbed by the
perovskite material itself, rather than escaping through its sur-
face. Such effects are particularly pronounced when the Stokes
shift (i.e., the difference in energy between the absorption on-
set and the PL peak) is small, as the increased spectral overlap
makes photon recapture increasingly likely. Crucially, reabsorp-
tion preferentially affects photons emitted at the higher-energy
end of the PL spectrum — an effect that is enhanced by sharp
onsets in the absorption spectrum.[3*3*] Therefore, reabsorption
processes cause a net spectral redshift of the PL signal that in-
creases as the average position of the emitted photons moves
deeper into the film, with respect to the detector. In addition,
photon reabsorption extends measured photoluminescence life-
times as a result of the time delays introduced by reabsorption
and subsequent re-emission events.[2?3435] Crucially, reabsorp-
tion is also highly informative about charge-carrier diffusion in
a semiconductor. The fact that different spatial distributions of
photogenerated charge-carriers, e.g., a distribution peaked near
a film surface as opposed to a flatter charge-carrier distribution
profile, will experience reabsorption to a different extent has en-
abled researchers to track charge-carrier diffusion in 3DP thin
films in the direction normal to the substrate and film plane.!?73¢]
For 2DPs with preferential layer orientation parallel to the sub-
strate plane, this method would be ideally suited to determine
out-of-plane diffusivity of excitations. However, attempts have so
far been inconclusive, possibly owing to the faster recombination
of photoexcitations in lower-dimensional perovskites, which ne-
cessitates exceptionally high sensitivity of detection if they are to
Dbe tracked over the typical time scale of diffusion.
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Figure 1. Schematic diagram indicating the different experimental configurations employed in this study: A) same-side collection, air-side excitation (SA),
B) same-side collection, quartz-side excitation (SQ), D) opposite-side collection, air-side excitation (OA) and E) opposite-side collection, quartz-side
excitation (OQ); Figure highlighting absorption coefficient spectra (purple line) and PL spectra recorded for C) same-side collection and F) opposite-side
collection for 3DP FA 4Cs 1 Pbl3Cl, thin films at the initial time of excitation (1 ns, orange solid line) and at long-time delay (160 ns, orange dashed

line), detected by a gated iCCD.

To overcome this hurdle, we here employed an ultrasensitive
detection method based on a gated amplified iCCD, allowing us
to track vertical (out-of-plane) charge-carrier diffusion in 2DP
thin films through time-dependent changes in PL spectra result-
ing from photon reabsorption processes over a 100 ns time scale.
To extract diffusion coefficients from such data, corresponding
interference and diffusion models were developed to correct the
recorded PL spectra and model their evolution in terms of 1D dif-
fusion of photoexcitations along the film depth profile. These in-
novations collectively enable a highly powerful method for track-
ing out-of-plane diffusion of charge carriers in thin films. In
our method, we use four different experimental configurations
(as illustrated in Figure 1A,B and D,E), which differ in the rel-
ative orientations of photo-excitation or PL collection with re-
spect to the interface of the 2DP film formed with either air or
the quartz substrate. We label these four configurations below
as: same-side collection/air-side excitation (SA), opposite-side
collection/air-side excitation (OA), same-side collection/quartz-
side excitation (SQ) and opposite-side collection/quartz-side ex-
citation (OQ). According to the Beer-Lambert law, photoexcita-
tion with energies higher than the bandgap generates in the film
an initial charge-carrier distribution profile that declines expo-
nentially along the depth of the material.[’”! Therefore, we note
that air-side (SA, OA) and quartz-side (SQ, OQ) excitation sce-
narios will generate excitation distributions initially located near
different film interfaces, which may have consequences for the
electronic energy landscapes probed. Furthermore, by contrast-
ing configurations of same-side (SA, SQ) collection with those of
opposite-side (OA, OQ) collection we are able to effectively ob-
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serve the impact of photon reabsorption. For the same-side col-
lection (SA, SQ) configurations (Figure 1A,B), where both pho-
toexcitation and PL collection occurs from the same film side,
over time, the initially generated free charge carriers and excitons
diffuse deeper into the film and away from the surface. Thus as
time progresses, reabsorption effects increase, because the emit-
ted photons must travel a longer distance through the material
to reach the detector. This enhanced reabsorption yields an effec-
tive redshift of the normalized PL profile with increasing time
(Figure 1C), because higher-energy emitted photons are more
likely to be reabsorbed than lower-energy photons. In contrast,
for opposite-side collection configurations (Figure 1D,E), any PL
emitted initially (e.g., at t = 1 ns after excitation) must travel
through almost the entire film in order to be detected, hence it ex-
periences considerable reabsorption effects. In this case, charge-
carrier diffusion processes away from the initial Beer-Lambert
profile will result in reabsorption effects decreasing over time
as charge carriers move closer to the collection side. Therefore,
opposite-side collection (OA, OQ) configurations should yield
blueshifts in recorded PL emission spectra over time (Figure 1F).
Here, we record time-dependent PL spectra in all four config-
urations and track average photon energies in order to capture
such redshifts and blueshifts. As a result, we are able to extract
clear information about charge-carrier diffusion processes spe-
cific to the film interface near which they were initially generated,
which also yields information about potential morphological dif-
ferences along the film profile.

To quantify PL shifts resulting from reabsorption effects, we
define and determine an average photon energy (E) of the
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emitted PL (details in Section S4, Supporting Information) as fol-
lows:

J f (E) EdE

B = rmdE

1)

where f{E) represents the PL lineshape as a function of energy
E. Accordingly, a PL blueshift and a PL redshift correspond to in-
creases and decreases in ( E), respectively. To overcome the limita-
tion caused by the short lifetime of charge carriers and excitons,
we utilized an iCCD for detection, which allows for the record-
ing of the full spectra and intensification of the signal there-
fore enabling the recording of a much larger dynamic range and
tracking over longer time delays than is usually possible with
more commonly employed time-correlated single photon count-
ing (TCSPC) setups. To illustrate first how such spectra evolve for
a prototypical 3DP, Figure 1C-F and Figure S10 (Supporting In-
formation) display transient PL spectra recorded for a thermally
evaporated thin film of FA ,Cs, ; Pbl; ,Cl, in both SA (Figure 1A)
and OA (Figure 1E) configurations, over a time delay range from
1 to 160 ns after pulsed photoexcitation. Here, we maintained
the same (air-side) excitation configuration for both detection ge-
ometries in order to ensure that the same interface was being
probed. For the SA configuration, the average photon energy ex-
hibited an expected redshift (Figure S10, Supporting Informa-
tion), from 1.568 to 1.556 eV, indicating that higher-energy emis-
sions were indeed increasingly reabsorbed as charge carriers dif-
fused through the film depth profile. Conversely, for OA config-
urations, the average energy demonstrated a blue shift (Figure
S10, Supporting Information) from 1.553 to 1.555 eV, exhibit-
ing an expected reduction in reabsorption effects. Contrasting
these average energy dynamics (Figure S10, Supporting Informa-
tion) shows their convergence and eventual overlap %30 ns after
photoexcitation, indicating that the diffusion process through the
film profile has been completed at this time point, leading to an
even profile. Observations of such complete diffusion has previ-
ously been made for a 3DP film,?’! however, based on PL tran-
sients recorded with TCSPC for either high-or low-energy photon
emission. Such TCSPC measurements are viable for 3DPs owing
to their long PL lifetime (146 ns; Figure S6, Supporting Informa-
tion) and relatively high charge-carrier diffusion coefficients (0.08
cm?s™! for our 3DP investigated here, see Section S7, Supporting
Information) compared to 2DPs, and we have thus used these to
verify that measurements recorded with either TCSPC or gated
iCCD detection yield similar results, as indeed shown in Figures
S10-S13 (Supporting Information).

2.2. Exciton Diffusion Tracking in 2DPs

The presence of quantum confinement and dielectric confine-
ment radically alters the nature of Coulomb interactions in lay-
ered 2DPs. As a result of this, high exciton binding energies
(reaching > 200 meV)!*® yield a stable and dominant population
of excitons at room temperature. The Coulomb-correlated na-
ture of excitons may significantly accelerate their recombination,
while the reduced dimensionality also accelerates band-to-band
recombination of free electrons and holes owing to an enhance-
ment of the density of states near the absorption edge and the
reciprocity between absorption and radiative recombination.!8!
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Therefore, while experimental methods conventionally used to
probe diffusion of photoexcitations in 3D semiconductors ex-
hibiting relatively slow recombination are highly effective for
tracking the complete process, for 2DP thin films, the faster de-
cay process of photoexcitations (Figures S7-S9, Supporting Infor-
mation), coupled with their expected slow out-of-plane diffusion,
makes such investigations significantly harder.

Here we study exciton diffusion processes in PEA,Pbl, 2DP
films by utilizing a PL reabsorption-based method coupled with
high-sensitivity gated detection. The film thickness was mea-
sured by a profilometer and further confirmed by absorption
measurements and cross-sectional scanning electron microscopy
(SEM) (Table S1 and Figures S1-S5, Supporting Information).
We note that a film thickness of 110 nm was chosen for most
experiments because it approaches the penetration depth I of
light at the chosen excitation energy of 3.1 eV (i.e., the inverse
of the absorption coefficient, | = 1/a) which results in a sig-
nificant population of photoexcited charge carriers near both in-
terfaces. This condition ideally enhances the sensitivity of our
method by yielding a significant PL signal for both same-side
(SA/SQ) and opposite side (OA/OQ) configurations and enables
us to track the entire diffusion process of excitations, which ter-
minates once a flat depth profile has been reached. We also
explored films of thickness above and below this value (270
and 55 nm), which confirm this choice, as discussed further
below.

Figure 2A,B illustrate time-dependent PL spectra for a
PEA,PbI, 2DP thin film, recorded for SA and OA configurations
(Figure 2A,B insets) following 3.1-eV excitation with pulses of
~100 ps duration (details Section S3, Supporting Information).
Analogously to what we observed for 3DPs, both SA and OA spec-
tra shift over time to lower and higher energies (SA: red shift; OA:
blue shift, see details in Section 2.1), respectively. Again, we inter-
pret these shifts as the signature of the diffusion process through
the depth profile of the film. Notably, a slight rise in the normal-
ized PL spectra at photon energies below 2.25 eV was observed
for both configurations, likely attributable to emission from low-
energy defects or polarons in the 2DP thin films, which has been
widely reported.[34]

Crucially, given the nanosecond timescale and matching dy-
namic magnitudes of the respective blue-and red-shifts in av-
erage PL energies, these must originate from diffusion of pho-
toexcitations along the film depth profile as transport and re-
combination typically occur over such timescales.[*®! Other pos-
sibilities which may cause spectral shifts—such as thermaliza-
tion (picosecond), and ion migration (microsecond)—are clearly
associated with different timescales.[?3¢] We note that the lay-
ered morphology of 2DP thin films, and in our case, lead-iodide
layer orientation parallel to the substrate plane (according analy-
sis presented further below), means that excitations are expected
to travel slowly through the film depth profile. Here, the need
of excitations to cross planes of near-insulating PEA molecules,
means that such out-of-plane diffusion is most likely dominated
by dipole-mediated energy transfer mechanisms such as non-
radiative Forster resonance energy transfer (FRET) and radia-
tive energy transfer.33! This structure-induced limitation causes
out-of-plane diffusion to be much slower than in-plane diffu-
sion, yet the entire process still happens on the scale of ~100
nanoseconds.
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Figure 2. Time-resolved PL spectra for 2DP PEA,Pbl, thin films of 110 nm thickness, recorded for A) SA and B) OA configurations over a time delay
range from 1to 200 ns after excitation at 3.1 eV, detected by a gated iCCD and normalized at their peak intensity. The slight rise in the PL spectra at photon
energies below 2.25 eV is attributed to emission from low-energy defects or polarons, as previously reported for 2DPs.[3240] This slight relative rise of
low-energy PL leads to the red shift observed in OA curves at longer time delays. Inset schematics illustrate the geometries for SA and OA configurations;
C) Correction factor (green line) computed from the interference function and absorption spectra (orange line) for a 110-nm thick PEA,Pbl, thin film;
D) Average energy of emitted PL photons for SA (red line) and OA configurations (blue solid line for data modified with correction factor, blue dash line
for uncorrected data), recorded at times ranging between 1 and 200 ns. The temporal blue and red shifts are indicated by blue and red arrows for OA

and SA configurations, respectively.

To quantify the dynamics of this out-of-plane diffusion pro-
cess in PEA,PbI, thin films, we calculated the average energy
of photon emission for OA (blue curve) and SA (red curve) con-
figurations as a function of time from 1 to 200 ns (Figure 2D;
Figure S17, Supporting Information). To minimize the impact
of the weak low-energy defect emission on these calculations,
an energy range from 2.275 to 2.5 eV was selected. We find that
the average photon energy for the OA geometry blue shifts from
2.362 to 2.365 eV and stabilizes after ~#100 ns. Conversely, the
average energy recorded for the SA geometry red shifts from
2.366 to 2.362 eV and similarly plateaus at 100 ns (see Section 2.1
for details). Intriguingly, despite a careful calculation and exclu-
sion of contributions arising from defect PL, the average energy
transients extracted for SA and OA geometries cross each other
within tens of nanoseconds and do not converge at long times,
thus resulting in PL to emerge at higher energy for the OA than
for the SA configuration. This result seems unexpected at first,
given that according to our simple reabsorption model, exciton
diffusion throughout the film should eventually yield a flat distri-
bution profile of excitations across the film depth profile, at which
point both SA and OA configurations should cease to change (as
they do) and display the same reabsorption effects and therefore
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detected photon energies (which they do not). We note that for
charge-carrier diffusion in the 3DP film (Figure S10, Supporting
Information) discussed above, average photon energies did in-
deed converge near the same value. Therefore, we posit that this
unexpected effect is specific to 2DPs and might arise from their
strong excitonic character and the resulting sharp features they
exhibit near the absorption onset.

To further elucidate the cause of the observed crossing of the
average PL energy curves for 2DPs, we developed an optical in-
terference model (full details provided in Section S6, Supporting
Information) to account for transmission through the different
film interfaces. Importantly, for photon detection in the SA ge-
ometry, the PL emission is collected through the perovskite/air
interface, whereas for the OA geometry, it passes through the
perovskite/quartz interface. Here, the different refractive index of
air and quartz affect the outcoupling of the emitted light, thereby
potentially modifying the PL spectrum and hence the average en-
ergy of the photons recorded. To account for such effects, we de-
veloped a model that applies a correction by accounting for re-
fractive index variations at the different air/perovskite and per-
ovskite/quartz interfaces. The refractive indices of our perovskite
thin films were obtained from fits to recorded transmission and

© 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH

B5UB9 |7 sUOLIWIOD dAIEaID a|qedl|dde auy Aq peusenoh are sap e YO 95N Jo Sa|nu 10} Akiqi8uluQ AS|IAA UO (SUO N IPUOD-PUE-SLUBI/WOY A3 |Im Aelq | Ul uo//sdiy) SUONIPUOD pue SWid | 8yl 39S *[9202/T0/c2] Uo ARl auluQ A3 |1 ‘8ous|pox3 a1eD pue UifeaH Jojanisu| luoleN ‘301N AQ 2181220z Wipe/200T 0T/I0p/wod A3 1m Aelq | jpuljuo’paouenpe//sdny Wwouy pepeojumoq ‘9z ‘'Sz0z ‘820€9T9T


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

ADVANCED
SCIENCE NEWS

ADVANCED
FUNCTIONAL
MATERIALS

www.advancedsciencenews.com

reflectance spectra utilizing a transfer matrix method (TMM) (full
details provided in Section S5, Supporting Information). By com-
bining the interference model with TMM, we derive an inter-
ference function for both cases, i.e., emission spectra recorded
through outcoupling from perovskite films to air (IF,;) and to
quartz (IFq,,,) (Figures S25 and S26, Supporting Information).
To make comparable average energies recorded for the two ge-
ometries (OA and SA), we here chose to convert PL emission
spectra recorded through quartz to what they would be expected
for collection through the air side, using:

IF
PLCorrected OA (t) = PLUncorrected OA (t) X ﬁ

Quartz

2)

Closer examination of the spectral profile of this correction
factor (Figure 2C) further allows us to comment on the reasons
why specifically 2DPs exhibits the crossing of curves discussed
above. The correction factor displays a pronounced function min-
imum at ~2.37 eV which derives from the presence of strong
excitonic resonances (Figure 2C) at ~2.39 eV typical for 2DPs.
This effect can be more readily observed by the presence of near-
zero transmission (Figure S4, Supporting Information) recorded
across the same spectral range. Importantly, the slight devia-
tion between the energy of the absorption peak and the min-
imum of the correction factor yields a marked effect on wide-
angle interference,*!l thus resulting in a distortion of the spec-
trum. Figure 2D shows how the average PL energy shift of the
PEA, PbI, thin film recorded in the OA configuration changes af-
ter the correction has been applied. Such correction rigidly shifts
the average PL energy to lower energies by 4 meV. As a result,
the average PL energy curves for the SA and OA configuration
now approach each other, and plateau at ~#100 ns. We note here
that, despite correcting for light outcoupling effects, a residual
crossing of the average PL energy curve in SA and OA config-
uration is still observed at ~50 ns. However, only a very small
offset of &1 meV is observed in the steady-state limit, suggesting
the presence of additional minor factors, such as surface recom-
bination (vide infra), or that our optical model, which does not
account for light scattering, does not perfectly replicate the real
system. Finally, we note that in the absence of such sharp and
strong excitonic resonances near the absorption onset — such as
for 3D perovskites — the interference factor is similar to (1-R),
where R is reflectance,[***}] and such spectral distortions will be
very minor. As a result, average emission energy trends for such
configuration pairs are expected to approach each other without
the need for the correction described by Equation (2), as we in-
deed observe (Figure S10, Supporting Information).

To further validate our approach and the effects of the opti-
cal interference correction factor, we measured PL reabsorption
dynamics for PEA,Pbl, films with different thicknesses (55 and
270 nm), with the results shown in Figure S29 (Supporting In-
formation). We note that a crucial difference between these three
cases is the ratio between film thicknesses L and the penetration
depth of light (1/a) at the excitation energy. The calculated pen-
etration depth of ~130 nm for 2DPs at 3.1 eV excitation ener-
gies is significantly larger than thickness for 55-nm thin films,
and significatively smaller than the thickness for 270-nm thin
films. Hence, we expect a fairly flat initial distribution of photoex-
citations across the film depth profile in the case of the 55-nm
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thick film, and more sharply peaked distribution at the surface
in the case of the 270-nm thick film (Figure S34, Supporting In-
formation). For these two extremes, several challenges arise for
tracking of the entire exciton diffusion process: for L <« 1/a, the
flat excitation density gradient yields similar photon reabsorp-
tion effects on both collection configurations, and therefore, little
change is expected to occur over time. On the other hand, for L >
1/a, recording the complete equilibration process starting from
a sharply peaked photoexcitation distribution to one that is flat
across the film depth profile is challenging because it could eas-
ily approach very long timescales, by which time little emission
will be left to detect. We discuss in more detail the interpretation
of these cases and the effect of the correction factor in Section
S6 (Supporting Information). Overall, we conclude that choos-
ing a film thickness comparable to the penetration depth of the
exciting light is ideal for measurements of vertical diffusion of
photoexcitations by the photon reabsorption method.

2.3. Extracting Diffusion Coefficients from Simulations

To quantify the PL reabsorption dynamics in the 2DP thin
films and extract diffusion coefficients, we simulated the pho-
toexcitation dynamics through a 1D time-dependent diffusion
model.3%* For this purpose, we assume that the initial distribu-
tion of photoexcitations follows the Beer—Lambert law, and subse-
quent diffusion is captured by the numerical solution to a 1D dif-
fusion equation along the depth profile (Section S7, Supporting
Information for full details of the approach). From the excitation
depth profile derived for any given time, the anticipated emerg-
ing PL spectra were calculated, taking into account the reabsorp-
tion effects through the material thickness and the absorption
spectrum a photon will encounter when it is emitted at a certain
film depth. The average phton energy of the simulated emerg-
ing PL spectra was then calculated and compared with actual re-
sults derived from experiments. The effects of surface recombi-
nation were also taken into account through modified boundary
conditions (Section S7, Supporting Information). We first vali-
dated the simulation approach by conducting simulations for the
FA,,Cs,,Pbl; Cl, 3DP films, which yield a diffusion coefficient
of Dypp = 0.08 + 0.04 cm?s™! (Figures $S32-S38, Supporting In-
formation), in excellent agreement with literature-reported val-
ues collected from 3D lead iodide perovskite thin films.[2743]

We proceed by discussing diffusion simulation results for the
PEA,PbI, 2DP films. As an example of the simulation capturing
the evolving excitation profile, Figure 3A shows how the simu-
lated peak of the initial normalized Beer—Lambert photoexcita-
tion distribution slowly moves away from the surface and mi-
grates into the film depth over a 200-ns timescale (here for the SA
configuration and a diffusion coefficientof 1.0 X 10~* cm? s7!). As
expected, the diffusion process progressively flattens the photoex-
citation density gradient along the film depth profile, while the ex-
tensive surface recombination lowers the contribution from the
air side. The change in photoexcitation distribution effectively in-
creases the average distance in the film traveled by emitted pho-
tons before they reach a surface, and thus enhances the extent of
photon reabsorption.

We found that in general, an additional effect of surface re-
combination had to be considered when modeling the observed
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Figure 3. A) Simulated temporal evolution of the photoexcitation density
profile, for an assumed diffusion coefficient of 1.0 x 107* cm? s~ for a
110-nm thick film of the 2DP PEA,Pbl,, over a 200-ns timescale follow-
ing initial photoexcitation, in the SA configuration; B) Dynamic changes in
average energy values of detected PL photons, showing simulated values
(colored dashed lines) for different diffusion coefficients, together with the
experimentally determined values (red circles); C) Diffusion coefficients
extracted for all four configurations through comparison and interpola-
tion between experimental data and simulations. Dashed lines are guides
to the eye.
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peak-energy shifts accurately. In particular, when the two oppo-
site film surfaces (quartz and air interface) exhibit different sur-
face recombination rates, counterintuitive results of PL shifts
may be expected, e.g., an SQ blue shift and OQ red shift) (Figure
S17 (Supporting Information) for data and Figure S33 (Support-
ing Information) for simulations for 110 nm-thick PEA,Pbl, 2DP
films). Here we find that this observation is related to more de-
fective or disordered material giving rise to higher surface re-
combination velocities near the film’s air-side interface: in sim-
ulations reflecting quartz-side excitation, surface recombination
generates an “opposite gradient” by rapidly depleting the charge-
carrier density near the air-side interface and leads to competition
between surface recombination and excitation diffusion. For the
OQ geometry (quartz-side excitation) this will lower the number
of photons emitted near the opposite side (air side), which will
generate a counterintuitive red shift, while for the SQ geometry,
a blue shift occurs, when these effects dominate the reabsorp-
tion dynamics (Figure S33, Supporting Information). Depending
on film thickness and defect density at this air-side interface, ei-
ther the photon reabsorption effect, or the surface recombination
effect therefore dominates the direction of shifts for the quartz-
side excitation geometries, with the former being the case for
the 270 nm-thick PEA,Pbl, 2DP film and the latter for the 110
nm-thick film (Figure S17, Supporting Information for data and
Figure S34, Supporting Information for simulations). We note
that for 3DP thin films, the relatively large diffusion coefficient
of excitations means that surface recombination cannot cause a
strong distortion for the excitation profile, and hence the shift of
the PL spectra follows that expected from a simple model based
on photon reabsorption alone (Figure S32, Supporting Informa-
tion). We thus find that our model incorporating exciton diffusion
and both bulk and surface-specific recombination can accurately
account for the energy peak shifts observed for all four excitation-
detection configurations.

We proceed by using such simulations to provide an accu-
rate assessment of the out-of-plane diffusion coefficient for these
highly oriented PEA,PbI, 2DP films. We performed multiple
simulations based on diffusion coefficients ranging from 0.1 x
107* to 1.4 X 10~* cm? s~!. Figure 3B shows the average photon
energy transients calculated for different diffusion coefficients
together with those determined experimentally, for the SA con-
figuration. As expected, the curves simulated for a range of dif-
fusion coefficients all start at the same initial emission energy
(2.3657 €V) but then decrease with different speed to reach dif-
ferent values at any given time (e.g., between 2.363 and 2.360 eV
within the calculated 200-ns time window for diffusion coeffi-
cients between 0.1 and 1.4 x 10~* cm? s7!, respectively). The
comparison between experimental and calculated average energy
transients (red dot line and dotted lines in Figure 3B) reveals that
the observed diffusion process does not fully follow any one of
these calculated average energy transients. Instead, the experi-
mental data points appear to shift gradually from initially follow-
ing the curves associated with faster diffusion, to those with lower
diffusion coefficients at later times after excitation. To quantify
this interesting effect, we extracted a time-dependent diffusion
coefficient D(t) from the comparison between data and simu-
lated curves-Figure 3C. Intriguingly, for the SA and OA config-
urations reflecting air-side excitation of the 110 nm-thick film of
PEA,PbI,, the value of the diffusion coefficients monotonically
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decreases from 1.4 t0 0.31 X 10~* cm? 57!, and from 1.8 to 0.32 X
10~* cm? s7, respectively. In contrast, D(t) values for quartz-side
excitation display the opposite trend, i.e., they increase from 0.25
t0 2.6 X 10~ cm? s~! for SQ and from 0.24 to 1.6 X 10~ cm? s7!
for OQ geometries. We observed that this value is lower than that
reported for a single-crystal 2DP!Y”] which may be caused by the
presence of additional grain boundaries present in thin films.[?’]
These findings reveal that different regions of excitation diffusiv-
ity exist in these 2DP films: while the air side of the film sup-
ports relatively fast excitation motion in the direction orthogonal
to the substrate plane, this motion is significantly slower near
the quartz side. Given the highly anisotropic nature of excitation
diffusion in 2DPs, we suspect that this effect arises from a slight
change in the orientation of 2DP layers across the film depth pro-
file and explore this hypothesis in the next section.

We note that while the diffusion coefficients extracted from the
2DP thin films are significantly lower than those determined for
the 3DP thin films, such slower diffusion still results in clearly
observable energy shifts within a 100 ns window. This effect
arises from a multitude of factors influencing the PL energy
shifts, including: differing film thicknesses (and an inherent de-
pendence of diffusion timescales on the square root of length
scales); differences in magnitude and shape of the absorption co-
efficient onsets as well as their Stokes shifts with respect to the
PL spectrum; and different prominence of surface recombina-
tion between the 2D and 3D perovskites. Therefore, the compre-
hensive modelling undertaken here is essential for an accurate
determination of diffusion coefficients from such data.

2.4. Change of Crystalline Orientation

To explore our hypothesis of orientational disorder being present
in the 2D structure of the films, we conducted grazing incidence
wide-angle X-ray scattering (GIWAXS) measurements with pen-
etration depths ranging from 9 to 150 nm (Figure S40, Support-
ing Information). The penetration depth was calculated from
the corresponding incident angles (Section S8, Supporting In-
formation for details). Figure 4B demonstrates how the disper-
sion along the wide azimuthal direction of the (001) diffraction
pattern decreases with increasing penetration depth. Such tran-
sitions of the (001) diffraction spot from a more extended “semi-
circle” shape to a more symmetrical “dot” indicate the narrow-
ing of the distribution of relative orientations of the 2D planes
sampled. To quantify this variation, the normalized azimuthal in-
tensity was extracted and plotted in Figure 4C. The significantly
reduced diffraction intensity at large azimuthal angle with in-
creasing penetration depth strongly supports the presence of a
higher degree of orientational disorder at the air-perovskite in-
terface. Such disorder is reduced closer to the perovskite-quartz
interface.

Therefore, the time-dependent diffusion coefficient behavior
observed for (PEA),Pbl, films may be directly related to the
presence of a depth-dependent orientational disorder of the 2D
crystalline nanostructure. Specifically, as shown schematically in
Figure 4A, we propose that while in proximity of the quartz sub-
strate 2D platelets are highly aligned, this alignment is progres-
sively reduced toward the air-side interface. Such gradual mis-
orientation is likely to occur, given that the predominant ori-
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Figure 4. A) Schematic illustrating the change of crystalline layer orien-
tation and nanostructure along a PEA,Pbl, film depth profile; B) Depth-
dependent GIWAXS images recorded for a 110-nm thick film of 2DP
PEA,Pbl,; C) Azimuthal intensity profiles of the (001) peak for different
probe penetration depth.
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entation of 2D layers parallel to the substrate is ultimately in-
duced by interactions with the substrate during the casting pro-
cess and film growth from the substrate upward.l*®! The varia-
tion in the extracted diffusion coefficients thus emerges as a re-
sult of anisotropic charge-carrier diffusion in 2DPs. Exact val-
ues for such anisotropy are still debated in literature, but typi-
cally represent several orders of magnitude.['®2747] Therefore, it
is important to note that even slight layer misalignments in the
film nanostructure can significantly influence the extracted out-
of-plane (oop) diffusion coefficient even if just a small component
of in-plane (ip) diffusion is introduced in the vertical orientation.

Our experiments are able to reveal such depth-dependent layer
alignments through side-selective excitation of the film, in qual-
itative agreement with our depth-dependent GIWAXS measure-
ments. Diffusion coefficients extracted from scenarios where
most of the charge carriers are situated in the regions closest to
the quartz side (SQ and OQ, at early times after excitation) most
accurately reflect out-of-plane diffusion (D,,,) in highly oriented
2DP films. For air-side excitation measurements (SA and OA) on
the other hand, the generated photoexcitation density is initially
governed both by oop diffusion (D,,,,) and ip diffusion within lay-
ers exhibiting slight misalignment with respect to the substrate
plane (Dyeyicy - i)- However at later times, when excitations ap-
proach the region closer to the substrate, the dynamics transition
to predominantly oop diffusion (D,,).

These considerations indicate that in order for the true out-
of-plane diffusion coefficient to be determined, the initial values
from the quartz-side excitation and the final values from the air-
side excitation should be considered, which are indeed very sim-
ilar (see Figure 4C, for 110-nm thick film) further supporting the
reliability of our hypothesis. Taking the mean diffusion coeffi-
cient for these conditions, we thus determine the out-of-plane dif-
fusion coefficient for (PEA),PbI, to be D, = (0.26 + 0.03) x 10~*
cm? s71, a value representative of highly oriented 2DPs. We note
that for even thicker films (270 nm) such time-dependent diffu-
sion coefficients become even more prominent: air-side excita-
tion reveals an initial diffusion coefficient even larger than that
recorded for the 110-nm films (Figure S37, Supporting Informa-
tion) followed again by a monotonic decrease. This observation
again suggests a transition from a combination of ip and oop dif-
fusion to predominantly oop diffusion, this time influenced by
even stronger layer misorientation near the air side. These find-
ings further confirm that the orientation distribution broadens
as the distance from the substrate increases, reinforcing the rela-
tionship between structural misorientation and excitation diffu-
sion in 2DP thin films.

In order to determine a photoexcitation diffusion anisotropy
coefficient for the PEA,PbI, 2DP thin films, we compare the
value D,,, determined above for out-of-plane diffusion above
with those reported for in-plane diffusion D, in literature, calcu-
lating the ratio ¢ = D,,/D,,,, . While determination of D,,,, has
been notoriously difficult because of its small value, experimen-
tal and geometric challenges, as well as the layer misorienta-
tion issues described above, D;, can be measured very readily,
for example via the temporal spreading of an initially created
lateral excitation spot on a 2DPs within the layer plane. Based
on this method, values of D;, = 0.192 cm” s™" have been re-
ported for PEA,Pbl, thin films,*) and D;, = 0.227 cm” s for
PEA,PDI, single crystals. Taking such values into account, we
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estimate a sizeable anisotropy of a ~ 7200-8700 (i.e., nearly
10*) for predominantly excitonic diffusion in PEA,Pbl, thin
films. We note that lower anisotropy values have also been
reported,['®47] however, as we show above, even slight layer mis-
alignment can induce significant increases in perceived verti-
cal transport, which means that measured anisotropy ratios of-
ten represent lower boundaries. Overall, these findings thus re-
veal the fascinating dynamics of such interlayer diffusion and
their time-dependent dynamics resulting from nanoscale film
morphology.

3. Conclusion

In conclusion, we observed the diffusion dynamics of photoexci-
tations in 2DP (PEA),PbI, thin films in the direction perpendic-
ular to the substrate. For this purpose, we developed a method
based on accurate measurements and modeling of the dynamic
spectral shifts observed in the transient PL signal over a 200 ns
time range. We demonstrate that these PL shifts derive from pho-
ton reabsorption processes in the thin films and exploit them
to estimate the out-of-plane diffusion coefficient for such 2DPs.
Our model describes the full dynamics of such effects, result-
ing from the evolution of the photoexcitation distribution pro-
file from an initial Beer—Lambert profile peaked at the excita-
tion surface to an equilibrated flat distribution, which is attained
over a #100 ns time window. To quantify these dynamics, we ex-
tract an average photon emission energy from PL spectra and
track its evolution over time. Crucially, our method relies on four
excitation and detection configurations, and is therefore capa-
ble of probing different interfaces, e.g. of the film with either
the substrate or air as a result of the high absorption coefficient
of 2DPs. By comparing these excitation and detection configu-
rations, we identified differences in surface recombination ve-
locities and changes in layer alignment along the film profile,
demonstrating that this method effectively reveals variations in
material quality along a film depth profile and at its interfaces.
Furthermore, we demonstrate that strong spectral modulation
deriving from the prominent excitonic peaks near the absorption
onset of 2DPs must be accounted for and corrected through a
transfer matrix methods approach. Our modelling of the vertical
diffusion of photoexcitations, based on a 1D diffusion equation
paired with surface recombination boundary conditions, reveal
a significant time dependence in the estimated diffusion coef-
ficient. We reveal this to result from depth-dependent orienta-
tional disorder encountered in 2DP films, i.e., a misalignment
of 2D perovskite planes with respect to the substrate. Coupled
with the highly anisotropic transport properties of such 2DPs,
even the presence of slight misalignment causes contributions
from highly efficient in-plane transport to overshadow the less
efficient out-of-plane transport. The resulting evolution in the
diffusion coeflicient is therefore attributed to changes in the de-
gree of orientational disorder encountered along the film profile,
confirmed by depth-dependent GIWAXS measurements. By iso-
lating these effects, we determine the out-of-plane diffusion co-
efficient of (PEA),Pbl, to be (0.26 + 0.03) x10™* cm?s™!, rep-
resenting a significant diffusion anisotropy of ~8000 for pho-
toexcitations. Overall, our findings highlight the significant po-
tential of 2DP thin films as anisotropic optoelectronic materi-
als and provide crucial assessment of out-of-plane diffusion of
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photoexcitations, which have significant impact on the de-
sign of high-performance optoelectronic and nanoscopic device
structures.
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