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Abstract

Two-dimensional (2D) metal-halide perovskites are attractive for use in light harvesting and light
emitting devices, presenting improved stability as compared to the more conventional three-
dimensional perovskite phases. Significant attention has been given to influence of the layer
orientation of 2D perovskites phases, with charge-carrier transport through the plane of the
material being orders of magnitude more efficient than interlayer transport. Importantly though,
the thinnest members of the 2D perovskite family exhibit strong exciton binding energies,
suggesting that interlayer energy transport mediated by dipole-dipole coupling may be relevant.
We present transient microscopy measurements of interlayer energy transport in (PEA).Pbl4
perovskite. We find efficient interlayer exciton transport (0.06 cm?/s), which translates into a
diffusion length that exceeds 100 nm and a sub-ps timescale for energy transfer. While still slower
than in-plane exciton transport (0.2 c¢cm?/s), our results show that excitonic energy transport is

considerably less anisotropic than charge-carrier transport for 2D perovskites.



Layered metal-halide perovskites have emerged as a more robust analogue to their three-
dimensional counterparts, displaying better moisture and air resistance."? Their structure is
composed of corner-sharing metal-halide octahedra described by the general formula Lo[ABX3]n-
1BX4, where A is a small cation (e.g. methylammonium, formamidinium), B is a divalent metal
cation (e.g. lead, tin), X is a halide anion (chloride, bromide, iodide), L is a long organic cation,
and # is the number of octahedra that make up the thickness of the inorganic layer. The improved
stability comes from the passivating role of the long organic cations that separate the inorganic
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structure into layers.>* Recent reports have shown that solar cells>® and light emitting diodes

based on 2D perovskites can combine high performance with prolonged stability.

To efficiently incorporate 2D perovskites in optoelectronic technologies, the layer orientation
becomes an important parameter for device performance. Specifically, charge transport through
the inorganic layer is much more efficient than transport between different layers, which requires
tunneling of charges across the barrier imposed by the insulating long organic cations.!® Indeed,
several studies have highlighted the importance of layer orientation to promote charge transport

between the electrodes and improve device performance.!623

However, when the 2D perovskites reach small layer thicknesses (n < 5), quantum and dielectric
confinement effects become relevant and charge carriers form bound electron-hole pairs known as

excitons.?*?° Like charge carriers, excitons can move readily through the crystalline plane of the
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perovskite. However, while interlayer transfer of charge carriers is inefficient, excitons can

potentially transfer efficiently from one layer to another through dipole-dipole coupling.?®-3!

Dipole-dipole coupling in layered perovskites is expected to be particularly strong as these

materials exhibit large oscillator strengths (> 10 Debye) and favorable dipole alignment.3?



To date, energy transfer studies in 2D perovskites have been focused exclusively on films of mixed
dimensionality, studying the transfer between phases of distinct layer thickness (i.e. phases of
different n) using time resolved spectroscopy.'**? This downhill energy transfer process is of
particular relevance in hybrid 2D-3D perovskite solar cells, where phases of distinct n co-exist.!?
The transfer between perovskite layers of identical thickness, however, has not been studied yet.
As aresult of the small Stokes shifts (< 100 meV)**3 a significant spectral overlap exists between
the emission and absorption of layers of identical thickness. This suggests not only that efficient
energy transfer between layers of identical thickness is possible, but moreover that sequential

energy-transfer may lead to transport of excitons across significant length-scales in the out-of-

plane (OP) direction within a phase of identical layer thickness.

Here, we use transient photoluminescence microscopy to directly visualize the OP exciton
transport in single crystals of n=1 phenethylammonium lead iodine perovskites
((PEA),Pbly).263136 By performing these measurements on different facets of the crystal, we can
directly compare the OP with the in-plane (IP) exciton transport characteristics of this material.
We find a significant OP diffusivity (0.06 cm?/s) and diffusion length (>100 nm), which is only
moderately less than the IP characteristics (~ 0.2 ¢cm?/s and 200 nm). Consequently, the exciton
transport in this material is much less anisotropic than charge carrier transport, for which several
orders of magnitude difference between IP and OP has been reported.'® Importantly, the observed
high interlayer diffusivity translates to energy transfer between individual layers on a sub-ps
timescale. Using numerical simulations, we show that such ultrafast timescales are over two orders
of magnitude faster than predictions using Forster theory. We discuss the shortcomings of Forster
theory for the specific case of excitons in layered perovskites and the implications of efficient

interlayer exciton transport for device design.
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Figure 1. (A) Crystal structure of the (PEA),Pbly4 layered perovskite along the b axis, illustrating
the inorganic Pbly layers (red and blue) separated by organic PEA cations (green). (B) Millimeter-
sized single crystal obtained using slow-growth from a saturated precursor solution. (C)
Photoluminescence intensity as a function of polarization for the ab crystal plane (blue diamonds)
and ac crystal plane (green circles) of a single crystal of (PEA)2Pbls. The polarization orientation
is aligned with the crystallographic a-axis at 0° (D) Emission profile along the IP (blue) and OP
(green) axes from a near-diffraction limited excitation spot on the ac crystal plane of a (PEA),Pbl4
crystal (inset with scale bar of 500 nm). Dashed grey line shows the directly imaged laser excitation

profile.



We grow millimeter-sized single crystals of (PEA),Pbl4 by slow crystallization from a saturated
precursor solution (see Figure 1A and Supporting information for more details). (PEA),Pbls is
characterized by a strong excitonic absorption peak (dws = 2.42 eV) and a narrow
photoluminescent emission spectrum (4., = 2.37 eV), resulting in a modest Stokes shift (AEsiokes =
50 meV, see Figure S1). The crystal structure of (PEA),Pbls is shown along the b-axis in Figure
1B, illustrating its layered nature of organic PEA cations separating the inorganic octahedra of the
Pbls layer with a center-to-center separation d of 1.64 nm between the inorganic layers.’” The
anisotropic environment yields an exciton that is confined to a 2D plane, which is reflected in the
polarization of the photoluminescence from the different crystal planes. While emission from the
ab crystal plane is isotropic, strongly polarized emission is observed from the ac crystal plane®®,
as is shown in Figure 1C. The strong polarization is consistent with a strong IP orientation of the

transition dipole of the excitons.?*!

To gain qualitative insight in the exciton transport along the IP and OP directions of the crystal,
we look at the photoluminescence emission profile following near-diffraction-limited excitation
(Lex =405 nm, FWHM = 250 nm). While the excitation profile is fully symmetric, we observe a
distinctly asymmetric emission profile on the ac crystal plane that is elongated along the IP
direction (see Figure 1D). This is in contrast to the symmetric emission profile that is obtained on
the ab crystal plane (see Figure S3), which is consistent with earlier reports of isotropic IP exciton
transport in (PEA)>Pbl4.2%28 The asymmetry on the ac plane suggests IP energy transport is more
efficient than OP transport. Crucially though, the OP emission profile is still considerably wider
than the excitation profile, suggesting exciton transport through interlayer energy transfer to be

significant.
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Figure 2. (A), (B) IP and OP emission profiles for different times after excitation. Solid lines are
fits to a Voigt function. (C) Time-evolution of the mean-square-displacement
(MSD(?) = o(f)> — 6(0)?, which is the change in variance of the Voigt profiles) of the exciton
population along both the IP (blue) and OP (green) direction. (D) Fractions of surviving excitons
as a function of net spatial displacement \/W(t) of excitons for IP (green) and OP (blue)

direction. Reported errors represent the uncertainty in the fitting procedure.

To quantify the exciton transport characteristics along the different axes, we use transient
photoluminescence microscopy (TPLM). In short, we place a scanning avalanche photodiode (20
um in size) in the magnified (330 x) image plane of the emission profile. Using pulsed laser

excitation (< 200 ps), fluorescence lifetime traces are recorded for different positions along the



emission profile, allowing for a reconstruction of the time evolution of the exciton population with
sub-nanosecond precision.?®3!3¢ The results of the exciton transport measurements for the IP and
OP axes are shown in Figure 2A and B, respectively. The emission profile along the IP axis shows
a rapid broadening in the first nanosecond after excitation. In contrast, the broadening along the

OP axis is significantly slower, though still clearly resolvable.

The widths of the exciton population can be quantified by fitting each time-slice with a Voigt
function and extracting the variance, o(?)°. In Figure 2C, we plot the time-evolution of the mean-
square-displacement (MSD) of the exciton population along both the IP and OP axes, given by
MSD(?) = o(f)* — 6(0)?. To extract the diffusivity (D) of the excitons, we fit the early time dynamics
(t < 0.75 ns) where normal diffusion is observed, with the one-dimensional diffusion equation,
MSD(f) = 2Dt. The obtained IP diffusivity of D;p = 0.227 + 0.045 cm?/s is consistent with earlier
measurements of the IP exciton transport in (PEA),Pbls prepared with the same method.?® The
diffusivity for OP transport is over a factor three smaller, measuring Dop = 0.061 £ 0.026 cm?/s.
Along both the IP and OP axes, the initial linear broadening is followed by a regime of slower

diffusion, indicative of trap-state limited transport.?®

To quantify the diffusion length, we check how far excitons traveled up to the moment in which
only 1/e of excitons are left (see Figure 2D). We extract the number of excitons surviving from a
multiexponential fit of the PL decay of Figure S2.2° The difference in diffusivity along the two
axes results in a reduction in the diffusion length from 227 + 13 nm for the IP transport to 112 +
20 nm for the OP transport. While this difference is notable, it shows that OP transport through

interlayer energy transfer occurs across length scales that are significant for device operation.*?



The OP diffusivity can be translated to an interlayer energy transfer rate krr assuming a one-
dimensional random walk model.** Using the Smoluchowski-Einstein relation we obtain an
interlayer energy transfer rate of ker=2D / d* = 4.5 + 1.9 ps’!, meaning an exciton hops to the next
layer on average every 220 fs. This sub-picosecond timescale agrees with transfer rates reported

for excitonic energy transfer between perovskite phases of different layer thicknesses.>
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Figure 3. (A) Normalized absorption power density profile generated by the exciton dipole-like
source present in the inorganic layer. Arrows describe the direction of the Poynting vector along
the perovskite structure. Simulation obtained from numerical solutions of Maxwell’s Equations.
(B) Numerical energy transfer rate kzr as a function of the vertical position of the donor dipole
within the inorganic layer. (C) Dependence of the energy transfer rate on the donor emission
frequency. Orange circle correspond to the originally calculated energy transfer rate (vertical

position = 0 nm, donor emission frequency ~2.35 eV, u=11.1 D).



We can compare the experimentally obtained interlayer energy transfer rate with predictions for
the Forster dipole-dipole interactions describing through numerical solutions of Maxwell’s
Equations using COMSOL Multiphysics. To do so, we numerically evaluate the electric field and
Poynting vector due to an in-plane oriented exciton dipole-like source, as well as the power
absorbed in the neighboring layers. These simulations were parameterized with known literature
values for the layer thicknesses®” and the intrinsic anisotropic dielectric function of the organic
and inorganic layers (see Figure S4).* The contourplot in Figure 3A shows the normalized
absorbed power density, whose spatial profile follows the electric field intensity. We can observe
that most of the absorption takes place in the layer where the exciton is located. The white arrows
render the normalized Poynting vector, illustrating the confinement effect of the electromagnetic
fields in the vicinity of the dipole source. The energy transfer can be computed by integrating the
absorbed power density within the volume, V, of the first (upper or lower) neighboring inorganic

layer as:
ker =2, dr Im{E*(r, 0)D(r, w,)} M

where E(r, w,) and D(r, w,) = €y€(r, w,)E(r, w,) are the electric and displacement fields due
to the excitonic source, evaluated at the emission frequency w,. Note that the moduli of both fields
scale with the exciton dipole strength, u, and kg o u?. For (PEA),Pbls an IP dipole strength of
11.1 D was recently reported,®? yielding an energy transfer rate of kgr= 0.05 ps™!. This rate is
substantially slower than the experimental observation (ker = 4.5 ps™!). While some uncertainty

may be present in the reported value of the dipole strength, the quadratic scaling of the transfer
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rate with the y inherent to Eq. (1) would require exceedingly large values to reach sub-picosecond

timescales.

The large discrepancy between experiment and simulation suggests significant short-comings of
Forster theory in describing the dynamics of energy transfer in 2D perovskites. A fundamental
assumption that underlies Forster theory is the point-dipole approximation. For semiconductor
nanomaterials this approximation may not be strictly valid due to the relatively large spatial extend
of the excitonic wavefunction. In particular, the extension of the exciton wavefunction in the OP
direction could lead to a smaller effective dipole-dipole separation. To illustrate the potential
influence of this, Figure 3B shows the energy transfer rate as a function of a vertical displacement
of the donor dipole within the inorganic layer. As expected, bringing the dipole closer to the
acceptor yields an enhanced rate. However, the effect is modest, reaching a factor 2.5 for maximum

displacement of 0.32 nm with respect to the middle plane of the Pbl, layer.

Finally, it is important to consider the consequence of the ultrafast timescale of energy transfer.
Specifically, the ultrafast energy transfer rates are in direct competition with carrier relaxation to
the band edge (260 fs),** suggesting that hot-exciton transfer processes may be relevant in
determining the transfer rate. The influence of such non-equilibrium dynamics is expected to
effectively shift the emission frequency towards the absorption band in the dielectric function of
Pbl4.* To estimate this effect, we plot the energy transfer rate obtained from Eq. (1) as a function
of the emission frequency in Figure 3C. We can observe that a four-fold enhancement is obtained
at the absorption maximum. Our theory predicts that the spatial and spectral effects considered
above could yield energy transfer rates in the 0.5 ps™!, still one order of magnitude lower than the

experimental one.
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Let us remark that an additional consequence of the extended wavefunction is the possibility of
quadrupolar interactions. Indeed, for energy transfer in semiconductor nanomaterials with
relatively short donor-acceptor separations, it has been suggested that quadrupolar interactions
may even exceed dipolar interactions.*® Such interactions are not captured within our simple

Forster model and may partially explain the underestimation of the transfer rate by Eq. (1).

In conclusion, we have demonstrated that interlayer energy transfer in (PEA):Pbls is highly
efficient, resulting in significant energy transport along the OP direction of this material.
Consequently, exciton transport in layered perovskites is considerably less anisotropic than charge
carrier transport.'> The layer orientation of the thinnest members of the 2D perovskite family may
therefore be less important in device performance. In addition, our observation of sub-picosecond
energy transfer has important implications for the fundamental dynamics of the optical excited
state in 2D perovskites. Specifically, Auger recombination at high excitation densities will be
highly suppressed due to the fast transfer to neighbouring layers, and may prove beneficial to light
emitting devices.*’ Finally, we have shown that the origin of this ultrafast timescale lies beyond
conventional Forster theory, and adds to similar observations of energy transfer in other 2D

systems.***8 Further studies will be needed to elaborate the details of the underlying physics.
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Sample preparation. Perovskite solutions were made following the recipes given in refs.! In
short, n = 1 phenethylammonium lead iodine (PEA):Pbls solutions were prepared by mixing
stoichiometric ratios of the precursor salts. Phenethylammonium iodide (PEAI) (Sigma Aldrich,
805904-25G) and lead(Il) iodide (Pbly) (Sigma Aldrich, 900168-5G) and were mixed with a
stoichiometric ratio of 2:1 and dissolved in y-butyrolactone (Sigma Aldrich, B103608-500G). The
solution was heated to 70 °C while stirring until all the precursors were completely dissolved. The
resulting solutions were kept at 70°C and the solvent was left to evaporate until reaching saturation
of the solution. To obtain millimetre-sized single crystals, the saturated solutions were kept in a
closed vial for about two weeks until the crystals appeared. Microscopy measurements on single
crystals were performed by placing the crystal facet in contact with a cover slip using microscopy

oil to avoid airgaps.

As an alternative to the large single crystals, smaller crystals (hundreds of micron lateral sizes) can
be readily obtained using drop casting of the saturated perovskite solution on top of a microscope
slide and heating to 50°C for 2-3 hours until drying. Interlayer measurements on the drop cast
samples were performed by cleaving the microscope slide and subsequent sideways placement of
the cleaved microscope slide onto a cover slip. As with the large single crystals, microscope oil
was used to avoid air gaps. Crystallographic orientations of both samples were confirmed by
measuring the polarization orientation of photoluminescent emission (see below). All diffusion
measurements presented in this manuscript were performed on the large single crystal. It is
important to note though, that no significant differences in the interlayer optical and transport
characteristics were observed between of the large single crystals and the drop cast crystalline

phases.
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Absorbance and photoluminescence measurements. Absorbance spectra were obtained using a
UV-Vis spectrophotometer (Mettler Toledo, UV7) on spin-coated layers of (PEA),Pbl4 (45 nm in
thickness).* All photoluminescence measurements were performed with a sample mounted on an
inverted microscope (Nikon TiU). To obtain photoluminescence spectra, samples were illuminated
using a 385 nm light emitting diode (Thorlabs, M385LP1-C5). Emission spectra were recorded
using an imaging spectrograph (Princeton Instruments, SpectraPro HRS-300, ProEM HS
1024BX3). Absorbance and emission spectra are consistent with literature reports for (PEA),Pbl4
and are shown in Figure S1.° For the polarization analysis the same set-up was used with the
addition of a linear polarizer in the light path. The linear polarizer was rotated while acquiring the
emission intensity for each polarizer orientation on a camera (Princeton Instruments, ProEM HS
1024BX3). Photoluminescence lifetime measurements were performed on the same inverted
microscope, using pulsed 405 nm laser excitation (PicoQuant LDH-D-C-405, PDL 800-D, 10 MHz
repetition rate). The photoluminescence was collected with an APD (Micro Photon Devices PDM,
20 x 20 um detector size). The laser and APD were synchronized using a timing board for time
correlated single photon counting (Pico-Harp 300). The resulting lifetime trace is shown in Figure

S2.

Emission profile measurements. Perovskite crystals were excited with a 405 nm laser (PicoQuant
LDH-D-C-405, PDL 800-D), which was focused down to a near diffraction limited spot. The laser
spot images were acquired using an EMCCD camera coupled to a spectrograph (Princeton
Instruments, SpectraPro HRS-300, ProEM HS 1024BX3) with a 150x magnification (NA 1.3,
100x oil immersion objective with an additional 1.5x tube lens magnification). Results are shown

in Figure 1D and S3.
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Exciton diffusion measurements. Exciton diffusion measurements were performed and analysed

following the same procedure as previously reported by Seitz et al.!

Determination of optical constants. The (PEA).Pbls perovskite was modelled as a layered
material composed of an alternating inorganic-organic layer stack. The effective medium model
to calculate the intrinsic optical constants of the organic (PEA) and inorganic (Pbly) layers follows
the method described by DeCrescent et al.® The organic layer was considered isotropic, non-
absorbing and to have a wavelength independent refractive index n = 1.6. The resulting constants

for IP and OP components of the inorganic layer is depicted in Figure S4.

1.0 —— Absorbance
. Photoluminescence
L o8
>
)
)
@ 0.61 ,
PC_’, : Stokes Shift = 50 meV
._(_3
.GE) 0.4
©
£
o 0.2
=2
0 0 N N\eP

2.0 2.2 2.4 2.6 2.8 3.0
Energy (eV)

Figure S1. Absorbance and photoluminescence spectra of (PEA),Pbls with a Stokes Shift of 50
meV.
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Figure S2. Photoluminescence lifetime trace of (PEA):Pbls with a tri-exponential fit. Fitting
parameters are given in the figure.
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Figure S3. Emission profile along the IP (blue and orange) axes from a near-diffraction limited
excitation spot on the ab plane of a (PEA):Pbl4 crystal (see inset with a scale bar of 500 nm).
Dashed grey line shows the laser excitation profile.
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Figure S4. Intrinsic dielectric function of the Pbl4 layer of the (PEA)2Pbls perovskite calculated
using an effective medium model.® The real and imaginary parts of the intrinsic dielectric function

are shown on the left and right panels, respectively.
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