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ABSTRACT: Quantum confinement in two-dimensional (2D)
Ruddlesden—Popper (RP) perovskites leads to the formation of
stable quasi-particles, including excitons and biexcitons, the latter
of which may enable lasing in these materials. Due to their hybrid
organic—inorganic structures and the solution phase synthesis,
microcrystals of 2D RP perovskites can be quite heterogeneous,
with variations in excitonic and biexcitonic properties between
crystals from the same synthesis and even within individual crystals.
Here, we employ one- and two-quantum two-dimensional white-
light microscopy to systematically study the spatial variations of
excitons and biexcitons in microcrystals of a series of 2D RP
perovskites BA,MA,_Pb,I,.,; (n = 2—4, BA= butylammonium,
MA = methylammonium). We find that the average biexciton
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binding energy of around 60 meV is essentially independent of the perovskite layer thickness (). We also resolve spatial variations
of the exciton and biexciton energies on micron length scales within individual crystals. By comparing the one-quantum and two-
quantum spectra at each pixel, we conclude that biexcitons are more sensitive to their environments than excitons. These results shed
new light on the ways disorder can modify the energetic landscape of excitons and biexcitons in RP perovskites and how biexcitons
can be used as a sensitive probe of the microscopic environment of a semiconductor.

Bl INTRODUCTION

Two-dimensional (2D) Ruddlesden—Popper (RP) halide
perovskites' * are a class of materials that host a plethora of
optical and quantum phenomena including broadband
emission,s’6 strong electron—phonon coupling,7_9 lasing,lo_12
and stable quasi-particle states including trions and biexci-
tons.">~"° The structure of RP perovskites consists of quasi-2D
perovskite-like slabs of corner-sharing octahedra separated by
bilayers of large organic spacer cations like n-butylammonium
(BA) (Figure la) or phenethylammonium (PEA). The
thickness of the perovskite slabs (in units of PbX¢*~ octahedra)
is indexed by the coeflicient n in the RP perovskite chemical
formula (LA),(A),_,Pb,Xj,,;- The RP perovskite materials
considered here have the formula: BA,MA,_,Pb,L;,,,, where
BA is the spacer cation and MA is methylammonium, the “A”
site cation residing in the cavities in the octahedral layers.
Many other compositions are possible, including other spacer
cations," A cations,'"®™'® and mixed halide compositions,lg’20
all of which will affect the optoelectronic properties. Quantum
confinement of charge carriers in the octahedral layers leads to
several phenomena including stable excitons at room temper-
ature.”’ The exciton binding energy scales inversely with n,
increasing from <10 meV (at 300 K) in 3D lead iodide
perovskites™ to >400 meV at the 2D n = 1 limit.”" It is well
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known that 2D perovskites often exhibit spatial hetero-
geneity,”> >° which can influence carrier dynamics and
optoelectronic device operation.”””® Their soft lattice””°
also leads to strong disorder,>"** which has been examined in
the context of carrier localization and relaxation. However,
many of these prior studies lack sufficient spatial resolution
with spectral specificity to disentangle how various sources of
disorder and heterogeneity impact the electronic structure of
excitons and other carriers in 2D perovskites.

Moreover, 2D perovskites exhibit both strong electron—
phonon®**™* and spin—orbit couplings.”’™** These inter-
actions, combined with high quantum confinement relative to
3D perovskites, result in a complicated electronic structure.
While there is a good understanding*”*' of the excitonic
features of this class of materials, many open questions remain
about the properties of higher-order many-body states.
Biexcitons have been reported in perovskite nanocryst-
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Figure 1. (a) Structures of n = 1—4 2D RP perovskites and (b) powder X-ray diffraction patterns of the BA,MA,_,Pb,1,,,, (n = 1—4) microcrystal
samples studied herein. Powder sample for n = 4 contained some n = S impurity, peaks labeled in light gray.

a b n=3 c n=4
1.0
T 05
c
1=
? 00
15
205
-1.0
16 18 20 22 24 16 18 20 22 24 16 18 20 22 24
Energy (eV) Energy (eV) Energy (eV)
e XX
d xx E,
[0} '//
o
c
[
S I\ \</\ | e
g o pEX
s -
. X
§
o
c
1.6 1:8 2.0 2.2 2.4 26 2.8
energy (eV) g

Figure 2. Broadband TA spectra of excitons and biexcitons at zero delay from submicron spots of n =

2 (a),n=3(b),and n =4 (c)

BA,MA,_,Pb,lI;,,, microcrystal samples. Experimental data is shown as black dots, and Lorentzian fits are shown as solid red lines. Linear
absorption spectra for single microcrystals of the RP perovskite phases studied here are shown as blue lines in (a—c) and are compared in (d).
Energy levels for excitons and biexcitons are illustrated in (e). The exciton binding energy (E,*) is measured with respect to the free carrier energy
(fc), while the biexciton binding energy (E,**) is measured with respect to twice the exciton energy.

als"***™* and 2D perovskites,'”'* but the nature of these
quasi-particles remains poorly understood. Indeed, biexciton
lasing has been reported in phenethylammonium-based 2D RP
perovskites, but it is unclear if amplified spontaneous emission
stems from biexcitons or from other states due to overlapping
features in PL spectra."> A more detailed understanding of the
types and properties of the quasi-particles found in 2D
perovskites could help interpret ambiguous results from these
studies. While biexcitons could serve as a platform for lasing in
these materials, Auger recombination rates can be enhanced in
a material that can host stable biexcitons,**~* meaning that
the presence of biexcitons and their energetics can influence
the relaxation processes of excitons and thus are important for
improving the performance of optoelectronic devices such as
light-emitting diodes and photovoltaic cells at high carrier
densities. Higher #n phases are important to consider because
higher n phases have more and more free carrier character
relative to exciton character,”** and should at some point stop

hosting biexcitons."' Higher n phase 2D perovskites also
contain A cations that could influence the photophysical
properties.

One particular topic of interest is how structural
heterogeneity impacts the electronic structure of RP perov-
skites. Structural heterogeneity, including defects and varying
degrees of crystallinity, can be difficult to control,"”*”*° but
can have drastic impacts on the relaxation dynamics of carriers.
In addition to static structural heterogeneity or disorder,
perovskites exhibit Jarge amounts of dynamic disorder at room
temperature.'>*"***'7%% This dynamic disorder can also
impact carrier relaxation dynamics, and leads to a breakdown
in understanding of the properties of RP perovskites when
disorder is not considered. Ultrafast spectroscopy can be a
sensitive probe of both static and dynamic disorder and their
impact on the electronic structure and relaxation dynamics of
carriers in semiconductors.”>*>** Spatially resolved ultrafast
spectroscopy can further be leveraged to interrogate the
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Figure 3. TA microscopy of BA;MA,_,Pb,;,,; microcrystals. The GSB energy (a, e, i), ESA energy (b, f, j), and biexciton binding energy from
Lorentzian fits (c, g, k) are shown as a function of position within a single microcrystal of n = 2 (a—), n = 3 (e—g), and n = 4 (i—k) perovskites. All
scale bars are 2 ym. Histograms of the biexciton binding energy are shown in (d, h, 1), with optical microscope images of the microcrystals shown as

insets.

structural heterogeneity present on micron length scales within
individual microcrystals.”>~>*

Here, we use transient absorption (TA) spectroscopy and
microscopy, and two-dimensional white-light (2DWL) micros-
copy to systematically study a series of BA,MA,_;Pb,L;,.; (n =
2—4) microcrystal samples to reveal the energetic landscapes
of excitons and biexcitons in a spatially resolved manner for the
first time. PL and TA spectroscopy reveals that biexcitons are
stable at room temperature in n = 2—4 RP perovskites with an
average binding energy of 60 meV, roughly independent of .
We use one- and two-quantum 2DWL spectroscopy to show
that these biexcitons are hot biexcitons, as have been described
in perovskite nanocrystals. 2DWL microscopy reveals that the
average energies of the exciton and biexciton states vary by
~20 meV over micron length scales within each microcrystal as
well as between individual microcrystals. These results shed
new light on the role that disorder plays in setting the energetic
environment of these materials.

B RESULTS

The microcrystals of the series of 2D RP perovskites
BA,MA, Pb,I;,., were grown on the surface of aqueous
droplets of precursor solutions using a floating growth method
we previously reported.'” Powder X-ray diffraction experi-
ments (Figure 1b) confirmed the phase identity and purity of
these microcrystal samples. These microcrystals can be
transferred to glass substrates, and they have various shapes
intrinsic to each phase due to their single-crystal nature and
have typical lateral dimensions of 10—50 ym and thickness of
100—200 nm (Figure S1), meaning reabsorption effects are

18570

suppressed. In Figure 2a, we show the broadband TA spectrum
of a microcrystal of n = 2. We utilized a broadband pump pulse
for both the TA and 2DWL measurements presented here.
The white-light pump pulse covers the spectral range of 550—
700 nm. There are two main features in the spectrum: a
negative ground state bleach (GSB) from the 1s exciton at
2227 eV and a positive excited state absorption (ESA) at
2.131 eV. The bleach position in the TA spectrum is consistent
with the linear absorption spectrum (Figure 2d), confirming
that this spectral feature is predominantly due to the bleach of
the exciton state. The GSB and ESA transitions overlap, and
we fit the spectrum with two Lorentzians to extract the precise
peak positions. The fits to the spectrum are shown as solid
lines in Figure 2a. The lower energy ESA has been assigned
previously in 2D perovskites,'”' and many other materi-
als, >’ ™% as being from biexcitons. More details of the fitting
procedure are given in the Supporting Information. The
transition is from the exciton state to the doubly excited
biexciton state, which is shifted from twice the energy of the
exciton state by the binding energy (Figure 2e). Thus, this
transition shows up at a lower energy than the GSB of the
exciton and the energy difference between these two peaks is
set by the biexciton binding energy. In the n = 2 spectrum
shown in Figure 2a, this binding energy is 61.4 meV. Fits with
three or four Lorenzians were conducted and were found to
change the estimates of biexciton binding energy by no more
than 20 meV. Similarly, fits with Gaussian lineshapes instead of
Lorentzian lineshapes change the estimate of the biexciton
binding energy by no more than 20 meV. No matter the fitting
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Figure 4. 1Q (top) and 2Q (bottom) 2DWL spectra of n =2 (a, d), n = 3 (b, e), and n = 4. (¢, f) BA,MA,_,Pb,L;,,, microcrystals collected from
submicron spots within individual microcrystals at zero delay. Contours below 15% of the maximum absolute signal for each spectrum are omitted

for clarity.

procedure, the biexciton binding energy remains roughly
independent of n and greater than 28.5 meV for all phases.

The broadband TA spectra of n = 3 and n = 4 microcrystals
shown in Figure 2b,c also contain these same two spectral
features. In n = 3, the GSB peak appears at 2.033 eV and the
ESA peak at 1.975 eV, whereas in n = 4, the GSB peak is at
1.919 eV and the ESA is at 1.858 eV. After Lorentzian fitting,
the extracted biexciton binding energy is 47.7 meV in n = 3
and 56.9 meV in n = 4. The exciton binding energy of RP
perovskites is known to decrease with increasing 7, as has been
confirmed by previous experimental work.”" It is expected that
the biexciton binding energies should do the same. Indeed,
simulations of biexcitons in 2D perovskites by Berkelbach and
co-workers"' have suggested a decreasing biexciton binding
energy and have found that the binding energy in n = 3 should
be roughly kpT at room temperature, making it surprising that
we observe biexcitons in n = 3 and n = 4 at all, let alone with a
roughly n independent binding energy. We further show the
dynamics of the GSB and ESA peaks of the n = 2—4 RP
perovskite microcrystals in Figure S2. Both the ESA and GSB
peaks relax over a few picoseconds. No spectral evolution was
observed within our 10 ps time window. The few picosecond
lifetime of the ESA peak in all three n phases confirms the
biexciton assignment to this feature as opposed to bandgap
renormalization, which would be expected to have a lifetime of
<1 ps. 56

We further used hyperspectral TA microscopy to map out
the spectral response within individual microcrystals with
submicron spatial resolution. Because we collect a full TA
spectrum at each pixel, we can track variations in the position
of the GSB and ESA peaks throughout the crystal. Shown in
Figure 3a is a map of the position of the GSB peak, estimated
as before from fitting, throughout a single crystal of n = 2 RP
perovskite. We observe spatial variations in the exciton energy
over a range of 60 meV. Further, distinct few micron regions of
different energies can be observed within this single object (for
example, the red region in the top center, or the two small blue
regions immediately below). Similar variations of about 20
meV are seen in the position of the ESA peak (Figure 3b),

though the spatial pattern within this crystal is different than
the variation of the GSB peak, indicating that excitons and
biexcitons may sense the heterogeneity in this crystal
differently. This point will be expanded on in later sections.
Similar spatial variations in the GSB and ESA peaks are
observed in microcrystals of n = 3 (Figure 3e,f) and n = 4 RP
perovskites (Figure 3ij). Optical microscopy indicates these
microcrystals are single objects (Figure S1), yet, micron-scale
spatial variations in the electronic structure of the exciton and
biexciton are observed.

In Figure 3c,g )k, we plot the spatial variation of the biexciton
binding energy, estimated from the Lorentzian fits to each TA
spectrum. Common to all three images is an enhancement of
the biexciton binding energy within 1—2 pixels of the crystal
edge (each pixel is a SO0 nm step). From these binding energy
images, we calculate histograms, shown in Figure 3d,h,l. Again,
we find a biexciton binding energy that is roughly independent
of n. The widths of these distributions are around 20—30 meV,
indicating significant structural heterogeneity in these micro-
crystals. We also observed some crystal-to-crystal variation in
the amount of disorder present, but all crystals studied here
had variations in biexciton binding energy on the order of 25
meV.

To more sensitively characterize the energetic landscape of
the excitons and biexcitons in these materials, we turn to
2DWL spectroscopy. Briefly, 2DWL spectroscopy utilizes two
pump pulses and a probe pulse, to spread the TA spectrum out
onto a pump energy axis in addition to the probe energy axis,
mapping out the full third-order response. Figure 4a shows the
2DWL spectrum at zero pump-probe delay for a microcrystal
of n = 2 perovskite. Similar to the TA spectrum, we resolve two
main features: a negative GSB and a positive ESA. The bleach
of the exciton has a homogeneous lineshape, consistent with
the Lorentzian lineshapes fit to the TA spectra. The diagonal
peak corresponding to the bleach of the exciton extends as a
streak to higher pump energies. This kind of lineshape is
common in 2D spectra of semiconductors and arises from the
coupling of states higher than the band edge (i.e., other points
in momentum space) sharing a ground state with the band
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calculated from the images are also shown. All scale bars in the 2DWL images are 2 ym.

edge. The ESA also appears as a streak at pump energies higher
than the band. There is hardly any ESA when pumping directly
at the band edge, and only pumping with excess energy leads
to the observation of the ESA. This finding has been observed
previously in CsPbl; nanocrystals">” using TA spectroscopy
and in CdSe quantum dots using 2D electronic spectroscopy’’
and has been assigned to be hot biexcitons. A hot biexciton can
be thought of as an excited state of the biexciton system.
Although the biexciton can be thought of as two band edge 1s
excitons bound together, a hot biexciton may be composed of
two different higher-energy excitons, such as 1s and 2s or 1s
and 2p, or excitons of different types, such as heavy hole
excitons and light hole excitons as in GaAs quantum
wells.®* 7% The 2DWL spectra of n = 3 and n = 4 perovskite
microcrystals (Figure 4b,c) exhibit similar features as the
spectrum for n = 2 perovskite microcrystals, with bleaching
above the bandgap and an ESA present for pump energies
higher than the band edge. It appears that the ESA feature
peaks with more excess pump energy with increasing #. In n =
2, the ESA is peaked roughly 50 meV above the band edge,
whereas in n = 3 and 4, this feature is peaked roughly 100 and
200 meV above the band edge, respectively. Due to the fixed
bandwidth of our pulses, we are unable to tell if these
differences are material related, or if they are an artifact of our
observable spectral range. We also note that all our 2DWL
experiments are conducted at zero pump-probe delay; thus,
our experiments are not sensitive to the relaxation pathways of
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these hot biexcitons, only their existence. Additionally, the
2DWL spectrum of n = 4 perovskite contains a diagonal peak
and extended higher-energy bleach from n = 3 perovskite
impurities within this microcrystal. There is nonzero bleach
signal at the cross-peak location between these two diagonal
peaks, but there is also much stronger cross-peak signal at
higher pump energies, indicating that hot excitons may be able
to transfer more efficiently from n = 3 to n = 4 perovskite
layers than band edge excitons, but any further discussion of
this feature is beyond the scope of the present work.

Both the TA and 2DWL spectra suffer from overlapping
GSB and ESA peaks, complicating the independent analysis of
these two features. Therefore, we turn to two-quantum (2Q)
2DWL spectroscopy to correlate the energies of the biexciton
states to those of the exciton states. In a 2Q-2DWL
experiment, additional light—matter interactions allow for the
observations of cross-peaks between doubly excited states
(such as biexcitons) and singly excited states (such as
excitons). Indeed, the 2Q-2DWL spectrum could be viewed
as an extension of the 1Q-2DWL spectrum to a higher pump
energy range. The 2Q-2DWL pulse sequence is designed to
measure biexcitons and has been used for that purpose many
times in the past.

Recently, Farrell et al.”' developed the “permuted pump-
probe sequence” for measuring third- and fifth-order two-
quantum Feynman pathways using a conventional 2D infrared
spectrometer in the pump-probe geometry. We apply this pulse
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J. Am. Chem. Soc. 2023, 145, 18568—18577


https://pubs.acs.org/doi/10.1021/jacs.3c05533?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c05533?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c05533?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c05533?fig=fig5&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.3c05533?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

sequence in the collinear geometry and the visible spectral
range. Details of the collection and processing of these spectra
are given in the Supporting Information. The 2Q-2DWL
spectrum of n = 2 perovskite (Figure 4d) shows several peaks
and the two most intense sets of peaks are labeled the 0Q and
the 2Q transition. The permuted pump-probe pulse sequence
only measures the nonrephasing 2Q_pathway, meaning that
nonrephasing lineshapes are expected. Therefore, the sets of
positive and negative peaks seen in each of the 2Q-2DWL
spectra are from a single transition. The feature that is lower in
energy along the 2Q_pump axis is the 0Q peak, and shows up
at the energy of twice the rotating frame applied with our pulse
shaper (see the Supporting Information for more details). We
do not analyze this feature to learn more about the properties
of the material, but instead use it as a frequency reference to
extract the 2Q_frequencies. The 2Q_transition shows up at
pump energies above the 2Q _diagonal (y = 2x) in all of the
spectra shown here. Conventionally, this would indicate
repulsive exciton—exciton interactions, as have been described
in InAs and CdSe quantum dots.”>~"> However, the 1Q-
2DWL spectrum (Figure 4a) shows that the biexcitons in 2D
perovskites are hot biexcitons, and the position of the 2Q peak
confirms this. Indeed, other measurements of the 2Q_spectrum
of mixed 2D perovskites have also exhibited peaks above the
diagonal.lS We find it interesting that the 2Q_transitions are
relatively narrow along the 2Q_pump axis, which appears to be
in contrast to the fact that the ESA signal in the 1Q-2DWL
spectrum can be pumped over a relatively large energy range
above the bandgap. Similar 2Q_transitions above the 2Q
diagonal are seen for n = 3 and n = 4 perovskites, also with
relatively narrow linewidths. In the 2Q-2DWL spectrum for n
= 4 perovskite (Figure 4f), we observe 2Q signal at the probe
energy for n = 3 as well as n = 4 perovskite, suggesting that
biexcitons exist in both layers. This cannot be gleaned from the
1Q-2DWL spectrum of n = 4 perovskite (Figure 4c) because of
spectral congestion. Fluence-dependent PL experiments (see
Figure S4) indicate that biexciton formation is relatively
inefficient and that triexciton formation is completely
negligible. Here, biexcitons are probed through the ESA
feature that is created by both the pump and probe pulses.
Meaning that biexciton generation depends on both the pump
and probe fluences. Our phase cycling of the pump pulses for
the 2DWL experiments excludes Feynman diagrams associated
with triexcitons and higher many-body states (see Figure S4).

With the exciton energies taken from the 1Q-2DWL spectra
and the biexciton energies taken from the 2Q-2DWL spectra,
we can directly compare the spatial variations of the excitons
and biexcitons within individual microcrystals. Figure Sa—f
shows 2DWL images that contain a 1Q- and 2Q-2DWL
spectrum at each pixel. Figure Sa—c shows images of the
exciton energy, taken from the diagonal peak position in the
1Q-2DWL spectra, and the corresponding histograms of 1Q
diagonal peak energy are shown in Figure S5g—i. Figure 5d—f
shows images of the biexciton energy, taken from the 2Q-
2DWL spectra, and the corresponding histograms of 2Q_peak
energy are shown in Figure 5j—1. We see that the 1Q_diagonal
peak energy does not vary substantially over a microcrystal,
only a few meV, whereas the 2Q_peak position varies much
more drastically. We recall that the Lorentzian fits used to
analyze the TA microscopy images in Figure 3 seem to indicate
the excitons varied more drastically. However, the biexciton
energies measured in the 2Q-2DWL spectra are completely
deconvoluted from the exciton energies, whereas Lorentzian

fitting of the overlapping features in the TA or 1Q-2DWL
spectra may only result in a partial deconvolution. The 2Q-
2DWL images in Figure 5d—f show that biexcitons exhibit
more spatial variations than excitons. We believe this difference
is due to the different degrees of sensitivity of excitons and
biexcitons to their environment. In the Discussion section, we
will discuss the origins of this difference in sensitivity, as well as
possible structural sources for the disorder experienced by the
excitons and biexcitons.

B DISCUSSION

We have observed biexcitons in microcrystals of n = 2—4 RP
perovskites. We find the binding energy is roughly independent
of n with a value of roughly 60 meV. Significant spatial
variations are observed in the energies of both the exciton and
biexciton states within individual microcrystals. We hypothe-
size that static and dynamic disorder create the n independence
of the biexciton binding energies and lead to the observed
spatial variations. We discuss the possible structural origins of
this disorder below.

Simple theories of exciton and biexciton binding have shown
the carrier effective masses and the dielectric environment to
be critical in determining if biexciton states are bound or
unbound. Briefly, bound states are created through a
competition between the kinetic and potential energy terms
in the Hamiltonian. Bound states typically have less kinetic
energy than unbound states. Changes to the carrier effective
masses largely modify the carrier kinetic energies, while
changes to the dielectric environment impact the potential
energy terms. From a structural point of view, changes to the
effective mass, created by strain, point defects, and scattering
with phonons, are much more likely to occur than changes to
the dielectric environment.

Changes to the effective mass imply changes to the
underlying electronic structure of the material. These changes,
representing a departure from the electronic structure of the
pristine perovskite materials, may be caused by several
structural factors including disorder in the octahedral layer,
and disorder in the organic layer. All of these structural effects
may be coupled, but we discuss them independently.

The structure of the octahedral layer of 2D perovskites,
especially the angles between neighboring octahedra, is known
to tune both the electron and hole effective masses.”® While
different spacer and or B cations may be used to tune the
structure of the octahedral layer, static and dynamic disorder in
the octahedral layer will also change these angles within a
single microcrystal. The Pb—I stretching and I-Pb—I bending
phonon modes (cage-rattling modes) of 7perovskites are
thermally populated at room temperature,”””® meaning that
the octahedral layer has a dynamic structure, and the electron
and hole effective masses are also dynamic. This effect is a
manifestation of electron—phonon coupling in these materials,
which is known to be strong.” The lineshapes of the 1Q-2DWL
spectra are homogeneously broadened, which is consistent
with fast fluctuations of the cage-rattling modes of the
octahedral layers. This finding corroborates the idea that
dynamic disorder may play a large role in tuning the carrier
effective masses and thus the biexciton binding energies.
Further, the lineshapes of the 2Q-2DWL spectra are also
homogeneously broadened, albeit with nonrephasing line-
shapes, complicating the assignment. These 2Q_lineshapes
further implicate the motion of the octahedral cage in tuning
the biexciton binding energy.
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Moreover, strain in the crystal can alter the local structure of
the perovskite layers. We often observe higher biexciton
binding energies near microcrystal edges, where strain is
known to be more pronounced. The carrier effective masses
are also known to depend on the identity and structure of the
spacer cation in 2D perovskites.32 There is strong coupling
between the end of the spacer cation and the surface of the
octahedral layer, and through this coupling disorder in the
organic layer is transmitted to the carriers residing in the
octahedral layer.>"**””*" While all of these effects may be
playing a role in modulating the effective masses on micron
length scales, we believe local variations in defect concen-
tration and disorder in the octahedral layer to be most
important.

All of our measurements were collected from multilayer
crystals of RP perovskites that were 100—200 nm thick,
introducing the possibility of interlayer interactions between
neighboring octahedral layers. One simple explanation for the
n independence of the biexciton binding energy is that the
biexcitons in this system are interlayer biexcitons, meaning that
the constituent excitons interact across the organic spacer
layers. This spacer layer is constant for all RP perovskite phases
considered here (BA cation), meaning that interlayer
biexcitons would be separated by the same distance and the
same dielectric environment regardless of the n phase. Previous
theoretical models of biexcitons in 2D perovskites,*”*'
including the model described in this work, have not captured
exciton interactions between different perovskite layers, which
could explain their prediction of a decreasing biexciton binding
energy for increasing n. Though our experiments do not
provide any direct evidence for such interlayer biexcitons,
comparative measurements of the biexciton binding energies in
2D perovskites with different spacer cations could help support
this idea in the future.

We have observed efficient generation of hot biexcitons at
pump energies higher than the band edge (Figure 4). Hot
biexcitons have been observed before in both CsPbl,
nanocrystals®®” and CdSe quantum dots.”’ In 2D perovskites,
the hot biexciton is likely composed of a 1s exciton at the band
edge, and a higher-energy exciton such as a 2s or 2p exciton.
Mixed biexcitons such as these were first described in ZnSe,**
InGaAs,®” and GaAs,%” where biexcitons could be formed from
a heavy hole exciton and a light hole exciton. They were also
observed in CuCl crystals® and quantum dots,”® with
transitions from the 1s—Is biexciton to the 1s—2s biexciton
observed using infrared transient absorption. Because we have
not collected 2DWL spectra after t, = 0, we are unable to
determine if these 1s-nl (n > 1) biexcitons relax to the 1s—1s
biexciton ground state before recombining, or if they
recombine directly from the initial hot state. But the transient
absorption data shown in Figure S2 shows that the ESA
associated with biexcitons has a few-ps lifetime, indicating that
cooling of these mixed biexciton states may be quite slow.

Spatially varying exciton and biexciton energies observed
herein, induced by varying electron and hole effective masses,
have huge implications for the performance of 2D perovskite-
based optoelectronic devices. Disorder in the energies and
mobilities of charge carriers impacts transport efficiencies and
can result in greater losses to recombination. Stable biexcitons
in all of the n phases studied here can enhance Auger
recombination, which is particularly detrimental to high carrier
density applications such as lasing. Furthermore, we have
shown that biexcitons can be more sensitive to their
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environment than excitons, meaning that biexcitons may be a
general probe of structural disorder in other materials.

B CONCLUSIONS

We have used multiquantum 2DWL microscopy to study the
spatial variations of excitons and biexcitons within individual
microcrystals of n 2—4 2D RP perovskites
BA,MA,_Pb,I;,.,. These experiments as well as TA and PL
experiments show that stable hot biexcitons exist in all of these
phases and the average biexciton binding energy of around 60
meV is essentially independent of the perovskite layer
thickness (n). The spatial variations are caused by large static
and dynamics disorder since different parts of the crystal may
be disordered to varying extents. The disorder likely arises
from the disorder of the octahedral layers and local variations
in point defect concentration in RP perovskites, suggesting that
biexcitons may be used as a sensitive probe of these effects in
semiconductor materials in general. These results demonstrate
that disorder in crystalline semiconductors can lead to
significant deviations between the photophysical properties of
a disordered material and what is predicted for an ideal crystal.
These first 2DWL microscopy experiments on 2D RP
perovskites reveal previously unknown insights about the
spatial heterogeneity of the energetic landscape of excitons and
biexcitons.
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