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ABSTRACT

Time-resolved photoluminescence (PL) and femtosecond transient absorption (TA) spectroscopy
are employed to study the photoexcitation dynamics in a highly-emissive two-dimensional
perovskite compound (en)4Pb,Brg.3Br with the ethylene diammonium (en) spacer. We find that,
while the PL kinetics is substantially 7-dependent over the whole range of studied temperatures 7’
~ 77 - 350 K, the PL quantum yield remains remarkably nearly 7-independent up to 7'~ 280 - 290
K appreciably decreasing only at higher temperatures. Considerable differences are also revealed
between the TA spectra and responses to the excitation power at low and at room temperatures.
Numerical solutions of Onsager-Braun-type kinetic-diffusion equations illustrate that the salient
features of the experimental observations are consistent with the picture of a 7-dependent dynamic
interplay between tightly bound emissive excitons and larger-size, loosely bound, non-emissive
geminate charge pairs arising already at earlier relaxation times. The geminate pairs play the role
of “reservoir” states providing a delayed feeding into the emitting excitons thus giving rise to the
longer-time PL decay components and accounting for a stable PL output at lower temperatures. At
higher temperatures, the propensity for thermal dissociation of excitons and bound pairs increases

subsequently leading to the precipitous decrease of the PL.
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Perovskites materials of different dimensionalities have recently attracted considerable
attention due to both fundamental interest and prospective photonic applications such as for
lasers,!->3 light-emitting diodes (LEDs),*>¢ photodetectors’” and X-ray scintillators.® In particular,
two-dimensional (2D) layered perovskites exhibit greater long-term stability, tunability and
increased exciton binding energies (EF*= 0.1 eV) compared to the three-dimensional
counterparts owing to the quantum and dielectric confinement similar to 2D atomic layers and
semiconductor quantum wells.>!%!! In the ubiquitous case of Ruddlesden-Popper perovskites
(RPPs) with a general composition R,4,.;B,X;,+1, a group of n layers of connected inorganic
octahedra (4 —central cation, B-metal, X- halide) is separated from other groups by larger organic
cations R. It should be noted that the bandgap E,; of these systems is stoichiometrically affected

by the R/A ratio.’

Optimizing the performance of hybrid perovskite devices calls for a detailed understanding of
their photophysical properties depending on nuances of exciton and charge carrier generation and
recombination, photoluminescence (PL) as well as nonradiative losses. While sample-dependent
monomolecular non-radiative recombination may be prevalent at low excitation densities,!>!3
exciton-exciton annihilation can limit PL efficiency at higher excitation fluences.'* The excitation
dynamics in mixed-phase RPPs was also reported to be strongly affected by charge or/and energy
transfer processes.!>1%17 As the confinement is known to enhance the role of interactions in lower-
dimensional systems, in addition to the increased excitonic (electron-hole Coulomb attraction)
effects, one may expect the increased effects of the electron interaction with the surroundings
(other degrees of freedom such as the underlying lattice distortions). Polaronic effects have been
invoked for both excitons (self-trapped excitons'®!%) and charge carriers (electron- and hole-

polarons) in the photophysics of hybrid perovskites.?021:22.23 Because of these complexities,
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interpretations of the experimentally measured PL kinetics provide complicated and, at times,

conflicting pictures.

Here we explore the photoexcitation dynamics in a highly emissive n=1 2D perovskite
(en)4Pb,Bry.3Br (thereafter termed as MAen20) with the ethylene diammonium (en) as spacer
synthesized with the modified protocol. We employed time-resolved PL and femtosecond transient
absorption (TA) spectroscopy over a wide temperature range (7 ~ 77 - 350 K). While the initial
amplitude, f(t = 0), of the time-resolved PL kinetics exhibits a monotonous decrease with the
increase of temperature, the PL decay also becomes progressively slower in the 7~ 77 - 280 K
range so that both PL spectra and integrated PL kinetics [ f(t)dt remarkably remain nearly 7-
independent in this range. The time-dependent character of the PL decay curves, f(t) changes
from nearly monoexponential behavior (7 ~ 2.2-2.5 ns) at lowest temperatures to the appearance
of other clearly resolvable, slower components at elevated temperatures. Only at 7" above ~280K,
the PL intensity exhibits a precipitous drop accompanied by acceleration of the PL decay. Pump-
probe measurements also reveal substantial differences in the TA spectra at low and high
temperatures with the disappearance of the exciton-exciton annihilation effect at cryogenic
temperatures. We employed numerical solutions of the combined Onsager-Braun-type?#25-26
kinetic-diffusion equations to model the time evolution of the photoexcitation ensemble. The
observed behavior is consistent with the picture of 7-dependent dynamic interplay between tightly
bound emissive excitons and larger-size, loosely bound, non-emissive geminate charge pairs that
act as “reservoir” states, providing a feedback mechanism into the emitting excitons and giving
rise to the longer decay components. Overall, our observations provide a unified picture of the
excitation dynamics in 2D perovskites where the thermal dissociation of excitons and bound pairs

leads to the precipitous decrease of the PL at high temperatures.
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The schematics of single crystal synthesis is shown in Figure 1. The single crystals of MAen20
perovskite sample were prepared via a modified acid cooling protocol in the form of narrow
microflakes (average length ~100-150 pum, width and thickness 15-20 pm) that allowed
visualization of the individual entities and minimized light’s reabsorption.?’” Figure 1 (b,c) shows
the arrangement of [Pb-Br] octahedrons which form alternate ladder-like structure as discussed in
the earlier report.”® To confirm the phase purity of our crystals, we performed powder X-ray
diffraction (PXRD) of the bulk crystals and compared it with the simulated PXRD pattern, Figure
1(d). The PXRD pattern matches well with the simulated pattern and confirms the phase purity of
the final crystals. We also measured nuclear magnetic resonance ('H NMR and '3C NMR) spectra
in liquid state by dissolving the as formed crystals in the d¢ DMSO solution. The NMR results are

provided in the supporting information, Figure S1. The "H NMR result clearly shows the presence
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Figure 1. (a) Schematic of single crystal synthesis by acid cooling method and the photographs of microflakes
obtained under ambient light and 405 nm blue light irradiation. (b, ¢) structure of 2D MAen20 perovskite. (d) PXRD

pattern for the 2D crystals with simulated XRD pattern obtained from the single crystal XRD analysis. (€) PL

fluence dependence at 400 nm excitation. Solid line — fit to the saturation curve, dotted line — linear regime.
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of only one organic cation (i.e. En?"). We did the quantification of methylene [(-CH,-CH,-) 6=
3.02 ppm] and ammonium [(-NHj3) 6= 7.77 ppm] protons by integration and the ratio of 2:3
matches well with the enBr, salt composition, i.e. Br-NH3-CH,-CH,-NH;-Br. More details of the
synthesis procedure and description of time-resolved detection techniques are presented in the
Supporting Information (SI). Measured PL quantum yield (PLQY) in the bulk form was ~30%,
however, our previous experience with PbBr-based microwires have shown considerably larger
PLQY in an individual wire.27 Figure 1(e) shows room temperature PL emission as a function of
the excitation laser fluence, F and indicate the geminate character of the exciton recombination
(non-geminate recombination would scale quadratically with F at low fluences). We found linear
excitation regime up to F~100 pJ/cm?level, followed by saturation behavior due to the appearance
of the non-radiative recombination processes. Observed excitonic behavior and saturation
parameters correspond well with recently published work concerning PL properties the
methylammonium-based RPP layers!# and in line with expectations for this type of material as was

recently discussed in the context of the dielectric properties of the organic cations.11

To assess the dynamics of recombination in RPPs, we turned our attention to the PL kinetics,
measured across a range of excitation fluences and temperatures. Within the linear range of
excitation fluences the observed PL dynamics did not change appreciably, while at much higher
excitation fluencies (F>300 pJ/cm?), we indeed observed acceleration of the early part of the PL
dynamics, Figure S2, indicating an onset of higher-order non-radiative recombination processes
such as exciton-exciton annihilation. Figure 2(a) illustrates representative PL dynamics in the
linear regime taken at F=70 pJ/cm? fluence in the temperature range 80 - 335 K (full range of

kinetics is shown in Figure S3). Recombination dynamics shows nearly perfect monoexponential

decays from T=77 K to about T~150 K with time constant T,~2.2-2.5 ns. This value corresponds
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well to characteristic lifetimes reported in a number of publications concerning layered perovskites
that include chemically and epitaxially grown 2D RPPs?*3? as well as exfoliated ones.?' Hence,
we ascribe this lifetime to the exciton recombination. Upon the increase of 7, however, the PL
decay curves start to exhibit continuous evolution and now are better described by two time
constants. In addition to Ty, the second time constant, T, ~ 5 - 7 ns (inset in Figure 2(a), long
component) is observed and closer to the room temperature (RT), the decays become decidedly

multiexponential. The parameters of a numerically accurate multi-exponential representation of
the normalized PL dynamics, f® / f(0) = ZiAl-exp (—1t/1), at different temperatures are

tabulated in Table S1. As the inset in Figure 2(a) also illustrates, the initial PL decay rate

Zi(Ai/ri) gradually decreases with growing 7" up to about 280-290 K, and starts increasing

afterwards. The initial PL amplitude f/(0), on the other hand, consistently decreases over the whole

range of temperatures. In contrast, the time-integrated PL kinetics: [ f(t)dt = f (O)ZiAiTi, stays

nearly 7-independent up to about 280 K. Figure 2(b) shows that the temperature variation of the
evaluated integrated PL kinetics is in good correspondence with the temperature variation of the
independently observed peak intensities in the PL spectra. The fact that the latter along with the
spectrally integrated PL exhibit nearly constant values across the 77-290 K temperature range

implies that overall PLQY remains practically unchanged in this range.

A multiexponential character of the PL decay in the linear fluence regime has been frequently
ascribed to the existence of different population of excitons (emissive species).>>3?* We, however,
observe that the initial amplitudes f(0) of PL decays, that is, the number of the initially available
emissive species consistently decreases with the growing temperature. The dynamics that we

measured suggests the coexistence of emissive and non-emissive species that can convert into each
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Figure 2. (a) PL dynamics at F=70 pJ/cm? taken in the temperature range 77-335 K recorded at the maxima of PL
spectra. Inset: Same traces plotted on the logarithmic scale. Dotted black lines — bi-exponential fits. (b) Peak values
of PL spectra (red circles), integrated values of PL spectra (green squares) and integrated PL dynamics (blue triangles)
as a function of temperature. All values normalized to the maximum. Inset: Representative PL spectra used to extract

PL values.

other. Note that the observed higher-T7 decrease in the PL intensity is in fact common in perovskite
materials. When interpreted as due to the excitons’ thermal dissociation into free electrons and
holes, this decrease would frequently be used for assessing the exciton binding.!%!3 One should
also recognize that spatially separated geminate charge pairs (e.g., in the form of electron- and
hole-polarons as a consequence of the strong interaction with the environment) can be present at
lower temperatures as well, where they are still well bound by the mutual Coulomb attraction.
Such bound (more loosely and larger radius) charge pairs could play a role of non-emissive
excitation species while the tightly bound and smaller-radius electron-hole pair in the excitonic
state would represent an emissive species. The dynamic balance (inter-conversion) between the
loosely bound charge pairs and excitons is 7-dependent: lower the temperature, larger is the
relative proportion of the excitons resulting in a faster decay of the whole family of excitations

while maintaining the overall PLQY. Only at sufficiently high temperatures, a substantial number
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of excitons will be efficiently dissociating out of the Coulomb capture region to form the loosely

bound charge pairs, leading to the decrease of the excitonic emission.

The framework of the geminate charge pairs that can undergo both recombination and spatial
separation is well known in the photophysics of organic and amorphous solids and was studied in
different modifications since the original work of Onsager (see reviews in Refs. 25-26 for
numerous original references). Here we explore an application of an Onsager-Braun-type model
by numerically solving combined kinetic-diffusion equations for the time evolution of the exciton
and charge-pairs ensemble. As shown schematically in Figure 3(a), the excitons are characterized
by time-dependent number n(t) while the geminate charge pairs by the 2D pair distribution

function p(r,t) defined for pair separation distances r > a so that number of pairs n,(t) =

f :2717‘,0 (r,t)dr. The time-dependent PL intensity is proportional to n(t), whose variation in time:

dn
qorm— I®), I(t) =2naj(at) = an(t) — kp(at), (Dexhibits decay with

rate y (may include both radiative and non-radiative recombination) but is modified by current I
(t) due to the exchange with the pairs manifold. Here coefficient @ quantifies the conversion of
excitons into pairs while coefficient k the reverse conversion of pairs into excitons at the
“boundary”, r = a. At the same time, this current /(t) represents the boundary condition for the

2D radial current density j(7,t) in the spatiotemporal evolution of the pair distribution function:

dp 10 dp F

FrimimerniC/) Rl TN A _D(E - kTTp)’ (2)
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Figure 3. (a) Model schematics of the interconversion between excitons (emissive species) and geminate pairs (non-
emissive species). (b) An example of the temporal evolution of the number of the emissive species for different

temperatures simulated with a set of model parameters, see the text.

where the 2D continuity equation is supplemented by the phenomenological pair decay with rate
y1 due to, say, trapping and other non-radiative channels. The current density in Eq. (2) is
composed of the diffusion and drift components (D is the diffusion coefficient and Einstein’s
relationship utilized for the mobility), where force F = —dV /0dr is determined by the effective
interaction potential energy V(r) between charges in the geminate pair. Traditionally, V(r) used
is just the Coulomb attraction, leading to F/kzT = — r¢/r?* with the Coulomb capture radius r; =
q%/AmegckpT. It should be clear, however, that the effective interaction could be modified due to
e.g. polaronic effects. A reduction of ry with growing temperature T would manifest in the

increasing propensity for thermal dissociation of the pairs. A similar strong effect of the rising T

on the increasing relative number of geminate pairs n, with respect to the number of excitons n

would follow from the T-dependent model coefficient ratio a/ Kk xexp (— U/ kgT), where U is

an effective activation energy for the process of interconversion between excitons and geminate
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pairs. The diffusion coefficient D can also depend on T, consistently with the operating scattering

processes.

Given the initial conditions n(0) and p(r,0), the framework of coupled equations (1) and (2)
allows one to find the time dependence of n(t) that can be compared to the experimentally
observed time-resolved PL kinetics f(t). These initial conditions (distributions) are determined by
the relaxation processes following the original higher-energy laser photoexcitation of the system,
which are frequently subsumed under the label of “thermalization”. We do not know a priori what
this initial distribution should be in 2D perovskites. Evidently, some of the limiting pictures would
be inconsistent with our observations. For instance, in a purely ballistic picture, the initial condition
could be all geminate pairs at some thermalization distances r. Then the signal f(t) from excitons
would feature PL kinetics risetimes, which we do not observe at all in the experiment. In the
opposite limit of complete “internal conversion”, the initial condition could be all excitons. Then
the PL would be starting from the same f(0) values at different temperatures, also not recorded in
the PL measurements. Instead, our observations suggest that the relaxation results in “balanced”
T-dependent initial distributions with the relative number of emissive species (proportional to £(0)
) decreasing with the rising T. For our illustrative purposes here, we chose therefore to try initial
distributions generated by running (“relaxing’) our model at different temperatures from the purely
excitonic states for some time. The resulting patterns of n and p(r) were then renormalized to the
common initial condition n(0) + n,(0) = 1, from which the model runs were resumed. Figure
3(b) exemplifies results for n(t) that were obtained this way with a set of model parameters (in
particular, the overall exciton thermal ionization energy in this example corresponds to 1350 K
and y1 = 0.05y). When compared to PL data in Figure 2(a), the model kinetics clearly reproduces

all important experimental observations - slowing down of the initial decay with growing 7 for
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lower temperatures followed by an acceleration of that decay at higher temperatures. At the same
time, the progression of slower decay components at elevated temperatures comes out as a natural
consequence of the dynamic interplay between excitons and the bound pairs manifold. Besides
improvements in specifications of initial conditions, qualitative model refinements need to be
further explored, including disorder effects that may lead to distributions (rather than some specific

values) of the model parameters.

As the PL data only reflects the evolution of the emissive states at >100 ps time resolution, we
also performed a femtosecond TA study that probes faster responses in a wide spectral range,
including from non-emissive species.’ Our femtosecond TA experiment allows us to study
absorption in the individual microflakes, thus directly comparing the results to PL data. Figure 4
compares the time-dependent evolution of the TA spectra and fluence-dependent bleach dynamics
at low (77 K) and at room (RT) temperatures. While the TA spectra are characterized by the
pronounced bleach signals at 520-530 nm (associated with the excitons responsible for the PL
signal, Figure S4) at both temperatures, they also exhibit a number of pronounced differences. In
particular, the RT spectra, Figure 4(a), exhibit a long-lived (> 3.5 ns, longer than our delay range,
Figure S5) photoinduced absorption (PA) component, extending from 550 nm to beyond 700 nm
(our detection limit). Its presence and lifetime correlate well with the existence of longer PL
components in the RT PL dynamics. We note that some previous publications related such long-
lived broad PA to the production of free electrons and holes, characterized by Drude-like
conductivity.? Our PA signals exhibit linear fluence dependence shown in the inset in Figure
4(a). Figure 4 (b) shows the RT bleach dynamics normalized at the long times for different
excitation levels. At the excitation densities above linear regime (F >100 pJ/cm?) we observe

emergence of the fast, sub-100 ps components, indicative of the non-linear annihilation processes.
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Figure 4. (a) Time evolution of the TA spectra of (MAen20) 2D perovskites at RT and high fluence. Inset: excitation
fluence dependence of the PA region at 600 nm. (b) RT bleach dynamics at 520 nm at different fluences, with
dynamics normalized to match at long times. Inset: Slope of the early time curves vs. initial amplitude. (c) Time

evolution of TA spectra at 77 K in the linear fluence regime. (d) Bleach dynamics at different fluences at 77 K.

If one were to employ the generic kinetic equation dneh/ dt = — kinep — kon?, for the
photoexcitation n.j, dynamics, the non-linear (bimolecular type) annihilation would be described

by the second term with kinetic coefficient k,. Owing to the very different recombination time-
scales (radiative recombination on the ns scale and pair annihilation at less than 100 ps) we can
separate early time dynamics. The inset in Figure 4(b) shows the slope of the population dynamics
at early times (i.e. « — d(AT)/dt at t = 0) as a function of the initial photoexcitation density n,p,
(0) < AT(0). Full set of un-normalized dynamics is available in Figure S6. It nicely follows the

quadratic behavior at higher densities, proportional to the non-linear &, term.3¢ In contrast, Figure

ACS Paragon Plus Environment



oNOYTULT D WN =

The Journal of Physical Chemistry Letters

4(c) shows TA spectra at 77 K that do not possess broadband PA manifold and no discernible
fluence dependence is observed in the TA spectra and bleach dynamics at this low 7. Bleach
dynamics, shown in Figure 4(d), illustrate instead a common behavior characterized by a two-
exponential decay with tgy ~50-80 ps and 144, >1 ns (limited by the delay range). The slower
component clearly corresponds to lifetime t; observed in the PL emission. The fast component
indicates a non-radiative channel with a monomolecular type recombination (as would be
described by kinetic kq coefficient above), most likely related to surface/ligand-induced trapping
as is long known for colloidal nanocrystals®’ and was recently shown in 2D RPP compounds as
well.3® Being on a sub-100 ps timescale, these are not resolvable in PL dynamics, however, and its
time-integrated contribution is small, less than 30% of the total decay and in-line with high PLQY

of our samples.

The observed differences in the TA responses at 77 K and at RT would be consistent with our
picture of the 7-dependent composition of the photoexcitation population developing already at
earlier relaxation times: while being predominantly consistent of excitons at 77 K, it would feature
a substantial number of charge pairs at RT. Indeed, then the long-lived broad PA absorption
associated with individual charges would be observed at RT but not at 77 K. At the same time, the
difference in the fluence dependence would be related to the difference in the physical sizes of
excitons and charge pairs. Based on the linear absorption data from individual microflakes in our
samples and assuming a close-packed arrangement of the octahedral layers, a rough estimate of

the initial photoexcitation density at F=300 pJ/cm? fluence yields n.,(0)~10'! cm=2 in a single

layer. This density corresponds to the average in-plane distance between the excitations [ =
1/\/mnen(0)~ 20 nm, which would be much larger than the typical exciton Bohr radius in many

2D perovskites.’® However, being the larger-size entities, the charge pairs may experience
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substantial spatial overlap and start to non-radiatively annihilate each other at much lower fluences
as compared to smaller-size emissive excitons. Additionally, exciton diffusion is likely to be

slower at 77 K, further preventing exciton-exciton annihilation.

The Onsager framework of the geminate charge pair dynamics assumes a sufficiently strong
interaction of electrons with the environment. An extensive literature on hybrid perovskites in fact
discusses the importance of the effects of the static and dynamic disorder as well as the existence
of polarons.?>?? It is known that self-localization of electrons into polaronic states can generally
be driven by both short- and long-range interactions with the underlying lattice, and the long-range
polarization is omnipresent in perovskites due to the polar nature of their structure. It is therefore
possible that charges in the geminate pair could be in the form of electron- and hole-polarons. The
analysis of our experimental data, however, does not rely on a specific microscopics of charge
carriers. While our experiments also do not address directly the nature of the emissive excitonic
states, a clear pattern is exhibited of the PL emission spectra both in terms of the spectral
composition and lifetimes. It has been discussed that excitons in 2D RPPs can undergo self-
trapping (STEs) via exciton-phonon coupling driven lattice distortions.*! The primary
experimental identification of STEs is related to the appearance of broadband “white light”
emission below the optical gap,*> with PL signatures that are further enhanced at low temperatures.
Additionally, formation and emission decay of STEs follow the lattice relaxation dynamics,
typically on a ps time scale. In our observations, however, the presence of a long-lived TA signal
is not accompanied by distinct low-energy PL bands at any temperatures and decay dynamics are

measured on a nanosecond scale, excluding STE contribution.

In summary, we performed a detailed study of the photoexcitation dynamics in a highly-

emissive 2D perovskite compound (en)4Pb,Brg.3Br (MAen20) over a range of temperatures and
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excitation powers. We found that, while the PL kinetics themselves are substantially temperature-
dependent, the PLQY remains remarkably nearly 7-independent over a broad range of
temperatures. Only at sufficiently high temperatures (7> 280-290 K), the PLQY experiences an
appreciable decrease. We argued that our observations can be accommodated within a simple and
physically satisfying picture of the coexisting emissive excitons (“small-size” tightly-bound states)
and non-emissive geminate charge pairs (“large-size” loosely-bound states) appearing already at
early relaxation times. Their 7-dependent interconversion and dynamics explain the salient
features of PL and TA kinetics as well as the onset of prevalent thermal dissociation at higher
temperatures and could have important implications for the device development. Non-emissive
geminate pairs could be dissociated by electric fields at donor-acceptor interfaces or by trace
impurities or through edge states, improving the efficiency of the photovoltaic devices.
Population of the emissive excitons and their binding strength, on the other hand, may be
controlled via the choice of dielectric parameters, layer width and external conditions
(temperature, substrate) to maximize the efficiency in light-emission devices. Hence, the results
will be relevant to the rational design of high-efficiency optoelectronic devices based on the

solution-processable 2D layered perovskite materials.
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