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Energy transfer in (PEA)2FAn−1PbnBr3n+1 quasi-2D per-
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Quasi-two dimensional perovskites demonstrate unique excitonic properties due to multilayer
structure making them attractive for various optoelectronic applications. However, the thick-
ness of individual perovskite sheets in wet cast quasi-2D layers tend to randomly fluctuate giv-
ing rise to specific type of disorder, which impact to carrier dynamics is rather complex and re-
mains understudied. Here, we present a study of carrier transport in Ruddlesden–Popper type
(PEA)2FAn−1PbnBr3n+1 layers of order n from one to four, and in the bulk FAPbBr3 layer. We
use light induced transient grating technique to directly measure the carrier diffusion coefficient,
and transient absorption with photoluminescence to investigate the energy relaxation pathways.
We observe two distinct energy transfer processes on different time scales. Fast energy fun-
nelling in thicker (n ≥ 3) layers is observed up to 10 ps after excitation; we attribute it to short-
distance transfer of excitons to neighbouring perovskite sheets of higher order. On the longer
timescale of hundreds of picoseconds, carrier in-plane transport is governed by exciton diffu-
sion in n = 1 and 2 layers and by free carrier plasma in thicker ones. Within the carrier density
range of (0.5− 4)× 1019 cm−3, exciton diffusion coefficient in n = 1,2 slowly increases from 1 to
2.8 cm2/s , while in thicker layers the dependence is much stronger and diffusivity grows from
0.09 to 1.9 cm2/s . We explain these dependencies by higher structural order in the thinner sam-
ples and stronger localization of carriers in thicker ones. Also, amplified spontaneous emission
(ASE) is observed in thicker (n ≥ 3) layers in electron-hole plasma, as evidenced by the typical
ASE line redshift with excitation.

1 Introduction

Two-dimensional (2D) perovskites are intensively studied as an
alternative for three-dimensional (3D) ABX3 type perovskites for
light-harvesting and light-emitting devices1–3. The main attrac-
tiveness of 2D perovskites lies in much higher environmental and
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photo stability if compared to their 3D counterparts4,5. Also, the
possibility to replace toxic Pb by Sn in single layer perovskites
was demonstrated6. 2D perovskite solar cells with conversion ef-
ficiency above 12%7 or mixed structures of 2D/3D perovskites
with efficiency above 18%8 were demonstrated with much im-
proved resilience to environmental influence. In the last few
years, 2D perovskites greatly advanced in light emission appli-
cations as well. Efficiency of 2D perovskite-based LEDs has al-
ready reached 20%3, and stable CW lasing was demonstrated in
2D lead halide-based quasi-2D perovskite films9. Also, these ma-
terials show a number of unique properties that make them an
interesting object for fundamental studies. Perhaps the most im-
portant one is very strong quantum and dielectric confinement
of charge carriers leading to exciton binding energies as high
as 490 meV10. The dielectric confinement is defined by the di-
electric constant of organic molecules that make spacers between
the sheets of perovskite octahedra; this grants rich possibilities to
control excitonic properties by selecting different organic cation
molecules11. Strongly bound excitons do not dissociate at rele-
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vant temperatures and carrier densities, thus an excitonic nature
of optical and electrical properties is prominent1,12. However, all
these novel properties of 2D perovskites come together with even
higher complexity. For instance, additional disorder arises from
the intermixing of layers of slightly different thickness.

The most popular Ruddlesden–Popper type 2D per-
ovskites can be described by a general chemical formula
(RNH3)2An–1MnX3n+1, where RNH3 is a large cation that serves
as a barrier between quantum wells, A is a monovalent organic
cation, M is a divalent metal cation, X is a halide anion, and n is
a number of [MX6]4– octahedral layers within a single quantum
well. n is often referred to as the order of the perovskite layer
and is one of the main parameters defining layer properties;
e.g., the perovskites with n ≥ 2 are not strictly two-dimensional
and thus are called quasi-2D perovskites. One important trait of
wet-cast quasi-2D perovskite layers is that they consist of many
spacer-separated sheets of slightly different thickness (and order)
fluctuating around some average value < n >13. Different carrier
confinement in neighbouring sheets results in varying potential
landscape, which gives rise to fast energy transfer (funnelling)
from thinner to thicker perovskite sheets in quasi-2D perovskite
layers14,15.

Carrier transport properties are known to be of crucial impor-
tance for the performance of perovskite devices16,17; therefore, it
is imperative to understand how this complex potential landscape
impacts carrier transport in quasi-2D perovskites. Diffusion coef-
ficient (D) is the parameter well suited to quantify the efficiency
of carrier transport in a material. D is also a key factor defining
the efficiency of optoelectronic semiconductor devices like solar
cells or LEDs, and enters as a parameter in drift-diffusion equa-
tions used for modelling of LEDs and diodes. Carrier transport
has been extensively studied in 3D perovskites (see e.g. a per-
spective paper by L. Herz18); in particular, it has been shown
that a fluctuating potential landscape causes carrier localization
effects that brake the proportionality between carrier diffusivity
and mobility, resulting in a strong dependence of D on carrier
density N 19–21. Carrier transport in quasi-2D perovskite layers
is expected to become even more complex. This point can be
illustrated by large dispersion of reported D values. For exam-
ple, C. Zhou et al. obtained D values of 53.6 cm2/s for exfo-
liated (BA)2PbI4 nano-platelets by local time-resolved photolu-
minescence technique22. On the other hand, M. Seitz et. al.
obtained D = 0.19 cm2/s in (PEA)2PbI4 by transient photolumi-
nescence measurements23. Transient terahertz spectroscopy pro-
vided carrier mobility of µ = 17.4 cm2/(Vs), which results in
D = 0.45 cm2/s at room temperature24. While this discrepancy
in values may be related to different measurement methods, it is
also very likely that carrier transport is sensitive to the varying
potential landscape. This assumption is confirmed by finding that
changing the spacer molecule changes D value (measured under
same conditions and with same technique) by an order of mag-
nitude23. Therefore, it is imperative to find out what processes
govern carrier transport in these materials.

Here, we address this problem by investigating carrier
transport and its relation to energy funnelling in quasi-2D
(PEA)2FAn−1PbnBr3n+1 layers of orders n = 1,2,3 and 4 (by la-

belling the order with n we have in mind an average order, as dis-
cussed). (PEA)2FAn−1PbnBr3n+1 is a promising 2D perovskite for
green-emitting LEDs, where efficiencies above 18% have already
been demonstrated25. We employ light induced transient grating
(LITG) technique to measure D as a function of carrier density in
the layers in all-optical way. This method is attractive as it allows
for direct determination of diffusion coefficient and lifetime of
carriers without need for electrical contacts26. Among other ad-
vantages, we would like to draw attention to the possibility of pre-
cise calibration of carrier density N under optical excitation from
material absorption coefficient, which in turn enables measure-
ment of D(N) up to very high excitations relevant for high power
light-emitting devices. Due to these reasons, LITG has been used
for diffusion coefficient measurements in bulk perovskite crystals
and thick layers, by our and other groups alike20,21,27–30. In this
work, we combine this technique with transient photolumines-
cence (TPL) and absorption (TA) measurements to analyze the
energy and carrier transport in highly excited quasi-2D perovskite
layers at high excitations near the threshold of amplified sponta-
neous emission (ASE). We observe the energy transfer on two
different time scales: one within first picosecond and the second
within hundreds of picoseconds. We provide experimental evi-
dence confirming that the fast process is related to exciton transi-
tion to higher n perovskite sheets where excitons dissociate either
due to high carrier densities, or under influence of grain bound-
aries. We show that the latter process is crucial for ASE emer-
gence. The slower transport process is related to lateral charge
diffusion within the sheets. We observe a different dependence
of D(N) on n from those reported for iodide quasi-2D perovskites,
diffusivity being higher in thinner samples. We discuss these re-
sults in a framework of different disorder of the layers that gov-
erns the carrier dynamics in the samples.

2 Experimental

2.1 Materials

Samples were fabricated by spin coating on quartz substrates. Be-
fore use, the substrates were first cleaned by ultrasonication and
then irradiated by UV light. The precursor solution was made
by dissolving formamidinium bromide (FABr), lead (II) bromide
(PbBr2) and phenethylamonium bromide (PEABr2) in dimethyl-
sulphoxide (DMSO). The resulting solution was filtered through
a 0.45 µm membrane filter, then cast on a substrate spinning at a
rate of 6000rpm over the course of 30s. The solution was allowed
to crystallize at room temperature forming a perovskite layer. The
layers were additionally encapsulated from ambient oxygen and
humidity. The resulting stoichiometric formula of the nanolayers
present in the samples was (PEA)2FAn−1PbnBr3n+1.

2.2 Techniques

The main results of this paper have been obtained by using
three time-resolved measurement techniques: transient absorp-
tion, photoluminescence, and light-induced transient gratings.
All described measurements were performed at room tempera-
ture.

Transient absorption measurements were performed using
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the setup made by "Light Conversion". The pulses from the
Yb:KGW laser "PHAROS" (190 fs, 1030 nm) were split 95%/5% to
form the pump and probe pulses. The wavelength of pump pulses
was fine-tuned within 350–370 nm using the "ORPHEUS" opti-
cal parametric amplifier and "LYRA" second harmonic generator.
The intensity of pump beam was controlled by a gradient mirror.
These pulses were directed into the "Harpia" module (a dedicated
setup for TA experiments). For probing, the remaining 5% of the
fundamental pulse at 1030 nm was passed through a mechanical
delay stage and focused on a deionised water quevette to create
spectrally-broad (approximately from 380 nm to 1.3 µm) pulses.
The pump and probe pulses were crossed on the sample’s surface
and the transmitted probe beam is recorded by a CCD linear Si
detector ("Hamamatsu") coupled to a monochromator ("Andor").
The pump beam intensity incident on a sample was estimated as
I0 = P/π f r2, where P is the average power of the pump beam, f is
the repetition rate, and r is the radius of pump beam spot on the
sample measured at 1/e2 intensity level of a Gaussian beam pro-
file. The measured beam size was r = 240±5 µm. Such a setup al-
lowed for observation of light-induced absorption changes within
the wide spectral range, which can be quantified by wavelength
and time-dependent optical density (OD), defined as a ratio of
transmitted intensities with pump closed and opened:

∆OD(t,λ ) = lg
(

Ino−pump(λ )

Ipumped(t,λ )

)
. (1)

In the measurements, the detector noise level was accounted for
by subtracting the detector readings with all beams blocked. Neg-
ative and positive TA signal at given wavelength defined by equa-
tion 1 corresponds to induced bleaching or induced absorption,
respectively.

For time-resolved photoluminescence measurements we
used the same laser system with the same beam parameters.
The photoluminescence was collected in back-scattering geom-
etry; the scattered pump light was filtered with an optical filter.
The PL signal was measured using "Hamamatsu C9300" streak
camera with 25 ps time resolution, synchronized with the laser.

Light-induced transient grating measurements were carried
out using Nd:YLF PL2243 ("Ekspla") laser, emitting 8 ps duration
pulses at 10 Hz repetition rate in 1053 nm fundamental harmon-
ics. The pulses third harmonics at λE = 351 nm and fundamental
harmonics at λP = 1053 nm were used for sample excitation and
probing, respectively. We note that all investigated samples are
transparent to 1053 nm light, which allows for probing of the
entire photoexcited depth of a sample. The intensities of inci-
dent pump pulses (I0), transmitted through the sample (IT), and
diffracted (ID) pulses were monitored by Si photodetectors.

In LITG technique, a spatially-periodical light field is used to
excite a sample (hence the diffraction grating), in contrast to a
conventional pump-probe where the sample is excited by a beam
with a Gaussian profile. Therefore, both carrier recombination
and lateral carrier diffusion contribute to LITG signal decay with
time26. Figure 1 illustrates the creation of transient diffraction
grating in a sample. The period of the grating Λ is defined by
an angle between the two interfering pump beams Θ and λE; the
grating period can be varied in an experiment by varying the an-
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Fig. 1 Illustration of LITG measurement.

gle. In our LITG setup, we use several transmission diffraction
gratings (or holographic beam splitters, HBS) with the maximized
outputs to ±1 diffraction orders. HBS splits the pump beam into
two coherent parts, which then are projected onto the sample’s
surface using a f1// f1 + f2// f2 telescope. In this setup, the pe-
riod of light field on the sample is defined by the period of HBS
and magnification of the telescope f2/ f1.

Periodic light field generates the nonequilibrium carriers with
periodic lateral distribution. When probed far from electronic res-
onances (which is the case in perovskites for 1053 nm probe),
the diffraction grating is mainly caused by refractive index mod-
ulation by free electron-hole pairs. The probe beam is partially
diffracted on this grating, splitting into the "diffracted" and "trans-
mitted" beams. The amplitude of the transient diffraction grating
can be characterized using the diffraction efficiency η defined as
the ratio of diffracted and transmitted part intensities, η = ID/IT.
The decay time constant τG of such a grating can be defined as an
instantaneous time constant of exponential decay:

η(t) =
(

πdnehN(t)
λP

)2
=

(
πdnehN0

λP

)2
exp
(
− 2t

τG

)
, (2)

here d is the thickness of photoexcited material, neh – the refrac-
tive index change due to a single electron-hole pair, N(t) – the
density of carriers at time t, N0 – the density of photoexcited car-
riers at the end of the pump pulse, λP – the wavelength of probe
beam, and τG – the decay time constant of transient grating de-
cay. N0 can be evaluated as N0 = αI0/hν , here α is the absorption
coefficient of the sample and hν is the pump photon energy.

Figure 2(a) shows the first 150 ps of LITG decay transients
recorded in the bulk 3D sample (dots) at three different diffrac-
tion grading periods Λ and the corresponding fits to equation 2.
Grating decay time τG decreases as Λ decreases, due to growing
contribution of carrier diffusion to transient grating decay. The
partial contributions of carrier lifetime τ and diffusive lifetime τD

are accounted for by summing the reciprocals:

1
τG

=
1
τ
+

1
τD

=
1
τ
+

4π2D
Λ2 , (3)

here D is the diffusion coefficient of charge carriers. Equation 3
shows that two material parameters - carrier lifetime and diffu-
sion coefficient - can be obtained from a linear fit of τ

−1
G = f (Λ−2),

as is illustrated in Fig. 2(b). The measurement error for τ and D
is defined from standard deviation of the linear fit.
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Fig. 2 (a) LITG transients recorded at three different grating periods Λ in
3D sample. (b) The dependence of τ

−1
G on Λ−2 used to extract diffusion

coefficient D and carrier lifetime τ, according to equation 3.

We note that for free carriers LITG provides an ambipolar dif-
fusion coefficient Da, which describes the collective movement of
electrons and holes interacting via Dember electric field26:

Da =
Ne +Nh(
Ne

Dh
+

Nh

De

) , (4)

here, Ne(h) is electron (hole) density, De(h) - electron (hole) dif-
fusion coefficient. If one type of carriers has significantly smaller
diffusivity D1 << D2, then equation 4 leads to Da ≈ 2D1, pro-
vided that both types of carriers are photogenerated in equal car-
rier densities. Further in the text we omit the subscript and use
the notation D, but one has to remember that diffusivity in free
carrier plasma is of ambipolar type.

In the analysis of LITG results we make two assumptions. First,
we determine D and τ from the initial parts of LITG decay ki-
netics, within first 100 ps. By doing so, we assume that carrier
lifetime is longer than this value and, therefore, the photoexcited
carrier density does not deviate much from N0. This allows for
more accurate dependencies on carrier density, in contrast to situ-
ation when LITG decay transients are fitted at longer delays. Sec-
ond, we assume that index changes induced by either electron-
hole plasma or excitons are of similar magnitude. To justify this
assumption, we refer to the excitonic dielectric function formula
derived by D. Chemla and D. Miller31:

ε
−1 (ω) = ε

−1
0


1+

Ω2

(ω + iγ)2−∆2− 2
3

Ω2


 (5)

here ω is the light frequency, ε0 is the permittivity of a vacuum,

Ω2 = 4πNe2/ε0µ is the frequency that measures exciton density
(in turn, N is the particle density and µ is the reduced mass), γ -
phenomenological damping constant, and ∆ is the energy differ-
ence between the ground state and the excited states, which can
be roughly approximated by exciton binding energy. Under our
experimental conditions, the probe quantum energy is 1.18 eV,
while the reported exciton binding energy even in n = 1 quasi-
2D layers is about 400 meV32, which allows for approximation
ω2 >> ∆2. In such a case, equation 5 becomes similar to the di-
electric function of free electron-hole pairs, except for the 2/3
multiplier of Ω in the denominator31:

ε
−1 (ω) = ε

−1
0

[
1+

Ω2

(ω + iγ)2−Ω2

]
. (6)

3 Results and Discussion
To determine the dependence of diffusion coefficient on photoex-
cited carrier density D(N), we perform LITG measurements at var-
ious excitations in the quasi-2D layers of orders n = 1−4 as well
as in 3D sample; the results are shown in Figure 3.
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Fig. 3 Ambipolar diffusion coefficient D as a function of photoexcited
carrier density ∆N in the (PEA)2FAn−1PbnBr3n+1 layers of different order
n.

A clear distinction between n = 1,2 and n≥ 3 layers can be seen,
both for D values and the dependence on carrier density D(N).
At low carrier densities (e.g. 5× 1018 cm−3), D for n = 1,2 sam-
ples reaches 0.8 – 0.9 cm2/s , while in n ≥ 3 it is as low as 0.1
– 0.2 cm2/s . While D(N) increases with excitation in all sam-
ples, the growth rate is considerably faster for n≥ 3 layers. Based
on our previous model of carrier transport in highly excited per-
ovskites20,21, one can conclude that diffusion in the thinnest lay-
ers experiences smaller influence of carrier localization or trap-
ping if compared to that in the thicker ones. One distinction
between these two groups of samples is that in n = 1,2 layers
quantum confinement and, thus, exciton binding energy should
be much higher; therefore, one could expect that exciton trans-
port prevails in thinner layers, while in the thicker ones a mixture
of excitons and free carriers coexist. This assumption is confirmed
by time resolved PL and TA measurements, as is discussed further.
This implies that exciton diffusion is more efficient due smaller
impact of localization. The existence of exciton trapping and re-
lated decrease in mobility was indeed confirmed by M. Seitz et
al. in (PEA)2PbI4 2D perovskite23. Higher mobility of excitons
in thinner 2D layers also agree with theoretical calculations by S.
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Kumavat et al., where carrier mobility in 2D CH3NH3PbI3 layer
is predicted to be 16 times higher than that in bulk material33.
On the other hand, the dependence of D on N seen in Fig. 3 is
opposite to that reported by S. Deng et al., where a clear increase
in D with N was obtained in (BA)2(MA)n–1PbnI3n+1

34. In the lat-
ter work it was speculated that dielectric constant increases with
thickness of inorganic layer (i.e. with N) increasing screening
of Coulomb interaction between the excitons and charged impu-
rities and, thus, decreasing scattering rate. Also, S. Motti et. al.
reported 25% lower carrier mobility in 2D (BA)2(MA)n–1PbnI3n+1
if compared to 3D perovskite24. Comparison of these results sug-
gests that exciton mobility is extremely sensitive to material prop-
erties like chemical composition, impurity density, structural etc.,
and can fluctuate from sample to sample a lot. On the other hand,
high D in our samples proves that high diffusivity can be achieved
in 2D layers, which is a crucial requirement for devices.

To investigate the potential landscape formed by random for-
mation of different order perovskite sheets in our samples, we
measure the stationary absorption and photoluminescence spec-
tra (Figure 4). Comparison of these spectra provides useful infor-
mation on energy relaxation pathways: while absorption spectra
peaks indicate all available electronic states within the investi-
gated spectral region, the PL spectra peaks show the states to
which energy relaxation takes place and from where excitons (or
free carriers) recombine radiatively. We begin with the absorption
spectra of 3D sample, which is typical for a bulk semiconductor.
It is composed of partially overlapping excitonic peak and bulk
interband absorption band that can be fitted to Elliot model35:

α(h̄ω) ∝
p2

cv
h̄ω

√
E f ex

(
∑
s

2E f ex

s3 sech
(

h̄ω−E f ex,s

Γ

)
+

∫
∞

Eg

sech
(

h̄ω−E
Γ

)
1+b(E−E(bulk)

g )

1− e
−2π

√
E f ex

E−E(bulk)
g

dE
)
,

(7)

here pcv is the interband transition momentum element, E f ex -

exciton binding energy, E f ex,s = E(bulk)
g −E f ex/s2 - spectroscopic

position of exciton level s, Γ=28 meV - phonon induced broad-
ening. The fit to this model is shown by the dashed line in
Fig. 4(a). The fitting parameters were the bandgap E(bulk)

g =

2.378±0.004eV and exciton binding energy E f ex = 45±2 meV. We
note that these values are higher than the reported bandgap en-
ergy 2.27–2.3 eV36 and exciton binding energy 22 meV37, prob-
ably due to large spectral broadening of exciton peak at room
temperature35.

While the absorption spectra of thin n = 1 and n = 2 quasi-2D
layers are dominated by a single excitonic peak of correspond-
ing order at 3.07 eV for n = 1 or 2.85 eV for n = 2, the spectra in
thicker layers reveal a mixture of several phases1. So, the absorp-
tion spectrum of n = 3 sample contains a small excitonic peak at
2.65 eV of n = 3 layer, together with stronger excitonic contribu-
tions from n = 1 and n = 2 phases. Similarly in n = 4 sample, a
very small n = 4 excitonic peak at 2.53 eV coexists with n = 3 and
n = 2 peaks. Exciton absorption peaks in n≥ 2 layers seems to be
superimposed with 3D-like interband absorption bands, possibly
indicating the existence of 3D perovskite domains. We also note
that "native" excitonic peaks in n = 3 and n = 4 samples are much
weaker than those of lower order inclusions. The explanation can
be two-fold: either the amount of higher order domains exceeds
that of lower order domains in these layers, or the exciton popu-
lation is decreased in higher order domains. The latter is possible
if rapid exciton dissociation at abundant domain boundaries is
taken into account38,39. In addition, the active grain boundaries
were also shown to result in strong localization of holes39, which
would contribute to localization-governed D(N) dependence in
thicker layers, as discussed above.

The time-integrated PL spectra recorded at low excitation
(3.35 µJ/cm2 at 350 nm) show the energy funnelling from thin-
ner to thicker quasi-2D perovskites. In the n = 1 sample, the PL
spectrum shows a single excitonic emission peak, red shifted by
38 meV from the absorption peak due to light reabsorption. In
the n = 2 layer, however, apart from the exciton peak at 2.82 eV
a broader band not visible in the absorption spectrum appears at
2.9 eV. Going to even thicker layers, the contribution of exciton
luminescence becomes negligible if compared to the broad band
at around 2.3 eV. For example, the excitonic peaks at 3.04 eV
(n = 1), 2.82 eV (n = 2), and very weak one at 2.57 eV (n = 3) are
present in n = 3 PL spectra, but they are much smaller than the
broad band at 2.3 eV. These facts show that, starting from n = 2,
quasi-2D samples contain a mixture of phases including higher
order or 3D domains and energy relaxation toward lower energy
states is rather effective.

To investigate the energy transfer pathways in greater detail,
we perform measurements of transient absorption in the layers.
TA spectra contain information about occupancy changes in all
electronic states, in contrast to PL measurements that observe ra-
diative transitions only. TA setup also provides the best possible
time resolution; therefore, it became the established method to
study fast excitonic processes in quasi-2D perovskites15,40. Fig-
ure 5 shows the evolution of differential absorption spectra at
low excitations in the quasi-2D samples. In the layers n = 1 and
n = 2, the TA spectra are dominated by single derivative-like fea-
tures at 3.06 or 2.85 eV, respectively (Figure 5(a, b)). The TA sig-
nal of such a shape is typical for excitons in all semiconductors:
it is caused by a blue shift of exciton absorption due to multi-
particle screening of Coulomb interaction between electrons and
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Fig. 5 Colour maps of differential absorption evolution in the quasi-2D
layers of different order n = 1,2,3 and 4 (indicated in the figures) at rel-
atively low excitation I0 = 25.5 µJ/cm2 by 350 nm laser pulses. Vertical
dash lines show the spectral position of exciton absorption in the layers
of respective order.

holes40,41. In the n= 1 sample, no other significantly large signals
exist apart from the exciton peak (a short-lived feature at≈ 2.8 eV
is of unclear origin, though its spectral position coincides with
the exciton in n = 2 layer), which confirms the excitonic nature
of carrier dynamics in this layer. Within the first several hundred
femtoseconds after photoexcitation, a broadening of this line can
be seen, which is presumably due to multiparticle exciton inter-
actions. At delays longer than 1 ps, the broadening disappears
and the absorption bleaching dynamics can be described by two-
componential decay, with characteristic time constants of 12 ps
and 600 ps; exciton dynamics in the n = 2 layer is qualitatively
similar. The faster component is likely to be caused by fast non-
radiative exciton recombination; the presence of such recombina-
tion is reflected in low quantum yield of the layers, as is discussed
later on.

The TA spectra from thicker n≥ 3 layers are composed of mul-
tiple components at spectral positions of excitons in domains of
different order and of electron hole plasma. Thus, right after the
excitation in n = 3 layer the exciton components corresponding
to n = 1,2 and 3 phases are visible at 3.06, 2.85, and 2.63 eV, re-
spectively. While evolution of two higher energy peaks resembles
that in the thinner layers, the exciton at 2.63 eV in n = 3 phase
exists only up to 1 ps and disappears giving rise to broad and long
living band at 2.41 eV (Fig. 5(c)). Similarly, the lowest exciton at
2.51 eV in n = 4 evolves into the band at 2.37 eV, although the
energy transfer is slower and lasts up to ≈ 10 ps (Fig. 5(d)).

Fast dissociation of excitons in the lowest energy phases rises
the question as to the nature of this process. One might con-
sider a possibility that excitons reach the boundaries of domains
by lateral in-plain diffusion and dissociate there; however, hav-

ing in mind very short time of these processes this explanation
seems unlikely. For instance, n = 3 excitons within their life-
time of 1 ps could diffuse only

√
Dt = 4.5 nm, if diffusion coef-

ficient D = 0.2 cm2/s is assumed (see Fig. 3). The typical size
of the grains in 2D perovskites have dimensions exceeding mi-
crometer scale42. Another possibility is fast carrier movement via
ballistic transport, which has been reported in perovskites and
other quantum structures43,44. However, the ballistic transport
occurs on the time scale of hundreds of femtoseconds, but LITG
results clearly show the non-ballistic diffusion taking place on
much longer timescales of hundreds of picoseconds. Another pos-
sible mechanism is that excitons are transferred to neighbouring
sheets of higher order and, thus, lower exciton energy via Förster
resonance energy transfer45. A. Proppe et.al. demonstrated by
ultrafast TA measurements and numerical modelling that Förster
transfer between sheets is likely as separation between them is
only few nanometers (defined by ligand molecule size) and typ-
ical timescales for such a process is on tens of femtoseconds
scale15. Even more, the speed of such a transfer strongly de-
pends on distance between the initial and final states and, thus,
on disorder in particular sample (mutual orientation of domains
and sheets), which would explain different time scales of exciton
dissociation in n = 3 and n = 4 samples. Such an internal disorder
and complex structure of crystallites in 2D perovskites was also
confirmed by polarized Raman microspectroscopy42.

Finally, to understand the nature of the lowest energy spec-
trally broad TA band, we perform time-resolved photolumines-
cence measurements. The results are illustrated in Figure 6,
where the top row shows the spectra and the bottom row - the
temporal traces at PL peak spectral positions, indicated in the fig-
ures. Similarly as in absorption measurements, the results can
be interpreted in the framework of gradual transition from pure
excitonic recombination in n = 1 sample to the dominant band-to-
band recombination of free electron-hole plasma in the 3D layers.
In the n = 1 layer, a single peak appears at 3.03 eV and this po-
sition does not change with excitation. It has been observed that
free excitons in inorganic semiconductors tend to blue shift with
excitation due to screening of Coulomb interaction46; the absence
of such a shift in perovskites has been interpreted as a signature
of exciton localization40. The PL decay transient recorded at PL
peak for n = 1 is composed of two components, the fast and slow
ones (we note that the fast component in TRPL traces is not the
same as the one observed in TA for higher order samples - the
latter was by one order of magnitude faster). The dependence
of fast component decay time on photoexcited carrier density is
shown in Figure 7(a). While the ratio between the amplitudes
of fast and slow components changes with excitation, the decay
time of the fast one changes only slowly and remains approxi-
mately constant for the slower one (340±50 ps). The decay time
that is independent on excitation at high densities is typical for
excitonic recombination owing to the fact that for excitons the
spatial overlap of electron and hole wave functions does not de-
pend on carrier density47. Similarly as in the TA transients, the
fast decay component represent the onset of fast non-radiative re-
combination. The behaviour of excitonic peak at 2.82 eV in n = 2
is similar, but additional band at 2.35 eV appears; the same band
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Fig. 6 (a–d) PL spectra integrated within the first nanosecond after excitation and (e–h) temporal traces of PL decay at indicated spectral positions.
The curves for different excitations are depicted by different colours as indicated in the legends for each sample.

is also seen in n = 3 sample.

A new spectral component of ASE at 2.33 eV emerges in the
sample n = 3 above the threshold excitation of 52.8 µJ/cm2

(Fig. 6(c)). ASE is also manifested by appearance of very fast
component in the PL transients with decay time shorter than laser
pulse duration. No ASE signature was observed for the thinner
n = 1,2 layers. The ASE peak appears on the low energy side
of the spontaneous PL band and is red shifted with excitation
due to band gap renormalization. Red shift of a PL component
with carrier density in highly excited semiconductor cannot be
explained by excitonic emission, but is rather typical for electron
hole plasma and is well known in inorganic semiconductors48.
Also, the character of fast decay dependence on excitation rapidly
changes in the n = 3 sample and becomes typical for bimolecu-
lar recombination in free carrier plasma. Based on this, we as-
sume that the low energy band that serves as an acceptor for
energy funnelling seen in TA spectra (Fig. 5) is caused by free
electron-hole plasma rather than excitons. This is feasible having
in mind that with the increasing order n the exciton binding en-
ergy rapidly drops and at densities as high as in our study (above
5×1018 cm−3 the Mott density can be reached).

The ASE contribution becomes stronger and the threshold
drops to 19− 20 µJ/cm2 in the n = 4 and 3D samples, as can be
also seen from the quantum yield dependence on excitation, de-
picted in Figure 7. The increase in the ASE threshold in lower or-
der quasi-2D perovskites is consistent with the results reported for
(PEA)2MA(n−1)PbnI3n+1 layers49 and apparently represents fun-
damental processes in charge dynamics rather than dependence
of ASE threshold on the sample thickness (we note that the 3D
layer with the lowest ASE threshold was also the thinnest). The
ASE threshold dependence in quasi-2D (PEA)2Csn–1PbnBr3n+1
perovskite layers of different order n was investigated by M. Cui et
al., where ASE was also observed only for the layers with n≥ 350.

The absence of ASE in thinner layers was attributed to the lack of
energy transfer to lower energy states, which does not allow for
formation of population inversion required for lasing. Our results
confirm this conclusions, but we also would like to draw attention
to the fact that strong light reabsorption at exciton spectral posi-
tion drastically increases the ASE threshold and opposes lasing.

It is informative to analyze the decay time of fast component
measured at dominant PL peak (it is the excitonic peak in the
thin layers and band-to-band recombination band in the thick
ones) together with the PL quantum yield at various excitations
(Fig. 7(b)). As it was discussed, the decay time constant in the
thin (n = 1,2) samples decreases with carrier density only slightly
and remain in the range of 50–100 ps for carrier densities from
1017 to 1019 cm−3, due to excitonic nature of recombination. In
contrast, the decay time of free carriers in thicker layers is much
higher at low densities (300–500 ps) and decreases roughly lin-
early with carrier density, confirming the contribution of band-to-
band recombination in electron-hole plasma51; the sudden drop
in lifetime marks the onset of very fast ASE process. However, the
noticeably different lifetime in these two groups of samples does
not result in significantly different quantum efficiency below the
ASE threshold; in contrary, the quantum yield is very similar in
all samples. On the other hand, the quantum yield significantly
jumps for excitations above the ASE threshold. The presented ex-
perimental facts results can be interpreted by the following qual-
itative picture. In the thinnest layers, carrier dynamics taking
place on the time scale of tens and hundreds picoseconds are
governed by excitons. They are mobile in the plane of quasi-2D
perovskite, but also suffer from efficient nonradiative recombina-
tion. It is possible that these two facts also indicate causation, in
the sense that faster diffusion coefficient facilitates nonradiative
recombination at remote defect sites, e.g. triplet states9. In the
thicker layers, the diffusivity is small at low carrier densities indi-
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Fig. 7 (a) The decay time of the fast PL decay component (see Fig. 6)
as a function of photoexcited carrier density. Note that the decay time
for n = 1,2 layers represents the decay of excitonic line, while for n ≥ 3 -
decay of electron-hole plasma. (b) Photoluminescence quantum yield as
a function of excitation.

cating strong influence of carrier localization. Since the lifetime
is much longer but the quantum yield is similar to n = 1,2 layers,
it is feasible that both nonradiative and radiative recombination
processes are inhibited in n≥ 3 samples due to spatial separation
of electrons and holes, probably due to action of grain boundaries
as suggested by Z. Zhang et. al.39. On the other hand, the quan-
tum yield significantly jumps above the ASE threshold, as ASE
is very fast radiative process in degenerate electron-hole plasma
that overcomes the contribution of slower nonradiative recombi-
nation pathways. Our result confirms that fast energy funnelling
is essential requirement for ASE to occur in quasi-2D perovskite
layers.

4 Conclusions
A concerted application of LITG, TRPL, and TA techniques re-
vealed the energy relaxation pathways of different time scales
in highly excited quasi-2D (PEA)2FAn−1PbnBr3n+1 layers. In the
thinner layers n = 1 and 2, we observe diffusion and recombina-
tion in excitonic system, while in thicker layers n≥ 3 the excitons
dissociate due to very fast (<10 ps) energy funnelling to thicker
layers where dynamics in electron-hole plasma dominate. We ob-
serve no rapid enhancement of diffusion coefficient during the
funnelling, which proves that it occurs over small distances only
and supports the mechanism of Förster resonance energy trans-
fer between the neighbouring perovskite sheets of different order.
In all layers, we observe the growth of diffusivity with excita-
tion, but the growth rate differs in thin and thick samples. We
observe significantly higher diffusion coefficient of exciton trans-

port in n = 1,2 order samples: e.g., at lower excitations it ex-
ceeds that in thicker samples by roughly one order of magnitude
(1 cm2/s vs 0.1 cm2/s ). The diffusion coefficient dependence on
carrier density in n≥ 3 layers strongly resembles the carrier trans-
port in bulk perovskites with strong impact of carrier localiza-
tion/trapping. The observed dependence of diffusion coefficient
on layer thickness agrees with theoretical predictions, but is in
contrast with some other reports. This discrepancy can stem from
different chemical composition of our samples, in agreement with
high sensitivity of 2D perovskite transport to structural properties
of particular layers. Finally, we show that amplified stimulated
emission appears only in electron-hole plasma and not in exci-
tons, presumably due to strong light reabsorption. This illustrates
that structural disorder and mixture of different order quasi-2D
perovskite layers can be beneficial for light emitting devices.
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30 P. Ščajev, R. Aleksiejunas, P. Baronas, D. Litvinas, M. Kolenda,

C. Qin, T. Fujihara, T. Matsushima, C. Adachi and S. Juršėnas,
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