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Band-Edge Exciton Fine Structure and Exciton Recombination 
Dynamics in Single Crystals of Layered Hybrid Perovskites

Hong-Hua Fang, Jie Yang, Sampson Adjokatse, Eelco Tekelenburg, Machteld E. Kamminga, 
Herman Duim, Jianting Ye, Graeme R. Blake, Jacky Even, and Maria Antonietta Loi*

2D perovskite materials have recently reattracted intense research interest for 
applications in photovoltaics and optoelectronics. As a consequence of the 
dielectric and quantum confinement effect, they show strongly bound and 
stable excitons at room temperature. Here, the band-edge exciton fine structure 
and in particular its exciton and biexciton dynamics in high quality crystals of 
(PEA)2PbI4 are investigated. A comparison of bulk and surface exciton lifetimes 
yields a room temperature surface recombination velocity of 2 × 103 cm s−1 
and an intrinsic lifetime of 185 ns. Biexciton emission is evidenced at room 
temperature, with a binding energy of ≈45 meV and a lifetime of 80 ps. At 
low temperature, exciton state splitting is observed, which is caused by the 
electron–hole exchange interaction. Transient photoluminescence resolves the 
low-lying dark exciton state, with a bright/dark splitting energy estimated to be 
10 meV. This work contributes to the understanding of the complex scenario of 
the elementary photoexcitations in 2D perovskites.
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materials such as transition metal dichal-
cogenides, phosphorene, and graphene. 
They can be easily grown by both solution 
methods and vapor transport methods at 
low temperature,[14–17] with a tunable bulk 
direct bandgap.[18] These advantages make 
them appealing for future optoelectronic 
and photonic applications.

Unlike their 3D counterparts, the 
dielectric and quantum confinement 
of carriers in the 2D perovskite layers 
gives rise to unusually strong excitonic 
effects.[19,20] It has been experimentally 
observed that excitons are tightly con-
fined in the inorganic layers with binding 
energy as high as a few hundred mil-
lielectronvolts (significantly higher than 
that of 3D perovskites).[21] This greatly 
enhanced exciton binding energy makes 

them particularly interesting for light-emitting applications.[8,22] 
Moreover, 2D perovskites can exhibit a variety of multiexciton 
species, including biexcitons and trions.[20,23,24] The presence of 
these quasiparticles is exciting due to their unique role, leading 
to a better understanding of many body effects and their 
great promise for photonic applications. In addition, recent 
experiments reveal an important role of electron–phonon cou-
plings on the exciton dynamics in 2D lead-iodide perovskite, 
suggesting a complex scenario for carrier relaxation and exciton 
formation.[25,26] It is therefore crucial to understand elemen-
tary photoexcitations in these layered materials. However, 
exciton fine structures and their properties are usually masked 
by local energy fluctuations resulting from disorder in thin 
films or broad emission due to the formation of self-trapped 
excitons.[27] Whereas their steady-state optical properties have 

1. Introduction

Hybrid organic–inorganic perovskites are currently under the 
spotlight for optoelectronic applications due to their remarkable 
photophysical properties and solution processability.[1] They 
have been used to demonstrate highly efficient solar cells,[2,3] 
light-emitting diodes,[4,5] and gas sensors.[6,7] Very recently, 
quasi-2D Ruddlesden–Popper perovskites, a family of layered 
compounds with tunable semiconductor characteristics, 
have also been explored for optoelectronic devices.[8–11] The 
thickness (n) of the perovskite sheets can be synthetically con-
trolled by adjusting the ratio between the spacer cation and the 
small organic cation, thus allowing the onset of absorption to 
be tuned from violet to near infrared.[12,13] Furthermore, layered 
perovskites afford specific advantages over other inorganic 2D 
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been intensively investigated,[28–32] the investigation of exciton–
exciton interactions, biexcitons, and their recombination 
dynamics remains modest.[33,34]

In this work, temperature- and power-dependent time-
resolved photoluminescences (PLs) are performed to investigate 
band-edge excitonic features of 2D perovskite. Mechanically 
exfoliated (PEA)2PbI4 crystals instead of thin films are 
employed for studying the excitonic fine structure. These 
perovskites crystals show longer exciton lifetimes of τ1 = 185 ns 
and τ2 = 1.19 µs, yielding better access to the intrinsic proper-
ties of layered halide perovskites than thin films.[11,35] Biexciton 
emission is demonstrated at room temperature, with a lifetime 
of 80 ps. Alongside, biexciton binding energies of up to 45 meV 
are observed. Exciton state fine structures at low temperature 
are resolved, with a bright/dark splitting energy estimated 
to be 10 meV. This enables us in understanding the complex 
scenario for carrier relaxation and exciton formation, and the 
interplay between biexciton and exciton relaxation.

2. Results and Discussion

2.1. Crystal Structure of Layered (PEA)2PbI4

Figure 1A shows a bulk crystal synthesized by the antisolvent 
vapor-assisted crystallization (AVC) method. The X-ray diffrac-
tion pattern of a flake exfoliated from a (PEA)2PbI4 bulk crystal is 

shown in Figure S1 (Supporting Information). The well-defined 
diffraction peaks correspond to the (00l) series of reflections, 
indicating good crystallinity with the layers stacking perpen-
dicular to the surface of the flake. The crystal structure deter-
mined from X-ray diffraction data collected at 100 K on a single 
crystal is displayed in Figure 1B. The unit cell (a = 6.1594(4) Å, 
b = 6.0991(4) Å, c = 32.261(2) Å, β = 94.299(2)° at 100 K) is sim-
ilar to that of the monoclinic C2/m structure reported by Cala-
brese et al.[36] (if the a- and c-axes are swapped), but many weak 
peaks violating the reflection condition hkl, k + l = 2n for A-cen-
tering (C-centering in the unit cell setting of Calabrese et al.) 
were observed (Figure 1C). Using our unit cell setting, the con-
ditions h0l, l = 2n, and 0k0, k = 2n strictly hold, which implies 
that the space group is P21/c. Structure solution by direct 
methods and subsequent refinement showed that the PbI6 octa-
hedra are disordered over two orientations by a rotation of 28.5° 
around the long c-axis (Figure S3, Supporting Information), in 
similar fashion to the structure reported by Calabrese et al.[36] 
The structural model was refined using a single PEA molecule, 
but with N atoms of the ammonium group also disordered over 
two positions. The large atomic displacement parameters of the 
carbon atoms in the phenyl ring suggest that there is a degree 
of disorder in the position of the entire PEA molecule. No phase 
transition was detected in the temperature range 100–295 K 
(Table S1, Supporting Information).

The 2D perovskite crystals can be mechanically exfoliated 
using the scotch tape method. Figure 1D,E shows an optical 

Adv. Funct. Mater. 2020, 30, 1907979

Figure 1. Characterization of layered hybrid perovskite crystals. A) A photograph of a single crystal of (PEA)2PbI4. B) Crystal structure of (PEA)2PbI4 at 
100 K. C) 1kl reciprocal lattice plane reconstructed from raw single crystal diffraction data of (PEA)2PbI4 at 100 K. White arrows indicate spots that violate 
the hkl, k + l = 2n condition for lattice centering. D) Optical microscope image and E) fluorescence microscope image of (PEA)2PbI4 crystal prepared by 
mechanical exfoliation. The inset of (E) shows the PL intensity profile. F) AFM images of the surface of a (PEA)2PbI4 crystal, showing step-like morphology.
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microscopy image and the corresponding photolumines-
cence image (obtained with a 488 nm laser diode) of multiple 
mechanically exfoliated (PEA)2PbI4 crystals, respectively. The 
homogenous surface indicates a good quality of the exfoliated  
crystal. The edges of the largest crystal (and some cracks 
on its surface) show stronger PL intensity compared to the 
inner region, indicating the waveguide effect in these layered 
perovskites. Atomic force microscopy (AFM) working in tap-
ping mode was used to characterize the surface of the crystals, 
revealing step-like morphology (Figure 1F). The average step 
height generated from the topographic image is ≈1.65 nm, 
which is consistent with the distance between the inorganic 
layers along the c-axis of the crystal structure (a single unit cell 
(i.e., a bilayer) of the bulk material is ≈3.2 nm in thickness).

2.2. Surface and Bulk Exciton Recombination in (PEA)2PbI4

Freshly cleaved crystals show a quantum yield as high as 86%. 
In our previous report, we show that surface traps can be intro-
duced by illumination, which strongly affects the photoexcitation 
recombination dynamics.[37] To discern the surface and bulk 
recombination kinetics, one photon– and two photon–excited 
photoluminescences in single crystals are comparatively inves-
tigated. The absorption spectrum of thin films (Figure S4, Sup-
porting Information) exhibits a very strong excitonic absorption 
at a photon energy of 515 nm (2.4 eV). The absorption depth 
in (PEA)2PbI4 is estimated to be about 100 nm according to the 
absorption coefficient measured in the thin films, suggesting 
that photocarriers are located within the near surface region 
when under one-photon excitation. Therefore, it is expected that 
the exciton recombination under one-photon excitation is highly 

sensitive to the surface traps.[7] Under two-photon excitation, most 
of the carriers are created within the interior of the crystal; in this 
case, the exciton recombination dynamics should primarily reflect 
the bulk properties.[38] Therefore, we can distinguish between the 
surface and bulk contributions. The time-integrated one photon–
pumped (3.1 eV, 400 nm) and two photon–pumped (1.55 eV, 
800 nm) PL spectra of a (PEA)2PbI4 single crystal are presented 
in Figure 2. The one photon–excited PL shows a single emission 
band which peaks at 528 nm (2.35 eV) (Figure 2B), while the two 
photon–pumped PL is redshifted to 546 nm (2.27 eV), which is 
likely caused by reabsorption of the absorption tail of the material. 
This is due to the fact that the two-photon excitation has a much 
longer optical penetration depth (it can extend to be more than 
100 µm), and the emission within the interior region of the crystal 
has to travel a long distance before it escapes to the surface.

The bulk recombination lifetime τb was determined from the 
time-resolved PL (TRPL) measured by two-photon excitation, as 
shown in Figure 2F. The curve can be fitted with biexponential 
decay, with lifetime τ1 = 185 ns and τ2 = 1.19 µs. The bulk recom-
bination rate is estimated to be 1/τ1 = 5.4 × 106 s−1, using the 
fast component, which is much smaller than that reported in 2D 
transition metal dichalcogenides. The lifetime under one-photon 
excitation is τ1 = 2.5 ns and τ2 = 30 ns. We attribute the faster 
recombination to the presence of surface traps. From these data, 
the surface recombination velocity (SRV) can be quantified by 
using the following equation:[39] 1/τeff = 1/τb + αS, where α is 
the absorption coefficient at the wavelength of excitation. The 
SRV is estimated to be 2.0 × 103 cm s−1, which is comparable to 
the values reported for the 3D perovskite counterparts.[7,40] We 
note that previous measurements on thin films yield an even 
shorter lifetime of 0.64 ns at room temperature,[35] also showing 
that carrier recombination is dominated by surface effects.

Adv. Funct. Mater. 2020, 30, 1907979

Figure 2. One photon– and two photon–excited photoluminescences from layered perovskite single crystals. A) Schematic of the (PEA)2PbI4 crystal 
under single-photon (3.1 eV) and two-photon (1.55 eV) excitations. B) PL spectra of (PEA)2PbI4 crystal under single- and two-photon excitations. 
C) Spectral- and time-resolved PL images of (PEA)2PbI4 crystal under excitation of 3.1 eV (400 nm), and D) the corresponding normalized PL decay 
of the emission peak. E) Spectral- and time-resolved PL images of (PEA)2PbI4 single crystal under two-photon excitation, and F) the corresponding 
normalized PL decay of the emission peak.
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2.3. Room Temperature Exciton Interactions and Biexciton 
Emission

Since the optical properties of low dimensional materials are usu-
ally dominated by excitons, it is important to understand their 
behavior at varied densities, especially at higher excitation, where 
exciton–exciton interactions cannot be ignored, as schematically 
shown in Figure 3A. We measured photoluminescence spectra 
of (PEA)2PbI4 under elevated optical excitation with a 3.1 eV 
(400 nm) femtosecond laser pulse. Representative PL spectra 
of the (PEA)2PbI4 crystal as a function of excitation fluence are 
shown in Figure 3B. We note the emergence of an additional PL 
shoulder at high-power excitation, suggesting the formation of 
complex excitonic states at higher exciton density. The integrated 
PL intensity is plotted against the excitation fluence in Figure 3C. 
The PL intensity is linearly dependent on the excitation inten-
sity for pump fluence P < 0.5 µJ cm−2. This confirms that in this 
case, the recombination process involves a single electron–hole 
pair. At higher excitation fluence, the integrated intensity of this 
crystal shows a sublinear increase as a function of the excitation 
power, with a clear saturation of the intensity for P > 5 µJ cm−2. 
Considering that the additional PL shoulder emerges at high-
power excitation, we speculate that this PL shoulder arises from 
radiative biexciton (XX), four-particle excitations consisting of 
two electrons and two holes bound together through Coulombic 
forces and exchange interactions, as shown in Figure 3A. To 
isolate the new emission contribution, we evaluate the differ-
ence between the two spectra (see Figure S5 in the Supporting 
Information), from which we extract an energy difference of 
ΔE ≈ 45 meV. We note that in previous studies, biexciton lumi-
nescence was only evidenced as broad emission below 100 K in 
(PEA)2PbI4 thin films,[23] or below 16 K in thin films based on 
other single-layer iodide perovskite compounds.[41,42]

To investigate the exciton interactions and study the room 
temperature biexciton emission, we performed ultrafast 
photoluminescence spectroscopy at varying excitation densities. 
Figure 4 presents the time-resolved PL measurements for a 
(PEA)2PbI4 crystal under excitation of a 3.1 eV (400 nm) fem-
tosecond laser. Figure 4A,B shows spectral- and time-resolved 
PL images measured for excitations of 0.17 and 8.04 µJ cm−2, 

respectively. The spectra in Figure 4C were obtained by 
extracting the corresponding transient PL spectra at t = 50 ps. 
Similarly to what was observed for the time-integrated PL 
spectra (Figure 3B), a broad emission with an additional 
emission shoulder at low energy is clearly revealed under high 
fluence. The excitation power-dependent PL dynamics of the 
(PEA)2PbI4 crystal is illustrated in Figure 4D. The PL decays 
are normalized to match their long-term decay. At low excita-
tion fluence (<0.2 µJ cm−2), the PL decay curves are identical, 
suggesting that no additional exciton complex is generated in 
this case. With increasing fluence, an additional fast compo-
nent appears, which is a typical signature of the formation of 
biexcitonic complexes due to a fast nonradiative “Auger-”like 
process.[43]

To validate that the fast components come from biexciton 
recombination, the signals were isolated from their long delay 
components. As shown in Figure 4D, the long delay components, 
which are attributed to single exciton recombination, are iden-
tical at different excitation powers. Thus, the overall PL decay can 
be well described by a superposition of the long delay compo-
nents f(t) and an additional fast component, Aexp(−t/τxx) + Bf(t).  
The PL intensity from the fast-decay component can be obtained 
by subtracting the PL amplitude related to the slow-decay com-
ponent at an early time after photoexcitation. Applying this, we 
obtain the fast recombination curves for different excitation 
powers, as shown in Figure 4E. The lifetime for this fast decay 
at early time can be estimated as ≈80 ps. Figure 4F presents 
the power dependence of the fast-decay component, as well as 
the single exciton contribution. The amplitude of the fast-decay 
component in the range of low excitation power approximately 
scales as P2, providing strong evidence that the fast component 
is associated with radiative recombination of biexcitons.

2.4. Exciton-Biexciton Splitting and Influence of Exciton Dark 
and Bright States at Low Temperature

Biexciton binding energies are generally small, thus they 
can be efficiently thermalized at high temperature, making 
them unstable at room temperature. They can be stable only 

Adv. Funct. Mater. 2020, 30, 1907979

Figure 3. Room temperature biexciton emission in layered perovskite crystal. A) Schematic of the formation of biexcitons in layered perovskite. B) Power-
dependent photoluminescence at room temperature, showing the emergence of an additional PL shoulder at high-power excitation. C) Integrated PL 
intensity as a function of excitation power. The slope is 1 at low excitation power.
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when the binding energy is higher than the thermal energy, 
kBT = 26 meV, where kB and T are the Boltzmann constant 
and room temperature, respectively. As mentioned before, at 
room temperature, we only observed an additional PL shoulder 
without fine excitonic structure due to the strong thermal 
broadening of the exciton line. To further clarify exciton–
biexciton recombination in the crystals, time-resolved PL 
spectra of single crystals under excitation of 400 nm were meas-
ured at low temperature. Additional peaks are clearly present at 
temperature T < 100 K in the time-integrated PL spectra (see 
Figures S6 and S7 in the Supporting Information). Figure 5A 
presents spectral- and time-resolved PL images of a (PEA)2PbI4 
crystal measured at 5.4 K, under excitation of 0.23 µJ cm−2 
(left) and 2.3 µJ cm−2 (right). The early time (at t = 70 ps) PL 
spectra of the (PEA)2PbI4 crystal are displayed in Figure 5B. 
Unlike at room temperature, two distinct excitonic emission 
peaks are apparent: the first is located at around 2.351 eV and 
the second at 2.309 eV. The inset shows the intensity of the 
2.351 and 2.309 eV emission lines as a function of excitation 
density. When the pump intensity is increased, the peak at 
about 2.351 eV shows a dependence of I = P0.84 on the excita-
tion fluence (P), and the peak at 2.309 eV grows superlinearly 

(exponent of k = 1.3) with the excitation power. We attribute 
it to the biexciton recombination (XX), whose density is pre-
dicted to scale quadratically with the exciton population. The 
reason for the deviation from k = 2 is possibly because of the 
lack of equilibrium between the states, as typically observed in 
quantum-well systems.[44,45] Photobleaching at higher powers 
may also be responsible for this behavior.

The biexciton binding energy is defined as the difference 
in energy between two free excitons and the biexciton state: 
ΔEXX = 2EX − EXX.[46] If we assume that biexciton radiative 
recombination gives a photon with energy ℏωXX and leaves 
an exciton behind, XX → X + photon, then EXX = ℏωXX + 
EX = ℏωXX + ℏωX, where ℏωX denotes the exciton emission 
energy. Thus, the biexciton binding energy is given by the 
energy difference between these two transitions. From the 
emission peaks, we can obtain ΔEXX = ℏωX − ℏωXX = 44 meV, 
which is very close to the biexciton binding energy meas-
ured in other layered perovskites[28] and consistent with the 
broad emission line observed for (PEA)2PbI4 thin films.[23,28] 
This value is consistent with the energy difference of 45 meV 
measured at room temperature, supporting the notion that 
the broadened emission at high excitation is associated with 

Adv. Funct. Mater. 2020, 30, 1907979

Figure 4. Room temperature time-resolved photoluminescence from (PEA)2PbI4 crystal. Spectral- and time-resolved PL images of (PEA)2PbI4 crystal, 
showing A) low-fluence (0.17 µJ cm−2) and B) high-fluence (8.04 µJ cm−2) emissions after excitation at 400 nm. C) Comparison of PL spectra taken 
at t = 50 ps for high and low excitation densities, showing additional emission at a low energy shoulder. D) Excitation power-dependent PL dynamics 
of (PEA)2PbI4 crystal. The PL decays are normalized to match the late-time tails. The early time short-lived PL components at high excitation power 
show biexciton recombination. E) Isolated biexciton recombination under three different excitation fluences (from 0.36 to 1.8 µJ cm−2). The biexcitonic 
components are calculated from the single-exciton decay by subtracting the dynamics measured at low pump fluence (0.09 µJ cm−2). F) Excitation 
power dependence of the PL amplitude at t = 0, and the amplitude of the biexcitonic component extracted from the fast relaxation contribution, 
confirming the room temperature biexciton emission. The dot line is for eye guide.
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the biexciton emergence at room temperature. This large biex-
citon binding energy could be expected because the excitons in 
(PEA)2PbI4 thin films have large binding energy, with meas-
ured values of around 200 meV from absorption spectra at low 
temperature (Figure S8, Supporting Information). The large 
biexciton binding energies share the same origin as the one of 
the excitons, where both quantum and dielectric confinement 
greatly enhance the Coulomb interaction in these 2D struc-
tures. The large biexciton binding energy implies a large Stokes 
shift in excitonic absorption, which could thus circumvent 
linear absorption losses. In this context, it is expected to help 
reducing the lasing threshold of these materials, as recently 
reported in 2D CdSe colloidal nanosheets.[47] By comparing  
the exciton and biexciton binding energies, we can extract a 
Haynes factor of 0.2, which is similar to that found in quantum 
wells.[48]

In order to assess the recombination dynamics, the PL 
spectra at different decay times after photoexcitation are 
depicted in Figure 5C. Just after the excitation (t = 70 ps) at 
400 nm, the exciton is the predominant emission, while the XX 
peak intensity is comparable to the X at 1500 ps. This is further 
elucidated by the time evolution of the PL spectra, reported in 
Figure 5D. Decay curves at 2.355 and 2.309 eV show nonexpo-
nential decay. Fitting of the experimental curves in Figure 5D 
yields at 2.355 eV two decay times t1 = 39 ps and t2 = 253 ps, 
and at 2.309 eV (XX emission) decay times of t1 = 51 ps, 
t2 = 347 ps. This is in contrast to the case at room tempera-
ture, where the biexciton lifetime is much shorter than the 
exciton lifetime. Generally, the decay time of the biexciton is 
controlled by the interplay between its formation and dissocia-
tion. At thermal equilibrium, the interconversion time between 
excitons and biexcitons is much shorter than the recombination 

Adv. Funct. Mater. 2020, 30, 1907979

Figure 5. Fine excitonic emission at 5.4 K in (PEA)2PbI4 single crystals. A) Spectral- and time-resolved PL images of (PEA)2PbI4 crystal measured at 
5.4 K for two excitation densities at 400 nm. B) Power-dependent PL spectra of (PEA)2PbI4 crystal at t = 70 ps. The inset shows the intensity of the single 
exciton (X) and biexciton (XX) emission lines as a function of excitation density. C) PL spectra, corresponding to different times after the excitation 
pulse (labeled in ps) showing the time-evolution of single exciton (X) and biexciton (XX) emission. The spectra are normalized to the maximum value. 
D) Decay of the PL at 2.309, 2.342, and 2.355 eV on a semilogarithmic scale. Inset: proposed energy level diagram for (PEA)2PbI4 involving dark (DX) 
and bright (BX) exciton levels, as well as a biexciton level (XX).
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lifetime, it is expected that the biexciton lifetime is about half 
that of the exciton, and that a quadratic relation exists between 
the density of biexcitons and excitons. However, this is not 
the case at low temperature for (PEA)2PbI4 single crystals. We 
note that the high energy peak redshifts from 2.355 to 2.342 eV  
as time elapses (Figure 5A) and the TRPL curve at 2.342 eV 
shows a clear plateau (Figure 5D), suggesting a population 
of excitons from higher energy states. The fitting of the PL 
dynamics at 2.342 eV clearly presents a rise time of 75 ps, 
which is of the same order as the fast decay time measured at 
2.355 eV. We therefore postulate that an intermediate energy 
state lies at around 2.342 eV, which is 10 meV below the X state 
(2.355 eV), and that it plays an important role in the exciton–
biexciton population dynamics.

We now discuss two possible origins for the state lying 
between the emission energies that we have attributed to the 
XX (2.309 eV) and X (2.355 eV) lines. The first possibility is 
the formation of trions, i.e., charged excitons, and the second 
to dark excitons. It has been reported that trions are efficiently 
generated only in 0D perovskite nanocrystals.[43,49–51] How-
ever, they usually suffer from rapid nonradiative Auger 
recombination, which exhibits faster decay than excitons. 
The hypothesis of trions can be therefore excluded by the 
longer relaxation time of the lower-lying state. Dark excitons 
are more likely responsible for the observed lower-lying state, 
which are ≈10 meV below the emissive band-edge of the bright 
exciton. This is further supported by the observation of strong 
quenching of light emission at reduced temperatures. With 
decreasing temperature, the thermalized exciton in the upper 
level get trapped by the lower-lying state. Figure S9 (Supporting 
Information) displays the decrease in the exciton PL inten-
sity observed when cooling from 150 to 30 K. The decreases 
of PL intensity can be fitted by a very simple two-level model, 
including a high energy exciton state which is bright and a 
lower energy state, with an energy separation ΔE. The red curve 
is obtained from this model with the parameter ΔE = 10 meV, 
verifying the hypothesis of dark exciton. The formation of the 
dark and bright states can be generally understood in terms of 
splitting effects by the exchange interactions between the elec-
tron and the hole. In previous seminal papers on monolayered 
Ruddlesden–Popper phases such as reported for (C4H9N 
H3)2PbBr4,[30,52] an approximate D4h symmetry was assumed 
for the electronic states, but without reference to an elec-
tronic band diagram computed directly from an experimental 
crystallographic structure (see the Supporting Information). 
Three exciton fine-structure levels were predicted related to an 
optically allowed (bright) doublet Γ −

5  with in-plane light polari-
zation, one optically allowed singlet Γ −

2  but with out-of-plane 
polarization, and one optically forbidden (dark) singlet Γ −

1 . The 
spectral resolution is not sufficient to resolve the last two levels, 
therefore these excitons are referred to as Γ −

1,2. Due to a fast spin 
relaxation from the Γ −

5  to Γ −
1,2 levels, the emission Γ −

5  decays 
rapidly with a time constant of ≈75 ps. In the meantime, the 
exciton population of the Γ −

1,2 state increases, then decays with 
a much slower time constant of 300 ps, as shown in Figure 5D. 
The low-lying states may also be a reason for the long radia-
tive lifetime measured at room temperature. The spin splitting 
is relatively modest, with a size comparable to the room-
temperature thermal energy, resulting in an efficient transition 

from the dark to the bright state, and facilitating light emission 
as thermally activated delayed luminescence.

3. Conclusion

In summary, the temperature-dependent optical properties of 
single crystals of the layered perovskite (PEA)2PbI4 have been 
investigated. These measurements allow to resolve its band-
edge exciton fine structure. Biexciton emission is observed 
at room temperature, with a binding energy of ≈45 meV, and 
a lifetime of 80 ps. Such high biexciton binding energy may 
enable the use of these materials for lasing applications. In high 
quality single crystals, the splitting of the exciton is observed 
at low temperature, with a dark state/bright state energy split-
ting estimated to be 10 meV. The exciton fine structure plays 
an important role in the coupled exciton/biexciton population 
dynamics. These findings not only shed light on the under-
standing of the electron–hole correlations in layered perovskite 
systems, but also provide information for improving the per-
formance of optoelectronic devices and bring them closer to 
potential applications in quantum information processing.

4. Experimental Section
Materials: Bulk crystals of (PEA)2PbI4 were synthesized by the AVC 

method. (PEA)2PbI4 precursor solutions were prepared by dissolving 
PbI2 and C6H5C2H4NH3I (called PEAI hereafter) in dimethylformamide 
(DMF) (1:2 molar ratio). 1 mol L−1 solution was poured into a small vial 
and then placed in a bigger Teflon cap vial containing the antisolvent 
– dichloromethane. After 48 h, millimeter-sized rectangle-shaped 
orange crystals started to grow in the small vial. To grow thin films, the 
(PEA)2PbI4 precursor solutions were prepared by dissolving PEAI and 
PbI2 with a molar ratio of 2:1 in a mixed solvent of DMF and dimethyl 
sulfoxide in a volume ratio of 4:1. The perovskite solution was spin-
coated on a glass substrate covered by indium tin oxide at 4000 rpm for 
60 s. During the spinning, chlorobenzene (antisolvent) was dropped on 
the substrate to control the morphology of the film. The samples were 
then annealed at 70 °C for 20 min in a nitrogen-filled glovebox.

Optical Measurements: The time-integrated PL spectra were excited 
using second harmonic generation (3.1 eV) or the fundamental 
harmonic (1.55 eV) of a mode-locked Ti:sapphire laser (Mira 900, 
Coherent). The typical temporal pulse width was around 150 fs, with 
a repetition rate of 76 MHz. The laser power was adjusted using 
neutral density filters during the measurement. The excitation beam 
was spatially limited by an iris and focused with a 150 mm focal length 
lens. PL was collected by a spectrometer and recorded by an Imaging 
electron-multiplying charge-coupled device camera from Hamamatsu 
(Hamamatsu, Japan). The time-resolved PL spectra were dispersed 
by an imaging spectrometer and detected using a Hamamatsu streak 
camera. Depending on the time window used, the time resolution 
varied. When the streak camera was working in Synchroscan mode, the 
time resolution was around 10 ps for a 2 ns time window. In single 
sweep mode, the time resolution was around 1% of the time window, 
and a pulse picker was used to reduce the repetition rate of the exciting 
pulses.

Other Characterization: Powder X-ray diffraction data were collected 
using a Bruker D8 Advance diffractometer in Bragg–Brentano geometry 
and operating with Cu Kα radiation. Single crystal X-ray diffraction 
was performed using a Bruker D8 Venture diffractometer operating 
with Mo Kα radiation and equipped with a Triumph monochromator 
and a Photon100 area detector. The sample was mounted in a nylon 
loop using cryo-oil and cooled using a nitrogen flow from an Oxford 
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Cryosystems Cryostream Plus. The data were processed using the 
Bruker Apex II software. The structure was solved and refined using 
the SHELXTL software. The PL mapping images were captured by a 
fluorescence microscope under a defocused, spatially homogeneous 
488 nm continuous wave laser beam excitation. Topography 
characterization of the sample was performed using AFM (VEECO) in 
tapping mode.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.

Acknowledgements
The authors would like to thank Arjen Kamp and Theodor Zaharia for 
their technical support. H.-H.F. and M.A.L. acknowledge the financial 
support of the European Research Council (ERC Starting Grant 
“Hy-SPOD” No. 306983). S.A. and M.E.K. acknowledge financial support 
from the NWO Graduate Programme 2013 (Grant No. 022.005.006).

Conflict of Interest
The authors declare no conflict of interest.

Keywords
biexciton, dark exciton, exciton state splitting, layered perovskite, 
ultrafast dynamics

Received: September 26, 2019
Revised: November 8, 2019

Published online: December 9, 2019

[1] M. A. Green, A. Ho-Baillie, H. J. Snaith, Nat. Photonics 2014, 8, 506.
[2] G. E. Eperon, T. Leijtens, K. A. Bush, R. Prasanna, T. Green, 

J. T.-W. Wang, D. P. McMeekin, G. Volonakis, R. L. Milot, R. May, 
A. Palmstrom, D. J. Slotcavage, R. A. Belisle, J. B. Patel, E. S. Parrott, 
R. J. Sutton, W. Ma, F. Moghadam, B. Conings, A. Babayigit, 
H.-G. Boyen, S. Bent, F. Giustino, L. M. Herz, M. B. Johnston, 
M. D. McGehee, H. J. Snaith, Science 2016, 354, 861.

[3] W. S. Yang, B.-W. Park, E. H. Jung, N. J. Jeon, Y. C. Kim, D. U. Lee,  
S. S. Shin, J. Seo, E. K. Kim, J. H. Noh, S. Il Seok, Science 2017, 356, 1376.

[4] X. Zhang, H. Lin, H. Huang, C. Reckmeier, Y. Zhang, W. C. H. Choy, 
A. L. Rogach, Nano Lett. 2016, 16, 1415.

[5] S. Adjokatse, H.-H. Fang, M. A. Loi, Mater. Today 2017, 20, 413.
[6] M.-A. Stoeckel, M. Gobbi, S. Bonacchi, F. Liscio, L. Ferlauto, 

E. Orgiu, P. Samorì, Adv. Mater. 2017, 29, 1702469.
[7] H.-H. Fang, S. Adjokatse, H. Wei, J. Yang, G. R. Blake, J. Huang, 

J. Even, M. A. Loi, Sci. Adv. 2016, 2, 1.
[8] H. Tsai, W. Nie, J.-C. Blancon, C. C. Stoumpos, R. Asadpour, 

B. Harutyunyan, A. J. Neukirch, R. Verduzco, J. J. Crochet, S. Tretiak, 
L. Pedesseau, J. Even, M. A. Alam, G. Gupta, J. Lou, P. M. Ajayan, 
M. J. Bedzyk, M. G. Kanatzidis, A. D. Mohite, Nature 2016, 536, 
312.

[9] C. C. Stoumpos, D. H. Cao, D. J. Clark, J. Young, J. M. Rondinelli, 
J. I. Jang, J. T. Hupp, M. G. Kanatzidis, Chem. Mater. 2016, 28,  
2852.

[10] M. Yuan, L. N. Quan, R. Comin, G. Walters, R. Sabatini, O. Voznyy, 
S. Hoogland, Y. Zhao, E. M. Beauregard, P. Kanjanaboos, Z. Lu, 
D. H. Kim, E. H. Sargent, Nat. Nanotechnol. 2016, 11, 872.

[11] J.-C. Blancon, H. Tsai, W. Nie, C. C. Stoumpos, L. Pedesseau, 
C. Katan, M. Kepenekian, C. M. M. Soe, K. Appavoo, M. Y. Sfeir, 
S. Tretiak, P. M. Ajayan, M. G. Kanatzidis, J. Even, J. J. Crochet, 
A. D. Mohite, Science 2017, 355, 1288.

[12] R. K. Misra, B.-E. Cohen, L. Iagher, L. Etgar, ChemSusChem 2017, 
10, 3712.

[13] C. M. M. Soe, C. C. Stoumpos, M. Kepenekian, B. Traoré, H. Tsai, 
W. Nie, B. Wang, C. Katan, R. Seshadri, A. D. Mohite, J. Even, 
T. J. Marks, M. G. Kanatzidis, J. Am. Chem. Soc. 2017, 139, 16297.

[14] L. Dou, A. B. Wong, Y. Yu, M. Lai, N. Kornienko, S. W. Eaton, 
A. Fu, C. G. Bischak, J. Ma, T. Ding, N. S. Ginsberg, L.-W. Wang, 
A. P. Alivisatos, P. Yang, Science 2015, 349, 1518.

[15] D. Ma, Y. Fu, L. Dang, J. Zhai, I. A. Guzei, S. Jin, Nano Res. 2017, 
10, 2117.

[16] S. Yang, W. Niu, A.-L. Wang, Z. Fan, B. Chen, C. Tan, Q. Lu, 
H. Zhang, Angew. Chem., Int. Ed. 2017, 56, 4252.

[17] Z. Chen, Y. Wang, X. Sun, Y. Guo, Y. Hu, E. Wertz, X. Wang, H. Gao, 
T.-M. Lu, J. Shi, Adv. Opt. Mater. 2017, 5, 1700373.

[18] L. Ma, J. Dai, X. C. Zeng, Adv. Energy Mater. 2017, 7, 1601731.
[19] L. Pedesseau, D. Sapori, B. Traore, R. Robles, H.-H. Fang, M. A. Loi, 

H. Tsai, W. Nie, J.-C. Blancon, A. Neukirch, S. Tretiak, A. D. Mohite, 
C. Katan, J. Even, M. Kepenekian, ACS Nano 2016, 10, 9776.

[20] Y. Yamamoto, G. Oohata, K. Mizoguchi, H. Ichida, Y. Kanematsu, 
Phys. Status Solidi C 2012, 9, 2501.

[21] X. Hong, T. Ishihara, A. U. Nurmikko, Phys. Rev. B 1992, 45, 6961.
[22] L. Zhang, X. Yang, Q. Jiang, P. Wang, Z. Yin, X. Zhang, H. Tan, 

Y. (Michael) Yang, M. Wei, B. R. Sutherland, E. H. Sargent, J. You, 
Nat. Commun. 2017, 8, 15640.

[23] M. Shimizu, J. Fujisawa, T. Ishihara, Phys. Rev. B 2006, 74, 155206.
[24] F. Thouin, S. Neutzner, D. Cortecchia, V. A. Dragomir, C. Soci, 

T. Salim, Y. M. Lam, R. Leonelli, A. Petrozza, A. R. S. Kandada, 
C. Silva, Phys. Rev. Mater. 2018, 2, 034001.

[25] F. Thouin, D. A. Valverde-Chávez, C. Quarti, D. Cortecchia, 
I. Bargigia, D. Beljonne, A. Petrozza, C. Silva, A. R. Srimath 
Kandada, Nat. Mater. 2019, 18, 349.

[26] F. Thouin, A. R. Srimath Kandada, D. A. Valverde-Chávez, 
D. Cortecchia, I. Bargigia, A. Petrozza, X. Yang, E. R. Bittner, 
C. Silva, Chem. Mater. 2019, 31, 7085.

[27] E. R. Dohner, A. Jaffe, L. R. Bradshaw, H. I. Karunadasa, J. Am. 
Chem. Soc. 2014, 136, 13154.

[28] T. Kondo, T. Azuma, T. Yuasa, R. Ito, Solid State Commun. 1998, 
105, 253.

[29] O. Yaffe, A. Chernikov, Z. M. Norman, Y. Zhong, A. Velauthapillai, 
A. Van Der Zande, J. S. Owen, T. F. Heinz, Phys. Rev. B 2015, 92, 
045414.

[30] K. Tanaka, T. Takahashi, T. Kondo, K. Umeda, K. Ema, 
T. Umebayashi, K. Asai, K. Uchida, N. Miura, Jpn. J. Appl. Phys. 
2005, 44, 5923.

[31] T. Umebayashi, K. Asai, T. Kondo, A. Nakao, Phys. Rev. B 2003, 67, 
155405.

[32] T. K. Y.Kato, D. Ichii, K. Ohashi, H. Kunugita, K. Ema, K. Tanaka, 
T. Takahashi, Solid State Commun. 2003, 128, 15.

[33] Z. Guo, X. Wu, T. Zhu, X. Zhu, L. Huang, ACS Nano 2016, 10,  
9992.

[34] K. Abdel-Baki, F. Boitier, H. Diab, G. Lanty, K. Jemli, F. Lédée, 
D. Garrot, E. Deleporte, J. S. Lauret, J. Appl. Phys. 2016, 119, 064301.

[35] N. Kitazawa, M. Aono, Y. Watanabe, Mater. Chem. Phys. 2012, 134, 
875.

[36] J. Calabrese, N. L. Jones, R. L. Harlow, N. Herron, D. L. Thorn, 
Y. Wang, J. Am. Chem. Soc. 1991, 113, 2328.

[37] H.-H. Fang, J. Yang, S. X. Tao, S. Adjokatse, M. E. Kamminga, J. Ye, 
G. R. Blake, J. Even, M. A. Loi, Adv. Funct. Mater. 2018, 28, 1800305.

Adv. Funct. Mater. 2020, 30, 1907979



www.afm-journal.dewww.advancedsciencenews.com

1907979 (9 of 9) © 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

[38] B. Wu, H. T. Nguyen, Z. Ku, G. Han, D. Giovanni, N. Mathews, 
H. J. Fan, T. C. Sum, Adv. Energy Mater. 2016, 6, 1600551.

[39] D. Kuciauskas, A. Kanevce, P. Dippo, S. Seyedmohammadi, 
R. Malik, IEEE J. Photovoltaics 2015, 5, 366.

[40] R. Ding, J. Feng, W. Zhou, X.-L. Zhang, H.-H. Fang,  
T. Yang, H.-Y. Wang, S. Hotta, H.-B. Sun, Sci. Rep. 2015, 5, 
srep12445.

[41] T. Ishihara, X. Hong, J. Ding, A. V. Nurmikko, Surf. Sci. 1992, 267, 
323.

[42] T. Kondo, S. Iwamoto, S. Hayase, K. Tanaka, J. Ishi, M. Mizuno, 
K. Ema, R. Ito, Solid State Commun. 1998, 105, 503.

[43] N. Yarita, H. Tahara, T. Ihara, T. Kawawaki, R. Sato, M. Saruyama, 
T. Teranishi, Y. Kanemitsu, J. Phys. Chem. Lett. 2017, 8, 1413.

[44] R. T. Phillips, D. J. Lovering, G. J. Denton, G. W. Smith, Phys. Rev. B 
1992, 45, 4308.

[45] Y. You, X.-X. Zhang, T. C. Berkelbach, M. S. Hybertsen, 
D. R. Reichman, T. F. Heinz, Nat. Phys. 2015, 11, 477.

[46] C. F. Klingshirn, Semiconductor Optics, 4th Ed., Springer-Verlag, 
Berlin Heidelberg 2012.

[47] J. Q. Grim, S. Christodoulou, F. Di Stasio, R. Krahne, R. Cingolani, 
L. Manna, I. Moreels, Nat. Nanotechnol. 2014, 9, 891.

[48] D. A. Kleinman, Phys. Rev. B 1983, 28, 871.
[49] M. Fu, P. Tamarat, H. Huang, J. Even, A. L. Rogach, B. Lounis, 

Nano Lett. 2017, 17, 2895.
[50] F. Hu, C. Yin, H. Zhang, C. Sun, W. W. Yu, C. Zhang, X. Wang, 

Y. Zhang, M. Xiao, Nano Lett. 2016, 16, 6425.
[51] G. Rainò, G. Nedelcu, L. Protesescu, M. I. Bodnarchuk, 

M. V. Kovalenko, R. F. Mahrt, T. Stöferle, ACS Nano 2016, 10, 2485.
[52] K. Ema, M. Inomata, Y. Kato, H. Kunugita, M. Era, Phys. Rev. Lett. 

2008, 100, 257401.

Adv. Funct. Mater. 2020, 30, 1907979


