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Light–matter interactions can create and manipulate collec-
tive many-body phases in solids1–3, which are promising for 
the realization of emerging quantum applications. However, 
in most cases, these collective quantum states are fragile, 
with a short decoherence and dephasing time, limiting their 
existence to precision tailored structures under delicate con-
ditions such as cryogenic temperatures and/or high magnetic 
fields. In this work, we discovered that the archetypal hybrid 
perovskite, MAPbI3 thin film, exhibits such a collective coher-
ent quantum many-body phase, namely superfluorescence, at 
78 K and above. Pulsed laser excitation first creates a popula-
tion of high-energy electron–hole pairs, which quickly relax to 
lower energy domains and then develop a macroscopic quan-
tum coherence through spontaneous synchronization. The 
excitation fluence dependence of the spectroscopic features 
and the population kinetics in such films unambiguously con-
firm all the well-known characteristics of superfluorescence. 
These results show that the creation and manipulation of col-
lective coherent states in hybrid perovskites can be used as 
the basic building blocks for quantum applications4,5.

Spontaneous synchronization of oscillators is a fascinating pro-
cess. Although it is best visualized as the buildup of a collective 
phase in initially randomly oscillating metronomes coupled to the 
same medium, spontaneous synchronization is a universal phe-
nomenon occurring in natural processes such as the initial ordering 
of planetary orbits, frequency locking of triode generators and sig-
nal synchronization of fireflies6. This phenomenon prevails in both 
macro and micro realms, spanning physical and biological systems, 
and leads to the manifestation of exotic collective quantum phe-
nomena3. In the quantum domain, systems are described by wave-
functions in which the ‘phase’ plays a dominant role determining 
the waveform and its relation to other waves, along with their col-
lective behaviour under external stimuli. Although an incoherent 
population of quantum objects has a random distribution of phases, 
spontaneous synchronization leads to symmetry breaking and the 
observation of exotic collective quantum phenomena, including, 
but not limited to, superconductivity, Bose–Einstein condensation 
and the collective dynamics of Josephson junctions7.

A remarkable example of spontaneous synchronization is the 
superfluorescence of optically excited dipoles in a small volume. 
Figure 1 illustrates the process. Here, an initially excited dipole pop-
ulation has a random phase distribution. The vacuum field interac-
tions spontaneously synchronize the phases of these oscillators and 
the system transitions into the Dicke superradiant state8–10. In this 
coherent state, all the excitations act like a giant atom and interact 

with the radiation field collectively, emitting a high-intensity short 
burst of photons. This phase transition of an ensemble of incoherent 
dipoles into a coherent macroscopic quantum state and its collective 
radiation is called superfluorescence (SF).

The superfluorescent phase transition depends on the coherence 
time. SF can only form if the dephasing is slower than spontane-
ous synchronization. Accordingly, SF has been primarily observed 
in gas-phase systems11–13. Fast electronic dephasing in condensed 
matter limits the observation of SF to a handful of solids at cryo-
genic temperatures. These include oxygen-doped KCl14, CuCl nano-
crystals embedded into a NaCl matrix15, bulk ZnTe single crystals16 
and InGaAs quantum wells under a high magnetic field (>10 T)17. 
Recently, SF was observed in CsPbBr3 perovskite nanocrystals at 
6 K (ref. 18). In this Letter, we demonstrate that MAPbI3 exhibits SF 
at higher temperatures compared to previous solid-state systems 
without application of a magnetic field, indicating that the versatile 
hybrid perovskite material system is an ideal platform to study SF 
and create collective coherent quantum states of matter suitable for 
quantum applications at elevated temperatures.

SF exhibits characteristic signatures that unambiguously help 
distinguish it from other collective radiation processes, such as 
amplified spontaneous emission (ASE). These signatures are mea-
surable using steady-state photoluminescence (PL), time-resolved 
emission and time-resolved absorption spectroscopies (TASs). 
First, in SF, the initial population is incoherent, so there is a time 
delay during which spontaneous synchronization forms a mac-
roscopic coherence19. Second, this delay reduces with increasing 
excitation density19, and the lifetime decreases with the density  
N of phase-locked indistinguishable dipoles19. Because all the exci-
tations interact coherently with the radiating field, the SF peak 
intensity scales with N2, resulting in a quadratic excitation den-
sity dependence. Moreover, in SF, interference and propagation 
effects can create oscillations called Burnham–Chiao ringing in 
the time evolution20. Finally the emission kinetics of SF is similar 
to the relaxation of an inverted pendulum21, leading to a specific 
time-dependent function based on ‘sech2’, unlike the exponential 
behaviour of spontaneous recombination of individual excitations22. 
Here, we show that MAPbI3 exhibits all of these characteristics of SF 
when excited above a certain threshold using ultrafast laser pulses 
(Supplementary Section B1).

Figure 2a shows the absorption spectra of MAPbI3 at tem-
peratures ranging from 78 K to room temperature. MAPbI3 is in 
a tetragonal phase (TP) at room temperature and exhibits a tran-
sition to an orthorhombic phase (OP) below 150 K. The struc-
tural phase transition leads to a blueshift and a relatively sharp  
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excitonic feature at the band edge of the absorption spectra23. This 
phase transition is incomplete, with a small fraction of TP coexist-
ing in the OP-domain-dominant thin film24. Figure 2b shows the 
continuous-wave photoluminescence (c.w. PL) spectra at 78 K, with 
excitation above the OP bandgap. The c.w. PL emission has two dis-
tinct features, at 1.54 eV and at 1.58 eV, both from TP domains23,25. 
The absence of OP emission indicates the efficient transfer of exci-
tons to the TP domains24. Both features increase superlinearly with 
the fluence, that is, I ∝ F1.4 ± 0.1, indicating bimolecular recombina-
tion26 (Supplementary Sections A1 and A2).

Figure 2c shows the PL spectra when the sample is excited with 
120-fs pulses at 400 nm. The feature at 1.54 eV exhibits a threshold 
behaviour at ~6.3 μJ cm−2. Below the threshold, both peaks increase 
linearly (Supplementary Fig. 7). Beyond the threshold, the 1.54-eV 
feature exhibits a quadratic increase up to 22.8 μJ cm−2, while the 
1.58-eV feature saturates. The linear increase below the threshold, as 
opposed to the superlinear increase at c.w. excitation (α = 1.4 ± 0.1), 
indicates excitation-density-dependent non-radiative recombina-
tion kinetics27. The quadratic increase of the 1.54-eV feature above 
the threshold indicates that the radiative recombination becomes 
much faster than the non-radiative processes. In the following, we 
show that this fast recombination process is SF.

We first characterize the time evolution of the 1.54-eV feature 
to investigate whether it exhibits SF dynamics. Figure 3a shows 
the transient PL measured at the above-threshold excitation flu-
ences of 10.9 μJ cm−2 and 135.8 μJ cm−2 (full data are provided in 
Supplementary Figs. 11 and 12, temperature dependence is dis-
cussed in Supplementary Section C). The transients in Fig. 3a and 
Supplementary Fig. 11 have several unique characteristics of SF. 
First, in the range where the integrated PL increases quadratically, 
the peaks of the PL transients increase with fluence (F) with a power 
law given by Imax ∝ F3.9 ± 0.7 (Fig. 3a, inset). This observation is con-
sistent with SF because, in a bimolecular process, exciton density 
increases quadratically with fluence, so the SF peak is expected to 
increase with the fourth power of the fluence. Beyond 22.8 μJ cm−2, 
as the integrated PL saturates, the peak intensity of PL transients 
deviates from the F4 relationship (Supplementary Sections B2 and 
B3 and Supplementary Fig. 9). Next, we examine the rise and decay 
characteristics. At low fluence there is no measurable emission for 
the first 3 ps, then the PL rises slowly. However, as the excitation flu-
ence increases, the PL signal starts earlier and rises to its peak more 
quickly. This density-dependent delay in PL is a signature of SF.  
The decay also shows faster recombination as the fluence increases 
(Fig. 3a), so the emission takes the shape of a burst with narrow 
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Fig. 1 | Graphic representation of SF evolution. An incoherent ensemble of dipoles is shown on the left. Arrows indicate the randomly distributed phases 
of individual dipoles. The red waves resemble vacuum fluctuations, which lead to spontaneous synchronization. After a time delay, the phases of the 
excited dipoles are locked, forming a macroscopic quantum coherent state: a ‘giant atom’ (on the right). This macroscopic state interacts with the 
radiation field collectively. The system is then described as a single wavefunction of indistinguishable particles. The collective emission of the macroscopic 
coherent system leads to a superfluorescent burst.
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Fig. 2 | Optical measurements of MAPbI3 thin films. a, Evolution of the absorption (OD: optical density) spectra of MAPbI3 from 295 K to 78 K, indicating 
a phase transition from TP to OP below 150 K. b, C.w. PL measured at 78 K. Dashed lines show the two Gaussian fits for spectral features located at 1.54 eV 
and 1.58 eV. c, PL measured using pulsed excitation at different excitation fluences at 78 K. The dotted lines show the fluences for reference. The inset 
shows the intensity of the sharp feature extracted using Lorentzian and Gaussian fits for deconvolution. The intensity exhibits a quadratic dependence on 
excitation fluence with an exponent of α = 2.1 ± 0.1.
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temporal width (real width). Although conventional exponential 
functions do not fit these transients, the SF theoretical models based 
on sech2 functions (Supplementary equations (S5) and (S8)) fit 
them (black dashed lines, Fig. 3a) reasonably well22 (Supplementary 
Section B4). The values of the delay time τD, characterizing the 
spontaneous synchronization period, and real width τR of the SF 
burst, obtained from these fits, are displayed as magenta spheres in  
Fig. 3b and 3c, respectively. Finally, as fluence increases, the emission 
exhibits recurrences (Supplementary Fig. 12), known as Burnham–
Chiao ringing20. These observations, namely the fluence-dependent 
maximum intensity, delay time, decay and ringing behaviour, are 
consistent with SF.

The delay time and its density dependence are distinctive prop-
erties of SF, separating it from other collective recombination pro-
cesses such as ASE28,29. To further investigate if the delay is due to 
SF, we need to show that exciton transfer from orthorhombic to 
tetragonal domains does not cause the fluence-dependent delayed 
emission. We probed population kinetics in the TP domains using 
TAS. Figure 3d–g shows the pump–probe traces measured at 
1.54 eV at 78 K (see Supplementary Fig. 14 for all fluences). Within 
the first 2 ps, bandgap renormalization30 leads to a negative signal, 
which quickly recovers (Supplementary Section A3). The popu-
lation kinetics shows that even at the lowest fluence, the popula-
tion growth in the TP domains is completed within the first 2 ps 
(Supplementary Fig. 5). As the excitation fluence increases beyond 
the threshold, the pump–probe traces show an unusual behaviour. 
For example, at 21.5 μJ cm−2, the trace remains steady for ~8 ps, fol-
lowed by an abrupt decay. Interestingly, this waiting period depends 

on the excitation fluence. In Fig. 3b, the cyan spheres are the waiting 
times measured from the pump–probe experiments and they accu-
rately follow the τD values extracted from the SF model, confirming 
that the observed kinetics is due to SF. These observations prove 
that the TP population reaches its maximum within 2 ps after exci-
tation, and the delayed PL is not due to exciton transfer, but to the 
macroscopic coherence buildup time.

According to SF theory, τD scales with ln N/N, and τR scales as 
1/N, where N is the exciton density19 (Supplementary Sections 
B4 and B5). For this analysis, one needs to determine the exciton 
density in the TP domains. Because the exciton formation is pre-
dominantly bimolecular, the exciton density is proportional to the 
square of the excited carrier density (electron–hole density n), that 
is, N ∝ n2. Using TAS, we determined the excitation fluence depen-
dence of the TP population immediately before the SF burst was 
emitted. We found that, in the fluence range where the PL behaviour 
is quadratic, the pump–probe signal at 1.54 eV increases linearly, 
that is, n ∝ F (Supplementary Section B3). Therefore, for this range, 
exciton density N increases with F2. The black solid lines in Fig. 3b,c 
are the ln N/N and 1/N curves fitting τD and τR, for the fluence range 
where the population increases linearly, in agreement with SF.

The population relaxation kinetics measured by the pump–
probe experiment are also consistent with the SF and distinct 
from the dynamics expected from the ASE process. At high exci-
tation fluences, the pump–probe signal drops rapidly (Fig. 3f,g), 
similar to earlier observations of SF in InGaAs quantum wells17. 
The electronic levels in the coherent macroscopic system form a 
Dicke ladder (Fig. 3h), where N excitations create a super-radiant 
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Fig. 3 | Time-resolved PL spectra and population dynamics at different excitation fluences. a, Kerr-gate PL experimental results performed at 78 K.  
The black dashed lines are fits to the SF model. The SF peak exhibits a clear time delay τD with narrowing peaks. Inset: the superlinear dependence of  
the SF peak intensity on excitation fluence. b,c, The extracted delay time τD (b) and real width τR (c) as a function of excitation fluence (magenta spheres). 
The black solid lines are fits according to the theoretical SF model. The cyan spheres are the delay time extracted from the pump–probe experiment.  
d–g, Population dynamics in the TP domains, measured using pump–probe experiments, probed at 1.54 eV, for excitation fluences of 3.4 µJ cm−2 (d), 
21.5 µJ cm−2 (e), 60.1 µJ cm−2 (f) and 128.9 µJ cm−2 (g), respectively. Below the SF threshold (d), the population dynamics shows a quick capture of excitons to 
TP domains and a long monotonic relaxation. Above the SF threshold, the dynamics exhibits distinct intensity-dependent behaviour. The population remains 
steady for a period and then decays at a rate that depends on the fluence. In e, the horizontal dashed arrow indicates the delay time before the population 
starts to relax. This time period shortens with the higher excitation fluences in f and g. The decay of the coherent population is shown by the dashed arrow 
in e. With a slight increase in the excitation fluence, the decay rate increases substantially. In g, the SF decay rate reaches values higher than the exciton 
capture rate from the OP domains. As a result, SF emission depletes the population in the TP domains for a short time period. h, The coherent population 
forms a giant atom, with its relaxation path following the states in a Dicke ladder. Error bars in a–c represent 95% fit confidence intervals for the fitted data.
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state. The abrupt drop in the relaxation kinetics occurs because the 
recombination rate Γ is proportional to N at the top and bottom, 
and proportional to N2 at the mid-levels of the Dicke ladder. This 
unique density-dependent decay rate causes a sudden population 
drop (Supplementary Fig. 14), which becomes as fast as 750 fs at 
128.9 μJ cm−2 in Fig. 3g.

There is an important difference between SF and ASE: in SF, all 
the coherent population relaxes to the bottom of the Dicke ladder17, 
which can completely deplete the population, whereas in ASE, com-
plete depletion is impossible. In MAPI3, because population deple-
tion due to SF and refilling due to transfer from the OP domains 
compete, a complete depletion in the TP domains can be observed 
only when the SF recombination rate considerably exceeds the OP–
TP exciton transfer rate. Strikingly, at the highest fluence (Fig. 3g), 
we observe that the sudden drop (within 750 fs) in the TP popu-
lation leads to almost complete depletion and then a rise in a few 
picoseconds, indicating that the cooperative emission is substan-
tially faster than the exciton capture rate from OP domains, again 
confirming SF.

Having established that the 1.54-eV emission is SF through 
analysis of the PL and population kinetics, we also studied emission 
directionality. In extended systems, SF exhibits strong directionality, 
determined with the excitation profile31. In MAPbI3, TP domains 
have random sizes (100–500 nm) and shapes (Supplementary Fig. 1).  
If multiple TP domains establish a macroscopic coherence, then the 
directionality should be determined by the excitation profile. By 
contrast, if SF originates from individual domains, then the domain 
sizes and shapes should determine the SF direction. In the former, 
SF and ASE should have the same directionality; in the latter, SF 
direction becomes independent of the excitation profile and hence 
differs from ASE. Our studies show that SF in MAPbI3 exhibits an 
asymmetry, with stronger forward emission than backward emis-
sion (Supplementary Section D and Supplementary Fig. 15)32,33. 
The strong forward emission is observed even when the sample is 
excited using a stripe-shaped beam with a spot size of 4 mm × 15 μm. 
In Fig. 4, the SF emission in the forward direction is stronger than 
the emission at the edge. Because, for a gain medium, ASE is stron-
ger in the longer optical path direction34, this further proves that the 
observed signal is not ASE, but is SF radiated from individual or 
small clusters of TP domains.

SF is an extremely rare phenomenon in the solid state due to 
the stringent requirements for macroscopic coherence14,16,17,34.  

The observation of high-temperature SF in MAPbI3 suggests that 
hybrid perovskites are intrinsically suitable for maintaining quan-
tum coherence. An interesting property of these materials is the 
strongly bound exciton polarons35, which are known to protect 
coherence. For instance, in light-harvesting systems, polarons play 
an important role in electronic coherence and wave-like energy 
transfer36. In hybrid perovskites, polaron formation can be the rea-
son for extended electronic coherence and the macroscopic quan-
tum phase transition. Observation of SF in these versatile materials 
can make them an ideal platform for quantum applications. We 
anticipate that these materials can be used in various microcavities24 
as building blocks for complex systems where quantum information 
can be stored, processed and read out by manipulation and inter-
rogation of giant dipoles4,5,37,38. Finally, from a fundamental point 
of view, the electronic properties of hybrid perovskites, such as the 
nature of the electronic states, their localization, coupling to pho-
nons modes and dephasing kinetics, have to be further studied to 
fully understand the dynamics leading to SF.
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Methods
Synthesis of MAPbI3 thin films. Lead iodide (99.999%), dimethylformamide 
(anhydrous, 99.8%), dimethyl sulfoxide (anhydrous, 99.9%) and toluene 
(anhydrous, 99.8%) were purchased from Sigma-Aldrich. Methyl ammonium 
iodide was purchased from Dyesol. The perovskite precursor solution was prepared 
by dissolving PbI2, MAI and dimethyl sulfoxide (DMSO) (molar ratio of 1:1:1) in 
dimethylformamide (DMF) at a concentration of 1 M. The precursor solution was 
spin-coated on a glass substrate, during which 100 µl of toluene was dropped on 
the sample at the eighth second. The precursor film was then annealed at 100 °C for 
10 min to complete the crystallization.

Structure characterization. The samples used in this work are 300 nm thick. A 
scanning electron microscopy image is shown in Supplementary Fig. 1a (where the 
diagonal line is 5.18 µm long). The average grain size is ~260 nm. Supplementary 
Fig. 1b shows an atomic force microscopy image. The surface roughness (root 
mean square) is 10.6 nm. In addition, room-temperature X-ray diffraction data 
show the signature (110) peak around 14.8° for the MAPbI3 perovskite-type 
tetragonal lattice. The other peaks suggest the film is not textured, meaning there is 
no preferred orientation.

PL experiments. A Mightex spectrometer was used to measure the PL. The sample 
was excited using 400-nm pulses obtained by frequency doubling of the output of a 
Ti:sapphire amplifier with a repetition rate of 1 kHz and with the central frequency 
at 800 nm. For the c.w. experiments, a 445-nm InGaN laser was used to excite  
the sample.

Kerr-gate experiment. Time-resolved SF was measured with a home-built 
Kerr-gate set-up using a 1-kHz amplified Ti:sapphire laser (Quantronix Integra-C) 
with 120-fs pulsed output at 800 nm. As shown in Supplementary Fig. 2, the laser 
output beam was split into two paths, one for the optical Kerr-gate pulse and the 
other for the excitation beam, which was converted to 400 nm through second 
harmonic generation using a beta barium borate crystal. The collected PL and the 
gate pulse were focused on CS2 in a 2-mm-thick cuvette, which was used as the 
Kerr medium. The gated signal was measured with a Hamamatsu photomultiplier 
tube (H10721-20) attached to a monochromator. The sample was kept in a Janis 
continuous-flow liquid-nitrogen cryostat. The excitation beam size was 1.5 mm.

Time-resolved pump–probe experiment. The pump–probe measurements were 
performed in a commercial Helios system. The excitation source was an amplified 
Ti:sapphire laser (Coherent Libra) system producing 100-fs pulses at 800 nm and 
with a 1-kHz repetition rate. For the pump path, we frequency doubled the 800-nm 
pulses. Probe pulses were produced by white-light continuum generation in a 
sapphire crystal.

Time-correlated single-photon counting. We used a home-built time-correlated 
single-photon-counting set-up with 300-ps time resolution for measuring the 
long-time PL kinetics. In the experiment, the output of a Ti:sapphire amplifier 
was frequency doubled using a beta barium borate crystal. The PL was collected 
and guided into a monochromator and detected with a Hamamatsu PMT system 
(H10721-20).

Data availability
Data that support the plots within this paper and other findings of this study are 
available from the corresponding author upon reasonable request. Source data are 
provided with this paper.
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