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ABSTRACT: Time-resolved analysis of photon cross-correlation
function g(2)(τ) is applied to photoluminescence (PL) of individual
submicrometer size MAPbI3 perovskite crystals. Surprisingly, an
antibunching effect in the long-living tail of PL is observed, while the
prompt PL obeys the photon statistics typical for a classical emitter. We
propose that antibunched photons from the PL decay tail originate from
radiative recombination of detrapped charge carriers which were initially
captured by a very limited number (down to one) of shallow defect
states. The concentration of these trapping sites is estimated to be in the
range 1013−1016 cm−3. In principle, photon correlations can be also
caused by highly nonlinear Auger recombination processes; however, in
our case it requires unrealistically large Auger recombination coefficients.
The potential of the time-resolved g(2)(0) for unambiguous identification
of charge rerecombination processes in semiconductors considering the actual number of charge carries and defects states per
particle is demonstrated.
KEYWORDS: single trap detection, antibunching, delayed photoluminescence, single perovskite submicron crystals, defect,
Auger recombination

Antibunching is a phenomenon intrinsic to luminescence
photons emitted by single emitters like single atoms1,2

and molecules.3,4 The effect is due to the inability of a single
two-level system to emit two photons simultaneously. Photon
antibunching is not only inherent to classical two-level systems,
but also common for a wide range of nanoemitters including
semiconductor quantum dots (QDs), perovskite nanocrystals
(NCs),5−7 π-conjugated polymers,8,9 and light-harvesting
complexes.10 Observation of the antibunching effect in
extended systems like polymers and aggregates and studying
of their emission photon statistics allowed for a deeper insight
into photophysical processes at the level of individual
chromophores and the nature of their excited states.11−13

This also applies to inorganic emitters where photon statistics
combined with spectroscopy allowed for understanding of the
multiexcitonic states and interactions between them.14−16 The
general photon statistics of a nanoemitter can be nontrivial and
time-dependent because the charge recombination mechanism
can depend strongly not only on the number of charge carriers
present at the particular moment of time but also on the whole
evolution history of the excited state population started by the
laser pulse. Thus, measuring photon correlations as a function
of time appears as a powerful tool for rationalizing fundamental
photophysical properties of luminescent materials.13

Metal halide perovskites (MHPs)17 are solution-processed
semiconductors with very interesting photophysics and highly
suitable properties for optoelectronic applications. Today
MHPs are available with almost any bandgap energy from
UV to NIR and in the form ranging from nano- and
microcrystals to polycrystalline films and single crystals with
sizes up to several millimeters and larger.18−20

MHPs are very strong light absorbing and highly
luminescent materials, where the evolution of the photoexcited
charge carriers is affected by different types of defects not only
introduced during synthesis, but also appearing later under the
influence of light, electric field, or current.19,21−23 The
remarkable peculiarity of MHPs is that formation of defects
and degradation of the material performance very often are
fully reversible due to defect metastability making MHPs able
to self-heal.24,25
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MHP crystals with sizes below one micrometer may contain
just several efficient nonradiative (NR) recombination
centers.26 Concentrations of NR centers measured by
spectroscopy methods are commonly of the order of 1015
cm−3 corresponding to one NR center per cube with a 100 nm
side.27 A small number of metastable NR centers per an
individual object leads to a photoluminescence (PL) blinking
effect observed for MHP crystals of various sizes.28−30 Efficient
charge carrier migration over hundreds of nanometers allows
electrons and holes to reach the NR recombination center. In
this case activating/deactivating of just one metastable NR
center (often called “supertrap”30) leads to large jumps of the
NR recombination rate appearing as PL blinking. This blinking
mechanism originally proposed for conjugated polymers31 is
also known as the model of multiple recombination centers32

for QDs, and in the field of perovskites it is referred as the
supertrap model.28,30

The supertrap model has been recently supported by photon
correlation experiments.33 It was demonstrated that the PL of
an individual MAPbI3 submicrometer crystal does not exhibit
photon antibunching despite possessing a pronounced PL
blinking. This demonstrates that there is no mechanism, which
would suppress simultaneous emission of two photons from
such large crystals. Indeed, the size of the crystals is too large
to result in Auger recombination of photoexcited charge
carriers in a charged crystal which is responsible for
suppressing multiphoton emission.33

Many MHP systems show a microsecond-long tail in the
time-resolved PL decay.34−38 Nonexponentiality of the PL
decay is often observed for a material with free charge carriers
exhibiting concentration-dependent Auger and radiative
recombination rates. However, the tail also has a contribution
from so-called delayed PL occurring from radiative recombi-
nation of initially trapped charge carriers that are released again
to the band. Such photons appear predominantly much later
than the prompt PL photons generated by direct recombina-
tion of charge carriers before their trapping.34

In the current contribution, we investigate photon statistics
of the delayed PL in single submicrometer methylammonium
lead tri-iodide (MAPbI3) perovskite crystals. In agreement
with our previous result,33 the antibunching effect is not
observed in a time-integrated PL signal. However, surprisingly,
a partial antibunching appears when the delayed component of
the PL decay is analyzed separately. In many cases the extent of
antibunching is larger when the PL become partially quenched
during PL blinking. We propose that this partial antibunching
means that the studied crystals contained a very small number
of charge trapping states responsible for the delayed PL. Our
results show that measuring the photon correlation function as
a function of time is a very sensitive method for detecting long-
living states and revealing electronic processes at extremely low
concentration of excitations in luminescent materials.
We studied photon statistics of individual MAPbI3 crystals

with a characteristic size from tens of nanometers to a few
micrometers using a home-built luminescence microscope
setup equipped with the Hanbury Brown and Twiss correlation
scheme (Supporting Information (SI) Supporting Note 1
(SN1)). The average number of excitations per laser pulse per
crystal (for the crystals appearing as diffraction-limited spots in
PL images) is estimated to be from 7.5 to 70 (SI SN9). The
second order cross-correlation function g(2)(τ), where τ is the
time shift between two photons, was calculated for the photons
arriving to the detector after a delay TD relative to the laser

pulse. Hereafter we call this function g(2)(τ, TD). The usually
reported g(2)(τ) calculated for all photons is then equal to
g(2)(τ, TD = 0). The calculation procedure is known15,39 and
described in SI SN5. The same experimental data were also
used to calculate PL decay kinetics and PL intensity traces for
each crystal (SI SN4).

Figure 1 shows PL decay (panel (a)) and the normalized
(see SI SN5) g(2)(τ, TD) for crystal #7 for TD = 0 (panel (b),

all photons were taken), for TD = 4 μs (panel (c), photons
from the interval 4−10 μs were taken), and for TD = 8 μs
(panel (c), photons from the interval 8−10 μs were taken). As
one can see, the central peak is getting lower relative to the
side peaks with an increase of TD. While there is no sign of
photon antibunching when all photons are taken together
(Figure 1(b)), appearance of a partial antibunching for
photons belonging to the tail of the PL decay is apparent
(Figure 1(c, d)). g(2)(0, TD) appears as a monotonically
decaying function (Figure 1(e)) changing from 1 for all
photons (expected for the Poisson statistics) to 0.6 for the
photons arriving after 8 μs from the excitation pulse. It means
that the photon statistics of the delayed PL of this microcrystal
approaches that of a single photon source.

Figure 1. Evolution of the second order cross-correlation function
g(2)(τ) measured for an individual MAPbI3 submicrometer crystal #7
as a function of the time delay (TD) passed from the arrival of the
excitation pulse. (a) PL decay kinetics showing a pronounced tail at
long times. Three time intervals starting at time delay TD = 0, 4, and 8
μs and ending at Tmax = 10 μs (arrival time of the next laser pulse) are
marked with green, dark yellow, and orange colors. Photons from
these time intervals are used to calculate normalized g(2)(τ, TD) shown
in (b), (c), and (d). The height of the bars is the integral over each
peak of g(2)(τ, TD) normalized to the integral over the ±1 peaks. (e)
Integral g(2)(0, TD) monotonically decreases with increasing of the
time delay TD showing the appearance of a partial photon
antibunching in the tail of the PL decay. Excitation wavelength 525
nm, pulse duration 2 ps, pulse repetition rate 100 kHz, power density
5 × 10−3 W/cm2.
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The MAPbI3 crystals under study also show pronounced PL
blinking when the PL intensity jumps from one intensity level
to another (Figure 2(a)). Hence, we can choose photons not

only by the time delay TD passed after the excitation pulse, but
also by the PL intensity level they belong to. Figure 2(b) shows
normalized PL decay curves of crystal #7 calculated for the PL
photons belonging to the “dim” and “bright” intensity levels
marked by different colors in the PL trace in panel (a) (see SI
SN4). The PL decays demonstrate similar long tails in the μs
region. However, the initial decay time for the dim level is
much faster due to the presence of the metastable “supertrap”.
This faster initial PL decay correlates with a stronger decrease
of g(2)(0, TD) for the dim level which reaches ∼0.15 at TD ∼
5.7 μs (Figure 2(d)) in comparison with the lowest level of 0.5
at TD ∼ 9.5 μs for the bright level (Figure 2(c)).
Photon count rates from the PL decay tail in our

experiments are very low and often comparable with the
noise level of the detector.40 It means that even for an ideal
single photon source g(2)(0) cannot reach zero due to the
contribution of noise with Poisson statistics. We estimated the
lowest value of g(2)(0) reachable with our detector noise and

the particulate count rates for the bright and dim intensity
levels of crystal #7 (Figure 2, dark red lines in (c) and (d)), see
details in SI SN7A. We can conclude that the photon statistics
of the PL tail of this crystal in its dim level reaches that of a
single photon source and g(2)(0, TD) is not zero (0.15) only
because of the noise of our detector. However, the PL of the
same crystal in the bright level shows only partial antibunching
to which the extent of g(2)(0, TD) = 0.5 is not affected by the
detector noise. So, this particular perovskite crystal is not a
single photon source in delayed PL when its PL is bright, while
it becomes a single photon source when its PL is partially
quenched.

The effect of partial antibunching in the delayed PL is
observed for 22 out of 28 studied crystals (see SI SN8 for
several examples). For 6 crystals no indication of antibunching
is observed in their pronounced delayed PL as exemplified in
Figure 3. Note that the size of this crystal is around one

micrometer (Figure 3(d)). At the same time, among the crystal
without antibunching there are several which are smaller than
300 nm (diffraction-limited images). We also need to mention
that in some cases we observed g(2)(0) > 1 at early times. One
known process leading to photon bunching is fluorescence
blinking13 which then must be at a microsecond time scale.
There could be other reasons related to complex charge
dynamics; we see this effect in some of our Monte Carlo

Figure 2. PL intensity transient, PL decay kinetics, and dependence of
g(2)(0) on the time delay TD for the bright and dim PL intensity levels
for crystal #7. (a) PL intensity trace with bright and dim PL levels
marked with orange and green colors, respectively. (b) PL decays
calculated for each intensity level marked in (a) with the same color
code. (c) and (d) show the dependences of g(2)(0) (black) as a
function of the time delay for the bright and dim intensity levels,
respectively. The low limit of g(2)(0) due to the detector dark counts
(dark red line) is shown on both graphs. Note that we are not able to
calculate g(2)(0) for very large TD because the error becomes too large
due to the small number of photons. That is why g(2)(0) in (d) does
not have any value after 6 μs.

Figure 3. An example of a microcrystal exhibiting PL blinking, but no
photon antibunching in the long-living PL. (a) PL trace. (b) PL decay
curve (black), dark counts of the detector are also shown by dark red.
(c) g(2)(0, TD) with no sign of antibunching (black). Delayed PL
intensity as function of TD is shown by dark red (see SI SN7A).
Antibunching is also not found when the photons belonging to the
dim intensity level of the PL trace are analyzed separately (not
shown). (d) PL image showing that this crystal is larger than the
diffraction limit. Excitation wavelength 450 nm, pulse duration 5 ns,
pulse repetition rate 50 kHz, power density 5 × 10−3 W/cm2.
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simulations (SI SN10B). This effect requires a dedicated
investigation beyond the current study.
Observation of sub-Poisson statistics (photon antibunching)

for the delayed PL component means that there must be a
mechanism imposing limitations on the simultaneous emission
of two photons from recombination of the long-living
electron−hole pairs. One possibility to reach the condition
described above for a system initially containing several
excitations is to have a cascade of nonlinear recombination
processes starting from very fast Auger recombination and
bimolecular radiative recombination and finishing with a
charge recombination of just one e−h pair at a much longer
time scale. This cascade mechanism has been used to explain
time-dependent g(2)(0) for QDs where the initially created
short-lived multiexciton state (leading to initially multiphoton
emission) quickly disappears leaving just one long-lived exciton
state. The latter emits photons with antibunching.15,16 We
attempt to apply these nonlinear-based mechanisms to our
large MAPbI3 crystals. Because the initial fast component of
the PL decay in the dim level (NC #7) is caused by a fast NR
recombination center (supertrap), we need to assume that this
NR center works by an Auger mechanism or via an Auger
trapping mechanism.41,42 Monte Carlo simulations show (see
details in SI SN10) that we can fit the PL decay kinetics in the
dim state and obtain antibunching for the delayed photons,
however, only under the assumption that the nonradiative
recombination channel is of the third order which not
compatible with trap-assisted Auger recombination (second
order). Moreover, the required Auger coefficient (∼10−25 cm6

s−1) is 2−4 orders of magnitude larger than those known for
MHPs.43−45 Such large coefficients are required simply
because we are trying to apply the idea which works in QDs
(very small objects) for objects with a volume that is several
orders of magnitude larger. So, we think that a cascade of
processes starting from an Auger type of charge recombination
cannot really explain the effect (see details in SI SN10C).

Figure 4 illustrates our alternative model based on charge
detrapping. Let us consider photon statistics of the prompt PL
component, which mostly arise from direct recombination of
free electrons and holes. The number of radiative recombina-
tion events of the prompt PL occurring within the time
between two consecutive laser pulses is proportional to the
number of absorbed photons during this period. Therefore, it
is determined by the Poisson distribution with the average
value defined by the number of absorbed photons and the PL
quantum yield (PLQY). This consequently leads to absence of
the antibunching effect for prompt PL component as has been
previously reported for MAPbI3.

33

Since the delayed PL occurs due to the trap-assisted
mechanism, the total number of emitted photons is obviously
limited by the number of trapping states in the crystal
regardless of the excitation light intensity. One trap can
accommodate only one electron (or hole). Thermal excitation
of this trapped charge carrier back to the band in the
microsecond time scale (τescape) and radiative recombination
with its counterpart lead to the appearance of one delayed
photon. The actual number of photons per one trapped carrier
is much smaller than one because it is determined by charge

Figure 4. Schematic illustration of the antibunching mechanism in delayed PL of a submicrometer MAPbI3 crystal containing one shallow charge
trapping defect. Direct PL arises due to radiative recombination of photogenerated e−h pairs. Its intensity is proportional to the number of
absorbed and incident photons obeying Poisson statistics. It means that the direct PL should also obey Poisson photon statistics (absence of
antibunching). Lifetime of the direct PL is determined by monomolecular recombination due to presence of NR recombination centers. Photons of
the delayed PL originate from recombination of charges that are initially trapped and subsequently escaped from the shallow trap. Because there is
only one trap in the whole crystal, the delayed PL can be seen as coming from a single emitter (like a single molecule) which cannot emit two
photons per excitation pulse because it cannot be double excited (the trap can accept only one charge). In the case of a large difference in the decay
times of the direct PL and delayed PL, the photons coming from the tail of the delayed PL should show pure antibunching. Tcrossing is the time when
the intensity of the delayed PL starts to dominate over the direct PL.
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dynamics at the very low charge carrier concentration regime
when PLQY is very small.46 So, the delayed PL that originated
from a single trapping site (or from an outlier in terms of its
longer detrapping time in comparison with other trapping
sites) should possess perfect photon antibunching g(2)(0) = 0.
If the number of identical trapping sites is N, the minimum
g(2)(0) can be estimated by the same equation used for N
identical independent single photon sources: g(2)(0) = (N −
1)/N.9

In reality, the PL decay tail contains not only delayed PL due
to detrapping, but also a contribution from the direct charge
recombination (direct PL) with statistics (Poisson at some
conditions) that are different from statistics of a pure single
photon emitter. So, the extent of antibunching depends not
only on the number of traps, but also on the contribution of
the direct PL to the PL decay tail. This contribution can be
small if the escape time from the trap (τescape) is much larger
than the characteristic decay time of the direct PL (τdirect). If
we consider a dim state of a blinking crystal (like shown Figure
2 crystal #7), the overall PL decay kinetic is a sum of a fast
decay with a large initial amplitude (due to fast monomolecular
NR recombination via the supertrap) and a much slower decay
with the characteristic time τescape and a low initial amplitude.
Despite the low initial amplitude and possibly very low
contribution to the total signal, the delayed PL prevails at times
larger than the time which we call here a crossing time delay
(Tcrossing) as illustrated in Figure 4. From this we can conclude
that the larger the difference between τescape and τdirect and the
smaller the initial amplitude of the direct PL vs the delayed PL
are, the greater the chance to see photon antibunching in the
delayed PL signal.
Let us consider again crystal #7 shown in Figure 2 where

g(2)(0, TD) is calculated for the bright and dim intensity levels
of its PL blinking trace. For the dim level, g(2)(0) becomes as
small as 0.15 for the time delay >5.7 μs (Figure 2(d))
corresponding to the single photon emission limited by the
dark noise of our photodetector. In the framework of our
model, the long tail of PL in this crystal is caused by only one
shallow defect present in the microcrystal (there is only one
defect at all, or this defect is an outlier in terms of its longer
detrapping time in comparison with other shallow defects). For
the bright intensity level, however, only a partial antibunching
in the delayed PL is observed. This is because the bright state
is not quenched by the supertrap and has a long direct PL
decay30 leading to a large amount of photons at the long times
which screen the emission originated for the trapped charges.47

Therefore, shortening of the prompt PL decay due to the
presence of the metastable supertrap helps us to infer that this
crystal contains only one trapping site that is able to capture a
charge carrier for several microseconds. The effect of PL
quenching by a supertrap on photon correlations is discussed
in detail in SI SN10B.
According to our model, the lowest level of g(2)(0) depends

on the number of the trapping defects which is formally the
same as the number of independent single photon sources. At a
given defect concentration, the number of defects per crystal is
proportional to its volume. Moreover, defect concentration and
detrapping times can also be different for different crystals.
Therefore, the antibunching effect should vary a lot from
crystal to crystal and, in general, be less pronounced for larger
crystals. Indeed, we see several crystals without the
antibunching effect and the majority of them (e.g., Figure 3)

are clearly larger than the diffraction limit of our microscope
(∼300 nm).

To check our idea, we used computer simulations to model
the PL decays and g(2)(0, TD) dependencies for crystal #7 in
both bright and dim PL intensity levels (see SI SN10A, 10B for
details). We started with modeling of the PL decay in the
bright/dim state by solving a Shockley−Read−Hall system of
differential equations considering radiative bimolecular re-
combination, charge trapping and detrapping, and a strong
nonradiative recombination channel presented only in the dim
state. After that, we used Monte Carlo simulations to calculate
g(2)(0, TD). In general, we can conclude that our model is able
to account for the observations with the recombination
constants close to those usually used to model charge
recombination in MAPbI3.

45

We estimate sizes of the studied crystals from 30 to 300 nm.
Applying this size range to crystal #7 and others where only
one shallow trapping defect is present, we obtain the
concentration of such defects with several microseconds of
detrapping time in the interval 4 × 1016 to 4 × 1013 cm−3. This
broad range matches the range of defect concentrations
reported for MAPbI3 in many studies.22,27,45 In the future we
are planning to measure sizes of the crystals more precisely by
SEM, which will enable accurate estimations of the
concentrations of these shallow defect states. Measuring
concentrations of defects using effects of antibunching in
delayed PL is a quite interesting and rather unexpected
application of photon correlation experiments for material
science.

To summarize, we discovered photon antibunching in
delayed PL of individual MAPbI3 perovskite crystals, despite
the absence of antibunching in the overall statistics of PL
photons. Photon antibunching in the delayed PL is assigned to
the presence of a very small number (down to just one) of
trapping sites per crystal responsible for the delayed PL. Due
to the inability of one trap to capture more than one charge
carrier, these large perovskite crystals become sources of
delayed single photons. The feasibility of our hypothesis is
checked by Monte Carlo simulations. We propose that photon
statistics measured and analyzed with time resolution with
respect to the excitation pulse allows us to detect very low
concentrations of shallow defect states responsible for delayed
PL in individual semiconductor particles. This unusual
application of photon correlations can become a new
ultrasensitive tool for material science and help to rationalize
charge dynamics in materials at extremely low excitation
conditions.
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