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ABSTRACT: We demonstrate using single molecule spectroscopy that inorganic
CsPbl; perovskite quantum dots (PQDs) undergo an irreversible, photo-accelerated reaction
with water that results in a blueshift of its photoluminescence (PL) and ultimately to
complete quenching of the emission. We find that decomposition does not take place in the

presence of oxygen alone, but that it requires light and water. We also analyze the blinking



for some stable PQDs and find a continuous distribution of emission states with a linear
correlation between intensity and lifetime. We postulate that, in addition to charging and
discharging processes, blinking arises from the activation and deactivation of non-radiative

recombination centers in the PQDs.

INTRODUCTION

The efficiency of perovskite based solar cells has improved from 3.8% to more than 20%
within just a few years!, and as a result, organometallic perovskites have become one of the
most studied optoelectronic materials. Recently, all-inorganic lead halide perovskite colloidal
nanocrystals (NCs) have been successfully synthesized with high luminescence quantum
yields (QYs) and tunable emission spectra covering the entire visible spectral range®®. Like
the organic-inorganic lead halide perovskites (hybrid lead halide perovskites), the all-
inorganic perovskites have potential uses in light-emitting diodes,!®® solar cells,*'> and
tunable lasers.'®!® Compared to the low PL QY of bare CdSe QDs, the PL QY of as-
synthesized CsPbX3 is up to 90%, even without any additional surface passivation. However,
all-inorganic lead halide perovskites still suffer from the same stability problems as hybrid
lead halide perovskites. The instability not only limits the performance of perovskite devices
but may also result in the release of toxic Pb (II) ions from these devices as a consequence of
decomposition. The degradation of perovskite materials has been attributed to many factors
such as moisture,'”?? thermal effects,”®? oxygen,” and light exposure.?*?° It has been reported

that an inorganic-organic hybrid ion pair®*® or cross-linking of certain ligands by X-ray



irradiation® can produce stable all-inorganic perovskite films under a humid environment
and high pump power excitation. However, more commonly, chemical degradation of
perovskite materials can be partially solved through encapsulation.® 3233 Although more
stable than their organo-metal counterparts, there has been little work on the underpinning
chemistry that leads to degradation of inorganic perovskites. To glean information on the
degradation process it is useful to study single perovskite nanocrystals. Spectroscopy studies
allow the roles of trions, surface traps and biexcitons during charge carrier relaxation in

semiconductor nanocrystals to be elucidated.

The biexciton lifetime in single PQDs is much shorter than that in CdSe nanocrystals of a
similar size,>3¢ due to faster Auger recombination in PQDs. This also leads to strong photon
antibunching, which makes single CsPbX3; PQDs potential single-photon sources.?° At low
temperature, single CsPbX3; PQDs exhibit stable and narrow-band emission with suppressed
blinking.** Varying the anion composition is a possible way to control blinking, and may
enable synthesis of non-blinking PQDs.*! However, blinking is still a serious problem in
PQDs. Blinking in CsPbX; PQDs has been attributed to a process of charging and
discharging.?” Although an emissive charged state is possible in non-blinking PQDs,* in
general, the picosecond nonradiative Auger recombination overwhelms the nanosecond-

scale radiative recombination, leading to weak emission from the charged exciton.”



Here we have used a confocal microscope to track the fluorescence evolution of single
CsPbl; PQDs under various environmental conditions including: air, dry nitrogen, wet
nitrogen, dry oxygen, and wet oxygen. We show that fast decomposition of CsPbl; takes
place under illumination in a moist atmosphere. We also examine the mechanism of blinking
for the stable PQQDs. In addition to on and off'states, a set of continuous emission states arises
due to the activation and deactivation of non-radiative recombination centers. This suggests
that surface states may be efficient recombination sites and that passivation strategies to

remove surface defects will lead to strong improvements in photostability.

METHODS

Synthesis of Colloidal CsPbl; and CsPbBr; QDs. To prepare cesium oleate, Cs,CO3 (0.2 g),
octadecene (7.5 ml) and oleic acid (0.625 ml) were mixed and then heated to 150 °C until the
solution was clear. Cs-oleate was then cooled and kept at 100 °C before injection. For PQD
synthesis, first octadecene (5 ml) and Pbl, (0.084 g) (PbBr, (0.069 g)) were loaded into a
three-neck flask, and then heated to 120 °C for 1 hour. After injecting oleic acid (0.5 ml) and
oleylamine (0.5 ml), the mixture was heated to 150 °C again. As soon as the temperature
reached to 150 °C, cesium oleate (0.4 ml) was quickly injected and the flask cooled rapidly.
All preparation and reactions were completed in a nitrogen glovebox without contacting
water and oxygen. The PQDs were precipitated by centrifugation, redispersed in hexane, and

stored in the glovebox.



Characterization The absorption spectra and the fluorescence spectra were collected with
an Agilent 8453 UV-visible Spectroscopy System and a Fluorolog Spectrofluorometer
(HORIBA Scientific), respectively. The PL QYs of the PQDs were calculated by Rhodamine

101 as a reference and taking its luminescence QY to be 0.96.

Confocal scanning PL images and single QD spectroscopy Small drops of dilute PQD hexane
solution were cast on coverslips. Single PQDs or clusters were distributed sparsely after
spincoating. Then the coverslips were loaded into a sealed chamber. All sample preparation
was carried out in a nitrogen glovebox before the chamber was taken out for measurement. A
466 nm pulsed laser diode (PicoQuant, LDH-P-C-470) was used to excite PQDs via a confocal
microscope (Olympus IX 71) with an oil-immersion objective (Olympus, PlanApo NA 1.4).
The excitation power was 100 nW, corresponding to a low excitation rate of 0.045. The
collected emission was split into two parts. For scanning PL image, PL decay, and PL
trajectory, one part of the emission was sent to avalanche photodiodes (APDs, Perkin-Elmer,
SPCM-AQR-14) connected to a time-correlated single photon counting (TCSPC) card; for
spectra, the other part of the emission was sent to a TRIAX 550 spectrometer equipped with
a liquid nitrogen cooled Symphony 3000 CCD (HORIBA Scientific). During the
measurements, the gas in the chamber was changed by flushing with each new gas for 10
minutes. Wet oxygen and nitrogen were produced by water bubbling. In order to obtain
pure wet nitrogen, the water was pretreated by bubbling with nitrogen for one hour to

remove the dissolved oxygen.



RESULTS AND DISCUSSION

The CsPbl; perovskite quantum dots were synthesized following a previous report® (see
experiment details in Supporting Information). According to TEM (Figure la), the quantum
dot size is 10.9 + 1.1 nm, which is below the effective Bohr diameter of 12 nm.® Figure 1b
shows the PL and absorption spectra. The PL spectral peak is located at 674 nm, the full
width at half-maximum (FWHM) is 33 nm, and the quantum yield is estimated to be 78%.
Since there is no significant change in PL intensity or spectral peak in Figure 1c, the CsPbl;
PQDs are considered stable in hexane stored in the dark under air for at least one month.
Although there is no obvious PL spectral shift, fast degradation is observed for a PQD film in
air (Figure 1d). Before the fast decrease, however, the PL intensity increases for the first 120
minutes. This PL. enhancement (photo-brightening) is possibly due to photo-activation**#
before photo-degradation. Photo-brightening is a general phenomenon in metal
chalcogenide QDs, which is attributed to many factors including the passivation of surface

traps.64
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Figure 1 (a) A representative TEM of CsPbl; PQDs. The QD size is 10.9 + 1.1 nm. (b)
Absorption and emission spectra of ensemble CsPbl; PQDs in hexane. The emission spectral
peak wavelength is 674 nm, and the QY is 78%. (c) PL intensity and spectral peak position of
CsPbl; PQDs in hexane stored in the dark under air. (d) PL intensity and spectral peak

position of a CsPbl; PQD film on glass in air.

Moisture and oxygen may contribute to the photo-brightening process. Moisture-induced
degradation is a notorious problem but a certain amount of exposure to moisture is not
always bad, for it can also reduce the trap density in methylammonium lead halide
perovskite films and improve the performance of solar cells.?! The function of oxygen in PL is

also controversial: oxygen can cause photo-brightening,* but it can also act as a scavenger of



photoexcited electrons and quench the fluorescence.”® Further experiments are needed to
clarify the mechanism of the photo-brightening and photo-darkening.

To obtain information on the degradation process at the single-QD level, we have
measured the PL from single PQDs in dry nitrogen or ambient air with a confocal
microscope. Confocal scanning PL images were recorded sequentially for the same 10 pmx10
pm areas. The white spots in the images are due to the PL from single PQDs or clusters. Each
image scan took 15 min, so the same single quantum dot can be tracked every 15 min using
continuous scanning cycles. While some PQDs flicker or photo-brighten in the sealed
chamber filled with dry nitrogen, there is no degradation over a 90 minute period (Figure
2a). In fact, single CsPbl; PQDs are still bright even after one day when left in a nitrogen
chamber. However, once exposed to air (the lab ambient humidity was 60 + 5% during the
experiments), both the size and number of bright spots decrease (Figure 2b). Finally, all
PQDs are non-luminescent within one hour. The large, bright spots in Figure 2b correspond
to large clusters of PQDs. As surface to volume ratio is smaller for PQD clusters, these bright

spots disappear more slowly than the smaller spots due to PL from single PQDs.

Although the laser can drive or promote degradation (as we show later), it is not
responsible for the fast degradation observed here for two reasons: firstly, the laser spot only
stays on the same PQDs for a very short time during each scan (the line scanning speed is

0.1pm/s); secondly, after exposure to ambient air for one hour, no fluorescence can be



detected from the regions which remained in the dark (eg., no prior laser illumination).

Thus, it is a dark process in ambient air that causes the fast degradation of CsPbl; PQDs.

The fast degradation of CsPbl; PQDs is in sharp contrast to that of CsPbBr; PQDs. Some
CsPbBr; PQDs remain bright even after leaving in ambient air for several hours (Figures S2-
3 in Supporting Information). It is also reported that cubic CsPbl; NCs recrystallizes into a
yellow orthorhombic phase after long-time storage (months) while other CsPbX; (Br or CI)

NCs remain stable.®
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Figure 2 Continuous confocal scanning PL images of CsPbl; PQDs (10 pmx10 pm). The
scanning time of each image is 15 min. The bright spots represent single PQDs or clusters.
Images in (a) were recorded sequentially for a region in dry nitrogen. Images in (b) were
recorded sequentially for another region of the same sample in air. The relative humidity in

air was 60 + 5%.



It is postulated that moisture in air can induce the degradation of perovskites. To confirm
this, we monitored the fluorescence change under controlled atmospheric conditions (dry
nitrogen, wet nitrogen, dry oxygen, and wet oxygen) for single CsPbl; PQDs, as shown in
Figure 3. Initially, single PQDs are placed in a sealed chamber filled with dry nitrogen; when
dry oxygen (Figure 3a) or dry nitrogen (Figure 3c) flows into the chamber, there is no change
in fluorescence intensity, for at least 90 min. Hence, oxygen alone does not cause the
degradation of CsPbl; over short periods. When wet oxygen (Figure 3b) or wet nitrogen
(Figure 3d) enters and the relative humidity exceeds 80%, the degradation is substantially
faster than in ambient air, which has a relative humidity of approximately 60%. Therefore,
we conclude it is not oxygen but moisture alone that is responsible for the fast degradation of

CsPbl; QDs in the dark.
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Figure 3 Continuous confocal scanning PL images of CsPbl; PQDs (10 pmx10 pm). The
scanning time of each image is 15 min. The bright spots represent single PQDs or clusters.
Images in (a) and (b) were recorded sequentially for a region in dry and wet oxygen,
respectively. Images in (c) and (d) were recorded sequentially for a region of a new sample in

dry and wet nitrogen, respectively.

In order to investigate the effect of light on the degradation, we measured the change in
the fluorescence intensity for single CsPbl; PQDs under continuous excitation in dry
nitrogen, dry oxygen, and ambient air. We define the photostability lifetime of PQDs under
laser illumination as the time it takes for the emission intensity to decrease to half of its

initial value. The average photostability lifetime was found to be 47 + 29 s for 9 CsPbl; PQDs

11



in ambient air, 288 + 195 s for 18 CsPbl; PQDs in dry nitrogen, and 267 + 108s for 15 CsPbl;
PQDs in dry oxygen with an excitation power of 100 nW at 466 nm. Under nitrogen,
continuous laser exposure switches off the PQDs completely in 5-10 min, while in the dark
there is no change for more than 90 min as we have shown in Figure 2a. This illustrates that
light accelerates the degradation process.

Time-dependent PL spectra were also collected for CsPbl; PQDs. According to the results
presented for three representative single CsPbl; PQDs in Figures 4a-c, no matter what the
environment, there is always a blueshift in the PL spectra and a steady decrease in intensity
during illumination. It has been reported that photo-oxidation occurs in methylammonium
lead trihalides in the presence of oxygen.” For CsPbl; PQDs, however, there is no obvious
difference between the degradation rates in dry nitrogen and dry oxygen, likely due to the
fact that CsPbl; PQDs contains no organic moiety that can be oxidized. Under continuous
excitation in humid air, the fluorescence lasts for less than 2 min for most of these PQDs.
Furthermore, the fluorescence peak blueshifts faster in humid air compared to the rate in a
dry environment.

In Figure 4d, the light induced spectral peak shifts (from 670 nm to 590 nm) are presented
as a function of time. The blueshift indicates that the effective size of the quantum dots
decreases due to decomposition. Using the effective mass approximation (EMA), we find that
the blueshift corresponds to a constant rate of decrease in diameter as shown in Figure 4e
(see the calculation in Supporting Information). For all-inorganic PQDs, we infer that the

degradation occurs via a simple process assisted by water or light:!%
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HZO,light
CsPbl; — Csl(aq) + Pbl,

In this process, CsPbl; PQDs decompose layer by layer (starting from the outside layer) at a

constant rate, resulting in a constant rate of size decrease and blueshift. The statistics of the blue-

shift rates for additional PQDs are given in Figure 4f.
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Figure 4 The PL spectral shifts of single CsPbl; PQDs as a function of time with a laser

illumination. The integration time of each spectrum is 30 seconds. The excitation wavelength

is 466 nm, and the power is 100 nW. There is a trend of intensity decrease and blueshift in

(a) dry nitrogen, (b) dry oxygen, and (c) air. (d) Emission spectral peak position of PQDs in

dry nitrogen (black squares), dry oxygen (red diamonds), and air (blue triangles). The lines

are guides for the eye. (e) Calculated size of the PQDs as a function of time based on the

effective mass approximation. The rates at which the size decreases are: 0.13 nm/min in dry
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nitrogen (black squares), 0.09 nm/min in dry oxygen (red diamonds), and 0.62 nm/min in air

(blue triangles). (f) Statistics for the blue-shift rates for additional PQDs.

In addition to a blueshift in the PL spectra, a decrease in the size of the PQDs can also be
inferred from the decreased absorption cross-section of single PQDs. In Figure 5a, the PL
intensity of a single CsPbl; PQD declines slowly with time in dry nitrogen. During the
decomposition process, we measure not only the spectral shift but also the PL intensity [ and
lifetime 7. The measured PL intensity I of a single QD is the product of the excitation rate

Nex> PL QY 1, detection efficiency 714, and the pulse repetition rate f as given by:
I'=1ex XN X1Ng Xf, (1)

where 1 = k,7, k, is the radiative recombination rate, and 7 is the PL lifetime. During the
decomposition, the excitation rate 1,, decreases due to the shrinking volume of the PQD. The
quantum yield n is also changing because of the change in the radiative recombination rate k,
and the non-radiative recombination rate k,,. The excitation rate 1,, is proportional to the
absorption cross-section o at the excitation wavelength, 466nm. In the confocal system, the
transmittances of the optical elements and quantum efficiency of the avalanche photodiodes
remain flat from 680 nm to 590 nm. Therefore, the detection efficiency does not change for the

blue-shifted fluorescence. Therefore, we can rewrite Equation (1) as

I
; X Oj=466nm X kr' (2)

which reflects the expected changes in the measured I/t that occur as a consequence of

photochemical changes in k, and 0. As shown in Figure 5b, the slope of the fluorescence

14



lifetime and intensity distribution (FLID) becomes flatter after decomposition, implying a

decrease in I/T and thus in the product 63—466nm X k. The increased QD bandgap E; and
decreased I /7 are plotted every 10 s in Figure 5c. 1/7 is also plotted as a function of E; in Figure

5d.

In order to account for the observed trends in Figure 5d, we resort to a simple EMA model
to estimate the evolution of the product of the absorption cross-section and the radiative
recombination rate. For energy above the bandgap, 6;3-4¢6nm 1S proportional to the volume of
the QD, d3; according to EMA, the difference between the bulk and QD bandgap energies,
E, — E{“, scales with the QD diameter as d~?. Consequently, we have

-1.5
Op=466mm X (Eg - Egulk) ’ (3)

where EJ** = 1.73 eV for bulk cubic CsPbl;."!

It is difficult to determine the exact size dependence of the radiative recombination rate
from experiment because we only measure the total recombination rate, which includes the
contribution from non-radiative recombination.””>> From Fermi’s golden rule, the transition
rate K,n,, from the conduction state, |c,,), to the valence state, |v,), in a homogeneous
medium is given by:

ne?

kymn = mwmanmWWn)Iz, (4)

where n is the refractive index of the medium, e is the electron charge, €, is the permittivity

of the free space, m is the electron mass, and the transition energy hw,,, = E¢n — Epp +

15



Eé’””‘ — Ey. E,p, is the energy of the m-th subband of conduction, E,, is the energy of n-th
subband of the valence, and E,, is the binding energy of the exciton. The transition matrix
element is given by the product of the electron and hole wavefunction overlap and the

squared Bloch matrix element>?>3
(em| Plvn)? = E:|<¢,cm.|¢;;j>|2|<ug|p|u;f>|2, (5)
ij

where u; (1) and uj (r) are the 7-th and j-th member of the orthogonal Bloch functions for

the conduction and valence, respectively. The squared Bloch matrix element |<uf|P|u]”>|2
does not depend on the size, however, both the order of sub-band energy levels and
|<¢fni|¢z j>|2 do depend on the size. If we do not consider the complex band structure, then
the transition matrix element is independent of size. In a two-level model where the
conduction and valence band have only one Bloch function u§(r) and ug(r), Equation (5)

becomes:

[{em|Plvn)|? = (| )2 [(ugIPlugh®.  (6)

This transition matrix element is size-independent.” In this way we have k,. « Ej 5% %7

Then the relationship between I /7 and Ej; is:

I -15
— & G=agenm X ky o Ej(E; — ED¥R) 7. (7)

-15
Although k, increases slowly with Ej, 03—466nm decreases faster as (Eg - Eé’””‘) "* around
1.9-2.1 eV, resulting in the observed decrease in the values of g3_466nm X k- and I /7.

Equation (7) fits the experimental results for I /7 vs E; in Figure 5d.
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Figure 5 (a) PL intensity trajectory of a single CsPbl; PQD undergoing decomposition in dry
nitrogen under a power of 100 nW (466 nm pulse laser, repetition rate 10 MHz). (b) Scatter
plots of FLIDs for the first 100 s (blue dots) and the last 100 s (red dots). The dash lines
indicate the FLID slopes. During the decomposition, the slope becomes flatter. (c) The
product of absorption cross-section and radiative decay rate, o'k, (o I/7, black open
squares), and the peaks of PL spectra (equal to the bandgap E,, red open diamonds) as a

function of time. (d) o * k, as a function of E; (red open squares). The blue solid line is the fit

using E, - (E, — ng’””‘)_l's , where EJ** is equal to 1.73 eV.

In Table 1, we compare the intensity, lifetime, bandgap, radiative recombination rate,
absorption cross-section and quantum yield for the initial and final emission states before
and after the decomposition for 300 s. Although there is a 1.3-fold increase in the QY due to

blinking or photo-chemical change, the absorption cross-section decreases more quickly,
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thus leading to a decrease in the PL intensity. From the blueshift of the PL spectra together
with I/t , we can confirm that the decrease of QD size is due to decomposition.

Table 1 A comparison of final to initial emission state before and after decomposition in

Figure 5
NnxXE, T
I k, « E . g
' 4 g o(au) (a.u.)
Initial (10s) | 80 cts/20ms 6.0 ns 1.896 eV 14.79 11.4
Final (300s) | 37 cts/20ms 7.1 ns 2.079 eV 4.85 14.8
Ratio 0.46 1.18 1.10 0.33 1.30

For some stable CsPbl; PQDs, it is possible to examine the mechanism of blinking. Figure
6a shows second-order PL intensity correlation function, g2(t), measured for a single CsPbl;
PQD in nitrogen under a 466 nm pulse laser (100 nW, 10 MHz, excitation rate 7,, = 0.045).
The strong anti-bunching is a characteristic signature for single QD emission. The almost
zero value of g%(t) at zero delay time implies highly efficient Auger recombination of the
biexciton state. The PL intensity trajectory in Figure 6b contains sharp jumps between on
and off states, which can be ascribed to the process of photoionization and neutralization.?”
The highly efficient Auger decay makes the emission intensity of trions much lower than
that of neutral excitons, so it is difficult to extract the PL intensity and lifetime for trion
emission from the PL intensity trajectory. In addition to the on and off'states, in Figure 6b,
there also exists a continuous distribution of grey states. The fluorescence lifetime and

intensity distribution (FLID) in Figure 6c indicates a linear I — 7 correlation for these

18




emission states. Since the single PQD did not degrade during the measurement, there should
be no change in the absorption cross-section. Thus, the intensity is proportional to the
radiative recombination rate and the PL lifetime:
[ xtk,. (8)

The linear FLID implies that the radiative recombination rate k, is invariant for these grey
states. This means that only the non-radiative recombination rate fluctuates among these
grey and bright states. To further confirm this, we extract the lifetime from the PL decays for
some emission states, showing that the PL intensity is a linear function of the lifetime (Figure
S4 in Supporting Information). For three emission states with (I, 7), ( (200 counts / 20 ms, 5.7
ns), (300 counts / 20 ms, 8.7 ns), and (400 counts / 20 ms, 10.4 ns)),we can compute the ratio

of radiative recombination rates and we find it to be close to unity:

koiikootk _11.12.13_ . .
rii Kot r3—T—1.g.g—1.0.98.1.1.

Blinking due to charge-discharge cycles also exists in these PQDs; however, the charged
exciton state is almost non-emissive due to the fast Auger recombination. The radiative
recombination rate of a trion is twice that of a neutral exciton,”® so charging cannot be the
reason for the linear correlation between lifetime and intensity. Similar blinking behaviors
have been reported in CdSe/ZnS QDs,*° which has been attributed to the activation and
deactivation of non-radiative recombination centers.’! Trap sites are proposed to be

responsible for the blinking of giant organometallic perovskite crystals.®** Shallow traps are
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also found to exist in all-inorganic perovskite.** We postulate that the activation and

deactivation of these traps modulate the non-radiative recombination rate and thus cause PL

intensity jumps within a continuous distribution of emission states.
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Figure 6 (a) Second-order PL intensity correlation function for a single CsPbl; PQD. The
intensity at zero time is almost zero due to strong Auger quenching of biexcitons, indicating
that it is really a single emitter. (b) PL intensity trajectory of the single PQD. A 20 ms bin is
used. (c) FLID. There is a linear correlation between intensity and lifetime. (d) PL intensity
histogram. A red dash line divides the emission into two parts: on and off. A 5 ms bin is used.
Probability distributions of (e) off durations and (f) on durations are fitted to a power-law

function and a truncated power-law function, respectively.

Despite the existence of continuous emission states due to the activation and deactivation

of traps, we still use a threshold line in Figure 6d to differentiate on and off states from
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charging and discharging cycles, for there are sharp changes in intensity between neutral and
charged states. Instead of a 20 ms time bin used in Figures 6a-c, a 5 ms time bin is used to
match the fast blinking in Figures 6d-f. Figure 6e gives the distribution of off durations
which obeys a power-law function, p,f(t) « t*°//, where a,rr = —1.51. The distribution
of on durations can be fitted to a truncated power-law function, p,,(t) < t%nexp(—t/t.)
with a,, = —1.1 and 7, = 0.768 s. However, the truncated power law cannot describe the
ionization process very well. A bi-exponential function fit is more exact as indicated by
Figure S5 in Supporting Information. The power law can be explained as a sum of many
exponential distributions; each of them is due to a trapping channel with a certain trapping
time. When there are only two trapping channels, the power law reduces to a bi-exponential

decay curve.

We address a final difference concerning the photodegradation of perovksite NCs in
ensemble films and as single nanocrystals. In the case of perovskite nanocrystals in a film, a
blue-shift was not apparent (Figure 1). However, in this case, we believe that only the
uppermost layers of the nanocrystals are dissolving. The NCs underneath are protected and
the fluorescence does not shift, because only a small fraction is blue-shifting and dissolving at
any one time. Complete degradation takes some 10 hours in the case of the film due to the
slow percolation of water vapour through the film. Hence it is the single nanocrystal data

that provide better evidence for the mechanism of degradation.
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CONCLUSIONS

In summary, we have investigated the degradation of single CsPbl; PQDs. By comparing
the degradation rates in controlled humidity environments with gas and light, it is found that
both light and water can independently degrade CsPbl;. We also observed a blueshift in the
emission spectra, which we attribute to gradual (layer-by-layer) decomposition of the PQDs.
Furthermore, the absorption cross-section decreases and the radiative decay rate increases
with the increase in optical bandgap. Single QD spectroscopy has identified two types of
blinking mechanisms in the PQDs: one of them is consistent with the conventional charging
and discharging process (i.e., binary blinking), and the other involves the activation and

deactivation of non-radiative recombination centers.
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Figure S1: schematic of the chamber for measurement. Figure S2: absorption spectra,
emission spectra, and a TEM image of CsPbBrs PQDs. Figure S3: continuous confocal
scanning PL images of CsPbBrs PQDs. Figure S4: the correlation between the PL intensity
and the PL lifetime. Figure S5: probability distribution of on durations is fitted to a bi-
exponential function. The calculation of QD size based effective mass approximation (EMA)
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