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ABSTRACT Lead-halide-based perovskites have been the subject of numerous
recent studies largely motivated by their exceptional performance in solar cells.
Electronic and optical properties of these materials have been commonly

controlled by varying the composition (e.g., the halide component) and/or crystal
structure. Use of nanostructured forms of perovskites can provide additional
means for tailoring their functionalities via effects of quantum confinement and

wave function engineering. Furthermore, it may enable applications that explicitly
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rely on the quantum nature of electronic excitations. Here, we demonstrate that
CsPbX; quantum dots (X = I, Br) can serve as room-temperature sources of quantum light, as indicated by strong photon antibunching detected in single-
dot photoluminescence measurements. We explain this observation by the presence of fast nonradiative Auger recombination, which renders multiexciton
states virtually nonemissive and limits the fraction of photon coincidence events to ~6% on average. We analyze limitations of these quantum dots
associated with irreversible photodegradation and fluctuations (“blinking”) of the photoluminescence intensity. On the basis of emission intensity-lifetime
correlations, we assign the “blinking” behavior to random charging/discharging of the quantum dot driven by photoassisted ionization. This study suggests
that perovskite quantum dots hold significant promise for applications such as quantum emitters; however, to realize this goal, one must resolve the

problems of photochemical stability and photocharging. These problems are largely similar to those of more traditional quantum dots and, hopefully, can

be successfully resolved using advanced methodologies developed over the years in the field of colloidal nanostructures.

KEYWORDS: perovskite - quantum dot - nanocrystal - photoluminescence intermittency - blinking - photon antibunching -

Auger recombination - photoionization

erovskites have attracted consider-

able attention as a versatile materials

platform for the realization of a new
generation of solution-processable opto-
electric devices including solar cells,' 3 light-
emitting diodes (LEDs),* © and lasers.”° The
explosion of recent interest in these materials
has been largely motivated by rapid advances
in perovskite solar cells whose efficiencies
skyrocketed from 3 to 4% in 2009° to ~20%
in recent years.? In addition to exceptionally
strong PV performance, perovskites have
high emission quantum yields and compo-
sition-tunable emission wavelengths. These
properties have been exploited in recent
demonstrations of perovskite-based LEDs*
and proof-of-principle lasing devices.”®
Several literature reports have presented col-
loidal synthesis of hybrid organic—inorganic
(CH3NH5PbX3) """ and all-inorganic (CsPbX5) 2
lead halide perovskite nanocrystals or

PARK ET AL.

quantum dots (QDs) with X = Cl, Br, |, and
their mixtures. The use of nanostructured
perovskite provides additional flexibility in
tailoring their electronic and optical spectra
by combining size and composition control,
and also allows for the realization of princi-
pally new applications that explicitly rely on
quantum-confined electronic excitations.
One particular application is a single-photon
source (a “quantum emitter”) which is a
necessary element of quantum-information
and quantum-communication schemes.'*™
Epitaxially grown QDs have previously been
used as quantum emitters under both optical
and electrical excitation.”>'® However, due
to a fairly small separation between the
quantized states, they operate in the single-
photon mode only at cryogenic tempera-
tures. Colloidal QDs offer a much greater
degree of quantum confinement, which
helps preserve the quantum character of
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Figure 1. (a) Optical absorption (blue) and PL (red) spectra of CsPbl; perovskite QDs dispersed in hexane. The inset shows
a TEM image. (b) Examples of single-dot PL spectra of CsPbBr; (green), CsPbBr,l;_, (x = 1.3, yellow), and CsPbl; (red) QDs.
(c) A FWHM histogram of 68 individual CsPbl; QDs. (d) The PL intensity trajectory and (e) the corresponding probability
histogram recorded for a single CsPbl; quantum dot with 1 ms time bin using 488 nm cw excitation with I, = 7.9 W/cm?,
(f) PL spectra of the same dot at the beginning (black) and the end (blue) of the measurements lasting for 300 s.

their emission at higher temperatures.'”” Even more
importantly, multiphoton emission in this type of nano-
structures is almost completely suppressed by extre-
mely fast nonradiative Auger recombination, which
renders multiexciton states virtually nonemissive.'® This
makes colloidal nanocrystals extremely robust quantum
emitters independent of temperature or excitation
intensity.

Here, we demonstrate that CsPbXs-based perovskite
QDs can serve as room-temperature sources of single
photons. Specifically, we observe that emission from
individual QDs exhibits strong photon antibunching
under both continuous-wave (cw) and pulsed excita-
tion with time-zero two-photon correlations of ~6% on
average. As in the case of other known colloidal QDs,
the antibunching arises from fast Auger recombina-
tion, which suppresses emission from biexcitons and
other higher-order multiexcitons. We also examine
deficiencies in these QDs associated with photoin-
duced degradation and photoluminescence (PL) inter-
mittency (“blinking”).'® A comprehensive analysis of PL
intensity and lifetime trajectories suggests that the PL
blinking results from random charging/discharging of
the QD driven by photoionization.

RESULTS AND DISCUSSION

We investigate CsPbX; QDs of different composi-
tions (CsPbBrs, CsPbls, and CsPbBr,ls_, with x=1.3 and
1.5) synthesized following the procedure from ref 12
with some modifications (see Methods). As indicated
by transmission electron microscopy (TEM) measure-
ments (inset of Figure 1a and Figure S1a of Supporting
Information), these QDs have cubic shapes with mean
sizes from 9.3 to 11.2 nm and a size dispersion of
8—10%. Examples of optical absorption and PL spectra
of CsPbBrs, CsPbBr,ls_, and CsPbl; QDs dispersed in
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hexane are displayed in Figure 1a and Figure S1b. PL
quantum yields (QYs) of these samples are from ~40%
to ~50% (Figure S1b). For single-nanoparticle mea-
surements,>°~%3 a dilute solution of the QDs was mixed
with a 3% solution of poly(methyl methacrylate)
(PMMA) and spin coated onto a glass substrate. The
QD areal density was kept below 0.1 zm 2 to allow for
isolation of a single particle with a confocal micro-
scope. The samples of CsPbBr,ls_, and CsPbls (CsPbBrs)
QDs were excited at 488 nm (405 nm) using either a cw
or a pulsed (40 ps pulse width, 2 MHz repetition rate)
laser. The emission from individual QDs was detected
by silicon avalanche photodiodes and measured using
a two-channel, time-tagged, time-correlated single
photon counting (TCSPC) system with a temporal
resolution of ~0.7 ns in pulsed measurements. In the
case of pulsed excitation, the pump level was evalu-
ated in terms of a nominal average QD excitonic
occupancy calculated from (N) = j,o, where j; is the
per-pulse photon fluence and o is the QD absorption
cross section (Figure S1b of Supporting Information).
All data were collected at room temperature.

In Figure 1b, we show examples of single-dot PL
spectra measured for CsPbBr3;, CsPbBr,ls_, (x = 1.3),
and CsPbl; QDs under cw excitation with an intensity
(I,) of ~10 W/cm?. The spectral broadening evaluated
in terms of a full width at half-maximum (FWHM, A4, ,,)
is 17 nm (CsPbBr3 QD), 28 nm (CsPbBr,ls_, QD, x = 1.3),
and 24 nm (CsPbl; QD), which is considerably narrower
than the ensemble PL bandwidth (Figures 1a and S1b).
The histogram of Al,,, for 68 individual CsPbls dots
is presented in Figure 1c. The majority of the QDs
exhibit A1/, between 20 and 30 nm with an average of
25.1 nm, again well below the PL linewidth measured
for the ensemble QD solution (A4,,, =38 nm, Figure 1a).
These results suggest a considerable contribution of
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Figure 2. Second-order PL intensity correlation functions measured for a single CsPbl; QD under (a) cw (I, = 7.9 W/cm?)
and (b) pulsed ((N) = 0.007) excitation. (c) Histogram of the g*?(0) distribution based on the measurements of 45 QDs.
(d) Probability histogram of the biexciton lifetime (7xy) derived from the measurements of the single-exciton lifetime (zx) and

gm(O) from panel c.

size nonuniformity to the apparent PL bandwidth of
QD ensemble samples.

A representative PL intensity trajectory of the indi-
vidual CsPbl; QD recorded under cw excitation with
lp = 7.9 W/cm? is shown in Figure 1d. As was observed
previously for other colloidal QDs,'*?*%* the measured
PL intensity fluctuates between two levels clearly
resolved in the histogram in Figure 1e. The average
signal from the low-emissivity (OFF) state is about 2
counts per millisecond (2 cts/ms), which is well above
the background level of 0.36 cts/ms. The mean PL
intensity during the high emissivity (ON) periods after
the dot is freshly exposed to laser light is ~70 cts/ms.
However, the count rate gradually decreases with time
as evident from long time PL trajectories (right part of
Figure 1d). On the basis of the PL intensity histograms
in the example in Figure 1e, the ON state intensity
decreases by ~23% during 300 s of QD exposure to
laser light, which is accompanied by a ca. 16 nm blue
shift of the PL peak (Figure 1f). These changes, which
are enhanced with increasing pump intensity (see
Figure S2), are typical signatures of photochemical
degradation of the QDs.?°~2® The decrease in overall
intensity is due to the creation of surface defects,
acting as centers for nonradiative recombination, while
the reduction of the semiconductor core of the QD
leads to an increase of the band gap energy. These
changes were permanent and could not be reversed,
for example, by “resting” the sample in dark. Impor-
tantly, no signatures of degradation are observed
without exposure to laser light (Figure S2a) indicating
that it is a photoinduced process as was previously
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reported for other colloidal QDs.?*?” We observe sub-
stantial dot-to-dot variations in the rate of photode-
gradation within the sample. The problem of
photodegradation is even more severe with CsPbBrs
and CsPbBr,l;_, QDs. All of the tested dots of these
compositions exhibit a significant PL loss during less
than a minute of laser exposure (Figure S3).

Two-state, or “binary”, PL blinking discussed above is
strong evidence that single-dot emission is observed
in our experiments. However, to confirm that a single
dot acts as a source of quantum light, one needs to
evaluate the statistical properties of the emitted
stream of photons. To study PL photon statistics, we
measure the second-order PL intensity correlation
function, g, for individual CsPbl; QDs using a two-
channel, Hanbury Brown and Twiss setup without
spectral filtering of the emitted light.?

Figure 2a displays a two-photon cross-correlation
trace normalized to its long-time amplitude recorded
using cw excitation with intensity I, = 7.9 W/em?, It
shows that g is only 0.06 at time t = 0 and then
increases to unity at longer times. This is evidence of
strong photon antibunching, a property of quantum
emitters when photons are emitted one by one and the
lag time between successive photon emission events is
defined by the lifetime of the emitter's excited state. In
the case of QDs, this is limited by the single-exciton
lifetime (zx) which can be derived from the longer-time
recovery of the g*? signal, which yields 7y = 15.1 ns
based on the trace in Figure 2a. Strong antibunching is
also observed for the perovskite QDs with pulsed
excitation. In the example in Figure 2b, the magnitude
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of the photon coincidence signal, g(t = 0) = g*®(0), is
~0.05. The results of g*”(0) measurements conducted
on 45 QDs are summarized in Figure 2c. The majority
of the studied dots showed g*?(0) of less than 0.1 with
an average of ~0.06. These results demonstrate that
perovskite QDs do act as quantum emitters at room
temperature with only a small parasitic background of
~6% on average.

In our measurements without spectral filtering of
the collected PL, the time-zero photon coincidence
signal arises from events when the QD is doubly
excited (i.e., is excited with a biexciton) and then
emits two photons: one via the biexciton-to-exciton
transition and the other via the exciton-to-ground-
state transition. Hence, in the limit of low excitation
fluences (when (N) < 1), the amplitude of the anti-
bunching peak is proportional to the product of the
biexciton (Qxx) and single-exciton (Qy) PL QYs: g®(0) o
QyxQx.2>*33° On the other hand, the amplitude of the
side peak observed in pulsed measurements [g*(7),
where T is the pulse-to-pulse separation] scales as
(Qw)?, because in the limit of (N) — 0, this peak arises
from single-exciton emission events from two sequen-
tial excitation cycles. As a result, the area ratio of the g
central-to-side peaks measured at low pump intensi-
ties is equal to the ratio between biexciton and single-
exciton PL QYs.2**° Since the condition (N) < 1 is
satisfied in all our photon correlation measurements,
the value of g®(0) normalized by g”(7) provides a
direct measure of Qyx/Qx.

Given our observations of strong antibunching
li.e., nearly zero values of g?(0)], the biexciton PL QY
in perovskite QDs is very low. This is similar to the
situation in standard (not specially “engineered”)
colloidal QDs of other compositions and is, as was
discussed earlier, a direct consequence of a high
nonradaitive Auger recombination rate which is much
greater than the radiative rate. To estimate the biexci-
ton lifetime (zxx) in perovskite QDs, we use the relation-
ship g?(0) = Qux/Qx. We assume now that g®(0) is
normalized by either the amplitude of a side peak
(pulsed measurements) or the long time (t > 7y) g
signal (cw measurements). By expressing Qxy and Qy,
in terms of full lifetimes of an exciton and a biexciton
and their radiative lifetimes (z, x and 7, xx, respectively),
we can rewrite the expression for g?(0) as g®(0) =
(Tex/Trx) (Txx/Tx), OF §2(0) = 4Txx/Tx if We assume the
usual quadratic scaling of radiative rates with exciton
multiplicity.3'

By applying the previous expression to the data in
Figure 2c, we can extract 7xy on the basis of the mea-
sured g*?(0) and 7y. The resultant data are presented as
a probability histogram in Figure 2d. The peak of the
probability corresponds to txx of ~100 ps, which is
close to the value of 93 ps obtained from time-resolved
ensemble measurements of the solution sample
(Figure S4a—c). As in the case of other colloidal
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nanocrystals, extremely short values of tyxx in perov-
skite QDs result from fast nonradiative Auger decay
which leads to essentially complete suppression of the
photon coincidence signal in the g¥ measurements
and explains our observation of strong photon anti-
bunching in the emitted light.

While photon correlation studies indicate potential
applicability of perovskite QDs as single-photon emit-
ters, strong emission intermittency (Figure 1d) compli-
cates practical implementation of this type of tech-
nology. To develop a solution to this problem, it is
important to elucidate the mechanism underlying PL
blinking. Several recent studies of hybrid organome-
tallic perovskite particles also indicated fluctuations
of the PL intensity.32~3° The observed behaviors as well
as proposed explanations differed considerably from
one report to another. For example, larger micrometer-
scale particles®® were observed to exhibit rare OFF
periods, however, the PL was affected across the entire
crystal. This behavior was referred to as “synchronous
blinking” and compared to that previously observed,
for exampile, in long CdSe nanowires.>® Submicrometer
perovskite particles investigated in ref 34 exhibited
large-amplitude (“giant”) blinking with multiple inten-
sity levels, which was attributed to the existence of
a small number of either “quenching” or “emitting”
sites to which excitations generated across the whole
particle were funneled. A study of electronically
coupled submicrometer perovskite crystals®® also re-
ported PL blinking; however, it was interpreted not in
terms of spatially localized quenchers/emitters but
rather Auger recombination of photogenerated car-
riers with pre-existing charges trapped at the particle
interfaces. The involvement of surface/interface traps
was also invoked in ref 35 to explain PL blinking of fairly
small but highly polydisperse (10—50 nm size) perov-
skite particles.

The above survey indicates a wide diversity of ob-
served PL blinking patterns as well as proposed blink-
ing models. The insights gained from these studies,
however, are not likely applicable to our nanocrystals
as most of the previous works have investigated
bulk-like structures that did not exhibit pronounced
quantum confinement. For example, the lack of
photon antibunching in measurements of ref 33 di-
rectly pointed to the fact that the studied particles
were too large to exhibit properties of quantum emit-
ters. This is in contrast to strong photon antibunching
revealed by our measurements of quantum confined
perovskite nanocrystals.

The smallest particle sizes probed previously by
single-particle spectroscopy were 10—50 nm.>®> How-
ever, even in that case the observed blinking behaviors
were quite distinct from those seen in our experiments.
Specifically, the measurements of ref 35 showed multi-
ple PL intensity levels and pronounced photobrighten-
ing, while our studies reveal two well-defined emission
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Figure 3. (a) PL intensity (upper panel) and lifetime (lower panel) trajectories for a single CsPbl; QD measured using 488 nm
pulsed excitation (2 MHz repetition rate) with (N) = 0.007 and bin size of 50 ms. (b) PL decay of the ON (blue) and OFF (green)
states obtained by collecting emission with intensities from the two intervals shown in panel a by horizontal lines of
corresponding colors. (c) A false color representation of FLID obtained from the analysis of I, and 7p, in panel a. A color
change from blue to red corresponds to increasing probability of occurrence of a given state in the I —7p_ space. The white
line is a charging trajectory obtained according to the procedure described in the Supporting Information (Section 5). The Ip,
and 7p. probability histograms are shown along the horizontal (top) and the vertical (right) FLID axes, respectively. (d and e)
Pump-fluence dependence of FLIDs obtained for (N) = 0.0023, 0.0048, and 0.01 (shown in the corresponding panels).

levels and gradual PL quenching under prolonged
illumination. This suggests that underlying physics of
PL blinking in our samples is different from that in ref 35.

To gain a deeper insight into the mechanism for PL
intermittency in our QDs, we analyze correlations
between fluctuations of the PL intensity (/o) and PL
lifetime (zp) using time-tagged TCSPC measurements
with pulsed excitation. The inspection of PL intensity
and lifetime trajectories (Figure 3a) immediately indi-
cates the existence of a direct correlation between
these quantities, which is especially pronounced in a
fluorescence-lifetime-intensity-distribution (FLID) plot
(Figure 3c) where the likelihood of the dot to occupy a
certain state in the “lp -7p_ space” is shown by false
color changing from blue to red with increasing prob-
ability. The blinking trajectories along with the FLID
indicate that the drop in the PL intensity is accompa-
nied by a simultaneous shortening of the PL lifetime.
According to the classification in ref 37, this is a
signature of type-A blinking as opposed to type-B
blinking where fluctuations of /p; occur without con-
siderable changes in 7p,.

In the case of traditional colloidal QDs, type-A blink-
ing is usually associated with fluctuations between a
neutral (ON) and a charged (OFF) exciton state. The
reduced PL QY of the charged exciton (trion) is due to
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fast nonradiative Auger decay discussed earlier in the
context of two-photon correlation measurements.
As we elaborate below, a similar A-type charging/
discharging mechanism is likely responsible for the
observed PL blinking of perovskite QDs. The PL dy-
namics measured for high and low-emissivity states
(Figure 3b) indicate that their lifetimes are 13.2 ns (ton)
and 0.78 ns (topp). Within the charging/discharging
model these lifetimes should be attributed to the
neutral exciton (X) and the trion (X*), respectively.
The former of these values is nearly the same as the
time constant inferred from the cw g'¥ measurements
(Figure 2a), in which it was assigned to the single-
exciton decay, in agreement with the present assign-
ment. Unfortunately, the OFF-state lifetime is resolu-
tion limited and, thus, not specific enough to make its
exact assignment.

For a more accurate determination of 7orr, We
compare the intensities of the ON (lonp) and the
OFF (lore pL) levels, and then infer 7opr from the expres-
sion Torr = (Ton/MUorrpL/lonpL), Where 7 is the ratio
between the radiative rates of the OFF and the ON
states. From the PL intensity histograms in Figure 3¢,
the lorrpL/lon,pL ratio is around 0.03. If we assume that
the OFF periods are due to QD charging, then 7 is equal
to 2 as the presence of an extra carrier in the dot
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(b) the OFF-times plotted in the log—log representation.
Inset in (a) shows 1/t¢ as a function of pump intensity
(symbols) along with a fit to /,” (line). Inset in (b) displays
the probability histogram of the OFF-time exponent.

doubles the number of radiative pathways.>' When we
use 7oy = 13.2 ns (Figure 3b), we obtain topr of 200 ps. To
estimate the trion lifetime (7x«), we can use the relation-
ship 27xx < Tx« < 41xy, if we assume that the trion decay
is dominated by Auger recombination.>"*® Using 7xx
of ~90 ps from the earlier discussion, we obtain
180 ps < 7x« < 360 ps, which indicates that 7o is in
the range of lifetimes expected for trion Auger decay.

Further evidence in favor of the charging/dischar-
ging model comes from the analysis of pump-intensity
dependent FLIDs (Figure 3d—f). It indicates that the
increase in the pump intensity leads to increased
fraction of time (fore) the QD spends in the OFF state
(see Section 5 of Supporting Information for derivation
of fore). Specifically, according to FLIDs in Figure 3d—f,
forr progressively increases from 0.47 to 0.66 and then
0.98 when (N) changes from 0.0023 to 0.0048 and
finally 0.01. This behavior is reversible, and therefore, is
not due to permanent photodegradation but rather
due to photoassisted charging (photoionization) as
was observed previously for l—VI QDs.242>37:3

A known fingerprint of photoionization in QD blink-
ing studies is an exponential cutoff in the distribution
of the PL ON-time periods (ton), Where the cutoff
time (z¢) is directly linked to the pump intensity.*”*°
We indeed observe this truncation behavior in our
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measurements. In Figure 4, we display the probability
distributions of the ON (pon, panel a) and OFF (pogr,
panel b) time periods derived from the PL intensity
trajectories measured using cw excitation with inten-
sities 12.6 W/cm? (black squares) and 118 W/cm? (red
circles). In the log—log representation used in the plot,
the OFF-time probability distribution shows an essen-
tially linear behavior, which is a signature of a power-
law dependence, porr o< t* (. = —1.46 on average),
commonly observed in previous blinking studies of
lI—VI QDs.*"*? The distribution of poy is qualitatively
different and shows a rapid falloff at longer times,
which can be described by poy < # exp(—t/tc) with
B =-12 (- 066) and 7c = 120 ms (7.3 ms) for I, =
126 W/cm? (118 W/cm?). Similar statistics of the
ON- and OFF-time probabilities have also been ob-
served for CsPbBr; and CsPbBr,ls_, QDs (Figure S6).
As expected when the duration of ON-time periods
is limited by photoionization, ¢ is pump intensity
dependent. Specifically, according to our measure-
ments (inset of Figure 4a), 1/t¢ shows an increase with
I, following an I, dependence with m of ~1.3.
Analogous trends were previously reported for
CdSe/CdS QDs, which were interpreted and quantita-
tively modeled assuming that QD charging is a photo-
assisted process.**™** The probability of photoioniza-
tion (pion o< 1/7¢) has been observed to exhibit both
linear*®*>** and superlinear (e.g., quadratic)** depen-
dence on pump power with the latter being usually
attributed to Auger ionization. Our measurements of 7
(inset of Figure 4a) indicate that pio, is superlinear in
pump intensity (pion o< Ip1'3), suggesting that in perovskite
QDs both linear and nonlinear (such as Auger ionization)
processes likely contribute to QD photocharging.

CONCLUSIONS

To summarize, single-particle measurements of per-
ovskite CsPbX3 (X = I, Br) QDs indicate that they are
quantum emitters at room temperature; that is, they
show strong photon antibunching of the emitted light.
We also observed strong fluctuations in the PL intensity
that correlate with fluctuations of the PL lifetime. This
behavior is typical of “A-type blinking”*” which is
usually associated with the fluctuation of the QD
charge when the ON and the OFF states are ascribed
to a neutral and a charged exciton, respectively. The
analysis of blinking trajectories as a function of excita-
tion intensity suggests that charging is driven by
photoionization due to a combination of both linear
and nonlinear (in pump intensity) processes.

Interestingly, the PL blinking behaviors observed in
the present study are notably different from those
reported previously for larger-size perovskite nano-
structures.32 3 However, if we analyze our results in
the context of previous work on more traditional
colloidal QDs (based, e.g., on lI—VI semiconductors),
we find many similarities. This provides yet another
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example of the generality of many physical phenomena
across strongly confined colloidal nanocrystals of differ-
ent compositions. In addition to PL blinking, colloidal
QDs exhibit remarkably similar trends in intraband re-
laxation, Auger recombination, magneto-optical proper-
ties, etc. One might expect that at least some of these
trends also apply to the emerging class of QDs based on
perovskites, and thus, a vast amount of previous work on
colloidal nanocrystals may provide useful insights into
physical behaviors of these novel materials.

The lessons learned from studies of colloidal nano-
structures may also be helpful in tackling the problem

METHODS

Chemicals and Materials. Oleic acid (OA, 90%), octadecene
(ODE), oleylamine (OAm, 80—90%), Cs,COs, hexane, Pbl,, and
PbBr, were purchased from Aldrich. All chemicals were used as
received without any further purification.

Synthesis of (sPbX; QDs. For the synthesis of Cs-oleate, 0.8 g of
Cs,CO;5 was loaded into a mixture of 30 mL of octadecene and
2.5 mL of oleic acid, and then heated to 200 °C until the white
power was completely dissolved. Then, the mixture was kept at
130 °C for 1 h under vacuum. Note that during the synthesis
of perovskite QDs, the temperature of Cs—oleate mixture
should be kept at least at 130 °C to avoid precipitation. For
the synthesis of the CsPbl; QDs, 0.092 g of Pbl, was added into a
mixture of 5 mL of ODE, 0.5 mL of OAm and 0.5 mL of OA, and
then heated to 120 °C for 30 min under vacuum. The tempera-
ture was then raised to 180 °C, followed by the rapid injection of
0.45 mL of Cs—oleate solution, and then the solution was rapidly
cooled by the water bath. The synthesis of CsPbBr; and
CsPbBr,s_, (x = 1.3) QDs was conducted using the same
protocol but replacing the Pbl, precursor with, respectively,
PbBr, (0.072 g) or a mixture of Pbl, (0.046 g) and PbBr; (0.036 g).
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