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ABSTRACT: Semiconductive metal halide perovskites have
opened exciting opportunities in a range of optoelectronic
applications including solar cells, photodetectors, lasers, and
light emitting devices. Recently, all-inorganic cesium lead halide
(CsPbX3; X = Cl, Br, I) nanocrystals have become attractive light
sources due to their high photoluminescence quantum yields,
narrow emission linewidths, and emission color tunable over the
entire visible region. Their radiative rates are higher (i.e.,
luminescence lifetimes shorter) than those of more conventional
quantum dots, making perovskite NCs brighter emitters, highly
attractive as both classical and quantum light sources. Multiple
factorsprimarily synthesis parameters and postsynthetic experi-
encegovern the observed radiative lifetime and other optical characteristics. High-throughput experimentation in microfluidic
platforms equipped with in-line optical characterization had proven to be highly instrumental for rapid and accurate assessment
of optical properties, mainly in a steady-state mode. Thus far, in-line measurement of the radiative lifetimes and hence the
proper use of high-throughput experimentation for tailored engineering of radiative rates have been elusive. Herein, we
showcase a fully automated optofluidic platform that integrates time-correlated single photon counting measurements in
droplet-based flow for the rigorous extraction of fluorescence lifetimes of CsPbX3 nanocrystals. The sensitivity of the
experimental setup allows for measurements at a single-droplet level. Such concurrent time-resolved photoluminescence allows
mapping the parametric space in a time-efficient manner (∼1000 lifetime measurements in 5 h of operation) and with high
reagent economy (200 nL reaction volume per measurement). We elucidated the effects of composition and ratios of
judiciously chosen reagents, as well as temperature on the fluorescence lifetimes (5−42 ns). Specifically, the average lifetime as
well as the emission spectra of all halide compositions tested was strongly dependent on Pb-to-Cs variations. Accordingly a
correlation between the steady-state luminescence amplitude and fluorescence lifetimes was established, thus providing a simple
method to differentiate between the photoluminescence quantum yields, concentration effects, and effects due to the
nonradiative recombination at the surface traps. Such a microfluidic tool will aid in analyzing the physicochemical and
photophysical properties of diverse perovskite nanocrystals and other luminescent materials produced in the liquid-state
synthesis.

■ INTRODUCTION

Fluorescence spectroscopy has been paramount as a routine
characterization tool in research laboratories focusing on the
synthesis and applications of semiconductor nanocrystals
(NCs), also known as quantum dots (QDs).1,2 QDs have
been studied intensely due to their unique electronic and
optical properties and potential utility in biological luminescent
labeling,3,4 electrically and optically driven light emitting
devices,4−12 photodetectors,13−16 and photovoltaic devi-
ces.17−23 It is well recognized that reaction parameters during
the bottom-up synthesis of QDs (concentrations and molar

ratios of precursors and ligands, temperature vs reaction time
profile) have a strong influence on the size and morphology of
the QDs and the state of the surface, hence drastically altering
the photoluminescence quantum yield (PL QY) and other
characteristics of the formed particles.23 In general, measure-
ment of the decay in PL of species after excitation by a short
optical pulse allows for the determination of both radiative (kr)
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and nonradiative rate (knr) coefficients, which control and
define the PL quantum efficiency.24 Accordingly, the ability to
perform on-the-fly time-correlated single photon counting
(TCSPC) measurements, when synthesizing nanoparticles, will
significantly enhance useful information content by providing
an absolute measure independent of sample concentration. For
example, evaluation of PL lifetime components will reveal
whether an increase in the time-integrated emission intensity is
due to an increase in PL QY (eq 1) or the product
concentration, with the latter not causing any change in the
average fluorescence lifetime (τ) (eq 2).24

=
+
k

k k
PL QY r

r nr (1)

τ =
+k k
1

r nr (2)

Lead halide perovskite NCs (LHP NCs) are exceptional
materials for a range of nanomaterial-based optoelectronic
applications, including photonic sources2,10,25−33 and light
harvesters.19−21,34,35 Numerous synthetic approaches have
been reported for the formation of colloidal APbX3 NCs
with Cs, formamidinium (FA), and methylammonium (MA)
or mixtures thereof as ions of the A-site and various
halides.2,31,34,36−45 In recent years, all-inorganic CsPbX3 NCs
have attracted enormous attention due to their near-unity QYs
and facile compositional tuning of their emission and
absorption energies across the entire visible region of the
electromagnetic spectrum.2 Several methodologies have been
reported for the elucidation of their nucleation and growth
mechanisms,46,47 surface chemistry,48−53 and photophy-
sics.54−60 However, a detailed understanding of the reaction
parameters that govern their physicochemical and photo-
physical characteristics is limited by the rapid kinetics of
nucleation and growth associated with ionic-metathesis-based
processes.2,46 Additionally, the phase instability of the 3D
polymorph of CsPbI3 or CsPb(Br/I)3 NCs limits photo-
physical characterization for certain cationic or halide
compositions.61

Near-future anticipated applications of LHP NCs are in
liquid crystal displays (LCDs)62 exploiting bright narrow-band
PL or in light emitting diode (LED) displays63 making use of
electroluminescence. Beyond these classical applications,
information regarding the fluorescence lifetimes of perovskite
NCs is significant for the development of quantum light
sources, such as single-photon LEDs64 or for quantum
information technologies.60,65 CsPbX3 NCs have short
radiative lifetimes (few nanoseconds at room temperature),
typically an order of magnitude faster than InP or CdSe QDs

and 3 orders of magnitude faster at cryogenic temperatures,
which makes them ideal candidates for the development of
single-photon sources.56,66 Perovskite NCs are thus far the
most optically coherent chemically synthesized single-photon
sources.60 An important aspect is that the profile of the PL
decay and the average radiative lifetime can be related to NC
stability. A recent study by Bodnarchuk et al.43 exemplifies the
effects of surface passivation and aging on PL lifetimes and PL
QYs, elucidated by standard ex situ optical measurements. It is
therefore a highly desired prerequisite to develop a strategy for
the direct in situ and cost-efficient evaluation of the PL
lifetimes in response to the synthesis conditions, isolation, and
purification steps.
As noted, TCSPC measurements can provide a detailed

analysis of excited state dynamics through the evaluation of PL
decay time components.24 That said, NC characterization is
normally performed in an off-line manner (for NCs
synthesized in flask reactors), using methods based on time-
integrated and time-resolved fluorescence, absorption spec-
troscopy, and light scattering.67,68 Automation of batch
synthetic processes, together with the rapid optimization of
the physicochemical and photophysical properties of the
resulting NCs, is almost always challenging, due to the need
for extensive sample preparation, the difficulties associated
with detector integration, and the need for particle purification
postsynthesis.68,69 This is particularly crucial for the discovery
and development of more complex perovskite compositions,
such as emerging double perovskite NCs, with recent examples
being Cs2Ag1−xNaxInCl6,

70,71 Cs2AgInxBi1−xCl6,
72 and

Cs2AgBiX6.
73 In such systems, PL QY and PL lifetimes are

deternimed by a complex interplay among doping strategies, B-
site ions, and reaction conditions, which makes the thorough
parametric screening prohibitively slow with conventional flask
synthesis and postsynthetic optical characterization. Con-
versely, microfluidic platforms incorporating optical detection
systems have been shown to allow for the controlled synthesis
of a wide range of NCs, together with efficient and real-time
characterization of material properties.31,44−46,74−86 In this
regard, most efforts have focused on in-line implementations of
techniques such as fluorescence and UV−visible absorp-
tion,75,87 X-ray scattering,88 and correlation spectroscopies,89

with information regarding particle size, shape, and size
distribution being accessible.
Recently, we reported the microfluidic syntheses of CsPbX3,

FAPbX3, and CsxFA1−xPb(Br1−yIy)3 NCs, together with
rigorous and ultrafast mapping of reaction parameter space,
including molar ratios of cation and halide precursors, ligands,
reaction temperatures, and reaction times.31,44−46,83 The
combination of efficient mass/thermal transport and real-

Figure 1. (a) Schematic of the microfluidic platform incorporating a TCSPC module. (b) Representative in situ PL decays of CsPbX3 NCs and the
instrument response function (IRF). Radiative lifetimes were estimated using a multiexponential fitting function in real time.
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time product analysis within a versatile microfluidic platform
allowed for the investigation of early stage reaction kinetics and
provided both optimized and transferable synthesis parameters
for conventional flask-based reaction systems. Although highly
successful, further refinement of such an approach is required
to allow the efficient extraction of real-time information
regarding PL QYs and radiative/nonradiative deactivation
pathways. To this end, herein we report the implementation of
a fully automated optofluidic platform (Figure 1a), which
combines both time-integrated and time-resolved PL detection
for the comprehensive and systematic investigation of the
effect of different reaction parameters, including temperature,
I/Br ratios, and Pb/Cs ratios, on the PL lifetime of CsPbX3
NCs. We show for the first time that a correlation between the
sample brightness and radiative lifetime can be established,
without the need for sample isolation and purification. This
innovation allows a simple route to differentiating between the
concentration effects and effect due to the nonradiative
recombination in surface traps. TCSPC measurements allow
for in situ decoding of PL decaytimes (between 5 and 42 ns)
for all halide systems studied and highlights critical reaction
parameters that have a strong influence on PL QYs. The range
of extracted fluorescence decay time components is in line with
previous flask-based methodologies,2 indicating the accuracy
and precision of the developed methodology. In particular, in-
line TCSPC measurements allow for a further understanding
of the photophysical characteristics of CsPbX3 NCs under both
Cs-rich (Pb/Cs ≤ 1.5) and Pb-rich (Pb/Cs ≤ 1.5) synthetic
conditions.

■ EXPERIMENTAL SECTION
Materials. Cesium carbonate (Cs2CO3, Aldrich, 99.9%),

lead bromide (PbBr2, ABCR, 98%), lead iodide (PbI2, ABCR,
99.999%), 1-octadecene (ODE, 90%), oleic acid (OA, Sigma-
Aldrich, 90%), oleylamine (OLA, Acros, ≥96%), perfluor-
ooctyltrichlorosilane (PFO, Sigma-Aldrich, 97%), fluorescein
isothiocyanate (FITC), phosphate-buffered saline (PBS),
potassium hydroxide (KOH, Sigma-Aldrich, ≥86%), eryth-
rosine B (Sigma-Aldrich, dye content ≥95%), potassium iodide
(KI, Sigma-Aldrich, ≥99%), and Galden perfluoropolyether
fluorinated (PFPE) fluid (Blaser Swisslube) were used as
received.
Preparation of Precursors. Cesium Oleate Precursor

Solution. Cs2CO3 (0.204 g), ODE (40 mL), and OA (2.5 mL)
were placed in a 100 mL Schlenk flask and dried at 120 °C
under vacuum for 2 h to allow dissolution of the cesium salt.
The solution was then allowed to cool and could then be
stored under argon for several days without any observable
precipitation at room temperature. For each experiment, 8 mL
of precursor solution was loaded into a 10 mL gastight glass
syringe (Hamilton).
Lead Halide Precursor Solution. PbX2 including PbBr2

(0.069 g) and PbI2 (0.087 g) were added to 20 mL Schlenk
flasks together with 5 mL of ODE and dried under vacuum for
2 h at 120 °C. After this period of time, 0.8 mL of dried OA
and dried OLA were added under argon until all the PbX2 is
completely dissolved. The resulting solutions were then
allowed to cool to ambient before being loaded into 10 mL
gastight glass syringes (Hamilton).
Microfluidic Platform and Experimental Procedure.

Precision syringe pumps (neMESYS, Cetoni GmbH, Ger-
many) were used to inject and motivate the dispersed phase
(i.e., PbX2 and Cs−oleate precursor solutions) and carrier fluid

(Galden perfluoropolyether fluorinated fluid) toward a PEEK
cross (P-729, Upchurch Scientific, Germany) to form a
segmented flow of droplets. For CsPb(X/Y)3, the dispersed
PbX2 and PbY2 precursor solutions were initially injected into a
PEEK T-junction before being loaded into the PEEK cross for
droplet formation. The injection cross and the syringes
carrying the precursor solutions were connected through
PTFE tubing (ID 250 μm, OD 1/16 in., Upchurch Scientific,
Germany) using PEEK fingertight fittings (F-127, Upchurch
Scientific, Germany). The carrier fluid was transferred to the
PEEK cross through fluorinated ethylene propylene tubing (ID
750 μm, OD 1/16 in., Upchurch Scientific, Germany). Typical
flow rates for the carrier phase were between 50 and 120 μL/
min and between 0.5 and 30 μL/min for the dispersed phase.
As previously reported, the microfluidic platform allowed for
independent control of the Pb-to-Cs molar ratio and halide
ratios (I-to-Br) through adjustment of flow rate ratios at the
cross and T-junctions, respectively. The formed droplets
containing the reaction mixture were subsequently directed
through perfluoroalkoxy alkane (PFA) tubing (ID 500 μm, OD
1/16 in., Upchurch Scientific, Germany) coiled around a
copper-heating rod (diameter = 1.5 cm) to allow the initiation
of reaction. Droplets exiting the heating section were directed
through PTFE tubing into a straight channel (500 × 80 μm)
polydimethylsiloxane (PDMS) microfluidic flow cell to allow
for concurrent time-integrated and time-resolved measure-
ments. The PDMS microfluidic device was fabricated using
standard soft-lithographic techniques, which are described
elsewhere.90 Surface treatment of the microfluidic channels
with PFO was performed prior to each experiment to ensure
that channel surfaces were consistently fluorophilic.

Confocal Fluorescence Detection. For all TCSPC
experiments, light from a 485 nm pulsed diode laser
(LDH P-C-485B, 90 ps pulse width, PicoQuant GmbH,
Germany) was directed toward a laser cleanup filter (F1)
(F49−488, AHF, Germany) and then coupled by a fiber
delivery system (FC) using a single mode fiber (KineFLEX-P-
3-S-488, QIOPTIQ, Germany). Light exiting the fiber was
then collimated by an infinity-corrected 10× magnification
microscope objective (Olympus 10× NA 0.25, Thorlabs,
Germany) for laser beam expansion and directed into the back
port of the microscope (Nikon Ti-E, Nikon, Switzerland).
Expansion of the laser beam ensured that the beam almost
completely fills the entire back aperture of the objective lens
(∼6.5 mm) and minimizes the laser spot diameter at the focal
point. Subsequently, a dichroic mirror (DM) (F48-510, AHF,
Germany) reflected the light into a 40× air objective (40×
Plan Fluor Nikon NA 0.75, Nikon, Switzerland). Fluorescence
emission from the sample was collected by the same objective
lens and filtered by an emission filter (F2) (F76-490:488 LP
Edge Basic Longpass Filter, AHF, Germany) which was
installed in the microscope filter cube together with the
dichroic mirror. A mirror (M1) was then used to reflect the
fluorescence into the detection path. Fluorescence emission
was then focused by the microscope tube lens (L1) onto a 30
μm pinhole (PH) (P30S Mounted Precision Pinhole,
Thorlabs, Germany) to reject out-of-focus photons. A
collimating lens (L2) (f =100 mm, Thorlabs, Germany) was
used to collimate the light, and a holographic notch filter (NF)
(F40-487: Single Notch Filter for 488 nm - E grade, AHF,
Germany) used to remove residual back-reflected excitation
light, before the fluorescence was directed onto a continuously
variable neutral density filter wheel (FW) (Cage-Compatible,
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Cont. Variable, Refl. ND Filter Wheel, OD = 0−2.0, M4 Tap,
Thorlabs, Germany). Finally, fluorescence was focused by a
lens (L3) and directed onto a SPAD photodetector (SPCM-
AQRH 13, Excelitas, Canada). The system integrates compact
TSCPC electronics, allowing for PL lifetime measurements
with a temporal resolution of 25 ps. Briefly, the TCSPC
electronics are based on a TimeHarp 260 stand-alone module
(PicoQuant GmbH, Germany). This system can record digital
photon detection signals in time-tagged, time-resolved
(TTTR) mode, allowing the delay time of each fluorescence
photon with respect to the laser pulse to be recorded.
In Situ PL Measurements and Estimation of Fluo-

rescence Lifetimes. In situ PL intensity and lifetime
measurements of CsPb(X/Y)3 NCs were recorded from
individual droplets traveling along the PDMS microfluidic
channel. PL data were recorded with a 100 ms integration time
using a fiber spectrometer (Qe Pro, Ocean Optics, U.K.)
through a 2 m long fiber mounted to one of the ports of the
microscope. TCSPC measurements were recorded with a 50−
100 ms integration time, 0.025 ns binning time, and 10 s total
acquisition time, by further averaging over multiple droplets.
In-house software (written in the LabView programming
environment) was used to calculate real-time fluorescence
decay times of the synthesized NCs, with decay profiles being
fitted to a sum-of-exponential models containing up to three
terms, eq 3. The fluorescence decay measured by the TCSPC
method corresponds to the convolution of the instrument
response function (IRF) of the microscope with the actual
fluorescence decay of the sample. Since the IRF affects the
accuracy of measured fluorescence lifetime, we measure its
value by an IRF deconvolution procedure to improve the
accuracy of the lifetime measurement. The solution for the IRF
measurement was prepared by the mixing 170 μL of saturated
Erythrosine B solution with 300 μL of 0.004 M KOH solution
in 1 mL of water solution containing saturated KI.
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Here I(t) is intensity at time t, I0 is the intensity at time zero,
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Here, ai is the amplitude (or pre-exponential factor) associated
with component i, where ∑ =a 1i . A Levenberg−Marquardt
minimization algorithm was used to fit all data, and a
Richardson−Lucy algorithm was used for the deconvolution
of the IRF from recorded decay profiles. The analysis software
allows control of the number of fitting parameters, with the
initial parameter estimates being provided manually at the start
the fitting procedure. Fitting of the fluorescence decays
originating from the synthesized NCs (within individual
droplets) can be performed in high-throughput, with the
average fluorescence lifetime being calculated in an automatic
manner (see Figure S1 for single droplet fluorescence lifetime
analysis).
It is important to note that the reactor operation is entirely

automated and is also controlled by a custom-made LabView

script. Briefly, the LabView script accepts a set of predefined
experimental parameters that are executed in sequence. First,
the reactor checks current reaction conditions (such as
temperature and volumetric flow rates) and then determines
an appropriate time scale for the system to reach steady-state.
Reaction conditions are then adjusted, and after measurement
of fluorescence decay curves, fluorescence decay times are
extracted. Figure 2 summarizes the workflow for this process.

■ RESULTS AND DISCUSSION
To calibrate the real-time TCSPC detection system and assess
the robustness of the analysis procedure, we measured the
fluorescence decay of a 100 μM fluorescein isothiocyanate
(FITC) solution in PBS buffer enclosed in nanoliter droplets.
The fluorescence decay profile is shown in Figure 3 and is
satisfactorily described by a single exponential decay function
with a fluorescence lifetime of 4.18 ns and a reduced chi-
squared value of 1.23.
Colloidal CsPbX3 NCs were then synthesized according to

procedures described in our recent publication.46 As previously
elucidated, the molar ratio of Pb-to-Cs should be maintained
above 1.5 to ensure that the synthesis can proceed in the
stoichiometric fashion with full reaction yield (forming Pb−
oleate as a byproduct).46 In particular, multiple variations of
Pb-to-Cs reagent ratios can have a dramatic effect on PL
properties, such as fwhm and PL intensity. Additionally, Pb-
rich conditions (Pb-to-Cs molar ratios between 2 and 5,
depending on the halide composition) can be beneficial for the
formation of CsPbX3 NCs with enhanced PL QYs.46 To
further understand the effect of the particle concentration on
time-integrated fluorescence intensities and to develop a better
understanding of the decay dynamics of CsPbBr3, CsPb(Br/
I)3, and CsPbI3 NCs, we primarily focused our studies on the
impact of Cs and Pb loadings on the fluorescence decays, the
associated radiative lifetimes, and the PL intensities.
Figure 4a illustrates variations in the time-integrated PL

emission spectra as a function of the Pb-to-Cs molar ratio, with
Figure 4b presenting corresponding fluorescence decay profiles
for the same conditions. More specifically, changes in PL
intensity recorded in-line for Br-rich CsPb(Br/I)3 NCs (iodide
loading is equal to 16% based on the halide flow-rate ratios)
results in variations of their fluorescence lifetime. The PL
decay spectra can be fitted by a biexponential function
providing in real time the (τ1) and (τ2) components, whereas
the average recombination lifetime is estimated by eq 4. The
non-monoexponential decay profile is also in line with the
trend observed for CsPbBr3 NCs.43 A formidable challenge

Figure 2. Flowchart for the automated operation of the microfluidic
platform and recording of PL lifetimes and PL spectra.
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with perovskite NCs is to relate monoexponential decays
(typically higher QYs) and multiexponential decays (typically
lower QYs) with PL QY.43 Typically, surface traps usually
shorten the measured PL lifetime due to fast, irreversible
nonradiative trapping of one of the photoexcited carriers.
However, shallow trap states may only temporally trap the
carrier and eventually return, yielding a long-lived component
to the PL.91−93

For instance, Figure 4c illustrates that an increase of the Pb-
to-Cs molar ratio from 1.7 to 3.1 leads to an increase of the
average fluorescence lifetime from 17.2 to 19.2 ns, whereas a
further increase of Pb-to-Cs ratio causes a drop to 13.5 ns
probably associated with the nonradiative recombination. The
average lifetime of all halide compositions tested has a strong
dependence on Pb-to-Cs variations (see Supporting Informa-

tion for additional studies of Pb-to-Cs variations at different
temperatures, Figures S2−S4), particularly for CsPbI3 where
the average lifetime drops from 44 to 15 ns for Pb-rich NCs.
To obtain additional insights into the role of NC

compositional changes on the PL properties, we also measured
the fluorescence lifetimes of CsPb(Br/I)3 NCs while varying
the halide composition. As shown in our recent study,46 the
band edge emission of Br/I perovskites can be tuned from 523
to 690 nm through a continuous variation of PbI2/PbBr2 halide
molar ratio (Supporting Information for PL spectra). In
general, PL lifetime is both composition and size-dependent at
room temperature. Specifically, for larger bandgapssmaller
NC sizes or lighter halidesthe PL lifetime is shorter.55 Such
bandgap dependence of the radiative rate is fully explainable by
the Fermi golden rule, also known as the energy gap law.94 In
this direction, adjustment of the anionic composition of the
synthesized CsPbX3 NCs serves two purposes: it provides a
facile manner to tune the PL properties of the perovskite NCs,
and at the same time possible size-dependent effects on the
measured PL lifetimes can be excluded when the size of
CsPbX3-based NCs is fixed between 10 and 12 nm (e.g., within
the weak quantum confinement regime).59,66 Figure 5a,b
demonstrates the effect of the halide content on the
normalized fluorescence decays of CsPb(Br/I)3 NCs. Extrac-
tions of the average fluorescence lifetimes from the
fluorescence decay data were plotted as a function of iodide
content and showed a practically linear increase.
Previously, we demonstrated that the band edge emission

and the PL decays of CsPb(Br/I)3 can be tuned as a function
of I/Br molar ratio.46 Therefore, by a systematic variation of
iodide loading from 6.5 to 91.6%, we managed to tune the PL
peak wavelength from 516 to 680 nm (Figure 5c) leading to a
monotonic increase of average PL lifetimes from 12.5 (Br-rich)
to 30 ns (I-rich) (Figure 5b). This confirms that the PL
lifetime is strongly dependent on the halide confirming that the
heavier the halide, the longer the PL lifetime. However, the
long PL lifetime could also be attributed to the formation of
metastable charge-separated states involving electrons in
shallow surface traps.91

To further investigate the effect of iodide content on the
fluorescence decays, we conducted experiments at various
temperatures with a fixed Pb-to-Cs molar ratio. Figure 5d
demonstrates the effect of iodide loading from 6.5 to 91.6% on
the average lifetime of the synthesized NCs, at 150, 170, and
180 °C (temperatures correspond to the synthesis of NCs

Figure 3. Fluorescence lifetime analysis of a 100 μM FITC solution in
PBS buffer. Other parameters were λex = 488 nm, pulse width = 80 ps,
and repetition rate = 20 MHz.

Figure 4. Effect of the Pb-to-Cs molar ratio on the (a) PL characteristics and (b) normalized fluorescence decays (log-scale) of CsPb(Br/I)3 NCs
at 180 °C. Colors in the PL spectra correspond to various Pb/Cs values. The PL decays were fitted using a biexponential model, and they are
extracted after averaging over multiple droplets with the same experimental conditions. (c) Pb-to-Cs molar ratios vs τ and PL intensity for the
synthesized CsPb(Br/I)3 NCs. Other reaction conditions were fixed to reaction time = 10 s and iodide loading = 16%.
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lifetime measurements were conducted at room temperature,
after droplets exiting the reactor). Although fluorescence
lifetimes tend to increase at all temperatures, at iodide loadings
between 25 and 50% they remain mostly constant or slightly
decrease. This can be explained by the fact that at this range of
iodide loading a drop in PL intensity is observed, mostly due to
the fast halide-ion segregation during the formation of
CsPb(Br/I)3 NCs.

61

Although variation of the anionic composition toward the
formation of Br-rich and I-rich perovskite NCs provides a facile
tuning of their PL spectra from blue to red, a concurrent
readjustment of Pb-to-Cs molar needs to be considered.46 For
this reason, we performed experiments at different Pb-to-Cs
molar ratios (which has a strong influence on fwhm and
emission intensity of CsPb(Br/I)3 while altering the anionic
composition of the NCs (see Supporting Information, Figures
S5 and S6). In general, Pb-to-Cs molar ratios in the range of
2.2−3.1 allowed for the tuning of the PL lifetimes between 12
and 32 ns from Br-rich to I-rich compositions (Figure 5 and
Figure S5). On the other hand, Pb-to-Cs molar ratios greater
than 4 do not favor the formation of luminescent Br-rich mixed
halide NCs, since the fluorescence lifetime decays of NCs with
iodide compositions ≤ 50% could not be detected (see Figure
S6, Pb-to-Cs = 4.1). At the same time, average lifetimes of I-
rich NCs were considerably lower than those synthesized at

lower Pb-to-Cs molar ratios. These findings further support
our previous study of different optimized Pb-to-Cs molar ratios
for the formation of highly luminescent Br-rich and I-rich
CsPb(Br/I)3 NCs.
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Typical flask syntheses of CsPbX3 NCs are conducted
between 160 and 180 °C for obtaining sizes in the range of 8−
12 nm.2 As it has been reported,2 an optimum range of
reaction temperatures for the synthesis of CsPbX3 NCs, which
exhibit high QYs (up to 90%) and narrow emission linewidths,
is between 130 and 200 °C. In this respect, such high QYs are
relatively uncommon for NCs when synthesized at relatively
low temperatures. To extend the optical characterization of
CsPbX3 NCs, we investigated the fluorescence lifetime
behavior of CsPbX3 NCs as a function of temperature for
reaction times of at least 10 s. Figure 6a,b shows the evolution
of PL decays and variation of PL lifetimes of halide CsPbBr3
NCs as a function of the synthesis temperature between 150
and 200 °C. The average fluorescence lifetimes (PL decays
were fitted with a biexponential model at all temperatures)
increase from 7.1 to 11.6 ns due to the quantum confinement
effect, where normally red-shifted PL spectra would lead to an
increase in the fluorescence lifetime. Further increase of
temperature leads to a decrease of fluorescence decay time
since typically low PL intensities exist at temperatures higher
than 200 °C (see Figure S7 for the corresponding change on

Figure 5. Effect of iodide loading on the (a) normalized fluorescence decays (log-scale), (b) average lifetimes (τ), and (c) position of maximum
emission of CsPb(Br/I)3 NCs at 170 °C. Colors in Figure 5b correspond to the fluorescence decays in Figure 5a. The PL decays were fitted using a
biexponential model, and they are extracted after averaging over multiple droplets with the same experimental conditions. (d) Iodide content vs
average lifetime for CsPb(Br/I)3 NCs which were synthesized at various temperatures of 150, 170, and 180 °C. Other reaction conditions were
fixed to Pb-to-Cs = 2.2 and reaction time = 10 s.
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PL intensities). A similar behavior is also apparent on Figure
6c,d for the effect of temperature on PL decays and PL
lifetimes of CsPbI3 NCs. The same experiments were also
conducted for mixed halide perovskite NCs (see Figure S8)
revealing a similar behavior for Br-rich and I-rich NCs.

■ CONCLUSION
The studies described represent the very first report of on-the-
fly TCSPC measurements during the synthesis of perovskite
NCs and suggest significant potential for the rapid
optimization of NC photophysics using minimal reagent
volumes (106-fold reduction in sample volume compared to
conventional analysis) and reduced screening times (∼200
experimental runs per hour meaning 100-fold reduction in
terms of screening times). In addition, concurrent time-

integrated PL and TCSPC measurements revealed that
intensity variations from PL measurements were not an effect
of product yield but directly proportional to average lifetime.
In addition, a thorough investigation on the influence of
different precursors (Pb-to-Cs and Br/I ratios) and temper-
ature on the average lifetimes allowed us to verify our
conclusions regarding the optimized ratios required for the
synthesis of highly luminescent CsPbX3 NCs. In particular,
systematic variation of reaction conditions allowed a fine-
tuning of the average lifetime between 5 and 42 ns.
Importantly, the average lifetime is strongly dependent on
the halide content. An increase in the iodide content, for mixed
halide perovskites, allowed for a linear increase of the
fluorescence lifetimes. However, long PL lifetimes could be
attributed to the formation of metastable charge-separated

Figure 6. Effect of temperature on the (a, c) normalized fluorescence decays (log-scale) and (b, d) average lifetimes (τ) of CsPbBr3 and CsPbI3
NCs. The PL decays were fitted using a biexponential model, and they are extracted after averaging over multiple droplets with the same
experimental conditions. Other reaction conditions were fixed to Pb-to-Cs = 3.5 for CsPbBr3 NCs, Pb-to-Cs = 3.3 for CsPbI3 NCs, and reaction
time = 10 s.
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states involving electrons in shallow surface traps or polarons.
In addition, such platforms are ideally suited for the rapid
determination of radiative multinary compositions (such as
CuZnIn(Se/S)4 and Cu(Ga/In)(S/Se)4) while providing
mechanistic insights based on intrinsic photophysical proper-
ties. A refined version of this platform can potentially track the
lifetimes of NCs at the early stages of their formation.
Elucidating the nucleation and growth mechanism of semi-
conductor nanocrystals in the millisecond time scale remains
challenging. Droplet-based microfluidics integrated with
fluorescence lifetime measurements will allow extraction of
fluorescence decay times and spectra at early time points
during the nucleation growth processes. Experiments toward
this goal are in progress. Other applications include protein
screening for the extraction of a wide range of parameters
(including pH, temperature, and thermodynamics) and
fluorescence lifetime-activated droplet sorting. We anticipate
that the core methodology will be of immense value to the
nanomaterials and microfluidic communities.
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