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Photoluminescence quenching of inorganic
cesium lead halides perovskite quantum dots
(CsPbX3) by electron/hole acceptor†

Yan-Xia Zhang, Hai-Yu Wang,* Zhen-Yu Zhang, Yu Zhang, Chun Sun,
Yuan-Yuan Yue, Lei Wang, Qi-Dai Chen and Hong-Bo Sun

Recently, all-inorganic cesium lead halide perovskites (CsPbX3) quantum dots (QDs) have attracted great

attention due to their halogen composition and size tunable band gap engineering, the same physical

mechanism that is responsible for excellent performance in light-emitting devices. However, little is

known about the time-resolved fluorescence quenching dynamics process of these CsPbX3 QDs. In this

article, we present comprehensive contrastive spectral studies on the electron and hole extraction

dynamics of CsPbX3 colloidal QDs with and without quencher by time-resolved femtosecond transient

absorption (TA) and time-correlated single-photon counting (TCSPC) spectroscopy methods. We have

identified that the partial electrons of the conduction band and holes of the valence band of CsPbX3

QDs can be directly extracted by tetracyanoethylene (TCNE) and phenothiazine (PTZ), respectively.

Moreover, compared with the CsPbBr3 QDs, the CsPbI3 QDs showed relatively slower charge extraction

rates. We also found that the CsPbBr3 QDs with smaller size showed faster carrier recombination rates

and photoluminescence (PL) decay lifetime due to the relatively stronger quantum confinement effects.

We believe that this study may be useful for realising optimal applications in photovoltaic and light

emission devices.

Introduction
Organic–inorganic hybrid halide perovskites have been studied
since 2009; however, only in the last five years has the vast
potential of this material come to light.1 Due to excellent
optical and electronic properties, this material can be used
for both photovoltaic applications2 and light-emitting devices.3

Generally speaking, perovskite materials have the same crystal
structure as calcium titanate (CaTiO3) and the chemical
formula ABX3, in which the A site is conventionally occupied
by an organic cation such as CH3NH3

+, B site is usually
occupied by a divalent metal ion such as Pb2+ and the X site
is occupied by a halide ion (such as Cl�, Br� or I�).4 They have
been widely used in many fields, such as in biological environ-
ments, solar cells, organic light-emitting diodes (OLED) and single-
photon sources.5–7 These hybrid organic–inorganic CH3NH3PbBr3

QDs show a very favorable size-dependent quantum confinement
effects with enhanced optical properties compared with bulk
counterparts, such as high PL quantum yields (PLQYs) and

high-purity narrow-band emission. However, these organic–
inorganic halide perovskites are very sensitive to oxygen and
water, which prevent it from practical application in the real
world. Fortunately, recent studies have provided new perovskite
QDs, i.e., inorganic CsPbX3 QDs with a cubic shape or cubic
perovskite crystal nanostructures.8–10 In addition to its stability,
CsPbX3 QDs exhibits a size-tunable compositional band-gap
transition throughout the entire visible spectral region. In
terms of the optoelectronic properties, though few studies have
involved the fluorescence characteristic of CsPbX3 QDs, the
knowledge of the PL quenching and charge transfer processes
in QDs is still unclear.11

In this study, steady state and time-resolved TA and PL
spectroscopy experiments were carried out to investigate charge
carrier transfers and the PL quenching process of CsPbX3 QDs
when different concentrations of TCNE and PTZ were added.
Particularly, the femtosecond TA spectroscopic technique was
widely used to investigate the ultrafast dynamic evolution of
photoexcited carriers in various types of materials. Transient TA
dynamics is mainly determined by the temporal change in carrier
density. This spectroscopic technique will be highly effective for
achieving more precise and fundamental understandings of the
quenching mechanism in halide perovskites QDs. The details
will be discussed in the following sections.
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than that of the bare CsPbBr3 QDs under the same experimental
conditions. This changing of the bleaching intensity indicates
that their quantities were decreased. Hence, we can ensure that
the TCNE and PTZ have effectively extracted the electrons and
holes from the conductance and valance bands, respectively. The
TA spectra of CsPbBr3 QDs–TCNE (90 wt%), CsPbBr3 QDs–PTZ
(90 wt%) are shown in Fig. S1a and b (ESI†). At the same time,
Fig. 4d–f show the typical time-resolved TA spectra of bare
CsPbI3 QDs, CsPbI3 QDs adsorbed with TCNE (55 wt%) and
PTZ (55 wt%), respectively. The position of negative GBS was
confirmed at 673 nm; moreover, red shifting compared with the
CsPbBr3 QDs and the bleaching magnitude of the CsPbI3 QDs–
TCNE and CsPbI3 QDs–PTZ was also respectively decreased.

Fig. 5a and b compare the band edge transition dynamics
(505 nm) of the bare CsPbBr3 QDs with their complexes
adsorbed onto TCNE and PTZ, respectively. The modulation
of the decay kinetics was previously attributed to Auger recom-
bination in quantum dots. It can be seen that the kinetic
recombination rates became faster with increasing quencher
concentration from these spectrogram. The faster recombina-
tion rates clearly indicated that the electron and hole were
transferred from CsPbBr3 QDs to TCNE and PTZ, respectively.
We attributed this phenomenon to the fast charge transfer, as
the bare CsPbBr3 QDs inhibit the transfer process. It can also be

observed that the charge transfer rate of CsPbI3 QDs adsorbed
with quencher is a little faster than the bare CsPbI3 QDs, which
is shown in Fig. 5c and d. In order to study the influence of
different halogens on the charge transfer rates of CsPbX3 QDs,
in Fig. 4e and f, we compared the quenching kinetics of CsPbI3

QDs and CsPbBr3 QDs compared with their complexes adsorbed
to TCNE and PTZ, respectively. It can be concluded that the
carriers decay rate of CsPbBr3 QDs is much higher than that of
the CsPbI3 QDs due to the different energy level. In the presence
of a quenching agent (TCNE and PTZ), the carrier transfer rates of
the CsPbBr3 QDs–quencher complexes are also much faster than
for the CsPbI3 QDs–quencher complexes. This phenomenon can
be attributed to the greater difference of energy levels in the
CsPbI3 QDs, which caused the charge transfer rate to increase.
The detailed fitting information is shown in Table S1 (ESI†).

In order to define the different perovskite lattices’ charac-
teristics, we performed XRD (X-ray diffraction) measurements
of CsPbBr3 and CsPbI3 QDs, and the results are shown in
Fig. 6a. As shown in the XRD spectra in Fig. 6a, the three main
perovskite peaks at 15.011, 21.371 and 30.301 corresponding to
the (110), (220) and (330) diffractions of perovskite cubic
CsPbBr3 QDs can be readily read. Due to the different halogens,
the cubic CsPbI3 QDs show blue-shifted XRD peaks at 14.481,
20.511 and 28.981 respectively. These XRD peaks are similar
to those published previously12 and confirm that these cubic
QDs are indeed well fabricated. In order to obtain a deeper
understanding of the radiate recombination dynamical beha-
vior of the photocarriers,23 the PL decay traces of these excited
samples were confirmed by the TCSPC system using single-
channel method, pumped with a 405 nm picosecond diode
laser (Edinburgh Instruments EPL405, repetition rate 20 MHz).
Normalized PL decay traces of bare CsPbBr3 QDs and CsPbI3

QDs–quencher complexes are shown in Fig. 6b. The black line
illustrates the PL decay process of bare CsPbBr3 QDs and others
present the quenched dynamics of CsPbBr3 QDs–quencher
complexes. Generally speaking, the CsPbBr3 QDs excited state

Fig. 5 (a) Kinetic profiles of 505 nm transient bleach recovery of CsPbBr3

QDs, CsPbBr3 – 55 wt% TCNE and CsPbBr3 – 90 wt% TCNE. (b) Kinetic
profiles of 505 nm transient bleach recovery of CsPbBr3 QDs, CsPbBr3 –
55 wt% PTZ and CsPbBr3 – 90 wt% PTZ. (c) Kinetic profiles of 673 nm
transient bleach recovery of CsPbI3 QDs, CsPbI3 – 55 wt% TCNE and
CsPbI3 – 90 wt% TCNE. (d) Kinetic profiles of 505 nm transient bleach
recovery of CsPbI3 QDs, CsPbI3 55 wt% PTZ and CsPbI3 – 90 wt% PTZ.
(e) The transient band edge bleach kinetics for CsPbBr3 QDs, CsPbBr3 –
90 wt% TCNE, CsPbI3 QDs and CsPbI3 – 90 wt% TCNE. (f) The transient
band edge bleach kinetics for CsPbBr3 QDs, CsPbBr3 – 90 wt% PTZ,
CsPbI3 QDs and CsPbI3 – 90 wt% PTZ. For different Halide QDs, the charge
transfer rate of CsPbI3 adsorbed with quencher (TCNE or PTZ) is lower.

Fig. 6 (a) XRD patterns for CsPbBr3 QDs and CsPbI3 QDs. (b) Time-resolved
PL decays for pure CsPbBr3 QDs, CsPbBr3 QDs dissolved in 55 wt% TCNE,
90 wt% TCNE, 55 wt% PTZ and 90 wt% PTZ respectively. (c) Best-fit
parameters of time-resolved PL decays for all samples shown in (b).
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recombination will lead to a multiexponential PL decay profile,
which can be expressed as follows:

IðtÞ ¼
Xn

i¼0
ai exp �t=tið Þ

where n is number of decay components, ai and ti are the amplitude
and the decay time of the ith component, respectively. The ampli-
tudes of the decay components reflect the total contribution of each
lifetime component toward the average lifetime. Therefore, from the
amplitude and the corresponding lifetime component (fitted in
Fig. 6c), the average lifetime htavgi can be calculated as follows:

tavg
� �

¼
X

aiti
2
.X

aiti

From Fig. 6c, we learned that the PL lifetime of CsPbBr3 QDs
was 7.78 ns, and the PL lifetime of CsPbBr3 QDs dissolved in
TCNE (55 wt%) solution was 3.42 ns, whereas that in TCNE
(90 wt%) solution was 1.34 ns. We can clearly see that the PL
lifetimes of CsPbBr3 QDs adsorbed with quenchers (TCNE and
PTZ) became faster and the effects became more dominating
with increased quencher concentration. Generally, the fluores-
cence intensity decay was consistent with the law of exponential
decay and the corresponding equations are as follows:

Iwithout ¼ I0

ð
e�k0tdt (1)

Iwith ¼ I0

ð
e� k0þkqð Þtdt (2)

twithout ¼
1

k0
(3)

twith ¼
1

k0 þ kq
(4)

where I0 is the fluorescence intensity of bare CsPbBr3 QDs, k0 is the
decay rate constant, kq is the charge transfer rate, Z is the quench-
ing coefficient, the fluorescence lifetime is t, and g is the variation
of the fluorescence lifetime. Herein, we explained the quenching
process by analyzing the fluorescence decay lifetime of CsPbX3

QDs and QDs–quencher complexes. Herein, we supposed that
Iwithout(Iw0) and twithout(t0) stands for the fluorescence intensity
and decay lifetime of bare CsPbBr3 QDs, respectively; the fluores-
cence intensity and lifetime of CsPbBr3 QDs–TCNE (55 wt%) are
abbreviated as Iwithout1(Iw1) and twith1(tw1), whereas those of
the CsPbBr3 QDs–TCNE (90 wt%) are Iwithout2(Iw2) and twith2(tw2).
Therefore, according to the following equations, we calculated the
quenching coefficient and fluorescence variation.

Z ¼ 1� Iwith

Iwithout
; Z1 ¼ 1� Iw1

Iw0
¼ 0:60; Z2 ¼ 1� Iw2

Iw0
¼ 0:85:

g ¼ 1� Iwith

Iwithout
; g1 ¼ 1� Iw1

Iw0
¼ 0:56; g2 ¼ 1� Iw2

Iw0
¼ 0:82:

It is interesting that the value of Z is almost equal to g.
Hence, by comparing with the results of TA, it can be concluded

that the process of PL quenching mainly occurs within the
TCSPC experiments time frame. The quenching coefficient of
bare CsPbX3 QDs and QDs–quencher complexes with different
quenchers concentration can be obtained in the steady-state PL
spectra shown in Fig. 3, according to the abovementioned
conclusions. The quenching coefficient of CsPbBr3–PTZ (55 wt%)
and CsPbBr3–PTZ (90 wt%) was 0.6 and 0.92 respectively. The
quenching coefficient of CsPbI3–PTZ (55 wt%) and CsPbI3–PTZ
(90 wt%) was 0.55 and 0.88, respectively. Therefore, we can
reasonably infer that the charge transfer rate of CsPbBr3–PTZ
was faster than CsPbI3–PTZ by comparing the quenching
coefficients. At the same time, the charge transfer rate of
CsPbBr3–TCNE was also faster than CsPbI3–TCNE. These
results are also in agreement with TA spectra.

In addition to the PL quenching of different halide perovs-
kites QDs, we also studied the effect of sizes on the quenching
process by time-resolved TCSPC and TA experiments. First, two
different-sized CsPbBr3 QDs were prepared by changing the
reacting temperature at 130 1C and 180 1C, with 10 and 18 nm
sizes, respectively. Fig. 7a and b show TEM micrographs of
relatively small-sized CsPbBr3 QDs as well as the size distribu-
tion, showing an average diameter of 10 nm. Fig. 7c and d show
the TEM micrographs of relatively larger-sized CsPbBr3 QDs as
well as the size distribution, showing an average diameter of
18 nm. We investigated the steady-state optical properties of
QD10nm and QD18nm, and the results are shown in Fig. 6e. As is
known, both absorption shoulders and fluorescence peaks of
QD will be red-shifted with increasing particle diameter due to
their quantum size effects. The solid lines represent the absorption

Fig. 7 (a) Size histogram of CsPbBr3 QD10nm and (b) TEM images of
CsPbBr3 QD10nm. (c) Size histogram of CsPbBr3 QD18nm and (d) transmission
electron micrographs of CsPbBr3 QD10nm. (e) Optical absorption (sold line),
PL emission (PL, dash line) spectra of the spherical CsPbBr3 quantum dots.
Blue line stands the CsPbBr3 QD10nm, red one stands the CsPbBr3 QD18nm.
(f) XRD patterns for CsPbBr3 QD10nm (black) and CsPbBr3 QD18nm (red).
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CsPbX3 QDs, which includes TCNE and PTZ. We studied the PL
quenching process of CsPbX3 QDs adsorbed to quenchers with
different concentrations. The results show that the quenching
efficiencies of CsPbX3 QDs are highly dependent on the concen-
tration of TCNE and PTZ. Additionally, due to the difference of
the energy levels with different halogens, CsPbI3 QDs showed
slower charge transfer rates than that of CsPbBr3 QDs. The
changing of fluorescence intensities of the bare QDs was
consistent with the lifetime obtained by time-resolved TCSPC
fluorescence experiments. At last, we also investigated that the
effect of sizes on the CsPbBr3 QDs fluorescence quenching
caused by TCNE. Due to the difference of the surface state
between the two sizes of CsPbBr3 QDs, the fluorescence
quenching efficiency and the charge transfer rate also showed
significant size dependent properties. We believe that a deeper
understanding of the PL quenching mechanism reported in
this Letter may be good for optimizing the performance of
perovskite QDs based light-emitting devices.
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