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rate of radiation energy on the
charge-carrier kinetics application of all-inorganic
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In the field of optoelectronics, all-inorganic CsPbBr3 perovskite nanocrystals (PNCs) have gained significant

interest on account of their superb processability and ultra-high stability among all the counterparts. In this

study, we conducted an in-depth analysis of CsPbBr3 PNCs using joint transient optical spectroscopies

(time-resolved photoluminescence and ultrafast transient absorption) in a very comprehensive manner.

In order to understand the in-depth analysis of excited-state kinetics, the transient absorption

spectroscopy has been performed. The structure of interest of CsPbBr3 PNCs was subjected to the rates

of the radiation energy of 0.10 mW (kr/knr ¼ �0.62) and 0.30 mW (kr/knr ¼ �0.64). With the rate of

radiation energy 0.30 mW, it was observed that there was a significant increase in hot carrier relaxation

together with high radiative recombination, resulting in a decrease in charge trappings. Herein, we

demonstrate that the tuning of the rate of radiation energies helps to understand the charge-carrier

kinetics of CsPbBr3 PNCs, which would thus improve the manufacturing of efficient photovoltaic devices.
1. Introduction

All-inorganic colloidal CsPbX3 (X ¼ Cl, Br, and I) PNCs1 have
emerged as competitive candidates in the domain of illumina-
tion, display and optoelectronics applications,2 for instance, in
solar cells,3 light-emitting diodes,4 photo-detectors,5 lasers,6

photo-catalysts,7 luminescent solar concentrators,8 and back-
light displays.1,9 These novel optical and electrical attributes
such as the large coefficient of absorption,10 high carrier
mobility,11 low recombination rate1,12 together with high pho-
toluminescence quantum yield (PLQY)1 and superior stability13

are the wide range attributes of CsPbX3 (X ¼ Cl, Br, and I)1,13 in
comparison to their hybrid counterparts MAPbX3 (MA ¼
CH3NH3, X ¼ Cl, Br, and I).14 From the above-mentioned
features, one can easily comprehend that the kinetics of the
photo-generated electron–hole15,16 pairs inside PNCs plays
a decisive role in their optoelectronic properties.17 The time-
resolved photoluminescence (TRPL)18–29 and transient
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absorption (TA)30–37 spectroscopies used to study the ultrafast
photo-physical operation of charge carrier kinetics33 in the
context of the generation and recombination,30,34 relaxation of
the hot carriers,30 properties of the interfacial charge trans-
port30,38–40 and pathways of negligible electron–hole conrmed
with the treatment of these spectroscopic techniques, which
accounts for a high PLQY1 in the CsPbX3 (X ¼ Cl, Br, and I) PNC
and its composites.

These key ndings provided a broad perspective on the
optimization of halide-based perovskites for optoelectronic
device applications.41,42 Substantial defect reductions and the
corresponding increase in the radiative recombination rates
have been reported.43 Kamat et al. reported a pump uence-
dependent charge carrier kinetics study in a thin lm of
CH3NH3PbI3.44 With the variation in the halide composition
from CsPbBr3 to CsPbI3, Kim et al. reported a comparative
study of hot carrier cooling.45 The pump uence-based study of
the mechanism behind hot carrier cooling in MAPbI3 NCs was
reported by Fu et al.46 The intensity-dependent investigation of
the hot carrier cooling process in CsPbI3 quantum dots was
examined by Feng Liu et al.47 Similarly, the wavelength-
dependent mechanism of the hot-carrier cooling phenom-
enon in CsPbBr3 NC/MO2 (M ¼ Si, Ti, and Sn) composites was
investigated by Kuang et al.30 Herein, all-inclusive charge-
carrier kinetics was looked into the CsPbBr3 PNCs using the
TRPL and the rate of radiation energy-dependent TA spec-
troscopy. To the best of our knowledge, we have also reported
the kinetic Burstein–Moss shi attribute of the band edge
RSC Adv., 2020, 10, 34651–34657 | 34651
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carrier aggregation in the CsPbBr3 PNC material in the context
of the rate of radiation dependence. As a result, the application
of a 0.30 mW rate of radiation energy helps more to improve
hot-carrier relaxation and signicantly promotes radiative
recombination in order to reduce charge trappings. In addi-
tion, the ratio obtained from the TRPL (kr/knr ¼ �0.63) is
consistent with the result obtained by TA (kr/knr ¼ �0.64). The
systematic use of different high-power laser sources for the
study of charge-carrier kinetics into CsPbBr3 PNCs opens up
a new way of minimizing charge trapping states to make this
inorganic perovskite more stable, and the observation of these
ndings allows for critical insights into the relatively undis-
covered excited-state feature of PNCs.
2. Experimental section
2.1 Materials

Cesium carbonate (Cs2CO3, 99.995%), lead bromide (PbBr2,
99.999%), hexane (laboratory reagent, $95%), oleic acid (OA,
90%), 1-octadecene (ODE, 90%) and oleylamine (OLA, 80–90%)
were used in the preparation of CsPbBr3 PNCs.
2.2 Formulation of cesium oleate

A cesium oleate precursor was formulated by adding 2.50 mmol
of Cs2CO3, 8.85 mmol of oleic acid, and 158.4 mmol of 1-octa-
decene in a three-neck 100 mL ask, followed by vacuum
desiccation for 1 h at 120 �C, and then heating the ask at
130 �C under a nitrogen atmosphere for the stark solubilization
of Cs2CO3. The obtained solution stored in a freeze and rehea-
ted to 100 �C before using it for the preparation of all inorganic
CsPbBr3 PNC.
2.3 Preparation of all inorganic CsPbBr3 PNC

Colloidal all-inorganic CsPbBr3 PNCs were prepared using
a more general modied hot-injection route. For this purpose,
1-octadecene (19.8 mmol) and lead bromide (0.188 mmol) were
taken in a three-neck 25 mL ask, followed by vacuum desic-
cation at 120 �C for 1 h. Desiccated oleylamine (1.87 mmol) and
oleic acid (1.77 mmol) were fed into the above mixture at 120 �C
under a nitrogen environment. Aer stark solubilization of the
PbBr2 salt for approximately 1 h under the nitrogen environ-
ment, the temperature of the reaction was increased to 180 �C
andmaintained for approximately 30 min (for adjusting the size
of NC); and the mixture was quenched by dipping into the ice-
water bath just aer the Cs-oleate (0.4 mL) solution was
injected.1
2.4 Separation and purgation of all-inorganic CsPbBr3 PNC

Aer cooling the mixture in an ice-water bath, the mixture was
centrifuged at 10 000 rpm for 10 min in order to isolate the
agglomerated PNCs. In order to prepare the long-term colloidal
stable solution, we centrifuged the suspended part that has
been disposed and the particles in small amounts of hexane
(49.9 mmol) were re-dispersed.
34652 | RSC Adv., 2020, 10, 34651–34657
2.5 Characterizations

Rigaku MiniFlex 600 with a Cu Ka radiation (l ¼ 1.540593 Å)
source was used to obtain the powder X-ray diffraction pattern.
A Cary 100 spectrometer in an absorptionmode was used for the
acquisition of UV-Vis spectra in the range of 400–700 nm for
colloidal solutions. A Cary Eclipse (MY17060005) was used to
collect the spectra in the range of 460–700 nm for the steady-
state photoluminescence (PL, excitation at 450 nm). Fluores-
cein1 dye was used as a reference uorophore to calculate the
photoluminescence quantum yield (PLQY). A photo-
luminescence lifetime spectrometer (EPL470, Edinburg Instru-
ments Ltd with a picosecond pulsed diode laser as an exciting
source having a pulse duration 93.2 ps and the peak wavelength
of 466.2 nm with a maximum average power of 5 mW) was used
to perform the PL lifetime measurements in a time-correlated
single-photon counting mode. Transmission electron micros-
copy (TEM), selected area electron diffraction (SAED) and high-
resolution TEM (high-angle annular dark-eld scanning trans-
mission electron microscopy JEOL 2100F) studies were carried
out to understand the nanostructure in the material. An Omi-
cron electron spectrometer of Oxford Instrument Germany
equipped with amonochromatic Al Ka X-ray source (hn¼ 1486.7
eV) operating at 150 W was used for the elemental analysis (i.e.,
X-ray photoelectron spectroscopy). Binding energies were in
accordance with the sp3 hybridization (C–C) carbon from OLA
and OA and studied in comparison with the C1s peak (xed at
around 284.46 eV) used as a reference. An IRAffinity-1S SHI-
MADZU 00841 was used to record the Fourier transform-
infrared spectra between 3500 cm�1 and 584 cm�1. The TA
measurements were performed using the TA spectroscopy
system consisting of Ti:sapphire oscillator, regenerative
amplier coupled with an optical parametric amplier (OPA).
The oscillator is a Verdi Pumped Micra system whose output
(�350 mW power with 800 nm pulses) is seeded to the regen-
erative amplier, which produces 4 mJ energy output in the
form of 800 nm pulses with the pulse width of 35 fs at 1 kHz
repetition rate. This output was further divided into 2 portions:
one is seeded into OPA (TOPAS) giving rise 290 nm to 2600 nm
thus addressing from the UV to NIR region with an output pulse
duration of 80 fs, while the other is introduced into spectrom-
eter (HELIOS) moving through a delay stage of 0–8 ns, which
further descends onto the sapphire crystal giving rise to
a continuum of white light (420–780 nm) as a probe pulse. The
former pulse of 410 nm (pump pulse) stimulates the sample
under study and transfers the information of excited-state
dynamics to the probe pulse. Then, the probe pulse renders
the information to the detector (CMOS), and the acquired
carrier dynamics have been studied using the Surface Explorer
Soware.
3. Results and discussion

The all-inorganic colloidal CsPbBr3 PNC was prepared using
a chemical route of modied hot-injection.30 A yellowish color
precipitate was obtained by centrifugation and was dispersed in
hexane, a non-polar solvent.
This journal is © The Royal Society of Chemistry 2020
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3.1 X-ray diffraction

The powder X-ray diffraction (PXRD) pattern of the as-prepared
all-inorganic colloidal CsPbBr3 PNC depicted in Fig. S1† asserts
an orthorhombic structure of the as-formed material, similar
likewise to the earlier reports.1

3.2 Transmission electron microscopy (TEM)

Transmission electron microscopy (TEM) revealed that the as-
synthesized CsPbBr3 PNCs were of the cubic morphology and
exhibited an average size of 11.58 � 0.21 nm, as shown in
Fig. 1a.3

3.3 Ultraviolet-visible spectroscopy and photoluminescence

Ultraviolet-visible absorption spectroscopy and photo-
luminescence spectroscopy were used to study the optical
attributes of the all-inorganic CsPbBr3 PNCs. The measured
wavelength at the sharp absorption band edge was 501 nm, as
displayed in Fig. 1b30 and the emission peak was seen at
516 nm, derived from the photoluminescence (PL) emission
spectrum, as depicted in Fig. 1c,30 and PLQY was calculated to
be 38.7%, as listed in Table S1.†

3.4 Time-resolved photoluminescence (TRPL) spectroscopy

The TRPL spectroscopy was further carried out in order to get
further insight into the carrier kinetics in a quantitative
Fig. 1 (a) A TEM image; (b) ultraviolet-visible spectra; (c) PL; (d) TRPL sp

This journal is © The Royal Society of Chemistry 2020
way.30,48–50 Using tri-exponential functions,22 the PL tted the
decay curve pictured in Fig. 1d, and the computed values are
listed in Table S2.† Although the PL spectra in Fig. 1c shows
a single peak at 516 nm, the UV-Vis results in Fig. 1b indicates
that the transitions of the direct bandgap of PNCs are domi-
nated by other radiative transitions, which are further
conrmed by TRPL spectroscopy as a presence of three expo-
nential components. Moreover, the uorescence decay lifetime
(s1) and its contribution (b1) corroborates with the intrinsic
exciton relaxation.50–53

Similarly, an intermediate uorescence decay lifetime (s2)
and its contribution (b2) supports interaction between excitons
and phonons50–53 and similarly ultralong-lived uorescence
decay lifetime (s3) and its contribution (b3) corresponds to the
interactions between excitons and defects.52–54 The long-lived
lifetime s3 maybe a result of less non-radiative energy transfer
to the trap states.51–54 Moreover, we have also computed the
radiative (kr) and non-radiative (knr) recombination decay
rates,22,55–59 as listed in Table S3.† The computed values of (kr)
and (knr) are 15.95 � 106 s�1 and 25.37 � 106 s�1, respectively,
and (kr/knr) is about 0.63, which suggests that the non-radiative
process here is relatively fast.22,55–59

From smaller decay lifetime component (s1), longer savg, and
larger (kr/knr), one can infer that the as-synthesized sample
features fewer trap states.22,55,57
ectra of all-inorganic CsPbBr3 PNC.

RSC Adv., 2020, 10, 34651–34657 | 34653
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Fig. 2 Transient absorption spectroscopy under a 410 nm pump pulse of the rate of radiation energy transported by a laser source (a) at 0.10
mW; (b) at 0.30 mW; (c) the positions of PIA and GSB features explored by exploiting the transient absorption kinetics; (d) schematic depiction of
the hot carrier cooling process in the CsPbBr3 PNCs.
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3.5 Ultrafast transient absorption spectroscopy

The TA spectroscopy was used to overcome the time resolution
limitations of the TRPL technique to probe into the hot carrier
kinetics.30 The fundamental physical processes of TA have three
contributions namely (i) ground state bleach (GSB), (ii) stimu-
lated emission (SE), and (iii) photo-induced absorption (PIA). In
order to produce a TA spectrum, the probe pulse is transmitted
through the sample at several time delays concerning with or
without the pump pulse. Therefore, a differential transmission
spectrum DT(l,s) (T ¼ (I/I0), where I stands for transmitting
intensity and I0 the incident intensity of light), is produced that
gives the difference of transmission measured with and without
the pump pulse. If the differential transmission spectrum
DT(l,s) has a positive sign, then it refers to photo-induced
transmission (PIT) owing to the reduced population of the
ground state (i.e., GSB)37 or SE, and the negative sign stands for
the photo-induced absorption (PIA)35–37 as result of a higher
population of the photo-excited states.31,37 Similarly, if we take
into consideration the differential absorption DA(l,s) spectrum
that quanties the difference of absorption with and without
the pump pulse. The relationship between absorption (A) and
transmission (T),60
34654 | RSC Adv., 2020, 10, 34651–34657
A(l,s) ¼ 2 � log10[T(l,s)]

or

Aðl; sÞ ¼ 2� log10

�
I

I0

�
: (1)

On adding the differential change to the above equation,60

we get

A(l,s) + DA(l,s) ¼ 2 � log10[T(l,s) + DT(l,s)], (2)

or,

DAðl; sÞ ¼ �log10
�
DTðl; sÞ
Tðl; sÞ þ 1

�
: (3)

From the above equations, it can be easily observed that DA
and DT will have opposite signs. For example, in the case of
photo-induced transmission (PIT), DT has a positive value,
while the corresponding negative value is observed for DA.60 On
the other hand, for photo-induced absorption (PIA), we have
a positive value for DA, which is a negative value for DT.31,60 In
this study, a pump pulse with an operating wavelength 410 nm
This journal is © The Royal Society of Chemistry 2020
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Fig. 3 (a) GSB; temporal evolutions after photo-excitation at the sort of rate of radiated energies transported by the laser source for instance
(0.10 mW (b), 0.30 mW (c)) are depicted in the transient absorption (TA) spectrums of CsPbBr3 PNC; (d) PIA, respectively.
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was used to excite CsPbBr3 PNCs, while, a white light probe was
used to study the variations in induced absorption as a function
of wavelength (l) and delay time (s). The plotted curves of TA
spectra of the as-synthesized CsPbBr3 PNCs for various time
delays as well as at different pump powers (0.10 mW, 0.30 mW)
are shown in Fig. 2. For small delay times, TA spectra with
a dominant peak at 516 nm show positive PIA,36 which steadily
declines due to an increase in the delay time. The signal of GSB
localized at 511 nm indicates the population occupancy of
different energy states of the PNCs, as shown in Fig. 2c.30,61–65

Fig. 2d represents the intraband state of the surface trap of
PNC.30,35,37 The DA intensity of the GSB signal helps to evaluate
the carrier density in terms of the bandgap.35,37,63 Fig. 3a shows
that the peak intensity of GSB increases at a higher pump power
of 0.30 mW as compared to that at lower power of 0.10 mW at
the same delay time. As a result, the rate of recombination of
charge carriers increases with increasing pump power, as
shown in Fig. 3a.30,44 The three-exponential parameters model is
used to t the decay kinetics of GSB, and the computed values
are listed in Table S4.†63

Similarly, from the results derived from the TRPL quantitative
analysis, savg of CsPbBr3 PNC for 0.10 mW is 455.37 ps, which is
much lower than 884.05 ps obtained with a pump power of 0.30
mW. Similarly, as mentioned in TRPL calculations, the values of
This journal is © The Royal Society of Chemistry 2020
kr and knr using the TA spectroscopy are 0.84 � 109 s�1 and 1.35
� 109 s�1, respectively, and kr/knr is about 0.62 for CsPbBr3 PNCs
for the pump power of 0.10 mW.

For the pump power of 0.30 mW, kr and knr are 0.44� 109 s�1

and 0.69 � 109 s�1, respectively, and kr/knr is about 0.64 (similar
to the TRPL value, as listed in Table S3†), as listed in Table S5.†
The values for kr/knr are suggesting a fact that the non-radiative
processes get suppressed in the presence of a high-power radia-
tion source. It can be easily inferred that at a high rate of radia-
tion energy transported (for instance 0.30 mW) to the PNCs, the
values for smaller decay lifetime components, longer savg and
larger kr/knr, lead to a reduction in the intermediate energy states
or traps both at the surface as well as inside the PNCs resulting in
the improvement of PL and PLQY of the PNCs. The PIA signal
intensity is less for the lower pump power, as observed in Fig. 3b
and c, and the PIA decay time was almost indistinguishable to
that build-up on the GSB band-edge, as shown in Fig. 2c.34–37,64,65

From the experimental results, we assert that when radiation
energy is incident at a high rate on CsPbBr3 PNCs, GSB shows
a charge carrier-density involving a blue-shi of the peak wave-
length together with the broadening of spectral width resulting
from the aggregation of charge carriers at the band edge and can
be explicated by the kinetics of Burstein–Moss shi.35 From
Fig. 3d, one can understand that the cooling time of hot carriers
RSC Adv., 2020, 10, 34651–34657 | 34655
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is observed for CsPbBr3 PNCs for the 0.10 mW pump power is
526.65 fs, while it is 417.47 fs for the pump power of 0.30 mW.
Once again it can be easily understood that there is a larger
decrease in the defect states as more power of radiation energy is
delivered to PNCs, which can be easily observed in the
improvement of PL and PLQY of the PNCs. However, such
evidences were not observed during PL and TRPL measurements
due to the use of the xenon lamp as a source of excitation, which
was less capable of releasing the trapped energy from the defect
states as observed in Fig. 3d, where we used a laser as a source of
excitation with different power tuneability. Hence, the laser-
induced ultrafast study is legitimate as a probe to study the
kinetics of inuence of the rate of radiation energy on charge
carrier kinetics of CsPbBr3 PNC.

4. Conclusions

In this study, we have presented the charge-carrier kinetics of
all-inorganic CsPbBr3 PNCs. The hot-carrier cooling physical
process got augmented in the case of radiation power of 0.30
mW delivered to the CsPbBr3 PNCs. The reduction in the charge
trapping states by a factor of 1.03 was observed compared to the
radiation power of 0.10 mW incident on the CsPbBr3 PNCs,
which was analysed by the ultrafast transient absorption spec-
troscopy. In our work, we observe that with higher radiation
energy (0.30 mW) in the context of transient absorption spec-
troscopy, it is easier to suppress the intermediate energy states
or charge trapping states, resulting in the enhancement of PL
and PLQY of the PNCs. The current ndings make perovskite
NCs highly promising and more competitive applicant for
future device applications.
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