Journal of Alloys and Compounds XXX (XXXX) XXX

Contents lists available at ScienceDirect

JOURNAL OF

ALLOYS AND
COMPOUNDS

Journal of Alloys and Compounds

materalstoday

journal homepage: http://www.elsevier.com/locate/jalcom

Enhanced thermal stability of exciton recombination in CsPbl;
perovskite nanocrystals via zinc alloying

Ruirui Wu ?, Qi Wang ?, Sen Yang ¢, Lifang Wu ¢, Shunfa Gong ?, Qiuju Han °,
Wenzhi Wu *"

2 School of Electronic Engineering, Heilongjiang University, Harbin, Heilongjiang, 150080, China
b School of College of Arts and Sciences, Northeast Agricultural University, Harbin, Heilongjiang, 150030, China

ARTICLE INFO ABSTRACT

In this work, the Pb?* substitution with Zn?* in CsPblz perovskite nanocrystals (PNCs) is partially ach-
ieved to improve the optoelectronic properties through temperature-pressure assisted crystallization
approach. The spectral and dynamic exciton recombination for zinc alloyed CsPbl3 PNCs are probed with
steady-state/time-resolved PL (TRPL), transient absorption (TA) techniques. Compared with pure CsPbls
PNCs, PLQY can be boosted to 60% when incorporating the optimal amount of Znl; in the synthesis, and
long-term thermal stability are obtained in a series of red-emitting alloyed CsPbls PNCs. Simultaneously,
the change of exciton binding energy and average optical phonon energy indicate that weaker non-
radiative transition for exciton recombination of zinc alloyed CsPbl3 PNCs than those of CsPbls PNCs. TRPL
and TA spectroscopy are used to understand the photoinduced carrier relaxation processes. The carrier
dynamics reveal that the coupling between Zn-induced lowest excited state and exciton trapping state is
promoted in zinc alloyed CsPbl; PNCs, which can significantly enhance the efficiency of excitonic
recombination. The improved performance of PLQY and thermal stability makes these zinc alloyed CsPbl3
PNCs as appropriate perovskite materials for efficient optoelectronic devices.
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1. Introduction CsPbBr3[49], the functional cubic () phase for CsPbls is stable at

temperature below 315 °C. The metastable cubic-phase CsPblz PNCs

Inorganic metal halide perovskite nanocrystals (PNCs) with a
chemical formula of ABX3 (A=Cs; B=Pb; X=Cl, Br, or I) have made
great breakthroughs in high-efficiency photoluminescence (PL),
narrow bandwidth and tunable emission [1]. Taking into account
these excellent properties, many researchers have taken these ad-
vantages for using in photovoltaic cells [2], photodetectors [3], la-
sers [4], and light-emitting diodes (LEDs) [5]. Nevertheless, their
poor stability at thermal conditions greatly limits their practical
applications, which is especially more obvious for CsPbl3 PNCs
among the all-inorganic Pb-based halide perovskite [6]. CsPbls
PNCs is a particularly promising candidate for solar cells [7] owing
to its suitable optical bandgap (1.73 eV), though it has an inherent
phase and chemical instability [8]. There are several reports to
improve the stability of the perovskite by chemical treatment,
surface coating or passivation [9,10]. Unlike CsPbCl3 and
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spontaneously transforms into the non-functional orthorhombic
() phase, also known as the “yellow phase”, at room temperature
preventing it from being effectively studied and harnessed in
practical applications [11]. What calls for special attention is that
the existence of defects in perovskite is still an important applica-
tion problem, which cannot be ignored because these defects will
reduce carrier injection efficiency and radiation recombination
probability. The main reasons for the poor optical properties and
low stability of CsPbls PNCs are iodide deficiency associated point
defects on the surface and distortion of the [Pblg]*" octahedral units
[12]. The thermal stability of pure CsPbls PNCs is investigated
extensively through temperature-dependent PL, which shows the
distinct mechanisms on exciton recombination versus bulk mate-
rials [13].

The incorporation of some judiciously selected foreign ions is an
effective method to change the structure of CsPbl3 PNCs and this has
recently attracted widespread attention [14]. For example, the
CH(NH,)3 or CH3NH7 ions are the most well-known organic cations
to replace the Cs™, which give rise to an increase in tolerance factor
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(t). The black phase of CsPbls PNCs (t=0.89—1.00) exhibits an un-
desirable tolerance factor that leads to poor phase stability, when
exposed to ambient conditions. Consequently, the substitution of
Pb?* cation is one of the promising methods for improving perov-
skite stability and reducing toxicity. To find a non-toxic element to
replace toxic Pb%* for improved stability has been a common goal for
researchers. Selectively, the influence of lead in CsPbl; PNCs on the
environment can also be weakened. Sectional researchers are trying
to completely replace lead with nontoxic elements such as Bi, Sb, Sn,
Ti, Ca [15,16]. Reports on the addition of ruthenium caused an in-
crease in surface defects and bandgap density of states, so that
strong quenching of the PL is detrimental to the optoelectronic ef-
ficiency of the materials [17]. Compared with lead-containing pe-
rovskites, equipment performance of unstable lead-free perovskite
results in a decline under environmental conditions due to the high
defect density [18]. Besides, the quantum efficiency of lead-free
perovskites is generally low and PLQY is not high. For example, the
quantum efficiency of CsSnBr3 PNCs is only 0.14% [19]. In the field of
efficient optoelectronics, quantum efficiencies, PLQY of lead-free
perovskites are far from enough compared with pure lead-based
perovskites [20]. Zn incorporation has been identified CsPbX3
PNCs with ZnX; to enhance its stability and PLQY [21].

In this work, we adopt an effective approach to improve the
emission efficiency and thermal stability of CsPbl; PNCs by in-situ
alloying Zn ions during the crystallization process. With
increasing the ratio of alloyed Zn?* in CsPbls PNCs, Zn?* can partly
replace the Pb®* causing a slight lattice contraction . The PL dy-
namics of CsPblz hosts are accordingly modulated due to the ex-
istence of alloying-induced near band-edge state, thereby leading
to the enhancement of PLQY for CsPbl3 PNCs. The pertinent
mechanisms are revealed employing temperature-dependent TRPL
and TA. It is confirmed that Zn incorporation in PNCs can suppress
effectively the defect state. Consequently, PLQY and thermal sta-
bility of zinc alloyed CsPblz PNCs are enhanced to an order of
magnitude compared with pure CsPbl; PNCs.

2. Experimental
2.1. Materials

Lead iodide (Pbly, 99%, Macklin), Cesium acetate (CsOAc, 99%,
Aladdin), Zinc iodide (Znl,, 99%, Macklin), 1-octadecene (ODE, 95%,
Macklin), Oleic acid (OA, 99%, Macklin), Oleylamine (OAm, 95%,
Macklin), n-hexane (99%, Macklin).

2.2. Preparation of CsPby_xZnyl3 (x=0.49, 0.36, 0.27, 0.12, 0) PNCs

A series of CsPbxZnjxI3 PNCs are synthesized according to
temperature-pressure assisted crystallization method [22]. CsOAc
(0.1 mmol, 0.02 g), Pbl, (0.094, 0.118, 0.135, 0.162, 0.184 g), Znl,
(0.0625, 0.046, 0.034, 0.015, 0g) for CsPbgs1Zng.a4ols,
CsPbg g4Zng 3613, CsPbg 73Zng 2713, CsPbgggZng 1213, CsPbl3 PNCs are
dissolved in ODE (15 mL), OA (1 mL), OAm (1 mL) with magnetic
stirring at about 130 °C for 10 min. During our experiment of this
method, instead of adding trioctylphosphine (TOP) and tri-
octylphosphine oxide (TOPO), the temperature is increased to
facilitate the dissolution of Pbl,. The solution is then transferred
into a Teflon-lined autoclave (25 mL) and kept at 160 °C in oven for
40 min. After the reaction solution is cooled down to room tem-
perature, 10 mL of hexane is added to the solution, and the products
are collected by centrifugation at speed of 10,000 rpm for 5 min.
The precipitates are redispersed in 10 mL hexane and then centri-
fuged at 5000 rpm for 5 min. Due to relatively low reaction tem-
perature and long reaction time without nitrogen protection, it is
simpler and more efficient than hot injection method.
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2.3. Steady-state PL spectroscopy and nanosecond TRPL
spectroscopy

The emission and scattered light of the sample in the vertical
direction of the laser is collected by a spectrometer (iHR550,
Horiba) and detected by a charge-coupled device. A continuous-
wave laser (MLL-III, CNI) at 405 nm is used as a light source for
steady-state laser excitation. The temperature-dependent steady-
state measurements are performed with temperature variations in
the range of 80—310 K. Time-correlated single-photon counting
(TCSPC, Boston Electronics) provides detailed information about
the dynamics with the time resolution of 96 ps. The system consists
of a monochromator (SSM101, Zolix) equipped with a detector
(id100-50, ID Quantique) and a single-photon counting electronic
module (SPC-130, Becker & Hickl GmbH) accounting for data
acquisition. A supercontinuum picosecond laser (Surperk Extreme
EXB-4, NKT Photonics) chosen the wavelength at 450 nm is used to
excite the samples.

2.4. Transient absorption spectroscopy

Laser pluses at 800 nm are focused onto a sapphire window
with a thickness of 2 mm to produce white continuum light
extending from 380 to 800 nm, which is divided into the probe
beam and the reference beam. Detection of probe pulses is done
with and without pump using a 500 Hz mechanical chopper. A
pump beam at 400 nm is used in all the TA measurements. Two
highly sensitive spectrometers (Avantes-950F, Avantes) are used to
collect the probe and reference beams for recording and calculating
TA dynamics. The relative delay between the pump and probe pulse
is controlled with the help of a stepper motor-driven optical delay
line (TSA-200, Zolix).

3. Results and discussion
3.1. Characterization of the CsPbj_xZnyls PNCs

In our cases, it is important to note that x/(1-x) refers to the feed
ratio of Znl,/Pbl,. The synthesis procedures of zinc alloyed CsPbls
PNCs are illustrated in Fig. 1(a). Consequently, five samples with
different x are synthesized by changing the ratio of Znl, and Pbl, in
the precursors. Fig. 1(b) presents the photographs of CsPby_xZnyl3
PNCs in hexane under daylight and UV lamp irradiation. Their
emission intensity increases at first and then decreases with the
increasing concentration of Zn alloying. Accordingly, the PL in-
tensity of zinc alloyed CsPbls PNCs are enhanced, which indicates
the relaxation pathway of highly efficient electron-hole recombi-
nation exists. The PL peak of the PNCs has a regular shift to the blue
with increasing Zn>* content in CsPblz PNCs hosts, the absorption
peaks show no appreciable changes in location as shown in Fig. 1
(c). Simultaneously, the PL peak varies from 690 to 688, 685, 683,
and 682 nm as x varies from O to 0.12, 0.27, 0.36, and 0.49,
respectively. Generally, the blue-shifted PL spectra can be attrib-
uted to the contraction of the host perovskite, leading to a stronger
interaction between Pb and I orbitals. This octahedral contraction
leads to higher formation energy of Zn—I bond than that of Pb—I
bond, which further leads to more stable lattice and greatly im-
proves thermal stability [23]. To verify the incorporation of guest
Zn2" ions, we measure the chemical composition of CsPbg g4Zng 3613
PNCs by the energy-dispersive X-ray spectroscopy (EDX). In addi-
tion to the elements of Cs, Pb, and |, Zn is also identified in PNCs as
shown in Fig. 1 (d). Moreover, the analysis of EDX spectrum gives a
quantified atom ratio (%) of 36.4:3.5:57.3:2.8 for Cs/Pb/l/Zn. A
relatively high Zn volume indicates that Zn>* ions are effectively
alloyed in the hosts of CsPbl3 PNCs. Cs-rich form in PNCs is expected
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Fig. 1. (a) Schematic illustration of the process to fabricate CsPb;_xZngl3 PNCs. (b) The corresponding colloidal samples under daylight and UV light (365 nm) lamp. (c) Absorption
and PL spectra of pure CsPbl; and CsPby_4Znyl3 PNCs. (d) EDX spectrum of as-synthesized CsPbgg4Zng36l3 PNCs, inset is the list of element analysis for CsPbg 4Zng 36l3 PNCs.

to confirm the existence of a new surface of the perovskite with
enhanced structural stability [24].

Transmission electron microscopy (TEM) images display PNCs
morphology and size distribution of CsPby_xZnl3 PNCs as shown in
Fig. 2(a—f). The typical TEM images of CsPb_xZnxls PNCs (others x

when x increases, normal distribution histograms demonstrate that
average diameters of PNCs, are 14.4+1.6, 14.6 +1.4, 13.7+2.6,
10.9+1.3, and 10.6+2.2 nm, respectively. The decrease in particle
size at high Zn content may be attributed to the increased uptake of
iodide ions, which inhibit the further growth of PNCs [25]. High-

resolution TEM (HRTEM) images in top right insets of Fig. 2 (b, d)

values as shown in Fig. S1) express a batch of NCs forming a cubic
show that the lattice constants decrease from 5.8 A to 5.7 A as the x

morphology and distributing densely. As shown in insets of Fig. 2,

2
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Fig. 2. TEM and HRTEM images of PNCs with x=0 (a, b); 0.36 (c, d); The size distributions are also included. TEM images of PNCs after one month for x=0 (e); 0.36 (f).
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value increases from 0 to 0.49. It is in a good agreement with the
lattice contraction owing to the larger Pb ions substituted with the
smaller Zn ions. Considering the influence of zinc alloying on the
stability of CsPbl; PNCs, the samples are preserved in dark at 4 °C
after 30 days and then TEM images are tested as shown in Fig. 2 (e,
f). Obviously, cubic structure of CsPbls PNCs disappears, spherical
particles appear after 30 days, which indicates the degradation of
PNCs attributed to thermal effect [26]. In contrast, CsPbg g4Zng 36l3
PNCs basically remain original lattice structure after 30 days. The
size distribution calculation is performed for these two samples as
shown in insets of Fig. 2 (e, f). The size of CsPbl3 PNCs increases
from 14.4 nm to 16.5 nm, while that of CsPbg g4Zng 3gl3 PNCs hardly
changes. This is because of the intrinsic instability of the pure a-
phase CsPbl; PNCs, which transform into the 3-phase and lost the
desired optoelectronic properties.

3.2. Temperature-dependent steady-state PL

Temperature-dependent PL measurements are performed for a
series of samples within the temperature range of 80—310 K. As
seen in Fig. 3 (a, b), temperature-dependent PL spectra of pure
CsPbls and CsPbgg4Zng36l3 PNCs are comparatively revealed, other
samples are shown in Figs. S2 and S3, clear evolutions of peak
position and intensity are also revealed. It is found that the PL
spectral peak is blue-shifted with increasing temperature. This
tendency is contrary to traditional Cd-based semiconductors, this
atypical change is caused by the reverse band structure of perov-
skite [27]. It may also be related to the light-dark energy level
inversion caused by Rashba effect suppressed by the enhanced
electron-hole exchange interaction in NCs [28]. The PL intensity of
CsPby.xZnkls PNCs decreases gradually with the increase of tem-
perature, which results from the thermally activated nonradiative
recombination [29]. The normalized PL intensity of PNCs decreases
with rising temperature as plotted in Fig. 3 (c). The experimental
data can be fitted [30] by

(a)
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where I(T) and Iy are the integrated PL intensity at temperature T
and 0 K, respectively, A is a fitting parameter, E}, is the exciton
binding energy, and kj is the Boltzmann constant. As can be seen
from in Fig. 3 (c), Ep of CsPbls PNCs is determined to be 51.2 meV. It
is larger than that value calculated for those synthesized in hot-
injection method [31], of which smaller sizes have a larger E, can
be also consistent with the tendency reported [32]. Here, Ej of
CsPbgg4Zng3gls PNCs is 96.0 meV, which is nearly two times
compared with that of pure CsPbls PNCs, which is conducive to
promote the radiative recombination [33]. The relatively higher Ej
ensures the survival of exciton well above room or even higher
temperature with their high-rate recombination. Here, Zn alloying
obviously improves exciton binding energy of CsPb;_xZnyl3 PNCs as
shown in Fig. S4. The lattice structure due to Zn alloying compen-
sates for the volume expansion under light radiation or higher
temperature [34], and thus it may lead to improving stability
dramatically for zinc alloyed CsPbls PNCs.

The PL linewidth broadening in the temperature-dependent
experiments are employed to analyze the phonon scattering in
semiconductor materials. Fig. 3 (d) shows FWHM of CsPbl; PNCs
and CsPbgg4Zng36l3 PNCs as a function of temperature, which can
be expressed as [35].

I(T)=To+0T +Top / (e"w/kT 1) )
where I'(T) is the FWHM at temperature T, and ['g is the inhomo-
geneous broadening contribution at 0 K, which is determined by
material size, shape and composition [36]. ¢T is the homogeneous
broadening term, which is ascribed to the acoustic phonon scat-
tering through the deformation potential with exciton-acoustic
phonon interaction strength of o. Iy is the exciton-optical
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Fig. 3. Waterfall maps of temperature-dependent PL spectra of (a) CsPbl; and (b) CsPbgg4Zng3sls PNCs. Insets are the 2D color maps of temperature-dependent PL spectra. (c)
Integrated PL intensity and (d) FWHM as a function of temperature. (e) E, and iwopas a function of x. (For interpretation of the references to color in this figure legend, the reader is

referred to the Web version of this article.)
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phonon contribution to the linewidth broadening, wgpis longitu-
dinal opticalphonon energy. The first term I'o dominates in Equa-
tion (2) at low temperature. The fitting results are shown in
Fig. 3(d),hwep involved in the exciton recombination is determined
to be 39.6 meV, confirming strong exciton-phonon interaction and
weak nonradiative transition for exciton recombination. The
exciton binding energy as function of x in CsPby_xZnxls PNCs are
summarized in Fig. 3 (e). The value of longitudinal optical-phonon
energy gets a maximum in CsPbg g4Zng 36l3 PNCs, which reveals that
scattering centers with less exciton nonradiative relaxation.

3.3. Environmental thermal stability of CsPb;_xZnyl3 PNCs

To assess the long-term stability of CsPby.xZnkl3 PNCs for prac-
tical optoelectronic device applications, we investigate the envi-
ronmental thermal stability of the samples alternately by
monitoring of PLQY and optical absorption within one month.
Experimentally, the measurement of PLQY in detail is discussed in
supporting information part VI. As shown in Fig. 4(a), the pristine
CsPbl; PNCs experience a rapid PL quenching, PLQY retains only 5%
after monitoring for 12 days. In sharp contrast, PLQY of CsPb1_xZnxl3
PNCs maintain high values and long-term stability. The PLQY in-
crease from 6.9 to 27.7, 33.5, and 54.6% when x varies from 0 to 0.12
and 0.27 and 0.36 and then decrease to 13.8% when x further in-
creases to 0.49. Though the values of PLQY synthesized with
temperature-pressure assisted crystallization method are little
smaller than that of similar zinc alloyed CsPbl3 PNCs synthesized in
hot-injection method [37], the simpler synthesis method and long-
term stability are demonstrated. Among them, CsPbgg4Zng 36l3
PNCs exhibit optimized performance, of which initial and average
value of PLQYs are 54.6 and 43.7% within one month, which shows
that x = 0.36 is the optimal alloying amount. It can be seen from the
previous literature that the incorporation of zinc ions increases the
tolerance factor t, which is often used to assess the stability of the
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perovskite structure [38]. Fig. 4 (b, c) present the absorption spectra
at different time intervals of CsPbl; and CsPbgg4Zng 36l3 PNCs. For
pure CsPbls PNCs, the gradual disappearance of absorption edges at
~700 nm is observed, and then the increased intensity of the
absorbance appears at ~370 nm, which is caused by assigned to the
phase transformation from cubic to orthorhombic [39]. After 15
days, we can observe that the absorption spectra for CsPbl; PNCs
change dramatically, however, the absorption of CsPbggsZng36l3
PNCs remain basically unchanged until after 30 days. The PL spectra
have a redshift of 11.1, 4.8, 3.6, 1.1, 4.1 nm, when the x varies from
0 to 0.49. For the sake of further understand the influence of zinc
alloying of host PNCs on the stability as shown in Fig. 2 (e) and (f),
CsPbls and CsPbg gaZng 3613 PNCs placed for one month are tested by
TEM. Distinctly, pure CsPbl; PNCs is no longer as cubic morphology,
while CsPbggsZngsgsls PNCs remain basically unchanged. This
improvement in both absorption spectrum and PL stability with Zn
alloying agrees with our inference that the addition of Znl, during
postsynthesis alloying hinders the detrimental increase in PNCs
size and thereby suppressing the conversion of cubic to ortho-
rhombic phase.

3.4. Temperature-dependent TRPL

In order to clarify the band-edge PL dynamics, we therefore
resort to TRPL measurements based on time-correlated single-
photon counting. The PL decays of the samples are not single-
exponential as seen in Fig. 5, indicating the existence of several
emission centers in the PNCs. The normalized PL curves can be
fitted by biexponential decay with convolution expressed [40] as

t
I(t)=A+ J(Be—(t—t’>/ﬁ I Ce—(t—tf)/rz)ef(t’/rfwhm)dt/
0
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Fig. 4. (a) PLQY values, (b, c) absorption spectra, and (d) PL spectra as a function of aged days for CsPb;_xZnyl; PNCs (x = 0, 0.36).
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CsPbg g4Zng 3613 PNCs. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

where 77 and 7, are the lifetimes of short and long-lived PL com-
ponents, respectively. The biexponential decays strongly demon-
strate two different species are involved in the exciton
recombination. A represents the baseline of PL while B and C
represent the amplitudes of the whole normalized PL. The instru-
mental response function 7ynm is considered to convolute to PL
decays. The average lifetimes (74ver) can be calculated as,

Taver = (BT% + CT%) / (Br1 +C13) 4)

The above two processes dominate at high concentrations of
PNCs or large size distribution of PNCs because the higher photon
energy emitted by a smaller PNC will be re-absorbed by a larger
PNC with a smaller optical bandgap, and/or the excited smaller PNC
nonradiatively transfers its energy to a larger PNC. For evaluating
the above processes occurring in pure CsPblsz and CsPbgg4Zng 36l3
PNCs, PL decays at different emission energies are carried out and
displayed in Fig. S7.

Fig. 5 (a, b) show the lifetimes at varied temperatures for pure
CsPblz and CsPbgg4Zng36ls PNCs, the radiative and nonradiative
decay rates (k; and kp;) (see the Supporting Information) are
calculated (see Table 1). The radiative decay rates increase 18-fold
in CsPbggsZng3gls PNCs, the results indicate that the ultralow
trap density for CsPbg g4Zng 36l3 PNCs. The average lifetimes change
over the entire temperature range as shown in Fig. S8. It is noted
that the PL lifetimes become longer at an elevated temperature as

Table 1

PL decay parameters of pure and zinc alloyed CsPbl; PNCs.
Sample T4/nS 7o/ Taver/NS ke/ns~! Knrfns™!
CsPbl; PNCs 5.224 32.702 30.522 0.0016 0.0312
CsPbg g4Zng 36l3 PNCs 4.854 22.845 21.100 0.0284 0.0189

the temperature increases from 80 to 350 K for pure CsPblz and
CsPbgg4Znp36l3 PNCs. For temperature below 250 K, there is no
significant  difference in lifetime between CsPbls and
CsPbg g4Zng36l3 PNCs. It shows an initial increase in the lifetime,
due to weak exciton-phonon (EP) interaction, so the radiative
recombination of single exciton state dominates the carrier decay.
Thus, at elevated temperatures, thermal motion becomes more
active and thus prevents the recombination of exciton as shown in
Fig. 5 (c). For temperature higher than 250 K, CsPblz and
CsPbg g4Zng 36I3 PNCs in lifetime begin to difference, the increasing
EP interaction raises the probability of nonradiative recombination
and reduces the PL lifetime [42]. The average PL lifetime of
CsPbg g4Zng 3613 PNCs is measured to be 18 ns, which is shorter than
that of the pure CsPbl3 PNCs (20 ns) from 250 to 350 K. Herein, the
decrease in lifetime implies that the apparent increased radiative
decay rates increased and nonradiative decay rates decreased when
the Zn-to-(Zn+Pb) ratio increased from 0 to 0.36. The shortened PL
lifetime indicates the presence of a new exciton relaxation
pathway, namely energy transfer. The fast PL lifetime at the nano-
second scale suggest that the following energy transfer should
complete in the nanosecond scale to survive severe PL quenching.
Filling of conduction band with extra electrons provided by alloying
usually results in PL enhancement, the impact of nonradiative
trapping states on this PL channel is insignificant; otherwise, PL
quenching would take place instead. Thus, it is safe to conclude that
the zinc alloying induced near band-edge states are of radiative
nature; in other words, they behave in a manner of providing more
emissive channels rather than nonradiative trapping channels.

3.5. Transient absorption

To reveal the mechanisms responsible for enhanced exciton
recombination in zinc alloyed CsPblz PNCs, TA technique is carried
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out to provide supplementary analysis on the carrier relaxation.
Recently, comprehensive TA investigations on the exciton dynamics
have been reported by using femtosecond TA and PL upconversion
technique [50], in order to understand inorganic PNCs to determine
the properties of charge carriers, their deactivation pathways and
dynamics [43,44]. Fig. 6 (a, ¢) show the three-dimensional plot of
TA spectra recorded from the CsPbls and CsPbggsZng3sls PNCs.
Fig. 6 (b, d) display the TA spectra at different pump probe delays
time. Following the spectral analysis in a similar CsPbBr3 system,
we can readily attribute the spectral profiles of probe bleach (PB), to
the ground-state bleach, and link those of photoinduced absorption
(PA), labeled PA1 and PA2, to the lowest excitonic states and higher
lying excitonic states, respectively. It is not hard to find that the
kinetics of PA signal are almost identical to the PB signal for the two
species, confirming that these signals are related to the carriers at
the band edge. Compared with the pure one, it is obvious that the
PB signal is broadened, which may be caused by the introduction of
new energy level states. In both pure and alloyed cases, a redshift of
the PB band in the time frame is observed, which is most likely due
to the state filling of the initially generated hot exciton [45]. The
bleach recovery dynamics of PNCs represents the dynamics of
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relaxation of the band-edge exciton, which is consist of three
components. The first component is attributed to the cooling of the
hot exciton (77) which is very fast. The second component (73) is
often observed, which is assigned to carrier trapping. The long
component (73) exists due to the electron-hole recombination
process. Fig. 5 shows the temporal evolution of TA spectra (taken at
several representative probe delays ranging from 0 ps to 1.2 ns) for
CsPbls and CsPbg g4Zng 36l3 PNCs, respectively. Generally, the exci-
tation and recombination processes associated with exciton are
simplified in Fig. 6 (f). Upon excitation by absorbing a high energy
photon, an electron transits to the conduction band (purple arrow),
which then decays to the band edge quickly and forms a free
exciton (orange dashed arrows). The formed exciton is trapped by
trapping states resulting from defects or alloying and exciton
recombination. Given that the scan of probe delays is limited to ~1
ns in our TA measurements, so the relatively slow 73 process can
only be given by estimation (>1 ns). Because the 7; process is very
fast that the time scale is hundreds of femtoseconds or several pi-
coseconds, the fitted short and long lifetimes can be assigned to
trapping of exciton and band-edge exciton recombination pro-
cesses [43]. Given the complex blending of these spectral profiles, a

b
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Fig. 6. 2D color maps of TA spectra of (a) CsPbggs4Zng 36l3 (c) CsPbls PNCs, TA spectra at different probe delay times of (b) CsPbggs4Zng 3¢ls, (d) CsPbls PNCs. (e) Bleach recovery
dynamics of CsPbg g4Zng 3613, CsPbls PNCs at 675 nm of PB signal and at 550 nm of PA signal. (f) Schematic illustration of the TA involved photophysical processes, where VB, CB, X,
X, denote valence band, conduction band, the lowest excitonic state in the CB, and the higher-lying excitonic states in the CB, respectively. (For interpretation of the references to

color in this figure legend, the reader is referred to the Web version of this article.)
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biexponential function is employed to obtain the characteristic
decay associated spectra in Fig. 6 (e).

The corresponding time constants are extracted as follow:
72=146.2 ps, 73>1.00 ns for CsPbl3 PNCs, while 7,=143.1 ps, 73>1.00
ns for the CsPbgg4Zng36l3 PNCs. 77 and 73 component as schemat-
ically illustrated by the two wiggly downward-pointing arrows
(orange) in Fig. 6 (f). Apparently, the former process is faster in
CsPbgg4Zng 36l3 PNCs than CsPblz PNCs. As a result, the coupling
between the Zn-induced lowest excited state and exciton trapping
state is promoted, which accelerates the whole relaxation process
and promotes the exciton recombination [46]. The effect can be
understood as a result of the alloying-induced state modification.
As the conduction band is formed mainly by the Pb orbitals, partial
substitution of Pb with Zn is expected to change the distribution of
energy levels in the conduction band. As is known, alloyed metal
ions into the lattice of inorganic PNCs normally bring a new, near
band-edge states [47], leading to an increased density of the lowest
excitonic states that promoted the states coupling involved in the
relaxation process. This increase in the density of states will pro-
mote the process like intraband hot-exciton relaxation as well as
exciton trapping to the band-gap trapping states [48]. In other
words, the new behavior of band edge states is to provide more
channels to assist excitons in radiative recombination rather than
non-radiative channels. Such metal ions can stabilize the CsPbXj3
surface and provide additional electronic states near the conduc-
tion band edge, thereby contributing to more emissive channels
rather than non-radiative trapping centers. For high-level density
functional theory (DFT) calculations, what we need to pay attention
to here is alloying of metal ions can lead to PL enhancement band-
edge states, they do not create any deep trapping states.

4. Conclusions

On all accounts, it is shown that one can dramatically enhance
the PLQY of weakly emitting CsPbls PNCs by using an appropriate
quantity of Znl, during temperature-pressure assisted crystalliza-
tion approach. Temperature-dependent steady-state PL results
indicate that higher exciton binding energy of zinc alloyed CsPbls
PNCs exhibit enhanced thermal stability compared with that of
pure CsPbl3 PNCs. A lower #wop for CsPblz PNCs implies that more
optical phonons are produced, which would serve as a scattering
center for nonradiative relaxation of excitons. We also measure the
time-dependent TEM and spectroscopy of PNCs, and in so doing are
to investigate the environmental thermal stability of zinc alloyed
CsPbl; PNCs compared with CsPblz PNCs. A higher structural sta-
bility and spectral stability indicate that cubic phase of zinc alloyed
CsPbl; PNCs are more stable than CsPblz PNCs. TRPL measurement
and TA spectroscopy study reveals suppression of non-radiative
carrier trapping centers and introduction of a new, near band-
edge state facilitating radiative recombination process making
these Zn alloyed PNCs brightly luminescent. The Pb substitution
with Zn is partly achieved and effectively improve the PL
enhancement and thermal stability of CsPbl; PNCs. The findings are
likely to further enhance the potential of CsPbl; PNCs in optoelec-
tronic applications.
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