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All inorganic halide perovskite nanocrystals (NCs) have wider practical applications owing to their good
properties, whereas the photoluminescence quantum yield (PLQY) of the purple emissive CsPbClz NCs is
too low to apply in multi-color displays. In this study, earth-abundant Fe* metal ions were successfully
incorporated into the lattice of CsPbCls NCs with the partial replacement of the sites of Pb?* ions. The
impacts of Fe* ions on the luminescence and magnetic properties of CsPbCls NCs were studied using
photoluminescence spectroscopy (PL), X-ray diffraction spectroscopy (XRD), transmission electron
microscopy (TEM), field emission scanning electron microscopy (FE-SEM), and a vibrating sample
magnetometer (VSM). CsPb; ,Fe,Clzs NCs, with x = 0, 0.1, 0.2, and 0.3, were synthesized at 170 °C. It
was found that an appropriate amount of Fe?* doping not only improved the homogeneity of the size of
NCs, but also enhanced the PLQY and average PL lifetimes. An obvious hysteresis behavior was observed
for the NCs, and there was a significant change in the saturation magnetization value with the increase in
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1. Introduction

The outstanding optoelectronic properties of hybrid methyl-
amine lead halide (MAPbX;, MA = CH3;NH;"; X = Cl, Br, and I),
such as a direct optical band gap, large optical absorption
coefficient, long-range diffusion length, and high charge carrier
mobility, have made their rapid development for application in
photovoltaic devices with an enormous potential in solar cells,
lasers, and photodetectors."* However, they are extremely
sensitive to oxygen and moisture, which severely limit their
further development and practical applications.>® In 1990s, all
inorganic CsPbX; (X = Cl, Br, and I) nanocrystals (NCs)
appeared.” They have good environmental stability, a high
photoluminescence quantum yield (PLQY), a narrow emission
linewidth, and a wide color gamut compared to hybrid
methylamine lead halide, which led to their quick practical
applications.’®"

In the practical applications of lead perovskite halides, the
biggest problem is the environment pollution caused by the
toxicity of lead. The most effective way is to replace Pb ions in
the crystal structure by introducing impurity ions. Recently,
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some researchers reported the transition and alkaline earth
metal ion doping into perovskite NCs.*>™* For example, Belcher
et al. demonstrated for the first time that partially substituting
Pb>" by Co®>' at the B-sites of the perovskite lattice was
possible.” Sun et al. had shown that the doping of CsPbX; NCs
with Ni** ions enabled single-color violet luminescence with
near-unity PLQYs."” Among these ions, being the most abun-
dant element on earth, Fe ions are not only environmentally
friendly and low-cost, but also have a good conductivity.
Moreover, Strouse et al. proved the appearance of room-
temperature ferromagnetism in Fe-doped CdSe nano-
particles.” Therefore, replacing Pb ions in lead perovskite
halides with Fe ions has become a popular direction for their
application as photonic devices. The structural, electronic,
magnetic and optical properties of the perovskite CH;NH;(-
Pb:Fe)l; were systematically studied from first principles and
experiments by Hao et al.™. Also, Yu et al.*® doped different
concentration of Fe*"/Fe’” into the crystal lattice of MAPbCIj
single crystals, and studied the crystal growth process, crystal
structure, optical and optoelectronic properties.

In all inorganic lead perovskite materials, the PLQYs of green
and red emissive CsPbBr; and CsPblI; NCs have reached 90%,
respectively,”** whereas the PLQY of purple emissive CsPbCl;
NCs is still low (below 5%).>* Therefore, the most urgent task
now is to enhance the PLQY of CsPbCl; NCs for the application
of violet-emitting devices. Song et al. enhanced the exciton
emission QY of CsPbCl; NCs up to 10.3% and 31.2% by doping
K and Eu ions, respectively.?* Singh et al. synthesized Fe*'-
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doped CsPbCl; NCs and found that the doping of Fe enhanced
the PL QY from 1.85 to 4.32.*

In this study, we synthesized and researched CsPb, _,Fe,Cl; (x
=0, 0.1, 0.2, and 0.3) NCs. Interesting changes in luminescence
and magnetic properties were observed by varying the doping
concentration of Fe>" ions in CsPbCl; NCs. The samples were
characterized via various techniques and are discussed in detail.

2. Experimental
2.1 Materials

Lead chloride (PbCl,, 99.99%), cesium carbonate (Cs,COs3,
99.99%), iron dichloride (FeCl,, 99.99%) and trioctylphosphine
(TOP, 90%) were purchased from Aladdin; 1-octadecene (ODE,
90%) was purchased from Alfa Aesar; oleic acid (OA, 90%) and
oleylamine (OLA, 70%) were purchased from Aldrich. All
chemicals were used without further purification.

2.2 Synthesis of CsPb, ,Fe,Cl; (x = 0, 0.1, 0.2, and 0.3) NCs

Cs-oleate precursors and CsPbCl; NCs were synthesized
following our previous reports.>**” In a typical procedure for the
synthesis of Fe*" doped CsPbCl; NCs, PbCl, (1—x mmol) and
FeCl, (x mmol) were mixed with OLA (1.5 mL), OA (1.5 mL), TOP
(1 mL), and ODE (10 mL) in a 50 mL three-neck round-bottomed
flask. The reaction mixture was degassed at 110 °C for 20 min,
and then heated up to 170 °C under an argon flow. A Cs-oleate
precursor (1 mL) was quickly injected and 15 s later, the reac-
tion mixture was cooled using an ice-water bath. The solution
was centrifuged for 5 min at 5000 rpm after the reaction, the
supernatant was discarded and then, the particles were
dispersed in hexane and centrifuged again for 5 min at
5000 rpm to remove the residual reaction mixture.

2.3 Characterization

X-ray diffraction (XRD) was performed by incident radiation
from a Rigaku D/Max-2500 diffractometer and copper Ko radi-
ation (1 = 1.54 A). UV-visible absorption spectra were recorded
using a Shimadzu UV-2700 spectrophotometer. The steady-state
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and time-resolved fluorescence spectra were collected using
a Horiba Jobin Yvon fluorologo-3 fluorescence spectrometer;
a 450 W Xenon lamp and an N-305 nano-LED were used as the
excitation sources. The absolute photoluminescence quantum
yield (PLQY) was recorded using an Otsuka QE-2000. Trans-
mission electron microscopy (TEM) was performed using
a JEOL-JEM-2100 microscope. Field emission scanning electron
microscopy (FE-SEM) and energy-dispersive X-ray (EDX)
mapping were performed using a JEOL JSE-7800F. A vibrating
sample magnetometer (VSM, Lake Shore 7407) was used to
determine the magnetic properties.

3. Results and discussion

Fig. 1(a) shows the XRD patterns of CsPb; ,Fe,Cl; NCs. For
undoped CsPbCl; NCs, there are two strong diffraction peaks
around 15.4° and 31.6°, corresponding to the (100) and (200)
planes. It indicates that the typical cubic structure has been
formed, fitting with the reference from a standard card (JCPDS:
75-0411). With different concentrations of Fe>* ion doping, no
new diffraction peaks appeared, which insinuates that the
structure of NCs is maintained even after the doping with Fe**
ions. The enlarged patterns of (200) the diffraction peaks for the
samples are shown in Fig. 1(b). With the increase in x value, the
diffraction peak shifts to a larger angle. It suggests that Fe*" ions
have been doped into CsPbCl; NCs, and the lattice parameter
decreases with the increase in the x value. The decrease in the
lattice parameter is due to the fact that the radius of Pb>* (0.120
nm) ions is larger than that of Fe** (0.076 nm) ions, which is
similar to the Ni and Mn ion doped CsPbCl; NCs.?®

The TEM images of undoped CsPbCl; NCs and Fe-doped
CsPbCl; NCs with different doping concentrations are shown
in Fig. 2. The inset denotes the particle size distribution. It can
be clearly seen that the NCs are monodispersed cubes. Undoped
NCs as large as 8.0 nm are distributed between 5.5 and 13.5 nm.
After the doping of Fe** ions, the average sizes and the distri-
bution of the NCs have changed. For x = 0.1, 0.2, and 0.3, the
average sizes of the NCs are 6.7, 7.8 and 7.4 nm, and they are
distributed in the ranges of 5-10.5 nm, 6.5-10.5 nm, and 4.5-
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(@) XRD patterns of CsPb;_,Fe,Clz (x = 0, 0.1, 0.2, and 0.3) NCs. (b) The enlarged XRD patterns near 31.6°.
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Fig.2 TEM images of undoped CsPbCls NCs (a) and Fe-doped CsPbClz NCs with different doping concentrations: (b) x = 0.1, (c) x= 0.2, and (d) x
= 0.3. The inset denotes the particle size distribution. The HR-TEM images of undoped CsPbClz NCs (e) and Fe-doped CsPbClz NCs with x = 0.1

(f).

12.5 nm, respectively. The sizes of Fe’"-doped NCs are smaller
than those of the undoped NCs, which may be due to the
reduction in the growth rate of perovskite NCs in the presence
of Fe chloride in the reaction process. Moreover, the size
distributions of the NCs with low doping concentrations (x =
0.1 and 0.2) are relatively uniform. The high resolution trans-
mission electron microscopy (HR-TEM) images of the undoped
CsPbCl; NCs and Fe-doped CsPbCl; NCs with x = 0.1 are shown
in Fig. 2(e) and (f), respectively. The lattice spacing of NCs in the
(200) direction is estimated to be about 0.278 nm for Fe**-doped
CsPbCl; NCs, which is smaller than that for the undoped
CsPbCl; NCs (0.281 nm). The result is consistent with that of
XRD analysis and previous reports.* In addition, EDX mapping
images in Fig. S1} further prove that the elements of Cs, Pb, Cl
and Fe are identified in Fe-doped CsPbCl; NCs.

Fig. 3(a) and (b) show the UV-visible absorption and steady-
state PL spectra of CsPb,_,Fe,Cl; NCs. In Fig. 3(a), the exciton
absorption band of undoped CsPbCl; NCs is about 397 nm.
With the increase in the x value, the exciton absorption band
monotonously decreases slightly. According to the absorption
spectra, the band gaps of the NCs with x = 0, 0.1, 0.2, and 0.3 are
3.12, 3.15, 3.16, and 3.18 eV, respectively. The gradual increase
in the band gap of the NCs is due to the lattice contraction with
the doping of Fe*". Moreover, in Fig. 3(b), the exciton PL peak is
at 404 nm with a full width at half maximum (FWHM) of
15.7 nm (121.0 meV) for undoped CsPbCl; NCs. For the doped
NCswith x = 0.1, 0.2 and 0.3, the exciton PL peaks are located at
401, 403 and 402 nm with the FWHM of 13.9 nm (101.8 meV),

This journal is © The Royal Society of Chemistry 2019

13.8 nm (99.1 meV) and 14.6 nm (123.6 meV), respectively. The
shift in the PL bands can be caused by the change in the size of
NCs, which is corresponding to the quantum size effect of
CsPbX; NCs.?® With the decrease in the size of NCs, PL bands
will have a blue-shift. Moreover, PL bands will have a red-shift
when the size increases. The variation in the FWHM of the PL
band in the doped NCs may be due to the size distribution of
NCs. The distributions of the NCs with low doping levels (x =
0.1 and 0.2) are relatively homogeneous, resulting in a small
FWHM. The PLQY of CsPb; _,Fe,Cl; NCs is recorded in Fig. 3(c).
The PLQY is 4.4% for the undoped CsPbCl; NCs, which is
slightly higher than that of previous reports,>** but is still
below 5%. With the doping of Fe** ions, the PLQY increases
initially, reaching a maximum as x is 0.2, and then decreases
with the further increase in the Fe®>" ion doping concentration.
The maximum PLQY of doped NCs is about 6.2%, which
enhanced 1.4 times compared to that of undoped CsPbCl; NCs.
It can be the reduction of defects in Fe**-doped CsPbBr; NCs,
which leads to the more ordered local environment and the
homogeneous distribution of the NCs.*°

The PL decay curves of undoped CsPbCl; NCs and Fe doped
CsPbBr; NCs as a function of Fe*" doping concentration are
shown in Fig. 3(d). The lifetimes were acquired by fitting the
decay curves via the function:

I(t) = A exp(—t/‘rl) + A4, exp(—t/rz) (1)
The average PL lifetimes were calculated by the following

formula:

RSC Adv., 2019, 9, 33017-33022 | 33019
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Fig. 3 Absorption (a) and PL spectra (b), PLQYs (c) and decay (d) of CsPb;_.Fe,Cls NCs. Inset of (b) shows the enlarged spectra.

Tae = (A177%) + (A)(A1T) + (4r02) ()
where the short-lived process (7,) is associated with the energy
transfer to trap states, and the long-lived component (1) is
related to the exciton recombination transitions.** Table 1 lists
the fitting results. The values of 14, 7,, and t,, firstly increase,
and then decrease with the increase in the Fe** doping, which is
in accordance with the change of PLQY. The maximum of the
average PL lifetimes is about 14.6 ns when x is 0.2, which is
larger than that of Cs,K; _,PbCl; (13.6 ns) and CsPbCl;:Rb (10.2
ns) quantum dots.>**

The contributions of short time and longtime components to
the average lifetime are shown in Fig. 4. It is obvious that the
contribution of short time components is larger than that of
long time components for all the samples, which indicates that
the short-lived process dominates in the PL process of
CsPb;_,Fe,Cl; NCs and there are lots of defects in the NCs.
Simultaneously, the increase in 7, is the indirect evidence that

Table 1 PL lifetimes of CsPb,_,Fe,Cls NCs

Ay 74 (ns) A, 7, (ns) Tav (DS)
0 1.069 0.6 0.005 5.9 0.8
0.1 1.097 0.9 0.020 11.2 2.8
0.2 0.869 2.6 0.215 20.8 14.6
0.3 0.985 2.4 0.118 16.8 9.0
Error +0.004 +0.4 +0.003 +0.3 +0.3

33020 | RSC Adv., 2019, 9, 33017-33022

the defect states of Fe-doped CsPbBr; NCs are reduced and the
non-radiative paths are partly eliminated with the doping of
Fe®*. It is the main reason for the improvement in the PLQYs of
Fe-doped CsPbBr; NCs, compared to the undoped one. In
addition, 7, of CsPbysFe,;Cl; NCs is less than that of CsPb, g-
Fe,,Cl; NCs, demonstrating that the former have more defects
than the latter. Therefore, the excessive doping of Fe** ions may
destroy the lattice structure of CsPbBr; NCs, resulting in
a decrease in PLQY and average PL lifetimes.

The PL spectra of CsPb,gFe,,Cl; NCs were recorded at
temperatures ranging from 80 K to 300 K, as shown in Fig. 5(a).
The asymmetry of the PL spectrum for the NC at 80 K is caused
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Fig. 4 Contributions of short time components (A;) and long time
components (A,) of CsPb;_,Fe,Cls NCs.
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by the size distribution.®® As the temperature increases from 80
K to 300 K, it shows a clear decrease in the PL intensity
accompanied by a broadening in the emission bandwidth. The
decrease in the PL intensity is related to the increase in the
FWHM of the PL peak, which can be attributed to the phonon-
assisted broadening effect. A similar case was also observed in
CdSe quantum dots.*** It is worth noting that there is a blue-
shift in the emission energy when the temperature increases
from 80 K to 200 K, then has a small redshift with the further
increase in temperature. The blue-shift with the increase in
temperature is due to the fact that the out-of-phase band-edge
states suffer from lattice dilation at the Brillouin zone
boundary.*® Also, the red-shift above 200 K may be attributed to
the defect states in the NCs. Fig. 5(b) gives the Arrhenius plot of
the integrated PL intensity versus temperature, fitted using the

equation below:*”
Eal +C EaZ (3)
ks T 2P\ T T

where I, is the initial intensity; the constants C; and C, are the
densities of nonradiative recombination centers with activation
energies E,; and E,,, respectively. By fitting Fig. 5(b) to eqn (3),
two activation energies, E,; = 168 & 25 meV (C; = 1.1 x 10°)
and E,, = 7 + 2 meV (C, = 71.8) were obtained. The majority of
the contribution is coming from E,; because C; is larger than
C,, but two activation energies caused by the distribution of
different energy nonradiative centers is observed here. A similar
result was reported for CsPbBr; NCs.* It is worth noting when
a single activation energy (E, = 96 + 18 meV) is considered, the
integrated PL intensity versus temperature is a poor fit (seeing
illustration in Fig. 5(b)).

Fig. 6 shows the magnetic hysteresis loops measured at room
temperature. An obvious hysteresis behavior has been observed
for the samples. For undoped CsPbCl; NCs, the saturation
magnetization M, is only 0.13 meum g ' at room temperature.
Upon increasing the concentration of Fe®" ions, an increase in
M, was observed. The observed ferromagnetism of doped NCs
may be attributed to the presence of Fe** ions in the lattice as
a substituent for carrier-induced ferromagnetism.*

I(T) =

This journal is © The Royal Society of Chemistry 2019
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(a) The PL spectra of CsPbg gFep »Cls NCs at various temperatures.
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Fig. 6 Hysteresis loops of CsPb;_,Fe,Clzs NCs at room temperature.

4. Conclusions

In summary, we have studied the luminescent and magnetic
properties of CsPb,_,Fe,Cl; NCs with x = 0, 0.1, 0.2, and 0.3.
The diffraction peaks in XRD patterns shifted toward a larger
angle, indicating the successful doping of Fe into CsPbCl;
NCs. The TEM images show that the size distributions of
CsPb,_,Fe,Cl; NCs with x 0.1 and 0.2 were relatively
uniform. After an appropriate amount of Fe*" doping (x =
0.2), the PLQY of excitons is enhanced from 4.4% to 6.2%,
and the average PL lifetimes is lengthened from 0.91 ns to
14.61 ns. While the excessive doping will destroy the lattice
structure of the perovskite NCs, resulting in the decrease in
the PLQY and average PL lifetimes. The increase in PLQY
suggests that the defect states and the non-radiative paths of
the NCs decrease with doping Fe** ions. Beside that there is
a significant change in the saturation magnetization value
with the increase in the Fe?' ion concentration, and the
ferromagnetism of doped NCs may be attributed to the
presence of Fe?" ions in the lattice as a substituent for carrier-
induced ferromagnetism.
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