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Abstract

Tb, Mn, and Br ions are introduced to CsPbClz to prepare doped CsPbClz nanocrystals by hot
injection method. The prepared doped CsPbCl; nanocrystals are characterized by x-ray diffraction
(XRD), transmission electron microscopy (TEM), and photoluminescence (PL) techniques to
study the structural, morphological, and optical properties. The structure is not influenced by
doping, which is confirmed by XRD data. Tb doping leads to larger particle sizes compared to
undoped CsPbCls nanocrystals (8 nm =12 nm). However, the Mn and Br doping doesn’t affect
the sizes that much. The optical properties of CsPbClz nanocrystals can be controlled by doping.
Green emission at 543 nm from Tb is observed for CsPbClz:Tb nanocrystals. Red emission at 590
nm is obtained for Mn doping. Controlled exciton emission from CsPbCl; is achieved by Br doping.

The influence of Mn doping on the PL of CsPbCl3Br3.x is also investigated



Introduction

Inorganic nanocrystals including CsPbCls, CsPbBr3, and CsPbls have attracted a lot of attention
due to the excellent application potential in lighting and display, light-harvesting, and
optoelectronic devices.[1-13] CsPbCls nanocrystals with very strong blue emissions and a large
bandgap of 3.1 eV are extensively studied.[14-25] Green and red emissions are also necessary for
the application of lighting and display.[26] CsPbBr3 and CsPbls exhibit green and red emissions
due to their bang gaps.[1,27-41] However, low PL quantum yield and poor stability of CsPbls
limit its application. Doping of active ions in crystal lattices exhibits significant potential in tuning
the optical properties. It is reported that Mn ions can be used to dope in CsPbCl3 to control the
optical properties,[42—48] where the red emission from Mn?" due to the transitions of “T;=»°A,
were observed.[49] Mn is almost the only doping ion that can be commonly prepared by the
reported methods. However, it is still challenging to prepare other metal doping in CsPbCl;

nanocrystals by the reported methods.

Mn doping has been reported in CsPbCl3 in many papers. It is commonly accepted that Mn can
be doped into CsPbCls to produce red emissions. However, Mn-doped in CsPbBr3; and CsPbl3
nanocrystals are rarely reported due to the unsuccessful Mn doping in CsPbBr3; and CsPbls. There
is one paper about Mn-doped CsPbBr3, and the exciton emission of CsPbBr3; disappears.[50]
Another paper also claimed the Mn doping in CsPbBr3;. However, bule emission is reported in their
system, not green emission. [51] It is very possible that the lattice parameters of CsPbBr3 are not
suitable for Mn doping. Therefore, the doping of Mn in CsPbBr; is not clear until now. Anion
doping in CsPbCls, CsPbBr3, and CsPblz are much easier than cation doping. CsPbClxBrs;x and

CsPbBryls.y are widely prepared and studied due to the very similar properties of the same main



group of Cl Br and 1.[52-56] It is promising that anion doping can be used to help turn the optical

properties of Mn-doped in CsPbCls by turning the exciton emissions.

In this work, Tb doped CsPbCls nanocrystals are prepared by the hot injection method. The
green emissions of Tb from the energy level of D4 to 'Fs are observed. Tb and Mn codoped
CsPbCl; nanocrystals are also prepared, but the dominant emission is the red emission of Mn.
MnBr; are used to prepare Mn-doped CsPbClxBrs.x nanocrystals. Different concentrations of
MnBr, turn the exciton emissions of CsPbCliBrs.x from the blue region to the green region.
Meanwhile, red Mn emission is also observed. Mn emission can be observed only in CsPbCl3

component in our CsPbClBr3;x nanocrystals, not the CsPbBr3 component.
Experimental
Chemicals and materials

Manganese bromide hydrate 98%, cesium carbonate 99.9%, lead (II) chloride 99.998%, oleic
acid 90% (OA) were purchased from Alfa Aesar. 1-octadecene (ODE, 90%) was purchased from
ACROS Organics. Hydrocholride acid (HCI) was purchased from Fisher Chemical. Oleylamine

(OLA) was purchased from TCI America.
Preparation of doped CsPbCl3 nanocrystals
The method used in this work is based on Pradhan’s method.[57]

(a) Preparation of OLA-HCI: 10 mL OLA and 1 mL HCI were loaded in a 25 ml 3-neck round-
bottomed flask. The temperature was raised to 80 °C, and the mixture was purged with nitrogen

for 1 hour. Then the solution was kept for 2 h at 120 °C under nitrogen. The solution was stored



under a nitrogen atmosphere. The stock solution was heated to 80 °C when it is needed for the next

step.

(b) Preparation of Cs-oleate: Cs2CO3 (0.5 mmol, 162.5 mg) was loaded in a three-neck flask along
with 10 mL ODE and 1 mL OA. The reaction mixture was purged with nitrogen for 1 h and then
the temperature was raised to 150 °C to form a clear Cs-oleate solution, which was kept at room

temperature for use.

(c) Synthesis of Tb (or Mn) doped CsPbClz nanocrystals: 0.1 mmol PbCl» (27.8 mg), certain
amount of TbCl3.6H>0O and MnCl: (see Table 1 S1-S7), and 5 mL. ODE were loaded in a 100 mL
three-neck flask. The solution was purged and then kept at 120 °C for 2 h under nitrogen gas. Then
0.5 mL OA and OLA (previously degassed at 120 °C for 2 h) were injected into the reaction flask.
The resulting solution was kept at 120 °C for 30 min. Then 0.5 ml OLA-HCI was injected into the
reaction flask. The temperature was then increased to 275 °C (see Table 1 S1-S7). Afterward, 0.4
ml Cs-oleate was injected into the above solution swiftly. After 1 minute, the heat was removed,

and the nanoparticles were cooled down to room temperature in an ice bath.

(d) Synthesis of MnBr; doped CsPbCls nanocrystals: 0.1 mmol of PbCl: (27.8 mg), certain amount
of MnBr: (see Table 1 S8-S14) and 5 mL ODE were loaded in a 100 mL three-neck flask. A
vacuum was applied to the above solution, and then the solution was kept at 120 °C for 2 h under
nitrogen gas. Then 0.5 ml OA and OLA (previously degassed at 120 °C for 2 h) were injected into
the reaction flask, and then it was kept at 120 °C for 30 mins. Then 0.5 ml OLA-HCI was injected
into the reaction flask. The temperature was then increased to 180 °C and 0.4 mL Cs-oleate was
injected swiftly. After 1 minute, the heat was removed and the reaction mixture was cooled down

to room temperature in an ice bath.



Table 1 shows the sample information in this work.

Sample name PbCL:TbCl3:MnCl,
S1 1:0:0

S2 1:0.2:0

S3 1:0.5:0

S4 1:1:0

S5 1:1.5:0

S6 1:2:0

S7 1:1:0.05
Sample name PbCl2:MnBr»
S8 1:0.05

S9 1:0.2

S10 1:1

S11 1:2

S12 1:3

S13 1:4

S14 1:5

Characterization methods

The morphology of nanocrystals was characterized by a transmission electron microscope (TEM)

(JEM-1011, JEOL). The crystallinity and phase of the CsPbCl; materials were studied by an X-



ray diffraction system (XRD) (MiniFlex 600, Rigaku). PL spectra and Time-resolved PL (TRPL)
spectra were obtained with a fluorescence spectrophotometer (FluoroMax, Horiba) with TCSPC

accessories under 370 nm light excitation.

Results and discussion

Figures 1 a and b show the TEM images of the CsPbCl; S1 and S6 nanocrystals, respectively.
The sizes of S1 and S6 are 8 and 12 nm, respectively. It can be observed that cube CsPbCl;
nanocrystals are produced by our method. The average size of CsPbCl; increases a little as the Tb

doped into CsPbCl; nanocrystals. Therefore, doping induces crystal growth toward large sizes.
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Figure 1 ab TEM images of S1 and S6. ¢ XRD data of S1 and S6. d TEM image of S7.



Figure 1c¢ shows the XRD diffraction patterns of S1 and S6. The diffraction peaks are indexed
into tetragonal phase CsPbCls structure (JCPDS 18-0366) Tb doping does not affect the crystal
structure of CsPbCl; nanocrystals. The diffraction peaks of S6 are much narrower than that of S1,
which is explained by the larger sizes. Based on Scherrer equation, smaller size of NCs can cause
the broadening of XRD peaks. Therefore XRD data is consistent with the size of the products from
TEM result. Figure 1d shows the TEM image of S7. The average size of the S7 is 12 nm with some
large particles in the images. Therefore, Tb doping leads to large particle sizes of CsPbCl;
nanocrystals, but the morphology doesn't change.

Figure 2 a-f shows the photoluminescence (PL) properties of the synthesized CsPbCls
nanocrystals with different Tb concentrations (Aex=330 nm). The PL peak at ~400 nm is attributed
to CsPbCl; exciton emission. The peak at ~543 nm is attributed to the transition of >D4=»Fs energy
levels of Tb>".[58] It can be observed that the relative peak intensity of peaks at ~543 nm to ~400
nm increases as the Tb concentration increases as the PbClo:TbCls is less than 1:1, indicating Tb
doping concentration in CsPbCl3 nanocrystals increases as the ratio of PbCl,: TbCls increases. The
PL relative peak intensity of peaks at ~543 nm to ~400 nm decreases as the PbCl2: TbCl3 is more
than 1:1. The 543 nm PL peak is very weak for S6 (Figure 2f). This is attributed to the Tb PL
quench caused by high Tb concentration.[58] Therefore, the optimized Tb PL is obtained as the
PbCL:TbCls is 1:1 (figure 2d). Figures 2g and h show the PL excitation (PLE) spectra of Tb doped
CsPbCl3 S4 monitored at 400 nm and 543 nm, respectively. Two spectra are very similar to each
other. This indicates the energy transfer from CsPbCls to Tb. Figure 2i shows the PLE spectrum
of undoped CsPbCl3 S1 monitored at 400 nm. Compared to the spectra of the Tb doped CsPbCls
(figure 2g), It can be seen that the excitation spectrum of CsPbCls is modified by Tb doping.

However, the PL spectra are not influenced by Tb doping (figure 2a-f). Therefore, Tb doping can



modify the optical properties, leading to the green emission of the nanocrystals. Energy transfer

from CsPbClz matrix to Tb is identified from the PLE spectra.
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Figure 2 a-f PL spectra of S1-S6 (Aex=330 nm). g-h PLE spectra Aem=400 nm, Aem=543 nm of S4.
1 PLE spectra of S1 Aem=400 nm.

Tb and Mn ions are used to co-doped into CsPbCl; S7 nanocrystals to study the optical
properties. Figures 3a, b, and ¢ show the PL spectra under the excitation of 290 nm, 350 nm, and
370 nm, respectively. The exciton PL peak at ~400 nm is exhibited, which confirms the CsPbCl3
production. Broadband at ~ 590 nm is attributed to the emission of Mn**,[49] which indicates the
successful Mn doping into the CsPbCl; crystal lattice. In addition, the tiny peak at 543 nm is
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attributed to the Tb>" emission shown in figure 3a, which is consistent with the results in figure 2.
Tb emission in Tb, Mn coped CsPbCl3 nanocrystals is very week compared to that of Mn. PLE
spectra of S7 are shown in figure 3d-f. It can be observed that all the PLE spectra are in the region
of 300 nm-400 nm. PLE spectrum of S7 monitored at 400 nm is similar to that of S4 Tb doped
CsPbCls. A sharp component at ~300 nm and a broad component are observed for Figures 3d and
e. The sharp component shows dominated intensity in figure 3e, indicating that the efficient
absorption at 300 nm is responsible for Tb emission. While the component at ~400 nm in the PLE
spectrum monitored at 590 nm in figure 3f shows that the 400 nm component in the PLE spectrum
leads to Mn emission. Therefore, the Tb Mn codoped CsPbCl; nanocrystals show dominated Mn

emission even though the Mn doping concentration is very low compared to that of Tb.
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Figure 3 PL spectra of S7 a Aex=290 nm, b Aex=350 nm, ¢ Aex=370 nm. PLE spectra of S7 d
Aem=400 nm € Aem=543 nm f Aem=590 nm.



Photodetectors with a device configuration of FTO/TiO2/CsPbCl3 /Spiro/Au are fabricated.
Figures 4 and b show the photodetector performance of the devices based on S1 and S4,
respectively. It can be observed that the photocurrent increases with the increasing light density
for both devices. The photocurrent of the device based on S4 is much higher than that of the S1,

which is explained by the improved crystallinity of Tb doped samples due to large sizes (Figure

Ic). Therefore, Tb doping also improves photodetector performance.
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Figure 4 photodetector performance of the devices based on S1 and S4.

MnBr; is used to prepare Mn-doped CsPbCliBrsx nanocrystals since Mn** and Br~ will be
introduced to CsPbCl; nanocrystals. Figure 5 shows the TEM images of S8, S9, and S12. The
average sizes of CsPbClxBrsx S8, S9, and S12 are 10 nm, 11 nm, and 10 nm, respectively. The
average sizes don’t change that much. Figure 5d shows the XRD diffraction patterns of S1, S9,
and S12. It can be seen that the three samples show the same XRD diffraction patterns, indicating

the Mn and Br doping doesn’t affect the crystal structure of CsPbCls.
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Figure 5 a b ¢ SEM images S8, S9, and S12. d XRD diffractions patterns of S1, S9 and S12.

Figure 6 shows PL spectra of S8-S14. All the spectra in the figure consist of a sharp exciton
emission of CsPbCIxBr;x and a broadband emission of Mn?*. The exciton emission peaks are
located at 400 nm, 400 nm, 409 nm, 415 nm, 428 nm, 459 nm, and 480 nm for S8, S9, S10, S11,
S12, S13, and S14, respectively. It can be seen that the exciton emission peak positions redshift as
more Br™ ions are doped into CsPbClz, which can be explained by the production of CsPbBrs.
CsPbBr3 produces green emission with an emission peak at ~500 nm.[1] The introduction of
MnBr; induces the production of the CsPbBr3 component in the CsPbClxBrs.x. More CsPbBr3
components will be produced as more MnBr; is introduced into the CsPbCls, leading to the redshift

of the exciton emission peak. The relative intensity ratio of Mn emission to the exciton peak from
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CsPbCIxBr3« increases as the ratio of PbCl:MnBr; increases from 1:0.05 to 1:1 (S8-S10). The
relative intensity ratio decreases as the ratio of PbCl,:MnBr; further increases from 1:2 to 1:5 (S11-
S14). It is a challenge to dope Mn in CsPbBr3; based on this method. Mn can be only doped into
the CsPbCls component by this method. The decreased Mn emission caused by the increased
MnBr; amount is attributed to the decreased amount of CsPbCls in the sample, leading to decreased
Mn doping in the samples. The Mn emission of S14 almost disappears as the ratio of PbCl to
MnBr; is 1:5 (Figure 6g). The exciton emission peak is located at 480 nm. This indicates the
CsPbCl; phase still exists in S14 since the exciton emission peak of CsPbBr3 is located at ~500
nm.[1] The absence of Mn emission in S14 is attributed to the disordered phase of CsPbCl3Br3x
caused by the Br doping in CsPbCls. We also try to synthesize Mn-doped CsPbBr3 by this method.
However, Mn emission cannot be observed in our samples. Therefore, a certain amount of CsPbCls
lattice is necessary for Mn doping for our method. Recently reports indicate that the missing of
Mn emission in CsPbBr3 due to the low bandgap of CsPbBr3 and back energy transfer from Mn
dopants to host.[59] Therefore, it is possible that Mn actually doped in the CsPbBr3 in this study.
In addition, it was reported that Mn doping can help increase the PLQY and stability of CsPbBr3
NCs even though no Mn emission was observed.[60] Figures 6 h and i show the photodetector
performance of the devices based on S8 and S13. The performance of the device based on S8 is
measured under 400 nm light. The performance of the device based on S13 is measured under the
459 nm light. The two devices show similar device performance. Therefore, MnBr, doping can be

used to tune the photodetector working wavelength.
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Figure 6 a-g the PL spectra of S8-S14. h and 1 photodetector performance of the devices based on
S8 and

in this work. The characteristic emission peak of Tb** at 543 nm is observed for CsPbCl3:Tb
nanocrystals, and the dominated emission is still from the CsPbCl; host. The Tb emission intensity
decreases as Tb and Mn codoped into CsPbCls nanocrystals. The dominated Mn emission is
obtained as Tb and Mn are codoped into CsPbCl; nanocrystals. Mn and Br are also codoped into

The exciton emission of the



CsPbCl3Br3x nanocrystals exhibits redshift due to the introduction of Br in CsPbCls. This induces
the Mn emission intensity to be controlled by the CsPbCls crystal lattice. This method controls the

emission color of CsPbCl; nanocrystals.
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