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Abstract

Mn doped CsPbBr3; nanocrystals with sizes of ~10 nm are synthesized by hot injection method via
the addition of HBr in the precursor. The sizes and crystal structure are not influenced by the
addition of HBr. The photoluminescence (PL) mechanism of CsPbBr3 is modified by HBr, leading
to the PL peak shift to 433 nm, which is not the regular PL of CsPbBrs. The irregular CsPbBr;3
nanocrystals prepared with HBr enable the Mn doping, leading to the red emission of Mn. The PL
energy transfer from CsPbBr3; to Mn is studied as a function of HBr. The energy transfer of ~90%
is achieved in this system. In addition, The crystallinity of the CsPbBr; nanocrystals is also

improved by the HBr, leading to better photodetector device performance.



Introduction

CsPbBr; nanocrystals are attracting much attention due to their applications in optoelectronic
devices, lighting and displays, etc.[1-27] Green PL properties from CsPbBr; nanocrystals due to
CsPbBr; exciton emission are commonly reported, which shows significant potential in green
lighting devices. Mn ions as red PL centers due to the transition from *T} to °A; are extensively
studied.[28] Mn doped inorganic perovskite CsPbCls nanocrystals have been reported by many
papers.[29-37] Efficient PL energy transfer from CsPbCl; to Mn is proposed, leading to blue
emission from CsPbCl; and red emission from Mn.[38] However Mn doped CsPbBr3 are only
reported by Pradhan ef al.[39] and Son ef al.[40] In Pradhan’s results, Mn doped CsPbBr3 are
synthesized by adopting a self-regulated approach and the PL depends on the concentration of the
solution. Low concentration produces CsPbBr; dominate PL. High concentration yield Mn
dominates PL. Therefore, the PL of CsPbBr3 prepared by this method is not as stable as that of
CsPbCls. Son developed Mn doping method by HBr additive.[40] Very strong red emission from
Mn were produced in their method. However, the green emission is missing in their paper. A peak
at ~440 is observed due to the units of PbBr6 octahedra in the thickness corresponding to ~2 nm
in CsPbBr; nanoplatelets.[40,41] The energy transfer between CsPbBr; and Mn is not studied,

and the reason for the successful Mn doping in CsPbBr3; is still not clear.

In this work, Mn doped CsPbBr3 in the presence of HBr are synthesized based on modified
Son’s method.[40] The sizes and crystal structures of the CsPbBr3 are not influenced by the HBr
additive, However, the PL peak shift to 433 nm, leading to the irregular PL of CsPbBrs. The
irregular PL leads to the Mn doping in CsPbBrs3, resulting in energy transfer from CsPbBr3 to Mn

to produce red emission. The energy transfer is significantly influenced by the amount of HBr and
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is studied in terms of energy transfer efficiency by Time-resolved PL (TRPL) spectra affected by
HBr. In addition, the photodetectors based on the doped and undoped CsPbBr3 are studied for
comparison. The Mn doped CsPbBr3; nanocrystals exhibit better performance compared to the

undoped CsPbBr3 nanocrystals.

Experimental

Chemicals and materials

Manganese bromide hydrate 98%, cesium carbonate 99.9%, lead (II) bromide 99.998%, oleic
acid 90% (OA), and n-Tetradecylphosphonic acid 98% (TDPA) were purchased from Alfa Aesar.
Hydrobromic acid 48% solution in water was purchased from Acros Organics. Trioctylphosphine
oxide 90% (TOPO) was purchased from Sigma Aldrich. Oleylamine (OLA) was purchased from

TCI America.

The method used in this work is based on Son’s method.[40] Typically, Cs solution was injected
into PbBr2 and MnBr; solution at 200 °C. Figure 1 shows the schematic of the experimental

procedure. Table 1 shows the sample information and sample names in this work.
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Figure 1 the schematic of the experimental procedure

Preparation of Cs-based precursor

0.0317 g TDPA, 0.5438 g TOPO, 0.0091 g Cs2CO3 were loaded in a 100 ml three-neck round-
bottom flask, and then the mixture was degassed 3 times and kept vacuum for 30 min at room
temperature. 4 ml ODE was injected into the flask and kept vacuum for 10 min at room temperature.
The mixtures were heated to 120 °C under vacuum for 30 min to obtain a clear solution. Then the

solution was heated to 230 °C under N> for the next step.

Synthesis of CsPbBr;:Mn

0.7 ml OLA and HBr (0-1 ml) were mixed in a 25 ml three-neck round-bottom flask under N»
for 2 min, then transferred to vacuum, and kept for 10 min. 5 ml ODE and 0.7 ml OA were injected
into the flask under N». 0.0587 g PbBr», 0.1696 g¢ MnBr; were put in the flask, and then were
degassed 3 times, then the solution was kept under vacuum for 30 mins at room temperature. The

mixtures were kept at 120 °C under vacuum for 1h. Then the solution was heated to 200 °C under



N». Additional 0.7 ml OA and 0.7 ml OLA were injected into the solution when the temperature
reached 200 °C. After 10 min, 4.5 ml Cs-based precursor was injected into the above solution.
After 1 min, the flask was cooled in an ice bath to obtain CsPbBr3;:Mn nanoparticles. The
nanoparticles were dispersed in toluene for PL measurements. Table 1 shows the sample

information in terms of the amount of MnBr; and HBr during the sample synthesis.

Table 1 the sample information in this work

Sample name MnBr2/ g HBr/ mL
S1 0 0

S2 0 0.2

S3 0.1696 0.2

S4 0.1696 0.4

S5 0.1696 0.6

S6 0.1696 0.8

S7 0.1696 1.0




Characterization

The morphology of nanocrystals was measured by a transmission electron microscope (TEM)
(JEM-1011, JEOL). The crystallinity and phase of the CsPbBr3;:Mn materials were studied by an
X-ray diffraction system (XRD) (MiniFlex 600, Rigaku). PL spectra were collected by Horiba
fluoromax-4 Compact Spectrofluorometer. Time-resolved PL (TRPL) spectra were obtained with
fluorescence spectrophotometer (FluoroMax, Horiba) with TCSPC accessories under 370 nm light

excitation.

Results and discussion

Figure 2a shows the XRD .
diffraction  patterns of the S3
CsPbBr; samples S1-S3. Mn
doping and HBr additive don’t g
affect the CsPbBr; crystal phase. 'g -
XRD diffraction patterns of S1, k
S2, and S3 are consistent with the 100 110
Son’ results.[40] The XRD o
diffraction peaks at 15.2°, 21.5°, 15 ?IFWO th:él ¢ degril) 3s
30.4°, and 34.3° are indexed to | Figure 2 XRD diffraction patterns of S1, S2 and S3 and
corresponding TEM images. The insets show the size
(100), (110), (200), and (210) | distribution.

crystal planes.[42] It shows that the peaks of the Mn-doped CsPbBr3; S3 are narrower compared to
those of the undoped samples (S1 and S2), indicating the improved crystallinity by Mn doping. In
addition, it can be observed that the diffraction peaks of S3 shift to large-angle side compared to

the two undoped samples S1 and S3. This is explained by Mn doping, which is consistent with



Son’s results.[40] Figure 2b, c, and d show the TEM images of S1, S2, and S3, respectively. The
particle size distributions of the three samples are shown in the insets of figure b, ¢ and d. The
average sizes of the three samples are 8 nm, 10 nm, and 13 nm for S1, S2, and S3, respectively.
Therefore, the average sizes of the three samples are ~10 nm. Thus, the Mn doping and HBr

additive cannot affect the sizes and the structure of the nanoparticles.

The effects of HBr additive and Mn doping on the PL properties are investigated, and the

emission and excitation spectra of S1-S7 are shown in figure 3. Figure 3a shows the PL spectrum
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Figure 3 a-g PL spectra of S1-S7 (Aex=365 nm). h PLE spectra of S2 monitored at 433 nm. 1
PLE spectra of S3 monitored at 600 nm.




of S1 with a peak at 503 nm, which is attributed to exciton emission. It is a very typical PL
spectrum of CsPbBr3, which is consistent with the literature report about CsPbBr3 emission.[26,43]
Figure 3b shows the emission spectrum of S2 with a peak at ~433 nm, which is different compared
with that of S1. It can be seen that the HBr additive leads to the PL emission peak shifts from 503
nm to 433 nm. It suggests that the addition of HBr affects the PL mechanism of CsPbBr3 although
the XRD different patterns and sizes of the particles are not influenced by HBr (Fig. 2). It is
reported that the 433 nm is attributed to the three units of PbBrs octahedra in the thickness
corresponding to ~2 nm.[40,41] The significant blueshift is due to the 1-dimensional quantum
confinement in nanoplatelets.[40,41] The amount of HBr increases from 0.2 mL to 1.0 mL for
samples S3-S7 as indicated in table 1. Two PL peaks are observed for S3-S7 including 433 nm
from CsPbBr3; and ~600 nm from Mn (Fig.3 c-g), which is consistent with Son’s results. Mn PL
peak is attributed to the *T1 = °A; transition.[28] The presence of 600 nm PL peak indicates the
successful Mn doping in CsPbBrs; crystal lattice. It can be seen that the relative Mn PL intensity to
CsPbBr; PL intensity is significant influenced by the amount of HBr. The insets of figure 3a-g
show the corresponding photographs of the samples under the UV lamp. Bright green, pink, or red
emissions can be observed. The PLE spectra of S2 is shown in figure 3h ( Aem=433 nm). A broad
absorption band in the range of 320-400 nm is observed, indicating that the absorption of the
energy at the range of 320-400 nm corresponds to the emission of 433 nm. Therefore, the broad
absorption is attributed to the CsPbBr3 matrix. PLE spectra of S3-S7 look identical to each other,
and the PLE spectrum of S3 is exhibited in figure 31 (Aem= 600 nm). Two components are observed
in the spectrum. A broad band 320-400 nm is assigned to the CsPbBr3 matrix absorption since it
is similar to the PLE spectrum in figure 3h. Therefore, Mn emission can be realized by energy

transfer from CsPbBr; matrix absorption. The other peak is located at 430 nm, which is attributed



to PbBr6 octahedra. PbBrs octahedra has an emission of 433 nm peak, and the absorption is highly
possible to be 430 nm sharp peak. Another energy transfer from PbBrs octahedra in CsPbBr3 to
Mn, leading to red emission of Mn. Therefore, the PLE spectrum of S3 shows that energy transfer
happened from CsPbBr3 to Mn by two channels, leading to the Mn red emission at ~600 nm. Two
energy transfer channels are provided by the CsPbBr3. One channel is due to the PbBrs octahedra
absorption. The other channel is attributed to CsPbBr3 matrix absorption. Figure S1 shows the PL
spectra of S3 under the excitation of 433 nm. It can be seen that 600 nm PL peak is also observed
in the spectrum, indicating the energy transfer from PbBrs octahedra to Mn. Figure S2 shows the
PLE spectrum of S1, which is different from that of S2, indicating the modified PL mechanism by
HBr. Figure S3 shows the energy transfer mechanism in our CsPbBr3:Mn nanocrystals. CsPbBr3
matrix absorbs the energy and the energy will be transferred to Mn (Channel 1). PbBrs octahedra
absorbs the energy and then transfer to Mn (Channel 2). Channel 2 is more efficient because the
intensity of 430 nm peak is higher than that of the broad band. There are no reports about the Mn
ion doping in CsPbBr3 nanocrystals with the PL peaks of 503 nm from CsPbBr3 and 600 nm from
Mn until now. Son et.al. developed the Mn doping method via the addition of HBr.[40] However,
the introduction of HBr modifies the CsPbBr3 PL mechanism, leading to the presence of Mn PL.
Energy transfer from CsPbBr; affected by the HBr amount is investigated by PL and TRPL
spectra (Fig. 4). Figure 4a shows the integrated PL peak area ratios of Mn (600 nm) to CsPbBr3
(433 nm) obtained from figure 3c-g. The ratio increases from 1.27 to 1.99 as the HBr amount
increases from 0.2 to 0.6 mL, indicating the increased Mn PL intensity relative to CsPbBr3; PL.
The ratio decreases to 1.22 as the HBr amount further increases to 1 mL, leading to the production
of a maximum ratio of 1.99 for S5. TRPL data of S2-S7 monitored at 433 nm are shown in figure

S4. All the lifetime decay curves can be fitted by biexponential function.



Table 2 the lifetime fitting results of S2-S7 monitored at 433 nm

S2 S3 S4 SS Sé6 S7

T1 (ns) 1.78 9.88 8.89 6.51 3.57 241

T2 (ns) 195.27 56.28 47.70 40.64 19.27 20.01

B1 0.13 0.53 0.59 0.72 0.52 0.64

B2 0.87 0.47 0.41 0.28 0.48 0.36

The fitting parameters are listed in table 2. The long lifetime is attributed to PbBrs octahedra
structures, which 1s equivalent to the band edge recombination of CsPbBr3; nanocrystals. Usually,
the band edge recombination is associated to the emission of ~500 nm. In our case, the emission
position is 433 nm. We believe it is associated with the PbBrg octahedra structures. Therefore, the
long lifetime is attributed to this PbBres octahedra structures. The short lifetime is ascribed to the
surface recombination. Figure 4b shows the long lifetime of S2-S7. It is observed that the lifetime
decreases from 195.3 ns to 20 ns as the HBr amount increases from 0.2 mL to 1 mL, indicating the
energy transfer from CsPbBr3; to Mn. The variation of the short lifetime within 10 ns is attributed
to the nanoparticle surface including the surface defects and surface ligands (Fig. 4c). The energy
transfer efficiency in S3-S7 from CsPbBr3 to Mn is calculated by the equation of n=( T2s2-T2s3-

7)/T2s2. The energy transfer efficiency increases with the increase of the amount of HBr (Fig. 4d).
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Figure 4 a PL peak area ratio of Mn and CsPbBrs. b Long lifetime values of CsPbBr3
emission (Aem=433 nm) of S2-S7. ¢ short lifetime values of CsPbBr3 emission (Aem=433 nm)

of S2-S7. d calculated energy transfer from CsPbBr3; to Mn. d performance of photodetectors
based on CsPbBr3 (e) and CsPbBr3:Mn (f).
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It reaches ~90% as the HBr amount is 0.8 mL and 1 mL for S6-S7. Therefore, the energy transfer
efficiency is confirmed for S3-S7. The photodetectors based on the CsPbBr3; and CsPbBr3:Mn with
a structure of FTO/Ti0,/CsPbBr3/Spiro/Au are also fabricated and studied in this work. Figure 4
e and f show the photodetector performance of the devices based on S2 and S3, respectively. It
can be observed that the photocurrent increases with the increasing light power. Higher intensity
of the photocurrent is obtained by the devices based on the Mn doped CsPbBr; compared to that
of the undoped CsPbBr3. The detailed values are listed in table S1. This can be explained by the
improved crystallinity of the CsPbBr3 nanocrystals due to Mn doping, which is similar to the

results of Eu doping[44].

Conclusion

In this work, Mn doped CsPbBr3 nanocrystals are synthesized by hot injection method in the
presence of HBr. HBr is required to dope Mn in CsPbBr3. The PL mechanism is modified by HBr
additive, leading to the PL peak shifts to 433 nm, which is not regular CsPbBr3; PL (503 nm). Thus,
energy transfer happens from irregular CsPbBr3 to Mn. PL energy transfer is studied as a function
of the amount of HBr in terms of energy transfer efficiency. Two energy transfer channels are
proposed in this work. CsPbBr; matrix can absorb energy then transfer to Mn, leading to red
emission of Mn. PbBrs octahedra structures absorption at 430 nm can also transfer energy to Mn,
resulting in red emission of Mn. TRPL study confirms the energy transfer from PbBrs octahedra
structures to Mn. The optimum amount of HBr is 0.6 ml for a high PL peak ratio of Mn to CsPbBrs3.
Another benefit of the Mn doping is the improved crystallinity, leading to improved photodetector
device performance compared to undoped CsPbBri. This work presents the energy transfer

mechanism in CsPbBr3;:Mn nanocrystals.
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Figure S1 the PL spectra of S3 under the excitation of 433 nm
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Figure S2 PLE spectrum of S1
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Figure S4 a-f TRPL spectra of S2-S7
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Table S1 the photocurrent values of CsPbBrs nanocrystals. The light intensity in the brackets are the

values used to measure the performance of the devices based on Mn doped CsPbBrs.

Light intensity 1.8 (1.25) 3.9 (3.94) 5.72 (2.6) 7.87 (5.36)
(mMW/cm?)

Photocurrent 0.6 1 1.65 2

CsPbBrs (108 A)

Photocurrent 1.5 2.8 4.5 6.9
CsPbBr3:Mn (108 A)
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