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A B S T R A C T

Herein, we report on a facile, bulk scale room temperature solid-state synthesis of highly stable and lumines-
cent Mn-doped CsPbCl3 nanocrystal (NCs) with high Mn substitution, and investigate the origin and tunability of
its dual-color emission. The structural and compositional analyses confirm the successful doping of Mn (1–40%)
ion in CsPbCl3 NCs. The Mn-doped CsPbCl3 NCs exhibit distinct excitonic photoluminescence (PL) emission at
~412 nm (Iex) and Mn related emission at ~590 nm (IMn) with high PL quantum yield (up to 35%). Our study
reveals that the intensity ratio IMn/Iex could be widely tuned by a factor of 64 and 23 by changing the Mn con-
centration and the measurement temperature, respectively. The stronger Mn emission at higher temperature is
attributed to the higher rate of transfer of photoexcited carriers from the excitonic state of CsPbCl3 host to Mn
related state. Further, excitation intensity-dependent PL along with time-resolved PL studies revealed important
insights into the origin and tunability of Mn related orange-red PL in the dual color emitting Mn-doped CsPbCl3
NCs. The PL line shape analysis revealed additional PL peak in the range ~634–666 nm, which grows stronger
with higher doping concentration and it is attributed, for the first time, to structural defects in the NCs. Remark-
ably, the Mn-doped CsPbCl3 NCs synthesized by our method exhibit about 10 times higher storage stability than
those reported earlier due to the high Mn doping efficiencies achieved due to the strain induced enhanced doping
process. Finally, white light emitting diodes (LEDs) were fabricated by employing blue-emitting CsPbCl1.5Br1.5
NCs, green-emitting CsPbBr3 NCs and orange-red emitting 10% Mn-doped CsPbCl3 NCs all grown by the same
method. Our work demonstrates a low-cost synthesis strategy for high Mn doping in CsPbCl3 NCs with superior
ambient stability and highly tunable emission.

© 2019

1. Introduction

Inorganic halide perovskite materials are a promising class of semi-
conductors which are being studied extensively as future optoelectronic
materials [1–4]. All-inorganic perovskite with the structural formula of
CsPbX3 (X are the same single or mixed halides) quantum dot (QDs)
and nanocrystals (NCs) have drawn tremendous research attention over
the past few years with the advantages of high photoluminescence (PL)
quantum yield (QY), high photostability and widely tunable spectral
range and the extraordinary performances in LEDs, solar cells, pho-
todetectors etc [2,4–9]. Unfortunately, the perovskite materials still
have some shortcomings, such as poor stability and device performance
in presence of oxygen and water molecules, and the toxicity of lead
[10,11]. Lead-free perovskite QDs and NCs are also reported, though
the Pb-free materials exhibit low PL QY and poor stability than the
lead-based NCs and QDs [12].
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On the other hand, the partial substitution of Pb2+ in lead-based per-
ovskite by other impurity ions, such as Mn, and other main group metal
cations, transition metal cations, and rare earth (RE) metal cations are
also explored to improve the optoelectronic properties of the perovskite
NCs [13–19]. In particular, Mn doping of CsPbCl3 has received much
attention in order to reduce the toxic Pb content and improve the PL
quantum yield [13]. Parobek et al. first reported the doping of Mn2+

ions in CsPbCl3 NCs by a high-temperature hot injection method [20].
Since the bond dissociation energy of Pb-Cl and Mn-Cl bonds are nearly
similar, this permits the partial substitution of Pb in CsPbCl3 NCs with
Mn without much distortion in the crystal lattice structure [13]. These
Mn-doped CsPbCl3 NCs show dual-color emission. The sharp PL peak in
the UV region is due to the band edge excitonic recombination of the
host CsPbCl3 NCs, while the orange-red PL is attributed to the energy
transfer from excited states of CsPbCl3 to Mn2+ followed by radiative re-
combination from 4T1 state to 6A1 state of Mn [13,14,16,21]. Interest-
ingly, the Mn doping in CsPbCl3 effectively improve the structural stabil-
ity and optical properties of perovskite, besides the partial substitution
of toxic Pb [22].

The current synthesis strategies of Mn-doped CsPbCl3 are mostly
limited to tedious methods, which involve the use of toxic volatile or

https://doi.org/10.1016/j.jcis.2019.12.066
0021-9797/© 2019.
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ganic solvents, inert gas atmosphere, and high reaction temperature.
The most explored synthesis strategies for Mn-doped CsPbCl3 NCs are
hot injection and cation exchange methods, which involve complex
time-consuming processes [15,22–24]. Synthesis of perovskite NCs in
hot injection method involve more complex experimental procedures
than the cation exchange method, and in cation exchange method the
crystallinity of the as-grown NCs is relatively poor. In hot injection
method, different polar solvents, organic surfactants/ligands are used
which causes poor stability of NCs and escape of Mn ions from the host
CsPbCl3 NCs [24]. Doping with high concentration of Mn is quite chal-
lenging by conventional method, since the doped Mn atoms reside near
the surface and easily escape from the host CsPbCl3 NCs. However, a low
cost, facile synthesis process for Mn-doped CsPbCl3 NCs at room temper-
ature and the complete solvent-free environment is still unexplored. Zhu
et al. reported composition tunable perovskite QDs by ball milling [25].
However, to our knowledge, there is no report concerning the room tem-
perature physical synthesis of Mn-doped CsPbCl3 NCs with superior op-
tical properties.

In this report, we have studied on a facile, low-cost solvent-free,
bulk scale room temperature physical synthesis of highly luminescent
Mn-doped CsPbCl3 NCs with high Mn substitution through ball milling,
for the first time. First, the raw reactants are milled for 2 hrs with the
help of zirconia balls in a zirconia vial to avoid any contamination.
Next, a small amount of surfactant (oleylamine) is added and milled
for 1 hr, which results in dual color emitting Mn-doped CsPbCl3 NCs
exhibiting superior optical properties. We have characterized the un-
doped and Mn-doped NCs systematically by field emission transmission
electron microscopy (FETEM), X-ray diffraction (XRD), X-Ray photo-
electron spectroscopy (XPS), Uv–visible absorption, room temperature,
and low-temperature PL, time-resolved PL (TRPL) analyses. The struc-
tural and compositional analyses by XRD and XPS, respectively, con-
firm the proper substitution of Pb by Mn ion in CsPbCl3 NCs. Low-tem-
perature PL and excitation intensity-dependent PL study reveals im-
portant insights into the origin of Mn related orange-red PL in the
dual color emitting Mn-doped CsPbCl3 NCs. Further, it is demonstrated
that Mn-doped CsPbCl3 NCs synthesized by physical milling method ex-
hibit superior stability due to the high Mn doping efficiencies achieved
through the nonequilibrium synthesis conditions during milling. Fur-
thermore, white LED devices were constructed by employing blue-emit-
ting CsPbCl1.5Br1.5 NCs, green-emitting CsPbBr3 NCs and orange-red
emitting 10% Mn-doped CsPbCl3 NCs composite films with Poly(methyl
methacrylate) (PMMA). Implications of these results for a low-cost syn-
thesis strategy for Mn-doped CsPbCl3 NCs with superior ambient stabil-
ity for white light-emitting application are discussed.

2. Experimental details

2.1. Materials

Cesium chloride (CsCl, >99.5%, Merck), cesium bromide (CsBr
99.999%, Sigma Aldrich) lead (II) chloride (PbCl2, 99.99%, Sigma
Aldrich), lead(II) bromide (PbBr2, 99.999%, Sigma Aldrich), manganese
(II) chloride tetra-hydrate (MnCl2·4H2O, >99%, Merck), Poly(methyl
methacrylate) (PMMA) powder (Sigma Aldrich) oleylamine (OAM,
>98%, Sigma Aldrich) and toluene (>99.0%, Merck) are used as the
starting materials for the synthesis work. All the reagents are used as-re-
ceived, without any further purification.

2.2. Physical synthesis of undoped and Mn-doped CsPbCl3 NCs

Equivalent mole of CsCl (0.5 mM) and PbCl2 (0.5 mM) were mixed
together along with 40 g zirconia balls of diameter 5 mm in a zirco-
nia vial of 50 ml volume (Retsch) under ambient condition and phys-
ically milled in a planetary ball mill (Retsch, Germany) at rotation
speed of 500 rpm for 2 h. This results in a fine powder of CsPbCl3. For

the growth of CsPbCl3 NCs, next 0.2 ml oleylamine (OAM) was added
to the milling vial and the milling process was continued for another
1 h for the formation of surfactant-assisted NCs. Further, the synthesized
product was dispersed in 20 ml of toluene. Next, the mixture was cen-
trifuged for 10 min at 8000 rpm, and the precipitation was separated
and discarded and the NCs were re-dispersed in toluene to obtain the
final product. As-prepared NCs dispersion was used for further charac-
terizations.

For the growth of Mn-doped CsPbCl3 NCs, different amount of PbCl2
was replaced by MnCl2 depending upon the deserved Mn doping con-
centration. Typically, 0.5 mM CsCl, x mM MnCl2 and (0.5-x) mM PbCl2
were mixed and milled at 500 rpm for 2 h. For example, for 10%
Mn-doped CsPbCl3 NCs, 0.5 mM CsCl, 0.45 mM PbCl2 and 0.05 mM
MnCl2 were used. For the synthesis of Mn-doped CsPbCl3 NCs, we fol-
lowed the same milling conditions as used for the growth of CsPbCl3
NCs. The undoped (0%) and different Mn-doped (X%) NCs are termed
as Mn0 and MnX, respectively.

2.3. Physical synthesis of CsPbBr3 NCs and CsPbCl1.5Br1.5 NCs

We further synthesized CsPbBr3 and CsPbCl1.5Br1.5 NCs, which were
used as green and blue-emitting materials, respectively, for a white
light-emitting device (WLED). CsPbBr3 and CsPbCl1.5Br1.5 NCs were
synthesized by the same method we used for the growth of undoped
and Mn-doped CsPbCl3 NCs. For the growth of green light-emitting
CsPbBr3 NCs, equivalent moles of CsBr (0.5 mM) and PbBr2 (0.5 mM)
were mixed and milled by the two-step surfactant-assisted physical
milling method with the identical conditions as used for the growth of
Mn-doped CsPbCl3 NCs. For the synthesis of green light-emitting CsP-
bCl1.5Br1.5 NCs, PbCl2, PbBr2, CsCl and CsBr were used as starting pre-
cursor materials.

2.4. Preparation of the NCs-PMMA film and construction of WLED

PMMA powders (0.5 g) were mixed with 2 ml of different NCs (CsP-
bCl1.5Br1.5, CsPbBr3 and 10% Mn-doped CsPbCl3 NCs) dispersed in
toluene. After complete dissolution of PMMA particles by ultrasoni-
cation, each of the solutions was drop cast on cleaned transparent
quartz substrates and dried by vacuum heating (50 °C) to obtain the
NCs-PMMA solid films. The light emissions from films were measured
by placing the film on a UV LED chip of wavelength 396 nm. For the
construction of white light LED, first CsPbCl1.5Br1.5 NCs/PMMA solution
was drop cast on a cleaned quartz substrate and then dried. Next CsP-
bCl1.5Br1.5 NCs/PMMA and 10% Mn-doped CsPbCl3 NCs/PMMA solu-
tions were drop casted sequentially on top of the film. Finally, the film
on quartz is placed on a UV- LED chip, which gives bright white light
emission.

2.5. Characterization techniques

The morphology and structural properties of undoped and doped
samples were analyzed using a FETEM (JEOL-2100F) operated at
200 kV. An energy dispersive x-ray (EDX) spectrometer equipped in
FETEM instrument was used for the characterization of the elemen-
tal compositions. XRD (Rigaku RINT 2500 TRAX–III, Cu Kα radiation)
patterns were recorded for the determination of phase and structure
of different samples. XPS measurements were carried out with a PHI
X-Tool automated photoelectron spectrometer (PHI X-tool, ULVAC-PHI
Inc.) using Al Kα X-ray (1486.6 eV) with a beam current of 5 mA.
UV–Vis absorption spectra were recorded using a commercial spec-
trophotometer (PerkinElmer, Lamda 950). A commercial fluorimeter
(Horiba Jobin Yvon, Fluoromax-4) was used to record the room tem-
perature steady-state PL spectra of different NCs samples using a Xe
lamp excitation and a 360 nm diode laser (CNI Laser) excitation along
with a long
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pass filter. An integrating sphere (FM-SPHERE, Horiba) attached with
the fluorimeter was used to measure the absolute PL quantum yield (PL
QY) of different samples. Temperature-dependent (80–350 K) PL mea-
surements were carried out using a liquid nitrogen-cooled optical cryo-
stat (Optistat DNV, Oxford Instruments) attached to the above fluorime-
ter. Time-resolved PL (TRPL) measurements were carried out using a
375 nm pulsed laser excitation, with an instrument time response of
<50 ps (LifeSpecII, Edinburgh Instruments).

3. Results and discussions

3.1. Synthesis strategy and doping of NCs by physical milling

Fig. S1 (supporting information) illustrates a schematic of the
synthesis steps of dual-color emitting highly luminescent Mn-doped CsP-
bCl3 NCs by the facile physical milling method. The most explored syn-
thesis process for undoped and Mn-doped CsPbCl3 perovskite NCs/QDs
is hot injection method [13,26]. In this multistep tedious process to dis-
solve different raw reagents like Cs2CO3, CsOAc (cesium acetate), PbX2
(X = Cl, Br, I) metal salts, either polar solvents such as DMF and DMSO,
or organic surfactants/ligands like 1-octadecene (ODE), oleic acid (OA)
are used by heating at high temperature [20]. Note that the final col-
loidal NCs can easily degrade in polar solutions. Thus the final prod-
uct is precipitated, centrifuged and stored in a nonpolar organic sol-
vent like toluene or hexane. However, there is expected to be some
residue of polar solvents and organic surfactants/ligands which may de-
grade the NCs very fast. On the other hand, in the case of physical
milling, no polar solvents or organic ligands are used. In our case, a lit-
tle amount (0.2 ml) of oleylamine (OAM) is used. The high-speed me-
chanical mixing gives the required reaction energy in a similar way as
heating or ultrasonication needed for the cocrystal formation. Kaupp et
al. proposed a three-step reaction mechanism to explain the molecu

lar solid reactivity [27,28]. First, raw reactants are diffused through a
mobile phase similar to amorphous solid and chemical reaction is fol-
lowed; second, nucleation and growth of the product phase occurred and
finally, the product separated and unreacted reactant surface was ex-
posed for further reaction cycles [28]. In our case, we have explored a
two steps physical milling for the growth of undoped and Mn-doped CsP-
bCl3 perovskite NCs. For the Mn-doped perovskite NCs, high Mn doping
efficiencies were achieved through the pressure-mediated synthesis con-
ditions in physical milling, resulting in enhanced PL emission related to
Mn. The 1st milling phase for 2 hrs ensures the completion of reaction
and doping, while 2nd phase of OMA assisted milling results in the cu-
bic shaped NCs. Note that the very small amount of added OMA ligand
plays an important role which functionalized the surface of the NCs ex-
hibiting strong fluorescence with better stability [25]. It is well known
that the ball milling process produce strain in the synthesized NCs. This
strain may result in the lowering dopant energy and effective substitu-
tion of Pb by Mn with high Mn doping efficiency [29].

3.2. Morphology and structural analysis

3.2.1. FETEM analysis
Morphology of undoped and Mn-doped CsPbCl3 NCs was studied us-

ing FETEM imaging. Fig. 1(a–d) shows the FETEM images of as-grown
Mn0, Mn3, Mn5, and Mn10 samples, respectively. All the figures show
the cubic shaped structure of CsPbCl3 NCs. Note that the bare CsPbCl3
NCs are perfectly cubic shaped as shown in Fig. 1(a) and this is consis-
tent with the literature, while with increasing Mn doping concentration
the NCs shape is partly distorted [13]. This may be due to some struc-
tural deformation with high Mn substitution. The inset in each figure
shows the digital photographs depicting the emission colors of the cor-
responding samples under the illumination of 395 nm UV light.

Fig. 1. TEM images of CsPbCl3 NCs (a) undoped (b) 3% Mn-doped, (c) 5% Mn-doped, (d) 10% Mn-doped. Inset in each case shows the digital photograph depicting the emission colors
of the corresponding samples under UV light irradiation. (e– h) Particle size distributions of undoped, 3%, 5% and 10% Mn-doped CsPbCl3 NCs, respectively. The solid curve in each case
shows the corresponding Gaussian fitting and 〈D〉 indicates the average size of the NCs. (i–l) The corresponding HRTEM lattice images of undoped, 3%, 5% and 10% Mn-doped CsPbCl3
NCs, respectively. Inset of (i) shows the FFT pattern of CsPbCl3 confirming its high crystalline quality.
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Fig. 1(e–h) depicts the size distributions of NCs for different samples
with corresponding Gaussian fitting. From the size distributions analy-
sis, average sizes of the NCs were found to be 13.7, 12.4, 9.1 and 8.7 nm
for Mn0, Mn3, Mn5, and Mn10, respectively. Interestingly, with the in-
crease in Mn doping concentration, the average size of the NCs is de-
creased systematically [16,30]. This may be due to the partial sub-
stitution of Pb2+ ions (r = 0.133 nm) by Mn2+ ions (r = 0.097 nm)
with smaller ionic radius. This decrease in NCs size with the increase
in Mn doping concentration influences in the blue shift of band edge
excitonic PL peak positions and absorption edges (discussed later). Fig.
1(i–l) shows the HRTEM lattice fringes of single NC of Mn0, Mn3, Mn5,
and Mn10, respectively. The lattice spacing were found to be 0.41 nm,
0.40 nm, 0.40 nm and 0.39 nm for 0%, 3%, 5% and 10% Mn-doped CsP-
bCl3 NCs, respectively, which correspond to the (1 1 0) lattice plane of
CsPbCl3. It is clear that with the increase in Mn doping concentration,
the lattice spacing decreased. Thus the gradual decrease in lattice spac-
ing due to Mn doping corresponds to the substitution of bigger Pb atom
by the smaller size Mn atom. These results are consistent with the XRD
analysis (discussed later). The inset of Fig. 1(i) represents the corre-
sponding fast Fourier transform (FFT) pattern of undoped CsPbCl3 NC,
which confirms the good crystalline quality of the NC.

The elemental composition of Mn-doped CsPbCl3 NCs was further
characterized by EDX analysis. Fig. S2 (supporting information) de-
picts the EDX elemental spectra of Mn3 which shows the presence of
Cl, Cs, Pb, Mn with the atomic percentage of 57.7%, 18.4%, 21.2%, and
2.7%, respectively. This implied effective doping of Mn in the NCs. Ef-
fect of post-growth annealing on the morphology of doped NCs was stud-
ied by FESEM, as shown in Fig. S3(a) (supporting information). FE-
SEM image of Mn10 film annealed at 100 °C for 30 min in Ar atmos-
phere shows the cubic shaped perovskite NCs. Some bigger size NCs
were noticed, which may be due to agglomeration/grain growth dur-
ing annealing. The corresponding spatial mapping for elements and EDX
elemental spectra are shown in Fig. S3(b–e) and (f) (supporting in-
formation), respectively. The atomic percentage of different elements
nearly matches with the percentage of parent raw materials confirming
effective doping by this facile method.

3.2.2. XRD analysis
The crystalline quality and phase of undoped and Mn-doped CsPbCl3

NCs were studied by XRD analysis. Fig. 2(a) shows the comparison of
XRD patterns of samples Mn0, Mn1, Mn3, Mn5, Mn10 and Mn20, re-
spectively. The XRD pattern of undoped CsPbCl3 NCs confirms the de-
sired cubic phase consistent with the literature [22,30]. The XRD pat-
terns of Mn-doped CsPbCl3 NCs indicate that they retain the structures
of the parent cubic CsPbCl3 NCs. Note that no impurity peak of raw re-
actants was observed in the XRD data profiles as shown in Fig. 2(a)
confirming the proper reaction and full conversion of reactants in phys-
ical milling. Fig. 2(b) shows the magnified view of the XRD peak corre-
sponding to (1 1 0) plane. Interestingly, with the increase in Mn doping
concentration, the (1 1 0) peak is systematically shifted to higher angles
with respect to that of undoped cubic CsPbCl3 NCs. For 20% Mn-doped
NCs the shift is observed to be ~0.17°. The systematic shift of the (1 1 0)
peak toward higher angle is attributed to Mn incorporation in crystal
and progressive lattice contraction due to the substitution of larger Pb2+

ions by the isovalent, yet smaller size, Mn2+ ions [22,30,31]. Note that
a systematic decrease in lattice spacing with doping was also observed
from HRTEM analysis. Thus, the result of XRD is fully consistent with
the HRTEM analysis. We further calculated the compressive strain pro-
duced in the crystal structure of the doped NCs due to the Mn substitu-
tion from the shift of the XRD (1 1 0) peak and the results are shown in
Table S1 (supporting information). For 20% Mn doping, the compres-
sive strain is found to be 0.75%. Note that due to the high pressure me-
chanical milling, it naturally produces lattice strain in the crystal struc-
ture and it enhances the doping efficiency [29]. Zhu et al. showed that
with 1% compressive strain (i) doping energy of Be in GaP is reduced
by 0.2 eV and (ii) solubility of Be in GaP could be increased by 3 or-
ders of magnitude at room temperature [29]. In the present work, we
achieved ~40% Mn doping in CsPbCl3 NCs, which is significantly higher
than those reported in the literature.

3.2.3. XPS analysis
To investigate the chemical state, elemental composition, and dop-

ing, XPS analysis was performed on the as-grown undoped and 5% Mn-

Fig. 2. (a) Comparison of the XRD pattern of samples Mn0, Mn1, Mn3, Mn5, Mn10, and Mn20. (b) A magnified view of the (1 1 0) peak of different samples, which show a systematic
shift in peak position with doping concentration.
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doped CsPbCl3 NCs. Fig. 3(a) represents the survey scan XPS spec-
trum in the binding energy region 0–800 eV for Mn5. As shown in
Fig. 3(a), the signals of Cs, Pb, Cl, Mn, C, and O are clearly observed
[24,32]. Carbon and oxygen peaks with very low intensity were ob-
served mainly due to the contamination/adsorption from the ambient
air. Fig. 3(b) depicts the Mn 2p core-level XPS spectrum of Mn5 with
the corresponding fitting. The peak with center at ~644.6 eV confirms
the Mn2+ state in the doped NCs [33]. Thus, XPS spectrum endorses
the proper substitution of Pb ions by Mn ions in the Mn-doped CsP-
bCl3 NCs. Fig. 3(c) shows the comparison of XPS peaks related to Cs in
Mn0 and Mn5 with corresponding peak fittings. The peaks at 723.8 eV
and 737.8 eV in undoped NCs correspond to Cs 3d5/2 and 3d3/2, re-
spectively, whereas for 5% Mn-doped NCs, Cs 3d5/2 and 3d3/2 peaks
were observed at binding energy of 724.0 eV and 738.0 eV [33]. The
peaks at ~138.0 eV and 143.0 eV for Mn0 represent Pb 4f7/2 and 4f5/
2, respectively, while for Mn5 the peaks were observed at ~138.2 eV
and 143.1 eV [33]. The broad Cl 2p peak is fitted with two peaks
(2p3/2, 2p1/2) with binding energies of 197.4 eV, 199.0 eV for Mn0
and 197.6 eV, 199.2 eV for Mn5, as shown 4(e). Interestingly, these

two closely spaced peaks of Cl may be attributed to the inner and sur-
face Cl ions in the NCs.

3.3. Absorbance study

To investigate the doping effect in the optical band gap of un-
doped and Mn-doped CsPbCl3 NCs, the absorption measurement was
performed. Interestingly, with the increase in Mn doping concentration,
the absorption edges of the doped samples are gradually blue shifted,
as shown in Fig. 4(a). The blue shift may be attributed to the quan-
tum confinement (QC) of carriers due to decrease in NCs size with high
Mn substitution. However, since the NC sizes are much higher than the
quantum confinement region (<5 nm), QC effect is unlikely to play
any role in the observed blue shift. The excitonic PL emission is also
blue-shifted due to Mn doping (discussed later). The contraction of the
PbCl6 octahedral unit and consequent enhancement of the interaction
between Pb and Cl may also affect the blue shift of absorption edge
[22]. We have further estimated the bandgap of each samples using
the Tauc plot considering the direct bandgap nature of CsPbCl3 per

Fig. 3. (a) XPS survey scan spectrum in the binding energy range 0–800 eV of sample Mn5. (b) Mn 2p core-level spectrum of Mn5 with corresponding Gaussian fitting. (c) Comparison
of Cs 3d core-level XPS spectra of Mn0 and Mn5 with Gaussian fittings. (d) Comparison of Pb 4f core-level XPS spectra of Mn0 and Mn5 with Gaussian fittings. (e) Comparison of Cl 2p
core-level XPS spectra of Mn0 and Mn5 with fittings.
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Fig. 4. (a) Comparison of absorbance spectra of Mn0, Mn1, Mn3, Mn5 and Mn10 showing a systematic blue shift in the absorption edge with increasing doping conc. (b) Comparison of PL
spectra of undoped and Mn-doped (1–30%) CsPbCl3 perovskite NCs. The plots for Mn10, Mn20 and Mn30 are scaled down by appropriate factors to enable comparison. (c) Change in the
ratio of PL intensity of Mn related peak (IMn) to that of the excitonic peak (IExcitonic) as a function of Mn concentration. (d) Deconvoluted PL spectra of Mn5 and Mn10 with corresponding
Gaussian fittings. The inset shows a magnified view of the excitonic peak with fitting. (e) Change in PL intensity of Mn related peak and excitonic peak as a function of the excitation
laser power. Inset shows the change in the intensity ratio IMn/IExcitonic with excitation power. (f) Energy band diagram and PL emission mechanisms of CsPbxMn1-xCl3 NCs. The horizontal
dashed lines represent the defect-related energy levels.

ovskite [34]. From the Tauc plot (see Fig. S4, supporting informa-
tion), bandgaps were found to be 2.94, 2.96, 2.96 and 3.01 eV for sam-
ples Mn0, Mn3, Mn5 and Mn10, respectively. Thus, the bandgap was
found to increase with the increase in Mn doping concentration.
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3.4. Photoluminescence study

The light-emitting property of undoped and Mn-doped CsPbCl3 NCs
was investigated by the PL measurements. Fig. 4(b) shows the PL spec-
tra of undoped and Mn-doped CsPbCl3 NCs with different Mn concen-
tration under 360 nm excitation. The PL peak at ~416 nm with narrow
FWHM for undoped CsPbCl3 NCs corresponds to the band to band ex-
citonic recombination of photogenerated carriers. The Mn-doped CsP-
bCl3 samples show dual-color emission with a broad emission in the or-
ange-red region with a peak at ~590 nm besides the excitonic emission
in the UV region. The emission in the region ~460–720 nm is attributed
to Mn related emission. This orange-red emission originates from the en-
ergy transfer of photoexcited excitons from the excited states of the CsP-
bCl3 host to the doped Mn2+ states facilitating recombination of exci-
tons via a radiative pathway in the states of Mn [13,20]. Thus, the PL
spectra of Mn-doped CsPbCl3 NCs further confirm the successful incor-
poration of Mn2+ ions into CsPbCl3 NCs. The XRD and XPS analysis also
confirm the substitution of Pb2+ ions by Mn2+ ions. In this work, we
demonstrate the CsPbxMn1−xCl3 perovskite NCs with a Mn substitution
ratio up to 20% by physical milling, which is comparable/higher than
the reported doping concentration of Mn in CsPbCl3 [18,22]. As shown
in Fig. 4(b), with the increase in Mn doping content from 0% to 20%,
the relative intensity of the Mn related emission is increased systemat-
ically with respect to the intensity of the excitonic PL emission. This is
due to the higher transfer of photogenerated excitons to the Mn2+ state
in the samples with a higher content of Mn substitution. The change in
the ratio of Mn PL to excitonic PL peak intensity with Mn doping content
is shown in Fig. 4(c), which shows nearly a linear increase in PL inten-
sity with doping concentration [35]. Note that the actual Mn content
in the NCs may be lower than the actual amount used for the synthe-
sis. EDX spectra reveal the Mn concentration as 2.7%, 8.6% and 13.4%
Mn for corresponding doping of 3%, 10% and 20%, respectively. On the
other hand, XPS analysis revealed higher content of Mn in each sample
due to its high concentration expected near the surface of the NCs, as
XPS probes only ~10 nm depth from the surface. Note that beyond 20%
doping, the overall PL quantum yield is reduced, which may due to the
nonradative defects and deformation of the crystal structure in the NCs,
as shown in Table 1 and Fig. S6(a) (supporting information).

For a better comparison of Mn related emission, each spectrum is
normalized to the corresponding band edge excitonic emission. The nor-
malized PL spectra of undoped and Mn-doped CsPbCl3 perovskite NCs
are shown in figure S5(a) (supporting information). The PL emis-
sion spectrum of each sample shows dual emission peaks centered at
~406 and ~590 nm, respectively. The band-edge emission peak is nar-
row with the full width at half-maximum (FWHM) of ~11–16

Table 1
Summary of PL peak positions, relative intensity and PL quantum yields of different Mn
doped CsPbCl3 NCs.

Sample
code

Excitonic
PL peak
(nm)

Mn
related
peak
(nm)

Defect
induced X bands
(nm)

Intensity
ratio
IMn/IEx

PL
quantum
yield (%)

Mn0 416 – – – 11
Mn1 414 585 – 0.13 19
Mn3 414 581 634 0.39 24
Mn5 414 579 643 0.60 32
Mn10 400 591 526, 647 2.80 35
Mn20 402 588 500, 666 7.70 26
Mn30 401 589 505, 643 3.99 14
Mn40 398 592 504, 647 0.97 5

nm and it is assigned to the excitonic emission of the CsPbCl3 host,
whereas the 590 nm peak is broad with the FWHM of ~75–120 nm,
which is due to the doped Mn2+ ions in CsPbCl3 NCs. The orange-red
PL band with a larger FWHM and homogenous broadening originates
due to the existence of a continuous set of vibrational sublevels in each
electronic sates related to Mn2+ [13]. The systematic increase in FWHM
of Mn related PL peak with the increase in Mn doping concentration
is shown in Fig. S5(b) (supporting information) which further sup-
ports our claim on the origin of broad Mn PL emission. Inset of Fig.
S5(a) (supporting information) shows the shift of excitonic PL emis-
sion peaks of different samples. Interestingly, with the increase in Mn
doping concentration from 0% to 20%, the band edge excitonic peaks
are blue-shifted from 416 nm to 402 nm. This is consistent with the blue
shift of the absorption spectra. Since the NCs sizes are much higher than
the excitonic Bohr radius, quantum confinement effect is unlikely to play
any role in the blue shift of PL peak. The blue shift of the excitonic PL
and band edge may be due to the contraction of the PbCl6 octahedral
unit and consequent enhancement of the interaction between Pb and Cl
[22]. However, excess Mn substitution (>20%) may distort the lattice
heavily and eventually destroy the crystallinity with increasing struc-
tural defects in the host, which reduces the PL QY as shown in S6(a)
[13].

The PL quantum yields were measured to be 11%, 19%, 24%, 32%,
36%, 26% for samples Mn0, Mn1, Mn3, Mn5, Mn10 and Mn20, respec-
tively. Note that with doping of a small amount of Mn (1%), the overall
PL QY was increased from 11% to19%. The low PL QY (11%,) of the
undoped sample is attributed to the mid-bandgap trap states which fa-
cilitate nonradiative recombination in wide bandgap CsPbCl3 NCs [22].
The large increase in excitonic band edge PL intensity with 1% Mn dop-
ing is possibly due to the removal of pre-existing structural defects in
the host CsPbCl3 NCs due to the doping [22]. With the increase in Mn
doping content, PL QY is systematically increased up to 35% for 10%
Mn doping, while it is decreased to 26% for 20% doping. This may be
due to a decrease in crystallinity and structural defects of the NCs with
a high content of Mn substitution. The details of excitonic PL and Mn
related PL and PL QY of different samples are summarized in Table 1.

Since the physical milling is a non-equilibrium process, structural
defects are likely to be introduced during the physical milling process.
To analyze the defect-related emission due to high Mn substitution, we
have deconvoluted the excitonic and Mn related PL peaks of Mn5 and
Mn20, as shown in Fig. 4(d). For Mn5, the excitonic PL peak was fit-
ted with one Gaussian peak (excitonic), while the Mn related peak was
deconvoluted with two Gaussian peaks (Mn related and X). However,
for Mn20, the excitonic PL peak was fitted with two Gaussian peaks
(excitonic and X), while the Mn related peak was deconvoluted with
three Gaussian peaks (Mn related and X). The peak X observed in Mn20
with higher weightage than that of Mn5 is due to the radiative recom-
bination from the sub-bandgap defect states in Mn20. We propose that
the X corresponds to the radiative recombination due to the defect-re-
lated sub-bandgap states originating from the ball milling process. It is
clear that with the increase in Mn doping content, the sub-bandgap de-
fect states (X band) increased since high doping density leads to a higher
amount of disorder in the crystal lattice and creates more defect states.
The details of the defect related X bands are summarized in Table 1.
Further the PL peaks of 30% and 40% Mn doped CsPbCl3 NCs were de-
convoluted, as shown in Fig. S6(b) (supporting information). It is ev-
ident that the contribution of defect related peaks increased significantly
for Mn30 and Mn40.

Note that there may be the presence of nonradiative decay path-
ways in the doped NCs due to room temperature synthesis process
which results in the lower PL QY. To eliminate the structural defects,
we have annealed the Mn5 sample at different temperatures for 20 min
in Ar environment and studied the improvement in the structural
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and optical properties. Fig. S7(a) (supporting information) shows the
XRD spectra of Mn5 film annealed at different temperatures. Interest-
ingly, the FWHM of (1 1 0) XRD peak systematically decreases with the
increase in annealing temperature, which is may be due to improved
crystallinity of the NCs caused by the annealing. Note that the ab-
sorbance of annealed films also increased with annealing temperature,
as shown in Fig. S7(b) (supporting information). Thus the annealing
results in the improved optical properties of the perovskite NCs film. The
PL intensity was increased with the increase in annealing temperature
up to 100 °C, which confirms the increase in crystallinity and reduction
of nonradiative decay centers in the NCs, as shown in Fig. S7(c) (sup-
porting information). We have deconvoluted the PL peaks of as-grown
Mn5 (NCs dispersed in toluene) and annealed Mn5 (100 °C), as shown
in Fig. S7(d) (supporting information). Along with the excitonic peak
(peak1) and Mn related broad peak (peak2), a third peak (peak3) is ob-
served for Mn5, which is attributed to sub-bandgap defect-related emis-
sion, which almost vanishes with annealing. Thus, the annealing of the
samples improves the structural properties of the samples and yields
higher PL QY.

For optimizing the milling time dependence of doping, we varied the
duration of physical milling from 0.5 hr to 4 hrs. Interestingly, the Mn
related PL intensity increases with the duration of milling up to 2 hrs for
5% Mn-doped CsPbCl3 NCs (see Fig. S8, supporting information). No
further increase of Mn PL was observed for sample milled up to 4 hrs.
Thus, 2hrs of milling was chosen as the optimum for substitution of Pb
by Mn ions.

The excitation intensity dependence of transfer of photogenerated
excitons to Mn2+ state was further studied to look for the color tenabil-
ity of emission. Laser light of 360 nm with incident power 1 mW to 35
mW was used for the excitation. With the increase in excitation inten-
sity, both the band edge emission and Mn related PL peaks increase in
3% Mn-doped NCs, though the increase in Mn PL is lower than that of
the excitonic PL intensity. Fig. 4(e) depicts the comparison of the PL
intensity of excitonic peaks and Mn related peaks with incident laser
power. Both the peak intensity was increased with the increase in inci-
dent laser power as expected. However, the enhancement of the exci-
tonic peak in the UV region is much higher than that of the orange-red
peak. Inset of Fig. 4(e) shows the variation of ratio of Mn related PL
to band edge excitonic emission (IMn/IExcitonic) with laser power. When
Mn-doped CsPbCl3 NCs was excited by light of wavelength 360 nm, elec-
tron-hole pairs (excitons) are created and confined inside the NCs. These
photogenerated excitons can be deactivated mainly via three pathways:
(a) radiative recombination through the band edge, (b) non-radiative re-
combination, (c) energy transfer to Mn2+ ions and radiative relaxation
from 4T1 state to 6A1 state. When the excitation fluence is in the weak
excitation regime (that is, less than one photon per NC) IExcitonic/IMn
should be independent of excitation intensity. Note that the PL life-
time of Mn related state is of the order of milliseconds (ms), while the
lifetime of excitonic emission is of the order of nanoseconds (ns) (dis-
cussed later). Thus, the Mn-doped CsPbCl3 NCs can be additionally ex-
cited when the Mn2+ ions are already in excited states with sufficient
high excitation fluence, which results in the high excitonic PL intensity
[26,36]. Thus IExcitonic/IMn can be dependent on excitation intensity in
the strong excitation regime. When nearly all Mn2+ are in the 4T1 state,
the Mn2+ PL nearly saturates with the increase of excitation intensity.
This excitation intensity-dependent control of the relative intensity of
dual emission is an important phenomenon useful for light intensity dri-
ven color-tunable luminescence properties. Chen et al. reported excita-
tion intensity-dependent color-tunable dual emissions from Mn-doped
CdS/ZnS core/shell NCs [36]. Thus, Mn-doped CsPbCl3 NCs can be also
useful for excitation intensity-dependent color-tunable dual emissions.
At low excitation, both the colors have comparable intensity, while at
high excitation power, the UV emission dominates over the orange emis-
sion.

Based on the aforementioned results, the emission model of
CsPbxMn1-xCl3 NCs is illustrated through energy band diagram in Fig.
4(f) [13,17]. Excited by 360 nm light irradiation, the CsPbCl3 host ab-
sorbs the photons and emits ~410 nm via the radiative recombination of
excitons between the ground state and the excited state of CsPbCl3. Be-
sides the radiative recombination, a nonradiative relaxation process also
exists, which leads to energy loss through-hole traps or electron traps re-
sulting in low PL QY of the undoped sample. The Mn doping in CsPbCl3
NCs generates a new recombination pathway of excitons via the energy
transfer from the excited state of host CsPbCl3 to Mn2+ and radiative
recombination, which generates orange-red emission, as shown in Fig.
4(f) [13,22,37]. Only the excitons retaining enough thermal activation
energy facilitate an intersystem crossing (ISC) process and finally emit
around 590 nm emission, showing a new excitons recombination path-
way. This well-known recombination pathway of this d–d transition of
Mn2+ ions is termed 4T1−6A1 transition [13,38]. In case of high doping
concentration, defect-related emissions are observed, as denoted by the
dashed lines in the band diagram.

3.5. Temperature-dependent photoluminescence study

To investigate the origin of dual-color emissions in Mn-doped CsP-
bCl3 NCs, we further performed the low-temperature PL measurements
at different temperatures. Fig. 5(a) shows the PL spectra of 3%
Mn-doped CsPbCl3 NCs, in the temperature range 80–350 K. The PL
spectra at different temperatures are scaled approximately to enable bet-
ter comparison. Note that the temperature-dependent PL measurement
was performed on a film of the NCs deposited on a silicon substrate.
Fig. 5(a) clearly shows that with the decrease in temperatures the near
band edge PL peak intensity increases systematically. The increase in PL
intensity with decreasing temperature is very common in semiconduc-
tors, which is mainly due to reduced carrier trapping and lower thermal
quenching of PL at lower temperatures [39]. At higher temperature, the
nonradiative recombination channels are more active and excitons may
be dissociated, which results in the decrease the in PL intensity. Fig.
5(b) depicts the comparison of excitonic and Mn related PL peak inten-
sity at different temperatures. Interestingly, the Mn emission peak inten-
sity decreases gradually with the decrease in temperature from 350 K to
80 K. The unusual temperature dependence of Mn2+ PL peak can be ex-
plained by the competitive recombination between the near band edge
and 4T1 state to 6A1 state in Mn2+ after energy transfer from host CsP-
bCl3 [16]. When we increase the temperature from 80 K to 350 K, the
photoexcited carriers located at the excitonic state of CsPbCl3 get ex-
tra thermal energy (kBT) to dissociate and transit directly in 4T1 state in
Mn2+ ions. Thus the enhanced radiative recombination from 4T1 state to
6A1 state results in the higher intensity of Mn PL [16]. Thus, the Mn re-
lated state shows negative thermal quenching behavior. At low temper-
ature, the more rapid excitonic recombination than the energy transfer
to Mn2+ state is responsible for the low-intensity Mn PL as compared to
the high band edge emission, as shown in Fig. 5(a). With the increase
in temperature, the excitons dissociate and the excitonic recombination
slows down and the energy transfer to the Mn2+ becomes more domi-
nant, which results in the greater intensity of Mn PL at 350 K. The vari-
ation of excitonic PL intensity and Mn PL intensity with temperatures
are shown in Fig. 5(b). From Fig. 5(a), it is clear that with the decrease
in temperature, the Mn PL peak is partly quenched and red-shifted. The
redshift of Mn PL peak with decreasing temperature is attributed to the
decrease in crystal-field strength produced by thermal expansion of the
host lattice and the thermal activation of vibronic hot bands [16]. This
type of redshift is also observed in Mn-doped ZnS and ZnSe NCs [40].
Fig. 5(c) shows the deconvoluted PL spectra related to Mn at tempera-
ture 80 K and 350 K. The decrease of weightage of the PL peak at higher
wavelength at 350 K reveals its nonradiative nature.
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Fig. 5. (a) Temperature-dependent PL spectra of 3% Mn-doped CsPbCl3 NCs film. PL spectra at different temperatures are scaled up appropriately to enable better comparison. (b) The
evolution of excitonic PL intensity (left Y-axis) and Mn related PL intensity (right Y-axis) with temperature for Mn3. (c) Deconvoluted PL spectra of Mn related peak at temperatures 80 K
and 350 K. (d) Variation of integrated PL intensity of excitonic peak with the inverse of temperature and its fitting with Arrhenius equation. The inset shows the variation of FWHM of the
excitonic peak with temperatures and its Boson fit.

From the low-temperature PL spectra, we can also estimate two
important parameters: (a) exciton binding energy (Eb) and (b) exci-
ton-phonon scattering coefficient [39]. Thus, we calculated the exciton
binding energy of 3% Mn-doped CsPbCl3 NCs from the temperature-de-
pendent integrated PL intensity of the excitonic peak using the Arrhe-
nius equation:

(1)

where is the integrated PL intensity at very low temperature, is
the exciton binding energy, is the Boltzmann constant, A is constant.
Fig. 5(d) shows the variation of integrated PL intensity of excitonic peak
with the inverse of temperature (1/T) fitted with the Arrhenius equa-
tion. The obtained Eb is 62.8 meV [5]. Note that the low-temperature PL
measurement was performed on a film of the NCs deposited on silicon
substrates, where the spontaneous aggregation of the NCs may partly
quench the PL intensity. Thus the actual exciton binding energy in in-
dividual NCs may be higher than the above-calculated value. This low
exciton binding energy is consistent with the decrease in excitonic emis-
sion and an increase in Mn related emission at higher temperatures.

The inset of Fig. 5(d) depicts the variation of FWHM of excitonic PL
peak with temperatures. It is clear from Fig. 5(d) that the FWHM of PL
peaks is increased with increasing temperature. The higher broadening
with the increase in temperature is due to the enhanced exciton-phonon
scattering and non-radiative decay of photogenerated excitons in per-
ovskite NCs [39]. The PL peak broadening is fitted using the Boson
model with the following equation [41,42]

(2)

where is the inhomogeneous broadening constant due to exciton–ex-
citon scattering and σ is the exciton–acoustic phonon coupling coeffi-
cient. corresponds to the exciton-longitudinal optical phonon cou-
pling coefficient or the Fröhlich coupling coefficient, whereas is the
optical phonon energy. From the fitted data, the obtained parameters
are as follows: = 91.9 meV, σ = 127.6 μeV/K, = 47.9 meV, and

= 26.1 meV. These parameters indicate strong exciton–phonon in-
teractions in the doped CsPbCl3 NCs and it leads to broadening of exci-
tonic PL peak as the temperature is increased from 80 to 350 K [42].
The obtained parameter are consistent with the reported value of optical
phonon energy using Raman scattering experiment for CsPbCl3, which
showed a of 27.6 meV [43].

3.6. Time-resolved photoluminescence study

To investigate the recombination kinetics of photogenerated charge
carriers, TRPL measurements were performed on the undoped and
Mn-doped CsPbCl3 NCs with 375 nm laser excitation. Fig. 6(a) shows
the comparison of TRPL decay profiles of Mn0, Mn3, Mn5, and Mn10
monitored at respective excitonic peaks. Each of the TRPL decay profile
was fitted using a tri-exponential decay function as:

(3)
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Fig. 6. (a) TRPL decay profiles of Mn0, Mn3, Mn5, Mn10 with tri-exponential fitting corresponding to the excitonic PL peak. (b) TRPL decay profiles of Mn3, Mn5, Mn10 with single
exponential fit corresponding to the Mn related PL peak. The inset shows the 1/τave vs. Mn doping concentration with a linear fit.

where is the amplitude with lifetime τi. The average lifetime (τave) of
decay was estimated using the relation.

(4)

The details of the carrier lifetimes (τi) and amplitudes (Ai) for un-
doped and different Mn-doped samples are tabulated in Table S2 (sup-
porting information). The average lifetimes of the excitonic PL peak
were obtained to be 14.9, 10.7, 9.6, 8.8 ns for Mn0, Mn3, Mn5, and
Mn10, respectively. Thus the average lifetimes decreased systematically
with the increase in Mn doping concentration. This may be due to the
decrease in NCs size and quantum confinement effect with the increase
in Mn substitution content [39]. Note that due to the Mn doping, parts
of the free carriers are transferred to the Mn ions and this may effec-
tively shorten the excitonic carrier lifetime. At room temperature, this
effect is prominent. However, at low temperature, this effect is less
prominent and giving rise to high excitonic PL intensity.

Fig. 6(b) shows the TRPL decay profiles of Mn related emission in
Mn3, Mn5, and Mn10. For Mn emission, TRPL data profiles were fit-
ted using single exponential decay function and the lifetimes were found
to be 1.33 ms, 1.28 ms and 1.21 ms for Mn3, Mn5, and Mn10, respec

tively. The long lifetime (~ms) of Mn PL is attributed to the spin-for-
bidden nature of the transition from 4T1 state to 6A1 state [16]. The
decrease in the lifetime with increasing Mn content may be due to the
enhanced Mn-Mn interaction [16]. Further, the carrier lifetime is ex-
pected to be inversely proportional to the impurity density, Nt, accord-
ing to Shockley-Read-Hall (S-R-H) recombination theory [44]. Inset of
Fig. 6(b) shows the variation of the inverse of decay constants with Mn
doping concentration with linear fitting. Thus, these results are consis-
tent with S-R-H theory.

3.7. Stability study

We have further studied the long-term stability of our 3% Mn-doped
CsPbCl3 NCs by PL measurements at certain time intervals. Fig. 7(a)
shows the evolution of the PL spectra (normalized to the excitonic emis-
sion) after storing in ambient air (with high humidity) for time dura-
tion up to 75 days after synthesis. The variation of Mn PL peak inten-
sity with storage times is shown in the inset of Fig. 7(a) which depicts
the gradual decrease of PL intensity related to Mn with the increase in
storage time. Note that the most explored synthesis method for CsPbCl3
and Mn-doped CsPbCl3 NCs is hot injection method. In this method, the
stability of CsPbxMn1-xCl3 NCs is of main concern, as Mn2+ ions grad-
ually escape from the host CsPbCl3 with storage time [18,45]. In the

Fig. 7. Stability of the Mn doped perovskite NCs: (a) Comparison of normalized PL spectra of Mn3 at different time intervals up to 75 days stored in ambient condition after synthesis.
The inset shows the variation of PL intensity (Mn related) as a function of storage time in ambient condition. It shows only 4% decay in Mn PL intensity after 30 days of storage. (b)
Comparison of XRD pattern of as-grown Mn20 and after 5 months of storage of Mn20.
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hot injection method, Mn ions are adsorbed and doped near the surface
of the NCs. Thus, the Mn related emission usually quenches very fast
as Mn diffuses out of the NCs. Chen et al. reported >50% quenching
of Mn related PL emission with respect to excitonic PL intensity after
30 days of storage [45]. In contrast, we observed only 4% quenching
in PL intensity after 30 days of storage, and only 18% quenching (rela-
tive to the excitonic peak intensity) after 75 days of storage, as shown
in Fig. 7(a). Thus, the stability of our doped samples is much supe-
rior to those reported in the literature. Note that both the excitonic and
orange-red PL peak intensities were decreased with the storage time.
Due to the very high pressure-mediated synthesis conditions and lat-
tice strain induced in physical milling process, high Mn doping effi-
ciencies are achieved throughout the CsPbCl3 host NCs. Thus, synthe-
sis by physical milling possibly provides more efficient transfer of en-
ergy than other synthesis methods to achieve higher Mn substitution and
stronger bonding in the CsPbCl3 host lattice. Note that stability of our
Mn doped NCs also much superior than other metal doped CsPbCl3 NCs
[46]. Fig. 7(b) shows the comparison of the XRD pattern of as-grown

Mn20 and that after 3 month of storage. The XRD peaks are unchanged
and thus the structural stability of the doped NCs after 3 months of stor-
age is evident from the data. Thus, our results demonstrate the room
temperature solid-state synthesis of Mn-doped CsPbCl3 NCs with much
superior ambient stability.

3.8. Application of Mn doped NCs in the WLEDs

We further demonstrate the great potential of orange-red emitting
Mn-doped CsPbCl3 NCs for lighting and display applications. As
Mn-doped CsPbCl3 NCs exhibit bright orange-red emission, for the white
light emission, blue and green light-emitting materials are also required.
For the construction of the white LED (WLED), we further synthe-
sized two more highly luminescent all-inorganic perovskite NCs by
the same physical milling method. CsPbBr3 NCs produce very bright
green emission while CsPbCl1.5 Br1.5 NCs give bright blue emission.
Fig. 8(a) shows the FETEM image of as-synthesized CsPbBr3 NCs, while
Fig. 8(b) shows the HRTEM lattice fringe of single CsPbBr3

Fig. 8. (a) FETEM image of CsPbBr3 NCs and (b) the corresponding HRTEM lattice fringe image. (c) FETEM image of CsPbCl1.5Br1.5 NC and (d) the corresponding HRTEM lattice fringe
image. (e, f) XRD pattern of CsPbBr3 and CsPbCl1.5Br1.5 NCs. (g) Normalized PL and absorption spectra of CsPbBr3 NCs. The left inset shows the digital photograph of CsPbBr3 NCs under
UV light illumination. Right inset depicts the photograph of UV LED chip coated with CsPbBr3 NCs/PMMA composite. (h) Normalized PL and absorption spectra of CsPbCl1.5Br1.5 NCs. Left
inset shows the digital photograph of CsPbCl1.5Br1.5 NCs under UV light illumination. Right inset depicts the photograph of white light emitted from CsPbCl1.5Br1.5 NCs/PMMA composite.
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NC. The lattice spacing of 0.29 nm corresponds to the (2 0 0) lattice
plane of CsPbBr3. Fig. 8(c) shows the FETEM image of as-grown CsP-
bCl1.5 Br1.5 NCs, while Fig. 8(d) exhibits the HRTEM lattice fringe of
single CsPbCl1.5 Br1.5 NC. The lattice spacing of 0.40 nm corresponds to
the (1 1 0) lattice plane of CsPbCl1.5 Br1.5. The XRD pattern of CsPbBr3
is shown in Fig. 8(e), whereas (f) shows the XRD pattern of CsPbCl1.5
Br1.5. The XRD patterns confirm the proper crystalline phase of the NCs.
Fig. 8(g) depicts the normalized absorbance and PL spectra CsPbBr3
NCs dispersed in toluene. The left inset shows the bright green emission
of the NCs under UV light, while the right inset shows a UV LED chip
coated with CsPbBr3 NCs/PMMA composite exhibiting the green emis-
sion. The normalized absorbance and emission spectra CsPbCl1.5 Br1.5
NCs are shown in Fig. 8(h). The left inset shows the bright blue emis-
sion of the NCs under UV light irradiation and the right inset shows a
UV LED chip coated with CsPbCl1.5 Br1.5 NCs/PMMA composite showing
the blue emission. The PL QY of CsPbBr3 NCs and CsPbCl1.5 Br1.5 NCs
were obtained to be 88.1% and 19.7%, respectively, which are very sig-
nificant.

Note that the undoped CsPbBr3, CsPbCl1.5 Br1.5, and Mn-doped CsP-
bCl3 all the three NCs have the high absorbance in the UV region.
Thus, blue, green and orange-red all the three emissions can be observed
simultaneously by UV light excitation. A prototype white light-emit-
ting device was designed by coupling a low cost and commercially
available 396 nm UV chip with blue-emitting CsPbCl1.5 Br1.5/PMMA
film, green-emitting CsPbBr3/PMMA film and orange-red emitting 10%
Mn-doped CsPbCl3/PMMA film vertically stacked together. The electro-
luminescence (EL) spectrum of the device is shown in Fig. 9(a), while
schematic of the WLED device is depicted in the inset of Fig. 9(a)
[37,33]. The coupled CsPbCl1.5Br1.5/CsPbBr3/10% Mn-doped CsPbCl3
film with UV chip yields blue-green-orange tri-color emissions leading
to bright pure white light emission with corresponding CIE color coordi-
nates of (0.31, 0.34), as shown in Fig. 9(b). Thus, the CIE color coordi-
nates lie very close to that of the pure white light (0.33, 0.33) [37,47].
Therefore our results indicate that the orange-red emitting Mn-doped
CsPbCl3 is significantly beneficial for obtaining white light. The opto-
electronic performance of the constructed WLEDs with NCs synthesis by
physical milling may be further improved by optimizing the thickness of
different layers and device structure geometry.

4. Conclusions

We presented a facile, low-cost, bulk scale, room temperature
solid-state synthesis of highly luminescent Mn-doped CsPbCl3 NCs with
high Mn substitution through a physical milling method, for the first
time. Perovskite NCs of sizes 9–14 nm with excellent optical properties
and superior stability were achieved. The structural analysis by XRD and
XPS confirm the successful doping of Mn in CsPbCl3 NCs by substitu-
tion of Pb with Mn ions. We demonstrated the tunability of the Mn-re

lated orange-red PL emission intensity by controlling the doping con-
centration, excitation intensity, and measurement temperature. The
low-temperature PL and excitation intensity-dependent PL study reveals
important insights into the origin and color tunability of Mn related
orange-red PL in the dual color emitting Mn-doped CsPbCl3 NCs. Im-
portantly, it is demonstrated that Mn-doped CsPbCl3 NCs synthesized
by the physical milling method exhibit better emission stability over a
long time due to the high Mn doping efficiencies achieved through the
non-equilibrium process of synthesis. Deconvolution of the PL spectra
revealed the contribution of the defect-related emission, besides the ex-
citonic emission and Mn related emission in the overall PL spectra. Fur-
ther, white LED device was demonstrated by employing blue-emitting
CsPbCl1.5Br1.5 NCs, green-emitting CsPbBr3 NCs and orange-red emitting
10% Mn-doped CsPbCl3 NCs composite films with PMMA. All NCs were
synthesized by the same solid-state process. Thus, our work demon-
strates a low-cost room temperature synthesis strategy of Mn-doped CsP-
bCl3 NCs with high color tunability and superior ambient stability for
white light-emitting applications. Our report may stimulate further in-
vestigation of novel low-cost solid-state synthesis of perovskite NCs and
quantum dots for cutting-edge optoelectronic applications.
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Fig. 9. (a) EL emission spectrum of 10% Mn-doped CsPbCl3/CsPbBr3/CsPbCl1.5Br1.5 NCs film with PMMA on a UV LED chip. The inset shows a schematic of the device structure of WLED.
(b) Chromaticity diagram showing the CIE coordinates of the WLED. Inset shows the digital photograph of the constructed WLED.
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