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Abstract
Metal halide perovskites are promising light emitters due to their tunable and highly pure emission color in visible 
light. However, achieving deep blue emission remains a major challenge due to low stability and intrinsic defects. 
Traditional methods for synthesizing blue-emitting colloidal perovskite nanocrystals (PNCs) involve organic 
ammonium engineering and halide engineering, which often suffer from problems such as ion migration and color 
instability. In this study, we demonstrate a novel central metal engineering approach that achieves deep blue 
emission with a wavelength of 435.8 nm from pure bromide-based PNCs at room temperature. To synthesize deep 
blue-emitting pure-bromide-based PNCs, we incorporate manganese bromide (MnBr2) to the formamidinium-
guanidinium lead bromide (FA0.9GA0.1PbBr3) PNCs. Mn2+ suppresses the growth of FA0.9GA0.1PbBr3 crystals during 
the synthesis, resulting in decreases in both particle size and dimensionality and deep blue emission by the 
quantum confinement effect. The emission wavelength of pure-bromide-based PNCs is controlled by varying the 
amount of MnBr2. This study provides an effective and simple method for achieving deep blue emission from pure 
bromide-based PNCs, offering significant advantages for display technologies such as light-emitting diodes.

Keywords: Deep blue emission, perovskite nanocrystal, central metal engineering, quantum confinement effect, 
ligand-assisted reprecipitation
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INTRODUCTION
Metal halide perovskites (MHPs) consist of three ions in an ABX3 structure, where A is an organic 
ammonium {e.g., methylammonium (MA; CH3NH3

+), formamidinium [FA; CH(NH2)2
+]} or an alkali-metal 

cation (e.g., Cs+), B is a transition-metal cation (e.g., Pb2+, Au2+, Sn2+, Mn2+), and X is a halide anion 
(I-, Br-, Cl-). Among many types of MHPs, colloidal perovskite nanocrystals (PNCs) have been considered 
potential light emitters because PNCs emit light with high color purity [full width at half maximum 
(FWHM) ~ 20 nm] and also have controllable wavelengths (400 nm to 800 nm)[1-8]. Recently, green-emitting 
and red-emitting PNCs, which exhibited high photoluminescence quantum yield (PLQY), have been 
reported along with highly efficient perovskite light-emitting diodes (PeLEDs)[9-14]. However, the 
development of blue emission with high PLQY remains challenging because of its low stability and intrinsic 
defect[15-19].

Conventionally, X-site anion engineering has been attempted to synthesize blue-emitting PNCs[19]. While 
the conduction band is formed by antibonding mixing of the 6p6 orbitals of lead metal and the np6 orbitals 
of halide (n = 3, 4, and 5 for Cl, Br, and I, respectively), the valence band is formed primarily by mixing of 
the np6 orbitals of halide and the 6s2 orbitals of lead metal[20]. The energy of the np6 orbitals of halide 
decreases as the halide moves from I (5p6) to Br (4p6) to Cl (3p6), shifting the valence band maximum to 
higher positive potentials. Thus, a systematic change in the halide composition of CsPbX3 PNCs from 
CsPbI3 and CsPbBr3 to CsPbCl3 results in an increase in the bandgap and blue-shift in the emitting 
wavelength. For example, Protesescu et al. demonstrated blue light with tunable wavelengths from 410 nm 
to 460 nm using Cl-based mixed halides in inorganic lead halide perovskites (CsPbX3)[19]. However, in 
mixed-halide PNCs developed through X-site engineering, an applied electric field to the PNC films in 
PeLEDs can induce ion migration and the change of luminescence color because halide ions have low 
activation energy for ion migration[3]. Furthermore, addition of chloride induces deep-level trap states in the 
bandgap, which reduces the device efficiency[21]. Therefore, it is important to achieve blue emission from 
pure halide PNCs.

A-site cation engineering has been tried to achieve blue emission from pure bromide PNCs[21]. Large-sized 
A-site cations induce smaller-sized PNCs by suppressing their growth[22] or lead to low-dimensional PNCs 
by restricting their expansion in the orthogonal direction[23-25]. In these PNCs, an increased bandgap and 
blue-shifted photoluminescence (PL) are observed due to quantum-confinement effect[25] or dielectric 
confinement effect[26] although A-site cations do not directly participate in the band edge[21]. Despite the 
successful blue emission from pure-halide PNCs through A-site engineering, A-site engineered 
blue-emitting PNCs can suffer from low electrical mobility in thin films because large-sized A-site cations 
are insulating and impede charge transport. To overcome the limitations of A-site and X-site engineering 
for the synthesis of blue-emitting PNCs and PeLEDs, B-site engineering can be an alternative method to 
achieve stable and wavelength-tunable blue emission from pure-halide PNCs.

Recently, B-site engineering has been attempted to achieve blue emission from pure halide PNCs. Wang et 
al. reported that incorporating Zn2+ into the precursor solution retards the growth of perovskite crystals, 
leading to FA lead bromide (FAPbBr3) PNCs with smaller size and thus achieving blue emission[27]. The 
wavelength of emitted light can be tuned by controlling the amount of Zn2+; however, the wavelength is 
limited to above 486 nm, resulting in a sky-blue color. To demonstrate high color purity displays and cover 
the wide range in International Commission on Illumination (CIE) chromaticity coordinate, new B-site 
engineering methods that enable deep blue emission (Royal blue color) with a wavelength below 450 nm 
from pure-halide PNCs should be developed.
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Here, we report a new B-site engineering strategy that enables deep blue emission with a controllable 
wavelength from Br-based PNCs. We employ manganese cation (Mn2+) during the synthesis of PNCs. Mn2+ 
inhibits crystal growth, resulting in the formation of smaller particles. Additionally, as the Mn concentration 
increases, Mn2+ ions inhibit the growth of the [PbBr6]4- octahedra along the orthogonal direction, leading to 
the formation of two-dimensional (2D) structures and allowing the surface amine-based ligand to diffuse 
between 2D octahedral layers [Figure 1A]. The reduction in both particle size and dimensionality induces a 
significant blue shift in the emission spectrum, down to 435.8 nm, from pure-Br-based PNCs. The 
wavelength can be controlled by varying the Mn2+ concentration. These results demonstrate the potential of 
B-site engineering as a promising approach for developing deep blue emitters in display technologies.

METHODS
Synthesis
All FA0.9GA0.1Pb1-xMnxBr3 PNCs were synthesized in the air at room temperature. Precursor solutions were 
prepared by dissolving FABr (Dyesol), guanidinium bromide (GABr) (Dyesol), PbBr2 (TCI, 99.999%), and 
MnBr2 (Aldrich 98%), with the PbBr2:MnBr2 input ratio changing from 1:0 (x = 0) to 0.1:0.9 (x = 0.9) while 
maintaining the molarity of MnBr2:PbBr2 at 0.1 mmol and the molarity of FABr:GABr at 0.2 mmol each in 
0.5 mL of anhydrous N,N-dimethylformamide (DMF) (Aldrich, 99.8%); 0.15 mL of precursor solution was 
then dropped into a crystallization-inducing solution comprising 5 mL of toluene (Aldrich, 99.8%), 2 mL of 
1-butanol (SAMCHUN, 99.5%), 0.3 mL of oleic acid (Aldrich, 90%) and 20.4 μL of n-decylamine (Aldrich, 
99.0%), which was mixed for 10 min under vigorous stirring. The resulting colloidal PNCs were washed by 
sequential centrifugation and then collected in 2 mL of toluene (Aldrich, 99.8%).

Characterization
X-ray diffraction (XRD) patterns were measured using a Rigaku Ultima with target Cu Kα radiation (λ = 
1.54 Å) at 40 kV and 40 mA. Electronic absorption spectra were measured using A JASCO V-730 
ultraviolet-visible (UV-Vis) spectrophotometer. The PL and PLQYs of PNCs were measured using a 
spectrofluorometer (FP-8550. Jasco Inc., Japan). PLQYs were measured using an absolute PLQY 
spectrometer with an integrating sphere (ILF-135) [Supplementary Scheme 1]. PL spectra time-correlated 
single photon counting (TCSPC) was measured using a PicoQuant FluoTime 300 EasyTau with a 405 nm 
pulsed laser diode. To measure the high-resolution transmission electron microscopy (HR-TEM) images of 
the PNCs, 0.05 mL of PNC solutions were dropped onto a copper grid and measured using a JEOL-JEM 
2100F with an acceleration voltage of 200 kV.

RESULTS
Synthesis of wavelength-controllable blue-emitting FA0.9GA0.1Pb1-xMnxBr3 PNCs
We synthesized FA-GA lead bromide (FA0.9GA0.1PbBr3) PNCs and FA0.9GA0.1Pb1-xMnxBr3 PNCs by the 
ligand-assisted reprecipitation (LARP) method. Here, we selected FA0.9GA0.1PbBr3 PNCs because we 
reported that FA0.9GA0 . 1PbBr3  PNCs can achieve extremely high PLQY (> 90%) and high 
electroluminescence efficiency [external quantum efficiency (EQE) > 23.4%] in PeLEDs in our previous 
works[9-10]. To synthesize the PNCs, we dissolved all the precursors in the DMF solution with different Mn 
input molar ratios (x = 0, 0.1, 0.2, 0.4, 0.6, 0.8, and 0.9) and then injected the solutions into a toluene 
dispersion containing the ligands. After crystallization, we changed the solvent to toluene by sequential 
centrifugation (Figure 1B, see Experimental for more information)

As x increases from 0 to 0.9, PL spectra of FA0.9GA0.1Pb1-xMnxBr3 PNCs gradually blue-shift from 528.9 nm to 
435.8 nm [Figure 1C]. The appearance of new peaks at the PL spectrum at ~410 nm and ~440 nm is 
attributed to dimensionality reduction. This will be discussed in more detail later in Section 3.3. The PL 
wavelength of 435.8 nm is highly blue-shifted, representing the deep blue (Royal blue) emission 
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Figure 1. (A) A schematic illustration of blue-emitting FA0.9GA0.1Pb1-xMnxBr3 PNCs (x = input ratio) with increasing Mn2+ concentration; 
(B) Photograph and (C) measured PL spectra of colloidal FA0.9GA0.1Pb1-xMnxBr3 PNC solutions under a UV lamp (excitation wavelength 
λex = 365 nm); (D) Photoluminescence quantum yield (PLQY) and emission wavelength of FA0.9GA0.1Pb1-xMnxBr3 PNCs (x = 0.4 and 
0.9) and previously reported blue-emitting pure bromide-based PNCs[28-35]; (E) CIE coordinates of FA0.9GA0.1Pb1-xMnxBr3 PNCs with 
different x (black dot points) plotted on CIE chromaticity coordinates. PNCs: Perovskite nanocrystals; PL: photoluminescence; CIE: 
international commission on illumination.

characteristic of pure bromide-based PNCs [Supplementary Table 1]. We also confirmed the stability and 
reproducibility of the deep-blue-emitting FA0.9GA0.1Pb0.1Mn0.9Br3 PNCs [Supplementary Figures 1 and 2]. 
Figure 1D shows the PL performance of FA0.9GA0.1Pb1-xMnxBr3 PNCs compared with previously reported 
literature [Supplementary Table 2]. FA0.9GA0.1Pb1-xMnxBr3 PNCs cover a wide range in the CIE diagram from 
pure green light to deep blue light [Figure 1E].

Size distribution and emission mechanism of FA0.9GA0.1Pb1-xMnxBr3 PNCs
Next, we investigate the mechanism that incorporation of Mn induces a huge blue-shift in PL from 
FA0.9GA0.1Pb1-xMnxBr3 PNCs. Firstly, we measured HR-TEM images of FA0.9GA0.1Pb1-xMnxBr3 PNCs 
[Figure 2A-C and Supplementary Figure 3]. The FA0.9GA0.1PbBr3 PNC lattice spacing was measured at 
approximately 2.95 Å. As x increased, FA0.9GA0.1Pb1-xMnxBr3 PNCs exhibited gradually decreasing average 
sizes (≈ 11.9 nm for x = 0, ≈ 6.74 nm for x = 0.4, and ≈ 5.79 nm for x = 0.6) [Figure 2D-F]. These TEM 
images indicate that blue emission can be achieved by reducing the size of FA0.9GA0.1Pb1-xMnxBr3 PNCs in 
the strong quantum confinement regime through appropriate adjustment of the Mn2+ and Pb2+ ratio in the 
perovskite precursor solution.
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Figure 2. HR-TEM images of FA0.9GA0.1Pb1-xMnxBr3 PNCs at (A) x = 0, (B) x = 0.4, and (C) x = 0.6; The size distribution histograms of 
FA0.9GA0.1Pb1-xMnxBr3 PNCs at (D) x = 0, (E) x = 0.4, and (F) x = 0.6. PNCs: Perovskite nanocrystals; HR-TEM: high-resolution 
transmission electron microscopy.

Conventionally, Mn doping introduces a d-state energy level of the Mn2+ ions to the bandgap of perovskites, 
inducing a transition for exciton-to-dopant energy transfer and resulting in orange-red emission from 
PNCs[36,37]. We also observed that Mn2+ ions produce orange emission with a PL peak at around 600 nm 
from Mn2+ doped CsPbCl3 PNCs [Supplementary Figure 4]. Liu et al. suggest that isovalent ions with similar 
bond energy can be doped into the lattices while those with different bond energy cannot be[38]. For 
example, the bond dissociation energy of Mn-Cl (338 kJ/mol) is similar to that of Pb-Cl (301 kJ/mol) and 
therefore Mn2+ is well-doped in the CsPbCl3 host. Moreover, the large bandgap (~3.1 eV) of the CsPbCl3 
PNCs facilitates energy transfer from host energy level to the energy level of Mn2+, resulting in an orange 
light emission from d-state energy level of Mn2+.

In contrast, in Br-based PNCs, Liu et al. reported that the bond dissociation energy of the Mn-Br bond (314 
kJ/mol) is much stronger than that of the Pb-Br bond (249 kJ/mol), leading to the formation of extended 
MnBr2 domains within PbBr2 lattices rather than doping of Mn2+ within the perovskite lattice[38]. 
Furthermore, FA0.9GA0.1PbBr3 PNCs have a smaller bandgap of ~2.31 eV, with a conduction band minimum 
(CBM) close to the d-state energy level of Mn2+, preventing energy transfer to Mn2+ and light emission from 
the d-state energy level of Mn2+ [Supplementary Figures 5 and 6][36,39]. Hou et al. also reported that when 
Mn2+ is incorporated into bromide-chloride mixed halide (CsMnyPb1-yBrxCl3-x) PNCs, orange light is not 
emitted while blue light is maintained due to the dominance of Br over Cl[40]. Therefore, we hypothesize that 
incorporation of Mn-based precursors during the growth of FA0.9GA0.1PbBr3 PNCs does not induce Mn2+-
doped FA0.9GA0.1PbBr3 PNCs; rather, it forms smaller or low-dimensional FA0.9GA0.1PbBr3 crystals. In this 
case, Mn2+, which were not doped into FA0.9GA0.1PbBr3 crystals,  suppress the growth of the PNCs, reduce 
the PNC size and result in blue-shifted PL.

Structural and optical properties of FA0.9GA0.1Pb1-xMnxBr3 PNCs
To investigate the effects of Mn doping on the photophysical properties, we measured the time-resolved PL 
(TRPL) of FA0.9GA0.1Pb1-xMnxBr3 PNCs. At x = 0, FA0.9GA0.1PbBr3 PNCs showed a PL lifetime of 58.43 ns 
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[Figure 3A]. As x increases to 0.4, the PL lifetime decreases to 23.17 ns because smaller PNCs cause a 
reduction in PL lifetime[41]. This phenomenon can be attributed to enhanced spatial confinement of charge 
carriers and the boost of their radiative recombination[42]. FA0.9GA0.1Pb1-xMnxBr3 PNCs also showed a blue-
shifted absorption spectrum, indicating that Mn doping decreases the PNC size [Figure 3B].

Next, we measured the PLQY of FA0.9GA0.1Pb1-xMnxBr3 PNCs with different x values (0, 0.1, 0.2, 0.4, 0.6, 0.8, 
and 0.9) [Figure 3C]. As x increases to 0.4, PLQY slightly decreases from 87.46% to 71.90% but remains 
relatively high. We attribute this decrease in PLQY to the increased surface defects due to a higher surface-
to-volume ratio and reduced PNC size[42]. When x increases > 0.4, FA0.9GA0.1Pb1-xMnxBr3 PNCs showed a 
significant drop in PLQY (43.94% for x = 0.6, 19.03% for x = 0.8, and 6.64% for x = 0.9). The rapid reduction 
in PLQY is likely attributed to the increased z-axis defects, which arise from the decreased dimensionality 
along this axis and introduce non-radiative recombination pathways[25]. A more detailed discussion on the 
impact of dimensionality reduction is provided in a later section. The trend of the sudden decrease in PLQY 
for x > 0.4 is different from that for x < 0.4.

To investigate the reason for a significant decrease in PLQY at x > 0.4, we measured the XRD peaks of 
FA0.9GA0.1Pb1-xMnxBr3 PNCs (x = 0, 0.1, 0.2, 0.4, 0.6, 0.8, and 0.9) [Figure 3D and Supplementary Figure 7]. 
At x = 0.1 and 0.2, FA0.9GA0.1Pb1-xMnxBr3 PNCs showed XRD peaks at 12.5°, 15°, 25° and 30°, which 
correspond to (001), (110), (111), and (220) crystal planes, respectively, similar to those of FA0.9GA0.1PbBr3 
PNCs[10,43]. These results indicate that FA0.9GA0.1Pb1-xMnxBr3 PNCs maintain the cubic crystal structure and 
Mn2+ ions are not incorporated into the FA0.9GA0.1PbBr3 lattices for x < 0.4.

At x ≥ 0.4, FA0.9GA0.1Pb1-xMnxBr3 PNCs exhibited sharp XRD patterns with ≈ 3.6 two theta degree spacing 
(10.7°, 14.3°, 17.9°, 21.5°, 25.1° and 28.7°, corresponding to the (0 0 l) planes), which are notably different 
from those of FA0.9GA0.1Pb1-xMnxBr3 PNCs for x < 0.4. (0 0 l) indices with sharp peaks in the PNCs indicate 
that crystals with low dimensionality are synthesized when a large amount of Mn2+ is incorporated during 
the synthesis. However, at x = 1 without Pb, FA0.9GA0.1MnBr3 PNCs did not show a sharp peak in XRD. The 
absence of XRD peaks and absorption/PL spectrum indicate that FA0.9GA0.1MnBr3 PNCs were not well 
synthesized by our LARP method. According to Bragg’s law, the interlayer spacing d of low-dimensional 
PNCs for x ≥ 0.4 was calculated to be 2.45 nm[44]. Using the relationship between d and alkyl chain length n 
of the organic ligand between Br-based low-dimensional octahedral layers [d (Å) = 8.06 + 1.59 × n][45], the 
value of n is calculated to be ≈ 10. This indicates that among organic ligands [decylamine (C10H21NH2), oleic 
acid (C18H33O2H)] added into the precursor solution, decylamine is located between the 2D PNC layers, 
suppressing the growth of crystals along the out of plane direction and resulting in low-dimensional PNCs.

Zhang et al. suggested that preferential binding of amine ligands to the certain facet of the perovskite 
crystals results in low-dimensional CsPbX3 nanowires[46]. Pan et al. revealed that ammonium ions effectively 
tune the growth of anisotropic perovskite structures, and shorter chain ammonium ions diffuse faster than 
longer chain ones, resulting in thinner platelets[47]. Therefore, we attribute the insertion of decylamine 
between the 2D PNC layers rather than oleic acid to the fact that decylamine has shorter alkyl length than 
longer oleic acid, amine-group has higher mobility than carboxylic acid, and thus decylamine diffuses 
between the 2D layers more easily[47,48]. In addition to the change in XRD patterns, new peaks in the PL 
spectrum at ~410 nm (Peak 3) and ~440 nm (Peak 2) started to appear from x = 0.4 [Figure 1C and 
Supplementary Figure 8]. The absorption spectrum at a short wavelength corroborates that 
FA0.9GA0.1Pb1-xMnxBr3 PNCs with low dimensionality (n = 1 and 2) are formed as x increases (x > 0.4) 
[Figure 1C and Supplementary Figure 9].
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Figure 3. (A) PL decay profiles and (B) absorption spectra of FA0.9GA0.1Pb1-xMnxBr3 PNCs (x = 0, 0.2, 0.4); (C) PLQY and emission 
wavelength of FA0.9GA0.1Pb1-xMnxBr3 PNCs at 0 ≤ x ≤ 0.9. (D) XRD patterns of series of the FA0.9GA0.1Pb1-xMnxBr3 PNCs at 0 ≤ x ≤ 0.8. 
PL: Photoluminescence; PNCs: perovskite nanocrystals; PLQY: photoluminescence quantum yield; XRD: X-ray diffraction.

Mechanism of size reduction and dimensionality control
Next, we consider mechanisms by which the incorporation of Mn2+ plays a critical role in controlling the 
size and dimensionality of PNCs [Figure 4]. First, Mn2+ cannot be doped into the FA0.9GA0.1PbBr3 PNCs 
because the Mn-Br has higher bond energy than the Pb-Br bond (249 kJ/mol). Mn2+ ions, which were not 
doped into FA0.9GA0.1PbBr3 crystals, coordinate more strongly with n-decylammonium bromide ligands or 
oleate ligands than do Pb2+ ions, following the principle of the soft acid-base theory. At x < 0.4, this stronger 
coordination retards the diffusion of Br- ions from precursor solutions to crystals and suppresses the growth 
of FA0.9GA0.1PbBr3 crystals, resulting in small-sized FA0.9GA0.1PbBr3 PNCs. At x ≥ 0.4, excess Mn2+-species 
[Mn2+-oleate (C17H33COO-) and Mn2+-n-deylammonium bromide (C10H21NH3

+-Br-)] greatly suppress the 
growth of FA0.9GA0.1PbBr3 crystals, allowing decylamine to diffuse onto the top surface of low-dimensional 
FA0.9GA0.1PbBr3 crystal layers. As a result, FA0.9GA0.1PbBr3 nanoplatelets with low dimensionality (n = 1,2,3) 
are formed, emitting a highly deep blue emission with a wavelength of 435.8 nm at x = 0.8 [Supplementary 
Table 2].

CONCLUSIONS
In summary, we demonstrated highly deep blue emission with a wavelength of 435.8 nm from pure-Br-
based PNCs. To achieve this, we utilized Mn2+ as a dopant of FA0.9GA0.1PbBr3 PNCs. Mn2+ inhibits crystal 
growth and results in the formation of smaller particles. At high Mn concentration, Mn2+ ions also inhibit 
the growth of the [PbBr6]4- octahedra along the orthogonal direction, allowing the organic ligands to diffuse 
on the low-dimensional [PbBr6]4- octahedra and resulting in low-dimensional PNCs. These both reduced 
particle size and dimensionality induce a huge blue shift in pure-Br-based PNCs. The emission wavelength 
can be controlled from 528.9 nm to 435.8 nm by varying the input Mn concentration. These findings 
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Figure 4. A schematic illustration of size and dimensionality reduction of FA0.9GA0.1Pb1-xMnxBr3 PNCs with increasing Mn2+ 
concentration. PNCs: Perovskite nanocrystals.

highlight the potential of B-site engineering as a viable approach for synthesizing deep blue emitters for 
display technologies such as light-emitting diodes.
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