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Abstract 

Metal halide perovskite nanocrystals (NCs) have demonstrated great advances for light-

emitting diodes (LEDs) applications, owing to their excellent optical, electrical properties and 

cost-effective solution-processing potentials. Tremendous progress has been made in 

perovskite NCs-based LEDs during the past several years, with the external quantum efficiency 

(EQE) boosted to over 20%. Recently, metal doping/alloying strategy has been explored to 

finely tune the optoelectronic properties and enhance material stability of perovskite NCs, 

leading to further improved device efficiency and stability of the obtained perovskite NCs-

based LEDs. In this review, we summarize recent progress on the metal doping/alloying of 

perovskite NCs and their applications in LEDs. We focus on the effects of different metal 

doping strategies on the structural and optoelectronic properties of the perovskite NCs. In 

addition, several works on high-performance LEDs based on metal doped/alloyed perovskite 

NCs with different light emission colours are highlighted. Finally, we present an outlook on 

employing metal doping/alloying strategies to further improve the device efficiency and 

stability of LEDs based on perovskite NCs.  
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processed energy materials and devices, mainly based on organic semiconductors and metal 

halide perovskites.  

1. Introduction 

Solution-processed metal halide perovskites have emerged as one of the most promising 

semiconductors for optoelectronic devices in recent years, mainly due to their superior 

optoelectronic properties including widely tunable optical band gap, long and balanced charge 

diffusion length and high charge carrier mobility.[1,2,3,4,5]. The metal halide perovskites possess 

a generic formula of ABX3, where A is monovalent cation such as methylammonium (MA+= 

CH3NH3
+), formamidinium (FA+= CH(NH2)2

+), and cesium (Cs+) ; B is a divalent metal cation 

such as Pb2+ and Sn2+ ions, and X is a halogen anion such as Cl-, Br-, I-, which offers great 

opportunities to the control over the optoelectronic properties through engineering the material 

compositions.[ 6,7,8,9,10,11,12] During the past several years, these perovskites have not only 

pushed forward the development of cost-effective and high-performance photovoltaic 

technologies but also demonstrated great advances in the applications for many other 

optoelectronic devices, such as light-emitting diodes (LEDs), low threshold lasing and photo-

detectors.[13,14,15,16]  

Colloidal metal halide perovskite nanocrystals (NCs), as a newly developed type of perovskite 

materials, exhibit ultra-pure photoluminescence (PL) emission and super high PL quantum 

yield (PLQY).[17,18,19,20] As compared to the perovskite NCs containing organic cations, the all-

inorganic CsPbX3 (X = Cl, Br, I or mixed Cl/Br and Br/I) NCs are believed to be more stable 

due to the absence of volatile organic components in the crystal structures.[21,22] Since the first 

high-quality CsPbX3 NCs reported by Kovalenko and co-workers,[19] they have attracted 

increasing attention in the materials synthesis, photophysical characterizations, and 

optoelectronic device application.[23,24,25,26,27, 28,29,30] Several excellent reviews on perovskite 
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NCs have been recently published, summarizing the chemical synthesis, material properties and 

applications in optoelectronic devices.[31,32,33,34,35]   

As a new generation of promising semiconductor for optoelectronic applications, intense 

research efforts on solution engineering have been made to optimize the materials properties of 

perovskite NCs.[ 36,37,38] For example, surface defects of the obtained perovskite NCs, which are 

important for the materials stability and the optoelectronic properties, can be efficiently reduced 

by introducing functional organic capping ligands. [39,40,41]  However, the incorporated capping 

ligands also affect the charge transport properties of the active layer in the resulting 

optoelectronic devices .[ 42 ,36,37,38] In addition, ligand exchange and modified purification 

methods were developed to improve the electrical properties of perovskite NCs, however, these 

approaches are  likely to introduce extra surface defects, resulting in decreased PLQY and poor 

material stability.[42,43] Alternatively, metal doping/alloying strategies, which are commonly 

used in traditional semi-conductive nanocrystals, have been successfully employed in 

perovskite NCs, leading to  more efficient control over the optical and electronic properties of 

the resulting materials. [44,45,46,47,48] At the same time, these incorporated metals ions further 

improve the phase, thermal, and moisture and air stability of the perovskite NCs, which could 

be beneficial for their wide applications in optoelectronic devices. [49,50]  

Herein, we review recent progress on the metal doping/alloying of perovskite NCs, mainly 

focusing on the all-inorganic CsPbX3 systems, and their applications in LEDs. We start with a 

brief introduction of the perovskite NCs and then discuss the effects of different metal doping 

strategies on the structural and optoelectronic properties of the obtained perovskite NCs. In 

addition, we highlight several representative works on metal doping/alloying perovskite NCs 

and their effects on LEDs performance. Finally, we present an outlook on further exploring the 

metal doping/alloying strategy to improve the device efficiency and stability of perovskite NCs-

based LEDs. 
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2. Chemical synthesis of colloidal CsPbX3 NCs 

High-crystalline monodisperse CsPbX3 nanocubes were firstly synthesized by Protesescu et al., 

employing a hot-injection method that was commonly used for traditional metal chalcogenide 

NCs (Figure 1a, 1b and 1d).[19] The hot-injection method used for the synthesis of CsPbX3 NCs 

involves a rapid injection of Cs precursors (e.g. Cs-oleate) into hot lead halide precursors 

dissolved in solvents with high boiling points (e.g. octadecene (ODE). A mixture of oleylamine 

and oleic acid was used to stabilize the as obtained NCs as surface ligands. The resulting 

CsPbX3 NCs with controllable halide compositions exhibit continuously tunable PL emission 

with a narrow full-width at half-maximum (FWHM) of 12–42 nm and a high  PL QY of up to 

90% (Figure 1c).[19] In addition, the perovskite NCs can also be easily synthesized using room-

temperature ligand-assisted reprecipitation (LARP) methods (Figure 1e).[51] For a typical LARP 

synthesis of CsPbX3 NCs, the as-prepared perovskite precursor solution in 

dimethylformamide/dimethyl sulfoxide (DMF/DMSO) with capping ligands, is added drop 

wisely into a nonpolar solvent (e.g. toluene) at room temperature.[51] During the LARP 

synthesis, various type of capping ligands such as oleylamine, octylamine, oleic acid, and N-

hexadecylphosphocholine, etc. can be used to control the sizes and shapes of resulting 

NCs.[52,53]  

In addition to the above mentioned one-pot direct synthesis methods, high-quality CsPbX3 NCs 

with controllable halide compositions and tunable light emission can also be obtained through 

a post-synthetic halide anion exchange reaction. [54,55] Nedelcu et al. [54] and Akkerman et al. [55] 

almost simultaneously reported efficient anion exchange synthesis of CsPbX3 NCs using 

different halide sources (Figure 1f and 1g). They observed fast reversible blue shifts or red 
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shifts of the as-synthesized CsPbBr3 NCs through introducing Cl- or I- sources, respectively. In 

addition, directly mixing perovskite NCs with different halide compositions can also initiate 

the anion exchange.[19,51] The obtained perovskite NCs show minor change on the shape and 

crystal structure, and the PL emission of the anion-exchanged CsPbX3 NCs are similar with 

those directly obtained through hot-injection process, which offers a convenient approach for 

tuning the optoelectronic properties of perovskite NCs efficiently. 

 

Figure 1. Structural, optoelectronic properties and chemical synthesis of perovskite NCs. 

(a) Typical crystal structure of halide perovskite materials, wherein, A is a monovalent cation, 

B is a divalent metal cation, and X is a halogen anion. (b) Transmission electron microscopy 

(TEM) image of CsPbBr3 NCs, inset image of a single NC to calculate lattice spacing. (c) 

Perovskite NC colloidal solution under UV irradiation (top image) and PL (bottom) spectra. 

Reproduced with permission.[19] Copyright © 2015 American Chemical Society. (d-e) 

Perovskite NCs synthesis methods, hot-injection (or one-pot) and LARP. (f) Schematic 

representation of anion exchange approach for the synthesis of mixed halide perovskite NCs 

for tunable emission wavelength. (g) X-ray diffraction (XRD) pattern of perovskite NCs, which 

(c)

(f) (g)
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are synthesized by using hot-injection method via anion exchange. Reproduced with 

permission. [54] Copyright © 2015 American Chemical Society. 

3. Metal doping/alloying of perovskite NCs  

Optoelectronic properties of perovskite NCs can be efficiently tuned through metal doping with 

a low concentration of metal dopants or metal alloying with a higher substitution ratio of metal 

elements in the perovskite crystal structure. Depending on the substitution possibility of the 

elements existed in the ABX3 perovskite crystal structure, we simply divide the literature 

reported metal doping/alloying strategies of perovskite NCs into the “A-site” and “B-site” 

doping/alloying. Unlike the “A-site” doping in CsPbX3 perovskite NCs, of which the dopant is 

currently limited to monovalent Rubidium (Rb+), various kinds of monovalent to divalent to 

trivalent metal ions have been efficiently incorporated into the CsPbX3 perovskite NCs, 

generating interesting material properties in the resulting materials. In this section, we 

summarize recent works on efficient metal doping/alloying strategies with different dopants 

and their effects on material properties of the resulting perovskite NCs. 

3.1. A-site metal doping/alloying of perovskite NCs 

A-site doping/alloying is commonly used in previous studies on improving the material stability 

of perovskite films and the resulting photovoltaic devices. [56,57]   Rb+  and Cs+ were intentionally 

added in MAPbI3, FAPbI3 perovskite materials to adjust the tolerance factors of the obtained 

perovskite structure to a more stable region and hence significantly improve the resulting film 

quality and device stability.[56,57] Although it is not quite common, A-site doping/alloying 

strategy was also explored in CsPbX3 NCs to tune the material properties. For example, Zhao 

et al. reported the synthesis of RbyCs1-yPbCl3 (y is the molar concentration of doped Rb+, which 

is 0%, 3%, 9%, 15%) perovskite NCs using hot-injection method. [ 58] They demonstrated 

partially substituted Cs+ cations for Rb+, which was confirmed by the XRD and X-ray 
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photoelectron spectroscopy (XPS) (Figure 2a) measurements. The Rb-doped and undoped NCs 

show the same cubic phase as pristine CsPbCl3 NCs. They observed that with the increasing 

Rb+ concentration, the main diffraction peaks in the XRD shifted towards higher diffraction 

angle, indicating possible lattice contraction after incorporation of Rb+. They further confirmed 

that the lattice space decreased from 3.96 Å to 3.95 Å through high resolution transmission 

electron microscopy (HRTEM) characterizations of the undoped (Figure 2b) and doped (Figure 

2c) NCs.  

Amgar et al. also demonstrated shifted XRD peaks toward higher diffraction angle in the Rb+ 

doped CsPbCl3 and CsPbBr3 NCs with increasing Rb+ concentration.[59] The XRD diffraction 

peaks are identical to CsPbCl3 perovskite when x = 0.4 (here, x is Rb+ concentration), while 

new peaks belonging to RbPb2Cl5 phase appeared when x is higher than 0.4 (Figure 2d). They 

observed blue shift in the band edge of CsPbCl3 NCs with higher Rb+ concentration (Figure 

2e), ascribing to the lattice contraction due to a smaller size of Rb+ (174 pm) as compared to 

that of Cs+ (161 pm). With the optimal Rb+ incorporation ratio, PLQY of the resulting green- 

and blue-emissive NCs increased to over 60% and 12%, respectively (Figure 2f). In contrast to 

the claimed more stable lattice structure of the Rb+ doped CsPbX3 NCs, Linaburg et al. 

performed theoretical simulation and concluded that the Rb+ doped perovskites are likely to 

form unstable crystal structure.[60] Considering the very small difference in the HRTEM and 

the XRD results, further investigation on the change to the crystal lattice and the materials 

stability of Rb/CsPbX3 NCs are still needed. 
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Figure 2 Rb+ doped PNCs and their optoelectronic properties: (a) XPS spectra of pure 

CsPbCl3 NCs and CsPbCl3: 9% doped NCs. (b-c) TEM images of undoped and doped 

perovskite NCs, the inset image of a single perovskite NC. Reproduced with permission. [58] 

copyright © 2018 Elsevier Ltd. (d) XRD pattern of metal doped CsPbCl3 perovskite NCs with 

Rb+ concentration. (e) Absorbance spectra of CsPbCl3 NCs with Rb+ doping concentration. (f) 

PLQY of CsPbBr3 and CsPbCl3 perovskite NCs with Rb+ concentration, the inset images of 

undoped (left) and doped (right) CsPbBr3 perovskite NC colloidal solution under UV 

irradiation. Reproduced with permission. [59] copyright © The Royal Society of Chemistry 2018. 

3.2. B-site metal doping/alloying of perovskite NCs 

3.2.1 Isovalent B-site doping/alloying of perovskite NCs with Mn2+ ions 

As an efficient doping strategy in tuning the material properties of traditional quantum dots 

(QDs), doping of transition metal of Mn2+ in CsPbX3 perovskite NCs have drawn intense 

attention since two pioneering reports by Parobek et al.[44] and Liu et al. in 2016.[45] In the two 

(b) (c)

(d) (e)

(a)

(f)

20 nm 20 nm

undoped doped
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works, CsPbCl3 NCs with low Mn2+ doping concentration were synthesized following the well-

developed one-pot hot injection synthesis. MnCl2 was used to control the incorporated Mn2+ 

concentration during the synthesis. Liu et al. carefully investigated the importance of the 

precursor for the Mn2+ doping and did not observe any doping if they substitute the manganese 

chloride (MnCl2) for manganese acetate (Mn(ac)2), manganese acetylacetonate (Mn(acac)2), 

or manganese oleate (Mn(oleate)2), demonstrating the benefits of the Mn-Cl bond and an all-

Cl coordination environment for efficient Mn2+ doping.[45] The obtained highly crystalline Mn-

doped CsPbCl3 perovskite NCs show nearly identical orthorhombic phase (Figure 3a and 3b), 

similar cubic shape and size compared with the undoped ones. Both works on Mn-doped 

perovskite NCs demonstrated minor changes to the absorption spectra, but an additional broad 

PL peak at ~600 nm (Figure 3c) attributed Mn2+ d-d emission appeared in the obtained Mn-

doped CsPbCl3 NCs with low doping ratio. Monotonically shifted peaks to higher angles with 

increasing Mn2+ doping concentration (Figure 3d and 3e), which is ascribed to the incorporated 

relatively smaller size of Mn2+ ions (97 pm) as compared with Pb2+ ions (133 pm). It was also 

demonstrated that the Mn2+ doping can obviously improve the overall PLQYs to ~ 60%.  

The efficient Mn2+ doping was further successfully explored to the preparation of perovskite 

NCs with mixed halide compositions (Figure 3f), either from the directly hot-injection or post-

synthetic anion exchange methods. Interestingly, an obvious decrease in the dopant PL emission 

were observed for Mn-doped mixed halide perovskite NCs obtained from the anion exchange 

method.  Gamelin and co-workers found that the PL and PL decay of Mn-doped CsPbCl3 NCs 

exhibit an unusual temperature dependence, which implies a combination of the distinct thermal 

characteristics of excitons in CsPbCl3 NCs and the slow energy transfer to Mn2+ dopant in the 

doped NCs. [61] It was also found that higher dopant concentrations above ~3% led to reduced 

PLQYs of the resulting Mn-doped NCs, which was ascribed to the formation of Mn2+-Mn2+ 
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pairs and the introduction of new non-radiative recombination pathways under high doping 

concentration. 

CsPbX3 NCs with elevated Mn2+ substitution ratio was further demonstrated through modifying 

the material synthesis process. Li and co-workers reported that the Mn2+ concentration can 

reach a maximum atomic percentage of over 37% through the one-pot synthesis via room-

temperature supersaturated crystallization method. [62] Enhanced broad dopant emission with 

the higher substitution Mn2+ ratio was observed. Through employing a phosphine-free hot-

injection synthesis, the replacement ratio of Pb2+ with Mn2+ can be further increased to ~46%. 

[46] Yang and co-workers found that the as-prepared CsPbCl3 NCs can still retain the tetragonal 

crystalline structure under such high Mn2+ substitution ratio.[46] A further improved PLQY of 

54% was achieved for the CsPb0.73Mn0.27Cl3 NCs synthesized. It was believed that the much-

enhanced dopant emission is because of to the efficient energy transfer of photoinduced 

excitons from the CsPbCl3 host to the Mn2+ dopant, which facilitates the radiative exciton 

recombination. Further increasing the Mn2+ substitution ratio reduces the crystallinity of the 

obtained NCs and decreases the PLQYs.[63] The dopant emission in Mn-doped CsPbCl3 was 

demonstrated to be tunable with the introduction of alkylamine hydrochloride (RNH3Cl).[ 63] 

Pradhan and co-workers found that the RNH3Cl is helpful to create more particles with smaller 

dimension, which resulted in more efficient Mn2+ doping.[63] With this optimized material 

synthesis, further enhanced dopant emission and minimal excitonic emission from the host 

CsPbCl3 NCs through optimization of the material synthesis process were obtained. [63] 
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Figure 3. Mn-doped perovskite NCs and their material properties: (a-b) TEM and HRTEM 

image of doped CsPbCl3 NCs, the inset image of doped perovskite NC colloidal solution under 

UV irradiation. (c-d) Absorbance spectra and XRD pattern of Mn2+ doped CsPbCl3 perovskite 

NCs. Reproduced with permission.[46] Copyright © 2017, American Chemical Society. (e) XRD 

pattern of CsPbCl3 perovskite NCs with Mn doping concentration. (f) PL spectra of Mn doped 

CsPbCl3 perovskite NCs with halide ion ratio to eliminate the 600 nm emission band. 

Reproduced with permission.[45] Copyright © 2016, American Chemical Society. 

3.2.2 Isovalent B-site doping/alloying of perovskite NCs with Zn2+, Cd2+, Sn2+, Cu2+, Ni2+ 

ions 

Apart from the mentioned Mn2+ doping for CsPbX3 NCs, several other divalent metal ions were 

also reported to replace Pb2+ and achieve efficient doping of CsPbX3 NCs. Stam et al. first 

demonstrated the Sn2+, Cd2+ and Zn2+ doping of CsPbBr3 NCs using post-synthetic cation 

exchange reactions using the SnBr2, CdBr2, and ZnBr2 as the metal ion sources. [64]  They 

observed obvious blue-shift in the absorption and PL emission spectra after doping (Figure 4a 

and 4b), while high PLQYs (over 50%) and narrow PL emission of the parent CsPbBr3 NCs 

were preserved. The observed blue-shift in the optical spectra of metal doped CsPbBr3 NCs 

was attributed to a possible lattice contraction of the perovskite unit cells, which causes shorter 

(e) (f)

doped
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Pb-Br bonds and a stronger ligand field within the Pb-halide octahedra. Considering the 

reported low PLQYs and broad PL emission spectra of blue-emitting CsPbCl3 NCs obtained 

from direct hot-injection or anion exchange approaches, metal doping of CsPbBr3 NCs may 

offer new possibilities for the synthesis of high-quality perovskite NCs for blue-emitting LEDs. 

Similarly, Shen et al. synthesized high-quality Zn2+ alloyed CsPbI3 NCs, which exhibit similar 

blue-shift phenomenon and a super high PLQY of 98.5% (Figure 4c and Figure 4d) with an 

optimal doping ratio of 0.35% for Zn-alloyed CsPbI3 NCs due to the suppressed non-radiative 

recombination. Further increasing the alloying ratio to 0.49 resulted in a decreased PLQY to 

78%, which was due to the increased defect density or a possible increase in the dark fraction 

of emitters at higher Zn contents. [65]  

In a recent work, Li et al. employed a post-treatment method of the perovskite NCs employing 

Zn halide salt/hexane solution achieved significantly increased PLQY of the CsPbX3 NCs, 

boosting the optimum PLQYs to 86, 93, and 95% for CsPbCl3, CsPbBr3 and CsPbI3 NCs, 

respectively.[66] Interestingly, unlike the previous demonstrated Zn2+ doping, which exhibited 

obvious blue-shift of the PL emission, no change in the PL emission peaks were observed, 

which suggested that the post treatment might only affect the surface of the perovskite NCs. 

The obviously increased PLQYs were also believed to be associated with the effectively 

suppressed non-radiative recombination pathways, as a result of the decreased charge trap states 

at the surface of NCs after post treatment with Zn halide salt/hexane solution.  

Following the divalent ion doping strategy, Mondal et al. also introduced Cd2+ ion and 

demonstrated a significantly enhance PLQY 96% for blue-violet-emitting CsPbCl3 NCs 

without changing the PL peak position at 406 nm and the spectral FWHM.[ 67 ] Further 

characterizations on the stability of Cd-doped NCs showed almost no changes in the PL 

emission for 2 months in dark conditions. In addition, the obtained Cd-doped NCs also exhibit 

excellent photostability. No change in the PL peak emission was observed and 60% of the initial 
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PLQY can be retained after 260 h continuous illumination under 365 nm UV light. Bi et. al 

demonstrated an efficient Cu2+ doping of CsPbX3 in improving the thermal stability and 

optoelectronic properties of the resulting materials. High PLQYs of 95% and 80% for green-

emissive CsPb1-xCuxBr3 and blue-emissive CsPb1-xCux(Br/Cl)3 NCs were successfully 

demonstrated, respectively.[68]  In addition, Ni2+ ions were also obtained to be effective in 

improving the optical properties of the CsPbX3 NCs, leading to a strong single-colour violet 

emission with a high PLQY of 96.5% (Figure 4e).[69] The doping of Ni2+ can  efficiently remove 

the structural defects i.e. halide ion vacancies, resulting in improved short-range lattice order 

and improved radiative recombination of the perovskite NCs (Figure 4f). Similar improvements 

on the PLQYs of perovskite NCs with different Br/Cl composition were also demonstrated, 

further demonstrating the potential of using metal doping/alloying strategy on the synthesis of 

highly emissive perovskite NCs for efficient blue-emitting LEDs.  

 

Figure 4. Optoelectronic properties of Zn2+, Cd2+, Sn2+, and Ni2+ doped perovskite NCs: 

(a-b) Absorption and PL spectra of Sn2+, Cd2+, and Zn2+ doped CsPbBr3 perovskite NCs. 

(c)

(f)

(d) (e)

(a) (b)

(f)
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Reproduced with permission.[64] Copyright © 2017 American Chemical Society. (c) PL QYs, 

PL peaks and absorbance peaks of Zn2+ doped CsPbI3 perovskite NC. (d) PL decay life time of 

CsPbI3 NCs with Zn2+ metal doping concentration. Reproduced with permission.[65]  Copyright 

© 2019 American Chemical Society. (e) Absorbance and PL spectra of CsPbCl3 NC with Ni2+ 

doping concentration, the inset images are of NC colloidal solution under UV irradiation (f) PL 

decay of Ni2+ doped CsPbCl3 NC. Reproduced with permission.[69] Copyright © 2018 American 

Chemical Society.    

3.3.2.3 Heterovalent B-site metal doping/alloying of perovskite NCs 

In addition to the isovalent doping of perovskite NCs using transition metal ions, doping of 

CsPbX3 NCs using heterovalent ions such as Ag+, Al3+, Bi3+ or various lanthanide ions were 

also frequently reported.[ 70,71,72,73] The possibility of heterovalent doping of perovskite NCs 

was first demonstrated by Mohammed and co-workers with the incorporation of Bi3+ in 

CsPbBr3 NCs (Figure 5a and 5b). [72] The successful incorporation of Bi3+ into the NCs was 

confirmed through the XPS and optical characterization results. They observed clearly 

increased Bi/Pb ratios with increasing amount of BiBr3 in the feed solution even after several 

times of washing of the NCs. The excitonic peak first showed redshift under a lower Bi3+
 doping 

ratio of 0.25% while a blueshift appeared when the doping ratio increased to 0.8% (Figure 5c 

and Figure 5d), further indicating successful incorporation of Bi3+ into the NCs. In a similar 

work, Zhu et al. also investigated the material properties of Bi3+ doped CsPbI3 NCs. [74] They 

observed that the emission colour of the NC solution changed from red to brown with increasing 

the Bi3+ doping concentration. Interestingly, although they noticed decreased band-edge PL 

emission at 680 nm with increasing Bi3+ doping concentration, an ultrawide near infrared (NIR) 

emission from 800 to 1600 nm peaked at 1145 nm were also detected in Bi-doped CsPbI3 NCs, 

while no such NIR emission appeared in undoped parent NCs. The wide NIR emission was 

ascribed to the introduced Bi-related NIR active centers in the doped NCs.  
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More obvious optical shift in the absorption and PL emission spectra was demonstrated through 

a similar heterovalent doping of CsPbBr3 NCs with Al3+ ions.[ 71] The incorporation of Al3+ ions 

resulted in an obvious blue shift of ~50 nm in both the absorption and emission spectra (Figure 

5e and 5f) of the resulting perovskite NCs.  Based on the calculation results, the Al3+ doping 

may result in a new energy level in the bandgap of the NCs, due to the hybridization of the Al 

s-orbitals, the Br p-orbitals, and the Pb p-orbitals. As a result, the introduced contraction of the 

PbBr6 octahedral led to shorter Pb-Br bonds and stronger interactions, which further improved 

the thermal stability of Al-doped CsPbBr3 NCs film. Almost no change was observed in the PL 

emission of blue Al-doped CsPbBr3 films under elevated temperature of 100 °C and thermal 

recycling, while the relative PL intensity of undoped NCs decreased to 60% after the heat 

treatment.[71]  

The possibility of introducing monovalent Ag+ doping into CsPbI3 perovskite NCs was first 

reported on Ag substrates-based LEDs by Rogach and co-workers. [70] The existence of Ag+ in 

the perovskite NCs was confirmed by the elemental mapping and the XPS characterizations. 

They also found that the Ag+ doping efficiently passivated the surface defect states of CsPbI3 

NCs, leading to improvement of PLQY and material stability. A controllable doping of Ag+ 

into CsPbBr3 NCs was then achieved by Zhou et al. via a room-temperature synthesis with the 

Ag2CO3 as the precursor.[ 75 ] Both undoped and Ag-doped CsPbBr3 NCs exhibited an 

orthorhombic crystal structure and show no obvious change in the size of NCs. A tiny red-shift 

in the PL emission from 512 to 519 nm was observed, together with obviously quenched PL 

emission, which is consistent with increased trap states in the obtained Ag-doped CsPbBr3 NCs, 

similar to that of Bi3+ doping in CsPbBr3 NCs.[72] Interestingly, the Ag+ doping caused a heavy 

p-type character in the obtained NCs, with the Fermi level down toward the valence band with 

increasing Ag doping concentration to 0.48%.[75] In addition, the Ag+ doping also introduced 

considerable improvements in the film conductivity and hole mobility based on the field-effect-
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transistors characterizations results. Nearly 3 orders of magnitude improvement in the hole 

mobility at room temperature compared with the undoped CsPbBr3 NCs was demonstrated.[75] 

   

Multicolor emissions of CsPbX3 NCs spanning from visible to NIR regions were successfully 

obtained by Pan et al., through introducing efficient doping of various lanthanide ions (Cerium 

(Ce3+), Samarium (Sm3+), Europium (Eu3+), Terbium (Tb3+), Dysprosium (Dy3+), Erbium 

(Er3+), and Ytterbium (Yb3+)) (Figure 5g and 5h). [76] They found that the lanthanide ions doping 

not only led to bright and abundant emissions from the dopants, but also considerably improved 

overall PLQYs of the host CsPbCl3 NCs. Incorporation of the lanthanide dopants into the 

perovskite NCs was confirmed based on the theoretical calculation, the XPS and inductively 

coupled plasma mass spectrometry (ICP-MS) characterization results. The enlarged band gap 

of the NC host and the blue shift in the band-edge emission with increasing the doped ions 

further confirmed the lanthanide doping into CsPbCl3 NCs. At the meantime, several intense 

PL emission peaks origin from the intrinsic electronic transitions of lanthanide ions appeared 

in the lanthanide ions doped NCs, which suggested an efficient energy transfer from the host 

CsPbCl3 NCs to the energy levels of lanthanide ions. It was also demonstrated that the doping 

of lanthanide ions introduced an obvious enhancement of the overall PLQYs of the CsPbCl3 

NCs, possibly due to the modification of the defects and the reduced non-radiative 

recombination pathways. In addition, co-doping of the perovskite NCs employing lanthanide 

ions of Yb3+/Ce3+ or Yb3+/Er3+ were also investigated. [77] Strong emission of Yb3+ at 988 nm 

was demonstrated and a high overall PLQY approaching 146% can be obtained in the Yb3+/Ce3+ 

co-doped CsPbCl1.5Br1.5 NCs, which was successfully employed on commercial silicon solar 

cells and exhibited an efficiency improvement from 18.1% to 21.5%.[77] 

The photophysical properties of lanthanide Yb3+ ions doped CsPbCl3 NCs were carefully 

investigated by Gamelin and co-workers. [78] High-quality undoped and doped CsPbCl3 NCs 

were synthesized through the traditional hot-injection methods through introducing metal-
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acetate salts and chlorotrimethysilane as the cation and halide precursors, respectively. Intense 

NIR PL emission centered at 990 nm, which is attributed to Yb3+ dopant emission, was observed 

in the doped NCs. The excitonic PLQYs of the undoped samples decreased sharply from ~20% 

to less than 1% after the incorporation of Yb3+ dopants at a low concentration to ~0.7%. They 

demonstrated that, in contrast to the optical characteristics of previous reported Mn2+ doping 

CsPbCl3 NCs, energy transfer from the NCs to Yb3+ was not suppressed at cryogenic 

temperature, which is consistent with the observation that the energy transfer is fast enough to 

compete with the exciton recombination. Replicable high PLQYs exceeding 100%, were 

measured in the Yb3+ doped perovskite NCs. It was demonstrated that the extremely high 

PLQYs may result from extremely fast energy transfer from the energy captured by an Yb3+ 

induced defects to two neighboring Yb3+ ions in a single concerted step in picoseconds. 

 

Figure 5. (a-b) TEM image of undoped and Bi-doped CsPbBr3 NCs, inset image of single NC 

(c) Absorbance and (d) PL spectra of CsPbBr3 NCs with Bi3+ doping concentration. Reproduced 

with permission.[72] Copyright © 2016 American Chemical Society. (e-f) Absorbance and PL 

spectra of Al-doped CsPbI1.5Br1.5 and CsPbBr3 NCs. Reproduced with permission.[71] (g-h) 

Absorption and PL spectra of lanthanide doped CsPbCl3 NCs. Reproduced with permission.[76] 

Copyright © 2017, American Chemical Society. 
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4. High-performance LEDs based on perovskite NCs with metal doping/alloying  

LEDs based on perovskite NCs have attracted booming attentions during last several years, with 

the device EQE has rapidly reached to over 20% within four years, well comparable to the 

conventional LEDs fabricated from organic semiconductors and quantum dots. [ 79 , 80 , 81 ] 

However, the moderate material and device stability are still main concerns of state-of-the-art 

LEDs based on perovskite NCs for practical applications.[79,82] The developed controllable 

metal doping/alloying strategies are effective in controlling the optical, electronic properties as 

well as improving the material stability of perovskite NCs, offering new possibilities for the 

enhancement of the device performance of the resulting LEDs. In this section, we briefly 

summarize several representative works on LEDs with different emission colours based on 

metal doped/alloyed all-inorganic CsPbX3 perovskite NCs, and demonstrate the positive effects 

and the potential of employing the metal doping/alloying to achieve perovskite NCs-based 

LEDs with enhanced device efficiency and stability. 

4.1 Green-emissive LEDs based on metal doped/alloyed perovskite NCs 

Following the intense research works on Mn2+ doping of CsPbX3 NCs, Chen and co-workers first 

investigated the LEDs based CsPbBr3 with a trace amount of Mn2+ substitution. [49] Their calculation 

results suggested that doping of Mn2+ in CsPbX3 NCs can significantly enhance the perovskite lattice 

formation energy, and hence improve the thermal stability and optical performance of the doped 

NCs. Although there were many reports with high Mn2+ doping ratios in the perovskite NCs, the 

optimal doping concentration of Mn2+ for achieving the most thermodynamically stable NCs was 

theoretically predicated to be ~2.08 mol% here.  The experimental results demonstrated a much more 

stable PL emission from Mn-doped CsPbBr3 solution with an optimal doping ratio of 2.6%, while 

undoped and doped NCs with a higher ratio (4.3%) both exhibited rapid degradation in the PL 

brightness, when exposed to ambient air or UV light illumination conditions.  Thermal stability of 

Mn-doped CsPbBr3 NCs was also investigated. Although the solution stability is not excellent, the 
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PL emission intensities of NCs with 4.3% Mn2+ doping exhibited much better thermal stability, with 

120% of their initial value retained after three heating and cooling recycling at a high temperature 

up to 200 °C.  Owing to the much-enhanced material properties, the obtained LEDs based on Mn-

doped CsPbBr3 NCs exhibit much improved maximum luminance of 9971 cd m-2, as compared to 

that based on undoped ones.[49]  

Similarly, introducing heterovalent Ce3+ ions into the CsPbBr3 NCs can also maintain the 

integrity of the perovskite structure without generating additional trap states, resulted from the 

easier formation of higher energy level of conduction band between Ce3+ and bromine. [83] The 

obtained Ce-doped CsPbBr3 NCs exhibited a significantly increased PLQY up to 89%, which 

is two factors higher than the undoped ones. They fabricated LEDs with a device structure of 

ITO/PEDOT:PSS/Poly-TPD/Ce:CsPbBr3/TPBi/LiF/Al (Figure 6a) (wherein, PEDOT:PSS is 

poly(3,4-ethylenedioxythiophene):polystyrene sulfonate; Poly-TPD is Poly(4-butylphenyl-

diphenyl-amine), TPBi is 2,2',2"-(1,3,5-Benzinetriyl)-tris(1-phenyl-1-H-benzimidazole); LiF is 

lithium fluoride., and demonstrated a peak EQE of 1.1% ( luminance ≈ 1500 cd/m2) and 4.4% 

(luminance ≈ 3500 cd/m2) based on the undoped and doped NCs, respectively (Figure 6b and 

6c).[83]  In addition, the observation of a lower turn voltage ( ≈ 2.5 V) for Ce-doped LEDs as 

compared to undoped (2.8 V) indicates a reduced charge injection barrier in the resulting LEDs.  

In addition to the directly doping the NCs during the synthesis, Song et al. recently 

demonstrated that post treatments of the as-synthesized NCs with metal-halide salts were also 

efficient to passivate the surface defects, leading to to obvious enhancement in the 

optoelectronic properties of the obtained NCs and the resulting device performance. [84] Several 

different metal bromides including ZnBr2, MnBr2, GaBr3, and InBr3 were introduced as the 

inorganic ligands of the obtained NCs. Unlike the previous reported efficient doping, the 

employed post treatments here are more likely to replace the long-chain organic ligands on the 

surface of the NCs, and hence led to enhanced PL emission and improved charger transport 
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properties. Several optical characterizations and surface sensitive XPS measurements were 

conducted to confirm the existence of the introduced inorganic ligands only at the NC surface. 

They observed obviously enhanced PLQY from 58% to 79% after the incorporation of ZnBr2, 

suggesting efficient passivation of the surface defects and enhanced radiative recombination of 

the treated NCs. In addition, the thermal stability of the PLQY of NCs with inorganic halides 

post treatments was also improved, owing to the reduced formation of nonradiative 

recombination centers under elevated temperatures. More importantly, based on the 

characterizations of single charge carrier devices, the charge transport properties of the post 

treated NCs were also obviously enhanced. They obtained green-emissive LEDs based on the 

NCs exhibited much higher EQE and luminance, showing a record high peak EQE of 16.48% 

for devices based on ZnBr2 treated NCs, and a record high luminance of over 100,080 cd m-2 

for devices based on MnBr2 treated NCs.[84]  

4.2 Red-emissive LEDs based on metal doped/alloyed perovskite NCs 

Incorporation of dopants into the red-emissive perovskite NCs for LEDs with improved device 

performance was first noticed by Rogach and co-workers, when they characterized the red-

emissive LEDs fabricated on Ag and indium tin oxide  (ITO) substrates.[70] According to the 

characterization results of the TEM, elemental mapping and elemental analysis, they confirmed 

the diffusion of Ag+ ions into the perovskite NCs films for devices fabricated on Ag substrates. 

The diffused Ag+ ions efficiently passivated the NC surface and converted the nonradiative trap 

states to radiative ones, leading to enhanced optical and charge transport properties of the red-

emissive CsPbI3 films. The obtained LEDs on Ag substrates showed a much-increased average 

peak EQE of 11.2% compared to the ITO-ones, while the latter shows an average peak EQE of 

7.3%. [70] 

The well investigated isovalent doping of CsPbI3 perovskite NCs using Mn2+ and Zn2+ were 

also reported to be efficient methods for the fabrication of red-emissive LEDs with improved 
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device performance.[49,65] For example, Zou et al. first demonstrated obvious increased EQE of 

1.04% for LEDs based on Mn-doped CsPbI3 NCs.[49] Recently, Shen et al. introduced Zn2+ 

doping into CsPbI3 NCs and observed significantly suppressed non-radiative recombination 

and close-to-unity PLQY of 98.5%.[65] The space-charge-limited current characterization 

results revealed almost an order of magnitude decrease of the defect density in CsPb0.64Zn0.36I3 

NCs, as compared to the undoped ones.  The Fermi level was shifted to -4.43 eV from -4.17 eV 

after the Zn2+ doping from the ultraviolet photoelectron spectra (UPS) characterization results. 

Considering the unchanged conduction band minimum position, the shift in Fermi level 

indicates that the perovskite NCs switch from n-type to nearly ambipolar nature after sufficient 

Zn2+ alloying, which is consistent with the observed more balanced electron and hole mobility. 

They fabricated efficient red-emissive LEDs based on a device structure (Figure 6d) of 

ITO/ZnO/PEI/Zn-CsPbI3/TCTA/Mo3/Au (wherein, PEI is Polyethylenimine, TCTA is 4,4',4"-

Tris(carbazol-9-yl)triphenylamine)  and demonstrated a peak EQE of 15.1%  for devices based 

on Zn-doped NCs, along with improved maximum luminance of 2202 cd m-2 (Figure 6e and 

6f).[65] In addition, due to the smaller radius of Zn2+ ions, Goldschmidt tolerance factors of the 

obtained Zn-doped NCs were pushed to a more stable region with increasing Zn2+ doping ratio, 

leading to further enhanced stability of the Zn-alloyed CsPbI3 NCs, which is expected to further 

improve the device stability of the resulting LEDs.  

The divalent doping strategy of CsPbI3 NCs can be combined with efficient halide surface 

passivation to further improve the material properties and the device performance. Yao et al. 

[85] and Lu et al. [86] independently demonstrated high performance red-emissive LEDs based on 

CsPbI3 NCs with simultaneous strontium (Sr2+) doping and iodide/chlorine surface passivation. 

Owing to the slightly smaller ion radius of Sr2+ (1.18 Å) than the Pb2+ (1.19 Å) ions, doping of 

the Sr2+ into the CsPbI3 NCs may cause a slight lattice contraction. At the same time, halide 

anions of I- and Cl- can efficiently passivate the defects at the surface of NCs, resulting in 
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improved radiative recombination rates in the treated NCs. Yao et al. demonstrated that stable 

cubic-phase CsPbI3 with tunable size from 15 to sub-5 nm through introducing Sr2+ substitution 

along with iodide passivation.[85] It was found that the incorporation of Sr2+ ions significantly 

increased the formation energies of the perovskite structure and reduced the structure distortion 

for small-sized CsPbI3 NCs. The obtained few-nanometer-sized doped CsPbI3 NCs still 

retained the high PL emission properties and highly close packing in the deposited thin films, 

with improved PL stability of the colloidal solution and the thin films. The obtained devices 

based on 3.1% Sr2+ doped CsPbI3 NCs (5.38 nm) exhibited a high EQE of 5.92% .[ 85] In 

addition, due to the improved material stability, the resulting LEDs based on Sr2+-substituted 

CsPbI3 NCs exhibited a L50 (needed time decay to 50% of the initial luminance) of 120 min, 

which is significantly improved as compared to the devices based on undoped ones (10 min). 

Simultaneously introducing Sr2+ doping and Cl- surface passivation can also generate a high 

PLQY of 84% for CsPbI3 NCs with further enhanced materials stability. The resulting devices 

based on CsPbI3 NCs with 10% Sr2+ substitution exhibit a much higher EQE of 13.5%.[86] 

4.3 Blue-emissive LEDs based on metal doped/alloyed perovskite NCs 

Unlike the great success and fast improvement in the green- and red-emissive LEDs, the blue-

emissive devices based on perovskite NCs, especially the pure blue ones that meet the National 

Television System Committee (NTSC) standard, still exhibit low device efficiencies.[ 87 ] 

Through carefully tuning the Mn2+ doping concentration at a lower concentration with a 

modified synthesis, Hou et al. found that the blue emission from of Mn-doped CsPbCl3 can be 

significantly enhanced, without introducing obvious Mn2+ dopant emission.[ 88 ] It was 

demonstrated in early works that the Mn2+ dopant emission can be efficiently suppressed using 

a bromide-rich synthesis process.[45] The targeted blue perovskite emission in the range of 467-

470 nm was achieved through a two-step sequential synthesis approach. They first synthesized 

the Cl-rich NCs with high Mn2+ doping concentration by hot injection method and then 
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exchanged the obtained NCs with Br- at room temperature to the desired PL emission. It was 

found that the sequential synthesis can increase the Mn-doping from 0.09% to 1.5% without 

decreasing the strong blue emission at 468 nm. The controllable Mn-doping (0.19%) gave a 

three times higher PLQY of 28% than the undoped ones.[88] Further increasing the Mn2+ doping 

ratio decreased PLQY and resulted in the appearance of more obvious Mn2+ dopant emission. 

Interestingly, no Mn dopant emission was observed in the fabricated device even with a high 

doping ratio of 1.5%, which was ascribed to the saturated emission originating from the long 

emissive lifetime or the top casted TFB (Poly(9,9-dioctylfluorene-alt-N-(4-sec-butylphenyl)-

diphenylamine)) hole transport layer. They were employed to fabricate LEDs using 

ITO/PEDOT:PSS/TFB/PFI/Mn:CsPbBr3-xClx/TPBi/LiF/Al (wherein, PFI is perfluorinated 

ionomer) device structure (Figure 6g). The optimized devices based on a 0.19% Mn doping 

exhibited a 4-fold improvement in the EQE from 0.5% to 2.12% (Figure 6h and 6i), which 

represents the highest efficiency for pure blue LEDs based on perovskite NCs. [88]  
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Figure 6. Device structure and J-V-L (current density-voltage-luminance) characteristics 

of metal doped perovskite NC-LEDs: (a) Device structure of Ce-doped CsPbBr3 NC LED (b) 

Luminance vs applied voltage characteristics, inset photograph of LED. (c) EQE vs applied 

voltage. Reproduced with permission.[83] Copyright © 2018, American Chemical Society. (d) 

Device structure of Zn-doped CsPbI3 NC-LED and (e) J-V-L characteristics, inset photograph 

of NC-LED (f) EQE vs current density. Reproduced with permission.[65] Copyright © 2019 

American Chemical Society. (g) Device structure of Mn-doped NC-LED (h) J-V-L 

characteristics, inset photograph of NC-LED (i) EQE vs current density with Mn2+ doping 

concentration. Reproduced with permission.[88] Copyright © 2018 Elsevier Inc. 

 

 

(i)(h)



26 
 

Table 1 Summary of performance parameters of metal doped green, red, and blue emissive 

perovskite NC LEDs.  

Device structure PLQYa 
(%) 

ELb 
(nm)  

 Luminancec  
(cd/m2) 

EQEd  
(%) 

ITO/PEDOT:PSS/PolyTPD/Mn:CsPbBr3/TPBi/LiF/Al - 512 9971 1.49[49] 
ITO/PEDOT:PSS/PolyTPD/Ce:CsPbBr3/TPBi/LiF/Al 89 520 3500 4.4[83] 
ITO/PEDOT:PSS/PTAA/Zn:CsPbBr3/TPBi/LiF/Al 76 518 76 940 16.4[84] 
ITO/PEDOT:PSS/PTAA/Mn:CsPbBr3/TPBi/LiF/Al 79 - 100 080 15.6[84] 
ITO/PEDOT:PSS/PTAA/Ga:CsPbBr3/TPBi/LiF/Al 74 - 53 600 14.1[84] 
ITO/PEDOT:PSS/PTAA/In:CsPbBr3/TPBi/LiF/Al 77 - 76 200 16.2[84] 
ITO/Ag/ZnO/PEI/CsPbI3/TCTA/MoO3/Au >60 690 1106 11.2[70] 
ITO/PEDOT:PSS/PolyTPD/Mn:CsPbI3/TPBi/LiF/Al 89 685 132 1.04[51] 
ITO/ZnO/PEI/Zn:CsPbI3/TCTA/MoO3/Au 98.5 690 2202 15.1[65] 
ITO/PEDOT:PSS/PolyTPD/Sr:CsPbBr3/TPBi/LiF/Al >80 678 1250 5.92[85] 
ITO/ZnO/PEI/Sr:CsPbI3/TCTA/MoO3/Au 84 691 1152 13.5[86] 
ITO/PEDOT:PSS/TFB/PFI/Mn:CsPbBr3-

xClx/TPBi/LiF/Al 
28 464 245 2.12[88] 

aMaximum PL QY of metal doped perovskite NCs, bElectroluminescence (EL) peak, Maximum 

cuminance, dexternal quantum efficiency of metal doped PeLEDs. 

5. Summary and Outlook 

In this review, we have summarized recent progresses of metal doping/alloying in all-inorganic 

CsPbX3 perovskite NCs with various doping strategies and also their applications in LEDs with 

different emission colours. We note that further investigations on the metal doped/alloyed 

perovskite NCs would be beneficial to achieve efficient control over the materials properties of 

the final products. For example, detailed characterizations on the existing status of the metal 

dopants in the final products and the effects on the structural properties, especially the change 

of the crystal lattice and the crystal stability of the perovskite NCs are still needed.  In addition, 

an in-depth understanding of the doping/alloying mechanism and detailed characterizations on 

the photophysical properties of the doped perovskite NCs are also required to provide insights 

for future doping strategies.  Moreover, exploration of more efficient metal dopants or 

developing co-doping strategies could further improve the optoelectronic properties and the 

materials stability of perovskite NCs, leading to enhanced device efficiency and stability of the 
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ensuing optoelectronic devices. Although the research on the metal doping/alloying of 

perovskite NCs is still at an early stage, it provides a new direction to achieve perovskite NCs 

with improved materials properties and stability, which should be useful for the fabrication of 

high-performance LEDs and also other optoelectronic devices based on perovskite NCs. 
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